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Summary

The masses and mixing in the neutrino sector can not be explained by the Standard
Model (SM) of particle physics and might be a harbinger for new degrees of freedom
at energies scales far above or comparable to the electroweak scale. This thesis tries
to find correlations between the associated models and the many unresolved issues in
modern cosmology: The work covered in the first part tries to address the tension in
the determination of the Hubble constant, which differs depending on whether it is
extracted from cosmic microwave background data or local measurements using Cepheid
variable stars as standard candles. We discuss a particle physics model realizing strong
neutrino self-interactions that delay the neutrino free streaming before recombination
that also generates a large amount of dark radiation from the equilibration of an entire
dark sector. In the following we chapter we try to address the nature of dark matter
in the form of a keV-scale neutrino, which is sterile under the SM gauge interactions,
but couples to an abelian gauged B-L symmetry. We demonstrate that both the light
neutrino and heavier dark matter mass can arise vial loop diagrams involving the same
scalar sector. Dark matter and dark radiation in the form of right handed neutrinos are
produced via out-of-equilibrium gauge mediated scatterings from the SM fermions. The
part of this thesis devoted to the “S.M.A.S.H.E.D.” model extends a previous model
known as SMASH (Standard Model Axion Seesaw Higgs Inflation), which was able
to explain inflation, QCD axion dark matter, neutrino masses and the stability of the
electroweak vacuum, to incorporate Dirac neutrinos. We generate a neutrino masses via
a tree-level dimension six operator and showcase how the associated fermions lead to
novel features in the context of Dirac Leptogenesis. This idea is followed by chapter,
where the SM fermion and gauge sector receive a copy in the form of a so called mirror
sector. We connect the neutrinos to their mirror counterparts via a bidoublet Higgs field.
An exchange symmetry between the two sectors can solve the strong CP problem and
we discuss the associated cosmology. Next we focus on the influence of very long lived
right handed neutrinos (RHN) in the basic Type I Majorana Seesaw mechanism on the
tensor modes predicted by cosmic inflation. We are able to show that the successful
generation of the observed baryon asymmetry from Leptogenesis would lead to a damping
of the primordial gravitational waves at frequencies above 0.1 Hz. The last chapter of
this thesis deals with the entire class of Dirac Seesaw models: All Dirac Seesaws come
with a Pseudo-Nambu-Goldstone-boson that we call the Diraxion, which can allow for a
simultaneous explanation of the observed baryon asymmetry and the dark matter relic
abundance. This scenario can be tested via isocurvature fluctuations, improved dark
radiation limits, cosmic neutrino background searches and the dynamics of an associated
GeV-scale scalar called the Saxion.
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1 Structure of this thesis

We begin this manuscript with a brief review of the neutrino sector as well as the present
day status of cosmological observations and contemporary ideas about the early universe
in chapter 2. The bulk of this thesis is material collected from my publications in chapters
3-7 followed by a chapter with new unpublished material in 8. During the review of my
work I realized that there were some sentences in the published papers, that were either
too imprecise, not entirely correct or just involved typos. In order to be as transparent
as possible I decided to leave the aforementioned passages intact (except for the typos)
and added additional commentary in the form of the following visual aid:

� Addendum: This is an addendum. Addenda are hidden like easter-eggs throughout
this thesis. There is no reward for finding them all, but I hope that they help to clarify
some aspects of my writing. �

In chapter 3 section 3.7 that expands upon the material presented in the paper was
added. We summarize all of our findings and phenomenological predictions in chapter 9.
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2 Motivation

2.1 Neutrino masses

2.1.1 Observational information about the neutrino sector

Since the 1990s we have observed flavor oscillations of solar, atmospheric and reactor
neutrinos, which we interpret as a mismatch between the eigenstates of the weak
interaction and the neutrinos mass eigenstates. These oscillations constitute direct
evidence for the massive nature of neutrinos and the question about the origin of the
sub-eV neutrino mass scale is one of the most pressing issues in particle physics today.
The probability for such an oscillation between flavor states of neutrinos with an energy
E propagating over a distance L in a two neutrino toy-model is proportional to

Posc. ∼ sin

(
∆m2

12 L

4E

)2

, with ∆m2
12 ≡ m2

1 −m2
2. (2.1)

From this basic example one can already see, that oscillation experiments can only
determine the difference between squared neutrino masses, but not their overall scale.
The current paradigm involves three massive neutrinos and we have observed two of the
aforementioned mass splittings: The first one is ∆m2

sol ' 10−4 eV2 from oscillations of
neutrinos produced inside the sun and the second one |∆m2

atmo| ' (2− 3) · 10−3 eV2 �
∆m2

sol arises due to neutrinos produced from the decays of pions and muons produced
via cosmic ray interactions in the upper atmosphere. Because of a matter effect inside
the sun called the Michejew-Smirnow-Wolfenstein effect [2,3] we know the sign of ∆m2

sol,
but since atmospheric oscillations proceed in vacuo we have no such information about
∆m2

atmo. This leaves two experimentally allowed choices for the ordering of the mass
eigenstates, namely the normal hierarchy (NO) with m3 > m2 � m1 or the inverted
hierarchy (IO) with m3 � m1 < m2. For both orderings one finds ∆m2

21 = ∆m2
sol and

for NO one takes ∆m2
atmo = ∆m2

32 > 0 implying ∆m2
31 = ∆m2

sol + ∆m2
atmo > 0. On

the other hand one for IO one starts from ∆m2
atmo < 0 from which one can deduce that

∆m2
31 = ∆m2

sol−|∆m2
atmo| < 0 and consequently ∆m2

32 = −|∆m2
atmo|. For the numerical

values we refer to global fits to data from oscillation experiments [4] together with
Super-Kamiokande [5, 6] data about atmospheric neutrinos. Apart from solar neutrino
data the long baseline reactor experiment KamLAND [7] was used to determine ∆m2

sol,
whereas ∆m2

atmo is measured from the medium baseline reactor experiments Daya-bay [8],
Reno [9] and Double-Chooz [10] together with the long baseline accelerator experiments
K2K [11], T2K [12], MINOS [13] and NOνA [14]. By setting the lightest neutrino mass
to zero (m1 = 0 for NO and m3 = 0 for IO) one deduces that the mass spectra for NO
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2 Motivation

and IO are given by

m2 '
√

∆m2
sol. ' 8.6× 10−3 eV, m3 '

√
∆m2

sol. + ∆m2
atm. ' 0.05 eV (2.2)

and

m1 '
√
|∆m2

sol. + ∆m2
atm.| ' 0.0492 eV, m2 '

√
|∆m2

atm.| ' 0.05 eV. (2.3)

The mixing in the lepton sector is described by the Pontecorvo-Maki-Nagakawa-Sakata
matrix. Maki, Nagakawa and Sakata where the first to consider mixing between two
massive neutrinos in [15], whereas Pontecorvo suggested oscillations between neutrinos
and anti-neutrinos in [16]. The PMNS matrix is given in terms of three rotation angles and
three phases (one phase) for Majorana (Dirac) neutrinos. The global fit of reference [4]
found

sin(θ12)2 = 0.304+0.012
−0.012, (2.4)

sin(θ23)2 = 0.573+0.016
−0.020, (2.5)

sin(θ13)2 = 0.02219+0.00062
−0.00063, (2.6)

δCP = 197+27 ◦
−24 . (2.7)

The angle θ12 was measured by solar neutrino experiments and KamLAND [7]. Analyses
of MINOS [13] data determined the angle θ23 and the last angle θ13 was measured at
Daya-bay [8], Reno [9] and Double-Chooz [10]. Note that currently there is a tension
in the determination of the CP violating angle δCP [17], depending on whether it is
extracted from NOνA [14] or T2K [12].

Apart from oscillation experiments there exists another laboratory probe for the neutrino
mass: The experiment KATRIN conducts a high precision measurement of the momen-
tum of electrons produced in β-decay of tritium. Non-zero neutrino masses would modify
the end point of this spectrum, which can be used to set a limit on the neutrino mass
scale [18]

mν < 0.8 eV. (2.8)

If neutrinos are Majorana particles there could be neutrinoless double-beta-decay [19],
however we do not explore this possibility in our work.

For the longest time cosmology provided the only limit on the neutrino mass scale.
Since neutrinos decouple from the weak interaction while relativistic, they would be hot
dark matter. Structure formation arguments disfavor hot dark matter, so that neutrinos
can only be a subleading fraction of the dark matter relic density. This line of reasoning
can be used to set an upper limit on the sum of the neutrino masses from CMB data,
baryon acoustic oscillations and gravitational lensing [20]∑

mν < 0.12 eV. (2.9)
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L L
Yν Yν

〈H〉 〈H〉

ν ν
L

Yν
L

∆

〈H〉 〈H〉

Figure 2.1: Diagrammatic representation of the Type I Seesaw (left) and the Type II
Seesaw (right). The Type III Seesaw has the same Feynman diagram as the
Type I Seesaw if one replaces the SM gauge singlets ν with hyperchargeless
weak triplets T .

Note that the above bound holds for a degenerate neutrino mass spectrum and for the
normal hierarchy (NO) or inverted hierarchy (IO) one finds instead that [21]

NO:
∑

mν < 0.15 eV, IO:
∑

mν < 0.17 eV. (2.10)

2.1.2 Majorana or Dirac?

As far as we know all Standard Model fermions with electric charge, such as the electron,
have Dirac mass terms from the Higgs vev

L = YlLH
†e+ h.c., (2.11)

which prompts one to define a four component Dirac spinor

E =

(
e
e†

)
, (2.12)

constructed from the two component spinors for the left-chiral electron e (embedded
in L before electroweak symmetry breaking) and left-chiral positron e. In the above
we used the two-component-spinor notation from reference [22]. Dirac neutrino masses
could arise in the same way if one introduces a right chiral neutrino ν, but due to the
size of the Higgs vev of 246 GeV, this would require a tiny Yukawa coupling of the
order of 10−13 − 10−14. Particle physicists would like to have an argument, for why this
number should be so small, which has stimulated the developments of alternative ideas.
Most of the community is focused on investigating Majorana neutrino mass models. The
rational behind this is, that neutrinos are electrically neutral and if they do not carry
any additional conserved quantum number, such as lepton number, there is nothing
that forbids them from coupling to themselves and being self-conjugate. There is a
unique dimension five operator, called the Weinberg operator [23], constructed only from
Standard Model fields that would give rise to such Majorana masses

L5 =
c5

ΛUV
(LεH)(LεH) + h.c., (2.13)
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2 Motivation

with ε = iσ2 , c5 a dimensionless Wilson coefficient and ΛUV a cut-off scale. Majorana
neutrinos would be described by the following four component spinor

N =

(
ν
ν†

)
. (2.14)

A tree-level UV completion to this operator was first found in the context of the grand
unified theory SO(10) [24,25] and goes under the name of “Type I Seesaw” [26--30]. This
mechanism relies on a new right chiral SM gauge singlet neutrino ν with a Majorana
mass MN :

L = YνLεHν +MNν ν + h.c. . (2.15)

Integrating ν out as depicted in figure 2.1 generates a (pseudo-Majorana) neutrino mass
of

mI
ν ' Y 2

ν

v2
H

MN
, (2.16)

which is automatically small for MN � YνvH , hence the name. Later it was realized
that there are two other unique UV completions for this operator at tree-level [31]: One
can introduce a scalar triplet ∆ with Y = 1 decomposing as

∆ =

(
∆+
√

2
∆++

∆0 −∆+
√

2

)
, (2.17)

which has the following couplings to leptons and Higgses (here κ is a dimensionful
parameter)

L = YνLε∆L+ κH†ε∆H† + h.c. (2.18)

and is known as the “Type II Seesaw” [32--36]. The active neutrino mass follows from a
tiny vev v∆ ' κv2

H/µ
2
∆ of the neutral component of ∆, induced via the trilinear coupling

to the SM Higgs, to be

mII
ν ' Yνκ

v2
H

µ2
η

, (2.19)

and this mechanism features two sources of suppression as one can take both µ∆ � vH
and µ∆ � κ. Note that the simultaneous presence of both couplings in (2.18) explicitly
breaks Lepton number. In particular there will be no Goldstone boson from the CP-odd
component of ∆0 due to the explicit breaking proportional to κ. Another way to see
this is the fact that we take µ2

∆ > 0 to induce the vev v∆. Since µ2
∆ � v∆ > 0 the

CP-even and odd components of ∆0 will be nearly mass degenerate up to small splitting
proportional to v∆. The fermionic messenger could also be a hyperchargeless triplet
fermion T decomposing as

T =

(
T 0
√

2
T+

T− − T 0
√

2

)
, (2.20)
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2.1 Neutrino masses

which is known as a “Type III Seesaw” [37] and essentially resembles (2.15) without the
asymmetric contractions due to ε.

Apart from the above mechanisms there also exist extended Seesaws: When one intro-
duces more than one right chiral neutrino this opens up the possibility to construct e.g.
a “Double Seesaw” [38], the “Inverse Seesaw” [39] or the “Linear Seesaw” [40]. Iterating
the suppression factor is known as building “Nested Seesaws”, where the aforementioned
“Double Seesaw” is just one example for the Type I scenario and one can repeat the
same idea also for the Type II scheme [41, 42]. Furthermore one can either mix and
merge different Seesaws mechanisms [43] or engineer a situation, where different neu-
trino masses originate from multiple separate Seesaws, which is known as a “Hybrid
Seesaw” [44,45]. In fact all fermion masses of the Standard Model could arise from an
“universal Seesaw” [46]. On top of that there exists a tremendous amount of literature
on one- and multi-loop neutrino mass models (see e.g. [47] for a review), not to mention
that one can combine tree- and loop-level mechanisms in non-trivial ways.

While Majorana neutrinos come with additional signatures such as neutrinoless double-
beta-decay [19], there is a priori no reason to discard the possibility of pure Dirac neutrinos.
The only arguments against parametrically light Dirac neutrinos are aesthetical in nature
and appeal to the idea of minimality: To avoid the direct coupling of ν to H as well as
unwanted Majorana masses usually requires additional symmetries and the dimension
five equivalent of (2.13) for Dirac neutrinos needs an additional scalar singlet σ

L5 =
c5

ΛUV
(LεH)νσ + h.c. . (2.21)

Furthermore one typically integrates out Dirac fermions to form the aforementioned
operator, which involves twice as many Weyl spinors and additional Yukawa couplings
to both chiralities. If one drops this purely theoretical prejudice one finds that there
exist a class of tree-level Dirac Seesaws [48--53] mimicking their Majorana counterparts.
Chapter 8 will introduce them and their associated phenomenology in detail. Chapter 6
deals with a Dirac version of the Type II Seesaw, that similar to its Majorana pendant
offers electrically singly and doubly charged scalars unlike previous models, which only
featured single charged ones. Chapter 5 showcases that (2.21) is not inevitable and that
one can also generate dimension six operators that do not rely on singlet scalars. While
most of this thesis deals with Dirac neutrinos masses from tree-level mechanisms, a one
loop model known as the “Dirac-Scotogenic model” [54,55] is extended to generate the
dark matter mass in chapter 4.

Light Dirac neutrinos could also come from compositeness of the right chiral neutrino [56]
or right chiral neutrinos propagating in extra dimensions [57,58], so that the Yukawa
coupling is automatically small due to the small overlap between the wavefunctions of
the different chiralities. While the neutralino sector, made up by the neutral charginos
and Higgsinos in minimal (N = 1) supersymmetric (SUSY) extensions of the Standard
Model can feature Majorana masses depending on the spectrum of soft SUSY breaking
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Figure 2.2: Plot of the anisotropic temperature power spectrum as function of the multi-
pole moment `, which corresponds to the angular separation taken from [20].

gaugino masses, there also exist models with Dirac gauginos that come at the precise of
requiring N = 2 supercharges [59].

2.2 Cosmology

For an introduction to the most relevant concepts and terminology in cosmology I refer
the reader to the following excellent textbooks:

• Introduction To The Theory Of The Early Universe: Hot Big Bang
Theory [60] by Valery A. Rubakov, Dmitry S. Gorbunov

• Introduction to the Theory of the Early Universe: Cosmological
Perturbations and Inflationary Theory [61] by Valery A. Rubakov, Dmitry
S. Gorbunov

• The Early Universe [62] by Edward W. Kolb, Michael S. Turner

2.2.1 Recombination

The universe started out as plasma in which photons had only a short mean free path
due to e.g. Compton scattering with the charged particles making up the plasma. As the
universe cools down neutral atoms are formed and the photons can now freely propagate
without scattering; the universe has become transparent and the decoupled photons
remain as the cosmic microwave background (CMB). While naively one would expect this
to occur around the temperature of the hydrogen binding energy 13.6 eV, the formation
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2.2 Cosmology

Figure 2.3: Impact of varying the curvature parameter (a), the dark energy density (b),
the baryon energy density (c) and the total matter energy density (d) on
the acoustic peaks of the CMB temperature power spectrum taken from
reference [63].

of neutral atoms actually takes place somewhat later at around 0.3 eV [60]. This can
be understood from the fact that abundant photons from the high energy tail of the
Boltzmann distribution disintegrate most of the newly formed atoms at temperatures of
around 13.6 eV, so one has to wait until lower temperatures to depopulate the high energy
tail sufficiently. Thomson scattering, which is the low energy limit of Compton scattering,
decouples at T = 0.26 eV [60], which is known as the temperature of last scattering. The
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2 Motivation

CMB gives rise to an almost perfect black-body spectrum with a temperature of [64]

T = (2.725 48± 0.000 57) K, (2.22)

but there are also small spectral distortions in the form of anisotropic temperature fluc-
tuations with relative size ∆T/T ' O(10−5) and fluctuations of the photon polarization.
Satellite missions such as COBE [65], WMAP [66] and more recently Planck [20] have
measured these anisotropies and allow us to e.g. understand the CMB temperature power
spectrum as function of the multipole moment `, which encodes the angular information
on the sky. The lowest multipole moments ` < 100 are called the Sachs-Wolfe plateau
followed by the acoustic peaks in the range 100 ≤ ` ≤ 1000 and eventually the damping
tail at ` > 1000. Studying the acoustic peaks allows us to determine the energy densities
of the various components that make up the cosmological concordance model called
ΛCDM and we depict the total spectrum in figure 2.2 and the aforementioned peaks in
figure 2.3. One conventionally normalizes all energy densities ρi for a species i to the
critical density ρc = 3H2

0/(8πGN ), where H0 = h · 100 km s−1 Mpc−1 with h ' 0.7 is the
expansion rate of the universe today and GN denotes Newton’s constant, by defining
Ωi ≡ ρi/ρc. If the total energy density of our universe equaled ρc, so that Ωtot = 1, then
it would be spatially flat (Ωcurv = 0). One can extract the value of Ωtot from the position
of the first acoustic peak, which would move to larger ` for smaller Ωtot (see panel (a) in
figure 2.3) and the observational limit Ωcurv h

2 = 0.001± 0.002 [20] is compatible with a
spatially flat universe. Increasing the dark energy density would shift the entire peak
spectrum to lower `, as can be seen from panel (b) in figure 2.3. If one increases the total
energy density in baryonic and dark matter one finds from panel (d) in 2.3 that all the
peaks shrink, whereas increasing only the baryonic contribution increases e.g. the first
and third peaks, while reducing the second one as is evident from panel (c) in 2.3. This is
why one can extract the baryonic energy density ΩB h2 = 0.0224± 0.0001 [20] from the
ratio of the first and second peak. From the third peak one can determine the dark matter
relic density to be ΩDM h2 = 0.120± 0.001 [20]. The number of relativistic, degrees of
freedom is conventionally parameterized as the effective number of neutrino species Neff..
The SM prediction for three generations of relativistic neutrinos reads [67--73]

Neff. = 3.0432± 0.0002, (2.23)

where effects from the non-instantaneous neutrino decoupling, neutrino oscillations,
thermal corrections and next-to-leading order corrections to the QED rates were taken
into account. For a detailed summary of all effects consult [73]. Additional relativistic
particles with an energy density ρDR would change this number by [74]

∆Neff.(T ) =
4

7
g∗ρ(T )

(
10.75

g∗S(T )

) 4
3 ρDR(T )

ρSM(T )
with ρSM(T ) =

π2

30
g∗ρ(T )T 4, (2.24)

where g∗ρ(T ) (g∗S(T )) is the number of relativistic degrees of freedom in the energy
(entropy) density. If there were additional sources of dark radiation, then there would be
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2.2 Cosmology

more damping of the accoustic CMB peaks at large ` [75]. One can fit the number of
relativistic degrees of freedom from the CMB data to be [20]

Neff. = 2.99± 0.17. (2.25)

One can also combine Planck data with baryon accoustic oscillations, gravitational
lensing and direct measurements of the helium abundance [76] (see the next paragraph)
to find [20]

Neff. = 2.97+0.58
−0.54. (2.26)

By using energy density in baryons one can infer their number density nB ' Ωbρc/mH ,
where mH is the mass of a hydrogen atom, and compare this to the number density of
photons today to find [60]

ηB ≡
nB
nγ

= 6.2× 10−10, (2.27)

which can be re-expressed as the baryon asymmetry today [60]

∆B ≡
nB − nB

s
= 0.88× 10−10, (2.28)

where we used that the entropy density s today satisfies s ' 7 nγ and the fact that
nB − nB = const. at temperatures below the electroweak crossover. These quantities
are small because baryons are non-relativistic today and hence their number density is
Boltzmann suppressed compared to the photons. The real question is why the baryon
asymmetry is non-zero, since for a baryon symmetric universe all the baryons and anti-
baryons would have annihilated into ration. Explaining the baryon asymmetry of the
universe is one of the major unresolved questions in modern cosmology and we will try
to find solutions to this conundrum in chapters 5, 6, 7 and 8.

CMB data also constraints isocurvature perturbations: If all species making up the
cosmic plasma receive the same fluctuation to their individual energy densities, one
speaks of adiabatic or curvature perturbations, since the perturbation of the overall
energy momentum tensor is connected to the gravitational curvature via Einstein’s field
equations. On the other hand if only one species experiences a perturbation, or there is a
relative perturbations between different species, one speaks of isocurvature modes. Single
field inflation is expected to produce adiabatic perturbations, whereas additional light
spectator fields present during inflation can be imprinted with isocurvature perturbations.
The Planck mission determined the amplitude of the power spectrum for adiabatic
perturbations Pζ(k∗) and they constrain the admixture of adiabatic and dark matter
isocurvature perturbations with the amplitude PDM at the pivot scale k∗ = 0.05 Mpc−1

to be [77]

βiso ≡
PDM(k∗)

PDM(k∗) + Pζ(k∗)
< 0.038, (2.29)
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which implies

PDM(k∗) <
βiso

1− βiso
Pζ(k∗) ' 8.7× 10−11. (2.30)

One can recast this limit for baryonic isocurvature modes by using the observed [20]
values of h2ΩB = 0.0224 as well as h2ΩDM = 0.12 [78]

PB(k∗) <

(
ΩDM

ΩB

)2

· βiso

1− βiso
Pζ(k∗) ' 2.5× 10−9. (2.31)

Currently (as of the writing of this thesis in June 2023) there persists another cosmological
mystery, that has to do with the inference of the Hubble rate today: Local measurements
using cosmic distance ladder methods calibrated with Cepheid variable stars find [79]

H0 = (73.2± 1.3) km s−1 Mpc−1, (2.32)

which is in conflict with the value fitted from the CMB assuming ΛCDM [20]

H0 = (67.27± 0.60) km s−1 Mpc−1, (2.33)

at a statistical significance of 4.1 σ [80]. This has prompted many proposals for mod-
ifications of ΛCDM to resolve this “Hubble tension”. The authors of reference [75]
found that this tension can not be resolved by adding more dark radiation, which as
previously explained would change the high-` tail of the temperature power spectrum too
much. If neutrinos were not free streaming due to new self-interactions at the time of
recombination, their reduced drag on the plasma can compensate for larger amounts of
dark radiation, which is known as the self-interacting-neutrino-solution [75]. In chapter
3 we present a concrete, renormalizable and UV-complete particle physics model to
generate the required strong self-interactions in the neutrino sector.

2.2.2 Dark Matter

We saw in section 2.2.1 that there is a component of dark matter that is about fives
times as abundant as the usual baryonic matter that e.g. this thesis consists of. Here we
just briefly review the most basic features of this strange non-luminous substance. Dark
Matter was first proposed almost one hundred years ago [81] to solve the “missing-mass-
problem”, where the observed roation curves of galaxy clusters require more mass than
what can be inferred from their brightness. Our current understanding of the formation
of large scale structures also requires dark matter. As the name dark matter implies, this
species does not have sizeable or unsuppressed couplings to electromagnetism. The most
well studied production mechanism is “Freeze-Out” from a thermal bath. Production via
interactions that never equilibrate with the thermal bath is known as “Freeze-In” [82].
There are also non-thermal production modes for e.g. scalar condensates [83--85] or via
inflaton decays during reheating (see section 2.2.4). Our work only deals with Freeze-In
and non-thermal dark matter. Bosonic dark matter can in principle be arbitrarily light,
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which stimulated the development of “ultra-light” dark matter, with Compton wave-
lengths on galactic scales [86]. However for fermionic dark matter there exist stringent
lower limits on the dark matter mass due to phase space arguments following from their
Fermi-Dirac statistics. These arguments exclude single species fermionic dark matter
below about 100 eV [87]. Dark matter should either be absolutely stable, which could
be the consequence of a symmetry argument similar to the proton’s stability in the SM
due to B-L conservation, or long-lived enough on cosmological time scales. One needs a
life-time above about ten times the age of the universe (which is around 13 billion years
old), where the exact number [88] depends on whether dark matter decays to e.g. visible
matter or dark radiation [89].

2.2.3 Primordial Nucleosynthesis

Going backwards in time from recombination we arrive at the epoch of primordial or
Big Bang Nucleosynthesis (BBN), which constitutes the earliest point in the history
of our universe, that we have observational data about. During this epoch the light
elements up to 7Li are formed. Heavier elements are produced from lighter ones in
the hot interior of stars in a process known as astration. BBN commences after the
decoupling of the neutrinos and neutrons from the weak interactions at temperatures of
O(1 MeV) or equivalently one second after the Big Bang. It turns out that the formation
of heavier elements proceeds via a chain of reactions that firs needs to produce deuterium.
Deuterium is produced later than naively expected at temperatures of around 80 keV
(about three minutes after the Big Bang), again because of photo-dissociation from the
high-energy tail of the Boltzmann distribution. In order to test the theoretically predicted
abundances of light nuclei observationally, one needs to find regions with low-metallicity
(few heavy elements) and a low star formation rate, so that the primordial abundances
are unaffected by astration. For all elements except lithium the data is in good agreement
with the predictions, which essentially depend only one free parameter: the previously
introduced baryon-to-photon-ratio ηB. Thus BBN constitutes a second independent
determination of this parameter, leading to a value of [90]

ηBBN = (6.143± 0.190)× 10−10, (2.34)

which agrees with the result deduced from recombination in (2.27). The theory of
BBN however predicts more Lithium than is observed, which is known as the “Lithium
problem”. This problem will most likely explained by an improved understanding of the
nuclear physics behind lithium depletion in stars or other astrophysical effects, which
of course has not stopped phenomenologists from coming up with exotic beyond the
Standard Model solutions to this discrepancy, see e.g. [91] for a recent example. Setting
this issue aside we can extract one more important piece of information for the purpose
of this thesis from BBN: Additional dark radiation would increase the expansion rate
of the universe, leading to an earlier decoupling from weak interactions, so that BBN
would start earlier, also implying that less neutrons would have decayed by the time of
the onset of nucleosynthesis. Overall this would increase the nuclear abundances and
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one can set a limit on the total number of relativistic degrees of freedom [90]

Neff. = 2.86± 0.15, (2.35)

which constraints the abundances of new light particles. The recent Subaru survey of
ten extremely metal poor galaxies by the EMPRESS collaboration revealed less helium
than predicted by BBN, which together with previous determinations of the deuterium
abundance implies [92]

Neff. = 2.37+0.19
−0.24. (2.36)

Since this number is in tension with the SM prediction in (2.23), this situation was
tentatively named the “helium anomaly”.

2.2.4 Inflation

Inflation offers a dynamical mechanism to replace the Big Bang before the beginning of
the radiation dominated phase of cosmic expansion. This passage is supposed to be a
short summary of the relevant ideas and is by no means intended to offer a complete
overview over the subject. The first version [93] of cosmic inflation was developed as way
to dilute the abundance of magnetic monopoles expected from the spontaneous symmetry
breaking of a Grand Unified Theory [94] by a phase of exponential expansion. The first
proposals of inflationary cosmologies, nowadays known under the moniker “old inflation”,
relied on our universe being stuck in a metastable false vacuum driving the exponential
expansion and ended via quantum tunneling to the true vacuum. This approach had
the drawback of not being able to explain how inflation ended in a radiation dominated
universe; in modern terminology it was unable to reheat the universe. The previous
drawback stimulated the development of “new inflation” [95,96] which focuses on the
evolution of scalar field in a very flat potential satisfying so called slow-roll conditions.
Here inflation ends when the field-velocity of the inflaton becomes so large that the
slow-roll approximation introduced further along in this paragraph breaks down. While
early theories assumed thermal initial conditions for the inflaton (e.g. a pre-existing
thermal bath before the inflationary phase), it was shown in [97] that slow roll inflation
is an attractor solution for any sufficiently flat potential and works even with chaotic
initial conditions. In this picture the inflaton field can either have Planckaian or trans-
Planckian initial field values (“large field inflation”) or start from a sub-Planckian field
value (“small field inflation”). There is also a third family of scenarios known as “hybrid
inflation” [98], which is a class of two-field models that essentially combine slow roll in-
flation with a phase transition, that is responsible for the exit from the inflationary regime.

Inflation has the appealing advantage of being able to explain many of the shortcomings
of the hot Big Bang theory: If one extrapolates the current horizon size back to the Planck
time, one finds that our visible universe consisted of a very large number of causally
disconnected regions. This begs the question why the universe today and especially
the CMB are almost homogeneous and isotropic, if all of these patches never were in
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causal contact to begin with, which is also known as the “horizon problem”. In the
inflationary picture this is solved by the fact that the initial singularity is moved back
from the conformal time τ = 0 to τ = −∞ so that the past light cones of separated
CMB photons have had sufficient time to intersect [99]. The next problem is called the
“flatness problem” and involves the observed value of the spatial curvature parameter
Ωcurv defined in section 2.2.1, which essentially has to be put in by hand as an initial
condition since the natural expectation for these quantity during the Planck era would
give rise to a much larger value of Ωcurv than what is observed today [61]. During
inflation this problem is solved because the initial energy density of spatial curvature
is diluted by the large, nearly exponential expansion of space. The last initial value
problem concerns the entropy of the visible universe today: Since the expansion of the
universe proceeded adiabatically to a good approximation (except during the electroweak
and QCD crossover transitions, where the number of relativistic degrees of freedom
changed rapidly), there is no mechanism to generate the observed amount of entropy
except putting it in by hand as initial data. This can be solved via inflationary reheating:
After the slow-roll phase the inflaton oscillates coherently around the minimum of its
potential, implying that its energy density redshifts like non-relativistic matter. If the
inflaton has couplings to radiation fields the condensate can then decay to radiation
either perturbatively (instantaneous reheating) or via the non-perturbative process of
parametric resonance [100] (also known as “preheating”), which takes the enhancement
of the production of bosonic final states from stimulated emission into account. Since
there is no thermal bath present during the inflaton decay, this process proceeds out of
thermal equilibrium and releases entropy.

Let us end this paragraph by focusing on the basic ingredients and predicitions of
slow roll inflation: Assume the inflaton ϕ has a potential V (ϕ) � M4

Pl. so that its
equation of motion in the expanding space-time reads

ϕ̈+ 3Hϕ̇+ V ′(ϕ) = 0, (2.37)

where the prime denotes a derivative with respect to ϕ and a dot stands for a temporal
derivative. The Friedmann equation is given by

H2 =
8π

3M2
Pl.

(
ϕ̇2

2
+ V (ϕ)

)
, (2.38)

and the equation of state in terms of the energy density ρ and the pressure density P is
found to be

ω ≡ P

ρ
=

ϕ̇2

2 − V (ϕ)
ϕ̇2

2 + V (ϕ)
. (2.39)

The slow-roll approximation consists of neglecting the acceleration ϕ̈ compared to the
Hubble friction 3Hϕ̇, which implies that [61]

η ≡
M2

Pl.

8π

V ′′(ϕ)

V (ϕ)
� 1. (2.40)
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Nearly exponential expansion of space requires the equation of state ω ' −1 so that the
potential energy dominates over the kinetic energy, which can be cast as [61]

ε ≡
M2

Pl.

16π

(
V ′(ϕ)

V (ϕ)

)2

� 1. (2.41)

One can then compute the inflationary Hubble rate from the potential and (2.38). Inflation
ends once either of these slow-roll parameters ε or η grows as large as 1. Conventionally
the almost exponential expansion of space between an earlier time with field value ϕ and
the end of inflation at ϕE is parameterized by the Number of e-foldings [61]

Ne(ϕ) = Log

(
a(ϕE)

a(ϕ)

)
=

2
√
π

MPl.

∫ ϕ

ϕE

dϕ√
ε
. (2.42)

Solving the flatness and horizon problems typically requires Ne ' 50 − 60 [61]. One
of the most striking predictions of inflation is that quantum fluctuations imprinted
on the inflaton lead to fluctuations of the energy density, which manifest as scalar
perturbations, whose power spectrum measured at the pivot scale k∗ is close to the scale
invariant Harrison Zel’dovich spectrum [101,102]. These adiabatic fluctuations described
by Gaussian statistics are also the seeds for the formation of large scale structure. The
power spectrum as a function of the wave-number k is described by a power law with
amplitude Pζ and spectral tilt nS , which would be equal to one for a perfectly scale
invariant spectrum

PS(k) = Pζ
(
k

k∗

)nS−1

. (2.43)

In terms of the slow-roll parameters one finds [61]

Pζ =
8

3 ε

V (ϕ)

M4
Pl.

, nS − 1 = 2η − 6ε. (2.44)

Measurements of the matter power spectrum from the CMB by e.g. Planck at k∗ =
0.05 Mpc−1 agree well with this idea and constrain [77]

Pζ = (3.044± 0.014)× 10−9, nS = 0.9649± 0.042. (2.45)

Similarly inflation predicts a spectrum of primordial tensor modes also known as gravita-
tional waves with a spectrum of the form

PT (k) = PT
(
k

k∗

)nT
. (2.46)

While scalar perturbations have been observed in the CMB, primordial tensor modes
would correspond to so called primordial B-modes in the CMB polarization, which are
sofar unobserved (B-modes from the gravitational lensing of E-modes were observed
though, see e.g. [103]) so we only have an upper bound on the amplitude defined as [61]

PT =
128

3

V (ϕ)

MPl.
, (2.47)
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conventionally expressed in terms of the tensor-to-scalar-ratio r [61]

r ≡ PT
Pζ

= 16ε. (2.48)

The most stringent limit comes from BICEP2/Keck at the scale k∗ = 0.05 Mpc−1 [104]

r < 0.036. (2.49)

Monomial inflation models ϕp with p > 1 are excluded [77] because their potentials are not
shallow enough and lead to too large r. The bounds on r and ns also exclude e.g. natural
inflation [105] and hybrid inflation from spontaneous Supersymmetry breaking [106].
On the other hand it was found that e.g. polynomial inflation [107,108], Starobinsky’s
R2-model [109], extra scalar fields with a coupling |ϕ|2R [110] or α-attractors [111] are
still allowed. An overview over inflationary model building can be found in [112]. So far
we have no observational information on nT , however in single field inflation one finds
the consistency relation [61]

nT = −r
8
. (2.50)

Chapters 4-8 involve inflation and reheating to some extent, whereas the inflationary
tensor modes are the focus of chapter 7.

2.2.5 Baryognenesis

The observed value of the baryon-to-photon ratio extracted from the CMB in equation
(2.27) and BBN in (2.34) requires a dynamical explanation, because the quasi-exponential
expansion during cosmic inflation would have diluted away any pre-existing baryon
excess. Long before cosmologists thought about inflation and before particle physicists
had found a microscopic theory realizing such a dynamical mechanism for Baryogenesis,
Andrei Sakharov determined the necessary conditions that would be required [113]:

1. Baryon number violation

2. C and CP violation

3. deviation from thermal equilibrium

The first condition just means that in order to generate non-zero baryon number from
an initially baryon symmetric state one needs a violation of baryon number. Intuitively
the second condition encodes the requirement of having interactions that favor particles
over anti-particles (or vice versa). Since C-violation would only lead to asymmetries
between different chiralities one also needs violation of CP for asymmetries between the
same chiralities. One can also deduce the second Sakharov condition from more formal
density matrix arguments [60]. The last condition is rooted in the fact that the number
densities in cosmology depend on the phase space distribution functions for particles and
anti-particles, which apart from temperature depend on the chemical potential, whose
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sign is different for particles and anti-particles, and the mass of the particle species.
CPT-conservation ensures that particles and anti-particles have the same mass, so their
distribution functions can only differ if there is a non-zero chemical potential. In thermal
equilibrium however one finds that all chemical potentials vanish [62].

Since the electroweak sphaleron process violates B+L by six units [114, 115], one can
convert an asymmetry in lepton number (produced in a B-L violating channel) into an
asymmetry in baryon number. This scenario, where B-L is broken by the Majorana mass
of heavy right chiral neutrinos, is known as Leptogenesis [116] and chapter 7 discusses
the basic mechanism. In chapters 5 and 6, we showcase explicit models that can realize
Leptogenesis for Dirac neutrinos [117]. The last chapter of this thesis 8 deals with a
scenario inspired by “spontaneous Baryogenesis” [118,119], which dynamically breaks
CPT in the early universe plasma.
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3 The Hubble tension and a renormalizable
model of gauged neutrino
self-interactions

3.1 Contribution and Context

The following chapter is based on the publication

Phys.Rev.D 102 (2020) 11, 115008, arXiv: 2004.13039 [hep-ph]

in collaboration with Dr. Andreas Trautner (AT) and Dr. Sudip Jana (SJ), that was
based on the Master’s thesis [120] of the author (MB). AT had the initial idea to con-
struct UV-complete renormalizable model that communicates a gauge interaction from
the sterile neutrino sector to the active neutrinos via mass mixing between them and
introduced MB to the tension in the determination of the Hubble constant. MB suggested
using a second “neutrinophilic” Higgs doublet and together we found that the most
simple anomaly-free model requires a sterile Dirac neutrino. During the later stages of
the project MB proposed to focus on solving the aforementioned tension in the context
of gauge bosons with non-negligible masses. MB carried out all calculations and made
all the plots, which were cross-checked and improved upon by AT. SJ contributed to the
limits from electroweak precision observables, the estimate for gauge-kinetic mixing and
charged Higgs boson searches as well as to the proposed explanation for the MiniBooNE
anomaly. AT wrote the majority of the manuscript and MB provided suggestions and
input on all aspects of the writing.

As motivated in section 2.2.1 there persists a tension between determinations of the
Hubble parameter from the cosmic microwave background and local Cepheid measure-
ments. The analysis in reference [75] suggested that this discrepancy can be solved by a
modification of ΛCDM involving both more dark radiation and a new source of neutrino
self-interactions parameterized by the cross section σ4ν

Neff. = 4.02± 0.29, σ4ν = (5 MeV)−2 . (3.1)

Additional dark radiation alone would increase the damping of the large ` multipoles
and increase the phase-shift at low ` [75]. In the Standard Model neutrinos are free-
streaming at the time of recombination and exert a gravitational pull on the baryonic
plasma [121], which has the same net effect as additional dark radiation. By delaying the
free-streaming via a large σ4ν we can allow for larger ∆Neff. [75]. The aim of this project
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3 Hubble Tension

was to construct a UV-complete, renormalizable model that can realize the required
self-interactions via a vector mediator from a gauge symmetry. The key ingredient of our
approach is that the required novel interaction only becomes fast (on cosmic timescales)
between the epochs of primordial nucleosynthesis and the decoupling of the cosmic
microwave background. We further elucidate how our model automatically generates a
dark radiation abundance of ∆Neff. ' 1 before or during recombination, that is required
to implement the aforementioned self-interacting neutrino solution. We begin with a
single eV-scale Dirac neutrino, that is sterile under the SM gauge group but charged
under a new abelian gauge symmetry. This gauge interaction with its O(10 eV) scale
Z ′ is communicated to the SM neutrinos via mass mixing with the additional neutrino.
Such a mixing only generates new interactions for the active neutrinos but not their
observed mass scale. Thus our setup is compatible with all (or at least most of the) mass
mechanisms proposed in the literature. To generate the aforementioned mixing with
introduce a second “neutrino-philic” Higgs doublet with a vacuum expectation value
(vev) far below the electroweak scale. In order to comply with Z to invisible decays we
have to introduce a singlet scalar, that is also charged under our new gauge symmetry.
On top of the published material we added a section explaining the mechanism behind
the introduction of the singlet scalar. To summarize we

• constructed a model for long-ranged vector self interactions of the active neutrinos
via mass-mixing

• generated the required amount of dark radiation needed for the “self-interacting-
neutrino-solution”

• discussed the extended scalar sector with a focus on invisible decays to light states
and searchs for charged Higgses

• found a potential connection between our set-up and short baseline anomalies

Current status of this solution to the Hubble tension

Updated analyses of Planck data [122,123] revealed that the bimodal fit for the neutrino-
self interaction cross section was a result of the choice of dataset and essentially disappears,
when one takes also the Planck 2018 polarization data into account. This does not mean
that the self-interacting neutrino solution is ruled out, it is just not favored anymore.
Polarization data from the Atacama Cosmology Telescope however seems to favor self-
interacting neutrinos over pure ΛCDM [124]. A catalog of the most relevant beyond the
Standard Model solutions to the Hubble tension can be found in [80]. One scenario still
favored by data involves a Majoron with decays and inverse decays to neutrinos [125].
Since our setup involves resonant Z ′ exchange, which is nothing more than production of
Z ′ from an inverse decay followed by a decay to neutrinos [126], it is actually a kind of
hybrid between this Majoron scenario and the self-interacting neutrino solution (which
assumes a constant cross section for sub-MeV energies). Thus the proposed model might
actually still be viable, however checking this would require a dedicated cosmological
analysis beyond the scope of our original work. Coincidentally the resonant exchange of
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3.2 Appendix: Abstract

a scalar mediator was studied earlier this year in [127] and the authors found a similar
mass region for the mediator around the eV-scale, which can lower the Hubble tension
down to (2.3− 2.8)σ depending on the dataset used.

3.2 Appendix: Abstract

We present a simple extension of the Standard Model that leads to renormalizable
long-range vector-mediated neutrino self-interactions. This model can resolve the Hubble
tension by delaying the onset of neutrino free-streaming during recombination, without
conflicting with other measurements. The extended gauge, scalar and neutrino sectors
lead to observable signatures, including invisible Higgs and Z decays, thereby relating
the Hubble tension to precision measurements at the LHC and future colliders. The
model has a new neutrinophilic gauge boson with mZ′ ∼ O(10 eV) and charged Higgses
at a few 100 GeV. It requires hidden neutrinos with active-hidden mixing angles larger
than 5× 10−4 and masses in the range 1÷ 300 eV, which could also play a role for short
baseline neutrino oscillation anomalies.

3.3 Appendix: Introduction

There is convincing evidence that neutrinos played a substantial role during the epoque
of big bang nucleosynthesis (BBN) at T ∼ MeV, closely monitored by early element
abundances. The lowest temperature scale indirectly probed for neutrinos is T ∼ eV,
where observations of the cosmic microwave background (CMB) fit well to a history of
our universe that does not only comply with the cosmological standard model (ΛCDM),
but also with the expectation of the Standard Model of particle physics (SM), including
exactly three generations of neutrinos.

However, evidence is accumulating not only for a discrepancy between local measurements
of today’s Hubble rate H0 [128--132] and therelike global determinations based on ΛCDM
together with CMB [133], baryonic acoustic oscillations (BAO) and large scale structure
(LSS) datasets [134--143], but also for an increasing tension in other parameters [144,145].
Resolving these discrepancies might require a modification of ΛCDM, preferentially,
perhaps, shortly before the era of recombination [146, 147]. Many new physics (NP)
scenarios have been discussed, see [125, 147--149]. Naturally, any consistent modification
of ΛCDM must be in compliance with a consistent modification of the Standard Model
of particle physics (SM).

The positive correlation of H0 and Neff with the amplitude of the matter power spectrum
σ8, as observed in CMB data [133], prohibits a resolution of the H0 tension simply by
increasing Neff alone (LSS prefers low σ8). However, a delay in the onset of neutrino
free-streaming during recombination could achieve both: breaking the positive correlation
of H0 and σ8, while solving the Hubble tension (HT) at the cost of increasing ∆Neff

during recombination [75, 150--154]. Taking into account an effective four-neutrino
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3 Hubble Tension

interaction G4ν
eff(ν̄ν)(ν̄ν) a good, bi-modal fit to CMB data is obtained with [75,154]

G4ν
eff ≡

g2
eff

m2
Z′
≈

{
(5 MeV)−2 (SI), or

(100 MeV)−2 (WI) .
(3.2)

The weakly interacting mode (WI) should be interpreted as an upper limit on G4ν
eff such

that cosmological parameters stay close to ΛCDM [150, 151], without resolving above
tensions. Therefore, we focus on the strongly interacting mode (SI), which considerably
alters cosmology to resolve the tensions in H0 and σ8 while being consistent with local
astronomical observations [75,154].

A valid alternative to heavy new physics would be to generate G4ν
eff by the exchange

of a light mediator. However, it is basically excluded to have very light mediators
that recouple during recombination [155,156] and the same is true for light mediators
which are thermalized during BBN [90]. Nontheless, six orders of magnitude in tem-
perature between BBN and CMB are enough to establish a mass scale, say after a
phase transition, and subsequently integrate it out to obtain a decoupling behavior of
neutrinos during CMB resembling (3.2). In this way, neutrinos recouple by the new
interactions only after BBN, and fall out of equilibrium during recombination, see Fig. 3.1.

Here we provide arguably the simplest renormalizable and phenomenologically viable
extension of the SM that leads to vector mediated four-neutrino interactions of above
characteristic. We first outline the parameter space suitable to address the HT, then
present our model and discuss its phenomenology.

3.4 Appendix: Parameter Region

The effective four-neutrino interaction strength in our model is

G4ν
eff ≡

g2
eff

m2
Z′
≡
g2
X ε

4
m

m2
Z′

, (3.3)

where gX is the gauge coupling of a new U(1)X symmetry, εm � 1 a mixing between
active and hidden (U(1)X charged) neutrinos, and mZ′ the mass of the new gauge boson
after U(1)X breaking. Equating the resulting thermally averaged interaction rate with

the Hubble rate, G4ν
eff

2
T 5 ≈ T 2/MPl, confirms Tdec. ≈ 0.5 eV.

On the other hand, for a range of temperatures T � mZ′ , while εm is relevant, the
new gauge boson will be effectively massless, inducing a long-range four-neutrino interac-
tion with thermally averaged rate Γ ∼ g4

eff T . Requiring this interaction not to thermalize
neutrinos prior to BBN, but before recombination, demands

2× 10−7 . gX ε
2
m . 5× 10−6 . (3.4)
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Figure 3.1: Thermally averaged four-neutrino interaction rate relative to the Hubble
rate as a function of Temperature for mZ′ = 25 eV and two different values
of the Z ′ width.

Knowing geff and G4ν
eff we can compute

1 . mZ′ . 25 eV (SI). (3.5)

Parametrizing mZ′ = gX v̄ we can furthermore constrain the effective U(1)X-breaking
vacuum expectation value (VEV)

v̄ :=
mZ′

gX
≈ ε2

m × 5 MeV (SI). (3.6)

Fig. 3.1 illustrates this particular re- and decoupling behavior, computed exactly within
our model. Eq. (3.6) implies a hierarchy between the relevant scales in the model of

ξ := v̄/vh ≈ ε2
m × 2× 10−5 (SI) , (3.7)

where vh = 246 GeV is the SM Higgs VEV.

3.5 Appendix: The Model

Next to the new U(1)X gauge symmetry we introduce a pair of SM-neutral chiral fermions
N1,2 and two new scalars Φ, S with charges shown in Tab. 3.1 1. New interactions for

1A model similar to ours, albeit in a different parameter region has been investigated in [157--159].
However, baryons are neutral under our U(1)X, implying the absence of large non-standard neutrino-matter
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3 Hubble Tension

Field Φ N1 N2 S Xµ

Lorentz S RH RH S V

SU(2)L ×U(1)Y (2,−1
2) (1, 0) (1, 0) (1, 0) (1, 0)

U(1)X +1 +1 −1 +1 0

U(1)L 0 +1 −1 0 0

Table 3.1: New fields and their charges under Lorentz, SM gauge, new U(1)X gauge
symmetry as well as under global Lepton number (S=Scalar, RH=right-handed
Weyl fermion, V=vector).

SM-leptons are

Lnew = −y L̄ Φ̃N1 −M N1N2 + h.c., (3.8)

where Φ̃ := iσ2Φ∗, y is a Yukawa coupling, and M has mass-dimension one. We treat
the one generation case here, but consider three generations of SM leptons and multiple
generations of hidden fermions below.

We consider the most general scalar potential consistent with all symmetries,

V = VH + VΦ + VS + VHΦ + VHS + VΦS + V3, (3.9)

with

VΣ := µ2
Σ Σ†Σ + λΣ

(
Σ†Σ

)2
(Σ = H,Φ, S) , (3.10)

VHΦ := λ3

(
H†H

)(
Φ†Φ

)
+ λ4

(
H†Φ

)(
Φ†H

)
, (3.11)

VDS := λDS

(
D†D

)
(S∗S) (D = H,Φ) , (3.12)

V3 := −
√

2µ
(
H†Φ

)
S∗ + h.c. . (3.13)

The scalars are decomposed as S = 1√
2

(s+ ias),

H =

 h+

1√
2

(h+ iah)

 , and Φ =

 φ+

1√
2

(φ+ iaφ)

 . (3.14)

We choose parameters such that all neutral scalars obtain VEVs vσ := 〈σ〉 for σ = h, φ, s,
and assume CP conservation in the scalar sector. vh spontaneously breaks EW-symmetry,
vs breaks U(1)X, and vφ breaks both. Fixing the HT requires vh � vs, vφ, cf. (3.7), and

interactions.
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we expand all of our expressions to leading order in that hierarchy.

The photon is exactly the same massless combination of EW bosons as in the SM,
mixed by the electroweak angle cW := mW /mZ

2. By contrast, the very SM-like Z boson
contains a miniscule admixture of the new gauge boson X,

Zµ = cX
(
cW W 3

µ − sW Bµ
)

+ sX Xµ , (3.15)

with an angle 3

sX ≈ −2 cW
gX
g2

(
vφ
vh

)2

≪ 1 and cX ≈ 1 . (3.16)

Masses of the neutral gauge bosons up to O(ξ2) are

mZ ≈
g2 vh
2cW

and mZ′ ≈ gX v̄ := gX

√
v2
φ + v2

s . (3.17)

The neutrino mass matrix in the gauge basis
(
ν,N1, N2

)
is

Mν =


0 −yvφ/

√
2 0

−yvφ/
√

2 0 M

0 M 0

 . (3.18)

Upon 13--rotating by an angle εm,

tan εm := (yvφ)/(
√

2M) , (3.19)

Mν reveals an exact zero eigenvalue, corresponding to approximately massless active

neutrinos, and a Dirac neutrino N with MN :=
√
M2 + y2v2

φ/2. The massless active

neutrinos mix with N2 proportional to sεm generating (3.3). Defining tan γ := vφ/vs,
one can show that

M = (y/
√

2) εm sγ (G4ν
eff)
−1/2 � 5 MeV . (3.20)

Owing to constraints discussed below the parameter range one should have in mind is
2× 10−5 . y . 6× 10−3, εm . 0.05 and sγ . 0.2. MN ≈M then turns out to be in the
range 1÷ 300 eV.

Non-zero active neutrino masses are required by neutrino oscillation phenomenology,
and also for a successful resolution of the Hubble tension with self-interacting neutri-
nos [75, 154]. The mass generation for active neutrinos mν � yvφ can be realized as
a small perturbation to the diagonalization of Mν . In particular, our mechanism is
compatible with an effective Majorana mass in [Mν ]11, and, therefore, with any type

2We use abbreviations sin θi ≡ si, cos θi ≡ ci, and tan θi ≡ ti for all angles θi in this work.
3sX can be modified by gauge-kinetic mixing, we comment on this below Eq. (3.28).
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of mass generation mechanism that gives rise to the Weinberg operator [160]. Another
minimal possibility in the present model would be to populate [Mν ]33 like in the inverse
Seesaw mechanism [161--163]. Also Dirac masses are possible but require additional
fermions. This shows that, ultimately, any of the commonly considered neutrino mass
generation mechanisms is compatible with our model.

3.6 Appendix: Phenomenology

The scalar sector of the model corresponds to 2HDM+scalar singlet. However, both of
the new scalars are charged under the hidden neutrino-specific U(1)X which considerably
alters phenomenology with respect to earlier works [164--169]. Masses of the physical
scalars, to leading order in ξ ≡ v̄/vh, are 4

m2
H = 2λH v

2
h , m2

Φ = m2
A =

2 vh µ

s2γ
, (3.21)

m2
Φ± =

vh µ

tγ
− λ4

2
v2
h , (3.22)

m2
hS
≈ ξ2v2

h

(
2λS −

λ2
HS

2λH

)
+O(γµ/vh) . (3.23)

The neutral scalar mass matrix is diagonalized by three orthogonal rotations O =
R(θ13)R(θ12)R(θ23), such that

OTM2
n.s.O = diag

(
m2
hS
,m2

H ,m
2
Φ

)
. (3.24)

The mixing angles, to leading order in ξ, are given by

s12 ≡ sSΦ = sγ , s13 ≡ sHS = ξ
p tγ + q

2 vh λH
, (3.25)

s23 ≡ sΦH = ξ sγ
µ (p tγ + q)− 2λH vh p

2λH vh (λH vh s2γ − µ)
, (3.26)

where we use λ34 := λ3 + λ4 and

p := λ34 vH sγ − µ cγ , q := λHS vH cγ − µ sγ . (3.27)

For the parameter region envisaged to resolve the Hubble tension, there are two new
light bosonic fields: next to Z ′ there is a scalar hS with mass in the keV range.

To prevent possible reservations about these light states straightaway, let us discuss
their coupling to the SM. The only way in which hS couples to fermions other than
neutrinos is via mixing with the SM Higgs. Operators involving hS linearly can be
written as OhS = cSΦsHS × OSM

H→hS . Hence, couplings to fermions are suppressed by

4We use tadpole conditions to trade µH,Φ,S for other parameters. m2
Φ± ,m

2
hS

> 0 imply constraints
on the parameter space, see Fig. 3.2.
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their Yukawa couplings and there are no new flavor changing effects. Ref. [170] col-
lects bounds on this scenario. Besides BBN, discussed below, the strongest constraint
arises from SN1987A burst duration and requires (cSΦsHS)2 . 10−12. Parametrically,
(cSΦsHS)2 ∼ ξ2 ∼ ε4

m × 10−10, avoiding the bound for εm . 0.1.

The dominant coupling of Z ′ to SM fermions other than neutrinos is by Z − Z ′ mixing.
Given (3.16), Z ′ couples to the SM neutral current with strength 2gX(vφ/vh)2 = 2gXξ

2s2
γ .

For momentum transfer below mZ′ this gives rise to new four-fermi (NSI) operators of
effective strengths(

G
(2ν)(2f 6=ν)
eff /GF

)
= −2

√
2 ε2

m s
2
γ , and (3.28a)(

G
(4f 6=ν)
eff /GF

)
= 4
√

2 ξ2 s4
γ ≈ ε4

m s
4
γ × 2× 10−9. (3.28b)

Such feeble effects are currently not constrained by experiment.

We note that the vector mixing of (3.16) can be modified by gauge-kinetic mixing
of the U(1) field strengths Lχ = −(sχ/2)BµνXµν [171,172]. This shifts the Z ′ coupling to
the SM neutral current by a negligible amount proportional to χO(m2

Z′/m
2
Z) [173,174]

(given mZ′ � mZ , χ� 1). More important is the introduction of a coupling of Z ′ to the
electromagnetic current scaling as cW cXχ. Experimental constraints on this are collected
in [175,176] and our model could, in principle, saturate these limits. Therefore, we stress
that χ 6= 0 would neither affect our solution to the HT, nor the H and Z decay rates
in Eqs. (3.31) and (3.32) below (to leading order), which are fixed by Goldstone boson
equivalence.

We thus focus on effects directly involving neutrinos. For T . vφ, neutrino mixing is
active. As required by direct-search bounds [177--180] and PMNS unitarity [181] (as
extracted from [182]) we assume [157,158]

ε(e)
m ≤ 0.050 , ε(µ)

m ≤ 0.021 , ε(τ)
m ≤ 0.075 , (3.29)

for mixing with e, µ, τ flavors. These are the most conservative bounds in the mass range
set by Eq. (3.20), and often larger mixings can be allowed, especially for light masses
and non-e flavors. For M . 10 eV oscillation experiments become important, requiring
a dedicated analysis, see e.g. [183], nontheless still allowing (3.29). Since nothing in
our resolution of the HT is required to depend on flavor, we adopt εm ∼ 5× 10−2 as a
universal benchmark value.

Couplings of neutrinos to Z ′ at low T are given by gXε
2
m with a strength set by

(3.4). This gives rise to the four-fermion operators (3.3,3.28), but also to the possibility
of Z ′ emission off neutrinos. Eq. (3.4) together with gX . 1 implies a lower bound
εm & 5× 10−4. This fuels the intuition that this model is testable.

Constraints on neutrinos directly interacting with light mediators are collected in
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[125,184--191]. The strongest laboratory constraints arise from meson [184,192--201] and
nuclear double-beta decays [202--206]. However, even the most stringent bounds for the
least favorable flavor structure cannot exclude geff . 10−5 for light mZ′ . While most
experiments constrain light scalar (majoron) emission, the present study emphasizes the
need to reanalyze those also for light vectors. The most important constraint is SN1987A
neutrino propagation through the cosmic neutrino background (CνB) [207]. The exact
bound depends on the neutrino masses and rank of y, but even the most pessimistic
assumptions allow geff . 5× 10−4 for mZ′ < 60 eV.

The ν̄ν ↔ ν̄ν scattering cross section via Z ′ exchange is approximated by

σ(4ν)(s) =
g4
X ε

8
m

12π

s(
m2
Z′ − s

)2
+m2

Z′Γ
2
Z′

. (3.30)

To generate Fig. 3.1 we include the t-channel and use Maxwell-Boltzmann thermal
averaging [208], while noting that a more refined analysis should employ Fermi-Dirac
statistics [209, 210]. For mZ′ > 2MN , Z ′ decays to N1N1, N2N2, ν̄N2(νN2) and ν̄ν,
while for mZ′ .MN only the last channel is accessible. The respective total widths are
ΓZ′/mZ′ ≈ 10−7 or 10−12, corresponding to Z ′ lifetimes from micro- to tens of picoseconds.
We show thermally averaged rates (dashed) obtained by dimensional analysis for T � vφ.
For T � mZ′ we reproduce the scaling of the effective operator (3.2). Obviously, before
recombination Γ4ν(T ) differs from the effective theory. This would not qualitatively
change the conclusions of [75, 150--154], which are based on the (non-)free-streaming
nature of neutrinos, see also [211]. Nontheless, this motivates a dedicated cosmological
analysis to tell if our specific temperature dependence could be discriminated from the
effective model.

Finally, we discuss the coupling of neutrinos to hS . For massless active neutrinos
and conserved lepton number, diagonalization of (3.18) is exact in sεm . This prevents
a quadratic coupling of neutrinos to hS . Hence, SM neutrinos couple to hS only in
association with hidden neutrinos, or suppressed by their tiny mass (e.g. [Mν ]11 ∼ mν

produces such a coupling). In both cases effects are unobservably small, also because of
the vastly suppressed coupling of hS to matter targets.

Also modification of Z decays to neutrinos are unobservably small. Even if N mixes
with ν, the invisible Z width is unaltered for MN � mZ [177]. The vertex ZN̄ν also
leads to N production from neutrino upscattering on matter targets, suppressed by εm
compared to GF. N decays invisibly leaving an unaccompanied recoil as signature.

Any consistent model of strong neutrino self-interactions requires a modification of
the SM scalar sector. These are amongst the most visible effects of this model. The
necessary modifications imply new invisible decays of SM Z and Higgs. To leading order
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in ξ, rates of the most prominent decays are

ΓH→hShS =
v2
h

32πmH

[
λHS c

2
γ + λ34 s

2
γ −

µ s2γ

vh

]2

, (3.31)

ΓH→Z′Z′ = ΓH→hShS , ΓZ→Z′hS =
mZ g

2
2 s

4
γ

192π c2W
, (3.32)

and to leading order in ξ and γ (the exact expression in γ is known)

ΓH→ZZ′
γ�1
=

g2
2

c2
W

(
m2
H −m2

Z

)3
m3
H m

2
Z

ξ2 s4
γ

16π

(
1 +

λHS
4λH

)2

. (3.33)

ΓH→inv. ≤ 1.3 MeV [212--214] and Γnew
Z→inv. ≤ 2.0 MeV [215] constrain the parameters as

shown in Fig. 3.2. ΓZ→Z′hS requires γ . 0.4. ΓH→inv., without fine tuning, demands
λHS , λ34, (µs2γ/vh) . O(10−2). ΓH→ZZ′ then is merely a rare Higgs decay with BR(H →
ZZ ′) ≈ 10−8ε4

ms
4
γ .

The model without S is excluded by ΓZ→Z′hS , which would be given by (3.32) with
γ → π/4. The constraints on γ further limit the allowed mass range of M , cf. Eq. (3.20),
and we show corresponding values of M in Fig. 3.2.

Charged scalars Φ± couple to `± and N via (3.8). Constraints on y arise from `1 → `2γ
and measured lepton magnetic moments, both mediated by a loop of Φ± and N . Exact
constraints are given in [157]. Here it suffices to note that certainly y . O(1) for all
flavors, as much tighter constraints are found below.

The coupling of Φ± to quarks is suppressed by sγξ and standard LHC searches [216,217]
do not apply. At LEP, Φ± could have been pair-produced via s-channel γ/Z or t-channel
N , or singly-produced associated with charged and neutral leptons. Φ± dominantly
decays to Nα

¯̀
β with BRs set by y. N further decays to neutrinos via Z ′. The final state

for Φ± hence is `±β + MET. LEP limits on Φ± pair-production [218] and a reinterpreted

LEP selectron search [219--222] imply a lower bound mΦ± > 100 GeV 5.

Regarding electroweak precision, there are no new tree-level contributions to ρ ≡ αT .
We follow [225] for one-loop corrections. T is always enhanced compared to the SM,
staying in the allowed interval T = 0.09± 0.13 [226] for |mΦ± −mΦ| . 120 GeV.

3.7 Addendum: Why do we need the singlet?

In this section we summarize the idea behind adding the singlet scalar. As explained
in [120] if there was no singlet scalar, then the lightest scalar would come from the
neutral component of the new doublet Φ and for the extent of this section we will call it

5Sometimes mΦ± & 275 GeV is quoted based on [223]. However, this requires assumptions on Φ±-BRs
see [224, Sec. 4.7] for details.
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Figure 3.2: Allowed region (blank) in the tan γ--(µ/vh) plane. The region is independent
of any other free parameters as long as λHS , λ34 � O(10−2) (for definiteness,
we have chosen scalar potential parameters as λHS = 0.001, λ3 = 0.002,
λ4 = 0.003, λΦ = 0.3, λS = 0.4, λΦS = 0.5). The Hubble tension can be
resolved in the entire allowed region. We show equilines of the corresponding
hidden neutrino mass M for benchmark parameters εm = 0.05, gX = 2×10−3,
and y = 6× 10−5(6× 10−3). In the orange region M < mν (for y = 6× 10−5)
which is inconsistent with our assumptions.

h̃Φ. Since Φ couples to both hypercharge and weak isospin, it is not surprising that there
is a new decay mode for the Z-boson and by explicit calculation one finds

Γ
(
Z → Z ′ h̃Φ

)
' g2

2

192π cos (θW )2mZ ' 8 MeV. (3.34)
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The total decay width of the Z was measured at LEP and from this one can extract the
partial width for decays to electrically uncharged non-hadronic states, a.k.a “invisible”
final states [227]

Γtot(Z → Invisibles) = (499.0± 1.5) MeV. (3.35)

Compared to the theoretical prediction of [215]

ΓSM(Z → Invisibles) = (501.3± 0.6) MeV. (3.36)

this leaves

Γnew = ΓSM − Γtot = (2.3± 1.6) MeV (3.37)

for contributions from new physics. Consequently the decay in (3.34) would be ruled
out by data. The fact that the leading order contribution in (3.34) does not depend
on any new coupling like gX or a small mixing angle can be understood in two ways:
The gauge kinetic term of the second doublet (DµΦ)†DµΦ involves an operator of the
form vΦZµZ

′µh̃Φ which gives rise to a squared matrix element, which is proportional
to (g2gXvΦ/ cos (θW ))2. Summing over the polarizations of the Z ′ the gives a factor
of 1/m2

Z′ and by using that mZ′ = gXvΦ one finds that the new parameters all divide
out, leaving only known electroweak couplings. On the other hand we can employ the
Goldstone-boson-equivalence theorem [228] for the production of the longitudinal Z ′: For
the electroweak sector we work in the unitary gauge (ξ2, ξY =∞), which decouples all
would-be-Nambu-Goldstone bosons responsible for making the electroweak gauge fields
massive and for the U(1)X we work in ’t Hooft-Feynman gauge (ξX = 1), which retains
the would-be-Nambu-Goldstone boson ãΦ in the spectrum. The gauge kinetic term of
Φ then leads to an operator of the form Zµ(∂µãΦ)h̃Φ and the matrix element squared
will be essentially given by (g2/ cos (θW ))2p2, where p2 = m2

Z comes from the derivative
coupling and gets canceled by the 1/m2

Z from the polarization sum for the Z-boson (the
factor of mZ in (3.34) comes from the phase space integral).

In order to make our model phenomenologically viable we introduce a singlet scalar with
U(1)X charge, which is accompanied by a mixing angle γ. Due to the mixing in the
scalar sector there are now four decay modes and because mixing is a unitary operation
the couplings split up as follows:

• Γ (Z → hS Z
′) ∼ sin(γ)4

• Γ (Z → hS A) ∼ sin(γ)2 cos(γ)2

• Γ (Z → Φ Z ′) ∼ sin(γ)2 cos(γ)2

• Γ (Z → Φ A) ∼ cos(γ)4

As it turns out we can make both Φ and A (much) heavier than mZ , since their mass
gets a contribution from the trilinear term

√
2µ

(
H†Φ

)
S∗ involving all three scalars.
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This means that only the mode Z → hS Z
′ is kinematically allowed and we can make

the corresponding partial width compatible with data for γ . 0.4. Note that this idea of
decoupling a light state originating from a doublet scalar by adding a singlet scalar is
very similar to the idea behind the DFSZ axion [229,230]: The original Weinberg-Wilczek
axion [231, 232] was embedded in a two Higgs doublet model and later ruled out because
it would have lead to a too large branching ratio for Kaon decays due to the process
K+ → π+a. The remedy came in the form of “invisible-axion”-models [229, 230] that
add a scalar singlet so that the physical axion is a linear combination of the phases of all
three scalar fields.

3.8 Appendix: BBN

The bound on ∆NBBN
eff during BBN [90] prohibits any of the new light species, Z ′, N , or

hS , to be in thermal equilibrium with the SM during BBN. Ultimately, a thermal QFT
analysis seems worthwhile to fully explore the early universe cosmology of this model for
T � vφ. The coupled Boltzmann equations then should be solved to track abundances
precisely, but this is beyond the scope of this letter. Nontheless, an order of magnitude
estimate suffices to clarify that there are parameters for which BBN proceeds as usual.

Whilem′Z is fixed by (3.5), MN is limited by (3.20), andmhS ≈ ξvh
√

2λS ≈ 7ε2
m

√
λS MeV.

Hence, neither of these states can simply be pushed beyond the MeV scale to avoid BBN
constraints. Instead, we discuss the possibility that all of them are sufficiently weakly
coupled to the SM such that a thermal abundance is not retained. While all of the new
fields thermalize with the SM at EW temperatures, this changes once the heavy scalars
freeze out. The abundance of new light states is subsequently diluted by reheating in the
SM. We thus focus on temperatures around BBN.

The coupling of Z ′ to the SM, as well as active-hidden neutrino mixing εm, is only
effective after the U(1)X breaking phase transition [233]. This warrants that Z ′ does
not thermalize with the SM between EW and BBN. Regarding hS , the most relevant
processes for thermalization are e+e− ↔ hShS , e−γ ↔ e−hS , and νν̄ ↔ hShS . None of
them reaches thermal equilibrium due to the highly suppressed couplings of hS . The
leading process thermalizing N ’s with the SM is e+e−(νν̄)↔ NN̄ via t-channel Φ± (Φ, A)
exchange, which scales as Γ ∼ (y/mΦ(±))4T 5. Requiring this to be absent after QCD
(EW) epoque demands y . 6× 10−3(5)(mΦ(±)/100 GeV). Together with above bounds
on εm and γ . 0.2 this implies M . 300(3) eV. Consistency of our analysis requires
mν � yvφ �M , implying y � 2× 10−5(mν/0.05 eV) and a lower bound on γ, shown in
orange in Fig. 3.2 for mν = 0.05 eV 6. Noteworthy, this limits MN to values which can
resolve short baseline neutrino anomalies: Either in the well-known way with eV-scale
states, see e.g. [183, 234], which however is already in considerable tension with other
experiments [183] and certainly requires specific assumptions on the flavor dependence of

6This is the minimal possible value of mν for at least one generation, as allowed by neutrino oscillation
experiments.
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the mixing angle εm. Or, by realizing the novel ‘‘decaying sterile neutrino solution’’ for
MN ∼ O(100) eV [235,236], which requires the assumption εem � εµm [235].

Finally, we note that despite bearing some danger for BBN, the new states can also
be a virtue: To resolve the HT with self-interacting neutrinos, Neff must be enhanced
to ∆NCMB

eff ≈ 1 during recombination [75, 154], requiring some energy injection in the
dark sector after BBN. The thermalization of N,hS , Z

′ with n flavors of active neutrinos
after BBN produces entropy [237] which is released back to the neutrino background
after the new states decay, before recombination. This would heat the neutrinos to
T ′ν ≈ [1 + 30/7n]1/12Tν resulting in ∆NCMB

eff ≈ 1.03, 0.93, 0.74 for n = 3, 2, 1. Regarding
the decays of the light states to neutrinos, we note that hS decays to N1ν and N1N2,
but in absence of L-violation not to ν̄N2, N1(2)N1(2) or ν̄ν (or all processes barred), with
ΓhS ∝ y2s2

γ . τhS , therefore, is extremely dependent on the exact parameters ranging from
milli- to picoseconds. Two-body decays N → Z ′ν contribute, provided MN > mZ′ +mν .
For MN < mZ′ +mν , on the other hand, only three-body decays N → (2ν)ν̄ are possible

with lifetime τN ∼ (8π)−3M5
NG

4ν
eff

2
ε−2
m . Depending on the exact parameters, a population

of N , thus, could but but doesn’t have to decay before recombination.

3.9 Appendix: Discussion

We have presented a consistent (renormalizable and phenomenologically viable) model
that leads to vector-mediated neutrino self-interactions. In a narrow region of parameter
space these interactions have the right strength to resolve the tensions between local
and global determinations of H0 and σ8

7. To consistently implement such interactions
in the SM, we had to introduce a second Higgs doublet and a new Dirac fermion, both
charged under a new U(1)X gauge symmetry. Phenomenological consistency required
the introduction of the U(1)X charged SM singlet scalar S.

