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1 Introduction

The most significant experimental and observational evidences for physics beyond the Stan-
dard Model (SM) are the lack of a dark matter (DM) candidate and the unknown origin
of neutrino masses (and of the lepton mixing). The existence of sterile neutrinos allows
to accommodate both these puzzles in a rather straightforward way. Heavy neutral lep-
tons (like right-handed neutrinos), singlets under the Standard Model gauge group, are the
most popular option for the generation of the light neutrino masses via different variants
of the seesaw mechanism. In this work, we will focus on low-scale seesaw scenarios, i.e. we
will assume that the heavy neutral leptons (HNL) responsible for neutrino mass genertion
have masses at a scale not exceeding few TeVs. Within this framework it is, moreover,



possible to accommodate the masses and couplings of some of these new states to make
them stable on cosmological scales and, consequently, be potential DM candidates. Such
requirement impacts, in particular, the mass scale of the sterile neutrino DM, favoured to
be O(1 —100) keV.

These HNLs mix with the active neutrinos via Yukawa couplings to the SM Higgs
boson. In the case of the DM, such mixing is responsible of the production process dubbed
Dodelson-Widrow mechanism (DW) [1]. Although this mechanism works for a wide range
of masses, it is severely constrained by a variety of observational evidences. First of all,
X-ray searches for the decay of the sterile neutrino to an active one and a photon constrain,
as function of the mass, the coupling of the sterile neutrinos to the active ones and provide
an upper bound, of the order of tens of keV, to the mass of the DM candidate [2]. Very light
masses, up to few keV, are instead ruled out by the so called Tremaine-Gunn bound and
by structure formation consideration as, for example, phase-space density [3, 4] and the
number of satellites of the Milky-Way [5-7]. For masses above 2keV, another constraint
holds from Lyman-« forest data analysis (from which it is possible to infer the spectrum of
matter density fluctuations, determined by the DM properties). However, this constraint
is strongly model dependent and the bounds are related to the warm dark matter (WDM)
production mechanism, and to which extent this mechanism contributes to the total DM
abundance. It was shown in [8] that, once all these constraints are accounted for, the DW
mechanism can only account for at most ~ 50% of the total DM abundance. A possible
way out would be guaranteed by the presence of a lepton asymmetry (in such a case, the
DM production mechanism is dubbed Shi-Fuller [9]). This would lead anyway to a very
constrained parameter space [10, 11] unless further ingredients are added to the theory.

Another economical production mechanism for DM would be provided by the decay,
a-la-freeze-in [12-16], of heavy right-handed neutrinos. The effectiveness of such mecha-
nism was studied in [8], in the framework of a neutrino model based on the inverse seesaw
(ISS) [17], as well as within the Type-I seesaw mechanism [18]. In the ISS framework
the spectrum of the SM in enlarged by the inclusion of right-handed (i.e. featuring in the
interaction basis Yukawa coupling with the SM Higgs) and sterile (i.e. no Yukawa cou-
plings with the Higgs present in the interaction basis) heavy neutrino states. The mass
spectrum of the theory features the three light massive neutrinos, and a series of pairs of
heavy pseudo-Dirac neutrinos. In the case in which the number of sterile neutrino fields
is greater than the number of right-handed ones, additional physical states, with masses
lying at intermediate values between the light neutrinos and heavy pseudo-Dirac pairs, are
present [17]. The most minimal model of this type, complying with neutrino oscillation
data, is the so called ISS(2,3) (2 right-handed neutrinos and 3 sterile neutrinos). In this
case, besides the two pairs of pseudo-Dirac heavy states, an intermediate state (with mass
mpy ~ O(keV)) arises, above the light neutrino masses, providing a good DM candi-
date [17].

In this work we will revisit the studies in refs. [8, 18] on the possibility that a sterile
neutrino produced from the decay of heavier HNL accounts, at least partially, for the
dark matter component of the Universe. In the ISS mechanism, the Yukawa couplings are



generally large enough such that the HNL states thermalise in the early Universe, while
the light sterile state does not; this enables the freeze-in production of DM via the decay
of a heavy HNL state into it and the Higgs boson. The freeze-in mechanism ensures an
efficient DM production for a sufficiently suppressed mixing with the active states to evade
observational constraints [18, 19]. However, as recently pointed out in [20], following a
seminal work presented in ref. [21], the mixing angle between active and sterile neutrinos
is subject, in the early Universe, to potentially large thermal corrections. Thermal masses
are indeed relevant at the time of DM production through freeze-in, and dominate over
the keV mass of the neutrino DM considered here, such that the effective light neutrinos
propagating in the medium are found to be approximately the flavour ones. This renders,
for example, freeze-in production via W and Z decays not capable of accounting for the
correct amount of DM [21].!

We extend the study conducted in [21] to realistic seesaw scenarios, including, in
addition to the DM state, additional heavier RH neutrinos (with masses of the order of a
few hundreds GeV) with large enough Yukawa interactions to be in thermal equilibrium.
These models can generally account for the massive nature of active neutrinos and lepton
flavour mixing. These RH neutrinos can then decay into the keV DM and a Higgs boson,
typically at temperatures of the order of their masses. Our present work also differs form
the one in ref. [21] by the fact that all the sterile neutrinos, including the DM state, are
of Majorana nature. This scenario will ease the embedding of a low-scale fermionic seesaw
rendering the framework more realistic and ultimately UV complete. In our analysis, we
will consider both the type-I and inverse seesaw mechanisms as benchmark scenarios to
illustrate our findings. We focus on production through active-heavy neutrino mixing, thus
studying temperatures below the electroweak (EW) phase transition, Tssp ~ 160 GeV [23],
which we take in the following to be instantaneous. Moreover, in order to be able to make
a comparison with previous estimations of the keV neutrino production rate, we only take
into account the production through two-body decays. Note however that potentially
important contributions to the production rate can arise from 2 — 2 scatterings as well as
from the Landau-Pomeranchuk-Migdal (LPM) effect at high temperatures [24-26], but we
leave the inclusion of such effects, and thus the study of the production rate above the EW
crossover, for future work.

This work is organised as follows: the framework and the dark matter production are
discussed in section 2. Section 3 details the formalism we use and the strategy to evaluate
thermal corrections taking into account the Higgs and gauge boson contributions to the
neutrino self energy for a general case. We show in section 3.5 how we compare in the case
with one light neutrino and one sterile state with the results of earlier work in [21], finding
qualitatively similar conclusions. The analysis for dark matter production below the EW
crossover is thoroughly conducted in section 4, first without HNL, and then in the realistic
case with two heavy neutrinos in addition to the dark matter candidate. Our findings
are summarised in section 5. Further technical details of the computations are collected in

!This suppression was not taken into account in [22], implying a final DM abundance many orders of
magnitude smaller than the estimate given there, as demonstrated in ref. [21] and which will be reproduced
in the following.



appendix A and B, while we devote appendix C to show DM production in an example with
a larger dark sector including a new scalar, not suffering from the aformentioned mixing
suppression, for completeness.