There are several new states, all with very lepton-specific couplings: hS with mass
of O(10 keV), as well as Φ, pseudo-scalar A and the charged scalars Φ± all with masses of
O(100 GeV). The new, naturally neutrinophilic fore carrier has a mass of mZ′ ∼ O(10 eV),
and the new hidden neutrinos masses in the range MN ∼ 1 ÷ 300 eV and mixing an-
gles εm > 5 × 10−4. The allowed parameter space can be narrowed down by more
precise measurements of Higgs → inv. and searches for leptophilic charged Higgses at
the HL-LHC and future colliders such as ILC, CLIC, or FCC-he/hh. Other testable
signatures include non-standard neutrino matter interactions with maximal strength

G
(2ν)(2f 6=ν)
eff ∼ O(10−4)GF, as well as distortions of short baseline neutrino oscillations.

That our model works without specifying the mechanism of neutrino mass genera-
tion may feel like a drawback to some. We think this is a virtue, as it renders this
scenario compatible with all standard neutrino mass generation mechanisms.

7Our model is viable also in a different parameter space not discussed here: For mZ′ � eV and
gX � 10−7, active neutrinos recouple only after recombination, with crucial impacts on the CνB.
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The least appealing feature of our model, perhaps, is the introduction of several new scales
(vφ, vs, µ,M), and some hierarchies among them. We have nothing to say here about this
or any other hierarchy problem but simply accepted this fact for the reason that we are
convinced that this is the simplest renormalizable model in which active neutrinos pick
up gauged self-interactions. Stabilizing these hierarchies against radiative corrections
might require smaller scalar quartic cross-couplings than the direct constraints discussed
above. Suchlike would not contradict any of our findings.

Finally, our analysis also shows that ‘‘model independent’’ considerations are actu-
ally not always valid in concrete models. On the contrary, only complete models allow
to directly relate early universe cosmology, like the Hubble tension, to physics testable
in laboratories.

3.10 Appendix: Note

During the completion of this work, Ref. [238] appeared on the arXiv which discusses a
different UV complete model for self-interacting neutrinos.
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4 Freeze-In of radiative keV-scale neutrino
dark matter from a new U(1)B-L

4.1 Contribution and Context

The following chapter is based on the single-author publication

JHEP 09 (2022) 101, arXiv: 2203.04276 [hep-ph]

and the author of this thesis was responsible for the conception and implementation of
all aspects of the publication.

The starting point of this project was the observation that a dark matter fermion
χ could receive its mass from the SM Higgs doublet via a Weinberg operator of the
form χχH†H. This observation prompted the question of whether such a DM candidate
could also be produced from the very same operator. Phase space arguments [87] require
fermionic dark matter (DM) with masses above a scale of about 100 eV in order to be
gravitationally bound inside a halo, which is why (single species) fermionic DM must
have masses of at least a keV. Structure formation studies [243] refined this limit further
and depending on the warmness of DM one typically needs masses above 5-16 keV. We
start from the Dirac Scotogenic model [54,55] that explains the neutrino mass scale via
loop diagrams involving heavy vector-like neutrinos and both an inert doublet and singlet
scalar. Usually the particles running inside the loop are good thermal WIMP dark matter
candidates, but here we use additional SM singlet fermions. These fermions get their
masses from loop diagrams involving the doublet and singlet scalars together with new
vector-like leptons. The active neutrino masses require super-heavy sterile neutrinos with
masses at the 1011 GeV scale, whereas the DM particles only need vector-like leptons with
masses around the 10 TeV scale, potentially accessible at next generation colliders due to
their electroweak gauge interactions. In this theory the particle content is dictated by a
new gauged U(1)B-L symmetry. As a consequence of this charge assignment only two of
the SM neutrinos and the Dirac dark matter become massive. In order to forbid Majorana
masses for any of the new fermions and to ensure the stability of dark matter we impose
an additional Z5 symmetry by hand. This symmetry forbids any mixing between dark
matter and the neutrinos. We assume that all the particles running in the loop are too
heavy to be produced in the early universe plasma. It turns out that the production from
out-of-equilibrium Higgs decays overproduces keV-scale dark matter (it produces the
correct amount of lighter dark matter excluded by structure formation) unless reheating
occurs at low temperatures TRH . 5 GeV. Successful Big Bang Nucleosynthesis requires
TRH & 4 MeV [244,245]. These arguments lead us to consider the joint production of dark
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matter and right handed neutrino dark radiation from the out-of-equilibrium (also known
as “Freeze-In” [82]) gauge scatterings of the SM fermions via the exchange of the B-L
gauge boson Z ′. If the production from gauge scatterings is supposed to be the dominant
mode, we predict that the DM mass has to be below the MeV-scale, since otherwise
production from the SM fermions via off-shell Higgs exchange becomes the dominant
production channel. In that case the DM could be as heavy as mDM . 2 GeV, as allowed
by Higgs to invisible decays, but we choose to focus on the keV-scale instead. The right
handed neutrinos would contribute to dark radiation by an amount of ∆Neff. . 0.012.
Bounds on off-shell Z ′ from four-lepton-operators at LEP II constrain the B-L breaking
vev to be above 6.9 TeV [215] and depending on the combination of mDM and TRH our
model can work for a vev at the 100 TeV scale. Our scenario involves two doublet and
two singlet scalars. Only one doublet gets a vev and is identified with the SM Higgs.
Out of the singlets only one field gets a vev and is identified with the B-L breaking
scalar, which has no direct couplings to fermions. The last part of this chapter checks,
whether this model can generate the required value of the reheating temperature. We
find that the most likely candidate for the inflaton field is the inert singlet scalar and for
concreteness we assume a non-minimal coupling to gravity. Reheating and Baryogenesis
might involve additional vector-like quarks. This work introduces

• a model for radiative one-loop keV-scale dark matter Dirac masses

• a symmetry argument for why only two of the light neutrinos have masses

• a production channel for both dark matter and dark radiation via Freeze-In from
Z ′ exchange with the SM fermions

• a reason to consider GeV-scale reheating temperatures

.

4.2 Appendix: Abstract

We extend the Dirac Scotogenic model with the aim of realizing neutrino masses together
with the mass of a keV-scale dark matter (DM) candidate via the same one-loop topology.
Two of the Standard Model (SM) neutrinos become massive Dirac fermions while the
third one remains massless. Our particle content is motivated by an anomaly free U(1)B-L

gauge symmetry with exotic irrational charges and we need to enforce an additional
Z5 symmetry. The dark matter candidate does not mix with the active neutrinos and
does not have any decay modes to SM particles. DM is produced together with dark
radiation in the form of right handed neutrinos via out of equilibrium annihilations
of the SM fermions mediated by the heavy B-L gauge boson. In order to avoid DM
over-production from Higgs decays and to comply with Lyman-α bounds we work in a
low temperature reheating scenario with 4 MeV . TRH . 5 GeV. Our setup predicts a
contribution to ∆Neff. that decreases for larger DM masses and is below the sensitivity of
upcoming precision measurements such as CMB-S4. A future observation of a signal with
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∆Neff. & 0.012 would exclude our scenario. We further sketch how inflation, reheating
and Affleck-Dine Baryogenesis can also be potentially realized in this unified framework.

4.3 Appendix: Introduction

In most models of the Scotogenic variety one uses the lightest stable particle from the
loop diagram for the neutrino masses as a DM candidate. For the original scotogenic
model [246--249] this is either the lightest neutral component of the inert scalar doublet
η or the lightest sterile neutrino produced as thermal WIMPS. In the Dirac version of
the model [54,55] the DM can either the lightest neutral component of η or the singlet σ
or the lightest vector-like neutrino. Later it was realized that keV scale FIMP DM is
also possible in the scotogenic picture [250], but no mechanism was proposed for why
this particular sterile neutrino is so much lighter than the other two. Reference [251]
analyzed a model based on the DFSZ axion scenario [229,230], where a one loop diagram
with vector-like fermions generates the keV-scale Majorana masses for a DM candidate.
The authors of [252--254] showed that it is possible to construct models in which both the
active and the sterile neutrino masses are obtained from loop diagrams. Recently a loop
based extension of the Seesaw scenario [29,30,255] with keV to GeV scale Majorana dark
matter was put forth in [256], where two different scalar couplings were responsible for the
mass generation and production from out of equilibrium Higgs decays. Unlike previous
constructions we focus on Dirac neutrinos. We choose an abelian gauge symmetry as the
guiding principle for building our model. After reviewing the Dirac Scotogenic model in
section 4.4.1 we introduce our mechanism for generating the DM mass via a dimension
five operator that resembles the Weinberg operator [23] in 4.4.2. In 4.5.2 we find that
producing such a dark matter from out of equilibrium Higgs decays is not compatible
with Lyman-α bounds on the DM mass. Section 4.5.4 demonstrates that the gauge
symmetry is crucial for producing the correct amount of DM in the freeze-in scenario. We
compute the minuscule amount of dark radiation produced by a similar freeze-in process
in section 4.6. The necessary cosmic history can be realized in an inflationary context as
explained in section 4.7. We close by illustrating how our set-up can potentially realize
Affleck-Dine Baryogenesis [257] in section 4.8.

4.4 Appendix: The model

4.4.1 The Dirac Scotogenic model

Let us begin by reviewing the most salient features of the Scotogenic Model for Dirac
neutrinos [54,55]. The goal is to generate the first diagram in figure 4.1. We follow the
treatment of [258], where a U(1) symmetry is imposed on the fermionic sector that gets
softly broken by the following trilinear term in the scalar potential

V (H, η, σ) ⊃ κ√
2

(
η†Hσ + h.c.

)
, (4.1)
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〈H〉

νR

η σ

NR NL

χL

〈H〉

χR

〈H〉

η σ

DR SL

Figure 4.1: Feynman diagrams in the gauge basis responsible for the creation of the
neutrino and dark matter (χ) Dirac masses at the one loop level.

where κ is a dimensionful parameter of mass dimension one. Here H is the SM Higgs
and η, σ are inert doublet and singlet scalars with charges under the new symmetry.
All particles and charges can be found in table 4.1. We start from U(1)B-L and assign
conventional B-L charges -1 to L and eR, whereas the right handed neutrinos νR have the
charge Q1 6= −1 so that the tree level mass term LεH†νR is forbidden by the symmetry.
Here ε = iσ2 denotes the anti-symmetric tensor in two dimensions.

To generate this operator at loop level requires a soft U(1)B-L breaking by 1 +Q1 units.
Since we assume that H is uncharged under the new group, this means that the term
κ η†Hσ has to have the same total charge Qη −Qσ = 1 +Q1. This soft breaking can be
UV completed by considering the vev κ = λIVvφ of another singlet scalar φ with charge
−1 − Q1, as will be shown in section 4.4.3. On the fermionic side we introduce two
generations of vector-like pairs of SM singlets (NL, NR) with B-L charge QN

L ⊃ −YLN Lεη†NR − YNR NLσνR −MNNLNR + h.c.. (4.2)

In order to forbid a Dirac mass with L and νR we have to require that QN 6= ±1,±Q1.
We also need to forbid the following operators [258]:

• N c
L, NL and N c

RNR with 2QN

• νcRνR with 2Q1

• NLνR, N c
RνR with −QN +Q1, QN +Q1

•
(
H†η

) (
H†η

)
with 2Qη together with N c

R, NR would create νcLνL at loop level [246]

• σσ with 2Qσ together with N c
L, NL would create νcRνR at loop level [256]

All of the above combinations of charges need to be non-zero and not divisible by |1+Q1|.
If they were divisible by the only source of soft breaking, then an integer number of
insertions of the trilinear scalar coupling in some loop diagram can generate the unwanted
mass term. Once we know Q1 we can fix all the other charges of the model. We will use
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field SU(2)L U(1)Y U(1)B-L Z5 generations

L 2 −1/2 −1 −4 3

eR 1 −1 −1 1 3

H 2 1/2 0 0 1

νR 1 0 −2 1 2

NL 1 0 −3 −3 2

NR 1 0 −3 2 2

χL 1 0 Q4 0 1

χR 1 0 Q3 0 1

DL 2 −1/2 1 +Q3 −1 1

DR 2 −1/2 1 +Q3 4 1

SL 1 0 1 +Q3 −1 1

SR 1 0 1 +Q3 4 1

η 2 1/2 −2 −4 1

σ 1 0 −1 1 1

φ 1 0 1 0 1

Table 4.1: Charges and representations for all particles participating in the neutrino
or dark matter mass generation. The integers n in the fifth column are an

abbreviation for ωn, where ω = e
2iπ
5 .

the criterion of anomaly freedom to determine the rest of the particle spectrum and to
find Q1 in the next section. Before we do let us continue with our short review of the
Dirac Scotogenic model: The active Dirac neutrino mass arises due to the first diagram
in 4.1 and depends on the mass mixing in the scalar sector:

L ⊃ − m2
σ |σ|

2 −m2
η |η|

2 − κ√
2

(
η†Hσ + h.c.

)
(4.3)

− λη

(
η†η
)2
− λσ |σ|4 (4.4)

− λHη 1

(
H†H

)(
η†η
)
− λHη 2

(
H†η

)(
η†H

)
(4.5)

− λHσ

(
H†H

)
|σ|2 (4.6)
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After we expand all the fields into their components

H =

 h+

hR+vH+ihI√
2

 , η =

 η+

η0
R+iη0

I√
2

 , σ =
σ0
R + iσ0

I√
2

(4.7)

and in the absence of CP -violation there is no mass mixing between the CP -even
(subscript R) and odd bosons (subscript I). We set m2

η,m
2
σ > 0 in order to have an inert

doublet and singlet. The real and imaginary components only mix among each other.
The mass matrix after EWSB reads

(
η0
R, σ

0
R

)
·

 m̃2
η

κvH
2

κvH
2 m̃2

σ

 ·
η0

R

σ0
R

 , (4.8)

and the same holds for the CP -odd fields, where

m̃2
η ≡ m2

η + (λHη 1 + λHη 2) v2
H , and m̃2

σ ≡ m2
σ + λHσv

2
H . (4.9)

We find two mass eigenstates in each case with the masses

m2
1,2 =

1

2

(
m̃2
η + m̃2

σ ±
√(

m̃2
η − m̃2

σ

)2
+ κ2v2

H

)
(4.10)

and the mass eigenstates readη0
R

σ0
R

 =

 cos(α) sin(α)

− sin(α) cos(α)

S1

S2

 ,

η0
I

σ0
I

 =

 cos(α) sin(α)

− sin(α) cos(α)

A1

A2

 .

(4.11)
The mixing angle is given in terms of the model parameters as

sin(2α) =
κvH

2∆m2
S

, with ∆m2
S ≡

m2
1 −m2

2

2
. (4.12)

Four diagrams contribute to the active neutrino masses: one mediated by each of the
scalars S1,2 and A1,2. Since S1 and A1 (S2 and A2) are mass degenerate there are only
two distinct types of diagrams: two for heavier scalars of mass m1 and two for the ones
with m2. Due to the mixing there will be a relative sign between these two “generations”
of scalars. This difference cancels out the divergent part leaving us with a finite mass
matrix [259]

(mν)ij = −sin(2α)

32π2

2∑
k=1

(YLN )ik (YNR)kjM
(k)
N

m
2
2 Log

(
m2

2

M
(k) 2
N

)
m2

2 −M
(k) 2
N

−
m2

1 Log

(
m2

1

M
(k) 2
N

)
m2

1 −M
(k) 2
N

 ,
(4.13)
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where M
(k)
N is the mass of the k-th heavy neutrino. To get a more insightful expression

we work in the radiative Seesaw limit [246]

M
(k) 2
N � m2

0 ≡
m2

1 +m2
2

2
� ∆m2

S . (4.14)

After substituting in the mixing angle from (4.12) we find

(mν)ij =
2∑

k=1

(YLN )ik (YNR)kj
32π2

κvH

M
(k)
N

(
Log

(
M

(k) 2
N

m2
0

)
− 1

)
, (4.15)

where the dependence on the soft symmetry breaking coupling κ is explicit and the
scaling 1/MN is reminiscent of the familiar tree level Seesaw mechanism. To get a feeling
for the involved scales let us estimate the neutrino mass in the single generation limit

mν ' 0.1 eV ·
(
YLN
0.1

)
·
(
YNR
0.1

)
·
( κ

1 TeV

)
·
(

1011 GeV

MN

)
·

Log
(
M2
N

m2
0

)
− 1

O(10)

 , (4.16)

where in the above we used m0 = O (1 TeV). Constraints on this scenario from lepton
flavour violation and collider searches can be found in [260]. Note that since we will
investigate a different implementation of Dark matter compared to the usual Scotogenic
idea, we can push the masses of the scalars and N to values (far) above the electroweak
scale, avoiding all laboratory constraints.

4.4.2 Extension for radiative DM mass

We proceed by introducing four Weyl fermions which are chiral under U(1)B-L. Usually
one charges three right handed neutrinos with QB-L = 1 so they form a vector-like pair
with the νL from the leptonic doublet ( the eL form a vector-like pair with eR). However
there are other anomaly free choices such as two right handed neutrinos with QB-L = −4
accompanied by another one with QB-L = 5. The idea of having chiral charges was
originally put forth in [261] and applied to dark matter in [262--266]. Here we propose a
new realization of this idea: Two Weyl fermions will be right handed and of equal charge
Q1 in order to form two massive Dirac fermions with νL. Therefore our model predicts
that the third SM neutrino remains exactly massless. The remaining two fermions will
be the right handed χ3 and the left handed χ4, which combine to form a Dirac fermion,
that will be identified with the dark matter candidate. Since we have a gauge symmetry
in mind, we need to find an anomaly free set of charges. As we only consider SM singlets
with chiral charges there are only two conditions for cancelling the gravitational and
U(1)3

B-L anomalies from the Standard Model:∑
dark sector

QB-L = −2Q1 −Q3 +Q4
!

= 3 (4.17)

∑
dark sector

Q3
B-L = −2Q3

1 −Q3
3 +Q3

4
!

= 3 (4.18)
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4 Radiative keV-scale DM

Here the signs reflect the fact that only χ4 is left handed. The system of equations is
under-determined and has infinitely many solutions. In order for the same one-loop
topology and soft breaking to generate the dark matter mass term χ4χ3 ≡ χLχR we
impose the additional condition

|1 +Q1| = |Q3 −Q4| . (4.19)

Without the absolute value we find no solutions. For 1 +Q1 = −(Q3 −Q4) we find two
possible solutions with irrational charges

Q1 = −2, Q3 =
1−
√

17

2
, Q4 = −1 +

√
17

2
, (4.20)

and

Q1 = −2, Q3 =
1 +
√

17

2
, Q4 = −1−

√
17

2
. (4.21)

One can see that both sets of solutions are related by exchanging Q3 ↔ −Q4. The only
solution possible for 3 copies of νR with the same charge Q1 would be Q1 = −1 and
Q3 = Q4, which would allow for a term LεH†νR at tree level and hence will not be
investigated further. This is why our model predicts only two massive SM neutrinos.
Note that formal quantum-gravitational conjectures [267] seem to exclude abelian gauge
theories with irrational charges in curved space-time. We do not consider this line of
reasoning further for our purely phenomenological study.

� Addendum: After the completion of this project I realized, that irrational charges
do not just lead to potential problems with quantum gravity, but with grand unified
theories as well: The eigenvalues of all generators of non-abelian gauge groups are
quantized as rational numbers, so our U(1)B-L can not arise from a broken generator like
e.g. electromagnetism does in the SM. Another way to look at this is to note, that we
do not gauge a compact U(1), but rather the non-compact R, which locally (in terms
of their Lie-Algebra) look the same but have different global topology. In addition
these quantum gravitational arguments would rule out the field-theoretic Stückelberg
mechanism [268,269] from an abelian Higgs model: Here one wants to decouple the radial
mode of the abelian Higgs by taking the limit v → ∞ while keeping the gauge boson
mass gSQSv finite. This requires taking the limit QS → 0 on the charge of the abelian
Higgs [270], meaning that it can not be a rational number but is instead real valued.
Sending the gauge coupling gS to zero instead would just reduce the gauged symmetry
to a global one as one decouples the transverse gauge fields [270]. �

Let us emphasize that for this particle content we need a soft breaking by |1 +Q1| = 1
unit. However in that case any of the previously mentioned unwanted mass terms could
arise at the loop level via some number of insertions of the trilinear term. Furthermore
since we break the gauge symmetry by only one unit, there will be no residual ZN
symmetry that also stabilizes the dark matter. To remedy both shortcoming we resort to
imposing an ad-hoc Z5 symmetry as well. The choice of an odd N was motivated by the
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need to forbid bilinear terms. All the charges and representations to realize the original
Dirac Scotogenic model [54,55] with our exotic choice of U(1)B-L charges can be found in
the table 4.1.
Let us focus on the dark matter mass now: Motivated by Zee’s model [271] for neutrino
masses we consider the second topology depicted in figure 4.1. We add a pair of vector-like
doublets (DL, DR) with Y = −1/2 together with another pair of vector-like singlets
(SL, SR) with Y = 0:

L ⊃ −YχD χLηεDR − YSχ SLσ∗χR −MDDLDR −MSSLSR (4.22)

Here we coupled the fermion χ to η, σ∗ instead of η†, σ, which was the case for the active
neutrinos, because we need a soft breaking by plus one unit of B-L, whereas the active
neutrinos needed a breaking by −1. Since both components of χ are SU(2)L singlets
unlike for the SM leptons, we do not only need a chirality flip on the internal fermion
line but an insertion of the Higgs doublet as well:

L ⊃ −YDS DLεH
†SR − YSD SLHεDR (4.23)

These couplings are the reason why all D,S have the common B-L charge 1 +Q3 see
table 4.1. B-L forbids all Majorana masses ScLSL, ScRSR, χcLχL, χ

c
RχR as they need

a breaking by 2(1 + Q3), 2Q3, 2Q4 units. Since Q3,4 are irrational numbers, no loop
graph with an arbitrary number of soft symmetry breaking insertions by one unit can
ever accidentally produce these terms. Hence we will leave χL,R uncharged under the
Z5. This automatically forbids any mass mixing between χ and the νL,R as well as
the kinematically allowed radiative decay χ → νγ or the three-body decay χ → ννν.
Consequently the DM candidate will be absolutely stable. All other mass terms of the
schematic form LD, DH†eR, SN , SνR, Sχ, Nχ are each forbidden by at least one of
the symmetries or both.
The dark matter mass term from figure 4.1 depends on the mass mixing in the scalar
sector as well as on the mixing between the D and S. Their mass matrix reads

(
SL, D0

L

)
·

 MS −YSDvH√
2

YDSvH√
2

MD

 ·
SR
D0
R

 (4.24)

and we find the following eigenvalues

M1,2 =
1

2

(
MD +MS ∓

√
(MD −MS)2 − 2v2

HYDSYSD

)
. (4.25)

The diagonalization simplifies in the limit YSD = −YDS and we arrive atSL
D0
L

 =

 cos(β) sin(β)

− sin(β) cos(β)

(F1)L

(F2)L

 , (4.26)

SR
D0
R

 =

 cos(β) sin(β)

− sin(β) cos(β)

(F1)R

(F2)R

 , (4.27)
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with a mixing angle

sin(2β) =

√
2YDSvH
2∆MF

, where ∆MF ≡
M2 −M1

2
. (4.28)

The dark matter mass arises due to eight loop diagrams in the mass basis. Since Si and
Ai are mass degenerate there will be only four distinct kinds of diagrams. For a fixed
intermediate Fj there are two diagrams depending on S1(A1) and S2(A2) again with a
relative sign. Consequently all divergences will cancel in the sum and the resulting DM
mass is finite. For a fixed intermediate Si(Ai) there are two possible diagrams involving
F1 and F2, both with a relative sign due to the fermionic mass mixing. This explains the
structure of the expression for the DM mass:

mDM = −
YχDYSχ
128π2

sin(2α) sin(2β)
2∑
j=1

Cj

m
2
2 Log

(
m2

2

M2
j

)
m2

2 −M2
j

−
m2

1 Log

(
m2

1

M2
j

)
m2

1 −M2
j

 (4.29)

with C2 = −C1 = 1. By working in the radiative Seesaw limit

MF ≡
M2 +M1

2
� m0, ∆MF (4.30)

and invoking the definition of the mixing angles (4.12) and (4.28) we finally obtain

mDM =
YχDYDSYSχ√

2 32π2

κv2
H

M2
F

(
Log

(
M2
F

m2
0

)
− 3

)
. (4.31)

Note that since we generate the dark matter mass via a dimension five operator compared
to the active neutrinos (see figure 4.1), whose mass is an effective dimension four operator,
there is another inverse power of the heavy suppression scale MF when compared to
(4.15). Because we want our dark matter to be heavier than the neutrinos we therefore
need MN �MF , which can be seen from the following estimate

mDM ' 4 keV ·
(
YχD
0.1

)
·
(
YDS
0.1

)
·
(
YSχ
0.1

)
·
( κ

1 TeV

)
·
(

30 TeV

MF

)2

·

Log
(
M2
F

m2
0

)
− 3

3

 .

(4.32)
In the above we used m0 = O (1 TeV). Unlike the N which are much heavier the F and
electrically charged components of D could be potentially be produced at future colliders
and have a direct coupling to the SM like Higgs.

4.4.3 UV completion

In order to gauge the U(1)B-L symmetry and to explain the origin of the dimensionful
coupling κ in the trilinear term (4.1) we introduce a second SM singlet scalar φ with the
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charge Qφ = −1−Q1 = 1 without any couplings to the fermion spectrum:

Lφ ⊃ − µ2
φ |φ|

2 − λIV

(
η†Hσφ∗ + h.c.

)
(4.33)

− λφ |φ|4 − λHφ
(
H†H

)
|φ|2 (4.34)

− ληφ

(
η†η
)
|φ|2 − λσφ |σ|2 |φ|2 . (4.35)

We parameterize the new scalar as

φ =
φ0
R + vφ + iφ0

I√
2

, (4.36)

which allows us to identify κ = λIVvφ ≡ λIVvB-L. We do not depict an insertion of this
vev in figure 4.1, because the neutrino and DM mass generation only requires a non-zero
value of κ irrespective of its origin in the UV. The φ0

I is the would-be-Goldstone-Boson
that gets absorbed to become the longitudinal component of the massive U(1)B-L gauge
boson that we call Z ′ whose mass reads

mZ′ = gB-LvB-L, (4.37)

because φ is the only field with B-L charge that receives a vev. Direct searches at LEP
place the following bound [126,272] on the mass of a new gauge boson

vB-L =
mZ′

gB-L
> 6.9 TeV @ 95% C.L. (4.38)

that couples to the conventional B-L charges of the SM fermions. Searches at the LHC
exclude Z ′s below 0.2− 3.5 TeV [273]. Since no scalar field that receives a vev is charged
under both weak isospin/hypercharge or B-L there is no mass mixing between the Z
and Z’ bosons. However there can be gauge kinetic mixing [172], for instance generated
at the loop level by self-energy graphs containing the (DL, DR) or η fields, which are
charged under both abelian symmetries and weak isospin.
The additional scalar interactions contribute to the masses of the η0 and σ0 bosons by
shifting the relations in (4.9) to

m̃2
η → m2

η + (λHη 1 + λHη 2) v2
H + ληφv

2
B-L, (4.39)

m̃2
σ → m2

σ + λHσv
2
H + λσφv

2
B-L. (4.40)

Additionally the mixed quartic between H and φ leads to mass mixing between them:
First we minimize the potential in each direction and find expressions to eliminate the
parameters µ2

H , µ
2
φ < 0. We find that the minimum in each direction can be obtained for

µ2
H

2
= −2λHv

2
H − λHφv2

B-L, and
µ2
φ

2
= −2λφv

2
B-L − λHφv2

H (4.41)

and we arrive at

(
hR, φ

0
R

)
·

 2λHv
2
H

λHφ
2 vHvB-L

λHφ
2 vHvB-L 2λφv

2
B-L

 ·
hR
φ0
R

 , (4.42)

45



4 Radiative keV-scale DM

with the eigenvalues

m2
h,ϕ = λHv

2
H + λφv

2
B-L ∓

1

2

√
4λ2

Hv
4
H + 4λ2

φv
4
B-L + v2

Hv
2
B-L

(
λ2
Hφ − 8λHλφ

)
. (4.43)

In the limit vB-L � vH we find at leading order

m2
h '

(
2λH −

λ2
Hφ

8λφ

)
v2
H and m2

ϕ ' 2λφv
2
B-L. (4.44)

The correction to the SM like Higgs mass can be understood as a tree level threshold
correction to its quartic from integrating out the heavier field [274]. The mass eigenstates
are determined from hR

φ0
R

 =

 cos(γ) sin(γ)

− sin(γ) cos(γ)

h
ϕ

 (4.45)

with

sin(2γ) =
λHφvHvB-L

2∆m2
h

, where ∆m2
h ≡

m2
ϕ −m2

h

2
(4.46)

and at leading order in vH/vB-L this reduces to

sin(2γ) '
λHφ
2λφ

· vH
vB-L

. (4.47)

In the present study we will neglect this mixing completely. It is important to note that
the discrete Z5 symmetry we imposed will most likely be broken by quantum gravitational
effects [275--277], which is why we assume it is e.g. a residual symmetry arising from the
spontaneous symmetry breaking of a gauge symmetry [278]. This larger symmetry could
also connect our choice of U(1)B-L with the rest of the SM gauge group, e.g. by unifying
it with QCD into the Pati-Salam hypercolor SU(4)c [279]. Vector-like fermions such
as our singlets (NL, NR) and (SL, SR), doublets (DL, DR) as well as exotic vector-like
down-type quarks arise in E6-GUTs [280,281]. This could provide an interesting route
for further completing our model in the UV as the Pati-Salam model can be embedded
in SO(10) which is a subgroup of E6.

� Addendum: The caveats about the irrational charges mentioned in the previous
addendum actually prevent us from embedding our choice of U(1)B-L into a non-abelian
group. GUTs could still work if we add additional chiral fermions so that the B-L charges
become rational numbers, potentially affecting the features and phenomenology of our
construction. �

4.5 Appendix: Dark Matter

As previously mentioned our DM candidate does not mix with the active neutrinos.
Hence the usually considered possibility of creating keV-scale neutrino DM via active-to-
sterile oscillations [282], that can be enhanced in the presence of a chemical potential for
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h

S2(A2)

S1(A1)

χR

χL

∑2
j=1 Fj h

F1

F2

χR

χL

∑2
j=1 Sj(Aj)

Figure 4.2: Leading order diagrams for the decay h→ χLχR in the mass basis. See the
main text for more details.

neutrinos [283], are ruled out and we have to look into other avenues to produce DM.
In the following we will briefly explain why we do not consider thermal production and
focus on non-thermal scenarios. To study non-thermal production of DM we assume that
the reheating temperature TRH of the universe is below both the masses of the particles
in the loops of figure 4.1 and the mass of the B-L gauge boson Z ′

MN �MF � m0 � TRH and mZ′ � TRH. (4.48)

This ensures that none of the new, potentially stable neutral particles, which are good
thermal dark matter candidates, are present in the plasma. We can thus limit ourselves
to the SM degrees of freedom augmented by the two νR and the light DM.

4.5.1 Lyman bound for FIMPs

The Lyman-α forest consists of absorption lines in the spectra of quasars due to neutral
hydrogen in the intergalactic medium. It provides a window into the matter power
spectrum, which contains information on the Dark matter’s free-streaming scale from
the time of structure formation. One can use the existing data on the Lyman-α forest to
set bounds on dark matter models affecting small scale structures such as the thermally
produced warm DM (WDM). Numerically challenging simulations for WDM have been
performed and lead to a lower limit of mLy-α

WDM = 5.3 keV at 95% confidence level
(CL) [284, 285]. Reference [286] argued that the aforementioned bound is too strong
when taking into account systematics such as assumptions about the thermal history and
instead they find mLy-α

WDM = 1.9 keV at 95% CL. In order to avoid such time consuming
simulations for other DM production modes a bound mapping formalism has been
devised in [287--293] and a recent reevaluation [243] found that the previously mentioned
mass range mWDM & (1.9 − 5.3) keV translates into a bound on the FIMP mass of
mFIMP & (4− 16) keV.

4.5.2 Out of equilibrium Higgs decays

In the following we focus on the decay h → χLχR, χRχL, which is obtained from the
second diagram in 4.1 by replacing one of the Higgs vevs with the radial excitation h,
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which leads to the two diagrams depicted in figure 4.2. By replacing both Higgs vevs one
can compute the scattering process hh → χLχR, χRχL, however for our first estimate
we will limit ourselves to the decays. We only consider the trilinear coupling from (4.1)
and neglect all the decay modes to the same chiralities (LL or RR) which occur via the
quartic couplings λHη1,2, λHσ, from DM mass insertions on the external lines [256], or
from mass mixing in the heavy scalar or fermion sector to focus on the parameters for
the DM mass. This is also why we will work to the lowest order in the mixing angles
sin(α) and sin(β) because in the mass basis there are 32 diagrams contributing and
both neutrino masses were independent of the aforementioned angles in the radiative
Seesaw limit. We neglect the mixing sin(γ) between h and ϕ. In this approximation
with cos(α) ' cos(β) ' 1 and S1 ' η0

R, S2 ' σ0
R, F1 ' S, F2 ' D0 there are only four

diagrams contributing. By dropping the final state DM mass we find

Γ(h→ χχ) = Γ(h→ χLχR) + Γ(h→ χRχL) =
mh

8π
|fν |2 . (4.49)

The first set of graphs depicted on the left side of figure 4.2 is obtained by replacing the
upper vev in 4.1 with h and only depends on sin(β). The amplitude is finite because it
comes from a difference of terms due to the relative sign between the F1,2 contributions.
The corresponding effective Yukawa coupling is found to be at leading order in sin(β)
from (4.12) and by making use of (4.30)

fβ =
YχDYDSYSχ√

2 2

κvH
M2
F

(
Log

(
M2
F

m2
0

)
− 2

)
. (4.50)

Similarly the second diagram on the right side of figure 4.2 is obtained by replacing the
lower vev in 4.1 with h. It is proportional to sin(α) from (4.28) and finite because here
the difference arises due to the relative sign of the S1,2(A1,2) contributions. The effective
coupling is

fα =
YχDYDSYSχ√

2 2

κvH
M2
F

(
Log

(
M2
F

m2
0

)
− 3

)
. (4.51)

In both expressions we neglected the Higgs mass. The sum of both contributions can be
re-expressed by comparison with (4.31) as

fν = fα + fβ = 2
mDM

vH

Log
(
M2
F

m2
0

)
− 5

2

Log
(
M2
F

m2
0

)
− 3
→ 2

mDM

vH
for MF � m0 � mh, (4.52)

which agrees with the EFT expectation that after EWSB the diagram on the right in
figure 4.1 can be represented by an effective Weinberg-type operator [23] at energy scales
below all the mediator masses

LEFT = 2
mDM

v2
H

χχ
(
H†H

)
. (4.53)

The remainder of this section discusses how to produce DM from this effective operator
and can be applied to other models that generate this operator as well. For the decay
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width we find after neglecting the phase space suppression

Γ (h→ χχ) =
mh

2π

(
mDM

vH

)2

(4.54)

and we emphasize that the only free parameter is the DM mass. The experimental
limit on the branching ratio (BR) from searches for invisible Higgs decays beyond
the SM is between 19% (CMS) and 26% (ATLAS) which translates to approximately
Γ (h→ Inv.) < 1.3 MeV [213, 294, 295], implying an upper bound on the DM mass of
roughly

mDM . 2 GeV, (4.55)

which justifies neglecting the phase space suppression. Multiple proposed next generation
collider experiments are expected to tighten the bound on the invisible BR by up to two
orders of magnitude to BR (h→ Inv.) = 0.22% (FCC-ee) [296], 0.24% (CEPC) [297] and
0.26% (ILC) [298]. The corresponding bound on the DM mass would read approximately

mDM . 170 MeV. (4.56)

This bound is only one order of magnitude stronger than (4.55) due to quadratic depen-
dence of the branching ratio on the DM mass. The invisible Higgs decays lead to the
strongest terrestrial bound on the DM mass, however as we will see avoiding cosmological
over-production of DM from Higgs mediated scatterings firmly requires the DM mass to
be below the MeV-scale see (4.91).

In the following we will limit ourselves to the era of radiation domination and make
extensive use of the Hubble rate and the entropy density

H(T ) ' 1.66
√
g∗ρ(T )

T 2

MPl.
, s(T ) = g∗S(T )

2π2

45
T 3, (4.57)

where g∗ρ and g∗S are the effective number of degrees of freedom in energy and entropy
respectively. Before we deal with non-thermal DM production let us take a look the
thermal case first: The decay (4.54) will be in thermal equilibrium at T = mh provided
that mDM & 4.5 keV (we will show this later in (4.64)). Since during radiation domination
we have Γ/H ∼ T−2 for decays at temperatures below the mass of the decaying particle,
a decay never falls out of thermal equilibrium. Consequently we need to know when
the inverse decay freezes-out in order to find the decoupling temperature of χ. The
corresponding rate reads at T � mh [299,300]

ΓID =
1

3ζ(3)

√
π

2

(mh

T

) 3
2 · e−

mh
T · Γ (h→ χχ) (4.58)

and the phase suppression is encoded in the Boltzmann factor. Numerically we find that
this interaction freezes out at TFO & 3 GeV for mDM . 2 GeV. Of course there is also a
scattering process hh→ χχ, but since this requires two on shell Higgses the rate density
will be double Boltzmann-suppressed below mh typically leading to an earlier freeze-out
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than the inverse decays. Since χ is relativistic at decoupling it would be a warm DM
candidate, however it has long been known, that such a DM candidate would overclose
the universe [301]

Ωwarm
DM h2 ' O

(
106
)
·
(

84

g∗ (TFO ' 3 GeV)

)
·
( mDM

1 GeV

)
, (4.59)

if there is no release of entropy that dilutes the relic density to the observed value.
Realizing the warm DM scenario requires additional degress of freedom in the plasma like
long-lived particles that decoupled while relativistic whose decays generate the necessary
entropy dilution [302]. For the sake of minimality we do not consider this idea further
and focus on out-of-equilibrium-processes involving only SM states that are connected to
the DM via the previously introduced BSM Yukawa and gauge interactions.
Next we investigate out of equilibrium Higgs decays. We use the notation of [303] to
write down the Boltzmann equations for the DM production where YDM ≡ nDM

s , with s
being the entropy density and z = mh

T

zHs
dYχ
dz

= γh→χχ
Yh
Y e.q.
h

− γχχ→h
Yχ
Y e.q.
χ

Yχ
Y e.q.
χ

, (4.60)

where we assumed that entropy is conserved. Note that away from thermal equilibrium
the temperatures of the SM and DM baths are different so that γh→χχ depends on TSM

and γχχ→h is a function of TDM. The freeze-in regime [82] is defined by the condition
Yχ � Y e.q.

χ and the same for χ. If we use the fact that the SM Higgs is kept in thermal
equilibrium Yh ' Y e.q.

h until TFO ' mh
25 ' 5 GeV we obtain

zHs
dYχ
dz
' γh→χχ, (4.61)

where the thermally averaged decay width density reads [299]

γh→χχ =
ghm

2
hT

2π2
K1(z)Γ (h→ χχ) . (4.62)

In this context gh = 1 is the spin degeneracy of the Higgs and K1(z) denotes a modified
Bessel function of the first kind. To ensure that we are in the freeze-in regime the decay
is not allowed to thermalize which leads to the condition

Γ (h→ χχ)

H(T )

∣∣∣
T=mh

< 1 (4.63)

that can be re-expressed as a bound on the DM mass

mDM . 4.5 keV ·
(
g∗ρ(mh)

100

) 1
4

, (4.64)

that is borderline compatible with the lower limit of the Lyman-α window. Under the
assumption that there is no primordial abundance of DM we can integrate (4.62) to
determine the DM abundance today at z0

Yχ(z0) = Ch
∫ z0=∞

zRH

dz
z3

g∗S(z)
√
g∗ρ(z)

K1(z), where zRH =
mh

TRH
(4.65)
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and the factor Ch is a short hand for all microscopic and cosmological parameters

Ch = 1.1× 10−2m
2
DM

v2
H

MPl

mh
. (4.66)

We then use this to compute the energy density in dark matter by using the present day
entropy density s0 and the critical density ρc [60]

ΩDMh
2 = 2

mDMs0

ρc
Yχ(z0) ' 1.1× 103

(mDM

4 keV

)
Yχ(z0). (4.67)

Here the factor of two arises because our DM candidate is a Dirac fermion. For a simple
analytical estimate we can neglect the temperature dependence of the relativistic number
of degrees of freedom in energy g∗ρ(z) and entropy g∗S(z) and replace them by their
average values at the time of predominant dark matter production. This can be done
because freeze-in production of DM is always sharply peaked around either T ' mh for
the IR freeze-in [82, 304] or at the reheating temperature TRH for UV freeze-in [305].
First let us suppose a standard big bang cosmology that corresponds to zRH → 0 which
gives the maximally possible abundance

Yχ(z0)max ' 4.71 Ch
g∗S(mh)

√
g∗ρ(mh)

(4.68)

that corresponds to

h2ΩDM ' 0.12 ·
( mDM

1.5 keV

)3
·
(

100

g∗S(mh)

)
·

√
100

g∗ρ(mh)
, (4.69)

where we used the maximum possible number of relativistic degrees of freedom above
the EW phase transition in the SM. One can see that the correct relic density [20] is
obtained for a DM mass that is in conflict with the more conservative Lyman-α bound
that requires mDM > 4 keV. Since h2ΩDM ∼ mDMYχ(z0) we can allow for a larger DM
mass by lowering the yield Yχ(z0). This is most easily done by assuming zRH > 0 which
lowers the relic abundance below (4.68). In doing so we introduce a second free parameter
in the form of TRH. We find that we can decrease the abundance for zRH > 1, however
our fix comes with two complications: On the one hand one needs to make sure that the
SM Higgs is actually thermalized after reheating. Reference [306] found that particles
charged under non-abelian gauge symmetries that are produced from inflaton decays
during reheating thermalize before the end of reheating (which is not an instantaneous
process) provided that the fine structure constant of the gauge interaction satisfies

α� αLim ≡
(
mI

MPl

) 5
8

·
(

ΓIMPl

m3
I

) 1
8

. (4.70)

In this context mI is the inflaton mass and ΓI is its decay width, which we can trade for
an expression involving TRH (see (4.124)). We find that

αLim ' 2× 10−9 ·
( mI

1 TeV

) 1
4 ·
(
TRH

1 GeV

) 1
4

·
(
g∗ρ (TRH)

76

) 1
16

, (4.71)
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which is definitely satisfied for the SM Higgs coupling to SU(2) gauge bosons where

α2 = g2

4π with g ' 0.64. On the other hand the out of equilibrium condition (4.63) must
be re-evaluated at TRH < mh leading to

mDM .
4.5 keV

zRH
·
(
g∗ρ(zRH)

100

) 1
4

. (4.72)

The necessary zRH > 1 leads to DM masses which even violate the lower more conservative
Lyman-α bound. In other words: If we tried to satisfy the Lyman-α window we would
obtain a thermalized population of χ, which would actually be warm dark matter and
this can only be made to work with additional processes that release enough entropy to
dilute it. Since this channel leads to over-production of dark matter and the inclusion of
2→ 2 scattering processes will only increase the relic abundance further, we conclude
that freeze-in from the SM Higgs via a Weinberg-type operator is not a viable production
mode for keV-scale DM. Furthermore in order to avoid any contribution from Higgs
decays we will only consider cosmologies with TRH < TFO ' mh

25 ' 5 GeV. Successful
BBN requires a reheating temperature of at least 4 MeV [244,245].

4.5.3 Super WIMP contribution

Another production channel for DM is the Super WIMP scenario [307] in which the DM
is produced after the thermal freeze-out of the Higgs boson from its gauge and Yukawa
interactions at TFO ' mh

25 . However the Higgs has decay modes to SM particles which
are much faster than the decay to DM so the frozen out abundance of Higgses can not
lead to a significant production of DM.

4.5.4 Gauge Scattering

We can also produce DM via the new gauge interaction [308,309]. In the limit s� mZ′

the cross section for interconverting DM and SM fermions fi via Z ′ exchange reads for
massless fermions [310]

σ
(
χχ↔ f ifi

)
≡ αχi s

12π
(4.73)

=
s

12π
·
(
gB-L

mZ′

)4

·
(
Q (χL)2 +Q (χR)2

)
(Nc)i

(
Q (fi L)2 +Q (fi R)2

)
where Q denotes the various B-L charges and Nc is a color factor which equals three
for quarks and one for leptons. The above was summed and not averaged over the
initial state spins. Since mZ′ = gB-LvB-L the cross section is only sensitive to vB-L in
the effective operator limit. Even though the DM mass in (4.32) formally depends on
κ = λIVvB-L we treat mDM and vB-L as independent parameters, because a larger vB-L

can always be compensated by a smaller λIV or by making the fermions running in the
loop heavier.
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The Boltzmann equation read for z ≡ TRH
T

zHs
dYχ
dz

=
∑
i

γf ifi→χχ
Yfi
Y e.q.
fi

Yf i
Y e.q.

f i

− γχχ→f ifi
Yχ
Y e.q.
χ

Yχ
Y e.q.
χ

(4.74)

'
∑
i

γf ifi→χχ
, (4.75)

where we applied the freeze-in approximation in the last step and for simplicity we
compute the scattering rate densities via Maxwell Boltzmann-averaging [208,311]

γ (a+ b→ i+ j + . . . ) = 〈σ |~v|〉neq.
a neq.

b (4.76)

=
T

32π4

∫ ∞
smin

ds s
3
2λ

(
1,
m2
a

s
,
m2
b

s

)
K1

(√
s

T

)
σ

with

λ(a, b, c) ≡ (a−b−c)2−4 bc and smin = max
[
(ma +mb)

2 , (mi +mj + . . . )2
]

(4.77)

instead of averaging with Fermi-Dirac statistics. By neglecting the masses of the DM
and SM fermions the simpler Maxwell-Boltzmann average allows us to find an analytical
expression by employing the relation [311]∫ ∞

0
dx xnK1(x) = 2n−1Γ

(
1 +

n

2

)
Γ
(n

2

)
(4.78)

so that

γ
(
χχ→ f ifi

)
= γ

(
f ifi → χχ

)
=

8

π5
αχiT

8. (4.79)

Note that while the functional forms above are the same the densities depend on the
different temperatures of the SM and DM baths. The fact that both densities are equal
for equal temperatures reflects the principle of detailed balance, so that the right hand
side of the Boltzmann equation vanishes in thermal equilibrium [312]. Owing to our
previous simplifying assumptions we will only work with relativistic fermions in the SM
plasma. Annihilations from non-relativistic fermions will be Boltzmann-suppressed at
T < mfi and therefore less important than relativistic processes. From this we can
deduce the more familiar interaction rate for relativistic SM fermions (gfi = 2)

Γ
(
f ifi → χχ

)
=
γ
(
f ifi → χχ

)
neq.
fi

=
16

3ξ(3)π3
αχiT

5, (4.80)

which agrees with the estimate based on dimensional analysis for an effective four fermion
operator that leads to Γ ∼ T 5/v4

B-L. Our result is larger by only around 11% compared
to the result [126] found by averaging over Fermi-Dirac statistics and also using massless
fermions. This numerical difference agrees with the findings of [313] but we do not take
percent level effects into account since what matters for freeze-in is the order of magnitude
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of the couplings and not their precise value. In the effective operator limit the scattering
rate is UV dominated so its maximum value is found at the largest available bath
temperature after completion of reheating given by TRH. As a consequence of our analysis
for Higgs decays in 4.5.2 we will assume a reheating temperature 4 MeV . TRH . 5 GeV.
Since the SM fermions also couple to non-abelian gauge interactions the estimate (4.71)
is still approximately valid even though the SM fermions are not necessarily produced
from inflaton decays. If we assume the inflaton decays to the SM like h, which definitely
will be thermalized according to (4.71), and that h decays or scatters to produce the
SM fermions it is plausible to expect a thermalized SM fermion bath immediately after
reheating. Then in order to guarantee that we stay in the freeze-in regime the rate needs
to satisfy ∑

i Γ
(
f ifi → χχ

)
H(T )

∣∣∣
T=TRH

< 1 (4.81)

and we can use this to constrain the B-L breaking vev to be

vB-L & 56.8 TeV ·
(
TRH

1 GeV

) 3
4

·
(∑

iNi(TRH)

11.67

) 1
4

·
(

76

g∗ρ(TRH)

) 1
8

, (4.82)

which is a stronger constraint than the laboratory bound (4.37). For the above we
summed over all the relativistic fermions because of the sum on the right hand side
of (4.74). Moreover we used that for all SM leptons Q2

l = 1, for quarks Q2
q = 1

9 with
Nc = 3 colors and assumed all leptons and quarks except the top and bottom quark to
be relativistic at TRH = 1 GeV. We compute the effective coupling of the relativistic SM
fermions as∑

i

Ni ≡
∑
i

(Nc)i

(
Q (fi L)2 +Q (fi R)2

)
(4.83)

= 3 + 2
∑

l=e,µ,τ

θ
(
T − ml

3

)
+ 2θ (T − 200 MeV) +

2

3

∑
q=t,b,c

θ
(
T − mq

3

)
.

Here we treat a fermions as relativistic as long as E ' 3T > mf . In the above definition
the first 3 stands for the SM neutrinos and the contribution from the charged leptons
and quarks is multiplied by a 2 because both chiralities produce DM. We only wrote
out the contributions from the heavy quarks explicitly and the term 2θ (T − 200 MeV) is
the contribution from u, d, s, whose mass is below the temperature of the QCD phase
transition at TQCD ' 200 MeV. Below this transition all quarks hadronize and at least
for a short period of temperature the light mesons are still relativistic and should be
taken into account [310]. The inclusion of these particles requires the use of form-factors
and we ignore them because they quickly become non-relativistic and hence the rate
density becomes double-Boltzmann suppressed compared to the contributions from νl
and e−. Note that we can reuse this estimate to make sure that the same interaction
does not equilibrate the νR with charge Q1 = −2: The cross section (4.73) also applies
to νR by replacing

Q (χL)2 +Q (χR)2 = 9 with Q2
1 = 4 (4.84)

54



4.5 Appendix: Dark Matter

which is valid for both possible DM charge assignments (4.20) and (4.21). Therefore the
νR production rate is always smaller than the DM production rate so that (4.82) ensures
that there is no thermal population of νR. We proceed by analytically solving (4.75)

Yχ(z0) = CDM

∫ z0=∞

zRH=1
dz

∑
iNi(z)

g∗S(z)
√
g∗ρ(z)

1

z4
with CDM = 0.32

MPlT
3
RH

v4
B-L

. (4.85)

Here the reheating temperature TRH acts as a UV-regulator for the effective cross section
and if we were to consider TRH →∞ we would need to use the full kinematic dependence
of the Z ′ propagator to unitarize the rate. For the estimate we again replace the
relativistic number of d.o.f with their values at TRH (see 4.5.2) so that (4.67) evaluates to

ΩDMh
2 ' 0.12 ·

( mDM

10 keV

)
·
(
TRH

1 GeV

)3

·
(

172 TeV

vB-L

)4

(4.86)

·
(∑

iNi(TRH)

11.67

)
·
(

76

g∗S(TRH)

)
·

√
76

g∗ρ(TRH)
.

Note that one can not set mDM to arbitrarily large values since we neglected the phase
space suppression for the finite DM mass in (4.73). As a rule of thumb our results
apply as long as mDM . TRH. For the numerical evaluation we use the full temperature
dependence of g∗S and g∗ρ by employing the fitting functions from [314], which agree
up to less than one percent with the exact expressions except during the QCD phase
transition and during e+e− annihilations, where the differences are about four percent.
Figures 4.3 and 4.4 illustrate the behaviour of the DM abundance today for different
values of the reheating temperature, DM mass and vB-L together with the observed relic
abundance [20]. As previously alluded to one can see that the yield reaches its asymptotic
value shortly after reheating and its final value strongly depends on TRH as expected for
UV freeze-in.
Before closing we would like to emphasize that the SM like Higgs can also mediate SM
fermions annihilating to DM via the effective interaction in (4.53). The corresponding
scattering rate density is found from (4.79)

∑
fi

γh
(
f ifi → χχ

)
' 12

π5

(
mDM

vH

)2∑
fi

(
meff.
fi

(T )

vH

)2

T 8, (4.87)

where∑
fi

(
meff.
fi

(T )
)2
≡

∑
l=e,µ,τ

m2
l θ
(
T − ml

3

)
+ 3

(
m2
u +m2

d +m2
s

)
θ (T − 200 MeV) (4.88)

+ 3
∑
q=t,b,c

m2
q θ
(
T − mq

3

)
encodes the couplings of the relativistic SM fermions to the Higgs in analogy with (4.83).
We neglect the coupling to the active neutrinos as it scales with their mass. The Higgs
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mediated interaction does not thermalize at reheating provided that

mDM . 1 GeV ·
(
g∗ρ(TRH)

76

) 1
4

·
(

1 GeV

TRH

) 3
2

, (4.89)

which is stronger than the bound from invisible Higgs decays (4.55). The estimate for
the Higgs mediated relic abundance is straightforward and by comparing with (4.85) we
arrive at

Ωh
DM

ΩZ′
DM

' 3

2

(
vB-L

mh

)4(mDM

vH

)2

∑
fi

(
meff.
fi

(TRH)

vH

)2

∑
iNi(TRH)

. (4.90)

If we demand that this additional contribution is smaller than the Z ′ mediated one we
obtain an upper limit on the DM mass of

mDM . 3 MeV ·

√
Ωh

DM/Ω
Z′
DM

1%
·
√∑

iNi(TRH)

11.67
·
(

172 TeV

vB-L

)2

, (4.91)

which was evaluated at TRH = 1 GeV, where all charged fermions except the top and
bottom quark contribute. This represents the strongest upper bound on the DM mass
and is the reason why we only consider DM with typical masses at the keV-scale. We
depict contours in the TRH versus vB-L plane that reproduce the measured DM abundance
today for multiple representative masses that agree with the Lyman-α bound and (4.91)
in figure 4.7.

4.5.5 Dark matter phenomenology

Owing to our choice of Z5 symmetry the DM is absolutely stable and does not mix with
the SM neutrinos. Consequently the DM has no radiative decay mode to a νL plus a
photon. This decay constitutes the canonical signature of keV scale sterile neutrino DM
that is being looked for via X-ray searches investigating the diffuse X-Ray background
or dwarf galaxies [315--318] (see also [319] and references therein).
The coupling to the Z ′ and the Higgs induce velocity independent dark matter self
interaction cross sections. However due to the small DM mass and vB-L � mh � mDM

the resulting transfer cross sections [320--322] are far to small to help with the “cusp-core”
and “too-big-to-fail”-problems [323--326] or even to come into conflict with bounds from
the Milky way or the Bullet cluster [323,324,326].
The aforementioned self interactions could lead to efficient DM self scatterings which
would lead to kinetic equilibrium of the DM population in the early universe. Because of
the separation of scales between mh and vB-L we only focus on the individual contributions
and ignore the interference term. For the Higgs mediated interaction we find in the limit
s, mDM � mh

σh(χχ→ χχ) ' 1

π

(
mDM

vH

)4 s

m4
h

(4.92)
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Figure 4.3: DM abundance as a function of temperature for fixed
mDM, vB-L and two different TRH.

Figure 4.4: DM abundance as a function of temperature for fixed
TRH and two different combinations of mDM, vB-L.

and use the methods of section 4.5.4 to compute

γh(χχ→ χχ) ' 24

π5

(
mDM

vH

)4 T 8

m4
h

. (4.93)

By comparing the interaction rate Γh = γh/nχ, where nχ is the DM number density with
gχ = 4 degrees of freedom, to the Hubble rate evaluated at reheating we find that the

57



4 Radiative keV-scale DM

DM is not in kinetic equilibrium with itself at TRH as long as

mDM . 475 MeV ·
(

5 GeV

TRH

) 3
4

·
(
g∗ρ(TRH)

85

) 1
8

. (4.94)

Similarly to find ΓZ′(χχ→ χχ) we can reuse the result (4.80) by replacing the charges
(see (4.83)) ∑

i

Ni with Q (χL)2 +Q (χR)2 = 9. (4.95)

The Z ′ mediated diagram does not equilibrate the DM with itself at reheating provided
that

vB-L & 175 TeV ·
(
TRH

5 GeV

) 3
4

·
(

85

g∗ρ(TRH)

) 1
8

. (4.96)

We conclude that scattering can lead to kinetic equilibrium of the DM at early times
for certain choices of parameters. Since both rates arise from effective operators they
decrease with temperature, which means that even if the DM was thermalized with itself
initially it will fall out of kinetic equilibrium during the evolution of the universe.
As a consequence of the constraint (4.55) we only investigate very light DM with typical
masses below 2 GeV. Since nuclear recoil experiments basically have no sensitivity for
sub-GeV DM due to kinematics, there has been a growing interest in studying atomic
bound state electrons as targets for direct detection of light DM [327]. In order to
estimate whether these targets can be used to find our DM candidate, we compute the
Higgs and Z ′ mediated cross sections for non-relativistic DM in the electron rest frame
and expand to leading order in vDM � 1:

σh(χe− → χe−) ' 16

π

(
memDM

me +mDM

)6 v2
DM

m4
hv

4
H

(4.97)

'

{
4× 10−71 cm2 ·

(
vDM
10−3

)2
for mDM � me

2× 10−81 cm2 ·
(
mDM
10 keV

)6 · ( vDM
10−3

)2
for mDM � me

σZ′(χe
− → χe−) ' 4

π

m4
em

4
DM

(me +mDM)6

(Q (χL) +Q (χR))2

v4
B-L

v2
DM (4.98)

'

6.5× 10−66 cm2 ·
(

10 MeV
mDM

)2
·
(
vDM
10−3

)2 · (967 TeV
vB-L

)4
for mDM � me

3.7× 10−67 cm2 ·
(
mDM
10 keV

)4 · ( vDM
10−3

)2 · (172 TeV
vB-L

)4
for mDM � me

The Higgs mediated cross section comes with two more powers of both me and mDM

compared to the Z ′ mediated one, because the couplings to the Higgs are proportional
to the aforementioned masses. In the above we chose vB-L to reproduce the observed
DM relic density for a given DM mass. The best current limit including form factors for
bound state electrons is σ . 10−40cm2 [328,329]. One can see that direct detection via
electrons is not a viable search strategy for our DM candidate owing to the small values
of mDM and the large vB-L necessary for freeze-in.

58



4.6 Appendix: Dark Radiation

4.6 Appendix: Dark Radiation

The SM prediction for the number of relativistic neutrinos is [67--72]

Neff. = 3.0440± 0.0002, (4.99)

and the small deviation from the value of 3 expected for three generations of νL comes
from the fact that their decoupling from the SM bath is not instantaneous. Additional
relativistic degrees of freedom are usually referred to as dark radiation (DR). From the
observed abundance of light elements produced during Big Bang Nucleosynthesis (BBN)
one infers NBBN

eff. = 2.95+0.56
−0.52 [20]. Combined analyses of the current Planck CMB data

together with Baryon Acoustic oscillations (BAO) found NPlanck+BAO
eff. = 2.99+0.34

−0.33 [20].
This can be recast as

∆NPlanck+BAO
eff. ' 0.28 @ 2σ C.L. . (4.100)

Currently there is a lot experimental effort to improve this bound: The South Pole Tele-
scope [330] and the Simons observatory [331] both aim to reach ∆Neff. . 0.12 @ 2σ C.L.
while the upcoming CMB Stage 4 (CMB-S4), experiment [332--334] and NASA’s PICO
proposal [335] have a sensitivity forecast of ∆Neff. = 0.06 @ 2σ C.L. There is also the
planned CORE experiment by the ESA [336] with similar goals.

4.6.1 Dark Matter as dark radiation

Since the dark matter is out of equilibrium with the SM bath, its typical momentum
after production can in principle be vastly different from the temperature of the SM.
Even though the DM is non-relativistic today, it might have been relativistic at the
time of BBN or CMB decoupling. One can find a condition for having a relativistic DM
particle at the SM bath temperature T [243]

mDM <
Tγ(t0)

(
g∗S(Tγ(t0))
g∗S(TRH)

) 1
3

a(T )
=

2× 10−7 keV ·
(

100
g∗S(TRH)

) 1
3

a(T )
. (4.101)

Here Tγ(t0) is the photon temperature today and
g∗S(Tγ(t0))
g∗S(TRH) is the ratio in the number

of relativistic degrees of freedom in entropy today versus the number at the time of
DM production, which we approximate with TRH. a(T ) denotes the scale factor, whose
value ranges from ' 10−10 at the time of BBN (T ' 1 MeV) to ' 103 at the time of
CMB decoupling (T ' 1 eV). Consequently our DM candidate can only be relativistic
around BBN, but not at recombination. The contribution of the DM to ∆Neff. at BBN
temperatures was found to be [243,337]

∆Neff.(TBBN) ' 3.4× 10−4 ·
(

ΩDMh
2

0.12

)
·
(

10 keV

mDM

)
·
(

100

g∗S(TRH)

) 1
3

(4.102)

and is negligible compared to the expected sensitivities. Note that the above estimate
relied on the FIMP being produced from a decay, however we do not expect production
from scattering to significantly alter the order of magnitude of the result.
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4.6.2 Right handed neutrinos as dark radiation

Due to their feeble effective Yukawa interaction with the left handed neutrinos (see
(4.16)) the νR never equilibrate with the SM [117] and the freeze-in of the aforementioned
interaction contributes an even more negligible amount of [74]

∆Neff. ' 7.5× 10−12 ·
( mν

0.1 eV

)2
(4.103)

in standard Big Bang cosmology. Gauge annihilations of SM fermions via the Z ′ can also
create νR. From section 4.5.4 we already know that if we want to produce the DM from
freeze-in the νR production will occur in the freeze-in regime as well. The corresponding
cross section is given by (4.73) under the replacement (4.84) and αχi → ανRi. We can
write down the coupled Boltzmann equations for the evolution of the SM and DM energy
densities [338]

dρSM

dt
+ 3H (ρSM + PSM) = −Cρ, (4.104)

dρνR
dt

+ 3H (ρνR + PνR) = Cρ, (4.105)

where P denotes the pressure density. Adding both Boltzmann equations gives the result
expected from the continuum equation∑

i=SM,νR

dρi
dt

+ 3H (ρi + Pi) = 0. (4.106)

Making use of the equation of state for radiation allows us to write

ρi + Pi =
4

3
ρi, i = SM, νR. (4.107)

The right hand side of the Boltzmann equations is known as the collision term and
parameterizes the energy exchange between the SM and DM baths. It can be written
as [313,339]

Cρ =
∑
i

〈Eσ |~v|〉fifi→νRνR nfinf i − 〈Eσ |~v|〉νRνR→fifi nνRnνR , (4.108)

'
∑
i

〈Eσ |~v|〉fifi→νRνR n
eq.
fi
neq.

f i
, (4.109)

where we neglect the back-reaction from the νR bath in the freeze-in approximation in
the second line. The quantities 〈Eσ |~v|〉 are functions of the respective bath temperatures
and are defined completely analogous to 〈σ |~v|〉 in (4.76) as [208,313,339]

δ (a+ b→ i+ j + . . . ) = 〈Eσ |~v|〉neq.
a neq.

b (4.110)

=
T

64π4

∫ ∞
smin

ds s2λ

(
1,
m2
a

s
,
m2
b

s

)(
1 +

m2
a −m2

b

2

)
K2

(√
s

T

)
σ.
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4.6 Appendix: Dark Radiation

K2 is the modified Bessel function of the second kind, which arises compared to the K1

in 〈σ |~v|〉 due to the presence of a factor of E in the thermal average. Again we use
Maxwell-Boltzmann statistics instead of the correct Fermi-Dirac averaging to obtain
simpler analytic results. By employing the relation∫ ∞

0
dx K2(x) = 2n−1Γ

(
n− 1

2

)
Γ

(
n+ 3

2

)
for n > 1 (4.111)

we can compute the average for massless initial and final states

δ(fifi → νRνR) = δ(νRνR → fifi) =
8

π5
ανRT

9. (4.112)

Note again that in the above one has to take into account that the rate densities depend
on the different bath temperatures. The scaling of this energy exchange rate density is
consistent with dimensional analysis as it scales like the rate density (4.79) for the DM
abundance multiplied by another factor of T . Since we do not know the phase-space
distribution function of the non-thermal νR we do not know their temperature so we
compute their energy density directly from solving the Boltzmann equation. If we neglect
the energy loss of the SM bath, which is the basis of the freeze-in scenario and assume
that the SM entropy is conserved we find [74]

ρνR(T ) ' 2 · sSM(T )
4
3

∫ TRH

T
dT̃

s′SM(T̃ )

3sSM(T̃ )
7
3H(T̃ )

δfifi→νRνR(T̃ ) (4.113)

in terms of the SM temperature T and use this to compute [74]

∆Neff.(T ) = 2 · 4

7
g∗ρ(T )

(
10.75

g∗S(T )

) 4
3 ρνR(T )

ρSM(T )
with ρSM(T ) =

π2

30
g∗ρ(T )T 4, (4.114)

where the first factor of two in (4.113) accounts for the fact that the νR have gνR = 2 spin
polarizations and the second one in (4.114) for two generations of νR. At temperatures
below the electron mass e+e− annihilations heat the SM plasma compared to the decoupled
species so that by using g∗S(T < me) = 43

11 we recover the more familiar formula

∆Neff.(T < me) = 2 · 8

7

(
11

4

) 4
3 ρνR(T )

ργ(T )
. (4.115)

For the regime where the νR were initially in thermal equilibrium with the SM until they
decoupled at TFO before the νL decoupling one would find [20,334]

∆N eq.
eff. = 2 · gνR

2

(
10.75

g∗S(TFO)

) 4
3

(4.116)

instead. Integrating the collision term in (4.113) is straightforward and we find

ρνR(T ) = CνR(T )

∫ TRH

T
dT̃

∑
iNi(T̃ ) T̃ 2

g∗S(T̃ )
4
3

√
g∗ρ(T̃ )

(4.117)

61



4 Radiative keV-scale DM

with

CνR(T ) = 0.13 g∗S(T )
4
3
MPlT

4

v4
B-L

. (4.118)

Our estimate for the additional number of relativistic species is in the limit TRH � T

∆Neff. ' 1.6× 10−4 ·
(
TRH

1 GeV

)3

·
(

172 TeV

vB-L

)4

(4.119)

·
(∑

iNi(TRH)

11.67

)
·
(

76

g∗S(TRH)

) 4
3

·

√
76

g∗ρ(TRH)
.

As expected the abundance of non-thermal DR strongly depends on their production
temperature TRH. Note that while it seems that the above expression can lead to
arbitrarily large values of ∆Neff. one should keep in mind, that the present treatment
relying on (4.113) breaks down as soon as one starts to violate (4.82) because the νR
thermalize. In that case one can use (4.116) to compute ∆Neff. from the freeze-out
temperature and finds that it asymptotes to a value of two for two νR. By plugging in
the lower limit on vB-L from the DM production being out of thermal equilibrium in
(4.82) we find that the freeze-in contribution of νR via Z ′ mediated scatterings is at least
a factor of five below the sensitivities of the upcoming CMB experiments

∆Neff. < 1.2× 10−2 ·
(

85

g∗S(TRH = 5 GeV)

) 4
3

. (4.120)

We conclude that the interplay of the tiny rates ∼ v−4
B-L together with the fact that we

consider a cosmology with a low reheating temperature reduces the impact of νR and χ
on ∆Neff. below all current and future sensitivities. This opens up an interesting indirect
way to test our model: Should observations ever point to ∆Neff. > 0.012 our scenario for
DM production is excluded.
For the numerical evaluation of (4.113) we proceed as in section 4.5.4. The temperature
dependence of ∆Neff. was depicted in 4.5 and 4.6 together with the limit from Planck [20].
For better visibility of the final DR yield we chose values of vB-L below the bound (4.82).
The curves in 4.5 demonstrate that the abundance strongly depends on the reheating
temperature and 4.6 that it decreases with growing vB-L. Both plots show how the final
yield is reached shortly after reheating as was the case for DM production.
There is also a contribution to the annihilations of SM fermions to νR via the exchange
of an SM like Higgs. The corresponding rate density reads in terms of the coupling (4.88)

∑
fi

δh(fifi → νRνR) ' 12

π5

(
mν

vH

)2∑
fi

(
meff.
fi

(T )

vH

)2

T 9, (4.121)

and it does not thermalize at TRH due to the tiny coupling ∝ (mν/vH)2. The estimate for
the ratio of the resulting DR yields is equal to (4.90) under the replacement mDM → mν .
We find that we can neglect the freeze-in of ∆Neff. via Higgs interactions as

∆Nh
eff.

∆NZ′
eff.

' 10−17 ·
( mν

0.1 eV

)2
·
( vB-L

172 TeV

)4
·
(

11.67∑
iNi(TRH)

)
. (4.122)
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Figure 4.5: ∆Neff. as a function of temperature for fixed vB-L and
two different TRH.

Figure 4.6: ∆Neff. as a function of temperature for fixed TRH and
two different vB-L.

The above was evaluated at TRH = 1 GeV, where all charged fermions except the top
and bottom quark contribute. Figure 4.7 demonstrates the available parameter space
for realizing the entire DM abundance from χs via freeze-in together with the predicted
amount of dark radiation parameterized in terms of ∆Neff.. A few comments are in
order: The gray region excluded by (4.82) has a more rugged contour because of the
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sequence of Heaviside functions in the expression for the sum of fermion charges (4.83).
Additionally there is a noticeable kink in all DM and DR contours, which occurs around
the temperature of the QCD phase transition at TQCD ' 200 MeV. The physical reason
for this behaviour can be found by inspecting the expressions for the DM and DR yields
in (4.85) and (4.117): The integrands in both cases depend on inverse powers of g∗S(T )
and g∗ρ(T ) and the number of relativistic degrees of freedom in entropy and energy both
decrease drastically when the quarks and gluons confine at TQCD. To keep the relic
density or ∆Neff. fixed one needs to compensate this increase of the integrand by allowing
for a larger value of vB-L, hence the contours appear to be shifted to the right below TQCD,
which is why for illustration we chose to display a straight line at the corresponding
temperature. One should not forget that the factor of

∑
iNi in both numerators also

decreases sharply below TQCD, but is approximately cancelled by one of the factors in the
denominator leaving one factor in the denominator leading to the previously explained
behaviour.
It is evident from 4.7 that the Planck constraint on ∆Neff. would only be relevant for DM
masses far below 4 keV, which is already excluded by the Lyman-α constraints. Moreover
it is clear that producing ∆Neff. & 0.06 only occurs in regions where there is either too
much DM or the freeze-in approximation for DM production is not applicable because
the production rates from relativistic SM fermions thermalize. Moreover we see that
for larger allowed DM masses there is actually less ∆Neff.. The reason is simply that
larger mDM at constant TRH require larger vB-L to fix the relic density, which decreases
∆Neff. ∼ v−4

B-L. Consequently our scenario for FIMP DM predicts only a small value of
∆Neff. despite the fact that we introduce two νR and a rather light DM candidate.
This makes the present construction different from the cosmology of other (Dirac) neutrino
mass models like e.g. the neutrino-philic Two-Higgs-Doublet model [164, 340--343] or
its gauged variations such as [157,158,344--347] which usually feature light mediators
below the EW scale that unavoidably thermalize the νR and themselves leading to
∆Neff. > O(0.1) [348, 349]. Another interesting scheme is called “Common Origin of
Warm and Relativistic Decay Products” (COWaRD) [350], where DM and DR are
produced together from the decay of a parent particle and the amount of ∆Neff. is
correlated with the warmness of DM. There a non-zero ∆Neff. can help to reduce the
σ8-tension for large scale structures [351,352]. In a sense the COWaRD scheme is the
opposite of our idea as it involves thermal DM and predicts a larger amount of DR. All
of these models have in common that the more stringent limits on ∆Neff. will already
constrain significant amount of their parameter space or even exclude them completely.
The only ways to exclude our scenario would be CMB experiments in the far future with
a sensitivity to even smaller values of ∆Neff. = O(10−3) or the actual observation of a
signal with 0.28 > ∆Neff. > 0.012, which by itself would be a smoking gun for different
BSM physics.