2 Common origin for neutrino masses and DM

2.1 Neutrino masses from approximate lepton number symmetry

Among the several ways to explain the lightness of neutrino masses, the type-I seesaw
mechanism [27-33] provides a simple one by introducing a number of RH neutrinos.? On
general grounds, given that these RH neutrinos are complete singlets under the SM gauge
group, their introduction allows not only for the usual Yukawa coupling to the SM Higgs
boson, as for the other fermions of the SM, but also for a Majorana mass term, My, which
breaks lepton number by two units. The SM Lagrangian would thus be enlarged with the
following lagrangian

. 1 _
£ ~L1®Y,Ng = NjMyNp + h.c., (2.1)

where ® (® = i09®*) and Ly, are the Higgs and lepton doublets, respectively, and Np the
RH neutrinos. Both the Majorana mass My and the Yukawa couplings Y, are matrices in
flavour space. After spontaneous symmetry breaking (SSB), the Higgs develops a vacuum
expectation value, vy, and generates a Dirac mass term between SM (active) neutrinos
and the RH ones, mp = vgY,/v2. We can work, without loss of generality, in a basis
in which the matrix M is real and diagonal. In the seesaw limit, where the scale of the
Majorana mass terms is much larger than the Dirac ones (so that it is possible to define
the expansion parameter © = mpM ]Ql), the light neutrino mass matrix results at leading
order from the expression

my ~ —mhH My mp. (2.2)

In this case, the active-heavy neutrino mixing, which would change leptonic weak inter-
actions, is given at leading order by 6 ~ m}‘ng,l and is in general suppressed due to
the relative high-scale of My. The phenomenological impact of the RH neutrinos can be
important if they are not excessively heavy, and have sizeable mixings 6. In the so-called
vanilla seesaw, where no special relation is present in the sub-matrices My and Y, the
active-sterile mixing is strongly suppressed by the ratio of mass scales between active and
sterile neutrinos, |0 < v/m, /My < 107°,/GeV /My resulting, for Majorana masses above
the GeV scale, to mixings that are way beyond the reach of current experiments. On the
other hand it is important to notice that, being eq. (2.2) a matrix relation, it is perfectly
reasonable to make it reproduce current data on neutrino masses and mixing while hav-
ing an active-sterile mixing that does not follow the vanilla scaling. This may be due to
accidental cancellations in the matrix equation or, more interestingly, to an underlying
symmetry of the theory. In particular, there exists a one-to-one correspondence between
a global lepton number symmetry and massless active neutrinos in the SM extended with

2In order to explain oscillation data with the type-I seesaw, it is necessary to introduce at least two RH
neutrinos [34].



fermionic singlets [35] implying that the mass scale of active neutrinos is suppressed (and
protected from large radiative corrections) if an approximate lepton number symmetry is
present in the theory, even in the presence of sizeable Yukawa couplings. Such fermionic
singlet extensions of the SM can feature new physics signals strong enough to be testable
in current experiments, while correctly reproducing neutrino oscillation data [36].

Within the type-I seesaw, a convenient parametrisation to effectively explore the pa-
rameter space of the model is the Casas-Ibarra (CI) one [37], in which the Dirac mass
matrix depends on the low-energy neutrino oscillation parameters as

mp = —Z UE;MNs\/TTTL R V M, (23)

where Upyins is the lepton mixing matrix, m a diagonal matrix containing the masses of the
light active neutrinos, M an analogous matrix for the heavy neutrino masses and R is an
orthogonal matrix which can be parametrised by three complex angles? wij, B = Va3Vi3Via,
where

COS W12 sinwlg 0 COS W13 0 sinw13 1 0 0
Vig = | —sinwis coswin 0 |, Viz= 0 1 0 , Vo= | 0 coswas sinwas
0 0 1 —sinwyz 0 coswis 0 — sinwsg coswag
(2.4)

The CI parametrisation in eq. (2.3) guarantees to recover the input values of Upyng and m
from the diagonalisation of the full Lagrangian in eq. (2.2), as long as the seesaw hypothesis,
6 = mDMﬁl < 1, is satisfied. This means that the imaginary parts of the angles w;; in
eq. (2.4) cannot be too large, as the Yukawa couplings grow exponentially with them,
although it is evident that the specific upper bound is also a function of the matrix M. In
the framework of the CI parametrisation, a lepton-number conserving scenario is recovered
in the limit wys, w93 — 0, wey — 100, M| — 0 and My — Ms: in this case the mass
spectrum of the theory features two massless particles and two massive Dirac states, thus
mediating only lepton number-conserving interactions. Such exact limit clearly does not
reproduce the observed neutrino data, while a perturbed scenario with an approximate
lepton number symmetry (like in for instance the case where |wial, |wag| < 1, Imwag > 1
and My < Ma 3) is phenomenologically viable, while featuring a relatively low new-physics
scale and sizeable active-sterile mixings (in this case the mass spectrum contains the three
light active neutrinos, a light Majorana state with mass M; and with a feeble mixing with
the active neutrinos, and a heavy pseudo-Dirac pair with mass Mj 3). Other lepton number
symmetric-inspired constructions of the type-I seesaw are possible, cf. e.g. [38].

In some variants of the type-1 seesaw realised at low scale, other singlet (from SM
gauge interactions) neutrinos (vg) are considered, as in the case for the v~-MSM [39, 40],
the Inverse [32, 41, 42] (ISS) and Linear [43, 44] (LSS) seesaw mechanisms; these variants
allow to have large neutrino Yukawa couplings with a comparatively low seesaw scale.
We will thus focus on mechanisms that rely on an approximate lepton number symmetry
rather than on a hierarchy of scales to explain the light active neutrino masses. Beside
their phenomenological impact, these simple extensions of the SM may also accommodate

3This is specific to the case with 3 RH neutrinos, one of which we will identify with DM in the following.



the observed DM relic abundance, as in most successful realisations, the lightest sterile
state can account for the DM, while the other heavier states are employed to generate the
masses of the active neutrinos at tree-level.

In a minimal setup,* we introduce two sets of RH neutrinos, Ng and vg, respectively,
which only differ in that they have opposite lepton number assignments, L = 1 and L = —1.
The most general Lagrangian (regarding mass and interaction with the sterile neutrinos)
which respects lepton number conservation is then

Lrc=—L1Y,®Np — 0iMNg + h.c., (2.5)

where Y, and M are Yukawa and Dirac mass matrices, respectively. After SSB the mass

matrix can be arranged by blocks as®

0 mp O
Mo=|[mh 0 M|. (2.6)
0 MT 0

At this level, light neutrino masses are exactly zero at all orders, thanks to the lepton
number symmetry, while the heavy states form Dirac pairs with masses of order my ~
O (\/M 2 —i—m%). The active-heavy neutrino mixing, § = m}M !, is not necessarily
suppressed (considering M at a scale between tens and hundreds of GeV). Only once small
lepton number violating terms are introduced in the Lagrangian, light neutrinos will acquire
a mass. The possible LNV terms that can be considered to complete Ly are given below
(all these terms break lepton number in two units, AL = 2)

_ . 1 1_
L=Lic— LLGY;(I)VS — QI;S'MV‘% — ing”MRNR + h.c., (2.7)

which translate into the following neutrino mass matrix:

M, = Mo+ AMpss + AMjgs, with

0 0em 000 2.8
AMigs = 0 0 O and AMiss= 1|0 ur 0 .
e(mp)T 0 0 00 p

Under the approximate lepton number symmetry, such that u, pugr, em, = evyY,/ V2 <
mp, M, we can safely neglect the effect of pp, which contributes to light neutrino masses
at loop level.5 Again, while in principle there is no reason for lepton number to be approx-
imately conserved, the inclusion of these small LNV terms is still natural in the 't Hooft

4Minimal in the sense that the number of states introduced is the minimal one to explain oscillation

data.
T

®We organise the fields by blocks as n;, = (yL’ Ng, yg)

SIn the original formulation of the inverse seesaw [42], the smallness of the LNV parameter, u, is linked
to the supersymmetry breaking effects of an E6 scenario. In the context of SO(10), which contains remnants
of a larger E6 group, p is generated at two-loop while pr is generated at higher loop, justifying why we can
safely neglect here the parameter pg.



sense, as lepton number protects them from receiving large loop corrections. Depending on
which sources of LNV are included in the Lagrangian, one can distinguish among different
scenarios, namely the linear seesaw (when only AMgg is included), the inverse seesaw
(including only the small Majorana mass, u, for vg), or, what we name the LISS scenario,
when both £ and em/, contributions are included.