4.7 Appendix: Inflation and candidates for the inflaton

� Addendum: This section is basically an appendix, that tries to motivate a scenario
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Figure 4.7: We depict the allowed combinations of the reheating temperature TRH and
the scale of B-L breaking vB-L. The blue shaded area indicates where DM
would overclose the universe and the blue contours reproduce the observed
DM relic density for mDM ∈

[
4, 16, 100, 103

]
keV. Furthermore we show the

contours for generating ∆Neff. within the Planck bound [20], the estimated
sensitivities of the South Pole Telescope [330], the Simons observatory [331]
and for the CMB stage 4 experiment [332--334] as well as PICO [335] . The
grey area is excluded because the interaction producing DM would equilibrate
see (4.82) and searches fom LEP exclude vB-L < 6.9 TeV [272].

that can realize the required reheating temperature below 5 GeV. �

The assumed production mode for DM crucially relies on a low value of the reheating
temperature 4 MeV . TRH . 5 GeV together with the assumption of no primordial DM
abundance from e.g. inflaton decays during reheating. This puts non-trivial constraints
on the explicit realization of inflation. Of course one can assume that the scalar field
responsible for creating the inflationary phase of cosmic expansions is another scalar
field with no couplings to the DM. However the present model already contains four
different scalar multiplets so a minimal solution is to embed the inflaton into one of
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them. For concreteness we will assume that the candidate field for inflation is the
real component of a complex scalar field ω. Recent Planck constraints [353] disfavour
monomial inflation of the form Re(ω)p with p > 1 because their potential is too steep
leading to a too large tensor to scalar ratio. This is why we only investigate scenarios
with a non-minimal coupling of the inflaton to gravity: This scenario is known as
Starobinsky-like inflation [109,110,354--359] and the action in the Jordan frame reads

S =

∫
d4x
√
−g
(

1

2
M2

Pl. + ξω |ω|2
)
R. (4.123)

In this context we denote the determinant of the metric as g, the Ricci curvature scalar
as R and ξω is a dimensionless coupling. On can single out a scalar ω field to play
the role of the inflaton by imposing that the couplings of the other scalar fields satisfy
λω/ξ

2
ω � λi/ξ

2
i [360], where the λ denote the scalar self couplings. The remaining fields

will be treated as spectator fields. We will use the constraints from reheating to find the
appropriate inflaton candidate in our model. Due to the presence of additional scalars
besides the inflaton there is the possibility of creating isocurvature perturbations as in
multi-field inflation models [361, 362], which could come into conflict with CMB bounds.
Essentially the problem is that massless particles are sensitive to quantum fluctuations
during inflation [363]. However large isocurvature fluctuations can be prevented if either
the tree-level mass or the effective mass generated from inflaton oscillations during
reheating is larger than the Hubble rate during inflation [364]. Since both η, σ have
tree-level masses unconnected to any vev and potentially receive effective masses, we
do not expect isocurvature perturbations in these directions. Similarly if we assume
that the scale of B-L breaking vB-L is larger than the Hubble rate HI during inflation
and U(1)B-L is never restored, then the would-be-Goldstone mode ϕI corresponds to the
longitudinal mode of the massive Z ′ and not to a massless field. Reference [360] found
that in the extension of the SM with an inert doublet η housing the inflaton there are
only negligible isocurvature fluctuations. A detailed investigation of these fluctuations
for the full model is beyond the scope of the present study and we will be content with
just outlining how inflation could be realized.
Note that we can also allow for a temperature at the end of inflation far above the MeV
and GeV range if there is an additional long lived particle that dominates the energy
budget of the universe. This leads to an intermediate matter dominated phase [302]
which can end in a second radiation dominated epoch with a smaller temperature of the
required order of magnitude.

4.7.1 The SM like Higgs

Using the SM like Higgs as the inflaton [110,358,359,365--368] is a very minimal scenario
see [369] for a review. The main drawback of this approach is that the measured value of
the Higgs self coupling λH requires a rather large value of ξH = O

(
104
)
, which might give

rise to unitarity problems [370--372] at scales above MPl/ξH . The unitarity problem could
for instance be cured by assuming a different coupling to gravity [373--375]. Another
possibility is exploiting that the SM Higgs self coupling λH becomes very small at large
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energy scales which flattens the potential and leads to ξ = O (10), which is known as
critical Higgs inflation [376--380]. In terms of BSM physics there is also the attractive
possibility to invoke additional scalars to modify the Higgs potential see e.g. [381--383].
While it would be interesting to see whether the additional scalars present in this model
can solve the unitarity problem it would definitely require a dedicated analysis beyond
this work. Consequently we do not consider Higgs inflation further and investigate the
other scalar fields as inflaton candidates.

4.7.2 The B-L breaking singlet

The only singlet with a B-L breaking vev could be the inflaton too [384, 385]. We
neglect the mixing between h and ϕ because the EW gauge symmetry is restored at large
temperatures [386, 387] so the mixing term vanishes together with vH . For the same
reason we compute the decays to the entire doublet H and not just h. For the purpose
of finding estimates we work in the regime of perturbative reheating. We assume that all
additional scalars, fermions and the Z ′ are heavier than the inflaton so the only available
decay modes are

Γ
(
ϕ→ H†H

)
=
λ2
Hφv

2
B-L

8πmϕ
, and Γ (ϕ→ χχ) =

(
mDM

vB-L

)2 mϕ

8π
, (4.124)

where the decay width to DM is obtained from (4.50) after converting it to ∼ mDM/vH
and replacing vH → vB-L. Since the scalar will oscillate in its potential during reheating
it develops an effective mass depending on its oscillation frequency and the same goes for
all other scalar fields as well as the Z ′ since they share quartic couplings with ϕ. Hence
requiring that (4.124) are the only available decay modes and that e.g. ϕ → S1S2h
is absent amounts to a bound on the effective field dependent masses and not on the
tree-level masses that we have employed so far. For the sake of simplicity this first
estimate will work exclusively with the tree level masses. If we want to avoid a primordial
abundance of DM the first step is to make sure that decays to SM particles dominate
the reheating process

BR ≡ Γ (ϕ→ χχ)

Γ (ϕ→ χχ) + Γ (ϕ→ H†H)
' Γ (ϕ→ χχ)

Γ (ϕ→ H†H)
=

1

λ2
Hφ

m2
DM

v2
B-L

m2
ϕ

v2
B-L

� 1, (4.125)

which sets bounds on the model parameters. Assuming BR� 1 we can determine the
reheating temperature from the decay to the SM Higgses, which themselves will decay to
fermions creating a hot thermal bath. In this limit the reheating temperature is found to
be

TRH =

√
2

π

(
10

g∗ρ(TRH)

)√
MPlΓ (ϕ→ H†H). (4.126)

The assumed range of reheating temperatures for DM production requires that either
λHφ � 1 or that mϕ � vB-L. However the second condition can not be realized because
mϕ is proportional to vB-L according to (4.44) and we can not make mϕ arbitrarily heavy
due to the perturbativity limit λφ <

√
4π.
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Inflaton decays can produce DM as well and the corresponding Boltzmann equation
during reheating reads [388]

dnχ
dt

+ 3Hnχ =
ρϕ
mϕ

Γ (ϕ→ χχ) , with H2 =
ρϕ + ρSM

3M2
Pl

(4.127)

and we denote the energy density of the non-relativistic inflaton condensate as ρϕ. The
DM yield today is found to be [388]

Yχ(T0) ' 3

4

g∗ρ(TRH)

g∗S(TRH)

TRH

mϕ
BR (4.128)

and the DM energy density today can be calculated with (4.67). For simplicity we
assume g∗ρ(TRH) ' g∗S(TRH). We trade the inflaton mass via equation (4.126) for an
expression involving TRH and vB-L, where the dependence on λHφ in Yχ(T0) divides out.
By using our limit on vB-L in (4.82) we derive an upper-limit on the relic abundance
from inflaton decays

Ωinf.
DMh

2 . 0.56
( mDM

10 keV

)3
·
(

1 GeV

TRH

) 5
2

·

√
11.67∑
iNi(TRH)

·
(

76

g∗ρ(TRH)

) 7
4

. (4.129)

It is evident that large mDM and low reheating temperatures could lead to an abundance
that is larger than the FIMP one in (4.86). Demanding that the abundance from inflaton
decays does not overclose the universe cuts away all the available parameter space in 4.7.
There is another reason why this channel is not suited for light DM production: Since
the production mode is different from both freeze-in (which requires a thermal bath) and
thermal production, the phase space distribution and hence the velocity distribution of
the DM will be different assuming all of DM was produced via this single channel. This
manifest itself in a modified Lymann-α bound [388,389]

mDM & 2 keV ·
(
mϕ

TRH

)
·
(mWDM

3.5 keV

)
, (4.130)

which was recast from the bound for thermally produced DM with mWDM & 3.5 keV [390]
(which is the average of the two possible warm DM masses in section 4.5.1). If we assume
that mϕ = O (vB-L) then we expect an inflaton with at least a TeV scale mass (see (4.38)),
which is much larger than the assumed MeV-GeV reheating temperatures. Therefore the
DM mass for inflaton production would be orders of magnitude larger than 2 keV and
potentially violates the bound from invisible Higgs decays in (4.55) and could lead to
overclosure. Thus we conclude that for our purposes ϕ can not be the inflaton, because it
tends to produce too much DM. Therefore we assume that ϕ is too heavy to be produced
during reheating.

4.7.3 The inert doublet or singlet scalars

As previously mentioned vH vanishes due to the restoration of the EW symmetry at
large temperatures [386, 387] . In this limit we can relate S1 = η0

R as well as S2 = σ0
R
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and consider each field as a candidate individually. Similar to Higgs inflation the inert
doublet η can house the inflaton [360]. This scenario is free of the unitarity problem
because the value of the η self coupling λη is unconstrained by phenomenology. We
can not just reuse the perturbative reheating estimate (4.126) from the previous section,
because without a vev there is no tree level decay to Higgses like in (4.124) or to EW
gauge bosons for η0

R. In this model reheating occurs via quartic couplings to electroweak
gauge bosons and SM Higgses [359,360] and we assume that the Z ′ is too heavy to be
produced. Reheating typically takes place through resonant gauge boson production
which then annihilate to SM fermions. In this scenario the reheating temperature was
found to be [360]

T ηRH ' 1014 GeV λ
− 1

8
η . (4.131)

Generating sub-GeV reheating temperatures is impossible in this regime, because it would
require non-perturbative values of λη. We conclude that another reheating channel is
needed and hence consider an inflaton without SM gauge interactions: σ is an SM singlet
and has no vev as well. If we assume that the effective field dependent mass of the Z ′

is too large to be produced then creating SM Higgses via the quartic coupling λHσ in
(4.6) is the only possibility left. Since this process depends on the new coupling λHσ
instead of the known SM gauge couplings the reheating temperature will also depend on
this unconstrained parameter. Subsequent decays and annihilations of the Higgs to SM
states then seed the SM radiation bath. Reference [391] found that for resonant Higgs
production

T σ res.
RH ' 3× 1013 GeV

(
λσ
λ2
Hσ

) 1
4

. (4.132)

The analysis [391] made the conservative assumption of having reheating occur during
the quadratic phase of the potential before the quartic self-interaction of the inflaton
becomes dominant, which can be expressed as λσ > 0.25 λHσ [391]. If we drop this
assumption, which [391] emphasizes is not ruled out, we can choose smaller values of
λσ � λHσ and can at least in principle accommodate the range 4 MeV . TRH . 5 GeV.
The authors of [391] also found that reheating can occur in another regime if inflaton
excitations annihilate into pairs of Higgs bosons leading to the estimate

T σ ann.
RH ' 9× 1013 GeV · λ

1
4
σ . (4.133)

The conservative assumption about reheating occurring in the quadratic regime of the
potential would lead to λσ > 0.019 [391], but again we need to drop this assumption and
require λσ � 1 to obtain the phenomenologically favoured reheating temperatures. In
the next section 4.8 we will introduce a decay of σ to exotic quarks, which might open
up another possibility for realizing the required reheating temperature.
Let us emphasize that there are bounds from vacuum stability and perturbativity on the
quartic couplings [392], but since these bounds are usually obtained in models with a
simpler scalar sector it requires a dedicated study to translate them to our construction,
because of e.g. threshold effects from heavy scalars [274]. Note that at some point during
reheating there will be the SSB of the EW symmetry generating a coupling of σ0

R to the EW
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gauge bosons proportional to sin(α). But since the neutrino mass (4.15) does not directly
depend on the mixing angle α in the radiative Seesaw limit we can make this mixing small.

If we assume that the F fermions are heavier than the σ there will be no inflaton decays
to χ via the Yukawa interaction in (4.22). The only way to generate the unwanted
primordial DM population would be annihilation processes of the form σ0

Rσ
0
R → χχ

mediated by heavy F s. We do not expect this to lead to a significant DM abundance,
because scattering is inefficient for non-relativistic excitations of the inflaton field and
the production is suppressed by the heavy F mass. On top of that the DM production
competes with the unsuppressed process for creating the SM radiation σ0

Rσ
0
R → H†H.

Since the singlet scalar might not have decay modes, we need to ensure that the inflaton
becomes a subdominant component of the universe’s energy budget after reheating.
The additional interactions like Higgs or Z ′ mediated scatterings with the SM fermions
could help thermalize the inflaton with the radiation bath, which is already in thermal
equilibrium [306]. We conclude that the only possible inflaton candidate that is not in
conflict with the cosmological DM and reheating requirements is σ0

R.

4.8 Appendix: Baryogenesis

� Addendum: This section is basically an appendix, that tries to motivate a Baryo-
genesis scenario that could work with a reheating temperature below 5 GeV. Compared
to the Baryogenesis mechanisms in the next chapters this section only covers a crude
sketch of a mechanism and can be skipped for the convenience of the reader. �

The assumed low scale reheating is hard to reconcile with most known mechanisms
[393--395] for Baryogenesis. Leptogenesis [116] for instance relies on producing a
leptonic asymmetry that gets converted into a baryon asymmetry by electroweak
sphaleron processes, which are in equilibrium only above the EW phase transition
at TEW = O(100 GeV). On top of that since the SM neutrinos do not mix with any of
the heavy new neutrinos N,F we can not realize Leptogenesis via oscillations [396] as
well. Thus we are left with mechanisms that do not rely on the sphaleron transition
above the EW scale. One example is the spontaneous Baryogenesis [118,119] mechanism,
which however needs reheating temperatures far above the assumed MeV-GeV scale
window. Hence some other form of non-thermal Baryogenesis during reheating seems to
be the only possibility left if we insist that the temperature at the end inflation is indeed
in the previously mentioned range.

The Affleck-Dine mechanism [257] relies on baryon number charged scalars whose real
and imaginary parts evolve non-trivially in time, which acts as a source term for baryon
number. This scenario can in principle operate at low reheating temperatures if the initial
field value of the Affleck-Dine field is very large compared to its mass. Since all of our
scalars except H are charged under B-L this is an attractive possibility. For concreteness
we will treat σ as the Affleck-Dine field; whether it can accommodate both Baryogenesis
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and inflation at the same time like e.g. [364,397--407] will be left for future investigation.
An important ingredient is a small explicit Baryon number breaking interaction. Of
course we can not break our gauged B-L explicitly but a term of the form λAD(σ4 + σ∗ 4)
could arise after the spontaneous breaking of U(1)B-L. To do so we allow for the small
Z5 breaking term

L ⊂ −λ′
(
σ2φ2 + h.c.

)
, (4.134)

which after integrating out the heavy radial mode ϕ (we ignore the ϕ-Higgs mixing here)
leads to an operator

LEFT ⊂ −
λ′ 2v2

B-L

m2
ϕ

(
σ4 + σ∗ 4

)
(4.135)

and we can identify λAD = λ′ 2v2
B-L/m

2
ϕ ' λ′ 2/(2 λφ) from (4.44). Quite interestingly

this allows us to make λAD small just by assuming
√
λ′ � λφ. Since λ′ → 0 would restore

the discrete symmetry the choice λ′ � 1 is technically natural [408]. Of course assuming
the existence of this operator begs the question why the other Z5 breaking interactions
are absent. The last missing ingredient is a way to transmit the σ-asymmetry to the
quarks. To do so we introduce a pair of heavy vector-like quarks (QL, QR) that are
weak isospin singlets with the hypercharge Y = −2/3 (4/3) of the right chiral down (up)
quarks. The quarks come with a B-L charge Qσ + 1/3 = −2/3 and transform as ω−4

under Z5, where ω = e
2iπ
5 , so that we can realize the operators

L ⊂ −YQqQLσdR −mQQLQR . (4.136)

Here dR can in principle also be replaced with uR; we chose the hypercharge −2/3
to make the vector-like quarks resemble the down-type quarks which might help with
unification [280,281].
� Addendum: Again when it comes to unification the previously mentioned caveats
apply. �
The above interaction could also lead to inflaton mediated washout scatterings depleting
the baryon asymmetry [404], which puts constraints on the coupling YQq. In order to
prevent stable exotic quarks from forming relics [409] we have to demand that mQ > mσ

so the Q can decay via the above operator to σ uR in the late universe. Alternatively
one can also arrange for mσ > mQ > 2mh instead so that the decay of the vector-like
quarks proceeds via off-shell σ as QL → σ∗ + dR → 2h+ dR; the Higgses then further
decay to SM states. In the early universe the field σ receives a potentially large effective
mass from inflaton oscillations during reheating so for both aforementioned cases the
CP -conserving decay σ → QLuR would be possible and one can indeed transmit the
asymmetry from the Affleck-Dine field to the quark sector. This decay could open up
another interesting reheating scenario as well. In the following we will assume that TRH

arises either from to the channels enumerated in the previous section 4.7.3 or via the
aforementioned decay. An estimate for the baryon asymmetry leads to [410,411]

nB

s
' 10−10 ·

(
λAD

10−2

)
·
(

sin (4θi)

0.5

)
·
(
ri/mσ

6× 106

)3

·
(

ri
6× 109 GeV

)
·
(
TRH

1 GeV

)
. (4.137)
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Here we use the polar parameterization for σ, where ri is the initial value of the radial
component and θi denotes the initial angle needed for CP violation. This decomposition
should not to be confused with the cartesian representation from (4.7). The initial angle
can not be set to arbitrarily small values in order to avoid isocurvature perturbations [405],
which is why we chose sin (4θi) ' 0.5. We see that very large initial field values are
needed to compensate for the low reheating temperature. Such a high field value of
ri/mσ ' 6× 106 usually requires a very flat potential and could be an initial condition.
Alternatively the non-minimal coupling to gravity might help to generate this field value
dynamically [412]: It was found that this coupling together with the tree level mass
squared creates an effective mass squared depending on the Hubble parameter. This
effective mass is tachyonic at early times when H � mσ and later turns real again,
which can be understood as an inverted phase transition [413,414]. Afterwards the field,
which can be visualized as an over-damped oscillator, is stuck in its previous non-trivial
minimum corresponding to an initial value of [60]

ri '
√
ξσ
λσ
mσ, (4.138)

before it starts to relax to its true minimum σ = 0 as soon as the Hubble rate satisfies
H ∼ mσ provided that λAD � λσ. From this mechanism we can deduce that a scalar
self coupling of

λσ ' 2.8× 10−14 · ξσ ·
(

ri
6× 109 GeV

)2

·
(

1 TeV

mσ

)2

(4.139)

would be required for the initial field value and a scalar mass in accord with our previous
estimates (4.16) and (4.32). Note that this violates the previous assumption λAD � λσ,
but we can reconcile this by assuming that the heavy ϕ will only be integrated out
at temperatures somewhat below the inverted phase transition so that the operator
(4.135) is absent initially. On the level of estimates it seems that our scalar potential can
reproduce the observed baryon asymmetry, but again we stress that it requires a separate
study to work out the details especially in the inflationary context and considering the
radiative stability.

It is noteworthy that the operator (4.134) also sources a mass splitting ' ±λ′v2
B-L

between the real and imaginary parts of σ, while for the neutrino mass generation we
assumed that they are mass degenerate. Under the assumption that this additional
mass splitting is small compared to the overall mass scale of the S1,2(A1,2) and the mass
splitting between the different generations of scalars our conclusions about the neutrino
and DM masses are unchanged.

If TRH is the temperature after an intermediate epoch of matter domination and the true
temperature at the beginning of the first radiation dominated phase was far above the
electroweak scale this allows for the other previously discussed mechanisms again. In
that case the challenge is to generate enough entropy to dilute unwanted relics (such as
thermally produced DM) while retaining enough baryon asymmetry [415].
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4.9 Appendix: Summary

We presented an extension of the Dirac scotogenic model [54,55] that creates the Dirac
mass of a light fermionic DM candidate χ together with the active neutrino masses via one-
loop diagrams. The model relied on a gauged U(1)B-L symmetry, whose anomaly-freedom
determined the charges of the DM and two copies of νR. We found that our symmetry
based approach predicts that only two SM neutrinos are massive Dirac fermions, whereas
the third one remains exactly massless, because there is no third νR. In order to ensure
the DM stability and to prevent unwanted operators that could affect the neutrino or
DM mass generation we had to impose a separate Z5 symmetry as well. Additionally one
requires an inert scalar doublet η and an inert singlet σ together with the B-L breaking
scalar singlet φ. Moreover we had to introduce a host of vector-like fermions to generate
the necessary loop diagrams. It was found that the vector-like leptons F needed for the
DM masses couple to the SM Higgs and are light enough to potentially be probed by
next generation collider experiments.

We then chose a minimal scenario where we assumed that only the SM degrees of
freedom augmented by two νR and χ are present after reheating. The constraint from
invisible Higgs decays enforces mDM . 2 GeV and the DM mass has to be larger than
(4− 16) keV due to the Lyman-α forest. After demonstrating that thermal production
and out of equilibrium Higgs decays both lead to an over-production of DM, we were
able to narrow the window of the allowed reheating temperatures down to the range
between about 5 GeV and 4 MeV. Consequently we analyzed the joint production of
DM χ and DR νR from out of equilibrium annihilations of the SM fermions via the B-L
gauge boson Z ′. The DM mass has to be smaller than O(MeV) in order to suppress DM
production via diagrams with an intermediate SM like Higgs compared to Z ′ mediated
scatterings. We found a potentially viable parameter space with vB-L & O (10 TeV) that
leads to the correct observed DM abundance but predicts ∆Neff. . 0.012. The amount
of produced dark radiation decreases with the DM mass so in a sense mDM and ∆Neff.

are anti-correlated. This is in striking contrast to other Dirac neutrino and DM mediator
models which usually predict larger ∆Neff.. Thus while the aforementioned models can
already be tested or ruled out by tightening the observational bounds on ∆Neff., only
the detection of ∆Neff. > 0.012 could falsify our DM production scenario in the near future.

Owing to the fact that we need a very low reheating temperature and want a neg-
ligible primordial DM abundance we were able to single out the real component of the
σ field to play the role of the inflaton. In addition we found a way for how the σ field
can also potentially realize Affleck-Dine Baryogenesis if we introduce a small source
of Z5-breaking in the scalar potential together with a pair of vector-like down quarks.
We leave a detailed study of the inflationary predictions, reheating and non-thermal
Baryogenesis for future investigation.

To summarize, we introduced a new abelian gauge theory that can simultaneously
explain the active neutrino and fermionic dark matter masses via loop diagrams. Our con-
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struction produces the observed DM relic abundance together with minuscule amounts of
dark radiation in the freeze-in regime and can potentially account for inflation, reheating
and Baryogenesis.
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5 S.M.A.S.H.E.D. :
Standard Model Axion Seesaw Higgs
Inflation
Extended for Dirac Neutrinos

5.1 Contribution and Context

The following chapter is based on the single-author publication

JCAP 11 (2022) 042, arXiv: 2207.08142 [hep-ph]

and the author of this thesis was responsible for the conception and implementation of
all aspects of the publication.

The SMASH (Standard Model Axion Seesaw Higgs inflation) framework [383,417,418]
is a minimal extension of the Standard Model with a singlet scalar, three generations
of right handed neutrinos and one (or more) generation of vector-like quarks. It is
essentially a combination [419] of the KSVZ axion model [420, 421] (it also works for
a DFSZ [229,422] scenario) and a Type I Seesaw [26--30, 423], where the heavy quark
and neutrino masses arise from the singlet vev vσ. The singlet scalar is also identified
with the field responsible for breaking Peccei-Quinn symmetry [424] and is connected
to inflation. Using only this minimal set of ingredients one can explain the strong CP
problem, QCD axion dark matter, inflation and reheating from a linear combination of
the Higgs and the singlet, the stability of the electroweak vacuum, neutrino masses via
the Type I Seesaw and the baryon asymmetry of the universe via Leptogenesis [425]. One
appealing feature of such a setup is that only involves one additional scale in the form
of vσ. The downside of introducing fermions with direct couplings to the Peccei-Quinn
breaking field, whose threshold correction stabilizes the electroweak vacuum [274], is
that loop corrections due to the fermions now destabilize the singlet potential unless
their masses are below around 108 GeV. We extend SMASH by additional vector-like
triplets and doublets, that are chiral under Peccei-Quinn, to generate Dirac neutrino
masses instead. This sequential Seesaw allows us to keep all fermion masses below the
aforementioned 108 GeV. Our construction uses the double suppression from integrating
out two species of fermions to generate the tiny observed active neutrino mass scale
via a dimension six operator. The model is free from the cosmological domain wall
problem, because it has domain wall number one and in this case the network of domain
walls and cosmic strings collapses under its own tension. Our scenario predicts an axion
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to photon coupling that is about an order of magnitude larger than in conventional
KSVZ (and DFSZ) models due to loops of the new fermions, which can be tested by
current and proposed axion haloscope experiments like e.g. ORGAN or MADMAX.
While the original SMASH had to invoke resonant Leptogenesis [426] to explain the
baryon asymmetry of our universe due to the previously discussed upper limit in the
heavy neutrino mass scale, we find that the structure of our sequential Seesaw allows
one to boost the amount of CP-violation produced in triplet decays by up to six orders
of magnitude without any resonant enhancement from quasi-mass-degenerate fermions.
This allows us to implement a version of the Dirac Leptogenesis [117] scenario, that
we study numerically. Similar to the case of decaying scalar triplets for the Majorana
Type II Seesaw [427] we observe that the efficiency of the out-of-equilibrium asymmetry
production can be greatly enhanced: All that is required is that the decaying particle is
not self-conjugate and has multiple decay modes with different branching ratios. These
conditions can be automatically satisfied in any scenario of Dirac Leptogenesis, which
requires two decay modes to generate CP violation and involves e.g. Dirac fermions
which are not self-conjugate and can develop an asymmetry themselves. Since both
the QCD axion(∆Neff ' 0.03) and the right handed neutrinos (∆Neff ' 0.14 for three
generations) thermalize in the early universe we predict a dark radiation abundance of
∆Neff ' 0.17 that will be tested by next generation CMB experiments and can be used to
distinguish our model from either axion or Seesaw models. To summarize we introduce

• a model connecting Dirac neutrinos to the QCD axion

• a model realizing neutrino masses from a dimension six operator

• a measurable enhancement of the axion to photon coupling by one order of magni-
tude

• a novel non-resonant enhancement of the CP violation produced in decays

• a mechanism previously applied to Majorana scenarios that increases the efficiency
of Leptogenesis

• a measurable amount of dark radiation that helps with model discrimination

5.2 Appendix: Abstract

Inspired by the S.M.A.S.H. framework we construct a model that addresses the strong CP
problem, axion dark matter, inflation and Dirac neutrino masses as well as Leptogenesis.
The model possesses only two dynamical scales, namely the SM breaking scale vH and the
Peccei Quinn (PQ) breaking scale vσ. We introduce heavy vector-like quarks in the usual
KSVZ fashion to implement the PQ mechanism for the strong CP problem. To generate
neutrino masses via a dimension six operator scaling as mν ∼ v3

H/v
2
σ we add heavy triplet

and doublet leptons, which are vector-like under the SM but chiral under PQ symmetry.
The model is free from the cosmological domain wall problem and predicts an axion to
photon coupling which is about an order of magnitude larger than in conventional DFSZ
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and KSVZ models. Thus our scenario can be probed and potentially excluded by current
and next generation axion experiments such as ORGAN or MADMAX. In addition
we numerically demonstrate that our construction can generate the observed baryon
asymmetry by realizing a version of the Dirac-Leptogenesis scenario. As a consequence of
our neutrino mass mechanism we find that the asymmetry in triplet fermion decays can
also be significantly enhanced by up to six orders of magnitude when compared to typical
Seesaw scenarios without needing to invoke a resonant enhancement. In passing we
note that a decaying Dirac fermion with multiple decay modes contains all the necessary
ingredients required for the “quasi optimal efficiency”-scenario previously encountered in
the context decaying scalar triplets. The impact of the right handed neutrinos and the
axion on ∆Neff is estimated and lies within current bounds.

5.3 Appendix: Introduction

Reductionism has been one of the most widely used approaches to building particle physics
models that are supposed to address the theoretical, aesthetical and phenomenological
gaps in the Standard Model (SM). For many decades the most common top-down
approach consisted in unifying the SM gauge symmetries into single larger non-abelian
Lie groups. This strategy led to the discovery of economical scenarios such as the Type I
Seesaw-mechanism [26--30, 423] addressing both laboratory observations like neutrino
masses and mixing as well as important cosmological issues such as the baryon asymmetry
of the universe via Leptogenesis [425]. In more recent years the focus has shifted to
bottom-up approaches realizing the wanted phenomenology often via amending the
SM with only a single additional global or gauged U(1) factor. The most prominent
examples of this latter category are the νMSM [428--430], which consists of a Type I
Seesaw with the lightest right handed neutrino being a good dark matter (DM) candidate,
as well as the S.M.A.S.H. proposal [383, 417, 418]. Here solutions to the strong CP
problem, neutrino masses, electroweak vacuum stability, dark matter, inflation and
Baryogenesis via Leptogenesis are possible by combining a Type I Seesaw with a global
anomalous U(1)PQ Peccei-Quinn symmetry playing the role of spontaneously broken
lepton number. Building on an earlier construction [419] inspired by the KSVZ [420,421]
axion model this framework identifies the mass scale of the heavy right handed neutrinos
with the PQ breaking scale that in turn corresponds to the decay constant of the QCD
axion (see also [431] for a similar setup where the right handed neutrino mass does
not arise from PQ breaking). There also exists a class of related models based on the
DFSZ [229, 422] approach see [432] for a recent example. Only two mass scales are
present in the S.M.A.S.H. scenario: the electroweak breaking scale from the vacuum
expectation value (vev) of the Higgs doublet scalar and the much larger vev of the PQ
breaking singlet whose imaginary part is the axion. No new physics other than the PQ
charged sector is needed up to the Planck scale. Most theories beyond the SM address
the neutrino mass issue via mechanisms inducing parametrically light Majorana masses
since this usually involves the smallest amount of new unknown coupling constants
and Weyl spinors. However a priori in the absence of any experimental signal there is
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no reason to focus only on Majorana neutrinos, which is why there has been renewed
interest in building Dirac neutrino mass model (see [54,55,263,265,433--435] for some
explicit models and [436--438] for systematic studies just to name a few). In this work
we set out to extend the S.M.A.S.H. class of models for light Dirac neutrinos. We
outline the particle content and the most important interactions for the low energy
phenomenology in section 5.4. Section 5.6 serves a brief summary of the cosmological
history and most important parameters for the original S.M.A.S.H. scenario. The main
focus of this work is Dirac-Leptogenesis in section 5.7. A novel way to enhance the
leptonic asymmetry parameter from heavy fermion decays is presented in subsection
5.7.3. Analytical estimates in 5.7.5 help us narrow down the relevant parameter space
and we show the validity of our scenario by numerically solving the Boltzmann equations
from section 5.7.6 in subsection 5.7.9. In the aforementioned section we also demonstrate
that the efficacy for asymmetry production from Dirac fermions can be larger than for
Majorana fermions similar to [427] for decaying scalar triplets. After estimating the
amount of dark radiation in section 5.8 we summarize our findings in 5.9. Additional
relevant information was collected in sections 5.4.5-5.7.7.

5.4 Appendix: The model

One way to generate tiny Dirac masses is the Type I Dirac-Seesaw scheme pioneered
in [439]. In general one starts out by imposing a symmetry to forbid the tree-level Dirac
neutrino mass term

LεH†νR (5.1)

with ε = iτ2 being the second Pauli matrix, as well as all possible Majorana masses.
Then heavy vector-like SM singlet fermions coupling to both the SM leptons and νR
are integrated out at energies below their mass scale leading to light neutrino masses
from the threshold correction. Most models realize the neutrino mass via a dimension
five operator similar to the Weinberg operator [440] of the schematic form (LH)2 for
Majorana neutrinos. Since the νR are SM singlets this necessitates the inclusion of a
scalar singlet φ to form the required operator (LεH†)φνR. The vev of φ introduces a
third scale vφ apart from the SM Higgs vev vH and the heavy mediator scale M � vφ, vH .
Dirac masses then scale as mν ∼ vHvφ/M and the additional parameters are the reason
why these scenarios are considered to be less minimal than Majorana models. If we wish
to generate this operator via PQ charged particles and a singlet scalar σ for spontaneous
symmetry breaking of U(1)PQ there are essentially two options: One can either identify
the heavy mass scale with the PQ breaking scale M ∼ vσ as was the case for combining
the Type I Seesaw with PQ symmetry in [419]. This then requires that φ is a third
scalar field and vH . vφ � vσ. The other option is to identify φ with the PQ breaking
field σ [441] and assume a separate source for the heavy vector-like fermion masses.
However since cosmological and astrophysical arguments require vσ > 108 GeV or even
vσ ' 1011 GeV (see subsection 5.6.2) the mediator mass scale must be potentially close
to the Planck scale even for small Yukawa couplings [441]. Our model will be able to
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field SU(3)C SU(2)L U(1)Y U(1)PQ generations

qL 3 2 1/6 0 3

uR 3 1 2/3 0 3

dR 3 1 −1/3 0 3

L 1 2 −1/2 1 3

eR 1 1 −1 1 3

H 1 2 1/2 0 1

Q
(1,2)
L 3 1 2/3 or −1/3 1 2

Q
(1,2)
R 3 1 2/3 or −1/3 0 2

Q
(3)
L 3 1 2/3 or −1/3 -1 1

Q
(3)
R 3 1 2/3 or −1/3 0 1

TL 1 3 0 2 3

TR 1 3 0 1 3

DL 1 2 1/2 3 3

DR 1 2 1/2 2 3

νR 1 1 0 3 3

σ 1 1 0 1 1

Table 5.1: Charges and Representations under the SM gauge group and U(1)PQ.

avoid these complications altogether. The key idea is that we can connect L and νR by
integrating out two different species of vector-like fermions transforming non-trivially
under the electroweak gauge symmetry. To avoid a third scale besides vH and vσ we will
generate the required threshold correction via a dimension six operator of the schematic
form (LεH†)(HH†)νR. The heavy fermion masses scale with vσ and the presence of
three Higgs doublets follows from the required SU(2)L contractions. In addition to that
the active neutrino masses scale as mν ∼ v3

H/v
2
σ. Before we face the neutrino sector we

briefly review the KSVZ-axion model, which solves the strong CP problem via heavy
vector-like fermions with PQ charge.

5.4.1 KSVZ-axion

In order to implement the Peccei-Quinn solution [424,442] to the strong CP problem in
the KSVZ model [420,421] we introduce a pair of color triplet quarks (QL, QR), which
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are vector-like under the SM but chiral under PQ as well as a singlet scalar σ coupling
via

LKSVZ = −YQ σ QLQR + h.c. . (5.2)

The charges and representations under all symmetries can be found in table 5.1. The
scalar potential reads

V (H,σ) = V (H)− µ2
σ |σ|

2 + λσ |σ|4 + λσH |σ|2 |H|2 , (5.3)

with µ2
σ > 0 for the SSB of PQ symmetry and V (H) the SM scalar potential. We expand

the singlet scalar as

σ =
1√
2

(vσ + ρσ) ei
a
vσ with vσ � vH = 246 GeV, (5.4)

where a denotes the axion field and we see that the exotic quarks have a mass term
consisting of

MQ ≡ YQ
vσ√

2
. (5.5)

After rotating the axion field away by an anomalous Peccei-Quinn transformation of
the quarks [443] we can integrate them out and obtain the axion coupling to the QCD
anomaly term. For SU(2)L singlets the QCD anomaly coefficient reads [444]

N =
∑
ψ

χψ Td(ψ), (5.6)

where Td is the Dynkin color index for a d-dimensional representation with T3(QL) =
T3(QR) = 1/2 and χψ denotes the PQ charge of the particle ψ. If we assume only one
generation of exotic quarks then

N =
1

2
(χQL − χQR) =

1

2
χσ. (5.7)

The non-linearly realized U(1)PQ symmetry is explicitly broken by the non-perturbative
QCD effects down to a Z2N once the temperature of the universe cools below the
QCD phase transition at T = ΛQCD = O(200 MeV). The aforementioned QCD effects
manifest themselves in an effective cosine potential and thus a mass for the axion a,
which dynamically relaxes to its minimum to cancel the strong CP violation [424,442]
encoded in θQCD + θweak. In this context θQCD is the topological angle of QCD and
θweak is the contribution from the chiral transformations needed to diagonalize the SM
quark masses. After the angular mode a relaxes in one of the 2N equivalent vacua,
topological defects in the form of domain walls are formed from the spontaneous breaking
of this discrete symmetry [445--447]. The cosmological domain wall number is given by
NDW = 2N and stable domain walls could overclose the universe [448, 449]. The domain
walls form a network with axionic strings produced during the SSB of PQ symmetry via
the Kibble mechanism [450--452], and the network will in general be stable for NDW > 1.
For NDW = 1 the network eventually decays to low momentum axions [453, 454] and
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contributes to their relic density [455--457]. Pre-inflationary PQ breaking can dilute the
domain walls and explicitly PQ breaking bias-terms in the scalar potential [449,458--460]
could make the domain walls decay. However we will see in section 5.6.2 that S.M.A.S.H.
is only compatible with post-inflationary PQ breaking. Bias terms have to be large
enough to make the domain walls decay before they dominate the energy density of the
universe [461]. On the other hand, they have the drawback of contributing to the axion
mass, so that one needs to ensure, that they do not spoil the PQ solution to the strong
CP problem, leading to an upper limit on the corresponding coupling [461,462]. There
exists a parameter space that satisfies both conditions. The last class of solutions to
the domain wall problem embeds the Z2N into the center of a larger continuous global
or local group [463,464]. However we prefer to avoid these complications altogether by
simply normalizing the PQ charges of the quarks properly. We demand NDW = 1, from
which we deduce that χσ = 1. In this scenario we have an axion decay constant of

fa ≡
vσ
NDW

. (5.8)

If one wishes to incorporate more generations of exotic quarks without generating
additional domain walls then one has to make sure that the QCD anomaly coefficients for
the additional generations cancel each other, for example by choosing equal and opposite
PQ charges for those two generations. This explains the charge assignments for the
third generation of exotic quarks in 5.1. At the present stage the exotic quarks would be
absolutely stable owing to their separately conserved baryon number [420]. This would
lead to exotic hadrons which could also overclose the universe and are tightly constrained
relative to ordinary baryons by dedicated searches [465,466]. In order to make the exotic
quarks decay we introduce a renormalizable coupling to the SM doublet quarks qL and
consider the following operators for χQR = 0 [465,466]

Ldecay = −YqQ

{
qLεH

†QR for YQR = 2
3

qLHQR for YQR = −1
3

+ h.c., (5.9)

where YqQ is a dimensionless Yukawa coupling to the SM Higgs. There will be a lower limit
on the Yukawa coupling in (5.9) from demanding that decay rate (assuming mQ � mH)

Γ (Q→ qLH) '
Y 2
qQmQ

16π
(5.10)

is faster than the Hubble rate at the temperature T = mQ implying

YqQ & 10−5

√
mQ

108 GeV
, (5.11)

so that the abundance of vector-like quarks is actually depleted and an epoch of interme-
diate era of matter domination [467] from very long-lived vector-like quarks is avoided.
In the above we used a value for mQ that will be motivated in section 5.6.3. Vector-like
quarks could be produced at colliders, either in pairs from a gluon or together with an
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L νR

〈H〉 〈H〉 〈H†〉

〈σ〉 〈σ〉

TR TL DR DL

Figure 5.1: Diagrammatic representation of the dimension 6 operator giving rise to Dirac
masses for the active neutrinos.

SM quark via the coupling in (5.9). Searches for new colored fermions exclude vector-like
quark masses below about 1 TeV [468, 469]. The large couplings together with heavy
large masses are the reason, why we expect the life-time of the vector-like quarks, if
kinematically accessible at colliders, to be very short.

5.4.2 Neutrino masses

In a similar spirit we now introduce vector-like leptons as well to generate the Dirac
neutrino masses in the Seesaw fashion. We give vector-like PQ charges to the SM
leptons and charge νR in such a way that the tree level mass term LεH†νR with
ε = iτ2 being the second Pauli matrix is absent. Since the cosmologically preferred
PQ breaking scale fa ' 1011 GeV is lower than the typical Seesaw-scale (for order
one Yukawas) of MN ' 1014 GeV we choose to integrate out two distinct fermions
instead of a single messenger. However these two fermion species will have comparable
masses so this sequential Seesaw depicted in figure 5.1 does not lead to a double Seesaw-
mechanism [470,471]. The resulting operator for neutrino masses will have mass dimension
six (see [437] for a compendium of possible Dirac dimension six operators) compared
to the usual Weinberg operator at dimension five [440]. We start with introducing
three generations of vector-like pairs of triplets (TL, TR) and doublets (DL, DR). The
multiplets can be expanded into their components as

TL ≡
T aLτ

a

2
=

 T 0
L√
2

T+
L

T−L − T 0
L√
2

 , TR ≡
T aRτ

a

2
=

 T 0
R√
2

T+
R

T−R −T 0
R√
2

 (5.12)

and

DL ≡

E+
L

NL

 , DR ≡

 E+
R

−NR

 . (5.13)

We also introduce the following notation of H̃ ≡ εH†. A combination of chiral PQ
charges, Hypercharge and non-trivial SU(2)L representations allows only the following
mass

Lmass = −YTσTL
a
T aR − YDσDLDR + h.c. (5.14)
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and mixing terms

Lint = −YLT L T aRτaH̃ − YTD DRε TL
a
τaH̃ − YDR DLHνR + h.c. . (5.15)

All charges and representations for the four component spinors have been summarized
in table 5.1. If we had given DL,R the opposite hypercharge −1/2 an operator of the
schematic form LDRσ

∗ would be allowed by all imposed symmetries and this operator
would ruin the sequential nature of our mass generation mechanism by coupling νL
directly to the exotic NR neutrino with a large vev vσ. We use triplets TL,R instead
of singlet fermions SL,R because the PQ charge assignment would allow for a term
SLνRσ

∗, which would also spoil the intended mass generation mechanism. Note that
if one identifies our unconventional chiral choice of PQ charges with lepton number
or B-L, which are usually taken to have vector-like charges normalized to ±1, one can
understood the “Diracness” of the neutrinos as follows: Since σ breaks PQ symmetry
by only a single unit all the renormalizable Majorana mass terms which would require
breaking by two, four or six units (see table 5.1) are forbidden. This is in a similar spirit
to the argument that breaking conventionally assigned lepton number or B-L by any
number other than two allows only for Dirac neutrinos [263]. Of course PQ symmetry
does not forbid the following non-renormalizable operators

cTR
ΛUV

(σ∗)2 T cR
a
T aR,

cTL
Λ3

UV

(σ∗)4 T cL
a
T aL,

cνR
Λ5

UV

(σ∗)6 νcRνR, (5.16)

as well as

cL
Λ3

UV

(σ∗)2 (LcεH) (LεH) ,
cDR
Λ5

UV

(σ∗)4
(
Dc
RH
†
)(

DRH
†
)
, (5.17)

cDL
Λ7

UV

(σ∗)6
(
Dc
LH
†
)(

DLH
†
)

(5.18)

where the ci are dimensionless Wilson-coefficients and ΛUV is some mass scale above
the PQ scale. Evidently the dimension five operator for TR is the least suppressed
and the mass term for the DL at dimension eleven has the largest suppression factor
due to SM gauge invariance and PQ breaking by six units. We have checked that
these operators are not generated at loop level for the given particle content in field
theory, but if one includes quantum gravity they might arise. Non-perturbative quantum
gravitational effects could lead to a low energy effective field theory which will contain
all the terms allowed by only the local gauge symmetries [444] such as the above ones.
On top of that quantum gravity is expected to violate global symmetries [275--277]
like PQ symmetry. These quantum gravity effects are heuristically1 encoded in Planck-
mass suppressed explicitly PQ violating operators leading to the well known “axion
quality problem” [474--479] that could spoil the solution to the strong CP problem.
PQ violating Majorana masses could arise in the same way too [480]. Since we have
nothing to add to the solution of these “quality problems” we will assume that the

1there might be an additional suppression factor e−Swh , where the large number Swh is the wormhole
action [472,473]
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Wilson coefficients of both sets of hypothetical effective operators (PQ conserving or vio-
lating) are either negligibly small or that some other mechanism prevents their existence.2

Before EWSB the triplets and doublets are decoupled and each component of an SU(2)L

multiplet has a common mass set by the PQ breaking scale, which we call

MT ≡ YT
vσ√

2
and MD ≡ YD

vσ√
2
. (5.19)

After integrating them out and applying a Fierz-transformation we find

Leff. =
1

2
YLTM

−1
T YTDM

−1
D YDR

(
LεH†

)(
HH†

)
νR + h.c. . (5.20)

In the one flavor approximation we find the following relation for the active neutrino
mass scale after electroweak symmetry breaking (EWSB)

mν ' 0.05 eV · YLTYTDYDR ·
(

109 GeV

MT

)
·
(

108 GeV

MD

)
. (5.21)

If we choose MT ,MD lighter than about O
(
108 GeV

)
we can maintain the light neutrino

mass scale by decreasing the Yukawa coupling YLTYTDYDR. On the other hand the overall
neutrino mass scale could be lowered too far if we chose MT ,MD � O

(
108 GeV

)
, which

is why we work in the previously mentioned regime. Since we expect fa ' O
(
1011 GeV

)
(see (5.6.2)) this means that Yuakwa couplings of the T,D fields to the PQ breaking field
must satisfy YT,D . 10−3. Here there are only two dynamical scales vH and vσ involved
in the neutrino mass generation, which comes at the price of introducing five Yukawa
matrices YLT , YTD, YDR, YT , YD. In order to generate the two mass splitting needed to
explain the neutrino oscillation data we need to introduce at least two generations of
TL,R, DL,R and in the following we will assume the existence of three such generations.
We can estimate the axion decay constant

fa ' 4× 108 GeV ·
√

0.1 eV

mν
·
√
YLTYTDYDR

YTYD
(5.22)

as a function of the active neutrino mass. If we drop the previous assumption about the
Yukawa couplings and allow all five of them to vary between O(1) and O

(
10−6

)
(which

are the largest and smallest Yukawa couplings in the SM of the top quark and electron
respectively), we find

0.4 GeV ·
√

0.1 eV

mν
. fa . 4× 1014 GeV ·

√
0.1 eV

mν
. (5.23)

2After the completion of this work reference [481] was released, in which the authors manage to avoid
the PQ conserving higher dimensional operators by choosing the PQ charge of L to be a non-integer
χL = 1/3 and shifting all other fermionic charges accordingly so that χνR = 2 + 1/3 = 7/3. In this case
the estimate for the axion to photon coupling in (5.36) remains unchanged, because the difference in PQ
charge between the different chiralities (TL, TR) and (DL, DR) is still one.
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The lower range of fa ∼ 0.4 GeV obtained for the extreme choice YLT ∼ YTD ∼ YDR ∼
10−6 and YT ∼ YD ∼ 1 would correspond to the Weinberg-Wilczek [231,482] axion which
has been ruled out experimentally via meson decays a long time ago [483]. Furthermore
astrophysical arguments based on stellar cooling demand fa > 108 GeV, so that the
region of small YLT ∼ YTD ∼ YDR is already excluded. Note that having such small
couplings would defeat the purpose of building a rather involved Seesaw model to begin
with. We depict the decay constants that would lead to a too small neutrino mass as the
grey region in the figures 5.3 and 5.4, which shall be the focus of the next subsection.

5.4.3 Landau poles for the SM gauge couplings

As shown in [465,466] the hypercharged exotic quarks with masses 5× 1011 GeV do not
lead to a Landau pole for the UY gauge coupling (or any other SM gauge coupling)
below the Planck mass. Following the methods outlined in [484--486] we compute the
coefficients of the two loop renormalization group equations (RGE)

d

dt
α−1
i = ai +

bij
4π
αj , where αj ≡

g2
j

4π
and t ≡ 1

2π
Log

(
µ

mZ

)
(5.24)

where i = 1, 2, 3 labels the gauge groups UY, SU(2)L and SU(3)c respectively. Here µ
denotes the renormalization scale. We do not include the contribution from the Yukawa
couplings for simplicity. The definitions of the constants can be found in [485,486] and
for the SM they read [484]

~aSM =


a1

a2

a3

 =


4 + 1

10

−22 + 4 + 1
6

−11 + 4

 (5.25)

as well as

bSM =


0 0 0

0 −132
3 0

0 0 −102

+Ngen.


19
15

3
5

44
15

1
5

49
3 4

11
30

3
2

76
3

+


9
50

9
10 0

3
10

13
6 0

0 0 0

 . (5.26)

The first matrix comes from the gauge bosons, the second matrix measures the contribu-
tion of Ngen. = 3 generations of fermions and the last matrix arises due to the SM Higgs
boson. Note that the matrix bSM is transposed compared to reference [484] and we used
the GUT normalization of SU(5) or SO(10) for the hypercharge [485]

Ynorm. =

√
3

5
YSM. (5.27)
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Motivated by our cosmological findings we only include the lightest electroweak triplet
of mass MT = 108 GeV with YSM = 0 for which

~aBSM
T =


0

8
3

0

 , bBSM
T =


0 0 0

0 128
3 0

0 0 0

 (5.28)

and the doublet leptons with YSM = −1
2 at MD = 3× 107 GeV for which

~aBSM
D =


2
5

2
3

0

 , bBSM
D =


9
50

9
10 0

3
10

49
6 0

0 0 0

 . (5.29)

We include the threshold effects of the heavy fermions Ψ by solving (5.24) with

~aBSM = ~aSM + Θ (µ−MΨ)~aBSM
Ψ , bBSM = bSM + Θ (µ−MΨ) bBSM

Ψ , (5.30)

where Θ denotes the Heaviside function and we use the following boundary conditions
[487,488]

α1(mZ) = 0.016923, α2(mZ) = 0.03374, α3(mZ) = 0.1173, mZ = 91.188 GeV. (5.31)

We reproduce the Landau pole in g1 around 1038 GeV found for a vector-like quark
with Y = −1/3 with a representative mass of 5× 1011 GeV in [465,466]. We depict the
evolution of the three gauge couplings for adding the lightest triplet or doublet in 5.4.3
with the masses MT = 108 GeV and MD = 3 × 107 GeV from section 5.7.9. One can
observe in 5.4.3 that the Landau pole appears earlier for the lighter doublet [485]. We
stopped the numerical evaluation at the Landau poles because the system of differential
equations starts to exhibit singular behaviour and we can not trust our calculation for
larger energies anymore. This is why the lines for the doublet in 5.4.3 terminate earlier
than for the triplet. In both scenarios the potential Landau pole in g1 manifests far above
the Planck scale, so it does not affect the phenomenology of our model. Let us emphasize
that this analysis only serves as a first estimate and in principle all three generations of
all new species and their Yukawa interactions should be included in the running. For
a more realistic estimate we include three generations of quarks with the same masses
of 109 GeV for simplicity as well as three generations of triplets, where the two heavier
ones have 109 GeV masses, together with three doublets, with the two heavier ones
at 108 GeV (this range of masses was motivated in section 5.6.3). Adding the entire
fermionic particle content of the model induces a Landau pole at 1021 GeV again in g1

and again above the Planck scale. The landau pole appears at lower energies the more
fermions we introduce because the positive coefficients in the RGEs (5.24) increase with
each additional fermion [465, 466]. We conclude that our three generations of exotic
fermions do not lead to phenomenologically relevant Landau Poles for the SM gauge
interactions.
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Figure 5.2: Two Loop RGE evolution of the SM gauge couplings as a function of the
renormalization scale for the inclusion of a hypercharge zero SU(2)L triplet
with MT = 108 GeV (top) and a hypercharge 1/2 SU(2)L doublet fermion
with a mass of MD = 3× 107 GeV (bottom).
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Figure 5.3: Depicted are the “S.M.A.S.H.E.D.” band in orange and the QCD-axion band for the KSVZ and DFSZ models in
yellow as well as a collection of cosmological, astrophysical and laboratory constraints. The white space is allowed
and in the gray area the active neutrino masses would be too small. The black arrow to the right indicates that
the lower allowed limit on ma increases for larger values of mν . The corresponding references can be found in
section 5.4.5.
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Figure 5.4: Depicted are the “S.M.A.S.H.E.D.” band in orange and the QCD-axion band for the KSVZ and DFSZ models
in yellow as well as cosmological, astrophysical and laboratory constraints together with projected sensitivities.
The black arrow to the right indicates that the lower allowed limit on ma increases for larger values of mν . The
corresponding references can be found in section 5.4.5.
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5.4.4 Axion to photon coupling

The most relevant coupling for the direct detection of axions in laboratory experiments
is the axion-to photon coupling, which is given by [489,490]

gaγγ =
α

2πfa

(
E

N
− 1.92(4)

)
, (5.32)

where the second term represents the model-independent irreducible contribution from
the axion-pion mass mixing. The color anomaly coefficient N was specified in equation
(5.6) and is found to be N = 1/2 for this model. The electromagnetic anomaly coefficient
E is defined via [444]

E =
∑
ψ

χψ dc(ψ) Tr
(
Q2

EM ψ

)
, (5.33)

where χψ is the PQ charge of the fermion ψ, dc(ψ) is the dimension of its color repre-
sentation and QEM ψ its electric charge matrix. For the original KSVZ model, where
the exotic quarks have no hypercharge one finds E/N = 0. Since we equip them with
hypercharge for cosmological reasons (see table 5.1 for their charges) their contribution
reads (

E

N

)
Q

= 2 · 3 ·

{
4
9
1
9

=

{
8
3 for YQL = 2

3 ,
2
3 for YQL = −1

3 ,
(5.34)

where the factor of three comes from dc(QL) = 3. Only the first generation of exotic
quarks contribute since we assume the PQ charges of the second and third generations
cancel each other in order to fix the domain wall number. Similarly even though the SM
leptons L and eR have electric charge, they are vector-like under PQ and do not contribute
to E. As a consequence of introducing non-trivial SU(2)L representations which are
chiral under PQ for neutrino mass generation we obtain an additional contribution from
the T and D: (

E

N

)
T,D

= 2 · 3 · (2 + 1) = 18 (5.35)

The factor of three takes the three generations of exotic leptons into account and since
each triplet contains two charged fermions their contribution is twice as large as for the
doublets. Consequently the model dependent part of the axion to photon coupling(

E

N

)
tot

= 18 +

{
8
3 for YQL = 2

3 ,
2
3 for YQL = −1

3

(5.36)

is significantly larger than in conventional models such as the DFSZ I (II) scenario,
where the ratio reads 8/3 (2/3). Thus our neutrino mass mechanism has the additional
benefit of making the axion easier to detect in laboratory experiments. Compared to
other constructions in the literature this enhancement is rather small. For comparison
clockwork based models such as [491--493] lead to an exponential enhancement of the
coupling, a recent construction with quantized magnetic charges [494,495] can increase
the axion to photon coupling by six orders of magnitude. Mirror sector models with n

90



5.4 Appendix: The model

copies of the SM and PQ sectors [496, 497] can increase the axion to photon coupling
as a function of n by lowering the axion mass compared to the usual QCD axion.
Alternatively if one sticks to the particle content of the KSVZ model then the largest
possible positive anomaly coefficient was found to be E/N = 170/3 [465,466]. A recent
scan over possible representations found that E/N = −166/3 [486] is the largest possible
negative value within the range of the scan. Note that the two previously mentioned
scenarios require three or eight quarks of different SM representations. We depict the
experimentally allowed parameter space and a collection of limits in 5.3 together with
the projections form upcoming searches in 5.4. The limits and projected limits were
compiled in [498] and they can be found in section 5.4.5. The orange band dubbed
“S.M.A.S.H.E.D.” corresponds to the prediction of our model. Inside this band there
is a blue region called “axion DM” which reproduces the observed DM abundance for
the cosmological history of the S.M.A.S.H. models and will be explained in section 5.6.2.
Experiments like QUAX [499,500] or HAYSTAC [501,502] have already started to test
the relevant parameter space depicted in blue. Other experiments like ORGAN [503,504]
or RADES [505] are close to probing the axion DM parameter space as can be seen in
5.3. When it comes to next generation experiments we find that MADMAX [506], the
upgraded ADMX experiment [507--514] as well as BRASS [515] have good chances of
testing the aforementioned parameter region. In section 5.4.3 we demonstrate numerically
that the new heavy fermions do not lead to phenomenologically relevant Landau poles in
any of the SM gauge couplings following the treatments in [484--486].

5.4.5 Collection of limits on the axion to photon coupling

Constraints on the axion to photon coupling were compiled in [498] and can be grouped
into the following categories

• Haloscopes looking for DM axions from the galactic DM halo
such as ABRACADABRA [516, 517], ADMX [507--514], BRASS [515], CAPP
[518--520], DM-Radio [521], HAYSTAC [501,502], KLASH [522], MADMAX [506],
ORGAN [503,504], QUAX [499,500], RADES [505], RBF [523], SHAFT [524] and
UF [525]

• Helioscopes looking for axions produced inside the sun
such as CAST [526,527], babyIAXO or IAXO [528,529].

• Light shining through walls (LSW) and similar experiments
such as ALPS [530,531], CROWS [532], OSQAR [533] and PVLAS [534].

• Cosmological probes
such as extragalactic background light (EBL), ionisation fraction, X-rays [535] or
BBN and ∆Neff. [536].

• (indirect) Astrophysical bounds
such as Black hole superradiance [537], the Chandra X-ray telescope [538--541],
the Fermi Large Area Telescope (LAT) [542--545], super star clusters [546], the
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cosmic distance ladder [547], the HESS cherenkov telescope [548], horizontal branch
stars [549], White dwarfs [550], Globular Cluster (R2) [551], the blazar Markarian
421 (Mark 421) [552], neutron stars [553--555], observations of the solar neutrino flux
[556], supernova SN 1987A [557,558], radio telescopes [559] and optical telescopes
like MUSE [560] and VIMOS [561]

5.4.6 Axion to fermion coupling

The chiral rotations that remove the phase of the singlet field σ from the mass terms
induce the following derivative interactions for all PQ charged fermions Ψ with chiral
charges χL,R

Lint. = i
∂µa

fa

∑
Ψ

Ψγµ
(
χL + χR

2
· 14 −

χL − χR
2

· γ5

)
Ψ. (5.37)

The only SM fermions that pick up an interaction at tree level are the three generations
of charged and neutral leptons:

Lint. = i
∂µa

fa

∑
j

(ejγ
µej + νjγ

µ (2 · 14 + γ5) νj) (5.38)

As expected the charged lepton coupling is vector-like. If we integrate the first term by
parts we pick up a contribution of ∑

j

∂µ (ejγ
µej) (5.39)

which vanishes for on shell leptons. Of course as in the original KSVZ model a pseudoscalar
coupling to will be regenerated at loop level from the axion to photon coupling in
(5.32) [419]

gae ' α gaγγ me Log

(
fa
me

)
, (5.40)

which is dimensionless as gaγγ ∼ 1/fa. Here we neglected the contribution from axion
pion mixing in (5.32) as it was subdominant to the inclusion of the heavy exotic fermions.
One can see that this coupling gae ' 3× 10−17 is very small due to its dependence on
α me/fa. There are more one loop contributions to gae from one loop diagrams involving
the other massive EW gauge bosons as well as the new exotic fermions. By recasting the
result for a Majorana Type I Seesaw from [419,562] we estimate

gae '
1

16π2

(
mν

vH

)2 me

fa
. (5.41)

This contributions is suppressed by both me/fa ' 5×10−15 and m2
ν/v

2
H ' 10−25 so we do

not consider them further. Stellar cooling arguments for the sun and red giants exclude
gae & O

(
10−13

)
[563--566], which is respected by our model. Axions could also be emitted
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in laboratory experiments from the final state neutrino or charged lepton in pseudoscalar-
meson decay. Since this will remove the chirality suppression of the two-body decay,
these channels are sensitive probes for new physics. Existing analyses [567--570] (often)
do not use the full derivative coupling in (5.38) but rely on Yukawa-interactions which are
technically only valid for on-shell fermions [571,572]. However since the full calculation
can involve technical subtleties such as infrared-divergences which have to be cancelled
via loop-corrections [569] we will limit ourselves to recasting the existing limits. For the
emission from a neutrino line we replace the axion neutrino coupling with gν = mν/fa.
Reference [569] found that depending on the flavor-structure g2

ν < O
(
10−6−7

)
which

translates to

fa > O(103) ×mν (5.42)

and is not restrictive at all.

5.5 Appendix: Unification

The DFSZ [229, 230] version of the original S.M.A.S.H. framework avoids the exotic
vector-like quarks by charging the SM quarks under PQ symmetry and was discussed
in [418]. Since this variant of S.M.A.S.H. only requires an additional gauge singlet sterile
neutrino N , one can embed the DFSZ-S.M.A.S.H. in a basic Grand Unified Theory (GUT):
One can choose SU(5) [25, 573] by introducing N as an additional singlet or pick the
larger SO(10) [24,573], where N fills the 16-dimensional spinorial representation together
with the other 7 Weyl spinors for one generation of the SM. For a Type I Dirac Seesaw
one can also find an SO(10)-embedding by introducing the SM gauge singlet vector-like
neutrinos as SO(10)-singlets [441]. In our case of S.M.A.S.H.E.D. the situation is not as
straight-forward, because we introduce vector-like fermions transforming non-trivially
under the SM gauge group. This is why we would need to fill additional multiplets of
e.g. SO(10), which comes at the price of introducing additional fermions for anomaly
cancellation. One can see, that there is no obvious GUT-embedding of our setup and
further work would be required to find one.

5.6 Appendix: Cosmology of S.M.A.S.H.

We briefly recapitulate the most important aspects of the cosmological history in the
S.M.A.S.H. framework [383,417,418].

5.6.1 Inflation and reheating

Scalar fields with a non-minimal coupling to scalar curvature [109, 110, 354--359] are
chosen as the inflationary scenario. In a two field model, such as the present setup
featuring the neutral component of H together with σ, the inflationary dynamics are
more complicated, which is why the authors of [383,417,418] worked out limiting cases,
in which effectively only one field is responsible for inflation. Because of the unitarity
problem [370--372] for pure Higgs inflation (HI) [366--368] reference [383] considered the
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inflaton to be either arising from the field σ (HSI scenario) or as a linear combination
of the neutral component of H and σ (HHSI scenario). One finds the valleys of the
potential, that are attractors for the inflationary trajectories, by inspecting the signs of
the following quantities [383]

κH ≡ λHσξH − λHξσ, κσ ≡ λHσξσ − λσξH . (5.43)

The relevant ranges are κH > 0 ∧ κσ > 0 (here ∧ is a logical “and”) for either HI or
HSI, whereas HHSI needs κH < 0 ∧ κσ < 0. Solving the unitarity problem requires
0 < ξσ . 1 [383] for the coupling to gravity. In this context and because of vacuum
stability (see 5.6.3) for HHSI one needs a trajectory that is parametrically close to the
HSI one, which can be achieved in the limit ξH � ξσ [383]. Then one finds that the
radial modes of the SM like Higgs and σ lead to the following inflationary trajectory [383]

ρσ
ρH

=

√
− λH
λHσ

+O
(
ξH
ξσ

)
, (5.44)

where λHσ < 0 is required for HHSI [383]. On the other hand λHσ > 0 selects HI and
HSI. In the HSI scenario non-thermal axions get produced during reheating after the non-
thermal restoration of PQ symmetry (see the next subsection 5.6.2). This scenario has a
reheating temperature of around 107 GeV that is so low that the axions never thermalize
(see section 5.8.1), leading to an abundance of dark radiation ∆Neff. ' 0.35− 1.6 [383]
which is excluded by observations [20]. Therefore only the HHSI scenario is viable. In
this regime the effective quartic coupling for inflation reads

λ̃σ ≡ λσ −
λ2
Hσ

λH
(5.45)

and it is bounded by [383]

5× 10−10 < λ̃σ < 5× 10−13, (5.46)

where the upper limit comes from the amplitude of primordial scalar perturbations and
the lower limit from the bound on the tensor to scalar ratio [20,104]. Reheating occurs
via damped inflaton oscillations in a quartic potential. The dominant channel is the
production of EW gauge bosons from the inflaton’s SM like Higgs component during zero
crossings of the oscillating condensate. The EW gauge bosons have effective inflaton
dependent masses and decay efficiently to SM fermions as the gauge boson masses increase
away from the crossings. During the zero crossings gauge boson production from the
resulting fermion bath is also efficient. Due to their mass gain and the fact that the
gauge bosons decay to fermions before they can loose this energy to the condensate
again, energy is efficiently drained from the inflaton to the SM fermion bath. Production
of the heavy exotic fermions occurs as well, but since their decays to SM fermions are
suppressed compared to the gauge bosons, their inclusion is negligible. The reheating
temperature can be estimated to be [383]

TRH ' 109 GeV ·

(
λ̃σ

10−10

) 5
8

·
(
g2 |λHσ| /(4λH)

0.03

) 5
8

, (5.47)
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where g is a shorthand for the EW gauge couplings and we used typical parameters from
the analysis of [383]. A recent reevaluation [574] of the preheating dynamics revealed
that one can no longer neglect the exponential growth of fluctuations of the SM like
Higgs after non-thermal restoration of PQ symmetry, because there are large fluctuations
in the singlet direction, whose imaginary part lowers the effective Higgs mass. The new
results [574] indicate that the reheating temperature can be as large as

TRH =
(
1012 − 1013

)
GeV. (5.48)

As it turns out the critical temperature for the PQ phase transition is Tc ' 0.01 fa [383],
which for fa < 1011 GeV lies below the reheating temperature in (5.48) meaning that
PQ symmetry is thermally restored in the HHSI case.

5.6.2 Axion dark matter

It is well known that the cosmological evolution of the axion depends on the fate of
PQ symmetry during inflation [575]. In S.M.A.S.H. one finds that PQ symmetry is
non-thermally restored during preheating [383] via the growth of σ-excitations that
destroy the coherence of the inflaton condensate as long as

fa . 4× 1016 GeV. (5.49)

In case PQ symmetry was not restored only the misalignment mechanism [83--85]
contributes to the axion DM abundance but this scenario leads to axion isocurvature fluc-
tuations, which are tightly constrained [363]. Requiring the absence of these fluctuations
imposes the condition [576]

fa < 1.4× 1014 GeV, (5.50)

implying that the non-restored scenario is ruled out. In the PQ restored scenario
there are contributions from both axion misalignment and the decay of the network
of topological defects (made up of domain walls and axionic strings see subsection
5.4.1) [445,453,454,577--580] which is unstable for NDW = 1. The contributions from
the misalignment mechanism and the decay of the topological defects fits the observed
DM relic density in the regime [383]

3× 1010 GeV . fa . 1.2× 1011 GeV, (5.51)

which corresponds to axion masses of [383]

50 µeV . ma . 200 µeV. (5.52)

A more recent study [581] found a compatible range of masses in the window 40 µeV ≤
ma ≤ 180 µeV. In the case that the entire axion relic abundance comes from misalignment
only, the precise value of the required axion mass for post-inflationary PQ breaking varies
from study to study and some examples are ma = (14.6± 0.1) µeV [582], ma = 18 µeV
[583] and ma = (25.2± 11.0) µeV [584]. We show the corresponding parameter space
14 µeV ≤ ma ≤ 200 µeV for the axion to photon coupling as the blue interval labelled
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“axion DM” in the orange “S.M.A.S.H.E.D.”-band in figures 5.3 and 5.4. If one abandons
the cosmological history of S.M.A.S.H. and assumes a sequestered sector for inflation,
then pre-inflationary PQ breaking is possible again. In that regime only the misalignment
mechanism is important and depending on the arbitrary initial misalignment angle
in principle all fa inside the “S.M.A.S.H.E.D.”-band could reproduce the DM relic
abundance. For the remainder of this work we will assume the S.M.A.S.H. cosmology.
In our construction the axion DM could decay to neutrinos via the interaction (5.38)
leading to the width

Γ (a→ νlνl) =
ma

16π

(
mνl

fa

)2

, (5.53)

where νl is the lightest neutrino with ma > 2 mνl and we neglected the phase space
suppression from the final state neutrino masses. The condition ma > 2 mνl can be
recast as a bound on fa

fa < 3× 107 GeV ·
(

0.1 eV

mνl

)
. (5.54)

In order to be a good DM candidate the axion lifetime needs to be longer than about
249.6 Gyr [89] which leads to the bound

fa & 600 TeV ·
( mνl

0.1 eV

) 2
3
. (5.55)

Since both conditions intimately rely on the unknown value of the lightest neutrino mass
and not the overall neutrino mass scale, we do not depict them in figures 5.3 and 5.4. If
we plug in our estimates for the lightest neutrino masses from the coming section 5.7.10
the bounds read

0.1 GeV < fa < 5× 1017 GeV for mνl ' 6× 10−12 eV, (5.56)

175 GeV < fa < 6× 1012 GeV for mνl ' 5× 10−7 eV. (5.57)

This agrees with the fa required for axion DM in (5.51).

5.6.3 Vacuum stability and Leptogenesis

The S.M.A.S.H framework can also deal with the instability of the EW vacuum in the
direction of the SM like Higgs by using the σ field to implement the threshold stabilization
mechanism [274,585]. Integrating out the radial mode of σ shifts the quartic coupling of
the SM like Higgs to

λ̃H ≡ λH −
λ2
Hσ

λσ
(5.58)

at energies below mhσ . The mechanism works for typical values of λ2
Hσ/λσ ∼ 10−2 [585].