Upon the inclusion of these LNV terms, light neutrinos acquire masses proportional
to the sources of LNV, while heavy neutrinos now form pseudo-Dirac pairs whose mass
splitting is also proportional to the LNV terms. In the case of the LSS one finds for light
neutrino masses

mL9% ~ e (m%M_lmb + (m’D)TM_lmD) , (2.9)

while for the ISS case, we have
« —1)* 1\
ml ~mi (M 1) I (M 1) m}),

A'rnheavy ~ W,

(2.10)

where we have defined the mass splitting of the pseudo-Dirac pairs as Ampeqpy-

In the context of the ISS, it was found that at least 2 pairs of Nr and vg were necessary
to explain oscillation data [17], while the addition of an extra vg field to the particle content
would additionally provide a good DM candidate at the scale O(u). The resulting model
was hence labelled as ISS(2,3) [8]. Indeed, for heavy states at M ~ TeV, u has to lie at the
keV-scale to explain light neutrino masses, and thus the decoupled vg field becomes a good
warm DM candidate in the few-keV range whose interactions with the SM are suppressed
by powers of O (m,/u, /M) with respect to those of the SM neutrinos. On the other
hand, within a type-I seesaw construction, only two Ng are necessary to explain neutrino
oscillations, while a third, lighter Nr with suppressed Yukawa couplings can be added and
identified as the DM candidate.

In the following, we will start by considering the “single family” case, in which we
study only one SM neutrino, the DM candidate, and one Dirac pair of heavy neutrinos.
This will already capture some of the most important features we will consider for the DM
production, namely the existence of a heavy neutrino species capable of decaying into the
SM bosons and the DM neutrino, as well as the relevant gauge interactions with the plasma
of each neutrino species. This extends over previous studies where only the DM candidate
and a single SM neutrino were considered [21, 22], opening the window to new production
channels for the DM. Later on, we will consider full models that completely account for
oscillation data as well as including the keV neutrino DM candidate, and point out regimes
that cannot be described in the single family approximation.

2.2 Minimal framework

As previously discussed, the main ingredients of the framework under scrutiny are repre-
sented by the presence of at least one heavy decaying neutrino, ny, capable of existing in
thermal equilibrium in the early stages of the history of the Universe, as well as a sterile
neutrino DM candidate, npys. In order to ensure its cosmological stability, its coupling
with the SM states should be suppressed, which motivates the assumption that it never



existed in thermal equilibrium in the early Universe and its abundance is negligible prior
to the freeze-in process.

In the following, although we develop the formalism to compute and understand DM
production from decays on full generality, accounting for any possible neutrino spectra
and mixing between the different species, we will focus on two possibilities, motivated by
refs. [8, 18]. For very low-scale seesaw realisations (such as the so called v-MSM, where
the new states lie at the GeV scale), one generally expects production rates from decays
to be suppressed because of the large mass difference between the parent particle and the
Higgs boson, making the decay possible only for particles at the very end of the thermal
distribution,” and thus we will consider the heavy neutrinos to lie around the EW scale.

We will first consider a simplified scenario motivated by the ISS(2,3) model proposed
and studied in ref. [8], which in the single family limit presents a simplified neutrino spec-
trum with just one light neutrino, n;, the keV DM, npys, and two pseudo-Dirac heavy
neutrinos, ny with h = 1,2. Neglecting contributions from pp in eq. (2.8), the mass matrix
in the basis (vz, N§, v&, v%,,)7 is given by

0 mp O 0
0 M 0
Mm=|"P : (2.11)
0 M pss pss

0 0 pss mpm

where all elements are now just mass parameters. Upon diagonalisation, one finds that the
active-DM mixing, Un4, and the active-heavy mixing, U5 are given by

Hss mp
Upy ~ 62 — Unse) =0 =S (2.12)

From here it is clear that, in order to comply with the strong X-ray bounds on the active-
DM mixing, a hierarchy must always be present either between mp and M to make 6 < 1,
between ugg and mpys, or both. This in turn would translate into a suppression of DM
production rates. Finally, the mass gap between the pseudo-Dirac pair would be of order
ss. Note that this suppression of the couplings are generally to be expected in any
neutrino mass model when working in the single family approximation.

Second, we will work and compare with full neutrino mass models accounting for
oscillation data. In particular we will work with the type-I seesaw, where only two RH
neutrinos need to be introduced in the minimal case to explain oscillations, on top of the DM
candidate. This in turn translates into having one massless active neutrino. To consistently
explain oscillation data when studying the parameter space, we adopt the Casas-Ibarra
parametrisation introduced previously in eq. (2.3), working in the approximate lepton
number symmetric limit. In contrast to the single family approximation, it is possible to
have large couplings while complying with experimental and astrophysical bounds thanks
to cancellations in the matrix equations.

"Note however that the »-MSM - which is not our study case - can nevertheless ensure viable DM
abundance via the Shi-Fuller mechanism.



Both in the single family approximation as well as with complete frameworks, we will
in general be able to write the relation between the flavour and mass eigenstates as

ny
1%
") =up [ npy | (2.13)
Ng

np

where U is the total neutrino mixing matrix whose dimensionality depends on the number
of states. We have separated the mass eigenstates by blocks, with light neutrinos, n;, the
DM candidate with mass mpas, npa, and the HNL, ny,, whose masses are my.8 The ISS

can be readily accommodated by changing Nj — (Nf% V§>

2.3 DM production

The most popular option for the production of keV sterile neutrino DM is represented by
oscillation processes in which active neutrinos are converted into DM in the early Uni-
verse. We recall that this kind of production mechanism, in its minimal incarnation, is
the Dodelson-Widrow mechanism [1]. DM production via oscillation gets enhanced when
occurring in an environment with a sizable lepton asymmetry, case known as the Shi-Fuller
(SF) production mechanism [9]. In both scenarios, most of the DM is produced at rela-
tively low temperatures, close to the QCD phase transition. Although thermal corrections
are relevant also for these mechanisms, the computations discussed in this work do not
strictly apply since they are aimed for much higher temperature regimes. Furthermore,
the DW and SF mechanisms are nowadays very strongly constrained by both DM Indirect
Detection (see e.g. [5] for a review) and structure formation [45, 46]. Nonetheless, in the
following, even if the DW mechanism cannot account for all the observed DM, it will in-
evitably contribute to the final abundance, as it represents an unavoidable source of DM at
lower temperatures. On the other hand, we will not take into account the SF production
as it relies on a lepton asymmetry, which we will assume to be negligible here.

Our reference scenario will be, instead, represented by the case of DM production at
earlier stages of the history of the Universe (i.e. at higher temperature regimes) via decays
of heavy SM states (like the W/Z bosons) or BSM states, namely heavy sterile neutrinos.
A very natural option, along this line, was proposed in [8]. There, keV scale DM was
embedded into the ISS(2,3) mechanism for the generation of the SM neutrino masses.
This framework allows for the existence of O(0.1 —1) TeV heavy neutrinos with sufficiently
large Yukawa couplings to be in thermal equilibrium in the early Universe. These HNL can
efficiently produce DM a-la freeze-in via their decay into a SM Higgs and a sterile neutrino.
The DM relic density can be estimated as [13-16, 47, 48]

Qpah? ~ 3 x 102 ( —DET(ny, — npy + SM) + Z

B M 2.14
2, M2 I'(B — npm + S )) (2.14)

8Note that in the approximate lepton number conserving limit, heavy neutrinos become almost degen-
erate.



where an eventual sum over multiple heavy neutrino states is implicitly assumed in the first
term while the second term represents the sum for decaying SM bosons, B = H, W, and Z,
into DM. A back of the envelope estimation from eq. (2.14) leads to the fact that, neglecting
production through SM boson decays, for a DM mass mpy ~ 10keV (typical scale for the
1SS(2,3)) and my =~ 150GeV for the HNL mass, a decay rate I'(ny, — npm + SM) ~
O(10716) GeV is needed to generate the correct amount of DM.

In the scenario considered in ref. [8], the DM production process considered was the
decay of heavy pseudo-Dirac neutrinos into the DM itself and a Higgs boson, finding that
one could indeed simultaneously explain the DM relic density with a keV sterile neutrino
and the neutrino oscillation phenomenon. This conclusion was then further studied in the
context of the type-I seesaw in ref. [18], while the production through weak-gauge boson
decays into DM was investigated in ref. [22], however neglecting possible thermal effects
that arise at temperatures around the EW scale [21].

Other processes, relevant at higher temperatures, would be for example 2 — 2 scatter-
ings and the so-called LPM effect. The former arises, for example, through scatterings of
gauge bosons with leptons producing a Higgs and the DM candidate in the final state. The
rate can be estimated, at high temperatures, as o ~ O <g2(YJY,,)¢¢T2>, with ¢ the matrix
element corresponding to the DM candidate. The latter arises from the resummation of
multiple soft scatterings which become relevant (and can even be the dominant effect) at
temperatures above the EW symmetry breaking. Thus, we expect its effect to be mild on
the temperature ranges under consideration. Nonetheless, we stress that a proper inclusion
of these effects is necessary in order to study the complete DM production at temperatures
above Tgsp ~ 160 GeV.

2.4 Decay channels for DM production

The spectrum arising in the neutrino sector from simultaneously having the dark matter
candidate and explaining oscillation data through heavier states, here assumed to lie around
the EW scale, translates into a rich array of possibilities for DM production.

First, the mixing between active neutrinos and DM allows for the production through
weak boson decays into a DM candidate and a lepton (either a charged lepton for W
decays or a mostly active neutrino for Z decays®). This contribution was studied in ref. [22]
neglecting thermal effects, while the inclusion of thermal effects was first done in ref. [21] in
the context of Dirac neutrinos. In the following we will assume that neutrinos are Majorana
particles, which quantitatively change the picture. Additionally, one could consider the
Higgs boson decays into DM and a light neutrino, but given their rather light masses, this
contribution is negligible as the coupling goes through the mass.

When heavy neutrinos, ny, have large enough mixings with the active ones, they can be
present in the plasma at electroweak temperatures, opening up the possibility for various
new decay channels not present when considering only the DM candidate. Assuming they
are heavier than the weak gauge bosons and the Higgs, DM can be produced through the

9Note that Z decays into two DM particles are also possible, but these are suppressed by an extra power
of the mixing and will thus be subdominant. Nonetheless, the formalism developed here also takes into
account this negligible contribution.
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decay of ny, into a Z boson and DM. Moreover, the rather large mixings necessary for the
heavy neutrinos to be in thermal equilibrium translate into non-negligible couplings with
the Higgs boson, making the production channel n;, — H + npjys relevant. What is more,
from the statistical distribution of the final states, the decay into the Higgs boson could
potentially show an enhancement when compared to the decay of a boson into a couple of
fermions. This is thanks to the fact that the decay to a scalar can have Bose enhancement,
while a pair of fermions in the final state tends to suppress the rate with respect to the
zero temperature case due to Pauli blocking [49].

Given the richness in the possible decays to DM, in the following we will study several
scenarios which introduce successively a new contribution to the production rate. We thus
consider the following cases, that are summarized in table 1 with their production channels:

« Considering solely one species of active neutrinos and the DM candidate, without the
introduction of HNL. This is the simplest scenario, which would correspond as well
to the case studied originally in the proposal of the Dodelson-Widrow mechanism [1].
In this case the only relevant parameters are the active-DM mixing and the DM
mass. For the production through decays, only weak-gauge bosons could produce a
non-negligible amount of DM, given that the Higgs couples to the rather light masses.
Although previously studied in ref. [21] in the context of Dirac neutrinos, here we
will instead consider them to be Majorana. When referring to this simple case, we
will call it the “toy 2 x 2” scenario, given that it could describe DM but not account
for neutrino masses and mixings.

e Introducing HNL in an ISS-like construction within the single family approximation.
This is inspired by ref. [8] where it was found that the ISS(2,3) could simultaneously
explain oscillation data and the DM abundance through a keV-scale candidate. In our
simplified one-family ISS, we will thus have one light neutrino, the DM candidate, and
a pair of almost degenerate HNL, and thus refer to it as “ISS-4 x 4”. We choose the
parameters to comply with current constraints on mixing between the different species
both for the DM and the heavy species, but point out that this case does not explicitly
reproduce oscillation data, although there is in principle enough freedom when going
to the full case to fit data. In any case it proves useful because it already introduces
the non-negligible coupling between the Higgs boson and the heavy neutrinos, as well
as the possible decay of heavy neutrinos into a gauge boson and the DM neutrino.

e Minimal type-I seesaw, fully reproducing oscillation data through the Casas-Ibarra
parametrisation [50] from eq. (2.3), with two almost degenerate HNL and the DM
candidate. We choose the type-I as the coupling between DM, HNL and the Higgs
is parametrically different in terms of Yukawa couplings to the one of the ISS. Addi-
tionally, we will first neglect the Higgs contribution to fully study how the addition
of HNL changes the production compared to the “toy 2 x 2” scenario, and finally
introduce also the Higgs contribution, which is non-negligible, and compare with the
results from the “ISS-4 x 4”.
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Scenario Decay channels
Toy 2 x 2 W(Z) = La(m) + npum
ISS 4 x 4 W(Z) = Lo(ny) + nprr, H— ny+npy, np — H(Z) +npuy
Type-I seesaw w/o Higgs W(Z) = Lo(ny) + npy, np — Z +npuy
Type-I seesaw W(Z) = Lo(n) + npr, H—=ng+npa, ne — H(Z) +npum

Table 1. Summary of the possible DM production channels through two-body decays available in
the different cases we consider. Note that we assume here that the HNL (nj,) are heavier than the
Higgs. In the opposite case, one could still have the decay H — nj, + npys. The difference between
the “ISS 4 x 4” and the full type-I seesaw is that in the latter the matrix structure of the couplings
allows for regimes in which cancellations between elements can allow for large couplings.

3 Production rates in thermal field theory

3.1 Formalism and strategy

We will make use of the real-time formalism of thermal QFT [51, 52] in order to compute
decay rates and dispersion relations for the collective propagating modes in the plasma [49,
53, 54]. Our aim is to generalise the results of ref. [21] to any neutrino mass model which
includes SM-singlet fermions, without any assumption on the size of the mixing matrix
elements, U,;, or the neutrino masses. This will allow to understand whether the presence
of heavier neutrinos mixing with the DM can change the picture described in ref. [21] where
only a light neutrino and the DM were considered.