Absolute stability of the tree level vacuum requires that λ̃H > 0 as well as λ̃σ > 0
(see (5.45)) [383]. Since σ couples to the exotic quarks and leptons, RGE effects from
these interactions could destabilize the scalar potential in the σ-direction if the following
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∆T = 0

∑
i ∆Li

≡ ∆L

∆D = −∆L ∆νR = −∆L

∆B = 55
148∆L

decay

decay

decay

weak sphaleron

time

washout scattering (slow)

Figure 5.5: Schematic representation of our Dirac-Leptogenesis scenario.

is not satisfied (assuming a hierarchical fermion spectrum and using the triplets as a
representative) [383]

MT < 0.3 · λ
1
4
σ · fa. (5.59)

Setting λσ ' 5 × 10−10 (from (5.46)) and fa = 1.2 × 1011 GeV (from (5.51)) as a first
estimate would then lead to MT < 1.7× 108 GeV. Since for gauge singlets such small
masses would be problematic with successful Leptogenesis, which requires [586]

MN & 5× 108 GeV, (5.60)

the authors of [383] invoke a small amount of resonant enhancement to generate enough
baryon asymmetry. As we will show in section 5.7 we do not need resonant enhancement
for our model. Since we assume that the lightest triplet already has a mass of 108 GeV,
the other triplets would not be allowed to remain heavier by a factor of 3-10 as is
commonly assumed because of (5.59). Therefore we would need to include them in the
cosmological analysis as well. However since the inflationary bounds in (5.46) affect only
λ̃σ defined in (5.45) and not λσ itself, we can relax the bound (5.59) on MT by adjusting
λHσ/λH . To be conservative we will assume that all exotic fermion masses are bounded
from above not only by fa but by 109 GeV.

5.7 Appendix: Dirac-Leptogenesis in S.M.A.S.H.E.D.

5.7.1 Overview

The idea of Leptogenesis in theories without lepton number violation and Majorana
masses was pionered by [117] and applied to a plethora of proposed models in [587--601].
Since the sphalerons only freeze out around the temperature of the EW crossover,
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which is far below the temperature range required for high scale Leptogenesis, we
work in the limit of unbroken SU(2)L. We consider the lightest triplet with a mass

MT ' 108 GeV � M
(2,3)
T ' O

(
109 GeV

)
and assume that any preexisting asymmetry

from the heavier triplets was washed out. Only the lightest exotic triplet and doublet
fermions, hereafter denoted as T and D, are present in the plasma together with the SM.
For each particle species we define

Σψ ≡
nψ + nψ

s
and ∆ψ ≡

nψ − nψ
s

(5.61)

in terms of the number densities for particles and antiparticles nψ,ψ and the entropy
density s. A schematic picture of our scenario can be found in figure 5.5. The universe
is initially symmetric with respect to B-L enforcing a vanishing asymmetry ∆T in
the fermionic triplets. Their decays T → LH and T → DH† generate equal and
opposite asymmetries in the SM leptons L and the heavy vector-like leptons D so that
∆L ≡

∑
i ∆Li = −∆D. Microscopically lepton number is conserved but since in the

plasma the weak sphalerons couple only to the left chiral L this will be the source of
lepton number violation needed for the Sakharov criteria [602]. In section 5.7.4 we explain
why the asymmetry in vector-like leptons can not be transferred into a baryon asymmetry
by the weak sphalerons because they do not contribute to the violation of B+L [603]
via the weak interaction. Consequently only ∆L can be converted into an asymmetry
in baryons ∆B, where the corresponding conversion factor will also be determined in
the aforementioned section. Since the vector-like leptons will be heavy with masses
above the EW scale they will decay to νR transmitting their asymmetry to these gauge
singlets, which do not couple to the weak sphalerons at all. At late times we recover
∆L = −∆νR demonstrating lepton number conservation. In order to preserve the SM
lepton asymmetry until the sphalerons freeze out at the electroweak phase transition we
must enforce that the 2→ 2 scattering processes that transform L into D are inefficient,
which will be investigated in 5.7.5.

5.7.2 CP violation

The relevant Feynman diagrams for generating the CP violating interference between the
tree- and one-loop-level contributions to the decay T → LH are depicted in figure 5.6.
In order to have a non-vanishing imaginary part for this interference term, the Cutkosky
rules [604] demand that the intermediate particles can go on shell. Therefore the decay
T → LH can only violate CP if the decay channel T → DH† is also open. Consequently
we must demand that MD < MT and take both channels into account. Another
consequence of our construction is that the same vertices generating the asymmetry in L
also lead to an asymmetry in D as can be seen from the analogous diagrams in figure 5.7.
We depicted the relevant kinematically allowed cut with a red dashed line in figures 5.6
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Figure 5.6: Feynman diagrams in the chiral basis for the CP violating decay of the

lightest triplet fermion into SM leptons L(i). Internal lines intersecting the
red dashed line are required to go on shell.
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Figure 5.7: Feynman diagrams in the chiral basis for the CP violating decay of the

lightest triplet fermion into the lightest exotic lepton D(1). Internal lines
intersecting the red dashed line are required to go on shell.

and 5.7. The tree-level decay widths are determined to be

Γ (T → LH) ≡
∑
α,β

∑
i

Γ
(
T a → Lαi H

β
)

=
MT

32π

(
Y †LTYLT

)
11
, (5.62)

Γ
(
T → DH†

)
≡
∑
α,β

Γ
(
T a → DαH† β

)
=
MT

32π
|(YTD)11|

2 (1− δ2
)
, (5.63)

where we summed over all SU(2)L indices of the final states as well as SM lepton flavors
i and introduced δ ≡M2

D/M
2
T . Each component T a with a = 1, 2, 3 has the same decay

width. Note the phase space suppression for a massive final state fermion ∝ 1 − δ2,
which is different from the case for a massive final state scalar where one would have
∝ (1− δ)2 instead. Decays to the doublets D could be suppressed with respect to the
leptonic mode by considering δ . 1 [605]. Both triplets and doublets will receive different
thermal corrections to their tree level mass owing to their different gauge interactions so
the mass ratio is not constant. However we will ignore thermal effects for this analysis.
We define the CP-conserving branching ratios to be

BL ≡
Γ (T → LH)

Γtot.
=

Γ
(
T → LH†

)
Γtot.

= 1− BD. (5.64)
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Here we also introduced the total decay width

Γtot = Γ (T → LH) + Γ
(
T → DH†

)
= Γ

(
T → LH†

)
+ Γ

(
T → DH

)
(5.65)

in terms of the the tree-level decay widths from (5.62). Using CPT invariance together
with unitarity one can show that for the matrix elements

|M(T → LH)|2 −
∣∣∣M(T → LH†)

∣∣∣2 =
∣∣M(T → DH)

∣∣2 − ∣∣∣M(T → DH†)
∣∣∣2 , (5.66)

holds true, which implies that the asymmetries for both channels are equal and opposite

ε ≡
Γ (T → LH)− Γ

(
T → LH†

)
2Γtot

= −
Γ
(
T → DH†

)
− Γ

(
T → DH

)
2Γtot

, (5.67)

because the phase-space factors divide out. Let us emphasize that the combined asym-
metry of all three SM lepton flavors equals the asymmetry stored in one generation of
D. We compute all imaginary parts using the Cutkosky prescription [604]. We split the
asymmetry into a piece for the vertex correction and a piece for the self-energy correction
(second and third diagrams in figures 5.6 and 5.7)

εL,D =
∑
k 6=1

Im
[(
Y †LTYLT

)
1k

(YTD)k1

(
Y †TD

)
11

]
(
Y †LTYLT

)
11

+ |(YTD)11|
2 (1− δ2)

(
IVL,D + ISL,D

)
(5.68)

They read for the Lepton doublet with xk ≡M
(k) 2
T /M2

T

IVL = −
√
xk

8π

(
1− δ − (1 + xk) Log

(
1 +

1− δ
xk

))
, ISL =

√
xk

8π

1− δ2

1− xk
. (5.69)

For the D we have IVL = −IVD and ISL = −ISD. Note that because of the Cutkosky
rule both expressions rely on a D from the T decay going on-shell so they vanish for
δ → 1. We checked that the asymmetry parameter for L reduces to the Type III Seesaw
result [606] in the limits δ → 0 and YTD → YLT :

IVL + ISL

∣∣∣
δ=0

= −
√
xk

8π

(
1− (1 + xk) Log

(
1 +

1

xk

)
− 1

1− xk

)
. (5.70)

Unlike the case for a decaying gauge singlet, here there is a relative minus sign between
the loop factors from the vertex- and self-energy-corrections [606]. The diagram involving
an intermediate first generation triplet does not contribute in equation (5.68) because
for k = 1 we find the following combination of couplings(

Y †LTYLT

)
11

(YTD)11

(
Y †TD

)
11

=

3∑
i=1

(
Y †LT

)
1i

(YLT )i1 |(YTD)11|
2 (5.71)

=

3∑
i=1

|(YLT )i1|
2 |(YTD)11|

2 , (5.72)

which is purely real.
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5.7.3 Enhancement of the asymmetry parameter

We can find a simpler expression in the case of (infinitely) hierarchical triplets xk � 1:

εL ' −
1

16π

∑
k 6=1

Im
[(
Y †LTYLT

)
1k

(YTD)k1

(
Y †TD

)
11

]
(
Y †LTYLT

)
11

+ |(YTD)11|
2 (1− δ2)

√
1

xk
(1− δ2), (5.73)

which (for δ � 1) is smaller by a factor of 3 compared to the singlet case due to relative
sign between both contributions [606]. If we assume that the couplings responsible for
the decay of the lightest triplet in (5.62) are real valued then we may trade them for the
branching ratios to obtain

εL ' −
MT√
3 16π

√
BLBD(1− δ2)

3∑
i=1

∑
k 6=1

Im [(YLT )ik (YTD)k1]

M
(k)
T

, (5.74)

where the factor of
√

3 takes into account that we assume the same (YLT )i1 for three
generations i of SM leptons. By maximising the branching ratios BL = BD = 1/2 and
neglecting the phase space suppression (δ � 1) we find

εL ' −
MT√
3 32π

3∑
i=1

∑
k 6=1

Im [(YLT )ik (YTD)k1]

M
(k)
T

(5.75)

which is completely independent of the couplings for the tree level decay in (5.62).
The Yukawas determining the cosmological evolution of the triplets and their out of
equilibrium conditions discussed in the next section in (5.109) are therefore different from
the couplings appearing in the asymmetry. Unlike in most Majorana Seesaw models we
can not just use the Casas-Ibarra parametrization [607] to trade the Yukawa couplings
for expressions from the available low energy neutrino data. This would allow one to set
an upper bound on ε a la Davidson-Ibarra [606,608]:

|εL| ≤ εDI max
L =

1

16π

MT (m3 −m1)

v2
H

< 3× 10−9 ·
(

MT

108 GeV

)
·
( m3

0.1 eV

)
, (5.76)

where m3 and m1 are the heaviest and lightest active neutrino respectively. This occurs
since the triplet decay rate does not involve the coupling YDR to νR needed to reconstruct
the neutrino mass matrix. Instead we find the following “effective mass” parameter

m̃i1 ≡
∑
k 6=1

(YLT )ik (YTD)k1

v2
H

M
(k)
T

(5.77)

' 60 keV ·
∑
k 6=1

(
|(YLT )ik|
O(1)

)
·
(
|(YTD)k1|
O(1)

)
·

(
109 GeV

M
(k)
T

)
(5.78)

playing the role of m3 in our case. This parameter can be much larger than in the usual
models, because it is missing a suppression factor of YDRvH/MD compared to the active
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neutrino mass scale. Hence we will be able to generate a significantly larger asymmetry
than the O

(
10−9

)
for MT ' 108 GeV without having to invoke the limit of resonant

Leptogenesis where M
(1)
T ≈ M

(2,3)
T [426]. To quantify this enhancement we utilize our

optimized asymmetry from (5.75) and decompose the Yukwawa couplings into their real
parts and phases:

|εL| '
1

32
√

3π

∑
i

∑
k 6=1

MT

M
(k)
T

|(YLT )ik| |(YTD)k1| |sin ((αLT )ik + (αTD)k1)| . (5.79)

Since the absolute value of the sine is bounded from above we get an upper limit of

|εL| . |εmax
L | = 1

32
√

3π

∑
i

∑
k 6=1

MT

M
(k)
T

|(YLT )ik| |(YTD)k1| (5.80)

' 5.7× 10−4 ·
∑
i

∑
k 6=1

(
MT /M

(k)
T

1/10

)
·
(
|(YLT )ik|
O(1)

)
·
(
|(YTD)k1|
O(1)

)
. (5.81)

If we assume that the sum on the right hand side is flavor-independent and that there are
no accidental cancellations we obtain an additional factor of six to that |εL| . 3× 10−3.
Note that we did not assume any resonant enhancement from the self energy diagrams for
mass degenerate generations of triplets [426]. Thus our scenario provides an alternative
approach to resonant Leptogenesis [426] for enhancing the asymmetry parameter. Since
(5.80) depends only on the ratio of masses, we could even try to realize the neutrino
masses by integrating out twice as many species of exotic fermions lowering their mass
scale closer to the TeV range. We conclude that due to our sequential Seesaw needing
two species of heavy mediators we were able to generate a lepton asymmetry that can
potentially be up to six orders of magnitude larger than in conventional models for
MT ' 108 GeV. Note that this asymmetry still satisfies the perturbativity requirement
|εL| � 1 that is assumed when deriving the semi-classical Boltzmann-equations in 5.7.6.

5.7.4 Sphaleron redistribution coefficient

Once an asymmetry in e.g. the SM leptons is created one has to take into account how
this asymmetry is redistributed to the rest of the fermions and the SM Higgs via gauge
and Yukawa interactions that are in equilibrium. These fast spectator processes lead
to conservation laws for the individual number densities nψ, which for ultra-relativistic
fermions (bosons) ψ (and their anti-particles ψ) can be expressed in terms of their
chemical potentials µψ via the relation

nψ − nψ =
µψgψ

3
T 2

{
1
2 for fermions

1 for bosons
, (5.82)

whereas for a massive particles the appropriate relation would be [609]

nψ − nψ =
µψgψ
π2

T 2F±

(mψ

T

)
, with F±(x) ≡

∫ ∞
x

dy
y
√
y2 − z2ey

(1± ey)2
(5.83)
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where the + (-) applies for bosons (fermions). We will work in the regime TEQ '
O (100 GeV) � T < 108 GeV and since we need to be above the EW phase transition
for the sphaleron transition to occur we can work in the regime of unbroken electroweak
symmetry where the chemical potential of the gauge bosons is µW = 0 and components
of the same multiplet have the same chemical potential [610]. For the SM we include
3 generations of q, u, d, l, e and one Higgs H. At temperatures below 108 GeV all SM
Yukawa interactions are in equilibrium [611] and for simplicity we neglect all flavor effects
and assign generation-independent chemical potentials. For the SM the appropriate
conditions read [610,612]

• hypercharge neutrality of the plasma

3 (µq + 2µu − µd − µl − µe) + 2µH = 0 (5.84)

• SU(2)L sphalerons

3µq + µl = 0 from Osph. = Π3
i=1liqiqiqi (5.85)

• SU(3)c sphalerons
2µq − µ− µd = 0 (5.86)

• SM Yukawa interactions

µl − µH − µe = 0 from LHe, (5.87)

µq − µH − µd = 0 from QHd, (5.88)

µq + µH − µu = 0 from QH̃u. (5.89)

Note that since all Yukawa interactions equilibrate the SU(3)c sphaleron condition (5.86)
becomes redundant as it is jus the sum of (5.88) and (5.89). As we have six potentials
and only five conditions we can express five chemcial potentials in terms of a sixth. We
choose the potential for the total baryon minus lepton number for three generations in
the SM

µB−LSM
= 2µq + µu + µd − 2µl − µe, (5.90)

because it is not washed put by the weak sphalerons and recover the famous relations

µB =
28

79
µB−LSM

, µLSM
= −51

79
µB−LSM

. (5.91)

Next we add the additional BSM particles. We start with three gauge singlets νR. The
previous conditions are unchanged, but since our theory conserves B-L we have to impose
this on the potentials

µB−Ltot = µB−LSM
− µνR = 0, (5.92)

which by itself would lead to [117]

µB = µLtot =
28

79
µB−LSM

. (5.93)
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However we also add the lightest two vector-like doublets (DL, DR) with Y = 1/2 and
lepton number 1. The heavier doublets will be Boltzmann suppressed. We assume that
the interaction σDLDR was in equilibrium at high temperatures and since after Peccei-
Quinn breaking we have µσ = 0 we conclude that µDL = µDR ≡ µD. The hypercharge
neutrality condition is modified to

3 (µq + 2µu − µd − µl − µe) + 2µH + 2µD = 0, (5.94)

where the factor of two for µH appears because the scalar Higgs has different quantum
statistics compared to the fermions and the factor two for µD appears because of the two
chiralities we add. We furthermore demand that their coupling to νR is in equilibrium
so that there is no population of stable heavy leptons (see section 5.7.5)

µD − µH − µνR = 0 from DLHνR. (5.95)

Since the Ds are leptonic doublets we expect them to couple to the weak sphaleron
transition. Naively one would expect to replace µl the condition (5.85) with −µD, because
of the opposite hypercharge. However the pair of vector-like fermions (DL, DR) does not
contribute to the U(1)B+L ⊗ SU(2)2

L anomaly. Reference [603] computed the effective
sphaleron mediated operators and since the vector-like leptons do not lead to B+L
violation the modified sphaleron vertex will still correspond to a ∆ (B+L) = 6 transition
like the original in (5.85) and only involves a pair of vector-like leptons

OSM+VL
sph. I =

(
Π3
i=1liqiqiqi

)
DLDR. (5.96)

One can see that this vertex does not lead to new constraints on the chemical potential
and that the asymmetry in D can not be converted into a baryonic asymmetry. Let us
continue with the conservation of the total B-L

µB−Ltot = µB−LSM
− µνR −

4

3
µD = 0, (5.97)

where the factor of 4/3 arises because of the two doublets DL,R and there is only one
generation of heavy doublets in the plasma compared to the three generations of the SM
quarks, leptons and νR. Moreover the Boltzmann equations in section 5.7.6 respect the
conservation of total lepton number see (5.134) as well. Solving the system of equations
of (5.94),(5.95) and (5.97) together with the previously mentioned conditions on the SM
chemical potentials we arrive at

µB = µLtot =
55

148
µB−LSM

, µD =
201

592
µB−LSM

and µνR =
81

148
µB−LSM

. (5.98)

The conversion factor for generating B from B− LSM of 55/148 ' 0.37 is only slightly
larger than the SM result 28/79 ' 0.35.
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5.7.5 Analytical estimates

We can determine the asymmetry in SM leptons from T decays to be [303]

∆L = 3 · κ · |εL| · ΣT (T �MT ) , (5.99)

where the factor of 3 comes from the three components of the decaying triplet [606] and
we have

ΣT (T �MT ) = 4 · 135ζ(3)

8π4g∗(T �MT )
(5.100)

with a spin degeneracy factor of 4 because T is a Dirac fermion and g∗(T �MT ) = O(100)
is the effective number of degrees of freedom in entropy. Using this we find that a baryon
abundance of

nB
s

= csph.∆L, (5.101)

where the sphaleron redistribution coefficient in this model is determined in equation
(5.98) of section 5.7.4

csph. =
55

148
. (5.102)

Using that s = 7.04 nγ together with conservation of nB/s one obtains a Baryon-to
photon ratio ηB today of [303]

ηB =
nB
nγ

∣∣∣
today

' 6.1× 10−2 · κ · |εL| , (5.103)

In this context κ is the so called efficiency factor, which penalizes the triplets staying
close to thermal equilibrium, as this would violate Sakharov’s first condition [602]. Its
functional form can be approximated as

κ ' ΣT (T �MT )

Σeq.
T (T �MT )

∣∣∣
T=TFO

, (5.104)

where TFO is the temperature at which the last interactions that changes the leptonic
asymmetry freezes out. Decaying particles far away from equilibrium are still as abundant
as radiation at TFO �MT so ΣT (TFO �MT ) ' Σeq.

T (TFO �MT ) which implies κ ' 1
as long as they do not dominate the energy density of the universe. In case they do
one can even have κ ∼ g∗ � 1 [613]. As a consequence of their weak scale gauge
interactions the triplets will have an initial thermal population after reheating so that
κ < 1. The penalizing effect can be seen if one considers a fully thermalized triplet with

ΣT (TFO �MT ) ' Σeq.
T (TFO �MT ) which would imply κ ∼ e−

MT
TFO � 1. If we compare

our estimate to the value extracted from BBN and Planck data [90]

ηB = (6.143± 0.190)× 10−10 (5.105)

we find that we need an efficiency factor of

κ & 1.8× 10−5 ·
(

5.7× 10−4

|εL|

)
. (5.106)
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Efficiency parameter

The task is now to show that our model can realize a cosmological history that leads to
the required value of κ. Before we do so numerically we will find the required parameters
using analytical arguments. Around T = MT the distribution function of a thermalized
fermion would change from its Fermi-Dirac shape to a Maxwell-Boltzmann distribution
leading to the non-relativistic expressions for its number density etc. On the other hand
a fermion that decoupled at T �MT would keep its relativistic Fermi-Dirac distribution,
provided that the fermion self interactions also have decoupled. Hence T = MT is the
right epoch to quantify the deviation from thermal equilibrium needed to satisfy the
Sakharov conditions. We define the customary decay parameter from the decay widths
in (5.62)

K ≡
Γ (T → LH) + Γ

(
T → DH†

)
H(T )

∣∣∣
T=MT

(5.107)

and introduce the effective Yukawa coupling

Y ≡
√(

Y †LTYLT

)
11

+ |(YTD)11|
2 (1− δ2) (5.108)

Then we re-express the Yukawa coupling in terms of the decay parameters

Y ' 4× 10−4 ·
√

K

100
·
(
g∗(MT )

100

) 1
4

·
√

MT

108 GeV
(5.109)

for later convenience. If the triplet had no gauge interactions the Sakharov criteria would
be satisfied for an out of equilibrium decay with K � 1 implying κ ' 1. The efficiency
for a decaying fermion with EW gauge interactions can be estimated as [606,613]

κ ' Min

(
1,

1

K
,

MT

1012−13 GeV
Max (1,K)

)
. (5.110)

Since we consider MT � 1012 GeV the efficiency will always be less than unity. In
principle there are three regimes and we can understand the parametrics in terms of the
last process to decouple from equilibrium:

1. Weak washout from inverse decays:
K � 1

(
Y � 3.5× 10−5

)
for which κ ∼MT /1012−13 GeV ∼ 10−4−5

The gauge interactions lead to annihilation processes TT ↔WW, FF , where W are the
SU(2)L gauge bosons and F = H,L,Q are the SM Higgs and Fermion doublets. Naively
one would expect that this violates Sakharov’s first condition, however one should not
forget that the gauge scatterings will eventually drop out of equilibrium. The thermally
averaged scattering rate Γ

(
T T ↔WW,FF

)
= γ

(
T T ↔WW,FF

)
/neq.

T can obtained
from the expression (5.143) in the section and we find

MT

T gaug.
FO

' 17 for MT = 108 GeV. (5.111)
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The regime K � 1, also known as the regime of weak washout from inverse decays
LiH, DH

† → T , corresponds to a situation where the (inverse) decays are slow when
the T s freeze out from gauge interactions at typical values of MT /T

gaug.
FO ' O(20).

Consequently the frozen out abundance of T s decays out of equilibrium. The factor
κ ∼MT /1012−13 GeV ∼ 10−4−5 measures the abundance of triplets surviving the gauge
annihilations.

2. Strong washout from inverse decays
K & 105

(
Y & 1.3× 10−2

)
for which κ ∼ 1/K . 10−5

In the regime of strong washout from inverse decays K � 1, the gauge interactions can
freeze out before the inverse decays drop out of equilibrium. One can show that the
approximate freeze out temperature is is [303]

MT

T dec.
FO

' 5×
√

Log(K) (5.112)

We find that the inverse decays freeze out after the gauge scatterings for K & 105 and the
efficiency factor corresponds to the one in the strong washout regime κ ∼ 1/K . 10−5

for vanilla Leptogenesis.

3. Intermediate regime
1 < K < 105

(
3.5× 10−5 < Y < 1.3× 10−2

)
for which

κ ∼ Min
(
1/K,K ·MT /1012−13 GeV

)
In the intermediate regime there is a non-negligible amount of decays during the an-
nihilation phase. These lead to less efficient gauge-annihilations thus creating an
efficiency κ ∼ Min

(
1/K,K ·MT /1012−13 GeV

)
, which can be larger by up to a fac-

tor of K than the weak washout regime. This means that for K ∼ 100 we get
κ ∼ K · MT /1012−13 GeV ∼ 10−2−3, which is the largest enhancement possible as
larger K & 1000 will lead to κ ∼ 1/K . 10−3.

Comparing with (5.106) we conclude that the weak washout regime
(
κ ∼ 10−4−5

)
might

be efficient enough to realize Leptogenesis, whereas the strong washout regime
(
κ . 10−5

)
being less efficient by up to a factor of ten and might not work even with the largest
possible asymmetries. The intermediate regime can have a larger efficacy

(
κ ∼ 10−2−3

)
than for weak washout so Leptogenesis will definitely work in this regime. For more
precise estimates we will determine the relevant Boltzmann equations in 5.7.6 and solve
them in section 5.7.9.
The numerical results of [606] for the case of Majorana triplets indicate that for the consid-
ered range of triplet masses MT = 108 GeV the maximal efficiency is κmax. ' O

(
10−3

)
,

which agrees with the previous conclusions. Note that this number was calculated for
self-conjugate fermions, that also have a different washout scattering process as will be
discussed in section 5.7.5. The low efficiency together with the Davidson-Ibarra bound
on the asymmetry parameter in (5.76) is the reason why Majorana triplet Leptogenesis
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Figure 5.8: Diagrammatic representation of the relevant washout processes DH ↔ LH

involving leptons L and exotic leptons D. The diagrams for LD ↔ HH are
obtained via crossing symmetry.

is only possible for MT > 1.4× 1010 GeV [606]. However in section 5.7.9 we will nu-
merically demonstrate that our Dirac-scenario is successful even for MT = 108 GeV due
to larger asymmetry parameter and the fact that the decaying particle is not self conjugate.

Additionally there could be annihilations of the triplet into the PQ scalars TT ↔
hσhσ, a a, hσa [614, 615]. We find that they are slow compared to the Hubble rate at
T = MT as long as

fa > O
(
1010 GeV

)
·
(

MT

108 GeV

) 3
4

·
(

100

g∗(MT )

) 1
8

, (5.113)

which is in agreement with the parameters needed for axion DM in (5.51).

Washout scattering and heavy vector-like leptons

The defining feature of the original Dirac-Leptogenesis scenario is that the efficient
conversion of the asymmetries in L into νR would spoil Baryogenesis, as sphalerons
do not act on the νR. However for a coupling LH†νR this only occurs much after the
sphaleron freeze-out due to the tiny Yukawa coupling connecting both to the SM Higgs
H [117]. In our scenario before EWSB these fermions couple to three H instead of one
via the dimension six operator in (5.20) so the following three body scattering is possible

Γ
(
L νR ↔ HH†H

)
∼ 1

32π2

(
mν

v3
H

)2

T 5. (5.114)

The above was estimated using dimensional analysis and the prefactor is an educated
guess to take the three-body phase space into account. Two body annihilations of two
Higgses into νLνR are only possible after the SM Higgs gets a vev so the sphalerons are
already frozen out and this process is irrelevant for Leptogenesis. Three body annihilations
decouple from the bath at around

T 2→3
FO ' 2.3× 106 GeV ·

(
0.1 eV

mν

) 2
3

, (5.115)

where we emphasize that this is just an order of magnitude estimate. As demon-
strated earlier the triplets only decouple from gauge and Yukawa interactions around
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TFO 'MT /O(20) ' 5× 106 GeV (see equations (5.111) and (5.112)) for any asymmetry
to develop. We expect the 2→ 3 processes to be slow enough in this regime to disregard
them compared to the next washout processes.

The scattering processes DH ↔ LH depicted in figure 5.8 and LD ↔ HH are less
suppressed compared to the previous process because they are two body reactions and
lack the factors of YDR/MD to form the neutrino mass. The existence of these scatterings
is also required by the Cutkosky rule from the diagrams in 5.6, 5.7 and our estimate for
the rate is (see (5.139) for the cross section)

Γ
(
LiD ↔ HH

)
∼ Γ (LiH ↔ DH) ∼ 1

16π

(
YLTY

†
LT

)
ii

(
Y †TDYTD

)
11

T 3

M
(k) 2
T

. (5.116)

We demand that this rate is slow compared to the Hubble rate at T = MT /20, which as
explained before is the relevant temperature scale for Leptogenesis, provided that

(YLT )i1 (YTD)11 < 5 · 10−4 ·
√

MT

108 GeV
·
(
g∗ (MT /25)

100

) 1
4

. (5.117)

Since we assume that MT � MD it may not be valid to neglect the D mass at this
temperature T � MT . If we set Y ' (YLT )i1 ' (YTD)11 the bound implies Y . 10−2,
which is compatible with K . 104 see equation (5.109). The two benchmarks K � 1
and K = 100 are therefore safe from this washout process and we expect it to matter
only for the region K ∼ 105. For exchange of a heavier triplet T (k) (k 6= 1) the estimate
changes to

(YLT )ik (YTD)k1 < 1.5 · 10−3 ·

√
M

(k)
T /MT

10
·
√

MT

108 GeV
·
(
g∗ (MT /25)

100

) 1
4

. (5.118)

We note that the bound (5.117) can be satisfied for the range (YLT )ik ∼ 0.5 needed
for the active neutrino masses in (5.21) if one considers (YTD)k1 . 10−2 for k 6= 1 .
Now this is devastating for the asymmetry as (5.80) gets reduced by three orders of
magnitude and an efficiency of at least κ ' 2× 10−2 would bee needed, which might be
out of reach. However so far we have assumed that the doublet D is relativistic at the
temperature MT /20, which does not have to be true. Since the processes LD ↔ HH
and LH ↔ DH require an on-shell D they are Boltzmann-suppressed at T < MD and

therefore decouple exponentially with e−
MD
T . The D are kept in equilibrium until MD/20

by their EW gauge interactions. This leads to a quantitatively different behaviour when
compared to the analogon for vanilla Leptogenesis: Here the so called ∆L = 2 processes
LL ↔ HH and LH ↔ LH† (via an intermediate sterile neutrino N ) can destroy the
asymmetry in L down to temperatures of the electroweak scale. This occurs because
their reaction rate densities only involve relativistic fermions as initial and final states
so the rate is suppressed by a factor of (T/MN )2 [616]. We rewrite the scattering rate
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using a non-relativistic number density

Γ
(
LiD ↔ HH

)
∼ Γ (LiH ↔ DH) (5.119)

∼

(
YLTY

†
LT

)
ii

(
Y †TDYTD

)
11

16πM
(k) 2
T

(
MDT

2π

) 3
2

e−
MD
T (5.120)

and find that we can relax the constraint on the Yukawas down to

(YLT )i1 (YTD)11 . O(0.1) for δ =
M2
D

M2
T

& 0.08, (5.121)

and similarly for (YLT )ik (YTD)k1 both in agreement with our previous assumption δ � 1.
Therefore we need a doublet that is less than one order of magnitude lighter than the
lightest triplet and for concreteness we will set δ = 0.1.

Since the doublets D contain electrically neutral particles and eventually decouple
from their gauge interactions, they are a good candidate for thermal WIMP dark matter.
However we want to use the axion to generate the observed DM relic abundance (see
section 5.6.2) and additional (meta-)stable fermions could overclose the universe. This
is why we have to demand that the decays of the D to lighter particles occur rapidly
enough. The most straightforward decay channel is to νR and total decay rate reads

Γ (D → νRH) ≡
∑
i

Γ (Dα → νR iH
α) =

MD

16π

(
YDRY

†
DR

)
11
, (5.122)

where the rate is equal for both components of the doublets and we can also define a
decay parameter

KDR ≡
Γ (D → νRH)

H(T )

∣∣∣
T=MD

(5.123)

to see that

(YDR)1i ' 7× 10−4 ·
√
KDR

10
·
(
g∗(MD)

100

) 1
4

·
√

MD

3× 107 GeV
. (5.124)

For the remainder of this work we set KDR = 10.

5.7.6 Boltzmann equations

The definition of the cross sections can be found in section 5.7.7 and the parameterization
for CP-violating rates densities can be found in section 5.7.8. Of central importance are
the decays and inverse decays encoded in [299]

γtot. ≡ 3 Σa eq.
T

K1(z)

K2(z)
Γtot. =

3gTM
3
T

2π2z
K1(z)Γtot., (5.125)
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where Γtot. was defined in (5.65) and K1,2(z) denotes the special Bessel functions of the
first and second kind. Here Σeq.

T = 3 Σa eq.
T is the total number density of all three triplet

components a = 1, 2, 3. We used the rescaled temperature z ≡MT /T . In this context we
denote the thermally averaged density of the CP-conserving decay width Γ (D → HνR)
from (5.122) as γDR and the gauge scattering rate (5.143) as γA. Special care needs to
be taken with the inclusion of the washout scattering processes arising from the same
Yukawas as the decays: The reactions LD ↔ HH occurring in the t-and u-channels
can be computed by the usual methods and will be denoted as γTt+u . As detailed in
section 5.7.8 we need to remove the contribution of the on-shell triplet from the s-channel
diagrams for the reactions LH ↔ DH and their conjugates. This is necessary as the
decays and inverse-decays of the intermediate on-shell triplets are already accounted for
by the decay term ∝ γtot.. Without this subtraction the Boltzmann equations would
show unphysical behaviour such as generating asymmetries in equilibrium. One way
to understand the appearance of this double counting problem is that the Boltzmann
equations are essentially classical, whereas the cross sections and decay widths are
computed using quantum physics. As outlined in 5.7.8 the CP-conserving rate density
will be given by [427]

γsub.
Ts+t = γTs+t −BLBDγtot.. (5.126)

This structure can be understood by using a Breit-Wigner propagator for the unstable
intermediate triplet and using the narrow width approximation for the propagator of T a

on resonance [303]

|Da
s (s)|sub. 2 ≡

∣∣∣∣ 1

s−M2
T + iMTΓtot.

∣∣∣∣2 − πδ(s−M2
T )

MTΓtot.
. (5.127)

The coupling Y 2
LT then reconstructs BL. The coupling Y 2

TD together with 1− δ2 arising
from expanding the numerator of the matrix element for Γtot./MT � 1 reconstructs
BD. For more details consult section 5.7.7. Furthermore we only include the lightest
intermediate triplet in the rates γsub.

Ts+t
+ γTt+u , as the effects of the heavier triplets are

suppressed by

M2
T /M

(2,3) 2
T . 0.11 for M

(2,3)
T = (3− 10) MT .

Our treatment for the asymmetry generation ignores all flavor and finite tempera-
ture effects. The impact of spectator processes responsible for washout, such as the
ones from the SM lepton Yukawa couplings, is encoded in the sphaleron redistribution
coefficient from section 5.7.4. We linearize the asymmetries in the small CP violating
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parameter εL and find the following system of coupled non-linear Boltzmann equations:

zHs
dΣT

dz
= −2γA

(
Σ2
T

Σeq. 2
T

− 1

)
− 2γtot.

(
ΣT

Σeq.
T

− 1

)
, (5.128)

zHs
d∆T

dz
= −2γtot.

(
∆T

Σeq.
T

− BL
∆L

Σeq.
L

− BD
∆D

Σeq.
D

)
,

zHs
d∆L

dz
= 2γtot.

[
εL

(
ΣT

Σeq.
T

− 1

)
+ BL

(
∆T

Σeq.
T

− ∆L

Σeq.
L

)]
(5.129)

− 2
(
γsub.
Ts+t + γTt+u

)( ∆L

Σeq.
L

− ∆D

Σeq.
D

)
,

zHs
d∆D

dz
= 2γtot.

[
−εL

(
ΣT

Σeq.
T

− 1

)
+ BD

(
∆T

Σeq.
T

− ∆D

Σeq.
D

)]
(5.130)

+ 2
(
γsub.
Ts+t + γTt+u

)( ∆L

Σeq.
L

− ∆D

Σeq.
D

)
− 2γDR

(
∆D

Σeq.
D

− ∆νR

Σeq.
νR

)
,

zHs
d∆νR

dz
= 2γDR

(
∆D

Σeq.
D

− ∆νR

Σeq.
νR

)
. (5.131)

A couple of more comments are in order: First of all it is worth pointing out that in case
of thermal equilibrium ΣT = Σeq.

T and vanishing initial asymmetries ∆T = ∆L = ∆D = 0
no lepton asymmetry is produced in either channel. This is in complete accordance with
Sakharov’s criteria [602] and provides a useful consistency check. Since the asymmetry in
D is already O (εL) it can be transmitted to the νR bath via CP conserving decay γDR.
We do not include a Boltzmann equation for ΣL,ΣD,ΣνR as they follow their equilibrium
distributions for the relevant temperatures (see section 5.8.2 for the interactions of νR).
In principle one should also include all scattering processes involving one gauge vertex
and one of the Yukawa interactions like e.g. T W → LH, D†H or scattering of T with
the charged SM fermions. These will be important at temperatures T & MT because
they require on shell triplets and contribute to the thermalization of T . However since
we already include gauge annihilations for the thermalization and further estimated that
Leptogenesis occurs far later at T .MT /20 their addition is negligible.

For particles which are not self conjugate the Boltzmann equations depends on Σ
and ∆ so new effects are possible when compared to the equations for e.g. decaying
heavy Majorana neutrinos [427]. This is why there is an equation for the asymmetry in
T in (5.128), which only depends on the other asymmetries. If we add the equations for
all four asymmetries we find

zHs
d

dz
(∆T + ∆L + ∆D + ∆νR) = 0. (5.132)

This sum rule implies

∆T (z) + ∆L(z) + ∆D(z) + ∆νR(z) = const., (5.133)
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where the constant is independent of z. For our case the appropriate initial conditions
are vanishing initial asymmetries for each species so that we deduce that the constant
term is actually zero. The sum rule can be represented in terms of chemical potentials

µT + µL + µD + µνR = 0, (5.134)

which can be interpreted as the conservation of the total lepton number in both the SM
and PQ sectors. We find that the structure of our Boltzmann equations agrees with the
ones presented in [589], which also respect lepton number conservation.

5.7.7 Cross sections and rate densities

The relevant cross sections are given in terms of the following dimensionless variables

δ ≡
(
MD

MT

)2

, x ≡ s

M2
T

, r ≡
√

1− 4

x
, ω ≡ Γtot.

MT
(5.135)

and read

• process LD → HH possible in the t− and u-channel:

σt+u =
3

8πM2
T

(
x− δ

x2(1 + x− δ)
− Log(1 + x− δ)

x2(2 + x− δ)

)
(5.136)

=
3

8π

{
1

2M2
T

for s�M2
T

1
s for s�M2

T

(5.137)

• subtracted cross section (see section 5.7.6) for the process LH → DH possible in
the s− and t−channel:

σsub.
s+t =

M2
T

32πx2
(x2 − δ2)

3∑
a=1

|Da
s (s)|sub. 2 (5.138)

+
3

16πM2
Tx

2

(x− δ)((x− 1)(−2 + (x− 1)x+ δ) + (1 + x)ω2)

(1 + x− δ)((x− 1)2 + ω2)

+
3

16πM2
Tx

2

(−2 + 2x+ ω2)Log(1 + x− δ)
(1− x)2 + ω2

=
3

16π

{
1

2M2
T

for s�M2
T

1
s for s�M2

T

(5.139)

where for all a = 1, 2, 3

|Da
s (s)|sub. 2 ≡

∣∣∣∣ 1

s−M2
T + iMTΓtot.

∣∣∣∣2 − πδ(s−M2
T )

MTΓtot.
. (5.140)

For the numerical evaluation it is convenient to carry out the thermal average of the
subtracted matrix element (5.127) rather than to subtract the densities appearing
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in (5.126). We follow the methods of [303] and use the following representation
of the δ-distribution which decreases faster than the propagator away from the
resonance

δ(y) =
2ρ3

π (y2 + ρ2)
with y =

s

M2
T

− 1, (5.141)

where ρ� 1. Since we find Γtot./MT < 10−5 we are always in the narrow width
regime and may set ρ = Γtot./MT [303].

• process TT →WW,FF , where W are the SU(2)L gauge bosons and F represents
the SM fermion doublets [606]:

σW =
g4

2

πM2
Tx r

2

(
3r

(
1 +

2

x

)
− r

(
4 +

17

x

))
(5.142)

+
3g4

2

πM2
Tx r

2

(
1 +

4

x
− 4

x2

)
Log

(
1 + r

1− r

)
For non-relativistic triplets the gauge scattering rate density can be approximately
written as [617,618]

γ
(
T T ↔WW,FF

)
= 4× MTT

3

32π3
e−2

MT
T

(
cs + 3

T

MT
(cp + cs) +O

(
T 2

M2
T

))
,

(5.143)
where we inserted a factor of four by hand to take into account that Dirac triplets
have twice as many internal degrees of freedom as Majorana ones (see (5.147)).
Furthermore

cs =
111

8π
g4

2 and cp =
51

8π
g4

2 (5.144)

are the s- and p-wave coefficients from the non-relativistic velocity expansion.

5.7.8 CP-violating rate densities

γtot is the thermal average of Γtot in equation (5.65) computed via [303]

γ (ψ → . . . ) =
(
neq.
ψ + neq.

ψ

) K1(z)

K2(z)
Γ (ψ → . . . ) (5.145)

where we introduced z ≡ mψ/T and K1,2(z) denotes the special Bessel functions of the
first and second kind. The equilibrium number density of a particle ψ reads [311]

neq.
ψ (z) = gψ

T 3

π2


ζ(3) for bosons with T � mψ,
3
4ζ(3) for fermions with T � mψ,
z2K2(z)

2 for T � mψ,

(5.146)

with gψ being the spin degeneracy of ψ. For scattering processes with a cross section σ
the appropriate thermally averaged density in the Maxwell-Boltzmann approximation is
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found to be [208,311]

γ (a+ b↔ i+ j + . . . ) = gagb
T

32π4

∫ ∞
smin

ds s
3
2λ

(
1,
m2
a

s
,
m2
b

s

)
K1

(√
s

T

)
σ, (5.147)

with ga,b denoting the spin degeneracies of particles a, b and

λ(a, b, c) ≡ (a− b− c)2 − 4bc (5.148)

together with smin = max
[
(ma +mb)

2 , (mi +mj + . . . )2
]
. We parameterize the CP-

violating thermally averaged decay widths in the following way [427]

γeq. (T → LH) = γeq.

(
LH† → T

)
= (BL + εL) γtot (5.149)

γeq.

(
T → LH†

)
= γeq. (LH → T ) = (BL − εL) γtot (5.150)

γeq. (T → DH) = γeq.

(
DH† → T

)
= (BD − εL) γtot (5.151)

γeq.

(
T → DH†

)
= γeq. (DH → T ) = (BD + εL) γtot (5.152)

which follows from CPT invariance and the definition of ε. The CP conserving branching
ratios of the decay widths are defined in (5.64). Furthermore the same branching ratios
apply to the CP conserving part of γeq./γtot. because the factors from the thermal
averages divide out. Washout scattering mediated by T occurs at the same order in the
perturbative expansion as the generation of ε. The washout rate can be decomposed into
two contributions γTs+t and γTt+u . Because of CPT invariance the rate densities for the
following reactions only possible in the t- and u-channel have to satisfy

γ
(
LD → HH

)
= γ

(
H†H† → LD

)
≡ γTt+u (5.153)

and the reactions possible in both the s- and t-channel satisfy

γ
(
DH† → LH†

)
= γ (LH → DH) , (5.154)

γ (DH → LH) = γ
(
LH† → DH†

)
. (5.155)

Here the s-channel contribution to the washout scattering γTs+t involves intermediate on
shell T s whose decays and inverse decays are already accounted for in the Boltzmann
equation. Therefore we have to perform real intermediate state (RIS) subtraction to
remove the on shell contribution [299,303,619] which can be expressed as [303]

γ (LH → DH)eq. = γTs+t − γeq. (LH → T ) BR (T → DH) , (5.156)

γ
(
LH† → DH†

)
eq.

= γTs+t − γeq.

(
LH† → T

)
BR

(
T → DH†

)
, (5.157)

and we expand the CP violating branching ratios in the subtracted rates to leading order
in εL:

γ (LH → DH)eq. = γTs+t −BLBDγtot. + εL γtot. +O
(
ε2
L

)
(5.158)

γ
(
LH† → DH†

)
eq.

= γTs+t −BLBDγtot. − εL γtot. +O
(
ε2
L

)
(5.159)
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Due to these relations we define the following object [427]

γsub.
Ts+t = γTs+t −BLBDγtot. (5.160)

5.7.9 Numerical results

Due to the larger number of parameters compared to standard Leptogenesis we refrain
from scanning over the parameter space and rather present select benchmark points
illustrating the phenomenology. To do so we integrate the Boltzmann equations between
z ≡ MT /T ∈ [1/100, 100] and use the initial conditions that all asymmetries vanish
and that ΣT follows its equilibrium value due to its unavoidable gauge interactions for
T < 1012 GeV. For concreteness we set

MT = 108 GeV and MD = 3× 107 GeV, (5.161)

which corresponds to δ = 0.1 � 1. We will investigate the three regimes outlined in
5.7.5 and use K = 0.01, 100 and 105 as benchmark values for the decay parameter.
For the most part we will consider BL = BD = 1/2 but in the strong washout regime
(K = 105) we find interesting new effects for BL 6= BD. In case of BL = BD we can
vary the asymmetry parameter εL independently of the couplings for the tree-level decay,
which are encoded in BL,D. For the scenario BL 6= BD we will use the parameterization
εL = εmax.

L

√
4BLBD(1− δ2) from (5.74). Additionally we take the decays of D to νR to

be fast and fix KDR = 10 which corresponds to YDR = 7× 10−4. We use the analytical
estimate in (5.143) for the gauge interactions of the triplet, which overestimates the
correct rate for z . 0.1 by a factor of two but works excellently for the non-relativistic
regime where the freeze-out occurs. The left plots in figures 5.9-5.13 show the evolution
of the decay rate densities γL,D ≡ BL,Dγtot. as well as the gauge scatterings γA and the
washout scattering terms γsub.

Ts+t
, γTt+u divided by Hs, because that is the combination of

parameters appearing in the Boltzmann equations (5.128). A value of γ/Hs < 1 is slow
on cosmological time scales and the corresponding process will be inefficient.3 For all
numerical benchmark points we find that the washout scatterings from γTt+u and γsub.

Ts+t
are always slow and orders of magnitude smaller than the smallest decay rate density
(see e.g. figures 5.12 and 5.13) for z . 50. Hence we use BLBRγtot. as a conservative
estimate for the washout terms γsub.

Ts+t
+ γTt+u , which is similar to reference [589], who

employ γtot. instead. We chose BLBRγtot. as the washout scatterings are bounded from
above by Min(BL, BD)γtot.. Since the resulting asymmetries will all be ∼ εL we rescale
ΣT (z)− Σeq.

T (z) by a factor of εL to plot them in the same figure with the asymmetries.
Additionally we rescale all leptonic asymmetries ∆L,∆νR ,∆D,∆T by the sphaleron
redistribution coefficient from (5.101) to ease the visual comparison to the observed
baryon asymmetry ∆obs

B = ηB/7.04 ' 10−10 from (5.105).

3Note that γ/Hs has the same units as Γ/H, where Γ is the decay width or scattering rate Γ ≡ γ/neq.
ψ

for a particle ψ with equilibrium number density neq.
ψ in the initial state. Since for non-relativistic

ψ the density neq.
ψ will be Boltzmann suppressed instead of scaling like radiation neq.

ψ ∼ nγ ∼ s, the
freeze-out temperature found from Γ(TFO)/H(TFO) < 1 in section 5.7.5 will in general be different than
the temperature when γ/Hs < 1.
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Figure 5.9: Rate densities (top) for K = 0.01, BL = BD = 1/2,(
YLT = YTD = 9.1× 10−6

)
, εL = 6.5× 10−4 and leptonic yields (bottom).

Weak washout regime

We fix K = 0.01 and BL = BD = 1/2 corresponding to YLT = YTD = 9.1 × 10−6. In
the weak washout-regime the gauge annihilations are the last reaction to decouple form
thermal equilibrium, as can be seen in the left plot of 5.9. Since decays and inverse
decays are slow, washout will also be slow and the leptonic asymmetry can freeze-in [82]
undisturbed. The right figure in 5.9 illustrates the evolution of the asymmetries: First
around z < 1 equal and opposite amounts of ∆L and ∆D are generated. The asymmetries
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track the deviation of the triplet abundance from equilibrium ΣT − Σeq.
T . Then the

asymmetry in D is transmitted into ∆νR via decays, which is why the corresponding
red line starts later at z ∼ 5. Since the triplet is a Dirac fermion it can develop an
asymmetry itself via inverse decays of ∆L,∆D. Owing to the fact that we take these
decays to be slow the resulting ∆T is small compared to the other asymmetries and the
deviation from equilibrium. As the gauge interactions decouple around z ∼ 10, the triplet
abundance does not get restored from here on out and since the out-of-equilibrium decays
become faster than the out-of-equilibrium gauge annihilations for z ∼ 20, the frozen out
abundance decays away, explaining the sharp decrease in the triplet abundance ΣT at
z & 20. The asymmetry production asymptotes to its final value around this time as there
are no more triplets left to decay. After all the triplets and doublets have decayed away
only L and νR remain. As expected from lepton number conservation we find that the
asymptotic values satisfy ∆L = −∆νR . We stop the evolution at z = 100 corresponding
to T = MT /100 long before the sphaleron decoupling because the leptonic asymmetries
are conserved after the T,D have decayed. We can reproduce the observed baryon
asymmetry today ∆obs

B = ηB/7.04 ' 10−10 from (5.105) for an asymmetry parameter of
εL = 6.5× 10−4 corresponding to an efficiency of κ ' 2× 10−5 from (5.106) in line with
our estimate κ ' 10−4−5.

Intermediate Regime

In this regime the decays of the triplet are not negligible during the gauge annihilation
phase. Here we fix K = 100 and BL = BD = 1/2 corresponding to YLT = YTD =
9.1× 10−4. The evolution of ∆L is more complicated than in the weak washout-regime
owing to the washout from faster inverse decays, which decouple around the same
time as the gauge interactions. This is also why a larger ∆T more comparable to
εL ·

(
ΣT (z)− Σeq.

T (z)
)

is generated when compared to the previous benchmark. We fit
the observed baryon asymmetry for εL = 2.7× 10−5 analogous to κ ' 4× 10−4. This
efficiency is indeed larger by an order of magnitude than in the weak washout regime,
but not quite as large as our analytical estimate from section 5.7.5.

Strong washout regime

For the strong washout regime we fix K = 105. In the first scenario we retain
BL = BD = 1/2 which can be realized for YLT = YTD = 2.9 × 10−2. The left plot
in 5.11 shows that indeed the decays are the last interaction to decouple now. Decays
and inverse decays are faster than both the annihilations and the Hubble rate only for
z ∼ 6− 30. The right plot in the same figure illustrates the evolution of the asymmetries
for the maximum possible value of εL = 3 × 10−3 from (5.80). All asymmetries and
ΣT − Σeq.

T reach their maxima at z ∼ 6, when the (inverse) decays overtake the gauge
annihilations, and decrease afterwards. Once γL decouples at z ∼ 30 the asymmetry
in ∆L approaches a constant instead of continuing to decrease. This occurs because
inverse decays depleting ∆L are slow now (and eventually there are no more triplets left
to decay producing ∆L), analogous to the well known freeze-out scenario for thermal
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Figure 5.10: Rate densities (top) for K = 100, BL = BD = 1/2,(
YLT = YTD = 9.1× 10−4

)
, εL = 2.7× 10−5 and leptonic yields (bottom).

dark matter production. This is in agreement with Sakharov’s conditions [602], since
the lepton asymmetry would continue to decrease to zero if the inverse decays depleting
them remained in equilibrium forever after z ∼ 6. Here even for the maximum of
εL we can not reproduce the observed baryon asymmetry. This happens because of
too much washout from inverse decays and as a consequence we have a small efficacy
κ ∼ 1/K ∼ 10−5. However this is not the end for the strong washout regime. As
explained in the previous subsections the larger amount of washout will produce a larger
∆T and we will make use of this fact to obtain the required efficiency. This behaviour
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Figure 5.11: Rate densities (left) for K = 105, BL = BD = 1/2(
YLT = YTD = 2.9× 10−2

)
, εL = 3× 10−3 and leptonic yields (right).

Figure 5.12: Rate densities (left) for K = 105,BL = 0.999, BD = 10−3(
YLT = 4.1× 10−2, YTD = 1.2× 10−3

)
, εL = 1.7×10−3

√
4BLBD(1− δ2) =

4.7× 10−5 and the leptonic yields (right).

Figure 5.13: Rate densities (left) for K = 105, BL = 10−5, BD = 0.99999(
YLT = 1.3× 10−4, YTD = 4.1× 10−2

)
, εL = 9× 10−5

√
4BLBD(1− δ2) =

2.2× 10−7 and the leptonic yields (right).

was first observed for decaying scalar triplets in the context of Type II Seesaw Leptogen-
esis [427]. The authors of [427] found that the lepton asymmetry produced by the decay
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of a non-self-conjugate particle with two decays modes is washed out only if both decay
modes are faster than the Hubble rate. Our previous choice BL = BD actually leads
to the most amount of washout [427]. We will demonstrate this for two concrete examples:

The first benchmark for the same decay parameter has BL = 0.999 � BD = 10−3

implying YLT = 4.1× 10−2, YTD = 1.2× 10−3. The behavior depicted in the right plot
of figure 5.12 can be understood as follows: First equal and opposite asymmetries in L,D
are produced. However since BL � BD we find that ∆L is washed out by the fast inverse
decays LH → T , whereas a large ∆D develops undisturbed. Of course the asymmetry in
D is transmitted to νR via the fast decays. The sum rule for lepton number conservation
in (5.134) then enforces that

∆D + ∆νR = −∆L −∆T , (5.162)

which means that the asymmetry in the D, νR subsystem is compensated by an equally
large asymmetry of opposite sign in the L, T subsystem. When ∆T eventually decays it
gets predominantly transferred to ∆L again because of BL � BD. The baryon asymmetry
is successfully generated for εL = 1.7× 10−3

√
4BLBD(1− δ2) = 4.7× 10−5, where we

used a value close to the maximum possible asymmetry of 3× 10−3. The difference to the
BL = BD case can also be understood if one notices that the triplet asymmetry in 5.11 is
smaller than their deviation from equilibrium εL ·

(
ΣT (z)− Σeq.

T (z)
)
. For BL � BD on

the other hand we can see from 5.12 that ∆T actually becomes much larger so that ∆L

starts to track its behaviour.

The second benchmark has BL = 10−5 � BD = 0.99999 implying YLT = 1.3 ×
10−4, YTD = 4.1 × 10−2 and was depicted in figure 5.13: For BD � BL a large
initial asymmetry in L can freeze-in and is not washed out. The triplet asymmetry is
predominantly produced by inverse decays DH → T now. For equal K we find that ∆T

is about an order of magnitude smaller for BD � BL compared to BL � BD, because
the inverse decay of D to T has to compete with its fast decay to νR. Lepton number
implies that

∆L = −∆D −∆νR −∆T . (5.163)

When the triplets decay away ∆T decays primarily to ∆D because of BD � BL, and
∆D decays to ∆νR so again ∆νR = −∆L is produced. Note that here we had to rescale
ΣT (z)− Σeq.

T (z) by the larger εmax
L and not εL to fit it in the same plot with the other

yields, since otherwise it would have been smaller than 10−14. This again illustrates that
∆T becomes the driving force for this mode instead. This benchmark fits the baryon
asymmetry for εL = 9× 10−5

√
4BLBD(1− δ2) = 2.2× 10−7. From this we see that the

required εL/
√

4BLBD(1− δ2) can be made smaller the more hierarchical the branching
ratios BL/BD are.

We conclude by noting that Dirac-Leptogenesis with a decaying fermion naturally
realizes all the ingredients needed for the previously mentioned “quasi optimal efficiency”-
scenario [427]: Since the decaying fermion is of Dirac nature it can have an asymmetry
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itself and because of CPT and unitarity (see (5.66)) it needs to have two separate decay
modes to generate the leptonic asymmetry parameter. The efficiency increases if their
branching ratios are different.

5.7.10 Lightest neutrino mass

For the previously mentioned benchmarks MT = 108 GeV and MD = 3× 107 GeV we
can use the Yukawa couplings YLT , YTD required for the different washout scenarios in
subsection 5.7.5 to estimate the lightest neutrino mass. The third Yukawa was fixed to
YDR ' 7× 10−4 to allow for fast decays of the vector-like doublets see (5.124). Assuming
no accidental flavor cancellations we find

mνl ' 5× 10−3 eV · YLTYTD (5.164)

=

{
6× 10−12 eV for weak washout YLT ' YTD ' 3.5× 10−5,

5× 10−7 eV for strong washout YLT ' YTD ' 1.3× 10−2,
(5.165)

where the couplings refer only to the lightest doublet and triplet and we assumed equal
branching ratios. The lightest neutrino mass eigenstate is substantially lighter than
the cosmological limit on the total neutrino mass of

∑
νmν . 0.12 eV [20] and can be

treated as massless for all intents and purposes. This outcome is generic in Leptogenesis
scenarios [249] due to the small couplings required for out of equilibrium decay.

5.8 Appendix: Dark radiation

In the SM the number of relativistic neutrinos is found to be [67--72]

Neff. = 3.0440± 0.0002, (5.166)

where a small deviation from the value expected for three generations arises as the
neutrino decoupling from the SM bath around MeV temperatures is not instantaneous.
The abundance of dark radiation is typically parameterized in terms of the effective
number of additional neutrinos ∆Neff.. The value inferred from the observed abundance
of light elements produced during Big Bang Nucleosynthesis [20] is

NBBN
eff = 2.95+0.56

−0.52. (5.167)

Combined analyses of the current Planck CMB data together with Baryon Accoustic
oscillations found [20]

NPlanck+BAO
eff = 2.99+0.34

−0.33, (5.168)

which can be translated into

∆NPlanck+BAO
eff. ' 0.28. (5.169)

The upcoming CMB Stage IV experiment [332,333] and NASA’s PICO proposal [335]
have a sensitivity forecast of

∆Nproj.
eff = 0.06. (5.170)
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There is also the planned CORE experiment by the ESA [336] as well as the South
Pole Telescope (SPT) [330] and the Simons observatory [331], which both aim to reach
∆Neff. . 0.12.

5.8.1 Contribution of the axion

The QCD axion does not reach thermal equilibrium via its couplings to the SM leptons:
Reactions like ν ν ↔ Z a and ν e+ ↔W+ a would only ever thermalize at temperatures
far below the Z- and W±-boson masses, because the rates are suppressed with m2

ν/f
2
a .

Three body processes like ν ν ↔ ν ν a avoid the production of heavy on-shell EW gauge
bosons but are too slow to ever matter due to the previously mentioned tiny couplings.
Production of two axions via ν ν ↔ a a is even more suppressed. References [620--622]
showed that the axion decouples from its unavoidable strong interactions with the
quark-gluon-plasma at

T dec.
a ' 1.7× 109 GeV ·

(
fa

1011 GeV

)2.246

. (5.171)

In the HHSI scenario PQ symmetry is broken at Tc ' 0.01 fa [383], which occurs after
reheating for the typical range of fa < 1011 GeV and the reheating temperature given
by (6.77). Since both the critical temperature and the reheating temperature are larger
than the decoupling temperature T dec.

a , the axions will have had a thermal abundance
in the early universe. Their contribution to the amount of dark radiation can then be
estimated to be [383]

∆Neff. ' 0.027 ·
(

100

g∗ (T dec.
a )

) 4
3

, (5.172)

which is an order of magnitude below the current bound of (5.169).

5.8.2 Contribution of the right handed neutrinos

The production of right handed neutrinos is driven by the YDR Yukawa coupling to
the heavy doublet fields D in equation (5.15). Since the doublets have SU(2)L ⊗U(1)Y

gauge interactions they will develop a thermal abundance at high temperatures and can
produce νR from decays and scattering. Even after the temperature drops below the
lightest D mass there are still processes like H†H ↔ νRνR producing νR and keeping
them in thermal equilibrium via off-shell D-exchange. On dimensional grounds we can
estimate the interaction rate for the aforementioned process for T �MD as

Γ(T �MD) ∼
Y 4
DRT

16π
(5.173)

and find that it comes into thermal equilibrium at a temperature of

Tcoupl. ' 1.2× 1012 GeV ·
(
YDR
0.1

)4

·

√
100

g∗(Tcoupl.)
. (5.174)
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We therefore expect a thermalized population of νR after reheating at around 109 GeV
(see (5.47)). Since this process is not Boltzmann-suppressed with the heavy D-mass
it can still be effective until temperatures T � MD. In this regime we estimate the
interaction rate to be

Γ(T �MD) ∼
Y 4
DR

16πM2
D

T 3, (5.175)

where we neglected the Higgs mass and find that it drops out of thermal equilibrium at

TFO ' 10 TeV ·
(

0.1

YDR

)4

·
(

MD

108 GeV

)2

·
√
g∗(TFO)

100
. (5.176)

As this temperature is above the electroweak crossover it was self-consistent to neglect
the mass of H. For a freeze-out before EWSB we can estimate the contribution of Nν

decoupled νR generations to the present day energy density in radiation as [348]

∆Neff ' 3 · 0.027 · 2 · 7

8
·
(

100

g∗(TFO)

) 4
3

= 0.142. (5.177)

We did not include the predicted asymmetry in νR because it is of the order of the small
baryon asymmetry and negligible compared to the equilibrium abundance. Together
with the contribution from the axion we have ∆Neff ' 0.17 which is allowed by current
data see (5.169) and will be probed by next generation experiments. An intriguing way
to make our model of Dirac neutrinos compatible with the projected sensitivity (5.170)
would be to invoke additional entropy dilution after the decoupling of the right handed
neutrinos, which would suppress ∆Neff by a factor ∆ > 1. This mechanism has been
used in the past to dilute the overabundance of thermalized keV-scale sterile neutrino
dark matter in gauge theories [301,623] needing ∆ ∼ 100. Another application of entropy
dilution is to bring the gravitino abundance in accordance with the reheating temperature
required for vanilla Leptogenesis for ∆ ∼ 103 − 104 [415]. The main ingredient would
be a long-lived particle decaying far from equilibrium leading to an intermediate matter
dominated epoch [467]. Since this particle needs to decouple while relativistic to produce
sufficient entropy it should not have gauge interactions. This leaves only the radial
mode of the PQ breaking field hσ, which could be long-lived via its decays to the SM
like Higgs. However the required scalar potential couplings would spoil (5.46) so that
inflation and reheating in the HHSI scenario (see section 5.6.1) would cease to work.
Hence we do not consider a long-lived hσ further and treat the rather large value of
∆Neff ' 0.17 from the axion and three νR as an observational signature to distinguish
our scenario from models involving either only a light scalar or only right handed neutrinos.

The smoking gun signature for this model would be observation of such a large ∆Neff

together with a signal in experiments probing the axion to photon coupling that is
enhanced by an order of magnitude compared to the regular QCD axion band (see
(5.36)).
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5.9 Appendix: Summary

• Dirac neutrino masses:
We constructed Dirac neutrino mass model in the Seesaw spirit, where all heavy
particles have masses from the PQ breaking scale and no new scalar besides the
PQ breaking singlet is needed. To do so we introduce heavy leptons in the form
of electroweak doublets D and triplets T . Unlike most models we generate the
neutrino masses not via a dimension five operator but rather at dimension six.
The only fundamental scales of this model are the EWSB scale vH and the PQ
scale vσ which can be identified with the axion decay constant fa. The lightest
Dirac neutrino is approximately massless due to the Yukawa couplings required for
Leptogenesis.

• Axion to photon coupling:
Our model involves vector-like fermion that are anomalous with respect to PQ
symmetry. They boost the coupling of the QCD axions to a pair of photons by
around an order of magnitude (see equation (5.36)) relative to conventional models
and can be probed by current experiments such as HAYSTAC, ORGAN and QUAX
or future searches by MADMAX, BRASS or ADMX. The new fermions do not
lead to phenomenologically relevant Landau Poles for the SM gauge couplings.

• preserving the attractive features of S.M.A.S.H.: The model is compatible
with the cosmological history outlined of the original S.M.A.S.H. scenario [383,417,
418] such as successful inflation, reheating and axion DM from both misalignment
and topological defect decay. Our new heavy fermions do not spoil the stability of
the scalar potential.

• Dirac-Leptogenesis: We found an alternative for resonant Leptogenesis [426]
when it comes to enhancing the leptonic asymmetry parameter εL in (5.80) by
up to six orders of magnitude. Whereas a Majorana triplet fermion needs to
have a mass of at least 1010 GeV our enhanced asymmetry allows for successful
Leptogenesis even with 108 GeV masses. The phenomenology is qualitatively and
quantitatively different from the case for Majorana fermions since the triplets
can develop asymmetries themselves via washout processes. Choosing different
branching ratios for the triplet decays to L and D allows for the “quasi optimal
efficiency”-scenario first discussed for decaying scalar triplets in [427]. We identified
four parameter regions that reproduce the observed baryon to photon ratio.

• Dark radiation:
Our setup involves an axion and three right handed neutrinos that were thermalized
in the early universe producing a large value of ∆Neff. ' 0.17 which will be probed
and potentially excluded by next generation CMB experiments such as CMB-
S4, PICO, SPT or the Simons observatory. ∆Neff. can be used to distinguish
our construction from models involving only a light scalar (∆Neff. ' 0.028) like
the original S.M.A.S.H. or only right handed neutrinos (∆Neff. ' 0.142 for three
generations).
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6 The Type II Dirac Seesaw Portal to the
mirror sector:

Connecting neutrino masses and a solution
to the strong CP problem

6.1 Contribution and Context

The following chapter is based on the single-author publication

Phys.Rev.D 106 (2022) 11, 115018, arXiv: 2209.14246 [hep-ph]

and the author of this thesis was responsible for the conception and implementation of
all aspects of the publication.

In this project the aim was to develop my own version of the Type II Seesaw mech-
anism [32--36], which involves an electroweak triplet scalar with hypercharge Y = 1
(the lepton doublet has Y = −1/2) as the messenger that generates the active neutrino
masses via a threshold correction. Such a hypercharged triplet would decompose into
electrically neutral as well as singly- and doubly-charged scalar fields. The conven-
tional expectation due to this model and the two-loop Zee-Babu model [624, 625] is
that the detection of a doubly charged scalar would be circumstantial evidence for the
mechanism behind Majorana neutrino masses. Following from the observation that
a scalar transforming in the fundamental of two different SU(2) factors, a so called
bidoublet, can have the same electric charge matrix as a weak triplet, if it is also charged
under an abelian symmetry that contains hypercharge, we investigated the gauge group
SU(2)L ⊗ SU(2)′ ⊗U(1)X. This setup involves mirror copies of all SM fermions and the
Higgs. Here SU(2)′ ⊗ U(1)X is broken down to hypercharge by the vev of the mirror
Higgs H ′. This model is known as the mirror sector extension of the SM [626,627] (we
do not copy QCD and hypercharge though) and is distinct from the left-right-symmetric
model SU(2)L ⊗ SU(2)R ⊗U(1)B-L [628--632], because we employ SU(2)-singlet fermions
and all mirror fermions have opposite abelian charge compared to their typical B-L
charges. The neutrinos in L and the mirror neutrinos in L′ are connected via the tiny
induced vev of the bidoublet and we do not add any singlet neutrinos. Thus the Dirac
nature of the neutrino mass is a consequence of the underlying gauge symmetry and
particle spectrum. In principle there can exist couplings between SM and mirror charged
leptons, but here we use an additional discrete symmetry to avoid them, meaning that
the bidoublet acts as the only portal between the two sectors. A motivation behind
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the mirror sector construction is that it allows to solve the strong CP problem via a
discrete exchange symmetry [633]. Unlike in the minimal left-right-symmetric model [634]
here there is no spontaneous CP-violation from the bidoublet vev and we estimate that
the two- and three-loop corrections to the strong CP angle are subleading compared to
corrections from only SM fields, which already are below all current and near future
limits from the neutron’s electric dipole moment. Our scenario requires a high scale of
v′ = (109 − 1012) GeV for the spontaneous breaking of the discrete exchange symmetry
and consequently also a super-heavy bidoublet with a mass above v′. These high scales
suppress the contribution of the new states to low energy lepton-flavor-violating rates
and leptonic magnetic moments. The mirror electron has a mass above 20 TeV and
could be detectable at next generation colliders. In order to avoid large relic abundances
of electrically charged mirror particles as well as mirror hadrons in general, we have to
assume that the reheating temperature is below the mass of the lightest mirror particle,
also implying that there is no thermal bidoublet abundance. (The same argument also ex-
cludes dark matter from the mirror sector.) This together with the large v′ automatically
suppresses the production of the right handed neutrinos, which would contribute to dark
radiation. There are no mirror photons or mirror gluons in our setup, whose production
is typically in tension with bounds on dark radiation [635]. If there is more than one
copy of the bidoublet then Dirac Leptogenesis occur from resonantly enhanced [593]
decays of the lightest bidboublet during reheating. Alternatively we sketch a version of
the Affleck-Dine mechanism: This mechanism would be operative if a linear combination
of the electrically neutral bosons housed by the two doublets and the bidoublet plays
the role of the inflaton and a certain kind of higher dimensional operator with a phase
dependence is present. To summarize we introduce

• a bidoublet with the same electric charge matrix as the Majorana Type II Seesaw
triplet

• a scenario where the bidoublet vev does not spoil the solution to the strong CP
problem

• a comologically viable mirror sector

• a scenario for resonant, non-thermal Dirac Leptogenesis and potentially Affleck-Dine
Dirac Leptogenesis

6.2 Appendix: Abstract

We present a version of the Type II Seesaw mechanism for parametrically small Dirac
neutrino masses. Our model starts from an SU(2)L ⊗ SU(2)′ ⊗U(1)X gauge extension of
the Standard Model involving a sector of mirror fermions. A bidoublet scalar with a very
small vacuum expectation value connects the SM leptons with their mirror counterparts
and we can identify the mirror neutrino with the right-handed neutrino. Similar to the
conventional Type II Seesaw, our particle spectrum features singly- and doubly-charged
scalars. The strong CP problem is solved by a discrete exchange symmetry between the
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ν ν ′

Φ

〈H〉 〈H ′〉

Figure 6.1: Diagrammatic representation of the Type II Dirac Seesaw mechanism. ν (ν ′)
is embedded in the doublet l (l′). The mirror neutrino ν ′ plays the role of
the right-chiral neutrino and the heavy scalar Φ is integrated out.

two sectors that forces the contributions of quarks and mirror quarks to the strong CP
phase to cancel each other. We discuss the low-energy phenomenology, comment on the
cosmological implications of this scenario and indicate how to realize successful Dirac
Leptogenesis.