In the real-time formalism we have a doubling of the degrees of freedom, such as the
free propagator becomes a 2 x 2 matrix. For a particle of mass m, taking the symmetric-
Keldysh contour and in the absence of a chemical potential, its components can be written
as [53]

(k)
DG (k) = [DUH) (k)] dag, 51)
z?ﬁjﬁ*)(k;) = ePko/2 f (ko) 2me (ko) S(K* — m?)dag,
DS (k) = nD5 7 (k).
where f(kg) is the equilibrium distribution function given by
1
f(ko) = ma (3:2)

with 7 = %1 for bosons and fermions, respectively, and [ is the inverse of the temperature
of the plasma. The factor d,g encodes all the Lorentz structure of the propagator, and is
given by

1, for scalars,

dop =  F £ mi, for fermions, (3.3)

kuk
—Nuw + ~55*,  for vector bosons.

Even if one has to deal with a matrix structure for the propagator, there are some relations
between the components of the propagators which can help simplify computations. In
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particular, the following relation can be found between the retarded self-energy of a fermion,
oft, and the (4+—)-component of the self-energy in the real-time formalism [53]:

Blpol
2

Imof = — cosh ( ) [©(po) — O(—po)]ic™) . (3.4)
It is indeed the imaginary part of the retarded self-energy that will eventually be related
to the dumping rates of quasi-particle excitations in the plasma [53]. Regarding the real
part of oft, it can be obtained through the following dispersion relation [21]
1 [oo Imoft
Rec® = 7/ dqoP lmU(QO)] . (3.5)
T J—00 Po — 9o

As will be apparent in the next section, in general we will be able to write the self-energy
contributions for massive neutrinos as

Zij 0.8 Z Aik.Aij',}j, (36)
k

where A;; are some combination of coupling constants appearing at the Lagrangian level,
and the index k runs over mass eigenstates. Thus, we can still make use of the dispersion
relation for o in order to find the real and imaginary parts of . Given that the couplings
Aj;j do not depend on momenta, in the following we can use the relation from eq. (3.4)
including them in eq. (3.6). When A;; € R, this quantity will be directly ImY;;, but this
will not necessarily be the case. Thus, in the following we will dub the product Aik.Aijmaf
as 7 (3;;) and A AgjReoft will be R (X;;). It is easy to note that R (3;;) + iZ () =
ReX;; + iImY;;, which is the final quantity we are interested in.

On general grounds, in the following, we will decompose the self-energy as (suppressing
generation indices to ease the notation)

Y =20 - 5. 520 4 1) (3.7)

with p an unit vector in the direction of the momentum p. Thanks to this decomposition,
we will be able to project ¥ and work with the scalar functions () instead, obtained as

2@:iﬁh%yzmziﬁmﬁmﬁmz®:%ﬁmy (3.8)

When necessary, we will also take into account the chirality projectors Pr(g). As shown
in ref. [55], once the one-loop self-energy corrections are computed, the rate at which a
species in the plasma reaches equilibrium will be given by the imaginary part of the self-
energy. This is precisely the quantity we are interested in within the freeze-in framework.
The advantage of using the one-loop corrections is that it directly includes all possible
interactions with the plasma, as well as the correct dependence with temperature and
momenta for the production rates.
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Figure 1. Feynman diagrams contributing to the neutrino self-energy. In the SM extension with
singlet fermions, there is the Higgs contribution (left) and the gauge (W and Z bosons) contribution
from the W and Z bosons (right). The imaginary part of the self-energy will be related to the rate
at which each species would reach equilibrium.

3.2 Higgs contribution

We study here the thermal self-energy contribution from the Higgs boson coupling, which
after SSB can be written as [56]

Ly ,D—— ZCUTLZ (m;Pr, + mjPr)n; =
“ (3.9)
H _ *
_ % n; [Cij (miPL + ijR) + Cij (miPR + ijL)} n;,
0]
where Cjj = > (—. 1+ ujauaj and m;(;) are the different neutrino masses and the second
line uses the fact that neutrinos are Majorana. Using the propagators from eq. (3.1), we
obtain
() 21 Brg
%y == e frlpo Z (ro) — fr(qo)] €(qo)e(ro)
[(Akjg + Akjmk) AL P+ (Akjg + Afimy) AR P 6(¢® — m3)a(r? — MF),
(3.10)

where r, = (p—q), and fp(r) corresponds to the distribution function for bosons (fermions).

To ease the notation, we have defined AL (C’”mz +C;} mj) and AR (AL) From

1) = 2
this expression we readily obtain

T) =5 [ L4104 faro) — (o)) la)e(ro)
v (2)
k

[(Afsg + Al ) AP+ (Afyd + Afymi) Al Pr| 6(a = mB)o(r? — M),
(3.11)

which can be furthered simplified by decomposing the Dirac delta functions as

8(¢* —mj) = [6(g0 — wi) + 6(go + wk)] , (3.12)

1
2wy,
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with!? wy, = /@ — m2, leading to

“(m) 3 [ [ 5 %WM[ + fulro) = fr(ao)]

(s %{
[( R+ Ak]mk) AL P+ (Afyd + Afymy ) AlLPg|

(3.13)
[(5(qo — wk) — (5((]0 + wk)] [5(7“0 - wH) — (5(7‘0 + wH)] .
Notice that the latter expression agrees with ref. [57] in the limit m;;) — 0.
Projecting the self-energy matrix as prescribed in eq. (3.8) we obtain
(=) )Y [ da 0 SR )~ fela)
K L(R) vH (2m)3 dwrwy (3.14)

[6(q0 — wk) — (g0 +wi)] [6(r0 — wr) — (o +wr)],

where the sub-index L(R) corresponds to the different chiralities and the “prefactors”
I
51(:()1%) are
AkRj.Aiquo, for I =0,
&) = -ARALTE for I =1, (3.15)
A%Azk, for I =2,

*
while one can notice that {g) = (fé”) . Thanks to this decomposition, we can obtain

T (EE?) in terms of some constant pre-factors and the following three master integrals'!

4
70— / (;lﬂ‘-)lg 40;70% [+ F.(r0) — f(60)] [ (o — i) — 8 (g0 +an)] [§(ro— i) — 8(ro+wr)]

4 =
0= ; / (5733 45;51{ [1+ £5(ro) — £ (90)] [(d0—wi) — (a0 +wi)] [8(ro —wrr) —(ro+wr)]

@ 5/(d4(11 [1+fB(ro) — fr(q0)] [0(qo —wk) = (qo+wi)] [6(ro—wr) =0 (ro+wr)] -

27)3 dwpwpy
(3.16)
It will prove useful to change variables as
/dgq = /q2dng0d(cos 0) = f/ngdqdcpde, (3.17)
p
where the variable wgy has limits wfl = y/(p+q)? + M%. Upon this change of variables,

19Similarly, for §(r* — M%) we would have wy = /(§ — §)% + M%.

" From now on to ease notation we write p = |p].
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the latter integrals become

= aw [ dq/ doon i (L f(ro) — fr(ao)]
[0(q0 — wi) — 5(Q0+wk)] [0(ro —wm) = 6(ro +wr)],

/ qu/ dq [ de(%)%w(po(Jo—pﬂ) [1+ fB(r0) — fr(qo)] (3.18)

[5 (g0 — wk) — 0(qo + Wk)] [6(ro —wr) = 0(ro + wrr)]
= / dqo/ dq/ de [1+fB(7"0)—fF(QO)]

[6(q0 — wk) — 0(qo + wi)] [5(7“0 - wH) —(ro + wr)],

where ji = (p3 + mj — p? — M%) /(2p) is an energy variable introduced in order to better
identify the regions of support of the § functions in eq. (3.16), as detailed in appendix A
(and not to be confused with the LNV scale introduced in section 2.2).