6.3 Appendix: Introduction

The Type II Seesaw mechanism [32--36] offers an approach to parametrically small
neutrino masses, that is somewhat orthogonal to Type I Seesaw schemes involving
fermionic messengers [26--30]. For Majorana neutrino masses, one needs to incorporate a
weak isotriplet field with hypercharge −1. One finds that the vacuum expectation value
(vev) v∆ of the super-heavy scalar triplet ∆ with mass µ2

∆ is induced by the vev v of
the Standard Model (SM)-like Higgs v∆ ' κv2/µ2

∆, where κ is the dimensionful coupling
for the term κH∆H. This occurs because after H gets a vev, the aforementioned
term biases the triplet potential in one direction such that a non-trivial minimum
can appear despite the fact that µ2

∆ > 0. Since such a triplet breaks the custodial
symmetry of the SM scalar potential, its vev is tightly constrained to lie below the
GeV scale [636] by the observed ratio of the W± and Z boson masses encoded in the
ρ-parameter [637]. A typical feature of such scalar extensions for either tree- or loop-
level Majorana neutrino masses [625,638,639] is the presence of double charged scalars
whose production at colliders provides a smoking gun signature for these scenarios. As
so far there is no compelling experimental or theoretical indication to consider only
Majorana neutrinos, the field of Dirac model building has received renewed attention in
the last years. It is possible to construct Dirac equivalents of all conventional Seesaw
mechanisms [436, 640]. The usual approach for light Dirac neutrino masses is to start
with a symmetry forbidding the tree-level mass term from the Standard Model (SM)
Higgs doublet. Small neutrino masses at tree-level can then be realized by inducing a
small vev for a new Higgs doublet [49--51,641]. In gauge extensions of the SM like the
left-right symmetric model (LRSM) SU(2)L ⊗ SU(2)R ⊗ U(1)B-L [628--632] or mirror-
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6 Type II Dirac Seesaw

sector constructions [626, 627], the role of the doublet can be played by a bidoublet
field [642--644], whereas in SU(3)C ⊗ SU(3)L ⊗ U(1)X models [645] Higgs triplets of
SU(3)L are needed [646,647]. In contrast to the Majorana case with its doubly-charged
scalars, these scenarios feature only singly-charged ones, which are quite generic from a
beyond the Standard Model (BSM) perspective. In this work we set out to close this
gap by constructing a Dirac neutrino mass model with the same singly- and doubly-
charged scalar spectrum as the original Type II Seesaw. The new scalar will also play
an important role for Leptogenesis. Our starting point is the original mirror fermion
scenario of reference [633] that was designed to solve the strong CP problem with the
help of a discrete exchange symmetry. In recent years it was shown [648,649] that one
does not need to copy the entire SU(2)⊗U(1) structure of the SM, but that the gauge
group of the form SU(2)L ⊗ SU(2)′ ⊗ U(1)X similar to the LRSM is already enough.
While the proposal [648,649] used additional singlet fermions to form a Type I Seesaw,
our approach is to include the following bidoublet scalar

Φ =

ϕ0
1 ϕ−2

ϕ−1 ϕ−−2

 ∼ (1,2,2,−1) (6.1)

that couples to the SM and mirror leptons that are doublets under the two different
SU(2) groups via the interaction Yν lΦ

†l′. The scalar potential contains a trilinear
term involving all Higgs multiplets κHΦ†H ′ (see (6.9) and (6.20) for the potential) that
induces a small vev far below the electroweak scale

vΦ ' −
κ v v′√

2µ2
Φ

� v, (6.2)

where µΦ � v, v′ is the bare mass of Φ and v (v′) the vev of H (H ′). In this context
we introduced the dimensionful parameter κ < 0. The neutrino mass is given by
mν = YνvΦ/

√
2 without the need for small Yν and figure 6.1 depicts a diagrammatic

representation of this mechanism. After introducing the discrete symmetry and the
particle spectrum in section 6.4, we deal with the vacuum structure and the bosonic
masses in sections 6.5 and 6.7. The strong CP problem is the focus of section 6.8 and we
demonstrate that loop corrections from the bidoublet do not spoil the symmetry-based
solution to this problem. Following a brief discussion of low-energy constraints in 6.9 we
consider the cosmological implications of our setup, especially for Dirac Leptogenesis in
6.10. The entire scalar potential and its minimization can be found in sections 6.6-6.6.2
together with the sufficient conditions for vacuum stability in section 6.6.3. Section
6.10.5 gives some additional details about the effective operator needed for Affleck-Dine
Leptogenesis.

6.4 Appendix: The model

This solution to the strong CP problem hinges on a discrete exchange symmetry called
generalized Parity [650] or Higgs-Parity [648, 649] that acts on the SM and mirror sector
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6.4 Appendix: The model

field SU(3)C SU(2)L SU(2)′ U(1)X Z3 generations

l 1 2 1 −1/2 ω2 3

e 1 1 1 1 ω 3

q 3 2 1 1/6 − 3

u 3 1 1 −2/3 − 3

d 3 1 1 1/3 − 3

H 1 2 1 −1/2 − 1

Φ 1 2 2 −1 − 1

l′ 1 1 2 −1/2 ω 3

e′ 1 1 1 1 ω2 3

q′ 3 1 2 1/6 − 3

u′ 3 1 1 −2/3 − 3

d′ 3 1 1 1/3 − 3

H ′ 1 1 2 −1/2 − 1

Table 6.1: Charges and representations for the SM and mirror sector fields as well as the
bidoublet Φ. All spinors are left-chiral and we use the notation of [22]. We

use ω ≡ e
2πi
3 .

(indicated by a prime) via

ψ(t, ~x)→ iσ2 ψ
′∗(t,−~x), (6.3)

where σ2 is the second Pauli matrix contracted with the spinor index, which is absent
for the bosonic fields. Note that this symmetry is distinct from the typical exchange
symmetry between both sectors, as every SM matter field is interchanged with the
CP-conjugate of the corresponding mirror field [651]. The symmetry exchanges the SU(2)
gauge fields with each other. For the gluon and the X boson the symmetry just acts on
the spacetime arguments. Φ gets mapped to its own CP-conjugate. The transformation
properties of all fields are summarized in table 6.1.

� Addendum: Yang-Mills thories with a topological θ-term are invariant under
C [652]. This is why one can solve the strong CP-problem by either imposing CP [653,654]
or P [633]. One should keep in mind, that for Weyl spinors (and without mirror fermions)
C acts by exchanging e.g. the e (left-chiral electron) with e (left chiral positron), whereas
CP would map e to e† (right-chiral positron). �
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6 Type II Dirac Seesaw

Up to the inclusion of the bidoublet this setup corresponds to model C of [648]. We use
the two-component spinor formalism of [22]1. U(1)X acts like hypercharge on all SU(2)L

multiplets and SU(2)L ⊗ SU(2)′ singlets. Compared to the usual LRSM the abelian
charges of all mirror doublets have the opposite sign, which is why we can not identify
U(1)X with U(1)B-L. It is worth pointing out that an SU(2)L ⊗ SU(2)′ bidoublet has
exactly the same electric charge matrix as an SU(2)L triplet, so by charging it under
U(1)X we obtain the desired electrically doubly charged component. The fermion sector
(up to hermitian conjugates) is given by

Lq = YuqH
†u+ YdqHd+ Y ′uq

′H ′†u′ + Y ′dq
′H ′d

′
, (6.4)

Ll = YllHe+ Y ′l l
′H ′e′, (6.5)

Lport. = Yν lΦ
†l′. (6.6)

The SM (mirror) quarks and charged leptons obtain their masses solely from the vev of
H (H ′). Non-observation of new colored fermion enforces a mirror scale of v′ & 108 GeV
[468, 469, 650]. As a consequence of the U(1)X charge assignment there is no coupling
between SM and mirror quarks and no coupling of the bidoublet to any kind of quarks.
We do not add electrically neutral singlet fermions. In the lepton sector there would in
principle exist three portal operators. The first one is the aforementioned coupling to
Φ displayed in (6.6) and the other two λelHe

′ and λ′el
′H ′e would mix the electrically

charged SM and mirror leptons. In this study we want to focus on the Type II Dirac
Seesaw portal from Φ, which is why we assume a lepton-specific Z3 symmetry (see the

table 6.1) under which l, e′ transform as ω2 and l′, e as ω with ω ≡ e
2πi
3 that removes the

terms ∝ λe, λ′e. We can estimate the masses of the Dirac neutrinos from the vev (6.2) to
be

mν

0.1 eV
' Yν

(
|κ|

1 GeV

)(
v′

109 GeV

)(
5× 1010 GeV

µΦ

)2

. (6.7)

To avoid large loop corrections to the bidoublet mass we will take |κ| � µΦ. We
choose a small value for |κ| following the cosmological requirement for Baryogenesis
in equation (6.85) of section 6.10. Setting κ→ 0 enhances the symmetry of the scalar
potential [50,655], since without the trilinear term in the potential (6.20) we can rephase
each multiplet independently, which is why a small value for |κ| is technically natural [408].
Owing to the fact that v′ � v, for fixed µΦ we have to take a smaller |κ| than for the
Majorana Type II Seesaw in order to have a sufficiently light vΦ. |κ| could have a
dynamical origin via the vev of an additional scalar [50, 656] and a small vev could
come from another iteration of the Type II Seesaw [41,42,600,641,657]. Such a nested
Seesaw could arise schematically from a quartic term φ1φ

3
2 for two additional SM gauge

singlet scalars φ1 and φ2, with φ1 being much heavier than the vev of φ2, resulting
in its induced small vev 〈φ1〉 playing the role of κ. If we assume that SM and mirror

1Arrows on fermion lines denote the chirality structure and not the flow of fermion number. A bar is
part of the particle label and does not denote any kind of conjugation.
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6.5 Appendix: Vacuum structure

fermions have the same global B-L charge spectrum, then the mixed anomalies with the
non-abelian gauge groups cancel separately for each sector. In this picture we see that
the combined appearance of the terms Yν lΦ

†l′ and κHΦ†H ′ violates B-L by two units
(as in Type II Seesaw models), because H,H ′ are uncharged. The gauge symmetries and
particle spectrum ensure that l, l′ do not pick up any Majorana mass terms allowed by
∆(B-L) = 2, because they can only couple to each other via Φ, but never to themselves
in the absence of scalar SU(2)L and SU(2)′ triplets.

6.5 Appendix: Vacuum structure

The vev of the neutral component of H ′ breaks SU(2)′⊗U(1)X → U(1)Y and the discrete
symmetry (6.3), followed by the usual electroweak symmetry breaking induced by the
vev of H. Φ contributes as a small perturbation to the spontaneous symmetry breaking
(SSB) of all aforementioned symmetries due to its tiny vev. We expand the multiplets
into their components and assign vevs as

H →

 v√
2

0

 , H ′ →

 v′√
2

0

 , Φ→

 vΦ√
2

0

0 0

 . (6.8)

There are two ways to generate the phenomenologically required hierarchy v′ � v
between the mirror and SM Higgs vevs: The first approach [658] is to include soft
breaking of the discrete exchange symmetry in the scalar potential µ2

1 |H|
2 + µ2

2 |H ′|
2

with µ2
1 � µ2

2. It was shown recently [659] that this soft breaking leads to two-loop
contributions to the strong CP phase θ (see section 6.8) in the original universal Seesaw
model by [658] regenerating the θ angle that was cancelled at tree-level. As of now there
exists no similar analysis on the impact of soft breaking for the class of mirror sector
models we are employing, so to be conservative we do not use this scheme. A second
mechanism was presented by [648] that relies on tuning the quartic couplings of the
scalar potential in section 6.6 and the details will be discussed in section 6.6.1: If the
mixed quartic coupling λ′ in the potential

V ⊃ λ′H†H H ′†H ′ + κ
(
HΦ†H ′ +H ′†ΦH†

)
(6.9)

(see (6.18) and (6.20) for the full potential) is set to zero, the scalar potential develops
an unbroken custodial SU(4) symmetry and one can view the lighter SM-like Higgs as
the Goldstone-boson of this accidental symmetry. This idea is similar to the situation in
the Twin-Higgs model [651], where asymmetric vacua with v 6= v′ also require explicit
breaking of an accidental custodial SU(4) [660]. However in those models the equivalent
of the exchange symmetry (6.3) is typically softly broken as well [660], whereas here the
breaking is only spontaneous. The field H ′ has a mass −µ2

H < 0 and obtains the vev
v′ ' µH/

√
λH . After integrating out H ′ one finds that the potential for H reads

λ′v′2H†H + λ′
(

1 +
2λ′

λH

)(
H†H

)2
(6.10)
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6 Type II Dirac Seesaw

and for spontaneous symmetry breaking one requires λ′ < 0. Further |λ′| � 1 is needed
for the phenomenologically required hierarchy v � v′. The second term in the above is
the self-coupling of H modified by the finite threshold correction from integrating out
H ′ [274]. In [648] a real v needs a small λ′ < 0 at the high scale µ = v′, which is why in
this construction, v′ is identified with the electroweak instability scale

v′ '
(
109 − 1012

)
GeV. (6.11)

RGE effects dominated by the top quark Yukawa then drive the Higgs self-coupling
λh to its positive O(0.1) value at low energies. Once we add a bidoublet in (6.9) and
integrate it out we find that

λ′eff ≡ λ′ −
κ2

µ2
Φ

. (6.12)

plays the role of λ′. The smallness and sign of this mixed quartic could be understood
as the result of the threshold correction [274] from Φ, but since we actually have
κ2/µ2

Φ ' mνκ/(Yνvv
′)� 1 the correction to λ′ is completely negligible. As it turns out,

the tree level potential is not enough for the correct vacuum structure and to induce
v 6= 0 we actually need to include quantum corrections [649,661,662] from the one-loop
Coleman-Weinberg potential [663]. This contribution, again dominated by the top quark,
generates quartic scalar terms with a coupling c1 < 0 (see section 6.6.1 for details). This
results in a Higgs mass and self coupling of [661]

mh '
√
−
(
λ′eff −

c1

2

)
v′, λh(µ = v′) =

c1

16
. 0. (6.13)

A shortcoming of this approach is that one needs the fine-tuning λ′eff ' c1/2 of order
O(v2/v′2) for the hierarchy v′ � v [648] (λ′eff < 0 for a real v). In section 6.6.2 we
demonstrate that the vΦ in the Type II Seesaw regime does not spoil the desired vacuum
structure. As far as naturalness is concerned, the small vev vΦ in (6.2) is technically
natural [408] and one may argue along the lines of [648, 651], that the hierarchy between
v and v′ does not lead to a separate hierarchy problem besides the usual one. Of course
here will be loop corrections from the heavy Φ, which could be cured by compositeness or
supersymmetry at the bidoublet mass scale µΦ > 1010 GeV. If we consider the vevs vi to
have phases βi then gauge transformations with the transformation parameters ω, ω′, ωX
shift the phases to be2 [664]

β → β +
1

2
(ω − ωX) , β′ → β′ +

1

2

(
ω′ − ωX

)
, (6.14)

βΦ → βΦ +
1

2

(
ω + ω′

)
− ωX . (6.15)

If we set β, β′ locally to zero this induces the shift βΦ → βΦ − β − β′ for the phase of vΦ.
The minimization conditions of the scalar potential enforce that

0 =
∂V

∂β
=
∂V

∂β′
= − ∂V

∂βΦ
=
κ v v′ vΦ√

2
sin
(
βΦ − β − β′

)
, (6.16)

2Note the slight abuse of notation for the passive gauge transformations.
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6.6 Appendix: Full Scalar Potential

which implies that the physical phase for the vev vΦ is zero. In other words, there is
no spontaneous CP violation [665] in this model. The exchange symmetry (6.3) only

enforces Yν = Y †ν , so the PMNS Dirac phase would come from this matrix if the charged
lepton Yukawa Yl were purely real.

6.6 Appendix: Full Scalar Potential

The most general scalar potential satisfying the discrete exchange symmetry of [648, 649]
defined in (6.3) reads:

VΦ = µ2
ΦTr

(
Φ†Φ

)
+ λΦTr

(
Φ†Φ

)2
(6.17)

VH = −µ2
H

(
H†H +H ′†H ′

)
+ λH

(
H†H +H ′†H ′

)2
+ λ′H†H H ′†H ′ (6.18)

VHΦ = κ
(
HΦ†H ′ +H ′†ΦH†

)
+ λHΦ

(
HΦ†ΦH† +H ′†ΦΦ†H ′

)
(6.19)

+ αHΦ

(
H†H +H ′†H ′

)
Tr
(

Φ†Φ
)

(6.20)

The scalar sector involving only H,H ′ in (6.18) has an approximate, global SU(4)
custodial symmetry so that we can embed the doublets in its fundamental representation

H ≡

H
H ′

 . (6.21)

Using this parameterization it is evident, that the terms ∝ λ′, κ in (6.18) and (6.20)
explicitly violate the custodial SU(4) symmetry. We take µ2

Φ � µ2
H > 0. All couplings

are real as a consequence of the discrete exchange symmetry (6.3) and because Φ has an
abelian charge under U(1)X. If the bidoublet was uncharged, the potential would depend
on both Φ and Φ̃ ≡ −σ2Φ∗σ2 leading to explicit CP-violation via terms like

αHΦ2

(
H†H Tr

(
Φ̃†Φ

)
+H ′†H ′ Tr

(
Φ̃Φ†

))
+ h.c. (6.22)

with a complex coupling αHΦ2. For the charged bidoublet case loop diagrams do not
regenerate the explicit CP-violating scalar couplings unlike the case of the minimal
LRSM [666].

6.6.1 Minimization of the scalar potential: Original Higgs-Parity model

Here we explore the minima of the scalar potential in the electrically neutral directions.
For the other directions see the next section 6.6.3. We begin our discussion of the
minimization of the scalar potential in (6.17)-(6.20) by introducing the notation

vH ≡
√
v2 + v′2, sin(φ) ≡ v

vH
, cos(φ) ≡ v′

vH
. (6.23)
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Figure 6.2: Plot of the contributions to the scalar potential without a bidoublet (top) and
with a bidoublet (bottom). For the sake of visibility and illustration we chose
vH = 1010 GeV, vΦ = 1 GeV, c1 = −10−2 and κ = −6× 1015 GeV, which do
not correspond to phenomenologically viable parameters. On the left hand
side we fixed λ′/c1 = 0.66 and we varied this combination of parameters on
the right hand side. Note that we scaled the vertical axis differently in both
plots. Realistic parameters would lead to minima at |φ| ' 10−7−10−10 and in
practise the phenomenologically required small value of |κ|, e.g. |κ| < 10 GeV
from (6.85) in the main text, only has a negligible impact on the value of φ.

The phenomenologically required vacuum structure is v′ 6= 0 � v 6= 0. This together
with v 6= v′ implies that φ ∈ (0, π4 ). For the observed value of v = 246 GeV and the
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6.6 Appendix: Full Scalar Potential

required v′ '
(
109 − 1012

)
GeV (see (6.11)) we have 0 < φ ' 10−7 − 10−10 � 1 and

vH ' v′.
First we will summarize the results of [648,649] for the scalar potential involving only H
and H ′, before discussing the impact of the bidoublet. The vacuum potential reads

VH =
v2
H

32

(
−16µ2

H + v2
H

(
8λH + λ′(1− cos(4φ))

))
(6.24)

and the minimization conditions are found to be

∂VH
∂vH

=
vH
8

(
−8µ2

H + v2
H

(
8λH + λ′(1− cos(4φ))

))
, (6.25)

∂VH
∂φ

=
v4
H

8
λ′ sin(4φ). (6.26)

The second condition has the solutions φ = (0, π/2, π/4) corresponding to (v = 0, v′ =
0, v = v′), where in the first (second) case we have v′ 6= 0 (v 6= 0). This essentially
happens, because the potential for φ has periodicity of π/2 and a reflection symmetry [661]
owing to the Higgs-parity defined in (6.3). While the custodial-symmetry-breaking and
Higgs Parity conserving interaction λ′H†H H ′†H ′ allows us to find an asymmetric
vacuum with v = 0 and v′ 6= 0, it does not suffice in order to also break the electroweak
gauge symmetry. To realize v 6= 0 we need a separate source of custodial symmetry
violation, that slightly tilts the potential even further. Yukawa and gauge interactions
break the custodial symmetry explicitly and these effects are communicated to the
scalar potential via quantum corrections encoded in the one-loop Coleman-Weinberg
potential [663]

V1 = c1

((
H†H

)2
log

(
|H|
µ

)
+
(
H ′†H ′

)2
log

(
|H ′|
µ

))
, (6.27)

c1 ≡ −
3

8π2
Y 4
t +

3

128π2

(
g2 + g′2

)2
+

3

64π
g4. (6.28)

The negative contribution from the top quark Yukawa is the dominant one, which is
why c1 < 0. If we plug in the values of the Yukawa and gauge couplings around the
weak scale as an estimate we find |c1| < 10−2. In terms of the parameterization (6.23)
this potential reads for a renormalization scale of µ = vH [661]

V1 = c1v
4
H

(
cos(φ)4 log (cos(φ)) + sin(φ)4 log (sin(φ))

)
(6.29)

=
c1v

4
H

4

(
25− 24 log(2)

96
cos(4φ)− 1

240
cos(8φ)− 1

2240
cos(12ϕ)

)
(6.30)

−
c1v

4
H

4

(
1

10080
cos(16ϕ) +O (cos(20φ))

)
. (6.31)

Following [661] we only include the terms up to 8φ as we find the rest to be negligible
due to numerically small coefficients. A partial cancellation between the cos(4φ) terms
in (6.24) and (6.31) will allow us to find a viable solution 0 < φ� π

4 . This is also why
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we only display the leading order coefficients of a Fourier expansion in cos(n 4φ) with
n ∈ N. The new minimization conditions are found to be

∂V

∂vH
=

1

480

(
60vH

(
−8µ2

H + v2
H

(
8λH + λ′

)))
(6.32)

− 1

480

(
v3
H

(
5 cos(4φ)

(
12λ′ + c1(24 log(2)− 25)

)
− 2c1 cos(8φ)

))
, (6.33)

∂V

∂φ
=

v4
H

480

(
60λ′ + 8c1 cos(4φ) + 5c1(24 log(2)− 25)

)
sin(4φ). (6.34)

When solving for φ one has two solutions: Either sin(4φ) = 0, which implies the solutions
φ = (0, π/2, π/4) for the unwanted set of either partially unbroken or symmetric vacua.
Else, the second factor in (6.34) has to be zero itself for a solution with non-zero φ� 1.
We can solve this equation to find the required λ′ for a minimum, that can accommodate
the input parameter φ

λ′ =
c1

60
(125− 60 log(4)− 8 cos(4φ))

φ�1
' 0.56 c1, (6.35)

and substitute this into the first minimization condition to obtain

vH =
µH√

λH + c1
16

(
645
10 − 4 log(2)− 4

15 cos(4φ) + 1
15 cos(8φ)

) (6.36)

φ�1
' 4

√
10µH√

160λH + c1(41− 40 log(2))

|c1|�1
' µH√

λH
. (6.37)

The Higgs mass and self coupling at the scale µ = vH are found to be [661]

m2
h ' −

(
λ′ − c1

2

)
v2
H , and λh(µ = vH) =

c1

16
. 0. (6.38)

The lightness of mh with respect to the high scale vH ' v′ is related to the tuning λ′ '
c1/2 . 0 [649] in (6.35), which manifests the previously mentioned partial cancellation.
If λ′/c1 stays between 0.5 and 0.81, the unwanted values with φ = (0, π/4) are actually
maxima of the scalar potential, as can be seen from its second derivative [661]. The sign
of φ is in general undefined and the solution to (6.34) reads

φ = ±1

4
arccos

(
5

8

(
25− 24 log(2)− 12

λ′

c1

))
, (6.39)

which is a consequence of the reflection symmetry of the potential. Since a physically sound
vev must satisfy v > 0, we have to impose φ > 0. We illustrate the previously discussed
partial cancellation between the tree level potential VH and the Coleman-Weinberg terms
V1 on the left side of figure 6.2. One can see that there are two symmetric non-zero
minima with |φ| < π/4. On the right hand side of the aforementioned figure we plotted
the potential for different choices of λ′/c1 and one can clearly observe that the non-zero
values of |φ| < π/4 require λ′/c1 & 1/2. For the plots we used unrealistic parameters for
the sake of being able to see the minima of φ between 0 and ±π/4. Realistic parameters
would lead to minima at |φ| ' 10−7 − 10−10.
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6.6.2 Minimization of the scalar potential: Inclusion of the bidoublet

Next we introduce the couplings to the bidoublet

VΦ =
v2

Φ

2

(
µ2

Φ +
λΦ

2
v2

Φ

)
, VHΦ = vΦv

2
H

(
vΦ

4
(αHΦ + λHΦ) +

κ

2
√

2
sin(2φ)

)
, (6.40)

where we see that only the trilinear term ∝ κ depends on φ and thus violates the custodial
symmetry. Furthermore, since this term is ∝ sin(2φ) the scalar potential for φ no longer
has the periodicity π/2. The modified minimization conditions read

∂V

∂vH
=

1

480

(
60vH

(
−8µ2

H + v2
H

(
8λH + λ′

)))
(6.41)

− 1

480

(
v3
H

(
5 cos(4φ)

(
12λ′ + c1(24 log(2)− 25)

)
+ 2c1 cos(8φ)

))
+
vΦvH

2

(
vΦ (αHΦ + λHΦ) +

√
2κ sin(2φ)

)
,

∂V

∂vΦ
= vΦ

(
µ2

Φ + λΦv
2
Φ + (αHΦ + λHΦ) v2

H

)
+

v2
H

2
√

2
κ sin(2φ), (6.42)

∂V

∂φ
=

v4
H

480

(
60λ′ + 8c1 cos(4φ) + 5c1(24 log(2)− 25)

)
sin(4φ) (6.43)

+
v4
H

480

(
120
√

2
vΦκ

v2
H

1

sin(2φ)

)
sin(4φ).

The required λ′ for values of φ 6= (0, π/2, π/4) that minimize the potential in the
φ-direction is found to be

λ′ =
c1

60
(125− 60 log(4)− 8 cos(4φ))− 2

√
2
vΦκ

v2
H

1

sin(2φ)
(6.44)

φ�1
' 0.56 c1 −

√
2

φ

vΦκ

v2
H

. (6.45)

Note that the trilinear term vΦκv
2
H sin(2φ) in (6.40) breaks the reflection symmetry

and biases the vaccuum in the direction φ > 0 (φ < 0) for κ < 0 (κ > 0) (analogous
to the sign of vΦ for a Type II Seesaw). However in practise this contribution is
suppressed as vΦκ/v

2
H compared to VH + V1, so that we would need to take large (and

phenomenologically excluded) values of κ to select a sign for φ. This was illustrated on
the right side of figure 6.2 and one sees the deeper minimum φ > 0 for the unrealistically
large κ = −6× 1015 GeV 6= 0 in red. The next paragraphs explain, why we can not make
|κ| arbitrarily large and phenomenologically we need a small value of |κ| < 10 GeV (see
(6.85) in the main text) anyway. We find that vH is determined to be

vH = 4

√
30µ2

H − 15vΦ

(
vΦ (αHΦ + λHΦ) +

√
2κ sin(2φ)

)√
60(8λH + λ′)− 2c1 cos(8φ)− 5 cos(4φ) (12λ′ + c1(24 log(2)− 25))

. (6.46)
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If the first term 30µ2
H dominates over the contribution ∝ v2

Φ, vΦκ, the previously deter-
mined minimum in (6.36) is still valid. Once the contribution ∝ v2

Φ, vΦκ takes over, a
deeper minimum starts to appear and the vev vH is actually induced by vΦ (instead
of the other way around for a Type II Seesaw). To study the implications of vΦ on
φ, vH requires finding, which value of vΦ solves (6.42). If we were to switch off all
bidoublet couplings to the other scalars and set µ2

Φ < 0, we expect vΦ = |µΦ|/
√
λΦ as

usual. Generally speaking this relation will be modified by the vevs of the other Higgses
as well, because the the trilinear coupling κ and the full solution to (6.42) can only be
found numerically. In the following we either fix vΦ via the Type II Seesaw scheme
used in the main text, or use it as a free parameter in order to find the conditions for
unwanted symmetric or deeper minima.

Induced bidoublet vev a la Type II Seesaw

Here we take the vev vΦ to be induced by vH . This means, we assume µ2
Φ > 0 and

furthermore, that µ2
Φ � λΦv

2
Φ + (αHΦ + λHΦ) v2

H , so that (6.42) is approximately solved
by

vΦ ' −
κ v2

H

2
√

2µ2
Φ

sin(2φ) = −κ v v
′

√
2µ2

Φ

. (6.47)

In the limit |κ| � vH � µΦ this vev will essentially be the smallest scale in the potential.
The value of λ′ required for a given φ in (6.44) then reads

λ′eff. ≡ λ′ −
κ2

µ2
Φ

=
c1

60
(125− 60 log(4)− 8 cos(4φ))

φ�1
' 0.56 c1. (6.48)

We see, that integrating out the super-heavy bidoublet just shifts the coupling λ′ via a
threshold correction, as was mentioned above of (6.12) in the main text. Since we expect
|κ| � µΦ by many orders of magnitude (see (6.7) and the discussion below), it is safe to
take λ′eff. ' λ′ and the previously determined minimum for φ in (6.35) is still valid. In
order to avoid deeper minima than vH in (6.36) we have to require that the numerator
in (6.46) satisfies

2µ2
H � vΦ

(
vΦ (αHΦ + λHΦ) +

√
2κ sin(2φ)

)
'
κ2v2

H

2µ2
Φ

sin(2φ)2, (6.49)

where we used µ2
Φ � (αHΦ + λHΦ) v2

H in the last step. Expanding for small φ and setting
vH ' µH/

√
λH turns this into

λH � φ2 κ
2

µ2
Φ

. (6.50)

Since we assume λH = O(1) and again stress that φ, |κ|/µΦ � 1, we do not need to
worry about deeper minima for vH with the super-light vΦ we consider in (6.47).
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6.6 Appendix: Full Scalar Potential

General bidoublet vev

As discussed earlier, it is in general not possible, to obtain a full analytic expression for
vΦ. This is why, we take it as a free parameter and in the following make no assumption
about its relative size compared to vH , µΦ and κ. Inspecting (6.44) reveals, that the
1/ sin(2φ) factor can become large for the required small φ� 1 and if it is not cancelled
by vΦκ/v

2
H , it might happen, that this term becomes larger than the perturbative limit

for λ′ of 4π. We therefore require that

∣∣∣∣∣0.56 c1 −
√

2

φ

vΦκ

v2
H

∣∣∣∣∣ < 4π, (6.51)

where the absolute value takes into account the in general undetermined sign of κ
and the fact that c1 < 0. Assuming the bidoublet contribution is larger than the
Coleman-Weinberg piece ∝ c1, one finds that this condition implies

vΦ|κ| < 2
√

2π v v′. (6.52)

In other words, if we make vΦ|κ| larger than the input parameters v v′, then the corrections
from the bidoublet vev will spoil the partial cancellation between the λ′ and the Coleman-
Weinberg terms ∝ c1 responsible for the correct asymmetric vacuum v 6= 0� v′. The
sin(2φ) term coming from the coupling to the bidoublet in (6.40) is responsible for this
effect, since the aforementioned partial cancellation involves the cos(4φ) terms. This is
in agreement with the findings of [648], who arrived at the conclusion, that the vev of an
additional bidoublet can not contribute significantly to electroweak symmetry breaking.
Consequently we are forced to have a small vΦ|κ|. Avoiding a deeper minimum from
(6.46) than the vH in (6.36) requires

µ2
H �

1√
2
vΦκ sin(2φ), (6.53)

where we assumed that αHΦ + λHΦ is negligible so that we can focus on κ. This bound
can be re-expressed as

vΦ|κ| �
λH√

2

v′3

v
. (6.54)

We find that this constraint is weaker than (6.52) for v � v′, meaning that taking vΦ|κ|
to be large will first destroy the misalignment of vacua (leading to v = v′ or v = 0) before
it leads to deeper minima in v′. The smallness of the induced vΦ in the Type II Seesaw
of (6.47) automatically avoids these problems in the limit |κ| � µΦ.
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6 Type II Dirac Seesaw

6.6.3 Sufficient conditions for vacuum stability

For vacuum stability at large field values only the quartic terms are important. Following
reference [667] we define

r2 ≡ H†H +H ′†H ′ + Tr
(

Φ†Φ
)
, (6.55)

r2 cos(γ) ≡ H†H +H ′†H ′, r2 sin(γ) ≡ Tr
(

Φ†Φ
)
, (6.56)

x ≡ H†H H ′†H ′

(H†H +H ′†H ′)
2 , y ≡ HΦ†ΦH† +H ′ΦΦ†H ′

(H†H +H ′†H ′) Tr (Φ†Φ)
. (6.57)

One can show that

0 ≤ x ≤ 1

2
, 0 ≤ y ≤ 1. (6.58)

Using this parameterization we employ the co-positivity criteria of [668] to find

λΦ > 0, λH + xλ′ > 0, αHΦ + yλHΦ + 2
√
λΦ (λH + xλ′) > 0. (6.59)

Note that x, y may not be independent parameters [669], however we will ignore this
complication for our first estimate. This is the reason why we only find the sufficient
but not the necessary criteria for vacuum stability. A more refined analysis along the
lines of [669--671] is required to treat the general case. Our preliminary investigation did
not find deeper electric charge-breaking minima compared to the charge-conserving ones
in (6.8), which can occur for models with trilinear scalar couplings [672], and we do not
expect them due to the smallness of the trilinear coupling κ (see the previous paragraph
and the discussion below (6.7)). A full numerical analysis is beyond the scope of this
work.

6.7 Appendix: Scalar and Gauge Bosons

The scalar spectrum consists of three CP even neutral scalars h, h′, hΦ =
√

2 Re(ϕ0
1) and

one CP odd scalar aΦ =
√

2 Im(ϕ0
1) with the masses

mh '
√

2λh v, mh′ '
√

2λH v′, (6.60)

mhΦ
' maΦ ' µΦ, (6.61)

where we used the low energy value λh ' 0.129 for the self-coupling of the SM like Higgs.
h, h′ mix primarily with each other via their quartic interaction and the small mixing
angle is approximately 1/2(1 + λ′eff/λH)v/v′. The dominant source of mixing between
h (h′) and hΦ comes from the trilinear term and is ' κv′(v)/µ2

Φ. The same expression
holds for the mixing between the “would-be-Nambu-Goldstone-bosons”(NGB)of the
Z (Z ′) gauge bosons (see the end of this section) with aΦ. Additionally there are
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6.7 Appendix: Scalar and Gauge Bosons

two singly-charged scalars ϕ±1 , ϕ
±
2 and one doubly-charged scalar ϕ±±2 present. Their

approximately degenerate masses read

mϕ±1
' mϕ±2

' mϕ±±2
' µΦ. (6.62)

There is also mixing between ϕ±1 (ϕ±2 ) and the “would-be-NGB” of the charged gauge
bosons W± (W ′±) of the order of ' κv′(v)/µ2

Φ. When it comes to the charged gauge
bosons we obtain

mW =
g

2

√
v2 + v2

Φ, mW ′ =
g

2

√
v′2 + v2

Φ. (6.63)

There is no mass mixing between the charged gauge bosons at tree-level since Φ only
has one vev [673]. Mixing could arise from loop diagrams involving the tree-level mixing
between the electrically charged SM and mirror leptons in (6.6), which we have set to
zero via another discrete symmetry. In the neutral gauge boson sector we find in addition
to the massless photon that

mZ '
g
√
v2 + v2

Φ

2 cos(θW )
, mZ′ '

g

2

cos(θW )2

cos(2θW )
v′, (6.64)

where we employed the weak mixing angle defined in (6.65). It is evident that the bidou-
blet vev contributes with the same strength to mW and mZ , which means that the SM
prediction for the electroweak ρ-parameter [637,674] defined as ρ ≡ m2

W /(m
2
Z cos(θW )2)

is unchanged. To understand why, note that after the SSB of SU(2)′ ⊗ U(1)X down

to U(1)Y, the multiplet Φ decomposes into two SU(2)L doublets Φ1 ≡
(
ϕ0

1, ϕ
−
1

)t
with

Y = −1/2 and Φ2 ≡
(
ϕ−2 , ϕ

−−
2

)t
with Y = −3/2. Since only the neutral component of

Φ1 develops a vev the contribution of Φ to the SM gauge boson masses reduces to the one
in a Two-Higgs-doublet model. This is why at tree-level our model does not modify the
ρ-parameter and it can not help to address the tentative tension in the W± boson mass
reported by the CDF collaboration [675]. Moreover, unlike for the electroweak triplet
needed for the conventional Type II Seesaw, here the ρ-parameter does not force the small
vev to be below the GeV-scale [636]. In principle, there could also be one-loop gauge
boson self-energy diagrams with e.g. hΦ and ϕ±1 running in the loop [676]. The shift in
the relevant electroweak precision observables [677, 678] will roughly depend on their
mass splitting via (m2

hΦ
−m2

ϕ±1
)/µ2

Φ. However, since we assume all mass splittings to be

small compared to the largest scale in the scalar potential µ2
Φ and since the contribution

will essentially decouple for large bidoublet masses, our model can not help ameliorate
the CDF tension [675]. When it comes to the mixing between the neutral gauge bosons
the situation simplifies in the limit vΦ → 0: There are only two mixing angles required.
The electroweak mixing angle is defined via3 [658]

gX
g

=
sin(θW )√
cos(2θW )

(6.65)

3The discrete exchange symmetry requires the SU(2)′ ⊗ SUL(2) couplings g′, g to be equal at high
scales and we neglect the differences in their RGE running here.
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u u

〈H〉

W± ϕ∓1

d u u d u u

W± W∓

Z ′h′ hΦ

Figure 6.3: Two- (left) and three-loop (right) Feynman diagrams leading to phases in the

quark mass matrices contributing to θ = θchir. in this model. h′, Z ′, hΦ and
ϕ±1 only couple to the SM quarks via suppressed mixing. For the three- loop
diagrams we did not indicate the internal chirality structure and the labels
of the internal quark fields, because for h, hΦ there is a mass insertion ∝ 〈H〉
after the first vertex and in the Z ′ case there is the same kind of insertion
before the sixth vertex.

and the angle between the physical Z,Z ′ [658] reads

sin(γ) =
sin(θW )2

√
cos(2θW )

cos(θW )4

( v
v′

)2
. (6.66)

Turning on vΦ only leads to a sub-dominant modifications of the angle γ as long as
vΦ � v.

6.8 Appendix: Strong CP problem

The physical CP violating parameter θ = θQCD + θchir. is conventionally split into the
contribution of the QCD theta-term and the part θchir. = arg (det (MuMd)) arising from
the up- and down-type quark mass matrices Mu,Md. Following from the fact that the
topological vacuum selection parameter θQCD arises because of non-perturbative QCD
dynamics and due to its origin as the coefficient of a non-vanishing surface term [679],
one might argue that θQCD is unlike all other dimensionless parameters of the SM such
as gauge or Yukawa couplings and more akin to a boundary condition. In the SM,
the electroweak part θchir. only receives finite loop corrections at three-loop order and
diverges at seven loops [680], which is fundamentally different from e.g. the hierarchy
problem of the Higgs mass. In recent years, a new perspective on the strong CP problem
has emerged [681, 682] that relies on a careful analysis of the boundary condition for
the path integral and the infinite spacetime volume limit, suggesting that the strong
CP violation disappears for the mathematically correct order of limites. In the present
work we take the smallness of θ at face value and follow the UV symmetry based BSM
approach [633,653,654,658,683,684] to “explain” its tiny value. For recent work that
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6.8 Appendix: Strong CP problem

directly ties the smallness of θ to a different Dirac neutrino mass generation mechanism
see [685].

6.8.1 Tree level

Owing to the fact that the discrete exchange symmetry defined in (6.3) imposes θQCD = 0
we only need to care about the quark contribution. Following reference [648] there could
exist a dimension six operator allowed by the discrete exchange symmetry in (6.3)

c6

Λ2
UV

(
H†H −H ′†H ′

)
GµνG̃

µν (6.67)

that regenerates θQCD after the H ′ obtains a vev. This leads to the requirement of
v′ < 1013 GeV for a cut-off scale of ΛUV = MPl. and order one Wilson coefficient c6,
to stay within the observational bound of θ < 10−10 [686--689]. For the given particle
content this operator is not realized at the loop level. The mass matrix for either up-
type or down-type quarks in the basis (q′, q) and (q, q′)t with q = u, d, where we have
suppressed generation indices, reads

Mq =

 0 Y ′q
v′√

2

Yq
v√
2

0

 . (6.68)

Because the exchange symmetry (6.3) sets Y ′q = Y ∗q [648]

arg (det (Mq)) = −vv
′

2
arg
(
det (Yq) det

(
Y ′q
))

(6.69)

vanishes, meaning that the SM and mirror sector phases cancel each other out [633].
Since neither Yq nor Y ′q are required to be real, they source the CKM phase for the SM
and mirror sector and one does not need a separate sector to do so unlike in the case for
Nelson-Barr models [653,654]. The presence of the bidoublet field does not change this
picture as it does not couple to quarks. Reference [690] demonstrated that integrating
out the heavy mirror quarks does not generate phases for the SM quark Yukawas via
RGE effects.

6.8.2 Loop level

So far we have only worked at tree-level. Radiative corrections to the quark masses at
one-loop level all turn out to be real valued. Two-loop diagrams with two W± running
in the loops have the correct complex couplings from the CKM matrix but the wrong
chirality structure [680]. That leaves us with two options: Either we replace one of
the W± with the charged scalar ϕ±1 , that couples to quarks via its mixing with the
“would-be-NGB” of the W±, and add a mass insertion for the right-chirality structure
(see the left diagram in figure 6.3)

θ(2) ' α

π

(
κv′

µ2
Φ

)2 m2
q

m2
W

m2
q

µ2
Φ

, (6.70)
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µ ν ′

γ

µ

ϕ∓2

µ

〈H〉

ν l′

γ

ν ′

ϕ∓1

ν

〈Φ〉

Figure 6.4: One-loop Feynman diagrams contributing to the magnetic moments of the
muon (left) and neutrinos (right). The photon line in the second diagram
can be attached to the electrically charged mirror lepton inside the loop as
well. For this diagram the mass insertion can also appear on the incoming
line, so that we get a second set of diagrams with l, ϕ∓2 running in the loop.

or we add a third loop with a neutral boson [680] depicted on the right in figure 6.3

θ(3) '
(α
π

)3
(
m2
q

m2
W

)3



(
v
v′

)2 m2
q

m2
h′

(h′),(
v
v′

)4 m2
q

m2
W

m2
q

m2
Z′

(Z ′),(
κv′

µ2
Φ

)2 m2
q

µ2
Φ

(hΦ).

(6.71)

In the above estimates we have dropped order one and loop factors. m2
q must be a

combination of two different quark masses due to CKM unitarity and α denotes the fine-
structure constant. All of the above contributions are negligibly small due to large BSM
mediator masses and small mixing angles. For instance the factor κv′/µ2

Φ ' mν/(Yνv) '
10−12 for Yν = O(1) appearing for the bidoublet scalars is already sufficient to suppress
the loop diagrams below the current experimental bounds of θ < 10−10 [686--689] and
the small ratio v/v′ achieves the same. Leptonic loops involving the Yν coupling occur at
even higher orders and are even more negligible. Consequently we find that the leading
contribution arises from purely SM effects at three loops (two virtual W± and one virtual
gluon) and reads θ ' O

(
10−16

)
[680] which corresponds to an electric dipole moment of

the neutron of about O
(
10−31

)
e cm [680]. Unfortunately this is still out of reach for

current and future experiments, that are expected to probe dipole moments down to
O
(
10−27

)
e cm [691--693].

6.9 Appendix: Low-energy phenomenology

Tree-level exchange of ϕ−2 leads to a BSM contribution to muon decay of [224]

Γ(µ− →
∑
i,j

e−ν ′†i ν
′
j) '

1

6144π3

m5
µ

µ4
Φ

∑
i,j

∣∣∣(Yν)µi (Yν)∗ej

∣∣∣2 , (6.72)
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which modifies the Michel-parameters (ρ, δ, ξ) [694,695] encoding the angular and energy
distribution of the decay relative to the SM. Using the methods of [696] we find that
ρ = ξδ = 3/4δ = 3/16|gS |2 when compared to the SM where the number on the right
hand side is one. In this context we have defined

gS ≡
v2

2µ2
Φ

∑
i,j

(Yν)µi (Yν)∗µj , (6.73)

which is currently constrained to be smaller than 0.55 [697,698] not imposing any stringent
limits on our scenario with super-heavy scalars. Note that the previous bound was derived
using left-chiral neutrinos scattering off charged leptons [698--702], whereas our decay
involves the ν ′ of opposite chirality, so we expect that the limit on gS in our model would
be even weaker due to additional neutrino mass insertions.

6.9.1 Dipole moments and lepton flavor violation

Loops involving ϕ±2 generate a correction to the magnetic dipole moment of the muon
depicted in the left diagram of figure 6.4 of

∆aµ '
e

96π

(
mµ

µΦ

)2 ∑
j=e,µ,τ

(Yν)µj (Yν)∗µj . (6.74)

Here, there is no chiral enhancement inside the loop and the correct chirality structure is
obtained from a mass insertion on the external legs (see figure 6.4), hence the dependence
on mµ. For masses of µΦ ' 1010 GeV (see (6.7)), the shift in the magnetic moment is of
O
(
10−36

)
, which is far too small to explain the deviation of ∆aµ = (251± 59)× 10−11

observed by the BNL [703] and FNL [704] collaborations. We can reuse this result to
estimate the full transition dipole form factor and find the partial width [705]

BR (µ→ eγ)

8× 10−8
' α

(
v

µΦ

)4
∣∣∣∣∣∣
∑

j=e,µ,τ

(Yν)µj (Yν)∗ej

∣∣∣∣∣∣
2

. (6.75)

Compared to the present experimental limit of BR (µ→ eγ) < 4.2×10−13 [706] set by the
MEG collaboration and the future projection of 6×10−14 from MEG II [707], our scenario
leads to branching ratios of O(10−40) for the µΦ in (6.7) and is therefore not excluded.
Since the bidoublet only connects leptons and mirror leptons, the process µ− → e−e+e−

occurs via a penguin diagram with the same dipole form factor as before so we can
estimate BR (µ− → e−e+e−) ' 7 × 10−3 BR (µ→ eγ) [708], which is compatible with
the current bound BR (µ− → e−e+e−) < 10−12 from [709] and the projected sensitivity of
O(10−15) of the Mu3e experiment [710]. The analogous decays of τ leptons are typically
less constrained and also do not set any significant bounds on our scenario. Similarly we
can estimate the neutrino magnetic moment, where there are two diagrams involving the
coupling of ϕ±1 (ϕ±2 ) to ν (ν ′) depicted on the right side of figure 6.4:

(µν)ii =
µB

16π2

me(mν)i
µ2

Φ

∑
j=e,µ,τ

(Yν)ij (Yν)∗ij (6.76)
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Both diagrams contribute with the same strength as ϕ±1 and ϕ±2 are mass degenerate,
see (6.62). Here the factor of me does not arise from any chirality enhancement but
rather from the definition of the Bohr magneton µB ≡ e/(2me). Again we observe
mass insertions on the external legs (see figure 6.4) for the right-chirality structure
explaining the mν dependence. The most stringent limit on neutrino magnetic moments
of µν < 6.3× 10−12 µB comes from the XENONnT experiment [711] and our estimate
for the aforementioned masses reads µν ' O(10−36) µB, far below the bound.
� Addendum: Note that if we were to discard the solution to the strong CP problems
and the mirror quarks all-together, then we could lower v′ and consequently µΦ, which
might lead to observable rates for the previously mentioned processes. �

6.9.2 Collider bounds

The singly-charged scalars ϕ±1,2 have to be heavier than O(100 GeV) to escape direct
production at colliders [712--715]. If we were to turn on the couplings ∝ λe, λ′e between
the charged SM and mirror leptons the ϕ±±2 could produce same-sign di-lepton signatures,
similar to the canonical Type II Seesaw. Current collider searches [716] place a bound
of mϕ±±2

> 800 GeV and a future 100 TeV proton-proton collider could probe masses up

to 4.5 TeV [717]. In this scenario, the exchange of the neutral hΦ can induce a contact
interaction between the SM leptons, which evades the LEP bound [718] due to the
large µΦ and potentially small mixing between SM and mirror leptons. For the smallest
allowed v′ ' 109 GeV, we find that the mirror electron (see the discussion above (6.77)
in the next section) would have a mass of ' 2 TeV, potentially accessible at colliders.

6.10 Appendix: Cosmology

6.10.1 Reheating

In the early universe the discrete exchange symmetry in (6.3) is spontaneously broken
by the vev of the heavy doublet H ′, leading to the presence of topological defects, which
can overclose the universe if they are stable [449, 450, 719]. There exist basically two
remedies for this conundrum: One may either include small bias terms [449, 720] in
the scalar potential, explicitly breaking the discrete symmetry and thereby leading to
domain wall decay. The explicit breaking might then manifest [659] as a contribution to
θ at low energies similar to the soft breaking discussed in section 6.5. Alternatively [93],
if the domain walls are formed before or during the exponential expansion phase of
cosmic inflation, they will be diluted by the expansion of spacetime. The second scenario
requires that the symmetry is broken before or during inflation and does not get restored
afterwards, which can be satisfied for a reheating temperature of TRH < v′ [721]. Since
the discrete exchange symmetry relates the SM and mirror Yukawas, we expect a similar
mass spectrum in the mirror sector up to factors of v′/v of course. This means that, as
long as we turn of the lepton-mirror lepton mixing in (6.6) via the Z3 symmetry in table
6.1, the mirror electron e′ is the lightest stable electrically charged particle of the mirror
sector. To avoid the stringent bounds [722--725] on the number density of such charged
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thermal relics [726], we require the reheating temperature to be

TRH < me′ ' 2× 10−6 · v′ , (6.77)

corresponding to TRH < 2×(103−106) GeV for v′ = (109−1012) GeV. Of course there are
also mirror quarks, with the lightest quark having a mass of mu′ = muv

′/v ' 2× 10−5v′

one order of magnitude above (6.77). Reference [649] found that the mirror quark masses
actually run faster compared to the mirror leptons owing to their color charge, leading
to a situation where the lightest mirror quarks u′, d′ are almost mass degenerate with e′

for v′ � 1011 GeV. Consequently relic abundances of colored mirror fermions are also
avoided by the previously determined reheating temperature. Reheating could either
occur from the dynamics of the oscillating inflaton condensate or from a second unrelated
epoch of intermediate matter domination [467]. Alternatively one might consider asym-
metric reheating scenarios [635, 727], in which the SM and mirror sectors are reheated to
different temperatures. This could happen if the particle responsible for reheating decays
preferentially to the SM instead of the mirror sector.

� Addendum: In hindsight I realized that asymmetric reheating would not work for
this construction since both the SM and mirror sector couple to the same QCD and (the
symmetric components) would rapidly equilibrate. �

As a consequence of the large hierarchy between v and v′, the mirror neutrinos never
equilibrate with the SM plasma via gauge or Yukawa interactions and are only produced
via freeze-in [74,338].

6.10.2 Dark Radiation

Since the present setup only doubles the SU(2) gauge group of the SM, without introducing
a second U(1), there is no dark photon. Thus the associated problem of large amounts of
dark radiation from mirror neutrinos and a dark photon, that typically plaques mirror
sector models [635], is absent. For 2 → 2 scattering producing ν ′ from the SM, hΦ

exchange is completely negligible due to its large mass. Z exchange via Z − Z ′ mixing
(see (6.66)) leads to

∆Neff.

O(10−14)
'
(

109 GeV

v′

)4

(

TRH
100 GeV

)3
(TRH . v),

0.1 ·
(

1 TeV
TRH

)
(TRH � v),

(6.78)

and we find that out-of-equilibrium Z decays to two ν ′ would give ∆Neff. ' 10−15
(
109 GeV/v′

)4
.

These yields are at least two orders of magnitude smaller than the contribution ∆Neff. '
7.5 × 10−12 from out-of-equilibrium Higgs decays [74], provided that TRH & mh, and
Higgs mediated scattering leads to ∆Neff. < 10−10.

6.10.3 Leptogenesis from decays

Seesaw mechanisms are often invoked to realize Baryogenesis via the Leptogenesis
mechanism [425]. For the standard out-of-equilibrium decay scenario it has long been
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known that scalar triplet Leptogenesis [427] requires at least two triplets or insertions
of heavy neutrinos to generate the required CP violation. Otherwise there would be
no imaginary part in the interference term between the tree-level decay and its one-
loop self-energy and vertex corrections. This conclusion also holds for Dirac Seesaw
models [642,728] and we could consider the channel Φ→ ll′, which also requires Φ→ HH ′

for the asymmetry generation via self-energy graphs [642,728] for at least two different
bidoublets. The tree level decay widths of each bidoublet read (with suppressed generation
indices)

Γ(Φ→ ll′) =
Y 2
ν

8π
µΦ, Γ(Φ→ HH ′) =

κ2

32πµΦ
. (6.79)

We emphasize that the low reheating temperature in (6.77) is in tension with the high
scale > O(1010 GeV) bidoublet mass, which is why non-thermal Leptogenesis [729] would
be required. As an example we consider reheating via perturbative decays of an inflaton
with mass mI > 2µΦ, decaying to both SM particles and bidoublets. The inflaton’s total
decay width ΓI is related to the reheating temperature via TRH ∼

√
ΓIMPl.. One finds

that the baryon asymmetry normalized to entropy at the end of reheating would be given
by [730]

nB
s
' −42

79
ε BRI

TRH

mI
. (6.80)

Here BRI < 1 denotes the branching ratio of inflaton decays to bidoublets and ε is the
previously mentioned CP violating decay parameter depending on the mass spectrum of
the different bidoublet generations [642].

� Addendum: Here we implicitly assume that the lifetime of the bidoublet is shorter
than the typical timescale for the thermalization of the weak and mirror gauge interac-
tions, so that the bidoublets decay out of equilibrium. �

As for all Dirac Leptogenesis scenarios [117], equal and opposite asymmetries in l and l′

are produced. If the SU(2)′ sphalerons are fast during or after the asymmetry generation,
then the asymmetry in l′ will be transferred into a mirror baryon asymmetry, which will
be equal and opposite to the baryon asymmetry produced via SU(2)L sphalerons from
the l asymmetry. Since there is no direct interaction coupling baryons to mirror baryons,
the respective asymmetries will not equilibrate to zero and remain separately conserved.
For a hierarchical bidoublet spectrum with the lightest mass µΦ one finds that the CP
violating decay parameter reads [427,642]

ε <
r
√

BRl BRH

8π

mν µΦ

v v′
, (6.81)

where r ≡ µΦ/µ
(2)
Φ < 1 is the ratio of the lightest and next heavier bidoublet masses,

BRl,H are the branching ratios for both decay modes in (6.79) and mν is the heaviest
active neutrino mass. A typical value for equal branching fractions and µΦ = 10 v′ is
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ε ' 10−13, which is smaller than for the Type II Seesaw result [427] due to the additional
v/v′ suppression. For a hierarchical bidoublet spectrum we find∣∣∣nB

s

∣∣∣hier.
< 10−23

(
BRI

1%

)( mν

0.1eV

)(2µΦ r

mI

)(
TRH

10−6 v′

)
(6.82)

being far too small to explain the observed value of nB/s ' 8× 10−11 [311]. Therefore
we have to invoke a resonant enhancement of the self-energy diagrams [426,731--736] via

assuming that µΦ and the next heavier mass µ
(2)
Φ are nearly degenerate |µ(2)

Φ − µΦ| �
µ

(2)
Φ ' µΦ (r ' 1). This scenario enhances the previous estimate for ε by a factor

of [426,736]

ρ

ρ2 + δ2
� 1, with ρ ≡ 1− r2, δ ≡ Γtot.

µΦ
. (6.83)

The above expression is regulated by the total decay width of the bidoublet Γtot., which
is the sum of the rates in (6.79). We assume both bidoublets to have comparable decay
rates. A sizeable enhancement requires ρ ∼ δ � 1 and hence Y 2

ν + κ2/(4µ2
Φ)� 8π. The

decay width to Higgses is automatically small for κ� µΦ, but we may have to make Yν
small by hand, which would require a larger vΦ for this scenario to fit mν . Note that this
small Γtot. � µΦ does not necessarily force ε to be small, as this parameter depends only
on the branching ratios BRl BRH = Γ(Φ→ ll′)Γ(Φ→ HH ′)/Γ2

tot. ≤ 1/4 and not on the
absolute widths. Of course we can not make the decay width arbitrarily small, or else the
decay will take place after inflationary reheating during an epoch where the bidoublets
dominate the energy density of the universe. In this regime (6.80) still holds with the
replacement TRH/mI → Tdec./µΦ [737], where Tdec. is the reheating temperature after
the second matter dominated epoch. The enhancement factor of ε is bounded from above
by the perturbativity requirement ε � 1 assumed in the derivation of the Boltzmann
equations, where one linearizes in the chemical potentials [303, 311]. The precise value of
ε depends on the details of the active neutrino mass spectrum such as almost degenerate
masses [606], which is why we use ε as a free parameter. Employing the kinematic
condition mI > 2µΦ and (6.77) to eliminate TRH/mI in (6.80) lets us determine that
there is indeed a parameter range reproducing the observed baryon asymmetry∣∣∣nB

s

∣∣∣res.
< 10−10

( ε

0.05

)(BRI

5%

)(
50

µΦ/v′

)
. (6.84)

To obtain this result we had to set ε close to its perturbative limit, which implies highly

degenerate bidoublets with |µ(2)
Φ − µΦ|/µΦ ' 10−12. We further had to assume only a

small hierarchy between v′ and µΦ to accommodate the inflaton decaying mostly to other
SM particles implying BRI � 1.

6.10.4 Inflationary Affleck-Dine Leptogenesis

Alternatively, the coherent rotation in field space of a complex scalar field with lepton
number during inflation facilitates Leptogenesis via the Affleck-Dine mechanism [257]. In
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this picture, the Sakharov conditions [602] are realized via the initial phase of the scalar
field providing C and CP violation and deviations from thermal equilibrium appear in
the form of a large field amplitude during cosmic inflation. The last ingredient is baryon
number violation, that arises from lepton number violation in the scalar potential and gets
transmitted to the SM leptons so that afterwards it gets converted into baryon number
via the B+L violating SU(2)L sphaleron vertex. The authors of [405,738] put forth a very
economical framework unifying Higgs inflation [378] and the conventional Type II Seesaw.
Motivated by [405,738], we will assume that the inflaton is a linear combination of the
neutral fields h, h′ and hΦ + iaΦ ≡ ρΦe

iφ after giving all scalar multiplets a non-minimal
coupling to gravity [109]. Note that identifying the Affleck-Dine field with the inflaton
is just a particularly convenient example for generating the required large initial field
value and there exist other scenarios [739,740], where the large field value is dynamically
realized without this identification. Following the discussion at the end of section 6.4,
we assign the B-L charge of two to Φ and treat the κHΦ†H ′ term as an explicit B-L
breaking by two units. Since the field value of the inflaton approaches the Planck scale
during inflation, the trilinear scalar term is subdominant compared to other Planck-scale
suppressed effective operators and will only matter when the field value has decreased
due to the cosmic expansion. Even worse, during reheating, the trilinear coupling can
lead to oscillations of the scalar condensate instead of a rotation, manifesting as an
oscillation in the lepton asymmetry spoiling the mechanism unless we set [405,738]

|κ| < 10−18MPl. ' O(10 GeV). (6.85)

This bound is far stronger than the most naive estimate for |κ| using the sub-eV-scale
vev vΦ in (6.2) and µΦ < MPl. together with v′ in (6.11)

|κ| < 10−6 MPl.

(
vΦ

mν

)(
1012 GeV

v′

)
, (6.86)

that is compatible with our previous assumption |κ| � µΦ. Additionally, for the
asymmetry generation, an operator of dimension larger than four is needed so that the
produced lepton number is conserved during reheating [405, 738]. Consequently, we
consider the following dimension five operator

λ5

MPl.

(
HΦ†H ′ ±H ′†ΦH†

)(
H†H ±H ′†H ′

)
, (6.87)

which conserves the discrete exchange symmetry if both signs are the same. The origin
of this operator will be elucidated in section 6.10.5. If we have opposite signs in both
brackets, the operator violates the discrete exchange symmetry explicitly and we might
be able to use it as a bias term to remove the domain walls. In the following we stick to
the symmetry-conserving case and use plus signs following [405,738] so that the dimension
five term is ∝ cos(φ). Up to mixing angles between the scalars during inflation and order
one factors the lepton asymmetry at the end of inflation turns out to be [405,738]

nL end ' −2 λ5 ρ
3
end

sin (φ0)√
3λ̃

, (6.88)
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where the factor of two takes the B-L charge of Φ into account, λ̃ is the effective quartic
self-coupling of the inflaton, ρend ' O(MPl.) the field value of the inflaton at the end of
inflation and φ0 is the initial phase of ρΦe

iφ. Taking into account the redshifting of the
lepton asymmetry during reheating and the sphaleron redistribution coefficient, one finds

that the baryon to photon ratio today can be explained for λ5 sin (φ0) /
√

3λ̃ ' O(10−16)
[405,738]. Evidently, small values of λ5 and φ0 are needed which also suppress isocurvature
fluctuations [405, 738] and a small λ5 is necessary anyway to not spoil inflation from the
non-minimal coupling. We assume a thermalized bidoublet after reheating. In order to
efficiently transmit the asymmetry from the bidoublet to the leptons we have to require
that the decay width Γ(Φ→ ll′) is larger than the decay width to scalars Γ(Φ→ HH ′)
leading to

µΦ < 1021 GeV Y 2
ν

(
v′

109 GeV

)(
0.1 eV

mν

)
. (6.89)

Moreover the interaction Φ↔ HH ′ should be out of equilibrium and we estimate that
Γ(HH ′ → Φ)|T=µΦ

' Γ(Φ→ HH ′)|T=µΦ
is slower than the Hubble rate H(T ) at T = µΦ

as long as

vΦ < 10 MeV

(
v′

109 GeV

)√
5× 1010 GeV

µΦ
. (6.90)

Of course we also need to ensure that the process ll′ ↔ HH ′ via off-shell Φ does not
thermalize, which sets a weaker bound compared to (6.89)

µΦ < 1025 GeV

(
v′

109 GeV

)2(0.1 eV

mν

)2

. (6.91)

Let us note that the cosmological history in [405, 738] has an inflationary reheating
temperature of O(1014 GeV), which is in conflict with the requirement (6.77) for the
absence of charged mirror leptons and quarks. That means we either need an additional
mechanism to suppress reheating the mirror sector via asymmetric reheating [635,727] or
simply a different scenario, where Φ is not the inflaton and its large initial field value has
a different origin during inflation [739,740]. That way we can sequester the asymmetric
reheating from the Affleck-Dine dynamics.

� Addendum: See one of the previous addenda for why asymmetric reheating would
not actually help in this scenario. �

Before we close, we would like to mention that there exists no obvious dark mat-
ter candidate in this model: The neutral component of Φ can decay to neutrinos or gauge
bosons and will in general not be long-lived enough due its large mass. The heavy H ′, Z ′

are also not long-lived enough as they couple to all fermions (via mixing). Stable mirror
quarks could form electrically neutral dark mesons after the QCD phase transition [741],
however here we assume that the mirror sector is never populated to begin with or heavily
diluted (see (6.77)). Therefore dark matter has to come from a separate dark sector.
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6.10.5 Origin of the dimension five operator for Affleck-Dine Leptogenesis

The discrete exchange symmetry conserving effective operator in (6.87) (same signs in
each bracket) can be realized by including a real singlet either even (σ(t, ~x)→ σ(t,−~x))
or odd (σ(t, ~x)→ −σ(t,−~x)) under the symmetry (6.3). This adds the following terms
to the scalar potential

Vσ = µ2
σσ

2 + λ3σσ
3 + λ4σσ

4, (6.92)

Vint. = κσσ
(
H†H ±H ′†H ′

)
+ λσHΦH′ σ

(
HΦ†H ′ ±H ′†ΦH†

)
(6.93)

+ λHσ σ
2
(
H†H +H ′†H ′

)
+ λΦσ σ

2Tr
(

Φ†Φ
)
, (6.94)

where the +(−) sign applies to the even (odd) case and furthermore the term λ3σσ
3 is

absent for odd σ. Note that all of the above couplings are real. If we assume the σ mass
is the largest in the potential, we find after integrating it out, that the effective coupling
in (6.87) is given by

λ5

MPl.
' λσHΦH′ κσ

|µσ|2
. (6.95)

In order for this operator to be present during the inflationary stage, where the inflaton
can approach Planck scale field values, we have to impose |µσ| ' O(MPl.). A vev for
σ is not required to generate the right operator. For completeness let us consider the
implications of a vev for the real σ:

• even case: Since the scalar σ is even, the discrete exchange symmetry remains
unbroken and vσ simply shifts µ2

Φ → µ2
Φ + λΦσv

2
σ, −µ2

H → −µ2
H + κσvσ + λHσv

2
σ

as well as κ→ κ+ λσHΦH′vσ. Since we expect vσ to be very large we require small
couplings in order to not shift the scales too much.

• odd case: In this scenario σ is a pseudo-scalar that spontaneously breaks the
discrete exchange symmetry and leads to different mass terms −µ2

H ± κσvσ for
H,H ′ effectively realizing the softly-broken parity scenario of [658] for v′ � v
mentioned in section 6.5. On top of that when it comes to CP the minimum of the
scalar potential will be different from (6.16) and we find spontaneous CP violation
with an angle for vΦ of

βΦ − β − β′ = arctan

(
λσHΦH′ vσ√

2 κ

)
. (6.96)

This phase is negligible for the solution to the strong CP problem in section 6.8,
because the field Φ has no direct couplings to quarks and leptonic insertions occur
only at very large and thus heavily suppressed loop orders. In the symmetry-odd
case there could arise a dimension five operator similar to (6.67) [721]

cg5
ΛUV

σ GµνG̃
µν , (6.97)
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or a correction to the quark Yukawas in (6.4) of the form [721]

cu5
ΛUV

iσ
(
YuqH

†u+ Y ′uq
′H ′†u′

)
+

cd5
ΛUV

iσ
(
YdqHd+ +Y ′dq

′H ′d
′
)

+ h.c., (6.98)

which for a Planck-scale cut-off ΛUV need to satisfy cg,u,d5 vσ < 109 GeV [721] in
order to comply with the experimental bound of θ < 10−10 [686--689].

The effective operator in (6.87) with different signs in each bracket, violating the discrete
exchange symmetry, could arise from non-perturbative quantum gravitational effects,
which are expected [275--277] to explicitly break all global symmetries that are not
residual symmetries of gauge symmetries.

6.11 Appendix: Conclusion

We have presented a high scale Dirac neutrino mass model in the Type II Seesaw spirit,
that has the same scalar spectrum of neutral, singly- and doubly-charged scalars as the
original Majorana Type II Seesaw. This idea was implemented by introducing a bidoublet
scalar in a mirror sector model with the gauge group SU(2)L⊗ SU(2)′⊗U(1)X, where we
identify the mirror neutrinos as the Dirac partners of the SM neutrinos. It was shown
that the bidoublet is compatible with the discrete symmetry based solution to the strong
CP problem, which was the motivation behind the mirror sector to begin with. The
super-heavy bidoublet does not lead to any observable signatures for collider or other
terrestrial experiments. However it might have played a role in the early universe as the
source of the matter-antimatter asymmetry via either the non-thermal decay scenario or
Affleck-Dine Dirac Leptogenesis.
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7 Impact of high-scale Seesaw and
Leptogenesis on inflationary tensor
perturbations as detectable gravitational
waves

7.1 Contribution and Context

The following chapter is based on the publication

JHEP 05 (2023) 172, arXiv: 2301.05672 [hep-ph]

in collaboration with Dr. Anish Ghoshal (AG). AG had the initial idea for the project,
supplied relevant literature and suggested computing the signal-to-noise ratio as well as
incorporating dark matter into our setup. MB worked out the details for Leptogenesis
and dark matter production, digitized most of the plots for gravitational wave detectors
and CMB experiments, made all of the plots in the paper and wrote almost the entire
manuscript. MB also worked out the conditions under which the gravitational wave
signal from phase transitions and topological defects would be absent and, motivated
by a suggestion from AG, checked, if this scenario could produce observable amounts of
dark radiation.

In this chapter we do not construct a new model but rather we chose to work with the
most basic prototype for small neutrino masses: The Type I Seesaw [26--30,423]. The
Davidson-Ibarra bound [608] for a hierarchical right handed neutrino (RHN) mass spec-
trum requires a mass above 108 GeV in order to explain the observed baryon asymmetry
via the Leptogenesis mechanism [116], which is also known as high scale Leptogenesis. As
a consequence of the large RHN mass this scenario is particularly hard to test in laboratory
experiments and our only indirect handle on the associated mass scale would come from
e.g. virtual RHN mediating neutrinoless-double-beta-decay [19]. Of course there exist
scenarios based on resonant enhancement of self-energy graphs [426] or Leptogenesis from
oscillations [396] that are actually testable at our energy scales [742], but here we tried
to come up with a way to learn more about the high scale scenario. To do so we employ
gravitational wave astronomy, which might provide a window into the dynamics of the
early universe. While there exist ample amounts of literature about gravitational waves
produced from the phase transitions and topological defects [743--752] that are present in
models for the masses of the RHNs themselves, here we take a complementary approach:
If no new degrees of freedom apart from the RHN are added to the SM below the Planck
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scale, then the usually discussed GW signatures from phase transitions and topological
defects are absent. Even if such a phase transition took place in the early universe, there
would be no observational trace left, if it happened before inflation and the underlying
symmetry was never restored during inflation or reheating. Instead of producing a new
stochastic gravitational wave background, we study the dilution or distortion of the
primordial gravitational wave background expected from cosmic inflation due to the
decays of very-long lived RHN. The idea is that an initially thermal RHN population
starts to dominate the energy density of the universe after they become non-relativistic.
Gravitational waves that enter during this intermediate matter-dominated phase are than
damped compared to horizon crossing during radiation domination. This damping can
also be understood from the entropy released during the out-of-equilibrium RHN decay,
which dilutes the baryon asymmetry too. Putting these ingredients together we obtain a
modified Davidson-Ibarra bound and deduce that the frequency above which inflationary
gravitational waves would be affected lies above ca. 0.1 Hz. Here we assume a value of
the tensor to scalar ratio, which is not too far below the current bound of r < 0.036 [104].
In order to analyze the detection prospects we compute the signal-to-noise ratio for
various interferometers like e.g. AEDGE, BBO, DECIGO, Einstein Telescope or
LISA. In our analysis we take the spectral tilt as a free parameter and vary it between
zero and 0.5. We further extend this simple framework by a singlet fermion and a singlet
scalar and we focus on the fermion as a dark matter candidate, that gets produced
together with the lepton asymmetry from RHN decays. To summarize we

• showed that Leptogenesis might leave a trace in the inflationary tensor mode
background at frequencies above 0.1 Hz

• quantified the detection prospects for numerous gravitational wave detectors

• included a minimal extension for dark matter

7.2 Appendix: Abstract

We discuss the damping of inflationary gravitational waves (GW) that re-enter the
horizon before or during an epoch, where the energy budget of the universe is dominated
by an unstable right handed neutrino (RHN), whose out of equilibrium decay releases
entropy. Starting from the minimal Standard Model extension, motivated by the observed
neutrino mass scale, with nothing more than 3 RHN for the Seesaw mechanism, we
discuss the conditions for high scale Leptogenesis assuming a thermal initial population of
RHN. We further address the associated production of potentially light non-thermal dark
matter and a potential component of dark radiation from the same RHN decay. One of
our main findings is that the frequency, above which the damping of the tensor modes
is potentially observable, is completely determined by successful Leptogenesis and a
Davidson-Ibarra type bound to be at around 0.1 Hz. To quantify the detection prospects
of this GW background for various proposed interferometers such as AEDGE, BBO,
DECIGO, Einstein Telescope or LISA we compute the signal-to-noise ratio (SNR).
This allows us to investigate the viable parameter space of our model, spanned by the
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mass of the decaying RHN M1 & 2.4× 108 GeV ·
√

2× 10−7 eV/m̃1 (for Leptogenesis)
and the effective neutrino mass parameterizing its decay width m̃1 < 2.9× 10−7 eV
(for RHN matter domination). Thus gravitational wave astronomy is a novel way to
probe both the Seesaw and the Leptogenesis scale, which are completely inaccessible to
laboratory experiments in high scale scenarios.