3.3 Gauge (Z) contribution

The interaction between massive neutrinos and the Z boson is given by

g 9
Lr_, DE Z]Cz]nl’y Pin;Z, = Tew Zjnz [ iy Pr, — ijy PR} n; 2y, (3.19)
with g the SU(2)r coupling constant and cy = cosfy the cosine of the weak mixing
angle. Just like in the Higgs case, the second equality holds when neutrinos are Majorana.
Following the same procedure as in section 3.2, we arrive at

70 = (52 7% [ oo | ot iz -+ £ = )

2cw dwrwy

[0(q0 — wi) — 0(qo + wg)] [0(r0 —wz) — (10 + wz)],
(3.20)

with wz = /(5 — §)? + M% and " the Dirac gamma matrices. Using the relations from
eq. (3.8) we find

z (E(I)) L(R) (QCVV) " Z/ qo/ 27‘(’ B 4kaZ b fB(TO) - fF(qO)] (3'21)

[6(g0 — wk) — 6(qo + wi)] [6(ro —wz) — d(ro + wz)],

where the “prefactors” ng()m are given by

1CikCrj [Ao(po)po + B(po)qo) , for I =0,
I
7 = — 55 Cir.Crj [A1(po) + 2poB(po)ao), for I =1,, (3.22)
%C’,L]<:C',’€'<J7’)w€7 for I = 2.

~16 —



with the functions Ag, A; and B given below

— M2 —m?2
Ao(po) v =’ z s

M2 ’
B(po) =1 - Ao(po) (3.23)
Ai(po) = p* + M3 — p — mi + Ao(po) [P +mi — M3 + 3.

The prefactors ﬂg) can be obtained by changing C;; — C7; in the expressions of @g).

Thus, we can define the following master integrals for the Z gauge boson case'?

1= [ dan [~ dwzm [Ao(p)po + B(po)aol 1+ fs(ro) — fir(ao)
[0(q0 — wk) — (g0 + wk)] [06(ro —wz) = 6(ro +wz)],
= [ [T R - s i, 141(00) + 220B(p0)0] [+ F5(r0) — )]

[5((10 —wi) — 6(qo + wy)] [6(ro —wz) — d(ro +wz)],

I(Z2) = 1(2) (wH — wZ).

(3.24)
3.4 W-boson contribution
The interaction for the W-boson when including HNL is given by
Lw—y D % S Unilor* PoniWy, + hec, (3.25)

i,Q

Even if the W-boson also contributes to the neutrino self-energy corrections, the structure
of the Lagrangian is such that these terms can be readily taken into account from the Z-
boson ones. Indeed, by making the changes g/(2cyw) — g/v/2, Mz — My, my, — myg ~ 0'3
and >, CiCrj — 23, UlTaUaj = 2C};j, and noticing that in the W case we get @g) =0
and ng) = 0 identically, one can obtain the neutrino self-energy corrections from W-boson
exchange using the same master integrals as for the Z case.

3.5 Propagating states in the medium

Given the self-energy corrections to the propagator, written on full generality as'?
0) - a0 2 0) - (1 2
Y(po) = (7022) — - pES:) + 22)) P+ (7@22) -5 -pZS%) + E%)) Pg, (3.26)
we are interested in finding the propagating states in the medium, which follow Dirac’s
equation
(lﬁ M+ Z(po)) =0. (3.27)
2Performing a similar change of variables as for the Higgs case we find wi = \/(p + )2 + M2.

13Given that we are interested in temperatures at the EW scale, we neglect in the following charged
lepton masses, my.

141 general ¥ is a function of T, po, and p, but we are interested here in its dependence with po and thus
omit the others to ease the notation.
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It proves useful to decompose the wave function U in terms of helicity and chirality com-
ponents, as [21]

h=%1

h
= ¥ A
U = E o' ® (Ch> . &-polt = ol (3.28)

where the second term in eq. (3.28) is the helicity operator, with the possible eigenvalues
h = +1. By using this decomposition of U, together with eq. (3.26), we arrive at the
following set of coupled equations

[po+ 3% — hp = 3R] " = (M+ 3P " =0,

o+ 25 + hp+ A2 P] " — (M+5) " =0, (329
From the first line in eq. (3.29) we can solve for ¢" as
¢t = o+ 59 —mp— 5P (M4 2P) (3.30)
and substitute in the second line in order to find the equation of motion for ¢" as
{pg —p* + (po — hp) (E(LO) + hz(L”)
(3.31)

— (po — hp) (M + Eg)) [po +30 oy — hzg)}_l (M + E(Lz)) ]goh —0.

We can identify the terms in brackets in eq. (3.31) as the perturbed inverse propagator for
left-handed fields in the medium, S~!. Indeed, in the absence of self-energy corrections we
recover the usual dispersion relation in vacuum:

(p% —p? - MQ) " =0 pd =p*+ M~ (3.32)

In the following, what we will need to do is to precisely find the dispersion relations for the
neutrinos in the hot plasma, given by the complex zeroes of the inverse propagator from
eq. (3.31).

3.6 Simplified 2 neutrino case

It is instructive to consider an example where we only have the active neutrinos and the
sterile one which will become the DM candidate. This allows to simplify expressions and
obtain an analytical understanding of the different terms contributing to the production
rates. In this “toy 2 x 2” scenario, the neutrino mass matrix, in the interaction basis, can

0
M= o (3.33)
mp Mpm

with tan 20 = 2mp/mpum < 1, where 6 is the active-heavy mixing angle.

be written as

The fact that we are interested in the production at temperatures around the EW scale
allows to neglect the comparably lighter neutrino masses in the self-energy corrections,
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greatly simplifying eq. (3.31). Additionally, we can work in the original flavour basis, in

which the self-energy contributions become!®
()
N _ (%R 0
by = , (3.34)
L(R) 0 0

where UEI()R) is an appropriate combination of the W and Z boson contributions to the re-

tarded self-energies.'® Thus, neglecting the contributions from () the inverse propagator,
S~!, becomes

2 2
QF — DM £an? 20 — DM tan 20

S = (p§—p°) laxe + )
(0 ) 8 —%tan% —m%M(l—i-m%tanQZ@)

, (3.35)

where we have defined the following combinations of self-energy corrections, that depend
on the helicity eigenvalue (h = +1):

0 = (po — hp) (05:0) + haé”) ,

(3.36)
adh=1+ (po — hp)_1 (Ug) - hag)) .

In order to find the dispersion relations in the medium for the propagating states, we need
to find the complex zeroes of S~1. These are given, to leading order in the mixing angle 6
and neglecting light neutrino masses, by:

9 1
DML m%,, /U -
1 1

2 9 2 2.9
—p*—mpy —0°m —_t
Po— D DM DM(ah+1+Qh/m2DM

pg —p* + Q" — 62 0, for light neutrinos,

(3.37)
) =0, for keV DM.

From the imaginary part of py we can directly obtain the relaxation rate of the DM, which

m Oéh
rh = 292¢ [I (") + "¢ ] , (3.39)

is given by

@2 (14 AR/E)? + (vh/€)*

where ¢ = m%,,/(2p) and the rate depends on the helicity of the states, h, through the
dependence of o/ and Q" = 2p (Ah + i’yh) on it (see eq. (3.36)). Although we are not
interested in contributions to the DM production rate beyond those involving a SM boson,
for completeness we show in appendix C the resulting production rate within this formalism
when including a direct coupling between the singlet neutrinos and a new scalar, which has
been extensively studied in the literature [20, 48, 58, 59]. The expression from eq. (3.38)

5Compared with the typical temperature for production and the masses of the intermediate bosons in
the self-energies, both the light and the DM neutrino state masses can be neglected when evaluating the
self-energies.