7.3 Appendix: Introduction

The standard model (SM) of particle physics predicts that the neutrinos are massless, but
due to the observation of neutrino oscillations for solar [753--760], atmospheric [761, 762]
and reactor [10,12,763,764] neutrinos we now know that they are massive and the flavor
states mix due to the propagation of multiple mass eigenstates. Moreover the β-decay
experiment KATRIN [18] has provided us with the first direct limit of the neutrino mass
scale mν < 0.8 eV. Cosmology offers an indirect probe of this scale and demands that the
sum of all neutrino masses satisfies

∑
imνi < 0.12 eV [133,765] in order to be consistent

with the predictions for the Cosmic Microwave Background (CMB) radiation, Large
scale structure (LSS) formation and Big Bang Nucleosynthesis (BBN). The accelerated
expansion at the beginning of the universe provided by cosmic inflation, which was
postulated in order to solve the horizon and the flatness problems and is responsible for
quantum generation of the primordial fluctuations seeding the large scale structure of
the universe, is thought to be driven by a scalar field known as the inflaton (see [112]
for a review). In this paper, we will be concerned with the primordial Gravitational
Waves (GW) background of such inflationary origin [766--768] (see [769] for a review
on this topic). These inflationary GWs can act as a logbook of the expansion history of
our universe throughout its entire evolution [770--777]. Particularly, the detailed time
evolution of the Hubble rate during the expansion determines the transfer function that
describes how gravitational waves at different frequencies are red-shifted to the present
day. This property turns primordial GWs into a powerful tool that grants access to the
thermal history of our universe prior to BBN. Primordial GWs offer, e.g. an opportunity
to measure the reheating temperature after inflation [744, 778--784]. Similarly, with help
of these inference can be drwan of the equation of state during the quark-hadron phase
transition in quantum chromodynamics [785,786] or constrain properties of the hidden
sectors beyond the Standard Model (BSM) of particle physics [787,788].

The observed baryon asymmetry of the universe (BAU) is longstanding puzzle in particle
physics and cosmology [133, 488]. While the universe is expected to start in a matter-
antimatter symmetric phase, any primordial asymmetry set due tothe initial conditions
is expected to get diluted by the exponential expansion phase during cosmic inflation.
The BAU is often quoted in terms of the baryon to photon ratio measurement which,
according to the latest Planck 2018 data, is given by [133]

ηB =
nB − nB̄

nγ
= 6.1× 10−10 (7.1)
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and agrees with the value extracted from BBN [90] as well. Similar to the BAU, there
has been another question related to the presence of a mysterious, non-luminous form
of matter, popularly known as dark matter (DM), giving rise to approximately 26% of
the energy density in the present universe. In terms of density parameter ΩDM and
h = H0/(100 km s−1Mpc−1) with H0 being the observed present day Hubble parameter,
the current DM abundance is conventionally reported to be [133]

ΩDMh
2 = 0.120± 0.001 (7.2)

at 68% CL. Apart from cosmological evidence, the presence of DM has also been sug-
gested by several astrophysical implications [81,789,790]. While none of the standard
model particles satisfy the criteria of a particle DM candidate, the SM also does not
to satisfy the criteria to dynamically generate the observed BAU, known as Sakharov’s
conditions [113], in adequate amounts. This has led to several BSM possibilities offering
intriguing solutions to these puzzles: The Type I Seesaw mechanism [26--30, 423], where
the SM is augmented with three right handed SM gauge singlet neutrinos (RHN), may
explain both the observed neutrino masses (from neutrino oscillation experiments) as
well as the baryon asymmetry of the universe via first generating an asymmetry in the
dark leptonic sector [116,303,734,791,792] and subsequently getting transferred to the
visible baryonic sector via the electroweak sphaleron transitions [114]. Among the BSM
proposals for DM, the weakly interacting massive particle (WIMP) [62] produced as a
thermal relic is perhaps the most widely studied one (see [793] for a review). However
due to the absence of any WIMP related signals in nuclear and electron recoil DM direct
detection experiments, there has been growing interest in other (non-thermal) production
modes: some examples are the well-known super-WIMP scenario [307], where frozen
out WIMP decays to the actual DM, FIMPs [82] (see [304] for a review) that have such
tiny couplings to the SM plasma that they never thermalize, or non-thermal production
from inflaton decays [794] during the process of the formation of the radiation bath
known as reheating. In Leptogenesis models the RHN might also have the decay modes
to other SM singlets that can be good DM candidates [795,796], which is why we will
adopt this framework. Since the RHN decays out-of-thermal equilibrium the DM will be
non-thermal.

We will demonstrate that the same RHN decay responsible for both the generation of the
primordial baryon asymmetry via Leptogenesis, as well as the production of non-thermal
dark matter and a possible component of dark radiation, leaves its vestige on the primor-
dial spectrum of inflationary GWs. In particular we consider an epoch of intermediate
matter domination [62,301,302] from the lightest RHN, which decouples from the plasma
while relativistic and is very long-lived compared to the characteristic time scale of the
cosmic expansion. Since the decay occurs far away from thermal equilibrium it will
release a large amount of entropy, which dilutes the energy density of primordial GWs
that enter the horizon before the decay.

Although the Seesaw mechanism ties Leptogenesis to the observed light neutrino masses,
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the mechanism itself is notoriously difficult to test in laboratory based experiments,
as the heavy right-handed neutrino mass scale has to be above & 109 GeV (see [619]).
One should keep in mind that this bound can be evaded, see for example [426] and
with some fine tuning, it is also possible to bring down the scale of the non-resonant
thermal Leptogenesis to as low as 106 GeV [797]. However indirect tests for high scale
Leptogenesis of course exist as well. These are primarily based on neutrino-less double
beta decay scenarios [19, 798], meson decay scenarios [799--801], and via CP violation in
the neutrino oscillation [802,803], the structure of the leptonic mixing matrix [804], or
via considering theoretical constraints from the demand of the SM Higgs vacuum does
not become unstable in early universe [805, 806]. Therefore, it is necessary, although
very challenging to find newer and complementary tests of such heavy neutrino Seesaw
physics and consequently the Leptogenesis mechanism. Recently it has been proposed to
complement these indirect tests with the observations of GWs of primordial origin such
as that from cosmic strings [750], domain walls [807] and other topological defects [752] or
from nucleating and colliding vacuum bubbles [808, 809], graviton bremmstrahlung [810]
and primordial black holes [811,812]. These previous studies on GW [743--752] focused
on the stochastic GW background from the dynamics of the scalar field, whose vacuum
expectation value is responsible for the RHN mass, whereas (when it comes to Leptogen-
esis) we only extend the SM by adding nothing more than three RHNs with hard mass
terms. In order to ensure a thermal population of the lightest RHN, which can not be
established by the Yukawa couplings we consider, we have to assume that the RHNs are
produced from inflaton decays or additional gauge interactions. In this paper we propose
the imprint of the RHN decay on the inflationary first-order tensor perturbations as a
novel probe of the minimal high-scale Leptogenesis mechanism.

The paper is organized as follows: In the subsection 7.4.1 of section 7.4 we discuss
the Seesaw model, then how the decay of the lightest right handed neutrino (RHN) leads
to an intermediate era of matter domination in 7.4.2, and we elaborate on the generation
of baryon asymmetry via Leptogenesis from the decay of the lightest RHN in 7.4.3. We
also discuss the production of non-thermal dark matter and dark radiation from such
heavy RHN decays in 7.4.4. In section 7.5 we discuss the generation and propagation
of inflationary tensor perturbations as Gravitational Wave signals and show how RHN
decays leave their imprint on the GW spectrum. We discuss the GW detection prospects
in 7.6.1 of section 7.6 and translate such experimental sensitivities into the reach for
probing the parameter space and scale of Leptogenesis via computing the signal-to-noise
ratio (SNR) in 7.6.2. We end with the conclusions in section 7.7.
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7.4 Appendix: Decays of a long-lived RHN

7.4.1 Type I Seesaw mechanism

We start with a conventional Type I Seesaw [26--30,423] with three right handed neutrinos
N

L = λ L(iσ2)H†N +
MN

2
N cN + h.c., (7.3)

where σ2 is the second Pauli matrix and assume without loss of generality that the
symmetric right handed neutrino (RHN) mass matrix is diagonal

MN = diag (M1,M2,M3) , (7.4)

without making any assumptions about the mass spectrum yet. After Integrating out the
RHN and electroweak symmetry breaking with 〈H〉 ≡ v = 174 GeV the active neutrino
mass matrix reads at leading order in the Seesaw expansion

mν = −mD ·M−1
N ·m

t
D = diag (m1,m2,m3) , with mD ≡ λ v �MN . (7.5)

Using the Casas-Ibarra parameterization in the basis where the charged lepton mass
matrix is diagonal one finds [607]

λ =
1

v
·M

1
2
N ·R ·m

1
2
ν · U †PMNS, (7.6)

where UPMNS is the leptonic equivalent of the CKM matrix. R describes the mixing and
CP-violation in the RHN sector and is expressed as a complex, orthogonal matrix that
reads

R ≡ diag(±1,±1,±1) ·R(23)(z23) ·R(13)(z13) ·R(12)(z12) (7.7)

in terms of 2× 2 rotation matrices R(ij) in the ij-plane with an angle zij .

7.4.2 Conditions for intermediate matter domination

The lightest RHN N1 has the tree level decay width summed over all SM lepton flavours
of

Γ1 ≡ Γ(N1 → LH,LH†) =

∣∣λλ†∣∣
11

8π
M1. (7.8)

For T �Mj the decay in the plasma is suppressed by a time dilation factor of M1/T [299],
which goes to one for T ≤ M1. It is customary to define the effective neutrino mass
mediated by N1

m̃1 ≡
∣∣λ†λ∣∣

11
v2

M1
=
∑
i

mi|R1i|2, (7.9)
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which appears when comparing the decay rate to the characteristic time scale of cosmic
expansion H(T )−1, where H(T ) is the Hubble rate during radiation domination

K1 ≡
Γ1

2H(T )

∣∣∣
T=M1

=
m̃1

2× 10−3 eV
. (7.10)

This effective mass only coincides with the physical mass (m̃j = mj) for Rji = 0,∀i 6= j.
A small effective mass m̃1 implies that N1 is weakly coupled to other two RHN. One can
show that this effective mass is larger than the lightest active neutrino mass [813]

m̃1 > Min [mν ] . (7.11)

We find that the N1 decays after it has become non-relativistic (K1 � 1) as long as

m̃1 � 2× 10−3 eV. (7.12)

The energy density of the non-relativistic RHN redshifts slower than radiation, so it
overtakes the radiation component and becomes the dominant contribution to the energy
budget of the universe at [737]

Tdom. =
7

4

M1

g∗(Tdom.)
' 2% M1, (7.13)

where we used that the number of relativistic degrees of freedom above the electroweak
crossover is g∗(Tdom.) = O(100). Once Γ1 = H(Tdec.) the intermediate epoch of matter
domination ends and the decays of N1 to relativistic particles begin a new epoch of
radiation domination with a starting temperature of

Tdec. = 3× 108 GeV

√
m̃1

10−6 eV

(
M1

1010 GeV

)(
106.75

g∗(Tdec.)

) 1
4

. (7.14)

The decay takes place after the onset of early matter domination for [737]

m̃1 < 2.9× 10−7 eV. (7.15)

If m̃1 is larger than this number, there will be no era of intermediate RHN matter
domination and consequently the decays of the N1 will not produce enough entropy
to lead to an appreciable dilution of the inflationary tensor mode background (see the
following discussion in section 7.5.1). This bound implies together with (7.11) that the
lightest active neutrino mass has to be smaller than 2.9× 10−7 eV meaning that for
normal-ordering (NO) we consider the following neutrino spectrum [814]

m1 ' 0, m2 '
√

∆m2
sol. ' 8.6× 10−3 eV, m3 '

√
∆m2

sol. + ∆m2
atm. ' 0.05 eV.

(7.16)

For the inverted ordering (IO) we would instead have a quasi-degenerate spectrum [814]

m1 '
√
|∆m2

sol. + ∆m2
atm.| ' 0.0492 eV, m2 '

√
|∆m2

atm.| ' 0.05 eV, m3 ' 0.

(7.17)
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Above we used the results of the global fit to neutrino oscillation data [4] including the
atmospheric data from Super-Kamiokande [5, 6]:

NO: ∆m2
sol. = 7.42+0.21

−0.20 × 10−5 eV, ∆m2
atm. = 2.517+0.026

−0.028 × 10−3 eV, (7.18)

IO: ∆m2
sol. = 7.42+0.21

−0.20 × 10−5 eV, ∆m2
atm. = −2.498+0.028

−0.028 × 10−3 eV. (7.19)

The duration of the intermediate matter dominated era can be expressed in terms of the
number of e-foldings

Ne = log

(
a(Tdec.)

a(Tdom.)

)
' log

(
25.4

g∗(Tdom.)

(
v2

m̃1MPl.

) 2
3

)
, (7.20)

'

{
0.3 for m̃1 = 2× 10−7 eV,

5 for m̃1 = 2× 10−10 eV,
(7.21)

where we used that during matter domination a ∼ H−2/3 together with H(Tdec.) = Γ1

and H(Tdom.) ∼ T 2
dom./MPl. at the transition from radiation to matter domination.

Throughout this work we assume an initial equilibrium distribution for N1. For small
Yukawa couplings giving rise to m̃1 < 10−3 eV [737] the interactions in (7.3) do not
suffice to establish equilibrium in the radiation dominated plasma after inflationary
reheating at TRH. Hence our scenario precludes thermal Leptogenesis and is sensitive to
the initial conditions of the radiation bath. This is why we assume the initial population
of RHN is produced by additional interactions such as couplings to the inflaton ϕ [815]
like e.g.

YϕN ϕN cN, (7.22)

for a production during reheating, or new gauge bosons from e.g. GUTs [24, 573] or
gauged B-L [301]. Concentrating on the case of a U(1)B-L gauge boson with mass
mZ′ = gB-LvB-L > TRH as an example, the scattering rate of N1 with the SM quarks and
leptons via off-shell Z ′ would read approximately

Γscat. '
g4

B-LT
5

m4
Z′

=
T 5

v4
B-L

. (7.23)

This interaction freezes-out while the N1 are still relativistic (TFO > 10M1) as long as

vB-L > 7× 1011 GeV ·
(

M1

7.5× 108 GeV

) 3
4

·
(

106.75

g∗ρ(TFO)

) 1
8

. (7.24)

The impact of the underlying U(1)B-L breaking on stochastic GWs is briefly explained in
section 7.5.2.
� Addendum: One might wonder why we assume a thermal initial population of RHN
instead of assuming that RHNs produced from inflaton decays immediately dominate the
energy budget of the universe, which would allow for larger values of m̃1 that are also
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compatible with Leptogenesis. The reason is that the RHN produced from inflationary
reheating become more and more short-lived for larger m̃1, which implies that the RHN
reheating temperature Tdec. becomes closer to the inflationary reheating temperature
TRH, so eventually we would not be able to distinguish between both epochs by only
using the damping of the tensor modes. �

7.4.3 Non-thermal Leptogenesis

We assume the inflationary reheating dynamics satisfy M2,M3 > Tmax > M1 so that we
can focus on the decays of the lightest RHN N1. In this context we defined Tmax > TRH

as the largest temperature during the epoch of inflationary reheating [816--818], which
ends with a radiation bath of the temperature TRH. Alternatively, if one assumes only
M2,M3 & (3− 10)×M1, the population of N2,3 will have decayed away long before N1

decays, as a consequence of their larger Yukawa couplings needed to explain the observed
neutrino masses. Further we assume there is no primordial lepton asymmetry e.g. from
the decays of N2,3. Since the N1 are too weakly coupled, they would not be able to erase
this preexisting asymmetry [819]. However for realistic light neutrino masses the N2,3

will be in the strong washout regime m̃2,3 > 10−3 eV, so that inverse decays LH → N2,3

destroy a large portion of the asymmetry produced by the decays of N2,3. The lepton
asymmetry nB-L/s, defined in terms of the number density of leptons minus anti-leptons
normalized to the entropy density s, can be converted into a baryon asymmetry via the
electroweak sphaleron process. For the RHN dominated scenario one finds a baryon
asymmetry of [737]

nB

s
=

3

4
csph. · ε1 ·

Tdec.

M1
· ω. (7.25)

The parameter ε1 denotes the CP-violating decay parameter encoding the amount of
leptonic asymmetry produced per decay of N1. The sphaleron redistribution coefficient
is found to be cph. = 28/79 [610] and the term ω, that will be determined later in
this paragraph, parameterizes the washout of the lepton asymmetry. Our analysis is
different from the more commonly studied case of non-thermal Leptogenesis immediately
after inflationary reheating [729,730], where Tdec./M1 would have to be replaced with
TRH/mϕ with mϕ being the inflaton mass, because here the RHN decay takes place
much later, after it had time to dominate the energy budget of the universe. The factor
of Tdec./M1 < 2% comes from nN/s, which can be obtained from energy conservation
(ρtot. = M1nN before the decay) leading to

nN =
π2

30
g∗ρ(Tdec.)

T 4
dec.

M1
(7.26)

and can be understood as the entropy dilution from the N1 reheating: The dimensionless
dilution factor from the entropy produced by the instantaneous1 out-of-equilibrium decay

1Reference [820] goes beyond this approximation and also deals with the case of a decaying particle
whose temperature is different from the SM bath.
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of the dominating RHN N1 [62, 301,302] reads

∆ ≡ s(Tdec.)a
3(Tdec.)

s(TRH)a3(TRH)
=

1 + 2.95

(
2π2 〈g∗(T )〉

45

) 1
3

(
niN
s M1

) 4
3

(MPl.Γ1)
2
3


3
4

(7.27)

(for ∆� 1) ' 18.4 ·

√
10−10 eV

m̃1

(
106.75

g∗(Tdec.)

) 3
4

. (7.28)

In this context we denote the average of g∗(T ) over the decay period as 〈g∗(T )〉 and we
assume that 〈g∗(T )〉 ' g∗(Tdec.). To obtain the second line we assumed for the initial
abundance niN/s that N1 decoupled from the plasma while relativistic to maximize the
amount of entropy produced [301], see also (7.24). For hierarchical RHN spectrum
(M3 > M2 > M1) the decay parameter from the interference between tree-level and
one-loop vertex- and self-energy-corrections is found to be [606]

|ε1|hier. =
∑
i 6=1

3

16π

M1

Mi

Im
((
λλ†
)2

1i

)
|λλ†|11

=
3

16π

M1

v2

∑
im

2
i Im

(
R2

1i

)∑
jmj |R1j |2

< εmax, (7.29)

where the upper limit (for normal ordered neutrino masses) reads [608]

εmax =
3

16π

M1

v2
(m3 −m1). (7.30)

It is worth mentioning that while the small required value of m̃1 in (7.14) necessitates
small values of |R1i|2, this does not automatically force |ε1|hier. to be tiny, since this
quantity depends only on a ratio of squared R-matrix elements. For completeness let us
mention that for a degenerate spectrum with M3 > M2 'M1 the self-energy graph gets
resonantly enhanced and the estimate gets modified as [606]

|ε1|degen. = εmax ·
S2 ·m3 −m1

m3 −m1
, where S2 ≡

M2

2Γ2
as long as M2 −M1 =

Γ2

2
.

(7.31)

We estimate the baryonic asymmetry for a general value of ε1

nB

s
' 0.15 ·

√
m̃1Mpl.

v
· ε1 · ω, (7.32)

' 8.75× 10−11 ·
√

m̃1

2× 10−7 eV
·
(

ε1 · ω
2.4× 10−8

)
, (7.33)

where we chose m̃1 for matter domination according to (7.15). One can compute the
observed nB/s from the baryon-to-photon-ratio in (7.1) by making use of s ' 7.04 nγ .
The required mass M1 for the hierarchical spectrum can be obtained from (7.30)

M1 & 2.44× 108 GeV ·
(

nB/s

8.75× 10−11

)
·

√
2× 10−7 eV

m̃1
·
(

0.05 eV

m3 −m1

)
·
(

1

ω

)
(7.34)

166



7.4 Appendix: Decays of a long-lived RHN

and depends intimately on the details of the active neutrino mass spectrum. Note that
unlike the usual Davidson-Ibarra bound M1 & 109 GeV [608] our estimate depends on the
parameter m̃1 due to the entropy produced in the RHN decay. It is not surprising that
this bound can be slightly lower than the Davidson-Ibarra limit, as the out-of-equilibrium
RHN abundance at Tdec. can be larger than the typically assumed relativistic thermal yield.
Fitting M1, m̃1 to the baryon asymmetry of the universe leads to Tdec. & 3.3× 106 GeV
[821] and the condition M1 > Tdec. is always satisfied for the range of m̃1 we consider
(see the discussion above (7.15)). It is important to point out that our present treatment
ignores flavour effects [611,822--824] such as the charged lepton Yukawa interactions being
fast compared to the Hubble scale at different temperatures. These effects can change
the asymmetry and consequently the Davidson-Ibarra bound by order one numbers [824]
and are expected to be most relevant in the strong washout regime m̃1 > 10−3 eV [822]
not applicable here. Now let us take into account the washout of the asymmetry
instantaneously produced at Tdec.. Because the universe transitions back to a second
phase of radiation domination at Tdec., we can reuse the standard estimates for washout.
Since the inverse decay requires an on-shell N1 it gets Boltzmann-suppressed and scales
as [619]

ΓID ∼ Γ1e
−M1

T . (7.35)

Consequently for T < Tdec. < M1 we can neglect the washout from inverse decays. That
leaves the scattering processes LL ↔ H†H† and LH ↔ LH† via intermediate RHNs
Nj (j = 1, 2, 3). Here one does not include the resonant contribution from on-shell N1,
as they are already included in the decay term of the Boltzmann equations [303] and the
masses of N2,3 are not kinematically accessible. For T �M1 the scattering term can be
expressed as [619]

∆W ≡ 2× 10−6

z2
·
(

M1

2.5× 108 GeV

)
·
(

mν

0.05 eV

)2

, (7.36)

where

z ≡ M1

T
, and mν ≡

√
3m2

1 + 2∆m2
sol. + ∆m2

atm. (7.37)

implying

ω ' exp

(
−
∫ ∞
zdec.

dz ∆W

)
(7.38)

' exp

(
−2.7× 10−9 ·

(
M1

2.5× 108 GeV

)
·
(

mν

0.05 eV

)2

·
√

m̃1

2× 10−7 eV

)
. (7.39)

In the above we used equations (7.16) and (7.17) for the sum of neutrino masses mν .
This process is negligible, if the absolute value of the exponent is . 0.1 [825], which
corresponds to the bound

M1 < 2.3× 1016 GeV ·
(

0.05 eV

mν

)2

·

√
2× 10−7 eV

m̃1
, (7.40)

167



7 Seesaw impact on Gravitational Waves

compatible with the findings of [303], indicating that our parameter space (see (7.34))
will be save from any kind of washout: ω ' 1.

� Addendum: We corrected a typo in the above expressions compared to the
published version, which erroneously contained a factor of mν instead of the correct
mν

2, which marginally changes the bound on M1 from 9× 1015 GeV to 2.3× 1016 GeV
without affecting our conclusions. �

7.4.4 Dark Matter and Dark Radiation Co-genesis

Dark Matter could be included in Seesaw models via a lightest RHN with keV-scale
masses [428, 429] produced via either active-to-sterile oscillations [282, 283] or gauge
interactions [301]. The neutrino mass mediated by a keV-scale N1 as DM is expected
to be smaller than O

(
10−5 eV

)
[428]. Since then N2 would have to play the role of the

decaying particle for Leptogenesis and we would have to require the associated effective
neutrino mass to be below O

(
10−7 eV

)
for matter domination (see (7.15)), we would

not be able to explain both of the observed neutrino mass splittings in (7.16) and (7.17).
Consequently we consider an additional particle as the DM. The out-of-equilibrium
decay of a heavy N1 to this particle might then populate the dark matter abundance. A
schematic model for this purpose consists of adding a gauge singlet Majorana fermion ψ
and a real singlet scalar σ, either of which (or both) could play the role of dark matter a
priori. This approach was first considered in reference [795] for the context of asymmetric
dark matter and later in [796] for the case of CP-conserving decays to DM. The relevant
couplings are

L ⊃ y Nσψ +mψ ψcψ + V (H,σ). (7.41)

For the sake of minimality we assumed that ψ is a Majorana fermion. It might as well be
a Dirac fermion, if we were to introduce a vector-like partner for it. We assume a general
renormalizable scalar potential V (H,σ) for the real scalar σ and that M1 � mψ +mσ.
Additionally all portal couplings are presumed to be small enough to prevent thermal
abundances of ψ, σ in the early universe. The decay width of N1 to ψσ reads

Γψ ≡ Γ(N1 → ψσ) =

∣∣yy†∣∣
11

16π
M1, (7.42)

where the factor of 1/2 compared to (7.8) arises because this decay has singlets and not
doublets in the final state. We define

BRψ =
Γψ

Γ1 + Γψ
and BRL =

Γ1

Γ1 + Γψ
. (7.43)

The discussion in section 7.4.2 assumed that Γ1 was the leading decay mode of N1

determining the temperature Tdec. at the end of the matter dominated phase in (7.14).
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Generally speaking this temperature should be calculated from Max [Γ1,Γψ] instead. In
order to use the parameter region from section 7.4.2 we will set BRL ≥ BRψ. In the
following we will assume that ψ is the DM, because as long as σ does not receive a
vev [795] it has only a suppressed decay mode to νLσ for mψ > mσ via νL −N mixing,
that will be discussed in a moment. Its yield is different from the typical Freeze-in
approach [82,826] since the decaying RHN is not in thermal equilibrium with the rest
of the bath anymore. It also differs from the super-WIMP [307], because the RHN is
relativistic at decoupling unlike the non-relativistic WIMP that decays to DM. For our
case one finds [794,827]

nψ
s

= BRψ
nN
s

=
3

4
BRψ

Tdec.

M1
, (7.44)

from which we deduce that

Ωψh
2 ' 0.12 ·

( mψ

170 keV

)
·
(

BRψ

5× 10−4

)
·
√

m̃1

2× 10−7 eV
. (7.45)

One can see that the DM abundance only constraints the product mψBRψ and we use it
as a free parameter in the upcoming sections about gravitational waves instead of just
mψ. For small branching fractions our scenario leads to light dark matter. Fermionic DM
is only gravitationally bound to the DM halo of our galaxy if mψ & O(100 eV) [828]. In
order to comply with bounds from structure formation, that constrain the free-streaming
scale of dark matter, we have to demand that [243]

mψ & O(10 keV). (7.46)

Both of these constraints illustrate why we need BRψ � BRL, which translates to
y1 � λ1i. In the regime mσ < mψ the following decay from νL − N1,2,3 mixing after
electroweak symmetry breaking becomes kinematically allowed [829] and we assume that
mσ � mψ:

Γ (ψ → νLσ) =

∣∣yy†∣∣
11

16π

∑
i,j

λjiλ
†
ij v

2

M2
j

mψ '
mψ BRψ

8π

m̃1
∑

imi

v2

M1

M2,3
(7.47)

Here we summed over the final state lepton flavors, which together with the sum over all
three RHNs and making the approximation of factoring out one power of M2,3, allows
us to trade the λ-couplings of the active neutrino masses via the Seesaw-relation (7.5).
Equation (7.43) lets us trade the y-couplings for BRψ and m̃1 in the limit BRψ � BRL.
Data on baryon acoustic oscillations and structure formation requires a lifetime τψ =
1/Γ (ψ → νLσ) for DM decaying to dark radiation of τψ > (249.6− 268.8)× 109 yr [89]
depending on the exact dataset used. The resulting bound for τψ > 250× 109 yr reads

mψBRψ < 1.8× 10−2 eV ·
(

2× 10−7 eV

m̃1

)
·
(

0.05 eV∑
imi

)
·
(
M2,3/M1

3

)
(7.48)
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Figure 7.1: Parameter space for the dark matter mass mψ versus the branching ratio
BRψ of the RHN decay to dark matter. Contours with (straight, dashed,
dotted) lines correspond to m̃1 =

(
10−7, 10−10, 10−15

)
eV . The purple

contours reproduce the observed dark matter relic abundance and above the
contour the abundance would be too large (for fixed m̃1). The gray regions
are excluded because of unsuccessful structure formation (Lyman-α) and
dark matter not being gravitationally bound (Tremaine-Gunn). On the red
contours for the DM lifetime from ψ → νLσ is equal to the observational
limit and in the colored region above (for fixed m̃1) the lifetime would be
too small. This excludes the lines with m̃1 =

(
10−7, 10−10

)
eV, meaning

that here only m̃1 = 10−15 eV is viable for DM. Note that lifetime bound
disappears for mψ < mσ, in which case the entire purple region is allowed.
The area in light orange is excluded by our assumption BRψ � BRL ' 1
and the orange region would be excluded, if the real scalar also produced in
the RHN decay was stable and light enough to be dark radiation (see the
discussion below (7.53)).

and is compatible with the relic density (7.45) for

m̃1 < 9.7× 10−15 eV ·
(

0.12

Ωψh2

)2

. (7.49)
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7.4 Appendix: Decays of a long-lived RHN

We depict the allowed parameter space in figure 7.1. Once can see that the parameters
m̃1 =

(
10−7, 10−10

)
eV violate the lifetime constraint, because for each constant m̃1 the

purple relic abundance iso-contour line is above the red line for τψ = 250× 109 yr. The
only viable parameter point in this plot has m̃1 = 10−15 eV in agreement with (7.49),
because here the lifetime iso-contour is above the line for the relic density and we find
dark matter close to the GeV-scale. The previous limits only apply for mψ > mσ. In
general the scalar σ couples to the SM Higgs through the following terms

V (H,σ) ⊃ λσHσ2 |H|2 + (κ σ + h.c.) |H|2 . (7.50)

For mσ > mh it could decay to the SM Higgs. If this is kinematically forbidden, there
could be decay modes lighter SM fermions such as e.g. the electron σ → e+e−e+e− via
off-shell SM Higgs bosons. In case σ has no vev these decays require the κ coupling. If σ
is too light to decay to SM states or the couplings λHσ and κ are very small, then the
relic abundance of σ survives until today. In this case and assuming that λHσ and κ are
small enough to avoid thermalization with the SM plasma, the non-thermal σ could still
exist in the form of dark radiation. Its energy density is found from nσ = nψ = BRψnN
to be [830]

ρσ(Tdec.) =
π2

30
g∗(Tdec.) BRψ

√
m2
σ +

(
M1
2

)2
M1

T 4
dec. (7.51)

and we compute the abundance of dark radiation, conventionally parameterized as the
number of additional neutrinos as [74] assuming again that M1 � mσ:

∆Neff. =
4

7
· g∗ρ(Tdec.) ·

(
10.75

g∗S(Tdec.)

) 4
3

· ρσ(Tdec.)

ρSM(Tdec.)
(7.52)

' 0.06 ·
(

BRψ

4%

)
·
(

106.75

g∗S(Tdec.)

) 4
3

·
(
g∗(Tdec.)

106.75

)
(7.53)

We see that σ would lead to too much dark radiation compared with the current Planck
bound ∆NPlanck+BAO

eff. ' 0.28 [20] unless we make the branching ratio BRψ, which also
controls the DM production, smaller than about 20% (see figure 7.1). However we saw
previously that BRψ can be far below a percent for heavy enough DM, which is why we do
not necessarily expect observable dark radiation. BBN sets a bound of ∆NBBN

eff. ' 0.4 [831].

The projected sensitivities of upcoming experiments read ∆Nproj.
eff = 0.014 for CMB-

HD [832], ∆Nproj.
eff = 0.05 for CMB-Bharat [833], ∆Nproj.

eff = 0.06 for CMB Stage
IV [332, 333] and NASA’s PICO mission [335] or ∆Neff. . 0.12 for CORE [336], the
South Pole Telescope [330] as well as the Simons observatory [331]. Before closing let us
emphasize again that σ only counts as dark radiation when it is very light and stable or
long-lived.
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7 Seesaw impact on Gravitational Waves

7.5 Appendix: Gravitational Waves

7.5.1 Distortion of the inflationary tensor mode spectrum

We assume primordial inflation ended in an epoch of reheating, creating a Standard
Model plasma of radiation with an initial temperature TRH set by the reheating dynamics.
Gravitational waves produced during inflation first leave the horizon and have constant
amplitudes while outside the horizon. After they re-enter the horizon the amplitude
becomes damped. The power spectrum of gravitational waves (GWs) today can be
written as a function of the wave-number k = 2πf with f being the frequency

ΩGW(k) =
1

12

(
k

a0H0

)2

PT (k), (7.54)

where a0 = 1 and H0 ' 2.2× 10−4 Mpc−1 [834] are the scale factor and expansion rate
today and PT denotes the spectrum of tensor modes. It is parameterized in terms of the
primordial power spectrum from inflation P prim.

T

PT (k) = T 2
T (k) P prim.

T (k) (7.55)

as well as a transfer function T 2
T (k). This transfer function describes the propagation of

GWs hij in the Friedmann-Lemaitre-Robertson-Walker background

h′′ij + 2aHh′ij −∆hij = 0, (7.56)

where primes denote derivatives with respect to conformal time, after the horizon re-entry
at a temperature of Tin that depends on the wave-number via [780]

Tin = 5.8× 106 GeV ·
(

106.75

g∗(Tin)

) 1
6
(

k

104 Mpc−1

)
. (7.57)

The inflationary tensor power spectrum is conventionally parameterized in terms of its
amplitude AT and its spectral index nT at the pivot scale k∗ = 0.05 Mpc−1 [353]

P prim.
T (k) = AT (k∗)

(
k

k∗

)nT
. (7.58)

This amplitude is related to the scalar power spectrum Pξ(k∗) = 2.0989× 10−9 [353] via
the tensor-to-scalar-ratio r < 0.035 [835]

AT (k∗) = r Pξ(k∗). (7.59)

Observations of the cosmic microwave background only constrain the scalar spectral
index to be nS = 0.9649 ± 0.0042 [353], which is why we take nT as a constant free
parameter. The case of nT > 0 (< 0) is known as a blue-tilted (red-tilted) spectrum.
Standard single field slow-roll inflation predicts a red-tilted spectrum, as the tensor
spectral index nT satisifes the so-called consistency relation nT = −r/8 [836], however
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7.5 Appendix: Gravitational Waves

this does not rule out the possibilities of a blue-tilted spectrum, which is well moti-
vated in various scenarios including e.g. string gas cosmology [837], super-inflation
models [838], G-inflation [839], non-commutative inflation [840,841], particle production
during inflation [842, 843], and several others [844]. Here we will also seek to inves-
tigate such scenarios from the perspective of models of the early universe and Leptogenesis.

� Addendum: Saturating the current limit on r leads to nT = −4 × 10−3 for
single field inflation. Visually the corresponding plots are pretty much indistinguishable
from the case of nT = 0. �

An epoch of early or intermediate matter domination would change the transfer function
compared to the standard case of radiation domination, and hence the expansion of the
background is imprinted in the damping of the gravitational wave amplitude. Refer-
ences [774,780,781,845--847] computed this transfer function numerically and found a
compact analytical expression with a fitting function F (k)

T 2
T (k) = Ω2

m

(
g∗(Tin)

g0
∗

)(
g0
∗S

g∗S(Tin)

) 4
3
(

3j1(zk)

zk

)2

F (k) (7.60)

in terms of the total matter density Ωm = 0.31, the first spherical Bessel function j1(zk)
and zk ≡ k τ0 with τ0 = 2/H0 [834] being the conformal time today. The factors of the
relativistic degrees of freedom encode the expansion of the universe and we use the fitting
functions of reference [847] for g∗(Tin) and g∗S(Tin) with the present day values g0

∗ = 3.36
and g0

∗S = 3.91, whereas the Bessel function describes the damping of the gravitational
wave amplitude after horizon re-entry. In the limit zk � 1, which always holds for the
frequencies we are interested in,

k τ0 ' 6× 1015

(
f

10−3 Hz

)
, (7.61)

we can trade the oscillatory j1(zk) for 1/(
√

2zk). Note that in references [781,847] the
correct limiting behavior was mentioned for the wrong limit zk � 1 (for which one would
obtain j1(zk) ∼ zk instead) . We employ the most recent results of [847] for the fitting
function F (k). Without intermediate matter domination it reads

F (k)standard = T 2
1

(
k

keq.

)
T 2

2

(
k

kRH

)
, (7.62)

whereas including an epoch of RHN domination leads to

F (k)IMD = T 2
1

(
k

keq.

)
T 2

2

(
k

kdec.

)
T 2

3

(
k

kdec. S

)
T 2

2

(
k

kRH S

)
. (7.63)
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Here we introduce

keq. = 7.1× 10−2 Mpc−1 · Ωmh
2, (7.64)

kdec. = 1.7× 1014 Mpc−1

(
g∗S(Tdec.)

g0
∗S

) 1
6
(

Tdec.

107 GeV

)
, (7.65)

kRH = 1.7× 1014 Mpc−1

(
g∗S(TRH)

g0
∗S

) 1
6
(

TRH

107 GeV

)
, (7.66)

kdec. S = kdec.∆
2
3 , (7.67)

kRH S = kRH∆−
1
3 , (7.68)

where all quantities with a subscript (superscript) “0” are evaluated today and we set
h = 0.7. The entropy dilution factor ∆ was defined in (7.27) and the fit functions read

T 2
1 (x) = 1 + 1.57x+ 3.42x2, (7.69)

T 2
2 (x) = (1− 0.22x

3
2 + 0.65x2)−1, (7.70)

T 2
3 (x) = 1 + 0.59x+ 0.65x2. (7.71)

Physically T1 describes the transition from a radiation dominated phase to a matter
dominated epoch and T2 the case of going from matter domination to radiation domination.
T3 has the same physical interpretation as T1 but allows for a better numerical fit [847].
One deduces from the wave-number kdec. = 2πfsup. at the time of RHN decay in
(7.65) that the gravitational wave spectrum gets suppressed by the entropy dilution for
frequencies above

fsup. ' 2.7× 10−10 Hz

(
Tdec.

10 MeV

)
, (7.72)

' 9× 10−2 Hz ·
(

nB/s

8.75× 10−11

)
·
(

0.05 eV

m3 −m1

)
·
(

106.75

g∗(Tdec.)

) 1
4

, (7.73)

where in the last line we fixed M1 via equation (7.34) to reproduce the observed baryon
asymmetry, which means that all the RHN decay at Tdec. = 3.3× 106 GeV hence the
constant fsup.. The suppression factor of the power spectrum is [770]

Rsup. =
ΩIMD

GW

Ωstandard
GW

' 1

∆
4
3

, (7.74)

which depends only on m̃1 via ∆ in (7.28). Here ΩIMD
GW was computed from (7.63) and

takes the intermediate matter domination (IMD) from the RHN into account, whereas
Ωstandard

GW from (7.62) appears in the absence of RHN domination.

7.5.2 Other GW sources

So far, when it comes to gravitational waves, most studies involving the Seesaw mechanism
have focused on the dynamics of e.g. the U(1)B-L breaking, which underlies the RHN
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Majorana masses in unified gauge theories [24,573]. The dynamics of the scalar responsible
for breaking this gauge symmetry can source a separate stochastic gravitational wave
background by means of a first order [745,746,748,749] or second order [744,747,750]
phase transition as well as via the formation of a network of cosmic strings [743,750--752]
via the Kibble mechanism [848]. If the phase transition or the formation of topological
defects happens before inflation - and the symmetry is never (non-)thermally restored -
any trace of the B-L transition will be diluted away due to the exponential expansion of
space-time. The symmetry is broken throughout inflation and reheating if [849]

vB-L > Max

[
HI

2π
, Tmax.

]
, (7.75)

where the first term is the Gibbons-Hawkings temperature [850] in terms of the Hubble
rate during inflation HI and the second term the maximum temperature during reheating
[816--818], which can be drastically larger than the temperature of the radiation bath at
the end of reheating TRH. Since Tmax. depends on the reheating scenario, the best we
can do to get an estimate on vB-L is to assume that HI/(2π) > Tmax. and saturate the
current CMB-limit on HI . 2.5× 1014 GeV [77] leading to

vB-L & 4× 1013 GeV. (7.76)

This further motivates why we consider high scale Leptogenesis. Moreover this bound
is compatible with the condition (7.24) for a thermalized population of N1 from B-L
gauge scatterings. Also note that one could even consider a case, where no additional
degrees of freedom except the RHN are added to the SM below the Planck scale, so
that there would be no source for the stochastic GW background (in this case the initial
thermal RHN abundance would have to come from inflaton decays). Consequently our
high scale scenario without a stochastic GW background, being essentially independent
of the dynamics of the U(1)B-L transition and the associated scalar, can be viewed as
complementary to the existing analyses.

7.5.3 Detectors and signal-to-noise ratio

We display the (expected) sensitivity curves for a variety of exisiting and proposed
experiments that can be grouped in terms of

• ground based interferometers: LIGO/VIRGO [851--856], aLIGO/aVIRGO
[857--860], AION [861--864], Einstein Telescope (ET) [865, 866], Cosmic
Explorer (CE) [867,868],

• space based interferometers: LISA [869, 870], BBO [871--873], DECIGO,
U-DECIGO [774,874--878], AEDGE [861,879], µ-ARES [880]

• recasts of star surveys: GAIA/THEIA [881],

• pulsar timing arrays (PTA): SKA [882--884], EPTA [885--887], NANOGRAV [888--
892]
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• CMB polarization: Planck 2018 [77] and BICEP 2/ Keck [893] computed by [894],
LiteBIRD [895],

• CMB spectral distortions: PIXIE, Super-PIXIE [896,897], VOYAGER2050 [898]

Interferometers measure displacements in terms of a so called dimensionless strain-noise
hGW(f) that is related to the GW amplitude and can be converted into the corresponding
energy density [881]

Ωexp(f)h2 =
2π2f2

3H2
0

hGW(f)2h2, (7.77)

with H0 = h× 100 (km/s)/Mpc being the Hubble rate today. We compute the signal-to-
noise ratio (SNR) for a given or projected experimental sensitivity Ωexp(f)h2 in order
to assess the detection probability of the primordial GW background via the following
prescription [899,900]

SNR ≡

√
τ

∫ fmax

fmin

df

(
ΩGW(f)h2

Ωexp(f)h2

)2

, (7.78)

where h = 0.7 and τ = 4 years is the observation time. For this analysis we consider
SNR ≥ 10 as the detection threshold.

7.5.4 Dark radiation bounds from BBN and CMB decoupling

The energy density in gravitational waves should be smaller than the limit on dark
radiation encoded in ∆Neff. from Big Bang Nucleosynthesis and CMB observations (see
the discussion below (7.53) for bounds and projections on ∆Neff.) [901]∫ f=∞

fmin

df

f
ΩGW(f)h2 ≤ 5.6× 10−6 ∆Neff.. (7.79)

The lower limit of the integration is fmin ' 10−10Hz for BBN and fmin ' 10−18Hz for
the CMB. In practice, when e.g. plotting many GW spectra simultaneously, and as a
first estimate we neglect the frequency dependence to constrain the energy density of the
peak for a given spectrum

ΩPeak
GW h2 ≤ 5.6× 10−6 ∆Neff.. (7.80)

7.5.5 Impact of free-streaming particles

As shown in the seminal work [902] and expanded upon in e.g. [903--906], there is a
damping effect on the GW amplitude from free-streaming particles whose mean free path
is larger than the Hubble scale. Free streaming particles such as the active neutrinos, the
RHN, additional sources of dark radiation or gravitational waves themselves contribute
to anisotropic stress-energy tensor and can reduce the primordial GW amplitude by up
to 35.6% [902]. In this work we neglect this effect to focus on the damping from the
RHN induced matter dominated epoch as a first estimate, since percent level effects will
only become relevant once we have actual data.
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Figure 7.2: Example GW spectra for TRH = 108 GeV, M1 = 104 GeV and nT = 0 (top)
as well as nT = 0.5 (bottom). Here we varied m̃1 =

(
10−10, 10−12, 10−14

)
eV

and “no IMD” refers to the scenario without RHN domination.
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7 Seesaw impact on Gravitational Waves

Figure 7.3: Example spectra for TRH = 1012 GeV, m̃1 = 10−12 eV and nT = 0 (top) as
well as nT = 0.5 (bottom). Here we varied M1 =

(
106, 109, 1012

)
GeV and

“no IMD” refers to the scenario without RHN domination.
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7.6 Appendix: Results

7.6.1 General results

In the following we fix r = 0.035 [835] and vary the reheating temperature as well as
M1, m̃1 together with nT ≥ 0. We depict some example spectra in figures 7.2 and 7.3,
where we reproduced the figures from reference [907]. We depict the constraints from
LIGO/VIRGO [851--856] and NANOGRAV [888--892] observations, the CMB as well
as BBN as shaded regions in our plots 7.2-7.6. It is important to note that the depicted
projection for the sensitivity of U-DECIGO [774,874--878] is optimistic, but we do not
employ the most optimistic case known as U-DECIGO-corr, which assumes that the
noise of the instrument is only given by the irreducible quantum noise [875] and should
therefore treated as a hypothetical best case scenario. The proposal for BBO [871--873]
is also a bit speculative, because it is supposed to eventually succeed the currently
planned LISA mission [869, 870]. To remind the reader of these potential caveats we
depict the sensitivities for U-DECIGO and BBO with dashed-dotted lines in the figures
7.2-7.6. The plots in figures 7.4 and 7.5 depict the case where we fix M1 as function
of m̃1 according to (7.34) in order to reproduce the observed baryon asymmetry via
Leptogenesis. In the aforementioned plot we also depict which values of mψBRψ would
be needed according to (7.45) to fit the dark matter relic abundance for a given m̃1.
The labels “no IMD” in 7.2, 7.3 and “no intermediate matter dom.” in 7.4-7.5 refer to
the scenario without RHN domination computed from (7.62), where the only dilution
arises from inflationary reheating. One can clearly see in 7.4 and 7.5 that the primordial
tensor modes get diluted by the entropy released in the RHN decay for frequencies above
fsup. ' 0.1 Hz, see (7.73). Furthermore one can observe in 7.4-7.6 that there is second
break in the spectra at frequencies larger than fsup. ∼ Tdec.. This is due to the inflationary
reheating at TRH and since our scenario is defined by the regime Tdec. < M1 < TRH the
second break occurs at a larger frequency. The same figures also show a small subleading
suppression of frequencies larger than O(10−9 Hz), which is due to the entropy released
in the QCD phase transition [786]. Irrespective of the value of nT , one can deduce from
7.2-7.6 that LiteBIRD [895] will already probe the inflationary tensor modes in the(
10−16 − 10−18

)
Hz range. For nT = 0 we find that U-DECIGO [774,874--878] has the

best chance to distinguish our entropy suppressed spectra from the standard case without
RHN domination depicted by the dashed line in 7.4. In case neither BBO [871--873] nor
U-DECIGO [774,874--878] detect the tensor mode background expected from inflation,
this does not have to rule out primordial gravitational waves and could be a tell-tale sign
of scenarios with entropy dilution, such as ours. In the next section we will analyze this
in terms of the SNR. The case of nT = 0.5 without RHN domination would start to be
probed by the dark radiation bounds in (7.80) from BBN [831] and Planck [20] (see the
dashed line in 7.5) and is only borderline compatible with the existing LIGO/VIRGO
[851--856] observations . An attempt to explain the recent anomaly in the 12.5-year
dataset [892] of the NANOGRAV collaboration [888--891] with primordial tensor modes
would require an extremely large nT ' 0.85. The challenge is then to have enough
entropy dilution to comply with the dark radiation and LIGO/VIRGO bounds. We
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Figure 7.4: We fix M1 as a function of m̃1 =
(
10−10, 10−12, 10−14

)
eV for successful Leptogenesis and set TRH =

1013 GeV, nT = 0. Furthermore we show which value of mψBRψ would be required for a given m̃1 to gen-
erate the observed dark matter relic abundance.
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Figure 7.5: We fix M1 as a function of m̃1 =
(
10−10, 10−12, 10−14

)
eV for successful Leptogenesis and set TRH =

1013 GeV, nT = 0.5. Furthermore we show which value of mψBRψ would be required for a given m̃1 to
generate the observed dark matter relic abundance.181
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Figure 7.6: We fix M1 = 107 GeV, m̃1 = 10−17 eV, TRH = 5×1012 GeV and nT = 0.85 to fit the NANOGRAV anomaly [892].
Furthermore we show the value of mψBRψ = 12 MeV required for the given m̃1 to generate the observed dark
matter relic abundance.
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depict a spectrum for M1 = 107 GeV, m̃1 = 10−17 eV that could be the source of the
anomaly in figure 7.6 for the case without Leptogenesis. The reason for abandoning
Leptogenesis is simply that with such a large nT the peak of the GW energy density
at the typical frequency fsup. = 0.1 Hz (before the dilution kicks in) will already be far
too large to comply with the dark radiation bounds. Therefore one needs a spectrum
where the damping (which is only proportional to m̃1 see (7.74)) occurs at lower decay
temperatures and hence lower frequencies (set by both M1 and m̃1 see (7.14)). This is
why we chose a value of M1 = 107 GeV below the Leptogenesis bound in (7.34). On
top of that we set TRH = 5× 1012 GeV, so that the GWs at large frequencies beyond
LIGO/VIRGO do not come into tension with the dark radiation bound due to the
damping from inflationary reheating. These estimates illustrate, why we would need a
rather contrived scenario and we do not pursue the aforementioned anomaly further in
this work.

7.6.2 Signal-to-noise ratio

We use the SNR defined in (7.78) to determine the region in the M1 versus m̃1 parameter
space, where a detection of primordial gravitational waves can be claimed for a SNR
threshold of ten over four years of observation time. For nT = 0 we find that BBO [871--
873], µ-ARES [880] and U-DECIGO [774,874--878] are the most relevant experiments
that have a chance of probing the primordial GW background, as can be deduced from
figure 7.4. For nT > 0 there are a lot more experiments that can probe our GW spectra,
which is why we focus on AEDGE [861,879], BBO [871--873], the Einstein Telescope
(ET) [865,866] and LISA [869,870]. Of course there are also other currently developed
experiments, such as the radio telescope SKA [882--884], that become relevant for nT > 0.
The parameter space for nT = 0 was displayed in 7.7, whereas figure 7.8 showcases
nT = 0.1, 0.2 and 7.9 the cases of nT = 0.3, 0.5. The region in (7.34) that leads to the
observed baryon asymmetry via Leptogenesis was shaded in gray. For nT = 0.1 one can
conclude from the left plot in figure 7.8 that the SNR threshold for ET [865,866] will start
to probe the edge of the parameter space for Leptogenesis in the regime m̃1 . 10−11 eV.
For nT > 0 we see in 7.8-7.9 that AEDGE [861, 879], BBO [871--873] and LISA
[869,870] probe the entire parameter space for Leptogenesis. We impose the following
constraints in figures 7.7-7.9: Successful BBN requires that the RHN decay temperature
in (7.14) is at least 10 MeV [244, 245], which was depicted as a brown region. RHN
with masses above 1014 GeV could destabilize the electroweak vacuum [908,909]. We do
not show the bound M1 . 107 GeV [910--913] from the naturalness of the Higgs mass
under corrections from its couplings to the RHN, as it would basically exclude our entire
parameter space in (7.34). The last bound comes from the observed neutrino masses: Due
to the perturbativity of the RHN Yukawa coupling λij <

√
4π and the need to reproduce

at least one mass eigenstate with mν = 0.05 eV we find that M2 . 3.8× 1015 GeV. This
together with our assumption that M2 > 3M1 means that we have to require at least
M1 . 1015 GeV. In all plots we fixed TRH = 1016 GeV so that even the heaviest N1

allowed by the previous considerations would be present in the plasma. As mentioned in
the previous section we find that U-DECIGO [774,874--878] is the best candidate to
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7 Seesaw impact on Gravitational Waves

Figure 7.7: Parameter space in the M1 versus m̃1 plane with contours for SNR = 10
(top) and SNR as a function of M1, where m̃1 was fixed for Leptogenesis
via (7.34) (bottom). In both plots we fixed TRH = 1016 GeV, nT = 0. See
the main text for details on the constraints. The SNR is larger than 10 in
the colored regions. Note that the colored lines from the experiments do no
correspond to constraints, but to projections of future sensitivities.

test our setup compared to the case with no decaying RHN for nT = 0. A future non-
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Figure 7.8: Parameter space in the M1 versus m̃1 plane with contours for SNR = 10 for
nT = 0.1 (left) and nT = 0.2 (right). In both plots we fixed TRH = 1016 GeV.
See the main text for details on the constraints. The SNR is larger than 10
in the colored regions. Note that the colored lines from the experiments do
no correspond to constraints, but to projections of future sensitivities.

Figure 7.9: Parameter space in the M1 versus m̃1 plane with contours for SNR = 10 for
nT = 0.3 (left) and nT = 0.5 (right). In both plots we fixed TRH = 1016 GeV.
See the main text for details on the constraints. The SNR is larger than 10
in the colored regions. Note that the colored lines from the experiments do
no correspond to constraints, but to projections of future sensitivities.

observation of the inflationary tensor mode spectrum could be explained by a decaying
N1 with m̃1 < 10−14 eV and a mass of M1 & 104 GeV (the precise number depends
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Figure 7.10: SNR as a function of M1, where m̃1 was fixed for Leptogenesis via (7.34) with
nT = 0.1 (left) and nT = 0.5 (right). In both plots we fixed TRH = 1016 GeV

on the BBN bound on the RHN decay temperature of at least 10 MeV). By fixing
m̃1 as a function of M1 for Leptogenesis via (7.34) we plot the SNR as a function of
M1 on the right side of 7.7. Here the SNR for µ-ARES [880] is constant because the
peak of its sensitivity is situated at a frequency below fsup. ' 0.1 Hz and it is therefore
blind to the entropy damping. For cosmologies with nT > 0 we find that the SNR for
U-DECIGO [774, 874--878] is always larger than 10 in the depicted parameter space,
which is why we focus on different detectors. BBO [871--873] is a promising candidate
for a detection of primordial GWs with both nT = 0 and nT > 0 (compare the plots in
7.7 and 7.8, 7.9). For nT & 0.5 the dark radiation bound becomes important again and
we show the contour ∆Nproj.

eff = 0.06 for CMB Stage IV [332,333] computed via (7.79)
on the right side of figure 7.9. For completeness we display the SNR as a function of M1

(with m̃1 fixed by Leptogenesis (7.34)) for nT = 0.1, 0.5 in figure 7.10.

7.7 Appendix: Conclusions and Discussions

We focused on the minimal Seesaw model, which adds only three right handed neutrinos
(RHN) to the SM, and demonstrated that an epoch of right handed neutrino domination,
with a Yukawa coupling corresponding to m̃1 < 2.9× 10−7 eV, can realize Baryogenesis
via Leptogenesis for a mass of M1 & 2.4× 108 GeV ·

√
2× 10−7 eV/m̃1 (see (7.34)). Since

the effective mass is m̃1 is too small for a thermal RHN population, we had to assume
a different production channel via either inflaton decays or B-L gauge scatterings for
the initial RHN abundance. Furthermore such a small m̃1 requires that one of the
SM neutrinos is approximately massless compared to the other two. The amplitude
of gravitational waves that re-enter the horizon before the end of the RHN matter
dominated epoch is damped by a factor proportional to the entropy released in the RHN
decay. We discussed the detection possibilities of primordial GWs and computed the
signal-to-noise ratio for various detectors such as AEDGE [861,879], BBO [871--873],
DECIGO [774, 874--878], Einstein Telescope [865, 866], LISA [869, 870] or µ-ARES
[880] as well as for several spectral tilts nT ≥ 0 of the tensor mode spectrum. Additionally
we determined the regions in the M1 versus m̃1 parameter space in which the signal-
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to-noise ratio (SNR) is larger than ten over a four year observational period in the
figures 7.7-7.9. Our main finding is that high scale Leptogenesis can have an observable
imprint on the gravitational waves from inflation. Further we discussed under which
conditions our scenario leads to the dominant GW signal. Since fixing M1 as a function
of m̃1 for successful Leptogenesis by saturating the maximum of the CP-violating decay
parameter ε1 for a hierarchical spectrum (see (7.30)) completely determines the RHN
decay temperature to be Tdec. ' 3.3× 106 GeV, we find a constant characteristic frequency
of fsup. ' 0.1 Hz (see (7.73) and figures 7.4-7.5), above which the suppression of the GW
amplitude manifests itself. The same RHN can also have a second potentially suppressed
decay mode to a stable fermion ψ, that is responsible for the dark matter abundance,
if the product of the DM mass and the branching fraction of the RHN decay to DM
satisfies mψBRψ ' 85 eV ·

√
2× 10−7 eV/m̃1. In order for the dark matter do be heavy

enough for successful structure formation (mψ > O(10 keV)) for fixed m̃1 we typically
need a small branching ratio BRψ � 1. Such a small branching fraction can also suppress
the amount of BSM dark radiation ∆Neff. ' 0.06 · (BRψ/4%), that could potentially
be generated, if the scalar produced together with ψ is very light and survives until
today. This particular scenario leads to GeV-scale DM decaying to dark radiation and
SM neutrinos, which necessitates m̃1 < 9.7× 10−15 eV in order to have DM with a large
enough lifetime on cosmological scales and the right relic abundance.
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8 Diraxiogenesis

8.1 Contribution to the project

The following chapter is based on unpublished material and the author of this thesis
was responsible for the conception and implementation of all aspects of the project. A
refined version of this chapter will be uploaded to a preprint server in the weeks after
the submission of this thesis.

8.2 Introduction

Condensates of scalar fields, either elementary or composite, play an important role in our
understanding of fermion and gauge boson mass generation. Apart from the celebrated
Higgs mechanism these condensates also allow for the possibility of explaining either
the observed dark matter relic abundance or the matter anti-matter asymmetry. Some
of the earliest proposals for Baryogenesis focused on the dynamics of oscillating scalar
bosons [914]. With the advent of inflationary cosmology [93] it was realized that the
vacuum expectation value (vev) of such a field can undergo a large excursion during
the quasi de-Sitter phase of the early universe [915]. The requirement for this is the
existence of a very flat or almost vanishing scalar potential, which is naturally realized
in supersymmetric field theories such as the MSSM. About 300 of these flat directions,
that only receive their masses from supersymmetry breaking and higher dimensional
effective operators or radiative corrections, are known [412, 916]. This prompted the
development of the Affleck-Dine mechanism [917], where the large effective vev generates
the baryon asymmetry from a (potentially Planck scale) suppressed baryon number
violating scalar interaction. To transfer this asymmetry from the scalar sector to the
baryons typically involves decays of the condensate to thermal bath particles, which
can be automatically included if the flat direction is responsible for inflation and the
subsequent era of reheating (see e.g. [401] for a recent example).

While the aforementioned scenario adheres to well known Sakharov-conditions [113] rely-
ing on CPT-conservation, there exist a class of scenarios in which CPT is spontaneously
broken in the plasma of the early universe [119, 918]: The Pseudo-Nambu-Goldstone
boson (PNGB) θ of an abelian symmetry, such as e.g. baryon number, oscillates in a
cosine-potential. The required large field value is given by the amplitude of its oscillations,
which can be at most 2π times the decay constant f of the field, typically requiring a
rather large f , see e.g. [919]. Since the baryon asymmetry in these models is proportional
to the oscillation frequency of the PNGB θ̇ , which is related to its mass, one typically
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also needs masses around [119, 918] or far above the electroweak scale [919] making
these proposals hard to test in laboratory experiments. Consult also reference [920]
for a review and [921] for a systematic treatment of this scenario. The charge from
the oscillating PNGB is transferred to the fermions ψ in the plasma via a (schematic)
derivative coupling (∂µθ)ψγ

µψ, which reduces to θ̇ ψγ0ψ for a homogeneous and isotropic
PNGB field. Following from the fact that this only time-dependent term breaks Lorentz
symmetry spontaneously in the early universe plasma, one can deduce that CPT is also
spontaneously violated, hence the name of this scenario.

A new approach pioneered by [922] essentially combines the two aforementioned proposals
with the phenomenologically attractive QCD axion [229, 230, 232, 923--926]. Here one
can have large decay constants fa and an observable PNGB whose mass is inversely
proportional to fa, making the scenario potentially testable. A large field excursion
of the radial mode of the complex scalar that houses the PNGB angle, known as the
Saxion, can be used to convert its oscillatory motion in the early universe into a co-
herent rotation with θ̇ 6= 0. The rotation in the axion direction couples to the QCD
anomaly and induces chiral asymmetries for the quarks via the QCD sphaleron, which
gets reprocessed into a B+L asymmetry via the electroweak sphaleron process. On top
of that one can use the axion field velocity for a new scenario of dark matter known as
kinetic misalignment [740, 927] (see also [928]), unlike the conventional misalignment
which works under the assumption of negligible velocity [929]. However this comes with
the drawback of overproducing dark matter if one fixes the baryon asymmetry to its
observed value [922]. This conclusion can be avoided if the electroweak phase transition
is modified [922], one introduces additional sphalerons from e.g. a gauged SU(2)R [930],
one takes the chiral plasma instability into account [931] or the axion possesses very large
couplings to the weak anomaly [932]. The basic scenario can also work for more generic
axion-like particles [933], very heavy QCD axions [934] or with multiple scalars [935].
Additionally there can be rich gravitational wave signatures [936--941]. Another way
to make Axiogenesis viable is to directly produce a B-L asymmetry instead of B+L
via additional processes such as lepton number violating scatterings mediated by heavy
Majorana neutrinos, known under the name of ”Lepto-axiogenesis” [942--944], or R-parity
violating (RPV) supersymmetry [945] (see reference [946] for a review on RPV).

In this work we follow the Lepto-axiogenesis route and try to explain the origin of
the PNBG and the effective B-L violation from the same source. To this end we abandon
the traditional QCD axion and focus on the PNGBs associated with neutrino mass
generation. While the corresponding particle for Majorana neutrinos with the fitting
name Majoron [947] has been widely studied [948], we choose to focus on the case of Dirac
neutrinos. We call the associated PNGB Diraxion. The idea is that we produce equal
and opposite asymmetries in the Standard Model leptons and the right handed singlet
neutrinos due to B-L conservation, which never get equilibrated [117]. The electroweak
sphaleron process is only sensitive to the the lepton doublet so effectively (B-L)SM
is violated in the plasma and can be converted into a baryon asymmetry. A similar
idea albeit with a QCD axion has been persued in [949] for the case of composite right
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handed neutrinos. However due to the unspecified UV nature of the non-perturbative
mechanism behind the right handed neutrino formation the authors can only use the
temperature from when on (B-L)SM is conserved as a free parameter. Our scenario
relies on calculable, perturbative models realizing parametrically small Dirac neutrino
masses from threshold corrections in the Seesaw spirit. We discuss the three possible
cases for these Dirac Seesaws and show that the singlet scalar that appears in all those
constructions can house the Saxion and Diraxion. Similar to the original spontaneous
Baryogenesis proposal [119], we will assume that the underlying global symmetry is
only broken by a higher dimensional operator responsible for both the Diraxion mass
and converting the Saxion oscillation into a Diraxion rotation. Our scenario is inspired
by models combining scalar field Leptogenesis with neutrino mass generation such as
spontaneous Leptogenesis from a very heavy oscillating Majoron [950] or inflationary
Affleck-Dine Leptogenesis from the Type II Seesaw [405,738]. Unlike these models we
predict sub-eV PNGBs and are able to explain the dark matter relic abundance via kinetic
misalignment [927] or parametric resonance [951,952]. Another recent construction [953]
also involves Dirac neutrinos and the Affleck Dine mechanism leading to asymmetric dark
matter. This proposal requires additional scalars and soft symmetry breaking for neutrino
mass generation, which are absent for the Dirac Seesaws. If our setup is only responsible
for Baryogenesis, dark radiation in the νR component can be produced with an amount
of ∆Neff. . 0.028. Alternatively if we reproduce the dark matter relic abundance, the
Diraxion can be heavy and metastable enough for decays to neutrinos, leading to a
discovery potential in next generation experiments investigating the cosmic neutrino
background. Requiring the cogenesis of the baryon asymmetry together with dark matter
on the other hand leads to unobservably small ∆Neff. and too light or long-lived Diraxions.
While isocurvature fluctuations in baryons and dark matter are a generic prediction of
this kind of scenario, we find that our setup also produces dark radiation isocurvature
modes that are correlated with the previously mentioned ones, as they are all induced
by Saxion oscillations. Since the Diraxion only has suppressed two-loop couplings to
photons we do not expect any signal in axion haloscopes or helioscopes. In our scenario
we find slightly heavier Saxions than for Lepto-Axiogenesis [942] with masses around
the GeV scale, which can be tested in collider experiments and rare decays of heavier
mesons.

The relevant parameter space of our analysis is spanned by the Diraxion mass ma,
the Saxion mass mS , the Diraxion decay constant today fa, the initial Saxion field value
Si as well as the domain wall number N , which coincides with the mass dimension of
the non-renormalizable operator responsible for the Diraxion mass. We can eliminate fa
by requiring that the interaction of the Saxion with the thermal bath is slow, which is
equivalent to fixing the amount of right handed neutrino dark radiation produced via
Freeze-In. Successful Saxion thermalization from the Higgs portal interaction is viable
for Si . 0.1MPl.. In order to keep the Diraxion light enough we fix N = 6. This allows
us to predict the masses ma and mS for successful cogenesis of the baryon asymmetry
and dark matter relic abundance.
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model field SU(3)C SU(2)L U(1)Y U(1)D generations

all νR 1 1 0 -1 3

all σ 1 1 0 1 1

Type I NL 1 1 0 0 3

Type I NR 1 1 0 0 3

Type II η 1 2 1/2 1 1

Type III-a TL 1 3 0 0 3

Type III-a TR 1 3 0 0 3

Type III-b DL 1 2 −1/2 -1 3

Type III-b DR 1 2 −1/2 -1 3

Type III ∆ 1 3 0 1 1

Table 8.1: Charges and Representations under the SM gauge group and U(1)D.

Section 8.3 gives an overview over the family of Dirac Seesaws together with the details
about the Saxion and Diraxion. We illustrate the cosmological evolution leading to Saxion
oscillations and ultimately a coherent rotation in the Diraxion direction in section 8.4.
Dirac-Lepto-Axiogenesis is the subject of section 8.5. Dark Matter and Dark Radiation
are the topics of sections 8.6 and 8.7 respectively. Estimates of the Dark Matter and
Dark Radiation isocurvature perturbations can be found in 8.8. Section 8.9 describes
the required Saxion thermalization to avoid overclosure and excessive amounts of Dark
Radiation. We discuss our findings for the regions of parameter space that realize both
Leptogenesis and dark matter in 8.10 before we conclude in 8.11.

8.3 Models

8.3.1 Dirac Weinberg operator

The famous dimension five Weinberg operator (LH̃)(Lciσ2H) with H̃ ≡ iσ2H
† is the

only gauge invariant combination of SM fields that generates a Majorana mass for the
left chiral neutrinos [440]. However it has long been known that by adding gauge singlet
right chiral neutrinos νR together with a singlet scalar σ one can realize a analogue of
the Weinberg operator for Dirac neutrinos

L5 =
cν

ΛUV
LH̃ σνR, (8.1)

where cν is a dimensionless Wilson-coefficient that appears together with a UV cut-off-
scale ΛUV � vH and vH ≡ 246 GeV is the vacuum expectation value (vev) of the neutral
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component of the SM Higgs field. After σ condenses with the vev vσ the above operator
represents a neutrino mass

mν = cν
vσ

ΛUV
vH , (8.2)

and the required suppression of the neutrino mass scale needs ΛUV � vH , vσ for order
one cν . The coupling of νR to the SM like Higgs via the operator

YDLH̃νR + h.c. (8.3)

can be forbidden by invoking a global U(1)D, under which the SM is uncharged and no
mixed anomalies appear. To form the Weinberg-Operator then requires that the charges
of νR and σ satisfy

QD[νR] +QD[σ] = 0. (8.4)

To ensure the absence of any perturbatively (in field theory) or non-perturbatively
(from quantum gravity) generated Majorana mass terms for the SM neutrinos or heavy
messenger fermions, we assume either an unbroken global symmetry like lepton number
as a residual symmetry from a larger gauge symmetry, or a gauged symmetry like U(1)B-L,
which can give rise to Dirac masses depending on the choice of charges and the breaking
pattern. In the following sections we discuss the tree-level UV-completions of the operator
in (8.1). We will not concern ourselves too much with the details of the aforementioned
symmetry for the absence of Majorana masses such as anomaly cancellation etc. Instead
we focus on the cosmological evolution of the global U(1)D breaking.

8.3.2 The three Dirac Seesaws

Here we introduce the three tree-level UV-completions to the Weinberg operator in (8.1)
and focus on the heavy new messenger fields whose threshold corrections lead to the
tiny observed active neutrino masses. A systematic study of tree- and one-loop-level UV
completions can be found in [436,954].

Type I

The most basic Dirac Seesaw [48] was discovered shortly after the more well known
Majorana-Seesaw [26--30,423] and its phenomenology was explored in [589]. The mech-
anism requires nothing more than at least two generations of super-heavy, electrically
neutral vector-like fermions NL,R and the field content and charges can be found in table
8.1.

LI = YL LH̃NR + YR NLσνR +MN NLNR. (8.5)

We assume that their masses MN are not connected to U(1)D and a global or gauged
U(1)B-L to be responsible for the absence of any Majorana masses. A diagrammatic
representation of the mass generation mechanism was depicted on the left of figure 8.1.
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L νR
YL YR

〈H〉 〈σ〉

NR NL
L

Yν
νR

η

〈H〉 〈σ〉

Figure 8.1: Diagrammatic representation of the dimension 5 operators for the Type I
Dirac Seesaw (left) and Type II Dirac Seesaw (right) giving rise to Dirac
masses for the active neutrinos. For the Type II case one could also consider
an additional insertion of σ not depicted here.

After integrating NL,R out, the light neutrino masses in the single flavor approximation
read

mI
ν ' YLYR

vσ
2MN

vH , (8.6)

where YLvH , YRvσ �MN was assumed and we can estimate

mI
ν ' 0.05 eV · YLYR ·

( vσ
4 TeV

)
·
(

1016 GeV

MN

)
, (8.7)

where we chose MN around the grand unification scale for illustration. Keeping MN

fixed we can accomodate larger vσ by making the Yukawa couplinsg YLYR smaller. This
variant of the Seesaw can be embedded in the grand unified theories based on SU(5) [48]
or SO(10) [441]. For example in the SO(10) case this comes with the drawback of spoiling
matter unification: NR fills up the 16-dimensional spinorial representation together with
the rest of the SM fermions and νR, NL have to be added as additional gauge singlets.
A simpler UV-completion based on U(1)B-L consists of giving all leptons L, νR, NL, NR

vector-like charges normalized to one implying that B-L can be gauged and then breaking
it via the vev of a scalar ϕ with charge |QB-L[ϕ]| > 2 [263], which has no direct couplings
to fermions. This automatically forbids all renormalizable and effective operators leading
to Majorana masses.