18Tn particular, the W boson does not contribute to the RH part of the self-energies as is clear from the
Lagrangian interaction.
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Figure 2. DM production rates for RH helicity (left panel) and LH helicity (right panel) neutrinos
in the “toy 2 x 2”7 scenario. Solid lines are for Majorana neutrinos while dashed ones for Dirac
neutrinos. The momenta has been fixed such that y = p/T = 1/10. The solid black line represents
the Hubble expansion rate as a function of 7 = My, /T, while the gray shaded area represents tem-
peratures above the EW crossover for which the results do not apply. For the neutrino parameters
we fix mpyr = 10keV and |[Uyg| ~ 1075,

agrees with that of ref. [21] for Dirac neutrinos, which would translate into o* — 1, and in
which the so-called “effective mixing angle”, 02&‘7 is introduced as

h 0
Ot = 5 3"
Vit ak/e) + (21/¢)
We show in figure 2 the DM production rates through weak boson decays for positive

(3.39)

helicity (left panel) and negative helicity (right panel) for Dirac neutrinos (dashed lines)
and Majorana neutrinos (solid lines). The active-DM mixing is set to |Uns| ~ 1079 and
mpyr = 10keV. For RH helicity neutrinos, the term proportional to a* does not contribute
considerably to the production rate as it is suppressed through the momenta of the neutrino,
which is of the order of the temperature. Only very low momenta DM would have a non-
negligible contribution, but the probability of producing such a neutrino is suppressed by
the distribution function. Thus, most of the production of RH helicity DM goes through
the second term in eq. (3.38), which depends on Q". This second term is the only one
present for Dirac neutrinos, and thus both rates are qualitatively similar in the left panel.
On the other hand, LH helicity neutrinos present a completely different production rate
depending on whether they are of Majorana or Dirac Nature. The outstanding difference
arises because, when neutrinos are Dirac particles, only the second term in eq. (3.38) is
present. In the SM, weak interactions only couple to LH neutrinos, which receive large
self-energy corrections, as can also be noted from the first line of eq. (3.37), where Q"
appears at leading order playing the role of a “thermal mass”. This in turn translates into
a suppression of the effective mixing angle defined in eq. (3.39) which itself suppresses the
production rate (dashed orange line in the right panel of figure 2).!7 On the contrary,

17We have checked that this suppression can be as large as ten orders of magnitude when comparing the
mixing angles in vacuum and at T' ~ My .
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Figure 3. Production rates in the “toy 2 x 2” scenario without HNL (dashed lines), the “ISS-like”
scenario (dotted lines) and the type-I seesaw (solid lines) for RH helicity neutrinos (left panel with
cold hues) and LH helicity neutrinos (right panel with warm hues). Additionally, dash-dotted lines
represent the results from the type-I seesaw without the contribution from the Higgs. The vertical
black dotted line represents the temperature at which SSB takes place and above which the results
do not apply. The solid black line represents the Hubble expansion rate. The momenta is fixed
such that y = p/T = 1/10, and the mass of the HNLs, when present, is approximately given by
my. The active neutrino-DM mixing is set to [Uy4| ~ 1076 and the DM mass to mpys ~ 10keV.

if neutrinos are Majorana particles, then the term a” is present thanks to the Z boson
couplings to RH neutrinos, and the production rate for LH helicity DM is greatly enhanced,
and qualitatively similar to the one for RH helicity DM (although not equal because of the
different W-boson contribution).

4 Results and discussion

4.1 Decay rates for different contributions

We start our discussion by studying the DM production rate, I'?, as a function of the
temperature through 7 = My /T, and subsequently as a function of momenta through
y = p/T, variables which will prove useful later on to estimate the total DM abundance that
can be generated through this mechanism. Throughout all our discussion, we set the mass
of the DM candidate to mpy; = 10keV, its mixing with active neutrinos to |[ps| ~ 1076,
and the mass of the heavy neutrinos, when present, to my ~ 150 GeV, unless otherwise
specified. Additionally, whenever heavy neutrinos are present, we set their mixings with
active neutrinos such as, at most, they saturate current bounds on them [60].

In figure 3 we show the production rates for both RH helicity (h = 41, left panel using
cold hues) and LH helicity (h = —1, right panel on warm hues) DM as a function of the
temperature, for the different cases we have motivated in section 2.4 and summarized in
table 1. These were:

o “Toy 2 x 2” scenario where only weak gauge boson decays to DM are relevant (dashed
lines labelled “w/o HNL”), given that the Higgs boson couples through neutrino
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masses, which are negligible in comparison with the other scales of the problem lying
around the EW scale.

o Type-I seesaw, but only taking into account weak gauge boson contributions (dash-
dotted lines identified as “Type-I1 w/o H”), to assess the impact of the possible heavy
neutrino decays into a gauge boson and DM.

o “ISS-like” scenario where heavy neutrinos are present (dotted lines called “ISS-4 x4”)
and thus the Higgs contribution needs to be taken into account for consistency. We
work in the single family approximation, which as discussed in section 2.2, translates
into a suppression of the couplings.

o Type-I including all contributions, notably the Higgs decay channel (solid lines la-
belled “Type-17).

Whenever we compare the “ISS-like” construction with the type-1, we set the heavy neutrino
scale and mixings to similar values in order to be able to extract meaningful conclusions.

The black solid line represents the Hubble expansion rate as a function of 7, which
serves to compare and verify that, indeed, I'?(7) < H(7) and thus considering freeze-in
production of DM through decays is well justified. Finally, the gray shaded area for small
values of 7 (larger temperatures) represents the temperature above the EW crossover at
which the Higgs vev becomes zero. For temperatures above Tsgp ~ 160 GeV, we are in the
symmetric phase where the results of the present study cannot be applied. In this regime
production would rather go through 2 — 2 scatterings, but its contribution is beyond the
scope of this work. Moreover, we assume the transition from the symmetric to the broken
phase to be instantaneous. Thus, we consider for the Higgs and gauge bosons their T'= 0
masses, leaving the inclusion of the full temperature dependence of the Higgs vev and
thermal masses in the propagators for future work. Indeed, the temperature dependence
of the Higgs vev would translate into a suppression of the gauge bosons and Higgs masses
for temperature regimes close to Tsgp. In this case, the inclusion of the Higgs and gauge
boson thermal masses in the high temperature limit (HTL) would be necessary in order
to have a consistent description of the production rate. The thermal mass of the Higgs,

given by
2

T
becomes particularly relevant in this regime, being the dominant contribution to the scalar

10, 99% + 39 + 2 (62 + 122 + 2x(Y}Y,)) |, (4.1)

mass and regularizing IR divergences that would appear otherwise [25, 26, 61]. We have
nonetheless checked that, under the assumption of the instantaneous phase transition, the
inclusion of the Higgs thermal mass does not qualitatively modify our results. Moreover,
we could consider as well the inclusion of thermal masses for the HNL, which can be
estimated as

My, ~ (V] Yl,>ii T2, (4.2)

On the other hand, there are numerous experimental constraints on the size of the mixing
between active and heavy neutrinos, ©, which can be translated into bounds on the size of
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the Yukawa couplings as

(viv)) <2 (ere)

1 Vi

exp

L (4.3)
i
Using the result from eq. (4.3) in the expression of the thermal mass, we find an upper
bound on its size )
2M:
Oy 5 —5-
U

[

(ete) "1 (4.4)

When compared with MZZ, for the temperatures and masses we have investigated, and given
the bounds (@T@> j;p <1071 — 1072, we find that thermal masses for the HNL are usually
smaller than the actual vacuum mass.