Type II

Instead of fermionic messengers fields that mix with the active neutrinos, for a Type II
Seesaw one instead tilts a scalar potential slightly, to generate a tiny vev for a much
heavier scalar field [32--36]. The first version of this mechanism applied to Dirac neutrinos
was considered by [49] in the context of a two-Higgs-doublet model with a soft mass
term µ2η†H, where we introduced a new doublet η that is a copy of the SM like doublet,
but charged under U(1)D so that it couples to νR

LII = Yν Lη̃νR + h.c. . (8.8)
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This scenario was UV-completed in [50,51,641] by adding a singlet scalar σ whose vev
generates the soft mass term: The scalar potential can contain the following two terms

V II ⊂

{
κ σHη† + h.c. if QD[νR] = −1,

λ4 σ
2Hη† + h.c. if QD[νR] = −1/2,

(8.9)

where we fixed QD[σ] = 1 in both cases and one can observe that the scalar potential
is identical to the two possible choices for the DFSZ axion model [229,230]. Note that
these terms do not induce a mass for the Imaginary component of σ, which becomes
evident after diagonalizing the mass matrix for all pseudoscalars [50]. In the following
we focus on the term ∝ κ which is linear in σ, because this allows us to discuss all Dirac
Seesaw variants via the same effective operator (8.1). All required fields and charges can
be found in table 8.1. If we assume that the positive µ2

η is the largest scale in the scalar
potential then the aforementioned trilinear term will induce a tiny vev

vη '
vH√

2

κ vσ
µ2
η

(8.10)

that lies below the electroweak scale for κvσ � µ2
η and can naturally accommodate the

observed neutrino mass scale

mII
ν ' Yν

κ vσ
2µ2

η

vH (8.11)

without needing a small Yukawa coupling Yν . A corresponding Feyman diagram can be
found on the right hand side of 8.1. The Type II Seesaw scheme comes with an additional
suppression factor κ/µη when compared to the fermionic Type I Seesaw (for MN ' µη),
which is why for the same vσ the neutral component of the η-doublet can be made lighter
than the vectorlike neutrinos N . An estimate illustrates the interplay of the various
scales

mII
ν ' 0.05 eV · Yν ·

( κ

100 GeV

)
·
( vσ

400 TeV

)
·
(

1010 GeV

µη

)2

. (8.12)

This scenario is the most straightforward to further UV-complete in terms of a gauged
U(1)B-L since all gravitational and cubic anomalies will vanish, if one adds no other
fermions than three generation of νR with the same canonical lepton number QB-L[L] = −1
as L. Renormalizable and effective Majorana masses for L, νR can then be forbidden if the
scalar ϕ dominantly responsible for the U(1)B-L-breaking has a charge |QB-L[ϕ]| > 2 [263].

Type III

The Type III Dirac Seesaw scenario is defined by the presence of a hypercharge-less
scalar iso-triplet ∆. In the first case, which we call Type III-a, ∆ has no couplings to SM
fields and only interacts with νR and the right chiral component of a vector-like fermion
triplet TL,R [52]

LIII (a) = YL LHTR + YR TL∆νR +MT TLTR + h.c. , (8.13)
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L νR
YL YR

〈H〉
∆

〈σ〉
〈H〉 〈H〉

TR TL
L νR

YL YR

∆

〈H〉
〈σ〉

〈H〉 〈H〉

DR DL

Figure 8.2: Diagrammatic representation of the dimension 5 operators for the Type III-a
Dirac Seesaw (left) involving new triplet fermions and Type III-b Dirac Seesaw
(right) involving new doublet fermions, both giving rise to Dirac masses for
the active neutrinos.

which was shown on the left of figure 8.2. Alternatively for the Type III-b model depicted
on the right of 8.2, one may consider a direct coupling of ∆ to L by introducing vector-like
doublet leptons DL,R [53]

LIII (b) = YL L∆DR + YR DLH̃νR +MD DLDR + h.c. . (8.14)

For both models all fields and charges where compiled in 8.1. Since an iso-triplet scalar
will spoil the custodial symmetry of the SM scalar potential, its vev modifies the SM
ρ-parameter [637,674] to be [52,53]

ρ− 1 = 8
v2

∆

v2
H

. (8.15)

The observed masses of the electroweak gauge bosons force ρ ≡ m2
W /(m

2
Z cos(θW )2) to

be close to one, which requires v∆ at or below the GeV-scale [636]. Indeed one of the
motivations for this scenario is the observed deviation in the W -boson mass reported by
the CDF collaboration [675], which can be stated in terms of the electroweak precision
observable [677,678] known as the T -parameter [53]

T ≡ ρ− 1

α
= 0.17± 0.020899. (8.16)

The CDF-tension can then be explained by [52]

v∆ ' 4 GeV. (8.17)

Such a low vev typically implies that the electrically neutral component of ∆ has to
be below the weak scale as well, which can phenomenologically challenging1 similarly
to the light scalar in neutrino-philic Two-Higgs-doublet models [164, 340--343]. On
top of that the pesudoscalar component of ∆ playing the role of the Diraxion can

1If we assume that the neutral component of ∆ is the Saxion, then the bound from Saxion isocurvature
fluctuations would even require m∆0 � v∆ by many orders of magnitude.
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typically have anomalous couplings to the weak SU(2)L gauge bosons, implying a different
phenomenology compared to the case, where the Diraxion comes from an SM singlet.
To avoid these problems we add an additional scalar singlet σ. An attractive way to
generate a small v∆ while keeping the components of ∆ ultra-heavy is the inclusion of a
Type II suppression for v∆, completely analogous to the mechanism for a small vη in the
previous paragraph 8.3.2. The relevant scalar potential reads

V III ⊂ λ4 σ
∗H†∆H + h.c. (8.18)

and one finds [53]

v∆ '
λ4

2

v2
Hvσ
µ2

∆

, (8.19)

which is suppressed compared to the electroweak scale as long as λ4vHvσ � µ2
∆. The

required parameters turn out to be

v∆ ' 4 GeV ·
(
λ4

0.3

)
·
( vσ

108 GeV

)
·
(

470 TeV

µ∆

)2

. (8.20)

Thus these versions of the Type III Dirac Seesaw correspond to the class of “nested
Seesaws” [41,42, 600,641,657] with a built in double suppression from the heavy T or D
masses and the tiny value of v∆

mIII
ν ' YLYR

v∆

2MF
vH , with MF =

{
MT for case (a)

MD for case (b)
. (8.21)

The heavy fermion masses MF can be estimated from

mIII
ν ' 0.05 eV · YLYR ·

( v∆

4 GeV

)
·
(

1013 GeV

MF

)
(8.22)

and as expected the vector-like iso-mulitplet fermions F = D,T are lighter than the
singlet fermions N from the Type I Dirac Seesaw due to the additional suppression from
the scalar sector. If we make no assumption about the value of v∆ we find that the
observed neutrino mass scale would require MF ' µ∆ ' 108 GeV for order one couplings
YL, YR, λ4 and vσ = 106 GeV. A straightforward way to UV complete these models in
terms of a gauged U(1)B-L is to assume that the fermions are vector-like under both the
SM gauge group as well as B-L.

8.3.3 Saxion

The singlet scalar field has a renormalizable potential

Vσ = λσ

(
|σ|2 − v2

σ

)2
, (8.23)

197



8 Diraxiogenesis

where we minimized the potential by balancing the tachyonic mass squared −|µσ|2 < 0
against the quartic coupling λσ to define the nontrivial vev vσ ≡ |µσ|/

√
2λσ. One can

decompose the scalar field as

σ =
S + vσ√

2
ei

θ
N , with

θ

N
≡ a

〈S〉
, (8.24)

where we anticipated that during inflation the radial mode will be displaced from its true
vacuum 〈S〉 = vσ

〈S〉 =

{
� vσ early universe

vσ today
. (8.25)

Apart from the SM and νR the particle spectrum will contain a massive scalar state S
called the Saxion, whose mass squared reads

m2
S ≡ 2λσ v

2
σ. (8.26)

The Saxion couplings were summarized in section 8.3.4.

8.3.4 Saxion Couplings

The relevant couplings of the Saxion to the SM fields can be parameterized as

Lferm. = YSν S νν +
∑
ψ=l,q

YSψ S ψψ (8.27)

Lbos. =
λσ
4
S4 +

λσH
4
S2h2 + gSγγ S FµνF

µν . (8.28)

Apart from the interaction with the neutrinos given by

YSν =
mν

Nfa
(8.29)

all other interactions originate from Saxion-Higgs mixing or loop diagrams.

Couplings from Saxion-Higgs mixing

The Saxion-Higgs mixing angle reads

tan(2θSH) ≡ 2λσH
vHNfa
m2
h −m2

S

, (8.30)

where mh = 125 GeV is the mass of the SM like Higgs. The coupling to charged leptons
and quarks ψ is given by

YSψ ≡ sin(θSH)
mψ

vH
. (8.31)
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The on-loop Higgs di-photon coupling also leads to a Saxion-photon coupling in terms of
the fine structure constant α [955,956]

gSγγ ≡
sin(θSH)α

2πvH

(
NcQ

2
t

3
− 7

4

)
, (8.32)

where the first term in parentheses is the contribution from the top-quark with Nc = 3
colors and an electric charge Qt = 2/3 and the second term is due to the W -boson. Here
the Saxion only couples to the strongly interacting quarks and gluons, or eqivalently
the hadronic sector, via mass mixing with the Higgs. This is the reason why strong
limits [957] from light Saxion emission via couplings to nucleons inside SN1987A are
abesent.

Loop induced couplings

The Saxion can also obtain one- and two-loop couplings to SM fermions and photons
respectively via similar diagrams as the Diraxion in 8.3.7. However since these couplings
are suppressed by at least m2

ν/v
2
H , we take the them to be negligible compared to the

couplings from Saxion-Higgs mixing. Note that for Saxion masses below the QCD
confinement scale O(100 MeV) we would need to replace the quarks running in the
photonic loops with hadrons [562,958], which is beyond the scope of this work.

8.3.5 Diraxion

The most important ingredient of our scenario is the pseudoscalar Nambu-Goldstone-
Boson (NGB) a of the U(1)D symmetry, also known as the Diron [48] or Diracon [50,51],
which can be understood of the Dirac equivalent of the well-known Majoron [947].
Quantum effects like instantons or classical explicit breaking of the underlying global
symmetry can generate a mass for a turning it into a Pseudo-NGB (PNGB), provided
that its mass is parametrically below vσ and mS . In analogy to arguably the most well
studied PNGB, the QCD-axion [229,230,232,923--926], we will call this CP-odd scalar
the “Diraxion”. This PNGB will not couple to any SM fermions and does not have any
anomalies with the SM gauge group. Global symmetries like our U(1)D are expected to be
broken by non-perturbative quantum gravitational effects [275--277], as can be seen from
wormhole arguments. Heuristically these effects are encoded in Planck-scale suppressed
non-renormalizable operators, that explicitly violate a given symmetry. Furthermore,
if we also want to use the same operator to induce a “kick” in the angular Diraxion
direction from the Saxion oscillation, we need an operator with dimension larger than
five [942]. While we normalized the number of units by which the vev of σ breaks the
global symmetry to be QD[σ] = 1, the explicit breaking will in general occur with a
different number of units and consequently we have to deal with a degenerate vacuum.
The most straight-forward way to see this, is to consider a potential of the form

cNσ
N + h.c. = |cN |

SN
√

2
N

cos

(
N a

vσ
+ δ

)
, with δ ≡ Arg (cN ) (8.33)
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8 Diraxiogenesis

which implies that the Diraxion decay constant is not vσ but instead

fa ≡
vσ
N
, (8.34)

where N is the vacuum degeneracy factor also known as the Domain-Wall number and
we define

θ ≡ a

fa
. (8.35)

One can deduce that the above interaction is invariant under an unbroken residual
discrete ZN symmetry, where σ transforms as ω with ωN = 1. This mismatch between
spontaneous and explicit breaking will have considerable implications for cosmology
since it can lead to long-lived domain walls that might overclose the universe [448,449].
However domain walls can be attached to cosmic strings from e.g. the U(1)D breaking
and the resulting hybrid defect will be unstable for N = 1 [453,454]. Furthermore even
for N > 1 one can use the same effective operator responsible for the Diraxion mass
to induce domain wall decays to Diraxions [959]. We begin with the simplest effective
operator imaginable with more than five singlet fields

N = d > 5 : V /D = cd
σd

Md−4
Pl.

+ h.c. , m2
a ≡

d4

√
2
d−2
|cd|

(
d fa
MPl.

)d−4

f2
a , (8.36)

and one can see that the Diraxion mass will automatically be suppressed compared to fa
without needing a small dimensionless coefficient c

(i)
d as long as fa � MPl. and d > 4.

This approach comes with the downside of having a potentially large number of domain
walls N = d > 5. In section 8.6.3 it will be explained why our setup is also viable
for domain wall numbers larger than one. Hence for simplicity we will only consider
the operator in equation (8.36) for the rest of this paper as it relates two of the free
parameters N and d. More operators and a way to generate a specific value of N can be
found in section 8.3.6. One can estimate e.g. for N = 6 that

ma ' 9 keV ·
√
c6 ·

(
N

6

)
·
(

Nfa
106 GeV

)2

, (8.37)

however it turns out that we need a Diraxion mass between 10−3 eV and 1 eV, which
would require a tiny coefficient c6. An exponential suppression of the Wilson-coefficient
due to a large wormhole action [472, 473] might accomplish this. Alternatively we
illustrate in section 8.3.6 how the required effective operator could arise from a second
scalar field ϕ, that we assume is charged under a gauged U(1)B-L, which is responsible
for the absence of Majorana masses. One such operator is

c8
σ6 ϕ∗2

M4
Pl.

+ h.c. (8.38)
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and the required charges read QB-L[σ] = 3, QB-L[ϕ] = 9. Here we assume that ϕ has no
direct couplings to the Seesaw messenger fields. For the Diraxion mass we find in this
scenario that

ma ' 0.1 eV ·
√
c8 ·

(
N

6

)
·
( vB-L

109 GeV

)
·
(

Nfa
106 GeV

)2

. (8.39)

If we also charge σ under B-L then we have to use more complicated chiral charge
assignments than just ±1 for the fermion fields in order forbid Majorana masses and and
to avoid gauge anomalies. Since this will typically involve additional anomaly cancelling
fermions, we refrain from writing down the explicit UV-completions.

8.3.6 Higher dimensional operator from a second scalar field

The domain wall problem can be remedied by considering another effective operator
constructed from σ and its conjugate that essentially reduces to a tadpole, where the
operator dimension reads d = 5 + 2n with n > 0

N (ii) = 1 : V
(ii)
/D

= c
(ii)
d

|σ|2(2+n)σ

M2n+1
Pl.

+ h.c. , m2 (ii)
a ≡ 2

√
2

2n+5

∣∣∣c(ii)
d

∣∣∣ ( fa
MPl.

)2n+1

f2
a

(8.40)

and the domain wall number is unity for all choices of n. Alternatively one can switch on
multiple effective operators with different dimensions d of lowest common denominator
one so that no residual ZN symmetry remains intact [960]. However this comes at the
price of having at least two sources for the Diraxion mass. One can actually engineer a
scenario where the desired operator dimension appears due to an accidental symmetry
after the spontaneous breaking of an additional gauge symmetry such as e.g. U(1)B-L,
hypercharge or a linear combination of them. We assume a particle spectrum and charge
assignment to cancel all gauge anomalies. Let us concentrate on the case of U(1)B-L since
this symmetry can have the additional benefit of prohibiting Majorana masses. A second
scalar singlet ϕ with a vev vφ � vσ dominantly breaks the local symmetry, under which
the scalars have charges QB-L[ϕ] and QB-L[σ] with lowest common denominator one. The
only gauge invariant operators of dimension d = nφ + nσ > nφ + 5 then read [961,962]

N (iii) : V
(iii)
/D

= c
(iii)
d

ϕ∗ nϕ σnσ

M
nσ+nϕ−4
Pl.

+ h.c. , m2 (iii)
a ≡

2Nnσ
glob.√

2
nσ+nϕ

∣∣∣c(iii)
d

∣∣∣ vnσ−2
σ v

nϕ
ϕ

M
nσ+nϕ−4
Pl.

(8.41)

and the gauge charges must satisfy

nσQB-L[σ]− nϕQB-L[ϕ] = 0. (8.42)

After ϕ condenses we see that the potential has an accidental Znσ symmetry, that can
be understood as a remnant of the original gauge symmetry. The Diraxion mass then
depends on its decay constant and the second larger vev vϕ. When it comes to the domain
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8 Diraxiogenesis

wall issue the situation is more complicated due to the presence of two symmetries: Once
ϕ gets a vev local strings from the U(1)B-L breaking are formed. Afterwards when σ
condenses global strings from the breaking of U(1)D are formed. However σ also carries a
gauge charge, so the local U(1)B-L string obtains a defect in vσ, and the winding number

ω
(ϕ)
σ of σ around the local string is determined from the minimization of the system’s

kinetic energy leading to2 [961,962]

N (iii) =

{
|nσ| global

Min
∣∣∣nϕ − ω(ϕ)

σ nσ

∣∣∣ local
. (8.43)

The important point is that the system of domain walls and two types of strings
will be unstable if either of the domain wall numbers is one [961, 962]. Since we

need nσ > 5 for Axiogenesis [942] this leaves the two choices nϕ = 1, ω
(ϕ)
σ = 0 or

nϕ 6= 1, ω
(ϕ)
σ = (nϕ− 1)/nσ. A non-trivial winding number ω

(ϕ)
σ implies mixed anomalies

between U(1)D and U(1)B-L. Since the gauge symmetry is assumed to be abelian, this
does not lead to non-perturbative contributions from instantons to the Diraxion mass.
On the other hand, if U(1)B-L is embedded into a larger non-abelian group such as
the Pati-Salam hypercolor SU(4)c [279], these unwanted effects reappear and might be
even compounded by small size UV-instantons [963,964], which could limit the possible
UV-completions of our setup. The dynamics of ϕ in the early universe can be neglected
as long as √

|λσϕ| Si > Max

[
TRH, Tmax,

HI

2π

]
. (8.44)

As long as λσϕ < 0 there is no danger of restoring the B-L symmetry via the large vev Si.

8.3.7 Diraxion couplings

The Diraxion only has tree-level derivative couplings to νR as well as the heavy BSM
fermions and scalars. Here we focus on the low energy couplings to SM particles and νR.

Derivative Couplings

From the Saxion kinetic term we find that the Diraxion-Saxion coupling reads

L =
(S +Nfa)

2

2
∂µθ∂

µθ. (8.45)

We then remove the phase of σ by a field definition of the fields charged under U(1)D,
which leads to derivative couplings from their kinetic terms. At low energies only νR is
in the plasma so we focus on its couplings

L = cνR ∂µθ νRγ
µνR, (8.46)

2Here we assumed that vσ wraps once around the global string and vϕ winds once around the local
string
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Figure 8.3: One loop diagrams for the coupling of the Diraxion to SM fermions involving
two insertions of the Dirac Weinberg operator. The first diagram generates
a coupling to the lepton doublet only, whereas the second one involves all
fermions f = L, eR, Q, uR, dR.

which read

cνR =

{
1
N − α

2 Type I, III-a
1
N Type II, III-b

, with α ≡ YR√
2

{
vσ/MN Type I

v∆/MT Type III-a
. (8.47)

The couplings for the Type I and Type III-a Seesaw are reduced [933], because here the
νR with charge QD[νR] = −1 mix with NR and TR of charge QD[NR] = QD[TR] = 0.
For the Type II Seesaw there are no additional fermions for νR to mix with and the DR

for a Type III-b Seesaw have the same charge QD[TR] = −1 as νR. However for Type
III-b there is also the mass mixing between DR and L with QD[L] = 0 that induces a
derivative coupling cνL = α2 for L. Such a coupling of the Diraxion to a fermion with
hypercharge might be interesting as it can lead to chiral hypermagnetic instabilities [931].
It is evident that the parameter α� 1 due to the heavy messenger fermions, which is
why in practise we will take cνR ' 1/N for all Seesaws and cνL ' 0 for Type III-b. The
effective coupling for the production of a single on shell Diraxion from a neutrino line is
given by

gaν = cνR
mν

fa
' 5× 10−17 ·

( mν

0.05 eV

)
·
(

106 GeV

N fa

)
. (8.48)

Limits from SN1987A on the energy loss and deleptonization exclude 10−12 . gaν . 10−5

[965--967] and for larger couplings the Diraxion would remain trapped inside the supernova.
Meson decays exclude only gaν & 10−3 [569]. It is obvious from (8.48) that our setup is
compatible with these bounds.

Loop induced couplings

The Diraxion only couples to SM quarks and leptons via the one-loop diagrams in 8.3
and here we recast the results of [562, 958] obtained for a Majoron in a conventional
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8 Diraxiogenesis

Type I Seesaw. For us the pseudo-scalar coupling to electrons is the most relevant and it
turns out to be

gae '
1

16π2

me

vH

m2
ν

vHNfa
' 10−37 ·

( mν

0.05 eV

)2
·
(

106 GeV

Nfa

)
. (8.49)

Stellar cooling arguments from the sun as well as red giants exclude gae & 10−13 [563--566],
which is not in conflict with our scenario. By closing the charged fermion line and
attaching two photons to the one-loop diagrams depicted in 8.3, we obtain the two-loop
Diraxion-photon coupling. Since our choice of U(1)D symmetry has no mixed anomalies
with the SM gauge sector, the resulting coupling will be proportional to m2

a/m
2
ψ [562],

where mψ is the mass of the fermion running in the loop. Consequently the dominant
contribution comes from the electrons being the lightest SM fermion and it reads [562,958]

|gaγγ | '
α

64π3 Nfa

(
mν

vH

)2(ma

me

)2

' 10−52

GeV
·
( mν

0.05 eV

)2
·
(

106 GeV

Nfa

)
·
( ma

10 meV

)2
.

(8.50)

In contrast to the case of a QCD axion the above has no contribution from mixing with
the pions, as the Diraxion has no tree-level coupling to quarks. Due to their dependence
on the tiny neutrino masses squared we find that these couplings are below all relevant
constraints.

8.4 Two-field dynamics

8.4.1 Equations of motion

The coupled equations of motion for the Saxion S and the Diraxion θ for the case of
N = 1 are given by [939]

Ṡ + 3HṠ +
∂Vσ
∂S

+
∂V /D
∂S
− Sθ̇2 = 0, (8.51)

Sθ̈ + 3HSθ̇ +
1

S

∂V /D
∂θ

+ 2Ṡθ̇ = 0. (8.52)

8.4.2 Initial Saxion field value

We consider a radial mode whose vev is displaced during inflation from its minimum as
Si � Nfa and treat Si as the intial condition for the evolution of the Saxion. Here we
present two ways to induce the displacement of the Saxion field value during inflation,
and in section 8.4.2 we also discuss a way to avoid or relax the isocurvature constraints. In
the following we take the initial field value Si as a free parameter and mS(Si)

2 ' 3λσS
2
i

denotes the effective mass squared for a quartic potential

mS(Si)
2 ≡ 3

2
m2
S

(
Si
Nfa

)2

, (8.53)

where we defined the Saxion mass squared in our vaccum today to be m2
S . The comoplex

singlet scalar is assumed to be a spectator field during inflation.

204



8.4 Two-field dynamics

Quantum fluctuations

It has been long known [968--976] that scalar fields with very shallow potentials undergo
large field excursions during inflation as a consequence of quantum fluctuations. We can
take this potentially large field value as an initial condition Si for the Saxion field. When
the Hubble rate during inflation HI is much larger than the effective mass, quantum
fluctuations grow the expectation value of S. The field excursion of S can be determined
from the variance 〈S2〉 of the Starobinsky-Yokoyama distribution [915]

Si '
√
〈S2〉 =

(
1

4π2

) 1
4
√
Nfa
mS

HI , (8.54)

where mS is the bare mass defined in (8.26). From this it becomes apparent, why a large
field excursion Si demands a very flat potential, meaning a small mS .

Non-minimal coupling to gravity

While quantum fluctuations required mS(Si)� HI a non minimal coupling to gravity
can lead to a Hubble dependent mass mS(Si) ' HI . This kind of mass term was
first suggested in the context of supersymmetry breaking from finite energy density
effects [412, 739] in the early universe. The same net effect can be generated by coupling
the singlet scalar to the Ricci scalar

V ⊃ cR R |σ|2, (8.55)

whose value for a Friedmann-Lemaitre-Robertson-Walker metric depends on the equation
of state of the dominant energy density driving the cosmic expansion [977]

R = −3(1− 3ω)H2 =


−3H2 for MD (ω = 0)

0 for RD (ω = 1
3)

−12H2 for infl. (ω = −1)

. (8.56)

The idea is to balance this tachyonic mass squared during inflation against the quartic
term λσS

4/4, which requires cR > 0. In order to have mS(Si)
2 = −H2

I we take cR = 1/12
and find

Si =
√

2

(
Nfa
mS

)
HI . (8.57)

The Saxion remains stuck in this value even at the onset of radiation domination because
of the equilibrium between the Hubble friction and the slope of the potential [978--980].
Before we close let us note that an epoch of intermediate matter domination after inflation
with R = −3H2, such as e.g. the well motivated curvaton scenario [981--983], could also
be used to induce the large field value, which would be entirely free from inflationary
isocurvature perturbations. The absence of fluctuations during inflation requires and
effective mass during inflation that is larger than HI , which could be realized via the
couplings to the inflaton introduced in in the next subsection 8.4.2.
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Initial field value from a coupling to the Inflaton

A second way to generate a Hubble dependent mass contains one (or more) coupling(s)
to the inflaton field χ that could take the following forms

V (σ) ⊃ c1
|χ|2m|σ|2n

M
2(m+n)−4
Pl

, c2
V (χ)|σ|2

M2
Pl

, c3
(∂µχ∂

µχ) |σ|2

M2
Pl

, (8.58)

that were suggested by references [984--986], [987] and [988] respectively. One can
understand the effect of these couplings by focusing e.g. on the second term and using the
Friedmann equation to eliminate V (χ) for slow roll inflation, which implies an effective
mass squared 3c2H

2
I . In general the idea is, that the large initial field value χi of the

slowly rolling inflaton field sources an effective mass term that is initially larger than
the Hubble rate mS(χi) > HI . As the inflaton field decreases the effective mass will
become smaller than the Hubble rate after Nlast e-folds of inflation (counted from the
end of inflation) so that quantum fluctuations can push S to the value (we assume
mS < HI) [984--986]

Si '
√
〈S2〉 =

√
Nlast

2π
HI . (8.59)

That implies that isocurvature fluctuations will not be produced beforeNlast. Observations
by the Planck and WMAP collaborations only constrain isocurvature modes whose
momenta are below the pivot scale k∗ = 0.1 Mpc−1 [353]. The matter power spectrum
extracted from Lyman-α data is only sensitive to perturbations at scales of 0.2 MPc−1 .
k . 10 Mpc−1 [989]. If the Saxion fluctuation has comoving momenta k ≥ 10 Mpc−1,
current experiments do not set a limit on the isocurvature power spectrum. Reference [986]
determined the required value of Nlast to be

Nlast . 46.4− Log

(
k

10 Mpc−1

)
+

1

3
Log

(
HI

1013 GeV

)
+

1

3
Log

(
TRH

1012 GeV

)
, (8.60)

where we suppressed subleading terms depending on the temperature today and number
of relativistic degrees of freedom. Determining the evolution of the effective mass from the
evolution of χ and checking whether Nlast is realizable, requires specifying an inflationary
model and a dedicated analysis beyond this work. It is important to note that we chose
only effective couplings between the inflaton and the singlet scalar in (8.58) in order
to not destabilize the flat inflaton potential too much [987] and to avoid additional,
potentially large, contributions to the energy density of the universe [987]. The second
and third operator in the above are motivated by scenarios where the inflaton is protected
by a shift symmetry [105], that is only explicitly broken by V (χ). Consequently these
operators do not introduce a new source of shift symmetry breaking.
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8.4 Two-field dynamics

8.4.3 Saxion oscillation

The Hubble rate during radiation domination and instantaneous reheating (RH), which
corresponds to matter domination,

H(T ) =
π2g∗(T )

90MPl.
·

{
T 2 T < TRH

T 4/T 2
RH T ≥ TRH

(8.61)

in terms of the number of relativistic degrees of freedom g∗. The radial mode starts
oscillating with a frequency mS(Si) when 3H(Tosc.) = mS(Si) which determines for
radiation domination

Tosc. =

(
135

8π3 g∗(Tosc.)

) 1
4 √

MPl.mS

√
Si
Nfa

(8.62)

' 9.5× 1014 GeV ·
√

mS

1 GeV
·

√
106 GeV

Nfa
·
√

Si
0.1 MPl.

. (8.63)

The oscillation occurs after reheating (Tosc. < TRH) as long as

mS <
8π3g∗(Tosc.)

135

Nfa
Si

T 2
RH

MPl
' 1.1 GeV ·

(
Nfa

106 GeV

)
·
(

0.1 MPl.

Si

)
·
(

TRH

1015 GeV

)2

.

(8.64)

For a quartic potential during radiation domiantion the field value S ∼ 1/a redshifts
like radiation as a function of temperature for S > Nfa

S(T > TS) = Si
T

Tosc.
. (8.65)

After the Saxion starts to relax to its minimum S = Nfa at the temperature

TS ≡ Tosc.
Nfa
Si
' 950 GeV ·

√
mS

1 GeV
·
√

Nfa
106 GeV

·
√

0.1 MPl.

Si
(8.66)

the potential is dominated by the constant mass term in (8.26) and the field value of the
now non-relativistic condensate redshifts as

S(T ≤ TS) = Nfa

(
T

TS

) 3
2

. (8.67)

For oscillations before the completion of reheating we find

TRH
osc. =

(
135

8π3 g∗(Tosc.)

) 1
8
(
MPl.mS

Si
Nfa

) 1
4 √

TRH (8.68)

' 1.5× 1015 GeV ·
( mS

5 GeV

) 1
4 ·
(

106 GeV

Nfa

) 1
4

·
(

Si
0.1 MPl.

) 1
4

·
√

TRH

1015 GeV
.

(8.69)
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instead. During reheating we find the scaling law S ∼ 1/a ∼ T 8/3 because during matter
domination T ∼ 1/a3/8. For most of our parameter space TS is below TRH, so the
estimate in (8.66) applies with TRD

osc. replaced by TRH and S(TRH) obtained from the
previous scaling. We can also compute the number density of the oscillating and thereby
non-relativistic Saxion condensate

nS ≡
mS(S)

2
S2, (8.70)

which follows from its energy density ρS = Vσ(S) = mSnS . We want the evolution of
the cosmological background to proceed as usual, which is why we demand that there is
no period of inflation due the large Saxion field value [990]

Vσ(Si) < 3H2(Tosc.)
2M2

Pl.. (8.71)

By making use of mS(Si) = 3H(Tosc.) we find that this implies [740,939]

Si < 2MPl.. (8.72)

The evolution of the Saxion field during radiation domination, its energy density and its
equation of state parameter ωS can be summarized by the following scaling relations

S ∼

{
a−1

a−
3
2

, ρS ≡
mS(S)2

2
S2 ∼

{
a−4

a−3
, ωS =

{
1
3 for S � Nfa

0 for S ' Nfa
. (8.73)

In this work we assume that the masses of all additional particles are given by their
tree-level expressions and do not get modified due to the large initial field value Si.
Specifically this means that

Si <


MN/YR Type I

µ2
η/κ Type II

µ2
∆/(λ4vH) Type III

, (8.74)

If this condition was violated νR and NL would form a Dirac fermion of mass YRSi or
H, η would mix strongly. Furthermore we impose that the heavy messenger fields are
not present in the plasma at any point in time

Max

(
Tosc., TRH, Tmax,

HI

2π

)
<


MN Type I

µη Type II

µ∆, MF Type III

, (8.75)

where HI/(2π) is the Gibbons-Hawking temperature during inflation [850], TRH the
radiation bath temperature at the end of reheating and

Tmax ≡ β

√√
3

8π
HIMPl., with β ∈ [0, 1] (8.76)
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8.4 Two-field dynamics

the maximum temperature during reheating [816,991], which can be much larger than
TRH. Note that it will in general be hard to satisfy (8.75) for the Type III scenario due to
the smallness of µ∆ ' O(100TeV) (see equation (8.19)) unless we assume a low Hubble
scale during inflation and a small reheating temperature. As long as (8.75) is satisfied
the Saxion will not receive a thermal mass of the order Y T , where Y is a Yukawa or the
square root of quartic coupling from (8.74). However since the heavy η or ∆ coupling to
σ have electroweak gauge interactions, integrating them out can potentially modify the
logarithmic running of the weak gauge couplings manifesting itself in a so called thermal
logarithmic potential [992,993]

VLog.(T ) = cWα
2
WT

4log

(
S2

T 2

)
. (8.77)

Here cW is a model-dependent coefficient from the couplings of η,∆ to σ. Demanding
that this correction is subdominant to the quartic potential, so that the Saxion oscillates
around its mass in (8.53), leads to the condition

Si > αW

√
cW

g∗(Tosc.)
MPl. ' 1016 GeV ·

√
cW ·

(
αW

1/100

)
·

√
100

g∗(Tosc.)
. (8.78)

To be conservative we will take Si > 1016 GeV throughout this work. Note that this
bound will be absent for the Type I Seesaw, because the heavy vectorlike neutrinos
have no weak gauge couplings. In section 8.8.3 we investigate the one loop quantum
corrections to the Saxion quartic.

8.4.4 Generating the Diraxion rotation

We assume that the global symmetry is spontaneously broken with a vev Si during
inflation that is significantly larger than today. Due to this vev, Planck scale suppressed
explicit symmetry breaking will be active. As longs as the mass of the angular mode
(during inflation) is small compared to the radial mode, we can consider U(1)D as an
approximate symmetry (during inflation). The explicit breaking then becomes irrelevant
as the vev relaxes to its true vacuum at Nfa today. During inflation the Diraxion will
have a mass

ma(Si)
2 ≡ m2

a

(
Si
Nfa

)N−2

. (8.79)

In order for our description in terms of an approximate U(1)D symmetry to apply we
require that the Diraxion mass during inflation is smaller than the Saxion mass in
(8.53) [934], which leads to

ma < mS

(
Nfa
S

)N−4
2

. (8.80)

For N = 4 this would reduce to the requirement for the PNGB mass compared to the
mass for the Higgs scalar of the underlying symmetry ma < mS . We further deduce that
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8 Diraxiogenesis

we can not take N to be arbitrarily large in order not to spoil the previous relation. Next
one defines the charge yield or asymmetry of the scalar condensate as

nθ ≡
θ̇S2

N2
, (8.81)

which is conserved as long as there are no interactions that explicitly violate the underlying
global U(1)D symmetry. One can understand the fact that only a rotating condensate
can carry a charge compared to an oscillating one from the observation that an oscillation
is a superposition of two rotations in opposite directions [994]. The Planck suppressed
effective operators in V /D of section 8.3.5, that are responsible for generating the Diraxion
mass, convert a part of the oscillatory motion of the radial mode into a velocity for the
angle. After the radial mode has decreased via redshifting and eventually settled to its
minimum, the Planck suppressed operators σN become negligible for N > 5 [942].The
corresponding equation of motion reads [942]

ṅθ + 3Hnθ =
i

N

(
σ∗
∂V /D
∂σ∗

− σ
∂V /D
∂σ

)
, (8.82)

=
2|c(i)|
√

2
N

SNi
MN−4

Pl.

sin(θ + δ). (8.83)

Due to the redshifting of S the majority of the asymmetry is produced at the start of the
Saxion oscillations over one Hubble time t ' 1/H(Tosc.) ' 3/mS(Si) [740] and we find

nθ(Tosc.) '
ṅθ(Tosc.)

mS(Si)
=

6|c(i)|
√

2
N

(
Si
MPl.

)N−4 S4
i

mS(Si)
sin(θi + δ). (8.84)

Here θi is the initial angle of the Diraxion also known as the misalignment angle. It is
customary (see e.g. [78, 410]) to define the eccentricity parameter ε [922,942]

ε ≡ nθ mS(Si)

Vσ(Si)
=

24

N2

(
ma

mS

)2( Si
Nfa

)N−4

sin(θi + δ) ' 12

N

∂V /D/∂S

∂Vσ/∂S
, (8.85)

where we made use of the definition of the Diraxion mass in (8.36) and the Saxion mass
in (8.53). The last approximate equality holds for sin(θi + δ) ' O(1), which suppresses
axion isocurvature perturbations [942] (see section 8.8). This parameter ε ≤ 1 has the
following physical interpretation: An orbit with ε = 1 corresponds to a perfectly circular
rotation, whereas ε = 0 for a pure oscillation in the Saxion direction. Our scenario is
different from the case of QCD-Axiogenesis [922] because here the “kick” in the angular
direction and the Diraxion mass originate from the same operator, so that we can in
principle choose ε ' 1. For a quartic potential and a QCD axion this is in general not
possible [740], because of the axion quality problem from the Planck suppressed operators,
which can shift the minimum of the QCD axion to too large angles compared to the
limit from the neutron’s electric dipole moment. However for ε = 1 two complications
arise: On the one hand we can no longer neglect V /D compared to the quartic term when
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8.4 Two-field dynamics

determining the Saxion mass and initial field value, so our present description based on
(8.53) breaks down. Additionally for larger V /D one can no longer neglect the angular
gradient compared to the Hubble friction, so that the Diraxion stops being overdamped
and starts to relax to the minimum of its potential given by (see also the discussion in
section 8.8.1)

∂V /D
∂θ

∣∣∣
θi
∼ −ma(Si)

2S2
i sin(θi + δ)

!
= 0. (8.86)

If the Diraxion is trapped in such a vacuum, the rotation of the condensate will not occur
or be significantly damped [942], which is why we demand ε < 1

ma <
N

2
√

6

(
Nfa
Si

)N−4
2

mS . (8.87)

This condition intuitively means that the Diraxion should not start oscillating before the
Saxion [942], which is nothing more than the requirement ma(Si) < mS(Si) we already
imposed in (8.80) to have a Pseudo-Nambu-Goldstone boson, hence the bounds being
the same up to a prefactor. Both conditions automatically make sure that Diraxion
is in motion [934] since its velocity θ̇ ' mS(S) is always larger than its mass ma(S).
In a quartic potential the angular and radial modes redshift as radiation for S � Nfa
(ωS = ωθ = 1/3). For cosmological reasons that will be elaborated upon in section
8.9, the Saxion needs to be thermalized and will typically loose its energy to the SM
plasma. After the damping of the Saxion oscillations only the angular rotation, which is
now perfectly circular, remains. The angular rotation is stable because of U(1)D-charge
conservation. It minimizes the free energy [922] and can loose energy to thermal bath via
interactions with particles charged under U(1)D leading to the production of fermionic
asymmetries. However as long as the Noether charge of the condensate θ̇S2 is larger
than the typically produced fermionic asymmetry θ̇T 2, it is energetically favoured for the
rotating condensate to retain most of its charge compared to the production of fermions.
This requirement can be expressed as [922,995]

Nfa � TS , (8.88)

where TS defined in (8.66) is the temperature at which the Saxion reaches its minimum
S = Nfa. This condition implies that Tosc. � Si for a quartic potential with the
oscillation temperature from (8.62) and it can be expressed as

mS

Nfa
�
√

8π3g∗(Tosc.)

135

Si
MPl.

. 14.5 ·
√
g∗(Tosc)

100
(8.89)

which is not a strong constraint compared to the limits from isocurvature in section
8.8.1. The tilt in the angular direction responsible for the Diraxion mass can also lead to
washout by converting Diraxions into Saxions, who scatter of the plasma with a rate
ΓS defined in sections 8.5.1 and 8.9. The resulting rate for the angular mode is then
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8 Diraxiogenesis

suppressed by a factor of ma(Si)
4/mS(Si)

4 leading to a rate of [934]

Γa '
(
ma

mS

)4(Nfa
Si

)2(N−4)

ΓS , (8.90)

which is too suppressed to matter compared to ΓS . Once it thermalizes and reaches
S = Nfa the Saxion behaves as non-relativistic matter (ωS = 0) and the Diraxion has
the equation of state of kination ωθ = 1, because only the kinetic energy of the remaining
circular rotation is left, which is why then ε = 1. We can summarize the evolution of the
angular field by the following scaling relations

θ̇ ∼

{
a−1

a−3
, ρθ ≡

θ̇2

2
S2 ∼

{
a−4

a−6
, ωθ =

{
1
3 for S � Nfa

1 for S ' Nfa
. (8.91)

During the time when S approaches Nfa and redshifts as S ∼ 1/a3/2 before settling in
its minimum we have a constant θ̇ ∼ a0. We further define the conserved charge yield
nθ/s for an oscillation starting during radiation domination with Tosc. < TRH

Y RD
θ ≡ nθ(Tosc.)

s(Tosc.)
. (8.92)

If the oscillation starts before the end of reheating Tosc. > TRH we need a different
adiabatic invariant than nθ/s, because entropy is not conserved during reheating. Instead
one normalizes nθ ∼ 1/a3 to the energy density of the non-relativistic inflaton ρinf. ∼
ninf. ∼ 1/a3 [740,942]

Y RH
θ ≡ nθ(TRH)

s(TRH)
=

nθ
ρinf.

∣∣∣
T=Tosc.

· ρinf.

s

∣∣∣
T=TRH

=
nθ(Tosc.)

s(TRH)
·
(
TRH

Tosc.

)8

. (8.93)

After Saxion thermalization, where ε → 1, and while the Saxion still approaches its
minimum Nfa one finds that the equations of motion for θ reduce to the balance between
the radial potential gradient and the centripetal force S(θ̇/N)2 [931]

θ̇2 =
N2

S

∂V (S)

∂S
= N2mS(S)2. (8.94)

Note that the energy density in the rotation ρθ = ερS (with ρS = Vσ(Si)) does not affect
the condition of having less energy in the condensate than the radiation bath leading to
(8.71), because the Diraxion energy originates from the Saxion oscillation, whose energy
decreases to (1− ε)ρS after the kick in the angular direction. As a consequence of the
oscillations for ε� 1 the quantities S and θ̇ will not be constant in time and oscillate
themselves around their minimum and maximum values during one cycle

Smin ≡ εS, θ̇max =
NmS(S)

ε
, (8.95)

which can be obtained from the conservation of charge and energy

nθ = εmS(S)S2
max, ρS + ρθ = mS(S)2S2

max, (8.96)
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8.4 Two-field dynamics

where Smax denotes the maximum field value during a cycle and we identify

Smax(Tosc.) = Si. (8.97)

The Diraxion velocity is as large as θ̇max for a time scale ∆t ' 1/θ̇max. If we compute
the cycle average of θ̇ over a time scale tS ≡ 1/mS(S) we find that [942]

〈θ̇〉 ' ∆t

tS
θ̇max = NmS(S). (8.98)

More refined analytical [939] and numerical [942] calculations have confirmed that
〈θ̇〉 = NmS(S) is indeed an attractor solution, meaning that 〈θ̇〉 is independent of ε in
practise [942]. In the above expression for mS we slightly abuse notation by denoting the
root-mean-square

√
〈S2〉 of the Saxion amplitude with the same symbol as its (oscillating)

field value S. If parametric resonance from Saxion oscillations occurs (see section 8.6.5)
the average of θ̇ gets reduced and one finds [942]

〈θ̇〉 = εNmS(S). (8.99)

Note that reference [942] employs a different parameterization of ε, that determines the
frequency ω of the coherent motion from the full potential V = Vσ + V /D

ε ≡ nθ
NωS2

max

, with ω ≡
√

1

S

∂V (S)

∂S

∣∣∣
Smax

and nS =
Ṡ2

ω

∣∣∣
Smax

. (8.100)

Formally this parameterization coincides with our choice of ε in (8.85) only for ε� 1. For
simplicity we keep using (8.85) and demand ε� 1. We assume that θ̇ and consequently
θ̇max changes only adiabatically, meaning slower than the time scale of the plasma 1/T ,
which is why we impose θ̇max < Tosc. [942] leading to

ma > 0.24
√
N ·


g∗(Tosc.)

1
8mS

(
mS
MPl.

) 1
4
(
Nfa
Si

) 2N−9
4

RD

g∗(Tosc.)
1
16

√
N

m
11
8
S

M
1
8
Pl.T

1
4

RH

(
Nfa
Si

) 4N−17
8

RH
. (8.101)

Additionally we assume that the Saxion field value is always the largest energy scale in
the plasma Smin = εSi > Tosc. [942] from which we find

ma > 0.19 N ·


1

g∗(Tosc.)
1
8

m
5
4
SM

1
4
Pl.√

Si

(
Nfa
Si

) 2N−9
4

RD

1

g∗(Tosc.)
1
16

m
9
8
SM

1
8
Pl.T

1
4

RH√
Si

(
Nfa
Si

) 4N−19
8

RH

(8.102)

and one observes that both bounds are comparable in strength. These bounds are weakest
for N = 5 due to an approximate cancellation in the exponent of Nfa/Si, and get stronger
for larger N . For reference we will take N = 6 throughout this paper.
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8 Diraxiogenesis

8.5 Dirac-Lepto-Axiogenesis

8.5.1 Dissipation coefficient from Dirac Weinberg operator

The Saxion only couples to the thermal bath via its mixed quartic with ther Higgs or the
non-renormalizable Dirac Weinberg operator. A proper determination of the relevant
dissipation coefficient [996, 997] for our scenario would involve two-loop thermal self
energy diagrams [998], which is why we resort to dimensional analysis. The Saxion can
scatter via the reactions HS → LνR, LS → H†νR or decay as S → LH†νR, where we
assumed a vanishing thermal abundance of νR and put the non-thermal S in the initial
state. Due to time-dilation effects [299] the decay will only be relevant for mS(S) < T ,
which is why we add both contributions as

ΓS(S) ≡ 1

16π

(∑
m2
ν

v2
H

)(
S

Nfa

)2

(2T +mS(S)) . (8.103)

The scaling is similar to the interaction of two Higgsinos with two Saxions considered
in [944] and can be understood as follows: The matrix element involves one insertion
of S and the factor mν/(vHNfa) from the coefficient of the Dirac Weinberg operator.
After squaring the matrix element to obtain the rate one can use dimensional analysis to
find the remaining factor of 2T for the two scattering modes or mS(S)) for the decay.
One should keep in mind that the rate depends on the time-dependent field value S and
not on its amplitude Smax [999]. After thermalization of S the rate reduces to

ΓL(T ) ≡ 1

16π

(∑
m2
ν

v2
H

)
2T 3 +m3

S

(Nfa)2
, (8.104)

and the overall rate for T > mS(S) differs only by a factor of v2
H/(Nfa)

2 from the the
result for Majorana neutrinos. We always find that mS(S)� T for S � Nfa because
mS(Si) = 3H(Tosc.)� Tosc., which is why the Saxion decay is negligible above TS .

8.5.2 Chemical potentials and Boltzmann equation

The derivative coupling of the spatially homogeneous Diraxion ∂µθνRγ
µνR defined in

(8.47) can be thought of as inducing an effective chemical potential for the right chiral
neutrinos [119,918,1000]

µeff.
νR
≡ cνR θ̇. (8.105)

As pointed out in [1001--1003] and more recently in [1004] however this derivative
coupling does not lead to actual splittings in the single particle energies of particles and
anti-particles, which is why it is not an actual chemical potential. A more accurate way
to think about the effect of θ̇ is to treat it as a background field that shifts the dispersion
relation of the particles coupling to it E =

√
p2 +m2 →

√
p2 +m2 ∓ cνR θ̇ [1001--1003]

with a (minus) plus sign for (anti-)particles in analogy to explicit CPT-violation in
the form of different masses for particles and antiparticles, see e.g. [1005]. Since the
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θ̇ couples to νR
HS → LνR

LS → H†νR
µL = − 3

16cνR θ̇

µνR = 79
112cνR θ̇

µH = − 3
28cνR θ̇

µSM
B-L = 79

112cνR θ̇ µB = 28
79µ

SM
B-L

SM

SM

sph.

washout (slow)

Figure 8.4: Schematic representation of the reaction chain for generating a chemical
potential in baryons. The arrows labelled “SM” indicate the network of
equilibrated Standard Model Yukawa and gauge interactions. The red arrow
labelled “sph.” stands for the B+L violating electroweak sphaleron process.
Time progresses from left to right.

background field θ̇ 6= 0 spontaneously violates CPT in the plasma, this scenario is known
as spontaneous Baryogenesis [119,918] and we do not need to worry about the Sakharov
conditions [602], which assume CPT-conservation. If the Dirac Weinberg operator leads
to reactions HS → LνR, HL→ SνR or S → LνRH

† in equilibrium, then the chemical
potentials satisfy

µL − µH + µνR + cνR θ̇ = 0, (8.106)

where we used that the real valued Saxion has no chemical potential. The same result can
be obtained without making reference to the effective chemical potential µeff.

νR
: Suppose

we work in the basis, where we do not remove the phase of the Dirac Weinberg operator
mν/(vHNfa)e

iθ(t) and hence have no derivative couplings of the Diraxion to νR. The
time dependent phase in the aforementioned coupling does not enter the matrix element
but rather it modifies the delta distributions encoding energy-momentum-conservation
by also taking the effect of the slowly varying background field into account [950]. For
e.g. HS → LνR one would find EH + ES = EL + EνR − cνR θ̇ [1001--1003] and via the
collision term of the Boltzmann equation3 one is then lead to the same equation for the

3The energy and chemical potential enter the phase space distribution functions with opposite signs
e.g. fi ∼ exp ((−Ei + µi) /T ) for a non-relativistic particle i.
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8 Diraxiogenesis

chemical potentials as in (8.106). We now also impose the conservation of the total B-L,
which might be gauged in the UV and is responsible for the Dirac nature of neutrinos,

2µQ + µu + µd − 2µL − µe − µνR ≡ µ
SM
B-L − µνR = 0. (8.107)

Here the actual chemical potential µνR appears, because as previously discussed cνR θ̇ only
contributes to scattering processes involving νR. Next, if we impose the conservation of
hypercharge, take all SM Yukawa and gauge interactions to be fast (see e.g. appendix C
in [1006]) and treat all flavors the same, then the network of chemical reaction implies
that in equilibrium

µeq.
B =

28

79
µSM eq.

B-L , with µSM eq.
B-L = µeq.

νR
=

79

112
cνR θ̇. (8.108)

The relation between µeq.
B and µSM eq.

B-L is given by the standard value 28/79 [115, 612] for
the sphaleron redistribution coefficient. By employing the relation ni = µi/6T

2 between
asymmetries and chemical potential for a fermionic particle i and using the principle of
detailed balance we can immediately write down the Boltzmann equation for nSM

B-L

d

dt
nSM

B-L + 3H nSM
B-L = −ΓS(S)

(
nSM

B-L −
79

672
cνR θ̇T

2

)
(8.109)

in terms of the dissipation coefficient ΓS(S) defined in (8.103). Our mechanism is similar
to the case of Dirac-Leptogenesis [117] in the sense that total lepton number vanishes
and we produce equal asymmetries (nSM

B-L = nνR) in the left- and right-chiral leptons.
These leptonic asymmetries are never equilibrated because in the following we take ΓS
to be slow for S � Nfa. Once S ' Nfa we recover the usual Yukawa interaction with
the Higgs from the Dirac Weinberg operator, which is always slow due to the smallness
of the effective Yukawa coupling mν/vH [117]. The B+L-violating sphaleron transition
only acts on the doublet of left-chiral leptons and converts nSM

B-L into the observed baryon
asymmetry. A sketch of the scenario can be found in figure 8.4.

8.5.3 Baryon Asymmetry

We rewrite (8.109) in terms of the dimensionless yield nSM
B-L/s, which is conserved in the

comoving volume as long as entropy is conserved

d

dt

nSM
B-L

s
= −ΓS(S)

(
nSM

B-L

s
− 79

672

cνR θ̇T
2

s

)
(8.110)

Solving (8.110) is in general complicated by the fact that our problem has two intrinsic
time-scales: The expansion rate of the universe and the oscillation frequency mS(S).
Since our dissipation coefficient is given in terms of an effective operator, it will be UV-
dominated and hence we expect the baryon asymmetry to be predominantly produced at
Tosc.. By definition we have 3H(Tosc.) = mS(Si) at this point in time, which simplifies
the problem. The last complication is the fact that the production rate ΓS(S) depends
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8.5 Dirac-Lepto-Axiogenesis

on the oscillating field value, which is why we need to average over one cycle of oscilla-
tions. Reference [942] solved (8.110) numerically (see appendix E of the aforementioned
reference) and provided analytical arguments to understand the resulting abundances
given by

〈
nSM

B-L

s

〉
' 79

672

cνRN 〈θ̇〉T 2
osc.

s
·


1 ΓS(Si)� mS(Si)

ε3

ε
(

ΓS(Si)
mS(Si)

) 1
3

mS(Si)� ΓS(Si)� mS(Si)
ε3

2ε ΓS(Si)� mS(Si)

. (8.111)

The first result can be understood as follows [942]: In order for 〈nSM
B-L〉 /s to track its

equilibrium value, θ̇ needs to be close to its maximum θ̇max = mS(Si)/ε > mS(Si).
However due to the conservation of the condensate charge nθ = εmS(Si)S

2
i we find that

this only occurs when S is at its minimum for a cycle given by Smin = εSi (see (8.95)).
For a field-dependent interaction it was found in [942], that the charge transfer from the
condensate to the plasma is only efficient if the transfer rate is larger than the frequency
of the coherent motion, which for this case reads

ΓS(Smin) ∼ ε2S2
i � θ̇max =

mS(Si)

ε
(8.112)

and reduces to the condition ΓS(Si)� mS(Si)/ε
3 displayed in (8.111). However if we

take e.g. ε = 0.1 then this implies that ΓS(Si) would have to be a thousand times faster
than the Hubble rate at the beginning of the oscillations. We discuss in section 8.9.1 how
this is potentially problematic. The next regime mS(Si)� ΓS(Si)� mS(Si)/ε

3 suffers
from the same drawback. Since ΓS(Smin) is now too small to track θ̇max, the transfer
can only be relevant when S is close to its maximum value Smax(Tosc.) = Si. Once S
decreases from its maximum during a cycle and θ̇ increases, 〈nSM

B-L/s〉 stops tracking

θ̇T 2/s as soon as θ̇ reaches the value θ̇d ' εΓS(Si)
2
3mS(Si)

1
3 at which it stays for a

time of ∆td ' ΓS(Si)
− 1

3mS(Si)
− 2

3 so that the average over a time scale tS = 1/mS(Si)
becomes [942]

〈θ̇〉 =
∆td
tS

θ̇d = εmS(Si)

(
ΓS(Si)

mS(Si)

) 1
3

. (8.113)

Rotation during Radiation domination

To be conservative we focus on the regime ΓS(Si) � mS(Si) ' 3H(Tosc.), which can
be thought of as Freeze-In production [82] in contrast to the previous two cases, which
are akin to thermal Freeze-Out. We average the Boltzmann equation in (8.110) over a
time scale larger than tS = 1/mS(Si) and factor out the S-dependence of the rate by
employing (8.103) and (8.104) to rewrite ΓS = ΓL · (S/T )2 leading to〈

d

dt

nSM
B-L

s

〉
= −ΓL(T )

(〈
nSM

B-L

s

〉
〈S2〉
T 2
− 79

672

cνR 〈θ̇S2〉
s

)
. (8.114)
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Because θ and S move together coherently in the broken phase, we have to average them
together as 〈θ̇S2〉 (unless parametric resonance occurs). For ΓS(Si)� mS(Si) it follows

that S evolves much faster than nSM
B-L/s, which is why we can set

〈
d
dt

nSM
B-L
s

〉
= 0 [942]

and thus solve for 〈nSM
B-L/s〉 from the vanishing of the parenthesis above. To do so we

make use of the charge conservation [942]

Nnθ =
1

N
〈θ̇S2〉 = εnS = εmS(S) 〈S2〉 (8.115)

and obtain 〈nSM
B-L/s〉 ∼ 〈θ̇S2〉 / 〈S2〉 = εNmS(Si), which explains the factor of ε in the

last line of (8.111) and the factor of two comes from matching to the previous two

solutions. However
〈

d
dt

nSM
B-L
s

〉
= 0 can also be obtained from ΓS → 0 and we expect [82]

the Freeze-In abundance to vanish if the production rate goes to zero (there is only an
upper limit on ΓS in the third line of (8.111)). Therefore we write〈nB

s

〉
' cνRN

24
· ΓS(Si)

H(Tosc.)
· εmS(Si)T

2
osc.

s(Tosc.)
(8.116)

=
cνRN

2

24
· ΓS(Si)

H(Tosc.)
·
(
Tosc.

Si

)2

· Y RD
θ , (8.117)

where in the last line we used the charged yield during radiation domination defined
in (8.92). The same result can also be found from dropping the back-reaction term
∝ 〈nSM

B-L/s〉 in (8.114) and considering the amount of asymmetry produced 〈nB-L/s〉 '
1/H · d/dt 〈nB-L/s〉 over one Hubble time 1/H together with the charge conservation
in (8.115). One can observe that the resulting asymmetry is suppressed by both ε < 1
and ΓS/H � 1 compared to the scenario for a very efficient charge transfer ΓS(Si)�
mS(Si)/ε

3, which also justifies neglecting the back-reaction. By using the scaling
relations for the redshift of S one can deduce that during radiation domination we have
mS(S) ∼ S ∼ T and ΓS/H ∼ S2/T ∼ T leading to 〈nB/s〉 ∼ T , which means that
the produced asymmetry is indeed UV dominated. We deviate from [942] by writing
our result in terms of mS(Si) instead of 〈θ̇〉 for the following reason: Typically one
has 〈θ̇〉 = mS(Si) at the beginning of oscillations, except when parametric resonance
from Saxion oscillations takes place (see section 8.6.5), where one obtains 〈θ̇〉 = εmS(Si)
instead. However our asymmetry is sourced by 〈θ̇S2〉 and not just 〈θ̇〉, so no additional
factor of ε arises. The net effect of parametric resonance is that the radial and angular
fields will not move coherently anymore due to the non-thermal symmetry restoration,
which simply means that we can separate the averages 〈θ̇S2〉 = 〈θ̇〉 〈S2〉 [942].4 The
baryon asymmetry differs from the result for Majorana Lepto-Axiogenesis [942] in two
aspects: On the one hand our asymmetry always depends on ε due to the linear coupling
to S and on the other hand the ratio ΓS/H is parametrically different from the suppression
factor ΓL/H found in the Majorana scenario. The order of magnitude and sign of the
asymmetry will be determined by the first oscillation [919,984,985]. If we plug in the

4Using this together with the charge conservation (8.115) then readily implies 〈θ̇〉 = εmS(Si).
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8.5 Dirac-Lepto-Axiogenesis

out-of-equilibrium condition for successful Freeze-In ΓS(Si)� mS(Si) = 3H(Tosc.) we
obtain an upper limit on the produced asymmetry〈nB

s

〉
� cνRN

2

8
·
(
Tosc.

Si

)2

· Yθ, (8.118)

in terms of the charge yield of the condensate. Since the above is much less5 than nθ/s,
it was valid to neglect the back-reaction of the asymmetry production on the condensate;
Leptogenesis will not evaporate the condensate. The produced leptonic asymmetry is
not washed out, because the Dirac Weinberg operator is the only coupling connecting νR
to the bath and we take it to be slow throughout the evolution of the universe. Once the
Saxion settles at its minimum Nfa the Dirac Weinberg operator reduces to the Yukawa
coupling of the neutrinos with the SM like Higgs, which never equilibrates [117]. To
estimate the baryon asymmetry we eliminate fa via the condition ΓS(Si)/H(Tosc) < 1

fa = 2× 106 GeV ·
(

0.1

ΓS(Si)/H(Tosc)

) 2
3

·
( ∑

m2
ν

(0.05 eV)2

) 2
3

·
(

Si
0.1 MPl.

)
·
(

100 MeV

mS

) 1
3

(8.119)

and obtain the following YB = nB/s for N = 6

YB
8× 10−11 '

( ma

10−3 eV

)2
·
(

100 MeV

mS

) 2
3

·
(

ΓS(Si)/H(Tosc)

0.1

) 8
3

·
(

(0.05 eV)2∑
m2
ν

) 5
3

.

(8.120)

The baryon asymmetry only depends on the ratio Si/fa, so the dependence on Si divides
out when inserting (8.119).

Rotation during Reheating

In the above we assumed that the oscillation occurs during radiation domination. For
the opposite case of Tosc. > TRH we have production during reheating, where entropy is
not conserved. Thus nB/s is not the correct adiabatic invariant anymore and we have to
use 〈nB〉 /ρinf evaluated at production multiplied with ρinf./s evaluated at reheating. In
this context ρinf denotes the energy density of the non-relativistic inflaton. During the
matter dominated reheating phase we have T ∼ 1/a3/8 and a Hubble rate of H ∼ T 4.
By using the Friedmann equation ρinf. = 3M2

Pl.H
2 we find that ρinf. ∼ T 8. The scaling

of the asymmetry could be different depending on whether the Saxion settles to its
minimum Nfa during (Tosc. > TS > TRH) or after reheating (Tosc. > TRH > TS). For
TRH > TS we find that mS(S) ∼ S ∼ 1/a ∼ T 8/3 and ΓS(S)/H ∼ S2/T 3 ∼ T 7/3

implying 〈nB〉 /ρinf. ∼ 1/T . In the second regime TRH < TS we have S = Nfa = const.
so conservation of the Noether charge θ̇N2f2

a implies 〈θ̇〉 ∼ 1/a3 ∼ T 8. Further we find
ΓS/H ∼ Tf2

a/T
4 ∼ 1/T 3 resulting in 〈nB〉 /ρinf. ∼ 1/T . Both regimes redshift the same,

5This assumes that Si > Tosc/
√
N , which is valid throughout our parameter space and we used

cνR ' 1/N .
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8 Diraxiogenesis

because they depend on 〈θ̇S2〉 ∼ nθ, which always redshifts as 1/a3 no matter if S is
at or above Nfa. During reheating the asymmetry is always IR-dominated and gets
predominantly generated at TRH, which is why we can evaluate 〈nB/s〉 at reheating.
This is unlike the usual case for Lepto-Axiogensis, where one would find 〈nB〉 /ρinf. ∼ T
for TS > TRH [942]. We arrive at〈nB

s

〉
' cνRN

24
· ΓS(SRH)

H(TRH)
·
εmS(SRH)T 2

RH

s(TRH)
(8.121)

=
cνRN

2

24
· ΓS(Si)

H(TRH
osc.)

·
(
TRH

osc.

Si

)2

·
(
TRH

osc.

TRH

)
· Y RH

θ , (8.122)

where in the second line we used the charge yield for reheating defined in (8.93) as well
as the scaling laws to relate the field value at reheating SRH and Si, which restores the
factor of ΓS(Si)/H(Tosc.) � 1 6. Note that the above is not enhanced by Tosc. > TRH

because Y RH
θ ∼ T 8

RH/T
8
osc.. We eliminate fa via the condition ΓS(Si)/H(TRH

osc.) < 1

fa = 9.9× 105 GeV ·
(

0.1

ΓS(Si)/H(TRH
osc )

) 4
5

·
( ∑

m2
ν

(0.05 eV)2

) 4
5

·
(

Si
0.1 MPl.

)
·
(

100 MeV

mS

) 3
5

·
(

TRH

1013 GeV

) 2
5

(8.123)

to find

YB
8× 10−11 '

( ma

10−3 eV

)2
·
(

40 MeV

mS

) 6
5

·
(

ΓS(Si)/H(TRH
osc )

0.1

) 12
5

·
(

(0.05 eV)2∑
m2
ν

) 7
5

.

(8.124)

8.6 Dark Matter

8.6.1 Dark Matter decay

The Diraxion is only a good dark matter candidate if it is sufficiently long-lived. Its main
decay mode is to neutrinos, followed by a subleading mode to photons via a two-loop
coupling and the width is given by [960]

Γ (a→ νν) ' ma

16π

∑
νm

2
ν

N2f2
a

√
1− 4

∑
νm

2
ν

m2
a

, (8.125)

where we estimated the phase space suppression in the single flavor approximation. Since
the coupling is dependent on the absolute neutrino masses

∑
νm

2
ν we take the lightest

neutrino mass to be zero so that∑
ν

m2
ν '

{
(0.05 eV)2 for NH

(0.1 eV)2 for IH
, (8.126)

6For TRH < TS the scattering rate is IR dominated and we should demand ΓS(SRH)/H(TRH)� 1
instead. However in practise we typically find that TRH > TS so we ignore this additional complication.
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8.6 Dark Matter

Figure 8.5: Allowed parameter space for Diraxion dark matter, that is stable enough on
cosmological time scales.

where NH (IH) denotes the normal (inverted) hierarchy of neutrino masses. Throughout
this work we focus on the normal hierarchy. Normalized to the age of the universe
t0 ' 13.79 Gyr we obtain

τ = 1/Γ (a→ νν) ' 30 t0 ·
(

(0.05 eV)2∑
νm

2
ν

)
·
(

1 eV

ma

)
·
(

Nfa
106 GeV

)2

. (8.127)

There is no appreciable bound from the Diraxion to photon decay via the two-loop
coupling in, as the rate would be suppressed by the free factors (ma/vH)2, (mν/Nfa)

4

and (ma/me)
4. The limit on the life-time of Diraxion dark matter was depicted in

black in figure 8.5. Experiments such as PTOLEMY [1007,1008] aimed at detecting the
cosmic neutrino background could potentially detect [1009, 1010] the neutrinos produced
in decays of dark matter with masses between 0.1 eV and 1 eV for lifetimes between
(10− 100) t0 [960]. We show the corresponding parameter region colored in red in figure
8.5. While standard misalignment and decays of topological defects (blue region in 8.5)
works only for too large values of fa compared to the detectable region, we will see that
kinetic misalignment (see the orange lines in the aforementioned plot together with 8.6.4)
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8 Diraxiogenesis

and parametric resonance in 8.6.5 could both reproduce the relic abundance for much
smaller fa and could potentially be probed by PTOLEMY.

8.6.2 Standard Misalignment

First we discuss the conventional misalignment mechanism, which operates when the
kinetic energy of the Diraxion is smaller than its potential barrier. We will state the
precise conditions for this at the end of this subsection and in the next one. During
inflation the Diraxion is trapped in its initial angle θinf. = π/2− δ by the Hubble friction
(see section 8.8.1). The QCD axion dark matter literature usually employs an axion
potential of the form 1 − cos(θ) unlike our choice of cos(θ) from (8.36). The constant
piece is irrelevant for dark matter and the correct sign can be obtained by defining
θi = θinf.±π, where we take the plus sign for concreteness. However since the Diraxion is
light during inflation, its initial angle will receive corrections from quantum fluctuations
giving rise to isocurvature perturbations [991]

〈θ2
i 〉 =

(
δ − 3π

2

)2

+

(
HI

2πSi

)2

. (8.128)

Using HI ' 6× 1013 GeV and 1016 GeV < Si < 1019 GeV one can deduce that 10−5 <
HI/(2π) < 10−2, indicating that we can not take the initial misalignment angle to
be arbitrarily small. However parametric resonance occurs (see 8.6.5) for most of our
parameter space and it has the effect of randomizing the initial misalignment angle,
so that the estimate from post-inflationary symmetry breaking with an average angle
of π/

√
3 applies [942]. Since this angle is much larger than the contribution from the

fluctuations we take √
〈θ2
i 〉 '

π√
3

(8.129)

in the following. The Diraxion oscillates around the minimum of its cosine potential
(8.33), which reduces to the Diraxion mass m2

a in the small angle limit. During radiation
domination oscillations start at the temperature

T aosc. =

(
45

4π3 g∗(Tosc.)

) 1
4 √

MPl.ma ' 27 TeV ·
(

100

g∗(Tosc.)

) 1
4

·
√

ma

1 eV
(8.130)

The energy density from these coherent oscillations with an amplitude
√
〈θ2
i 〉fa is

ρmis.
a (T aosc.) =

〈θ2
i 〉m2

af
2
a

2
, (8.131)

which normalized to the entropy density reads [933]

ρmis.
a (T aosc.)

s(T aosc.)
' 2.4

g∗(T aosc.)
1
4

√
ma 〈θ2

i 〉 f2
a

M
3
2

Pl.

(8.132)
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8.6 Dark Matter

and the relic abundance is found to be

Ωmis.
a h2 =

ρmis.
a (T aosc.)

s(T aosc.)
· s0

ρc
h2 (8.133)

' 0.12 ·
√

ma

1 eV
·
(
〈θ2
i 〉

π2/3

)
·
(

fa

5× 1011 GeV

)2

·
(

100

g∗(T aosc.)

) 1
4

(8.134)

in terms of the the critical density ρc = 3/(8πGN )H2
0 , the Hubble rate today H0 ≡

h·100 km/s Mpc−1 with h ' 0.7 and the entropy density today s0 related via ρc/(s0h
2) '

3.6 eV. The corresponding parameter space was displayed in figure 8.5. Since we are
typically interested in fa = O(106−107 GeV), one can deduce that standard misalignment
can not be responsible for the observed dark matter relic abundance.

8.6.3 Topological Defect decay

Cosmic strings are formed via the Kibble mechanism [848,1011,1012], when the underlying
U(1)D symmetry is spontaneously broken down to ZN . Detailed numerical simulations
of the cosmic strings decaying to axions e.g. [455,456,581,583,584,1013--1026] typically
have large uncertainties and often disagree with each other, see e.g. [1027] for a recent
overview. This is why we resort to simple order of magnitude estimates. Cosmic strings
are characterized by their string tension or energy by unit length [1028]

µstr. = π(Nfa)
2Log

(
mS√
ξH

)
, (8.135)

where ξ is a dimensionless length parameter that needs to be determined from numerical
simulations. Following reference [455] we take ξ ' 1 and note that this parameter could
very well be larger. Cosmic strings have a core diameter d ∼ 1/mS and typical distances
of L ∼ 1/H, which acts as a regulator for global strings. We obtain the energy density
via dividing the string tension by an area, which is given by the typical Hubble volume
4/3π · 1/H3 over the string separation 1/H to be

ρstr. '
3

4
π Log

(
mS√
ξH

)
H2(Nfa)

2. (8.136)

Apart from cosmic strings there is a second type of defect that might be formed: When
the Diraxion oscillates at T aosc. and settles into one of its N degenerate minima the
residual ZN is explicitly broken. Consequently domain walls, whose energy density
interpolates between the different vacua, will be formed around the time of T aosc.. A
similar argument can be made for the case of kinetic misalignment: Since the Diraxion
start its oscillation near the top of the potential, even a small fluctuation could lead it to
fall into one of the available minima [942]. However these effects typically only occur
for scenarios where the global U(1)D symmetry is broken after inflation: The observable
universe consists of many patches with randomly distributed, different values of θi [1029]
and domain walls separating different patches. Our scenario on the other hand involves
(spontaneous and explicit [1030]) symmetry breaking during inflation, so one would
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8 Diraxiogenesis

expect a uniform θi throughout the observable universe [1029]. However this does not
guarantee the absence of domain walls. Parametric resonance (see section 8.6.5) grows
fluctuations and the resulting large fluctuations facilitate a non-thermal restoration of
the U(1)D symmetry [1031--1037] so that the angular field becomes randomized instead
of being stuck in its value θinf. (see the beginning of 8.6.2). Once the fluctuations are
smaller than fa, the U(1)D symmetry is broken again with different initial angles for
each Hubble patch leading to domain wall formation at T aosc. [942]. If the condensate
was thermalized before parametric resonance can occur, this outcome could be avoided.
However as we argue in section 8.9.1, such an early thermalization is not possible from
the Dirac Weinberg operator, as this UV-dominated rate would dampen the oscillation
too much before a rotation could be induced. The only way out is to consider the Seesaw
messenger fields as bath particles, which is the scenario sketched in 8.9.2. Since the
symmetry is restored only to be broken again, cosmic strings will also form and the
resulting hybrid network of decays can decay for N = 1 [1038,1039]. A second reason to
expect domain walls is that the isocurvature fluctuations can experience a power law
growth [740]: Due to the isocurvature fluctuations the different patches that make up
our visible universe start with different initial velocities θ̇i and evolve to different field
values. By the time T aosc., when the Diraxion mass becomes cosmologically relevant,
domain walls will form to interpolate between the different θ. The surface tension or
energy via unit area of a domain wall reads [1020]

σDW = 8maf
2
a (8.137)

and one finds the energy density from the ratio of the surface density over the typical
length scale. For a Hubble volume 4/3π · 1/H3 and a typical surface area of 4π2 · 1/H2

the result is

ρDW ' 24Hmaf
2
a . (8.138)

The network collapses under its tension when [1028]

Hdec. =
µstr.

σDW
=

8

πN2
Log

(
mS

Hdec.

)−1

ma. (8.139)

As long as Log (mS/Hdec.) & 8/(3πN2) we find that Hdec. . 3ma which means that
the axions produced from the hybrid defect decay are as cold as the ones produced in
the conventional misalignment scenario [1028]. For a QCD axion it was found that the
logarithm can be as large as 70 [1027], so the previous conclusion is likely to hold true.
Since the domain walls are expected to form at H ' 3ma and decay around the same
epoch, they do not have time to dominate the energy budget of the universe. We find
that the total energy density of the produced Diraxions

ρstr.Wall =
48

π

(
4 +

1

π

)
Log

(
mS

Hdec.

)−1

m2
a(Nfa)

2 (8.140)

is comparable to the conventional misalignment contribution 8.131. For N 6= 1 we have
more than one domain wall and the system of walls can decay via the explicit symmetry
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breaking encoded in the Diraxion mass from (8.36) [959]. For group theoretical solutions
to the domain wall problem see [463, 464]. The explicit symmetry breaking potential
or bias term V /D induces a different energy for each of the N vacua and the pressure
difference between neighboring vacua is proportional to

∆V = V /D(θ = 0)− V /D
(
θ =

2π

N

)
= m2

af
2
a

(
cos(δ)− cos

(
δ +

2π

N

))
(8.141)

and the domain wall collapses if the pressure difference is larger than the domain wall
tension implying

Hbias =
∆V

σDW
=
ma

8

(
cos(δ)− cos

(
δ +

2π

N

))
. (8.142)

Since again Hbias ' ma this scenario produces sufficiently cold Diraxions and the walls
decay right after their formation. The resulting energy density is given by (8.138)
evaluated at Hbias and multiplied by N to take the fact into account that more than one
domain wall decays. In terms of the energy density one finds [459]

ρbias = 3N

(
cos(δ)− cos

(
δ +

2π

N

))
m2
af

2
a , (8.143)

which is of comparable size to the previous abundance (8.140) and the misalignment
contribution (8.131) unless N is so large that 2π/N is negligible compared to δ. We
conclude that topological defects do not pose a cosmological problem in our scenario
and their effect on the relic density is essentially the same as standard misalignment.
Since we focus on decay constants in the O(106 GeV − 107 GeV) range, we find that
these contributions are negligible compared to the Kinetic Misalignment and Parametric
resonance scenarios encountered in the next sections.

8.6.4 Kinetic Misalignment and fragmentation

If the Diraxion velocity θ̇ is larger than 2ma [933] the rolling pesudoscalar will get trapped
in its cosine potential later than for conventional misalignment. As a consequence of
its large kinetic energy it does not just probe the harmonic part of its potential (small
angles) but instead can start near the hilltop. Due to these effects one obtains the dark
matter yield [927] from (8.92) and (8.93)

Ya = 2Yθ, (8.144)

where the factor of two, found numerically in [927] and analytically in [1040], encodes
the enhancement from the anharmonicity. This mechanism reproduces the observed relic
abundance for [933]

ΩKM
a h2 = 0.12 ·
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)
·
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0.4

)
(8.145)
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where we used N = 6 together with (8.92) and (8.93) for our estimate. We show the
required value of Yθ as a function of ma on the upper axis in 8.5. Fixing the ratio
fs/Si via the relations (8.119) and (8.123) together with explaining the observed baryon
asymmetry via Dirac Lepto-Axiogenesis (see (8.120) and (8.124)) allows us to estimate
the required Diraxion and Saxion masses for DM from kinetic misalignment:
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The Diraxion gets trapped in its potential at the temperature [1040]

T∗ ' 0.23 GeV ·
(

100

g∗(T∗)

) 1
3

·
( ma
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) 1
3

(8.149)

defined as the time when the Diraxion’s kinetic and potential energy coincide. Kinetic
misalignment occurs for T∗ < T aosc. and one finds that this implies [1040]

fa < 6× 1011 GeV ·
(
g∗(T∗)

100

) 1
8

·
(

10 meV

ma

) 1
4

·
√

Ωah2

0.12
. (8.150)

Since the Diraxion scans its potential for a long time, parametric resonance from the
Diraxion self-interactions becomes possible leading to a fragmentation of the zero mode
condensate into higher momentum excitations. Parametric resonance was first discussed
in the context of (p)reheating [100,1041]. This effect was then applied to the study of
relaxions and axions from monodromy [1042--1044] and recently to kinetic misalignment
in [1040]. The basic idea is that the the mass term for the higher momentum fluctuations
ak is time dependent and acts like the external force for a driven oscillator [934]

äk +
(
k2 +m2

a cos(θ̇t)
)
ak = 0. (8.151)

In the limit θ̇ � ms one finds a narrow resonance band around the momentum k ' θ̇/2
with a relative width ∆k/k ' m2

a/θ̇
2 and that the fluctuations are produced with a rate

Γa PR ' m4
a/θ̇

3 [1044]. It turns out that the Diraxion abundance including fluctuations
coincides with the zero mode estimate in (8.144) [937], which can be understood by noting
that the characteristic energy scale of both processes is θ̇ [930]. Fragmentation can even
lead to a slight enhancement of the relic abundance, because the zero mode redshifting
as ρθ ∼ 1/a6 is converted into fluctuations that redshift slower than 1/a6 [1040]. As a
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rule of thumb fragmentation is more important for smaller decay constants [1040]:

fa <

(
g∗(T∗)

100

) 1
8

·
(

10 meV

ma

) 1
4

·
√

Ωah2

0.12
·


8.79× 1010 GeV weak frag.

4.39× 1010 GeV complete frag.

2.25× 1010 GeV more complic.

(8.152)

One can show that the condensate does not fragment completely as long as fa <
8.79× 1010 GeV [1040], meaning that most of its energy density is still in the zero mode
and the fragmentation ends after the trapping has taken place. Complete fragmentation
occurs before the trapping can take place [1040] and implies fa < 4.39× 1010 GeV.
The analysis of [1040] breaks down if the backreaction of the fluctuations on the zero
mode occurs before the onset of fragmentation, which can be expressed as ma/H(T∗) <
O(103 − 104) corresponding to fa < 2.25 × 1010 GeV. This does not mean that the
corresponding parameter space is excluded, just that a more complicated analysis e.g.
a lattice study is needed. The aforementioned regions in which kinetic misalignment
and fragmentation take place are shown as orange lines in figure 8.5. Since the typical
momenta produced during parametric resonance can be much larger than the Diraxion
mass, the fluctuations will be less cold than the zero mode oscillations. We need to
ensure that the dark matter matter redshifts enough so that it is sufficiently cold by the
time of matter-radiation equality. Reference [1040] found that the momentum modes
maa(T∗), with a(T∗) ∼ 1/T∗ the scale factor at the trapping temperature, undergo the
most efficient growth from parametric resonance. The warmness bound on the dark
matter velocity reads [390,1045]

va eq. '
ma · a(T∗)/aeq.

ma
. 2× 10−4. (8.153)

implying T∗ & 5× 103 Teq. ' 5 keV and

fa > 9.3× 10−2 GeV ·
√
g∗(T∗)

100
·
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·
√

Ωah2

0.12
, (8.154)

which is hardly constraining . One should also take into account that, if the field is still
not trapped at the time of Big Bang Nucleosynthesis (BBN) then its energy density
scaling as ρθ ∼ 1/a6, which is different from ordinary dark radiation ∼ 1/a4, could modify
the expansion history of the universe and alter the produced light element abundances.
This condition T∗ & 20 keV leads to the bound [1040]

fa > 8.1× 10−2 GeV ·
(

10 meV

ma

)
·
(

Ωah
2

0.12

)
, (8.155)

comparable to the structure formation one.
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8.6.5 Parametric Resonance from Saxion oscillations

The non-perturbative process of Parametric resonance [100,1041] is analogous to stimu-
lated emission and can also be driven by the Saxion oscillations [951,952]. One finds that
the oscillating zero mode of the Saxion field is rapidly converted into higher momentum
Saxion and Diraxion fluctuations. Production of QCD axion dark radiation from Saxion
parametric resonance was studied in [383, 417]. The fluctuations in the angular mode
can be produced because both equations of motions in section 8.4.1 are coupled as long
as S > Nfa. Since the energy density in the fluctuations is comparable to the one in
the zero mode, these large fluctuations will lead to an effective mass squared for the
radial mode that is positive, hence the original U(1)D symmetry gets non-thermally
restored [1031--1037]. Once the amplitude of the fluctuations redshifts below fa the
symmetry is broken again. Saxion fluctuations will later be thermalized and only the
rotation together with the Diraxion fluctuations will remain. It was found that the
transfer from the condensate into the higher momentum modes begins shortly after the
start of the oscillations and for a quartic potential during radiation (matter) domination
it ends at around S ' 10−2(10−4)Si [1035, 1037, 1046], when the backreaction from
scattering of the fluctuations with the condensate and themselves becomes important.
Parametric resonance from Saxion oscillations requires a violation of the adiabaticity
condition |ṁS(Si)/mS(Si)

2| < 1 which can be translated into the condition [740]

ε < 0.8 . (8.156)

During parametric resonance comparable amounts of Saxion and Diraxion fluctuations
are produced [740]

nS ∼ nθ ∼
Vσ(Si)

mS(Si)
, (8.157)

which is why the abundance of Diraxion fluctuations is formally equivalent to the result
for kinetic misalignment under the replacement ε→ 1/2 in the definitions of the yields
(8.92) and (8.93). We estimate that

ΩPR
a h2 ' 0.12 ·


(

ma
0.01 eV

)
·
√

500 MeV
mS

·
(

Si
0.1 MPl.

) 3
2 ·
√

107 GeV
fa

RD(
ma

0.01 eV

)
·
(

500 MeV
mS

)
·
(

Si
0.1 MPl.

)
·
(

107 GeV
fa

)
·
(

TRH
1013 GeV

)
RH,

(8.158)

where we used N = 6 together with (8.92) and (8.93). We can determine the Diraxion
and Saxion mass by eliminating fa/Si via (8.119), (8.123) and demanding successful
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Dirac-Lepto-Axiogenesis:

ma =


0.11 eV ·

(
0.01

ΓS(Si)/H(Tosc)

)3
·
( ∑

m2
ν

(0.05 eV)2

)2
·
(

Si
0.1 MPl.

)2
RD

0.05 eV ·
(

0.01
ΓS(Si)/H(Tosc)

) 12
5 ·
( ∑

m2
ν

(0.05 eV)2

) 16
10 ·
(

Si
0.1 MPl.

) 6
5 ·
(

TRH
1013 GeV

) 1
5

RH

(8.159)

mS =

14 GeV ·
(

0.01
ΓS(Si)/H(Tosc)

)5
·
( ∑

m2
ν

(0.05 eV)2

) 7
2 ·
(

Si
0.1 MPl.

)6
RD

11.5 GeV ·
(

0.01
ΓS(Si)/H(Tosc)

)2
·
( ∑

m2
ν

(0.05 eV)2

) 3
2 ·
(

Si
0.1 MPl.

)2
·
(

TRH
1013 GeV

)
RH

(8.160)

Owing to the fact that the relativistic fluctuations are produced with momenta k ∼
θ̇(Si) ∼ mS(Si) warmness constraints become relevant again: Even though the fluctua-
tions are produced with much larger momenta compared to the fragmentation from Dirax-
ion self-interactions, the non-perturbative production occurs much earlier at Tosc. � T∗
so in principle the fluctuations have enough time to redshift sufficiently. The constraint
on the velocity is [390,1045]

va(T = 1 eV) ' ka(T = 1 eV)

ma
. 2× 10−4 (8.161)

and we estimate the momentum ka(T = 1 eV) at matter-radiation equality Teq. ' 1 eV
following [740, 942]: Since na ∼ k3

a ∼ 1/a3 one deduces that na/k
3
a is an adiabatic

invariant. From ka ∼ mS(S) and na ∼ mS(S)S2 we obtain

na
k3
a

' 1

3

(
Nfa
mS

)2

. (8.162)

With this expression we trade the momenta for na(T = 1 eV) from the yield (8.145) that
reproduces the dark matter relic abundance and find

mS < 0.28 MeV ·
(
va(T = 1 eV)

2× 10−4

) 3
2

·
( ma

10 meV

)2
·

√
0.12

ΩPR
a h2

·
(

Nfa
106 GeV

)
. (8.163)

One can see that the parameter region for DM from parametric resonance and Dirac-
Lepto-Axiogenesis requires larger mS and is thus only viable with early thermalization
(see section 8.9.1).

8.7 Dark Radiation

The Standard Model prediction for the amount of non-photonic radiation is conventionally
expressed as an effective number of neutrinos given by Neff. = 3.0432± 0.0002 [67--73].
Additional dark radiation would shift this number by [74]

∆Neff.(T ) =
4

7
g∗ρ(T )

(
10.75

g∗S(T )

) 4
3 ρDR(T )

ρSM(T )
with ρSM(T ) =

π2

30
g∗ρ(T )T 4. (8.164)
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Figure 8.6: Saxion parameter space for the isocurvature and dark radiation constraints.

Current limits from BBN and the Planck data together with baryon accoustic oscillations
(BAO) read [20]

NBBN
eff = 2.97+0.58

−0.54, NPlanck+BAO
eff = 2.99+0.34

−0.33, (8.165)

which amounts to ∆NPlanck+BAO
eff. ' 0.28. A sensitivity of ∆Neff. . 0.12 could be reached

by next generation experiments such as COrE [336], Euclid [1047], SPT-3G [330] or the
Simons observatory [331]. CMB-S4 [332,333] and PICO [335] could even reach down to
∆Neff. ' 0.06 and CMB-HD might probe ∆Neff. ' 0.014 [832].

8.7.1 Freeze-In scattering from Dirac Weinberg operator

We estimate the energy density of νR as follows

ρνR ' 〈EνR〉 · 2 · 3 · nνR (8.166)

where the factor of two counts the helicity states and the three comes from the number
of generations. The typical energy of a νR produced out of thermal equilibrium reads

〈EνR〉 = Max (2.5 T,mS(S)) . (8.167)
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Freeze-in from a thermal bath leads to typical momenta of 2.5 T [289], whereas production
from an non-thermal condensate involves momenta of the order of the oscillation frequency
mS(S) (see section 8.6.5). Since we have mS(S) � T (see section 8.5.1) we take
〈EνR〉 ' 2.5 T . As argued in section 8.5.3 the Dirac Weinberg operator will only operate
in the Freeze-in regime, which is why we can simplify the Boltzmann equation for the
right handed neutrino abundance in terms of the thermally averaged cross sections 〈σ|v|〉
and the equilibrium number densities

d

dt
nνR + 3HnνR '

(
〈σ|v|〉LS→H†νR n

eq.
L + 〈σ|v|〉HS→LνR n

eq.
H

)
nS '

7

6
ΓS(S)neq.

L ,

(8.168)

where we made use of the definition of the dissipation coefficient (8.103) and used
neq.
H /neq.

L = 4/3. It is straightforward to find the number density frozen-in [74, 338] over
a Hubble time 1/H and from that

ρνR(T ) ' 35

2
· ΓS(S)

H(T )
· neq.

L (T ) T (8.169)

The scaling relations from 8.5.3 reveal that the energy density UV-dominated during
radiation domination since ρνR/ρSM scales like T . Consequently the production is peaked
at the beginning of the oscillations. For production during radiation domination we
obtain

∆Neff. ' 0.01 ·
( ∑

νm
2
ν

(0.05 eV)2

)
·
√

100 MeV

mS
·
(

Si

5× 1015 GeV

) 3
2

·
(

105 GeV

Nfa

) 3
2

(8.170)

If the oscillations occur before the completion of reheating, we have to take into account
that the entropy of the decaying inflaton heats the SM plasma compared to the decoupled7

νR. Another way to come to the same conclusion is the fact that ρSM is only conserved
after reheating8. Since ρνR ∼ 1/a4 and the non-relativistic inflaton energy density

redshifts as ρinf. ∼ 1/a3 we are lead to consider ρνR/ρ
4/3
inf. as an invariant, which scales

as (1/T 13/3, 1/T 29/3) for (Tosc. > TRH > TS , Tosc. > TS > TRH). This implies that
production is IR dominated and mostly occurs at TRH

ρνR(TRH)

ρSM(TRH)
' 35

2
· ΓS(Si)

H(TRH
osc.)

·
(
TRH

TRH
osc.

) 7
3

·
neq.
L (TRH) TRH

ρSM(TRH)
, (8.171)

where we used the scaling relations to restore ΓS(Si)/H(Tosc.)� 1 and focused on the
regime Tosc. > TRH > TS where ΓS(S)/H(T ) ∼ T 7/3, because we typically find that the
Saxion reaches its minimum after reheating. The amount of dark radiation is

∆Neff. . 2× 10−5 ·
( ∑

νm
2
ν

(0.05 eV)2

)
·
(

Si
5× 1015 GeV

)2

·
(

105 GeV

Nfa

)2

·
(

1015 GeV

TRH

)
,

(8.172)

7We assume no coupling of the inflaton to νR.
8The sum ρSM + ρinf. is always conserved. Reheating starts out from ρSM = 0, ρinf. 6= 0 and ends

with ρSM ' ρinf.
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8 Diraxiogenesis

where we eliminated mS using (8.64) to make sure the oscillation starts before the
completion of reheating. Comparing equations (8.170) and (8.172) reveals that typically
less dark radiation is produced for oscillations during reheating due to the entropy dilution
in (8.171). For both scenarios we find an upper limit of

∆Neff. = 0.028 ·
(

ΓS(Tosc.)/H(Tosc.)

0.1

)
·
(

100

g∗(Tosc.)

) 4
3

, (8.173)

where g∗(Tosc.) has to be replaced with g∗(TRH) for production before the end of reheating.
Fixing fa via equations (8.119) and (8.123) is equivalent to fixing the amount of dark
radiation produced from Freeze-In. The above value for the dark radiation abundance
is only a factor of two away from the projected sensitivity of CMB-S4 [332, 333], and
PICO [335]. CMB-HD [832] would have sufficient sensitivity to probe this scenario. The
regions corresponding to observable ∆Neff. from νR produced via scattering can be found
in green in figure 8.6, where we made use of (8.119).

8.7.2 Out-of-equilibrium Saxion decays

The Saxion can decay to Diraxions via its derivative coupling in (8.45) with a width [830]

Γ(S → aa) =
1

32π

m3
S

(Nfa)2
(8.174)

and to neutrinos with a decay width, that is given by the expression (8.125) for the decays
of Diraxion to neutrinos under the replacement ma → mS . The decay to Diraxions is
the dominant mode because m2

S > 2
∑

νm
2
ν . Non-thermalized Saxions could basically

produce an arbitrarily large ∆Neff., which is why we require Saxion thermalization (see
section 8.9). The thermalized Saxions decouple at TD and could decay out of equilibrium
to Diraxions at a later time Tdec. < TD

Tdec. =
0.08

g∗(Tdec.)
1
4

√
m3
SMPl.

Nfa
' 1.52 GeV ·

( mS

1 GeV

) 3
2 ·
(

106 GeV

Nfa

)
·
(

10.75

g∗(Tdec.)

) 1
4

.

(8.175)

Its energy density at TD reads ρS(TD) = mST
3
Dζ(3)/π2 and since ρS ∼ nS ∼ 1/a3 it

redshifts to ρS(Tdec.) = ρS(TD)(g∗(Tdec.) T
3
dec.)/(g∗(TD) T 3

D). Using this together with
the definition of Tdec. one finds that [942]

∆Neff. ' 0.25 ·
√

10 MeV

mS
·
(

Nfa
108 GeV

)
·
(

100

g∗(TD)

)
·
(

10.75

g∗(Tdec.)

) 1
12

. (8.176)

The current bound ∆Neff. < 0.28 [20] excludes Nfa > 108 GeV ·
√
mS/10 MeV. This

bound is not very restrictive to our scenario due to the absence of stellar cooling
constraints, which exclude fa < 108 GeV for a QCD axion. We showcase this bound
as the gray area in figure 8.6. However the above estimate only holds when the Saxion
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8.8 Isocurvature perturbations

decouples from the thermal bath while relativistic. In section 8.9.4 we show that for late
thermalization the Saxion can stay in thermal equilibrium until it becomes non-relativistic
and hence Boltzmann-suppressed. Furthermore one can see from 8.6 that the channels
for Diraxion and νR dark radiation exist in different regions of parameter space and only
overlap for Saxion masses below the MeV-scale.

8.8 Isocurvature perturbations

Since both the Saxion and the Diraxion are light during inflation we expect that quantum
fluctuations imprint on them and lead to isocurvature modes [363, 1048--1050]. For a
quartic potential the typical time-scale over which S relaxes to its minimum Nfa is
given by tRelax ' 1/mS(S) [984, 985]. In order for the radial mode to remain stuck in its
large initial field value until after inflation, we have to demand that the relaxation time
is larger than age of the universe t ' 1/HI after inflation with a Hubble rate HI . The
corresponding condition

mS(S) ≤ HI (8.177)

immediately implies that there will be isocurvature fluctuations in the Saxion direction,
which is typical for Affleck-Dine scenarios.

8.8.1 Dark Matter and Baryon isocurvature

First we investigate dark matter and baryon isocurvature modes. The gauge invariant
entropy perturbation reads [363]

Sa =
δ(na/s)

na/s
=
δYθ
Yθ

(8.178)

and we compute the amplitude of the isocurvature power spectrum following reference
[740] assuming that the Diraxion makes up the whole of dark matter:

Pa(k∗) =

〈(
δYθ
Yθ

)2
〉

=

(
1

Yθ

∂Yθ
∂θ

)2

〈δθ2
i 〉+

(
1

Yθ

∂Yθ
∂S

)2

〈δS2
i 〉 (8.179)

We find the amplitude of the baryon isocurvature perturbations by an analogous calcula-
tion

PB(k∗) =

〈(
δYB
YB

)2
〉

=

(
1

YB

∂YB
∂θ

)2

〈δθ2
i 〉+

(
1

YB

∂YB
∂S

)2

〈δS2
i 〉 . (8.180)

In the above we defined the fluctuations in the angular and radial modes in terms of the
Hubble rate during inflation to be√

〈δθ2
i 〉 ≡

HI

2πSi
,
√
〈δS2

i 〉 ≡
HI

2π
. (8.181)
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CMB observations [353] at the pivot scale k∗ = 0.05 Mpc−1 determined the power
spectrum of the adiabatic perturbations to be Pζ(k∗) ' 2.2× 10−9 and they constrain

βiso ≡
Pa(k∗)

Pa(k∗) + Pζ(k∗)
< 0.038, (8.182)

which implies

Pa(k∗) <
βiso

1− βiso
Pζ(k∗) ' 8.7× 10−11. (8.183)

By rescaling the bound on Pa(k∗) to the observed baryon abundance and using h2ΩB =
0.0224 as well as h2Ωa = 0.12 [20] we find [78]

PB(k∗) <

(
Ωa

ΩB

)2

· βiso

1− βiso
Pζ(k∗) ' 2.5× 10−9. (8.184)

Let us first deal with the contribution from the Diraxion fluctuations: Since only ε depends
on the angle θ, we find that the usual and kinetic misalignment scenarios are relevant;
parametric resonance depends only the initial Saxion number density. Furthermore we
deduce from equations (8.116) and (8.121) that in our scenario the baryon asymmetry
always depends on ε. Consequently we find for kinetic misalignment and Baryogenesis
that

1

Yθ

∂Yθ
∂θ

=
1

YB

∂YB
∂θ

=
1

ε

∂ε

∂θ
= cot(θi + δ) (8.185)

where we used (8.85) for the last equality. If we choose θi+ δ = ±π/2 the cosine vanishes
and there will be no perturbations in the Diraxion direction [920]. The Diraxion will be
stuck in this value due to the Hubble friction. Hence we have to assume that the Diraxion
is not aligned with the minimum of its potential which would instead enforce from equation
(8.86) ∂V /D/∂θ ∼ sin(θi + δ) = 0. For conventional misalignment the amplitude of the
dark matter isocurvature spectrum is given by the standard expression [951] with fa
replaced by Si

Pmis.
a (k∗) =

4

〈θ2
i 〉

(
HI

2πSi

)2

, (8.186)

where 〈θ2
i 〉 was defined in (8.128). Since parametric resonance will randomize the angle

we take 〈θ2
i 〉 ' π2/3 [942] and find

mS

Nfa
<

{
4.5× 10−10 quant. fluct.

7.5× 10−5 H-mass from R
, (8.187)

where the first line fixes Si via quantum fluctuations and in the second line it is induced
from a Hubble-dependent mass term (see sections 8.4.2 and 8.4.2 respectively). For our
parameter space with smaller fa regular misalignment can not be responsible for the

234



8.8 Isocurvature perturbations

majority of the dark matter relic abundance and the previous bounds disappear.

In the following we only have to deal with the Saxion isocurvature perturbations: Using
the definition of the charge yields in (8.92) and (8.93) together with the definition of ε
in (8.85) we obtain for kinetic misalignment that [740]

Pa(k∗) =
(N − x)2

4π2

H2
I

S2
i

, with x =

{
5
2 RD

3 RH
. (8.188)

For parametric resonance we deduce from (8.92) and (8.93) that [740]

Pa(k∗) =
1

4π2

H2
I

S2
i

·

{
9
4 RD

1 RH
. (8.189)

One can see that the spectra for parametric resonance correspond to the ones for kinetic
misalignment under the replacement N → 4, because here the relic abundance is induced
from the Saxion potential Vσ ∼ S4 and not the Diraxion potential V /D ∼ SN [740]. For
the baryonic perturbations we find using (8.116) and (8.121)

PB(k∗) =
(N − y)2

4π2

H2
I

S2
i

, with y =

{
2 RD
5
2 RH

. (8.190)

We focus on the bound for the dark matter perturbations, since the limit is slightly
stronger than for baryons. Our result for the scenario in section 8.4.2, where Si originates
from quantum fluctuations, reads

mS

Nfa
<

5.4× 10−10

(N − x)2
(8.191)

and the case of a Hubble-dependent mass from the Ricci scalar in section 8.4.2 is
constrained to be

mS

Nfa
<

8.2× 10−5

N − x
. (8.192)

The corresponding regions were drawn in red in figure 8.6 and we see that for the case
of quantum fluctuations inducing Si, most of the interesting parameter space would be
excluded. In section 8.8.3 we demonstrate under which conditions the Dirac Seesaw
models do not induce radiative corrections that violate the aforementioned bounds. The
large hierarchy between mS and Nfa is the main drawback of using a quartic potential.
This problem can be avoided in supersymmetric models such as [942--945], where the
approximately quadratic scalar potential arises from supersymmetry breaking via soft
masses in a two field model [1051], dimensional transmutation from the RGE running of
soft masses [1052] or loop corrections in gauge mediated supersymmetry breaking [1053]
in single field models.
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8.8.2 Dark Radiation isocurvature

We define the gauge invariant perturbation in the dark radiation fluid via the relation
[1054]

SDR =
3

4

δ(ρνR/ρSM)

ρνR/ρSM
=

3

4

δ ∆Neff.

∆Neff.
, (8.193)

where we made use of the fact that the photons are adiabatic with respect to the
perturbations in the SM plasma to trade ργ for ρSM. The amplitude of the dark radiation
isocurvature spectrum reads

PDR(k∗) =

〈(
δ ∆Neff.

∆Neff.

)2
〉

=

(
1

∆Neff.

∂∆Neff.

∂S

)2

〈δS2
i 〉 (8.194)

and we already used the fact that ∆Neff. does not depend on θ in our model, see e.g.
(8.170) and (8.172). Dark radiation isocurvature leads to a spatial variation of ∆Neff.

compared to its spatial average ∆N eff. [1054]

∆Neff. ' ∆N eff.

(
1 +

4

3

√
P(k∗)DR

)
. (8.195)

A spatially varying ∆Neff. would lead to spatially varying abundances of light elements
produced during BBN. Reference [1054] sets constraints on this effect by making use of
the 4He/D data extracted from local galaxies [1055] and measurements of D/H obtained
from high-redshift Lyman-α absorption systems [76], which correspond to a pivot scale
of k∗ ' 1 Mpc−1 and they obtain the limit

PDR(k∗) <
0.17

∆N
2
eff.

. (8.196)

CMB data with k∗ ' 0.1 Mpc−1 can be used to set constraints of isocurvature modes in
the left-chiral SM neutrinos, which can be recast as a bound on dark radiation [1054]

PDR(k∗) < 10−10

(
Neff.

∆N eff.

)2

. (8.197)

The authors of [1056] recast CMB data with variable ∆Neff., updating a similar study
[1057] based on WMAP data, and their bound reads

PDR(k∗) <
2× 10−8

∆N2
eff.

(8.198)

For simplicity we neglect the correlation between the dark matter and dark radiation
isocurvature perturbations, which both inherit the fluctuations from S. By setting
Neff. ' 3 one can see that the bound (8.197) is about an order of magnitude stronger
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than (8.198), so to be conservative we use (8.197) to set limits on the amplitude of the
power spectrum

PDR(k∗) =
H2
I

S2
i

·

{
0.032 RD

2.4× 10−3 RH
. (8.199)

From this result and for Neff. ' 3.045 + ∆Neff. with ∆Neff. = 0.028 from (8.173) we can
deduce that for Si from quantum fluctuations (see section 8.4.2)

mS

Nfa
<

{
7.5× 10−6 RD

10−4 RH
(8.200)

and for Si from a Hubble-dependent mass (see section 8.4.2)

mS

Nfa
<

{
9.7× 10−3 RD

3.5× 10−2 RH
. (8.201)

These limits are sub-leading to the ones from dark matter isocurvature in (8.191) and
(8.192).

8.8.3 One Loop corrections

Since isorcurvature perturbations typically require a tiny Saxion quartic coupling λσ

λσ =
m2
S

2N2f2
a

<

{
9.1× 10−21 quant. fluct.

2.1× 10−10 H-mass from R
, (8.202)

where we used the bounds in (8.191) as well as (8.192) and set N − x = 3.5 for the
strongest limit, we have to check that radiative corrections to this parameter and to
mS are under control. Here we write out only the finite pieces of the loop corrections
and neglect logarithmic factors. The mixed quartic coupling with the SM like Higgs, the
scalar doublet η for the Type II scenario, or the triplet ∆ in the Type III Seesaw induce
corrections of [383]

δm
(H) 2
S = −

λ2
Hσ

8π2
(Nfa)

2, δm
(η) 2
S = −

λ2
ησ

8π2
(Nfa)

2, δm
(∆) 2
S = −

λ2
∆σ

8π2
(Nfa)

2,

(8.203)

where the minus signs take into account that at tree level m2
S < 0, as well as

δλ(H)
σ =

λ2
Hσ

16π2
, δλ(η)

σ =
λ2
ησ

16π2
, δλ(∆)

σ =
λ2

∆σ

16π2
. (8.204)

We find that for both kinds of corrections the mixed quartic couplings need to satisfy

|λHσ|, |λησ|, |λ∆σ| <

{
1.2× 10−9 quant. fluct.

1.8× 10−4 H-mass from R
. (8.205)
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For the one-loop correction from the NL − νR loop in the Type I Seesaw we can recycle
the result for a Majorana Seesaw [912,913], because only one chirality of N runs in the
loop

δm
(I) 2
S =

Y 2
R

8π2
M2
N , δλ(I)

σ ' −
5

32π2
Y 4
R. (8.206)

Both contributions come with a minus sign from the closed fermion loop, which for the
two-point function was already absorbed in the definition of m2

S < 0. The bound from
the correction to the negative m2

S can be re-expressed by using the Type I Seesaw relation
in (8.6) as

MN <
√
YL ·

(
N

6

)
·
(

fa
106 GeV

)
·
(

(0.05 eV)2∑
m2
ν

) 1
4

·

{
4.6× 108 GeV quant. fluct.

1.8× 1011 GeV H-mass from R

(8.207)

and the one from the quartic is given by

MN < YL ·
(
N

6

)
·
(

fa
106 GeV

)
·

√
(0.05 eV)2∑

m2
ν

·

{
8.1× 1014 GeV quant. fluct.

3.2× 1017 GeV H-mass from R
.

(8.208)

It is evident that the bound on MN from the correction to m2
S is the stronger one and

would lead to values of MN that are in conflict with our cosmological assumptions in
(8.74) and (8.75), so that the heavy N could be produced from the plasma. On the other
hand the bound from the correction to the quartic is compatible with our choices of
e.g. TRH = (1014 − 1015)GeV. One way to avoid this conclusion is to assume that there

is an accidental cancellation between the corrections δm
(I) 2
S and δm

(H) 2
S assuming e.g.

λ2
Hσ < 0. This would lead to

MN ' 1.8× 1013 GeV ·
√
YL ·

√
|λHσ| ·

(
N

6

)
·
(

fa
106 GeV

)
·
(

(0.05 eV)∑
m2
ν

)
, (8.209)

which is still too small for our purposes. However we can ameliorate this problem by
assuming the simultaneous presence of two or more different Dirac Seesaws.

The trilinear term connecting σ, η and H in the Type II Dirac Seesaw induces

δm
(II) 2
S = − 1

16π2
κ2, δλ(II)

σ ' 1

16π2

κ4

µ4
η

, (8.210)

where we eliminate κ by using the Type II Seesaw relation in (8.11) and set a bound on
µη. The limit from the correction to mS is given by

µη <
√
Yν ·

(
N

6

)
·
(

fa
106 GeV

)
·
(

(0.05 eV)2∑
m2
ν

) 1
4

{
3.3× 108 GeV quant. fluct.

1.3× 1011 GeV H-mass from R

(8.211)
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8.8 Isocurvature perturbations

and is stronger than the bound from the correction to the quartic

µη < Yν ·
(
N

6

)
·
(

fa
106 GeV

)
·

√
(0.05 eV)2∑

m2
ν

·

{
5.1 · 1013 GeV quant. fluct.

2× 1016 GeV H-mass from R
.

(8.212)

We observe that the limit from δm
(II) 2
S enforces values of µη, which can be problematic

in the context of equations (8.74) and (8.75), just like for MN in the Type I scenario. If
both the Type I and Type II Seesaw are responsible for Dirac neutrino masses, which is
known as a Hybrid-Seesaw [44,45], their one loop corrections could cancel each other as
long as

MN '
1

2

√
YL
Yν

µη, (8.213)

owing to the fact that the bosonic and fermionic contributions have different signs. In
this case the bounds from the quartic in (8.208) and (8.212) also get weakened and by
using the previous relation we find that

λ(I)
σ + λ(II)

σ ' 1

32π2

(
mν

vH Nfa

)4( 1

Y 2
ν

− 5

4Y 2
L

)
M4
N

Y 2
L

, (8.214)

which can be arbitrarily small depending on YL, Yν .

Analogously we find for the quartic term connecting σ,∆ and H for both versions
of the Type III Seesaw

δm
(III) 2
S =

λ2
4

16π2

(
v2
H + v2

∆

)
, δλ(III)

σ ' λ4
4

64π2

(
v4
H

µ4
∆

+
v4

∆

m4
h

)
, (8.215)

where there are two contributions each, because we can either have just H or H and ∆
running in the loop. With the relation (8.20) for v∆ in mind one sees that the first term
for the correction to m2

S and the second term for the correction of λσ are the leading
ones and the limits read

λ4 <

(
N

6

)
·
(

fa
106 GeV

)
·

{
3× 10−5 quant. fluct.

4.4 H-mass from R
(8.216)

as well as

λ4 <

(
4 GeV

v∆

)
·

{
1.5× 10−3 quant. fluct.

0.6 H-mass from R
. (8.217)

As was discussed below (8.208) and (8.212), the new degrees of freedom in the Type III
scenario even without the aforementioned range of v∆ are typically so light that we can
not avoid their presence in the plasma anyway, which will be exploited in section 8.9.2.
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8 Diraxiogenesis

8.9 Thermalization

The Saxion only couples to the bath via the Dirac Weinberg operator, leading to a
UV-dominated rate (8.103), and the mixed quartic coupling with the Higgs, that leads
to a IR-dominated rate to be discussed in the next subsection. We need to ensure that
the Saxion is thermalized to avoid the overproduction of dark radiation or relic Saxions.

8.9.1 Early Thermalization

If the Dirac Weinberg operator is supposed to be fast at early times T . Tosc. to thermalize
the Saxions, it would be already fast at Tosc.. As we saw in section 8.5.3, an efficient
charge transfer from the condensate to the bath would require a rate ΓS(Tosc.) that is a
thousand times faster then the Hubble rate for ε = 0.1. Such a large dissipation rate
would naively lead to immediate evaporation of the condensate. Reference [999] however
showed that since the dissipation rate depends on the oscillating field value (and not
the amplitude) and further since it is the coefficient of Ṡ in the equation of motion (see
section 8.4.1 for the coupled equations of motion for both fields)

S̈ + (3H + ΓS) Ṡ +
∂Vσ
∂S

= Sθ̇2 (8.218)

it vanishes twice every period: Once when ΓS ∼ S2 = 0 and once when Ṡ = 0. The
authors of [999] found from numerical simulations that such a term ΓS ∼ S2 does
not quickly evaporate the condensate, but instead leads to stronger damping of the
amplitude than Hubble friction alone. The backreaction of particle production on an
oscillating condensate can be captured by multiplying the amplitude with a factor of
exp(−ΓS/H) [1058]. A stronger decrease of the amplitude at early times could however
decrease the amount of angular rotation produced during the first couple oscillations
in (8.84). We also expect that the additional friction from the coupling to the thermal
bath would delay the commencement of the oscillations until mS(S) '

√
ΓS(S) H [1059],

which is below the usual oscillation temperature defined in (8.62). Since the production
rate ΓS depends on T , the baryon asymmetry production would consequently be even
more inefficient. Studies of oscillating QCD axions with additional friction from a
thermal bath [1059, 1060] also find that the oscillations are damped and delayed. We
conclude that early thermalization via an effective operator is not necessarily viable
and requires a dedicated numerical simulation. Reference [944] considers thermalization
of Saxions with Higgsinos via an effective operator similar to (8.103) and avoids the
aforementioned problem in the following way: The Higgsino mass gets a correction from
the same coupling leading to the thermalization operator and the Higgsinos only become
kinematically accessible at some time after the start of the oscillations. We sketch a
scenario based on using the potentially light triplet scalar in the Type III Dirac Seesaw
(see 8.3.2) in section 8.9.2. Early thermalization before the Saxion has reached Nfa has
the appealing advantage that the Diraxion gets automatically thermalized as well [942]
as a consequence of their coupled equations of motion in section 8.4.1, which removes
the warmness-bound for parametric resonance dark matter in (8.163).
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8.9 Thermalization

8.9.2 Early Thermalization from Type III Dirac Seesaw

To realize early thermalization, that occurs some time after the initiation of oscillations,
but still early enough to thermalize the parametric resonance Diraxions, we need a
particle with a thermal abundance and a renormalizable coupling to S, such as the
iso-triplet ∆ from the Type III scenario 8.3.2, which may be much lighter than the other
new degrees of freedom (see (8.20)). Early thermalization could proceed as follows: ∆
is relativistic and rapidly scatters with the bath due to its gauge interactions. For this
to stay true we need to ensure that the corrections to the triplet mass squared λH∆S

2
i

(tree level) and λ2
4/(16π2)S2

i (one-loop) stay below T 2
osc., which has typical values of

O(1015 GeV) for successful cogenesis. This implies that

λH∆ < 10−6 ·
(

0.1MPl

Si

)2

·
(

Tosc.

1015 GeV

)2

, (8.219)

λ4 < 10−2 ·
(

0.1MPl

Si

)
·
(

Tosc.

1015 GeV

)
. (8.220)

In general the Saxion may also receive a thermal mass from its coupling to ∆. The
thermal mass is smaller than the tree level mass as long as

Max(λH∆, λ4) <

(
Si

0.1MPl

)
·
(

1015 GeV

Tosc.

)
·

{
10−6 quant. fluct.

0.1 H-mass from R
. (8.221)

We expect interaction rate between triplets and Saxions to scale as9 e.g. Γ ∼ Max[λ2
H∆, λ

2
4] S2/T

[996,997] so that during radiation domination Γ/H ∼ S2/T 3 ∼ 1/T , which is IR domi-
nated. Hence the scattering with ∆ can be taken to be slow when the oscillations start
implying Tth. < Tosc. and further

Max(λH∆, λ4) < 1.4× 10−3 ·
(

0.1MPl

Si

)
·
(

Tosc.

1015 GeV

)2

. (8.222)

The thermalization rate peaks while the ∆ are relativistic and then rapidly decreases
once they are Boltzmann-suppressed. In order to avoid warmness bounds on the Diraxion
abundance from parametric resonance, thermalization during radiation domination needs
to occur before the Saxion field value has reached S ' 10−2Si [1035,1037,1046], hence
we require Tth. > 0.01 Tosc., from which

Max(λH∆, λ4) > 1.4× 10−4 ·
(

0.1MPl

Si

)
·
(

Tosc.

1015 GeV

)2

(8.223)

follows. Comparing this to (8.219) and (8.220) reveals that only λ4 is large enough for
thermalization, which is not in conflict with either the attractive features of the Type
III scenario presented in 8.3.2 or the isocurvature bounds in (8.216) and (8.217) (at

9Here for simplicity we ignore the factor of α2(T )2 that would appear with the coupling λH∆, see
(8.224).
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8 Diraxiogenesis

Figure 8.7: Parameter space for successful thermalization compared to current experi-
mental and astrophysical limits on the production of scalars. The line labelled
Tth. ≥ TM would be in the excluded region for Si > 0.1MPl.. If we decrease
∆Neff. the red dotted lines move upwards. The dotted line for the Kaon
branching ratio was obtained from [1061] and the LHCb constraint continues
(with small interruptions) until below 5 GeV. Equation (8.239) leads to the
purple BBN bound from light Saxion decays to electrons below the muon
threshold.

least for the Hubble induced Saxion field value). Since ∆ is charged under the U(1)D

symmetry, its interactions with the condensate can transmit a fraction of the Noether
charge into an asymmetry of ∆. Reference [935] considers the charge transfer between
rotating condensates in detail. The asymmetry in ∆ is then converted via its Yukawa
couplings (essentially the same reactions as in 8.5.1 but with S replaced by ∆) into an
asymmetry of the left chiral leptons that gets reprocessed into a baryon asymmetry via
the sphalerons. Once ∆ becomes Boltzmann suppressed we can integrate it out and
recover the Weinberg operator.

8.9.3 Late Thermalization

Here we adopt the thermalization scenario of references [740, 942,952], which utilizes the
mixed quartic coupling between the singlet scalar and the SM Higgs and summarize the
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8.9 Thermalization

required parameter space. The Saxion can thermalize via the processes SH ↔ HZ,HW
and the corresponding rate is [740,942]

ΓS,H = λ2
σH α2(T )2 (S +Nfa)

2

T
, (8.224)

where we take the weak fine structure constant to be α2(T ) ' 1/30. The isocurvature
constraints from section 8.8.3 require that

λσH <

{
1.2× 10−9 quant. fluct.

1.8× 10−4 H-mass from R
. (8.225)

Laboratory searches for light scalars constrain the mixing angle θSH between the Saxion
and the Higgs. This angle is defined in section (8.30) and in the small angle approximation
together with mS � mh we can re-express it as

θSH ' λσH ·
vHNfa
m2
h

. (8.226)

Higgs to invisible decays constrain λSH < 0.01 [1062]. We also use the limits from Kaon
decays at NA62 [1063--1065], recasts of PS191 data [1066] as well as a recast [1067] of
old CHARM data [1068], which are relevant for Saxion masses below about 300 MeV.
Additionally we employ the bounds from displaced vertex searches of B-meson decays
B → KµµS at LHCb [1069,1070] which are sensitive below around 5 GeV. For heavier
singlets there exists a LEP search [1071] for the process e+e− → Z∗S, which only excludes
θSH & 0.1. For an overview of the existing laboratory constraints consult [1061,1072].
The bounds from SN1987A on light scalars were recently reevaluated in [1073].

Thermalization during radiation domination

Below TS the Saxion redshifts like non-relativistic matter S = Nfa(T/TS)3/2 and would
lead to an era of matter domination starting at a temperature

TM '
4.8

g∗(TM )
1
4

(
Si
MPl.

) 3
2 √

mS Nfa (8.227)

' 63 GeV ·
(

10

g∗(TM )

) 1
4

·
√

mS

1 GeV
·
√

Nfa
106 GeV

·
(

Si
0.1 MPl.

) 3
2

, (8.228)

if it was not thermalized beforehand. During radiation domination we find that ΓS,H/H ∼
1/T so thermalization is IR dominated. The thermalization temperature is found to be

Tth '
0.27

g∗(Tth)
1
6

M
1
3

Pl.(Nfa)
2
3λ

2
3
σH ' 45.7 TeV ·

(
θSH
10−3

) 2
3

·
(

100

g∗(Tth)

) 1
6

. (8.229)
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8 Diraxiogenesis

To avoid complications from the oscillatory effective masses of the Higgs for S � Nfa
we work in the limit Tth < TS [740] with TS defined in (8.66), which implies

θSH < 1.1× 10−5 ·
( mS

1 GeV

) 3
4 ·
(

Nfa
106 GeV

) 3
4

·
(

0.1 MPl.

Si

) 3
4

. (8.230)

The condition Tth > TM on the other hand leads to

θSH > 2.2× 10−8 ·
( mS

1 GeV

) 3
4 ·
(

Nfa
106 GeV

) 3
4

·
(

Si
0.1 MPl.

) 9
4

. (8.231)

One should keep in mind that the SM like Higgs has to be as abundant as radiation for
this process to work, which is why we require Tth > mh = 125 GeV

θSH > 1.4× 10−7 ·
(
g∗(Tth)

100

) 1
4

. (8.232)

The Higgs could also receive a mass correction from its coupling to S namely ∆m2
H '

2λσHNfaS, where we dropped the S2 term following [740,942], because it is expected

to be subdominant for T < TS owing to S = Nfa(T/TS)
3
2 < Nfa. Demanding that

Tth > ∆mH gives an upper bound

θSH < 0.35 ·
( mS

1 GeV

) 9
8 ·
(

106 GeV

Nfa

) 3
8

·
(

0.1 MPl.

Si

) 9
8

. (8.233)

Additionally we need to ensure that the Saxion does not receive a large thermal correction
from its coupling to the abundant Higgses mS(Si) >

√
λσHTosc. which can be cast as

θSH < 2.6× 10−2 ·
( mS

1 GeV

)
·
(

Si
0.1 MPl.

)
. (8.234)

The bounds in (8.230) and (8.231) are the strongest thermalization constraints and we
depict them in figure 8.7 by fixing fa/Si via (8.119), which explains the dependence on∑
m2
ν and ∆Neff.. We find that all the available parameter space would be excluded by

the constraints from meson decays unless we take Si . 0.1MPl.. Furthermore for this
initial field value we have to require that ∆Neff. > 2.8×10−3, or else our entire parameter
space would be excluded by LHCb. The original Lepto-Axiogenesis parameter space for a
quartic potential involves Saxion masses that typically lie below the GeV-scale, whereas
we will show in (8.10) that our Saxion can be heavier.

Thermalization during reheating

For the case where the oscillations begin before the completion of reheating our analysis
finds that typically TS < TRH which together with Tth < TS leads to the conclusion that
thermalization will again proceed during radiation domination. Stil we need to demand
that mS(Si) >

√
λσHT

RH
osc.

θSH < 0.25 ·
( mS

1 GeV

) 3
2 ·

√
106 GeV

Nfa
·
(

Si
0.1 MPl.

) 3
2

·
(

1014 GeV

TRH

)
. (8.235)

For our parameter space this constraint is subdominant compared to (8.230) and (8.231).
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8.9.4 Thermalized Saxion decays

In section 8.7.2 we showed that a significant part of the parameter space would be
excluded by dark radiation constraints if the thermalized Saxions decayed long after their
decoupling from the bath. Hence we require that the Saxions are in thermal equilibrium
when they become non-relativistic. The mixing with the SM like Higgs allows for the
following decay modes to the light SM leptons

Γ(S → ll) '
θ2
SH

8π

(
ml

vH

)2

mS

(
1−

4m2
l

m2
S

) 3
2

with l = e, µ, (8.236)

where we neglect the phase space suppression for our first estimate and the corresponding
decay temperature reads

Tdec =
0.15

g∗(Tdec)
1
4

λσH

√
mSMPl. Nfa ml

m2
h

(8.237)

'
(
θSH
10−6

)
·
(

10

g∗(Tdec.)

) 1
4

·

{
0.2 MeV ·

√
mS

100 MeV , mS < 2mµ ' 200 MeV

97 MeV ·
√

mS
250 MeV , mS ≥ 2mµ ' 200 MeV

.

(8.238)

BBN will not be affected if the Saxions decay before the neutrino decoupling at T = 2 MeV
implying

θSH > 2× 10−5 ·
√

100 MeV

mS
, mS < 2mµ ' 200 MeV. (8.239)

This limit was depicted in figure 8.7. Additionally the Saxions need to be Boltzmann-
suppressed when the SM neutrinos decouple, because else at T < Tdec the Saxions are
still kept in equilibrium via decays and inverse decays to electrons and inject entropy
into the SM plasma. This process would heat only the SM bath so the already decoupled
neutrinos are cooled leading to a reduction in ∆Neff [1074]. Reference [740] obtained that
the lower bound ∆Neff < −0.44 [90] is only compatible with (see also [1075] for a similar
analysis involving heavy QCD axions)

mS > 4 MeV. (8.240)

As it turns out our scenario typically requires Saxions with masses around the GeV-scale
(see sections 8.6.4 and 8.6.5), which means that on the one hand decays to mesons are
possible and on the other that the Saxion would be Boltzmann-suppressed at BBN. The
decay to SM fermions ψ is the dominant mode compared to Diraxion final states as long
as

θSH
mψ

vH
>

mS

2Nfa
. (8.241)

From the isocurvature limits (8.191) and (8.192) one can deduce that the right hand
side in the above is of O(10−5 − 10−11), which is much smaller than the coupling to SM
states for GeV-scale Saxions.
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8.9.5 Maximum Yield

The thermalization temperature allows us to determine an upper limit on the charge
yield [942,944,945]

Yθ < Y max
θ ≡ 3

4

Tth

mS
(8.242)

where we used Tth. < TS so that the result only depends on mS . This relation can
be understood as follows: During thermalization the energy density of the oscillations
ρS = (1 − ε)mSnS is dumped into the bath [939] and only the pure rotation will
remain. The entropy density released during thermalization is found from the first law
of thermodynamics to be sf ∼ ρS/Tth and consequently we obtain for the dimensionless
dilution factor

∆ ≡
sf a

3(Tf )

s a3(T )
∼ (1− ε)mS

Tth
Yθ (8.243)

that leads to Yθ/∆ ∼ Tth/mS . The entropy generation is maximal for the case of Saxion
domination, for which an equal sign in (8.242) would apply. We express the maximum
charge yield in terms of the mixing angle θSH < 3× 10−3 by using (8.229) together with
(8.242). On the upper axis of figure 8.6 one can read off the value of Y max

θ for a given
mS .

8.10 Discussion

Late Saxion thermalization via the Higgs portal requires Si . 0.1MPl. (see the plot 8.7)
and for concreteness we saturate this value. This leads to a high oscillation temperature
for the Saxion in (8.62) and (8.68), which is why we typically need reheating temperatures
above around 1014 GeV, which could be seen as a drawback of our scenario compared
to Leptogenesis or Lepto-Axiogenesis [942], that both work for reheating temperatures
as low as 109 GeV [608]. Thermalization with Si = 0.1MPl. is only viable as long as
∆Neff. > 2.8 × 10−3 for Saxions around the GeV-scale. To ensure that the processes
encoded in ΓS never thermalize, we fix fa/Si via equations (8.119) (radiation domination)
and (8.123) (during reheating), which is equivalent to fixing the amount of νR dark
radiation produced in (8.173). We find that we typically need ΓS(Si)/H(Tosc) < 0.1
to avoid ε > 1 (see (8.80) and (8.87)), so the upper limit on ∆Neff. is never saturated
and our cogenesis setup does not lead to observable amounts of dark radiation. For
N = 5 the bounds from the self-consistency criteria in (8.101) and (8.102) would be
the most relaxed, however we find that cogenesis of the baryon asymmetry and dark
matter would take place in regions with ma = O(keV). While we can generate the
correct relic abundance in this regime, dark matter will not be long-lived enough due
to its decay to neutrinos (see (8.127) for the lifetime). Hence we fix N = 6 for the rest
of our analysis, which leads to stable enough Diraxions with ma = O(meV− eV). The
downside of this parameter range of N and Si is that we find ourselves in a region, where
the warmness constraint (8.163) on parametric resonance dark matter will always be
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*

★

Figure 8.8: In the upper plot we fixed ∆Neff. = 1.4× 10−3 and the point marked with
a star corresponds to (mS ,ma, fa) = (500 GeV, 1 eV, 1.1× 106 GeV). Here
the Diraxion has a lifetime of 4× 104 in units of the age of our universe. In
the lower plot we fixed ∆Neff. = 5× 10−3 and the point marked with a star
corresponds to (mS ,ma, fa) = (1.8 GeV, 28 meV, 3× 106 GeV).
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*

★

Figure 8.9: In the upper plot we fixed ∆Neff. = 4× 10−3 and the point marked with a
star corresponds to (mS ,ma, fa) = (11.2 GeV, 50 meV, 2.2× 106 GeV) with
ε = 0.1. In the lower plot we fixed ∆Neff. = 0.014 and the point marked with
a star corresponds to (mS ,ma, fa) = (63 MeV, 1.5 meV, 6× 107 GeV) with
ε = 0.4.
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violated. Thus we either have to invoke a scenario for early thermalization of the coupled
Saxion-Diraxion system as sketched for the Type III Dirac Seesaw in 8.9.2 or tune the
eccentricity parameter ε defined in (8.85) close to ε ' 0.8 (consult section 8.6.5 for details).

In figures 8.8 and 8.9 we plot the baryon asymmetry as red line and the dark mat-
ter relic abundance from kinetic misalignment as a blue line. Both quantities are
overproduced above their respective lines. Parametric resonance dark matter is possible
in the blue shaded region surrounded by the blue dashed line indicating ΩPR

a h2 & 0.12
and the dotted line for ε = 0.8. Inbetween these lines dark matter from parametric reso-
nance is overproduced. Our parameter space for oscillations during radiation domination
(reheating) can be seen in figure 8.8 (8.9). In the gray shaded area parametric resonance
dark matter would be cold enough and in the orange regions we begin to violate the
self-consistency criteria θ̇ < T from (8.101) and S > T from (8.102). The purple region
is excluded by neutrino cooling from too light Saxions during BBN, see (8.240). In the
cyan area of figure 8.8 (8.9) the Saxion oscillation would take place during reheating
(radiation domination) as described by equation (8.64). The first panel in 8.8 shows a
point (mS ,ma, fa) = (500 GeV, 1 eV, 1.1× 106 GeV), which would work with early ther-
malized parametric resonance. While ma is of the right order of magnitude to be detected
by PTOLEMY [1007,1008] via decays to neutrinos [1009,1010] its lifetime of about about
4×104 times the age of the universe is far too large, so there would be no appreciable num-
ber of produced neutrinos. Note that here we can have ∆Neff. < 2.8× 10−3 because the
Saxion mass is around 100 GeV and thus not constrained by B-meson decays. The second
panel in the same figure shows a point (mS ,ma, fa) = (1.8 GeV, 28 meV, 3× 106 GeV),
where cogenesis with kinetic misalignment is possible for ε ' 0.8. While this point is
allowed by the limits in (8.80) and (8.87), here the Si-dependent Diraxion mass ma(Si)
starts to become comparable in magnitude to the initial Saxion mass mSS(Si), which
might potentially hinder the onset of the coherent rotation.

This conclusion can be somewhat ameliorated for rotations during reheating as depicted in
8.9: Again the upper panel showcases a point (mS ,ma, fa) = (11.2 GeV, 50 meV, 2.2× 106 GeV)
that would work with early thermalization for parametric resonance dark matter. This
panel also demonstrates that kinetic misalignment and parametric resonance scale dif-
ferently during reheating, which can also be deduced by comparing the second line of
(8.145) with the second line of (8.158). One finds that the relic abundance for parametric
resonance scales with fa/Si and becomes independent of Si after one uses (8.123). The dif-
ferent scaling allows us to find the point (mS ,ma, fa) = (63 MeV, 1.5 meV, 6× 107 GeV)
depicted in the lower panel of 8.9, where the lines for the baryon asymmetry and kinetic
misalignment meet for ε ' 0.4. The required Saxion mass of 63 MeV is however excluded,
if thermalization is supposed to occur via the Higgs portal, see figure 8.7.

For our parameter space of interest we find that fa ' (106− 107) GeV, which means that
regular misalignment and topological defect decay can at most only contribute a tiny
fraction of the DM relic abundance. Inspection of 8.5 reveals that for these values of fa
and kinetic misalignment one expects a completely fragmented Diraxion, so in principle
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a lattice study is needed. Consequently the Diraxion will not be a zero mode condensate
for either production from parametric resonance or kinetic misalignment. As argued in
the beginning of this section, we find ∆Neff. < 0.028 in the regions, where we can explain
both the observed baryon asymmetry and dark matter. A detection of a lager amount of
dark radiation by next generation experiments would exclude only the cogenesis scenario.
Thus such a detection would imply that this construction can be responsible for either
Baryogenesis or the origin of dark matter.

8.11 Conclusion

• The Diraxion originating from the Dirac Seesaw:
We showed that all three versions of the Dirac Seesaw mechanism automatically
provide us with a PNGB that we call the Diraxion, whose cosmological implications
have previously not been analyzed. While we assume a global U(1)D symmetry in
order to forbid couplings of νR to the SM Higgs, we also require a separate (gauged)
U(1)B-L to forbid Majorana masses.

• Parameter space:
Our parameter space is spanned by the Diraxion and Saxion masses ma,mS together
with the initital Saxion field value Si and the Saxion vev today Nfa, where N is
the domain wall number. Thermalization fixes Si . 0.1MPl. and we can eliminate
fa by demanding that the Saxion does not have fast interactions with the bath,
which also fixes the amount of right handed neutrino dark radiation. Throughout
this work we use N = 6 to keep the Diraxion light enough. These inputs allow us to
determine the values of ma,mS for generating the correct dark matter abundance
together with the right baryon asymmetry.

• Diraxion rotation and Dirac-Leptogenesis:
The Diraxion is accompanied by a radial mode called the Saxion, whose vev can
undergo a large excursion during inflation and which oscillates in the early universe.
We discuss three ways of inducing this large vev with a Hubble-dependent mass
during inflation being the least excluded (see figure 8.6). If the Diraxion mass comes
from a higher dimensional operator, it can convert a part of the Saxion’s oscillatory
motion into a coherent rotation around the bottom of the scalar potential in the
angular direction. This rotation is thermodynamically stable and can act as a
background field enabling spontaneous Baryogenesis via Dirac-Leptogenesis from
the Dirac Weinberg operator. We find that we need a dimension six operator to do
so. If this operator involves additional insertions of the U(1)B-L-breaking scalar,
we can also generate the cosmologically required mass scale ma = O(meV− eV)
without assuming a small Wilson coefficient.

• Dark Matter:
After Saxion thermalization the Diraxion rotation survives and could be responsible
for the dark matter relic abundance via the kinetic misalignment mechanism.
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Additionally fluctuations of the Diraxion can be produced via parametric resonance
from the Saxion oscillation. There is no domain wall problem in this construction,
because domain walls can immediately decay to Diraxions either via a string-
wall network with a single domain wall or for more domain walls via the well
known bias-term from the Diraxion mass. Both contributions are comparable
to the relic abundance from standard misalignment, which is negligible for our
range of decay constants fa ' (106 − 107) GeV. Our parameter space with
mS = O(100 MeV− 100 GeV) suffers from too warm Diraxions from parametric
resonance, which is why we either need thermalization from additional degrees of
freedom in the bath, present e.g. in the Type III Dirac Seesaw, or a region where
ε ' 0.4 (0.8) for oscillations during reheating (radiation domination). This implies
that the initial Diraxion is comparable in size to the initial Saxion mass, which
brings our scenario closer to the mechanisms relying on heavy axion oscillations
like e.g. [919,950].

• Isocurvature constraints:
Dark matter and baryon isocurvature constraints enforce a value of mS that is
very small compared to the U(1)D breaking scale Nfa. We showed that one-loop
corrections to not upset this tuning. This comes with the price that the heavy
messenger fields responsible for the Dirac Weinberg operator could be potentially
light enough to be present in the plasma, so the description in terms of the Dirac
Weinberg operator breaks down. To avoid this we assume an accidental cancella-
tion between the one loop corrections to m2

S from the heavy Dirac fermion N for
the Type I Seesaw and the heavy doublet η for the Type II Seesaw (see (8.213)).
Thus our scenario is a Hybrid-Seesaw [44,45] and and each contribution could be
responsible for sourcing one of the two mass splittings observed in neutrino oscilla-
tion experiments implying that only one generation of N would be needed. The
messenger fields for the two versions of the Type III Dirac Seesaw are usually much
lighter than N, η so a separate study is needed to investigate their cosmological
evolution and impact on the presented mechanism.

• Dark Radiation:
This setup can produce νR dark radiation with 2.8× 10−3 ≤ ∆Neff. ≤ 0.028, where
the lower limit applies for Saxion masses below around 5 GeV due to thermalization
via the Higgs portal. While explaining both the baryon asymmetry and dark matter
relic abundance involves smaller values of ∆Neff., fixing only one observable allows
us to generate more dark radiation and and to saturate the previous upper limit.
Consequently we can use next generation measurements of ∆Neff. to test which
cosmological history is realized in this framework. Our work predicts dark radiation
isocurvature correlated with the dark matter and baryon isocurvature fluctuations,
potentially detectable as neutrino isocurvature modes in the CMB.

• Signatures:
The Diraxion has no direct coupling to SM fields and its connection to charged
fermions or photons arises only at one or two loops respectively. If we only fix the
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observed dark matter abundance, we find parameter regions where the Diraxion can
decay to neutrinos while being long-lived enough on cosmological time scales, see
figure 8.5. In the future this could be detectable [1009,1010] with cosmic neutrino
background searches [1007,1008]. Our Saxion is typically predicted to heavier than
for Lepto-Axiognesis, which could be used experimentally distinguish these two
scenarios. It could be produced by (heavy) meson decays and collider experiments
as depicted in figure 8.7.

• Extensions and Outlook:
It would be worthwile to consider (a) the case of thermalized, lighter messenger
fields for all Dirac Seesaws, (b) a supersymmetric set-up to ameliorate the strong
isocurvature bounds on the non-supersymmetric quartic potential and (c) whether
the Saxion could play the role of the inflaton, so Saxion thermalization is automat-
ically obtained from successful reheating. Since each of these aspects constitutes a
substantial modification of our analysis, we leave them for future investigation.
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9 Conclusion

Let us close by summarizing all the different ideas collected in this manuscript: We
first discuss the symmetry structure for the models at hand and then we focus on the
predictions for Baryogenesis and the nature of dark matter. The last paragraphs deals
with the various observational signatures and predictions for the amount of dark radiation
encoded in ∆Neff.

Chapters 3, 4 and 6 involve gauge extensions of the Standard Model either by ad-
ditional abelian or non-abelian groups. In contrast to that the QCD-axion model in
chapter 5 or the Diraxion from the Dirac Seesaws in chapter 8 rely on global symmetries
such as Peccei-Quinn symmetry or our U(1)D. Our work on the Type I Seesaw in chapter
7 does not rely on any underlying symmetry structure.

When it comes to the nature and origin of neutrino masses, our models cover a wide
range of possibilities: The Type I Seesaw in chapter 7 is literally the textbook example
for how to realize parametrically small active neutrino masses from messenger fields in
the form of three generations of right chiral neutrinos with large Majorana masses. On
the other hand the model for the Hubble tension in chapter 3 does not generate the
observed neutrino mass scale and only leads to mixing between the active neutrinos and
our additional hidden Dirac neutrino, which is allowed to have a hard tree level mass
since it is vector-like under the new gauge symmetry. Chapter 4 demonstrates that it
is possible to source both the active neutrino and dark matter masses from one-loop
diagrams involving inert scalars and the SM like Higgs together with new vector-like
fermions. Here a gauge symmetry is responsible for the prediction that only two of
the SM neutrinos are massive and an additional discrete symmetry forbids Majorana
masses. In chapter 5 we challenge the conventional notion that neutrino masses arise
at dimension five in effective field theory by constructing an explicit realization for
the dimension six operator (LεH†)(HH†)νR, which is the lowest dimensional operator
for Dirac neutrino masses involving only the SM like Higgs scalar H. This sequential
Seesaw involves the exchange of heavy triplet fermions without hypercharge and heavy
doublets with the opposite hypercharge of the SM lepton doublet L. All new fermions
are vector-like under the SM but chiral under Peccei-Quinn symmetry, which is why they
receive their masses from the scalar singlet spontaneously breaking this global symmetry.
One of the attractive features of such a construction is that the we can relax the mass
scale of the messenger fields down to the 108 GeV scale, which helps with keeping the
vacuum for the singlet scalar stable. Another pathway to small Dirac neutrino masses
is presented in the mirror sector model of chapter 6: Here we copy the SM fermion
sector and the neutrinos in L pair up with the mirror neutrinos ν ′ embedded in the
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mirror lepton doublet L′. This is facilitated by the inclusion of a bidoublet scalar of mass
µΦ, that couples to both the lepton doublets as well as to the SM Higgs and its mirror
counterpart H ′. We find that the tiny neutrino mass scale can arise from demanding that
µΦ � v′, where v′ = (109 − 1012) GeV is the vev of the neutral component in H ′ and
µΦ � κ, where κ is the dimensionful coupling of the dimension three operator HΦ†H ′.
Here the Diracness of neutrinos follows from the gauge symmetry and choice of particle
content. We present an overview over the conventional tree-level mechanisms for Dirac
neutrino masses known as the Dirac Seesaws in chapter 8. Here we can explain the
smallness of the neutrino mass scale by either integrating out vector-like fermions (Type
I Dirac Seesaw), a heay doublet scalar (Type II Dirac Seesaw) or a triplet scalar together
with either vector-like doublet or triplet fermions (Type III Dirac Seesaw). A novel
U(1)D forbids a direct coupling between the right handed neutrinos and H, whereas an
additional global or gauged U(1)B-L prevents Majorana mass terms for any kind of fermion.

Generating the baryon asymmetry of our universe via the Leptogenesis mechanism
is another focus of this work: We review the basic ingredients for conventional Leptoge-
nesis from a Type I Majorana Seesaw in chapter 7 and then focus on the non-thermal
scenario: Here an initially thermal right handed neutrino eventually comes to dominate
the energy density of out universe leading to an epoch of early matter domination
before decaying far out of equilibrium. A less well known scenario goes by the name
of Dirac Leptogenesis and does not rely on microscopic lepton number violation. The
S.M.A.S.H.E.D. model in chapter 5 allows for novel effects in this scenario by allowing us
to boost the CP-violation produced in the out-of-equilibrium decays by up to six orders
of magnitude. Additionally we point out that decaying Dirac fermions feature all the
requirements for the “quasi-optimal-efficiency”-scenario previously encountered for triplet
scalars in the Majorana Type II Seesaw: The decaying particles are not self-conjugate,
meaning that they can develop an asymmetry themselves, and have two decay modes
(required by CP violation) with different branching ratios, so that one channel can be
protected from washout (which branching ratio is larger does not matter here due to
conservation of B-L). The bidoublet in chapter 6 can also have decays modes that fit into
the Dirac Leptogenesis scenario, if there are two or more copies of this multiplet present
in the spectrum. As a consequence of the low reheating temperature required to avoid
large relic abundances of mirror electrons and mirror hadrons, Leptogenesis has to occur
during reheating, which is also known as non-thermal Leptogenesis. Additionally we
have to invoke a tiny mass splitting between the different bidoublet generations in order
to have enough resonant enhancement needed to match the observed baryon to photon
ratio. Near the end of chapter 6 we further sketch a non-thermal production mecha-
nism for the baryon asymmetry from the dynamics of the bidoublet condensate. Such
dynamics based on the Affleck-Dine mechanism are discussed in far more detail for the
Dirac Seesaws of chapter 8. Here the same non-trivial scalar field dynamics can account
for both Dirac Leptogenesis as well as dark matter. We call this scenario “Diraxiogenesis”.

When it comes to dark matter we have two examples of potentially light (above the
keV scale) fermionic dark matter in chapters 4 and 7. QCD axions produced from
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misalignment and the decay of the cosmic-string-domain-wall-network are invoked in
5. Diraxiogenesis relies on Diraxions (essentially axion like particles) predominantly
produced via kinetic mialignment or parametric resonance. Due to the smallness of the
Diraxion-decay constant fa the conventional misalignment and topological defect decay
are only subleading contributions to the relic density.

Before we finish this paragraph we would like to point out the ways to potentially
observe our models and how to discriminate them from other proposed SM extensions:
The self-interacting neutrino model of chapter 3 involves a Z ′ with a mass of 25 eV as
well as an eV-scale hidden neutrino, which could facilitate the decaying sterile neutrino
solution to the long-standing MiniBooNE anomaly. On top of that the scenario provides
us with GeV-TeV scale charged and pseudo-scalar Higgs bosons, which could appear
at the next generation of colliders. Our radiative dark matter mass model in chapter 4
predicts TeV-scale vector-like leptons that could be accompanied by vector-like quarks.
Here no detectable amount of dark radiation is generated, which could provide an indirect
way to exclude our setup. S.M.A.S.H.E.D. from chapter 5 enhances the axion to photon
coupling by an order of magnitude, which provides a clear experimental target accessible
by haloscopes such as ORGAN or MADMAX. When it comes to dark radiation we
predict a value of ∆Neff = 0.17, with contributions of ∆Neff = 0.14 from three gener-
ations of right handed neutrino and ∆Neff = 0.03 from the QCD axion. The mirror
sector model in chapter 6 is hard to test due to the presence of multiple hierarchical
energy scales far above the electroweak scale. However the mirror electrons could be as
light as 20 TeV, which again could be in the reach of future collider experiments. No
appreciable amount of right handed neutrino dark radiation is produced via freeze-in
for the the associated cosmology. The purpose of chapter 7 was to demonstrate that
gravitational wave astronomy could be a probe of the dynamics of high scale sterile
neutrinos in the early universe. We predict that successful Leptogenesis should lead to a
damped inflationary gravitational wave spectrum, potentially observable with BBO or
U-DECIGO. This of course assumes that a tensor-to-scalar ratio not too far below its
current limit of 0.036 will be observed in the cosmic microwave background by searches
for primordial B-modes. The same setup can produce observable amounts dark radiation
if dark matter is around the GeV scale. Diraxionegenesis predicts right handed neutrino
dark radiation of ∆Neff . 0.028 and the Diraxion dark matter might be observable
by experiments such as PTOLEMY via its decay to neutrinos. As it turns out these
signatures only appear if we fix either the baryon asymmetry of the universe or dark
matter. To explain both requires too weakly coupled right handed neutrinos and too
long lived Diraxions. Isocurvature constraints force the scalar known as the Saxion to be
at or below the GeV-scale, so that one could hope to find in heavy meson decays at e.g.
LHCb.

We have demonstrated that Dirac neutrinos are a viable alternative to the conven-
tionally invoked Majorana neutrinos. The structures underlying parametrically small
neutrino masses allow for a rich phenomenology and novel insights into early universe
physics. The hope that underpins these theoretical efforts is that they might provide
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9 Conclusion

some clues for previously unexplored experimental signatures and that they could be
testable with next generation cosmic microwave background probes. At the very least
we hope to have convinced the reader that adding light right handed neutrinos to the
Standard Model is not automatically excluded by cosmology.
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