The first feature we can observe by comparing both panels is that, in all instances, the
production rates for both helicities are qualitatively similar (although not quantitatively).
This stems from the fact that we have Majorana neutrinos, and thus, both Z and Higgs
contribute to both helicities, while interactions with the W boson only contribute to the
LH helicity neutrinos.

Second, we note that in all cases, except when including the Higgs contribution in the
type-I seesaw like construction, the rates are qualitatively very similar, peaking around
T = My /T = 1 with values O (1072*) GeV. It is thus clear that, without the Higgs
contribution, the presence of the heavy neutral leptons does not alter significantly the
dynamics in the early Universe, and thus the amount of DM generated through decays
involving gauge bosons, to be quantified in the next section, is expected to be negligible
regardless of the neutrino mass model details and spectrum beyond the presence of DM
and its mixing with active neutrinos.

On the other hand, focusing now on the solid lines in which we consider a type-I
scenario and include all relevant contributions, the production rate gets considerably en-
hanced compared to the others, while still satisfying I'?(7) < H(r). The most remarkable
difference here is with the “ISS-like” construction, which has a very similar spectrum, but
differs in the structure of the Yukawa couplings between singlet neutrinos and the Higgs,
thus producing a negligible contribution. The reason for this suppression is that, in order
to satisfy the bounds on the DM-active neutrinos mixing angle, the full ISS(2,3) model
requires a hierarchy of values in the mass terms coupling right-handed neutrinos and ster-
ile singlets [19]; it is clear that such a structure cannot be achieved in a simplified model,
where the only way to comply with experimental constraints is to suppress the overall
Yukawa scale, thus also suppressing the HNL-Higgs couplings. We stress that the “ISS-
like” construction analysed here is a simplified model, and we leave the study of the full
(more complex) (2,3) ISS for a future work. In particular, we find that the only way to
reproduce a similar spectrum as in the full type-I with our single family approximation for
the ISS is in general through a suppression of either the active-DM coupling or the active-
heavy mixing, if not both, and thus the rates do not differ notably from the case without
HNL. On the contrary, with the full type-I structure, cancellations can lead to spectra
satisfying all constraints while featuring large couplings. We conclude then that the single
family approximation, applied in this case for the ISS, cannot completely describe all the
possibilities full models describing oscillations offer, as argued in previous sections, and it
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Figure 4. Production rates in the type-I seesaw for different values of y = p/T as a function
of the temperature. The active neutrino-DM mixing is set to [Uas| ~ 1075 and the DM mass
to mpy ~ 10keV, while the HNL mass is given by mpy. Left panel with cold hues shows the
production for positive helicity DM while the right panel with warm hues for negative helicity. In
both, the solid black line represents the Hubble expansion rate.

is therefore necessary to work with full neutrino mass models. Note that for the full type-I
seesaw scenario the rate tends to increase with temperature, to be expected from the possi-
ble Bose enhancement factor in the final state of the heavy neutrino decay n;, — H +npy.
We emphasise however that these results are only applicable for temperatures below the
EW crossover Tssp.

We show in figure 4 the production rates, using the same color code for the different
helicities as before, for several values of the ratio of momenta over temperature, y, for the
type-I construction. For large temperatures all the rates saturate to similar values, while
larger values of y translate into a larger production rate at smaller temperatures.

When estimating the DM abundance produced through this mechanism in the next
section, we will indeed need to take into account the rate for any y as well as for 7 > 7555.
We show in figure 5 a comparison of the production rates as a function of y between the
different cases, for 7 = My /T = 1 fixed. It is again clear that the one family approximation
for the ISS does not contribute further to the production than the “toy 2x2” case. The peak
of the production appears at p ~ T'/20, even if in the full type-I scenario, the production
rate is somewhat broader given the various decays contributing.

From the production rates in figure 5, and more clearly in figure 6, it is obvious that
the probability to produce both a large or low momenta DM neutrino decreases exponen-
tially, while around values p ~ T'/5 the maximum of the production is achieved. Another
interesting feature is the reduction of the rate as the Universe expands (larger values of 7).
Indeed, the decays can only happen when the heavy mother particles (mainly the heavy
neutrinos and Higgs) are present in the thermal bath. At temperatures much below their
masses, their abundance starts to be Boltzmann suppressed, and thus the production rate
becomes negligible when the temperature of the Universe is below T' ~ my /15, the usual
freeze-out temperature of the mother particles.

In the next section, we will estimate the final DM abundance in the two limiting
cases found here, namely the “toy 2 x 2” scenario where only light neutrinos and DM are
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neutrino-DM mixing is set to [Uy4| ~ 1076 and the DM mass to mpys ~ 10keV, while the HNL
mass is given by mpy. The black solid line corresponds to the Hubble expansion rate at the given
temperature.
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Figure 6. Production rates for positive (left panel in cold hues) and negative helicity (right panel
with warm hues) DM, for the type-I seesaw, as a function of y for several fixed 7 = My /T. The
active neutrino-DM mixing is set to |Uys| ~ 1075 and the DM mass to mpasr ~ 10keV, while the
HNL mass is given by my.

relevant, and with a benchmark point within the full type-I description which possibly
renders a much larger DM abundance beyond the Dodelson-Widrow contribution through
oscillations and collisions at lower temperatures [1].

4.2 DM production

Following the discussion of [21], the DM relic density can be determined by solving the
following Boltzmann equation:

dfbn _

dt Fg(p, t) [fDM,eq - f?)M ) (4'5)
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with fb,, = ff)EM being the distribution function of the positive and negative helicity
neutrinos while fpaseq(p) = {exp [p/T] + 1} " is the equilibrium Fermi-Dirac distribution
for a massless particle.'® Assuming, as customary for freeze-in scenarios, that the DM
abundance is always much below the corresponding thermal equilibrium value, we can
neglect the term fg o on the right-hand side of the previous equation. To account for
the expansion of the Universe, one can redefine the momenta as p — p/a(t), with a(t)
being the cosmological scale factor. In a standard cosmological history, DM production
occurs when the energy budget of the Universe is dominated by its radiation content,'?
hence a(t) = Typ/T'(t) with Ty being the present day temperature. By introducing the new
variables, y = p(t)/T(t) and 7(t) = My /T(t), the Boltzmann equation can be rewritten as:

dfbn _ dfbu

DA SDM (7)1 (1) = Dhyog(7(0), ) (46)
where we have conveniently defined Fgrod = FQ fDM,eq, while the Hubble parameter can be
written as: )

12 My,
H =1.66 — 4.7
Geft MplT(t)2 ( )

in a radiation dominated Universe. The DM number density can be computed by integrat-
ing over both 7 and y:

T3(t) [+oo ) Tr dfh
Now =3 = (2) / nim(y)y*dy, withnfy(y) = / 2Adr. (4.8)
=t T 70 r o dr

i

The fraction of DM generated through this mechanism, normalized to the observed DM
relic density, can thus be written as [62]:

mowm (Qpyh? | gou /+°° W
- d 4.9
fon 7.4eV<0.1199 9 Zh: . oa(y)ydy, (4.9)

where gpps and gq ~ 100 are the number of degrees of freedom for DM and the number of
relativistic degrees of freedom at decoupling, respectively.

As a first estimate for the amount of DM that can be produced through freeze-in decays
of heavier particles, we compute the relic density in the “toy 2 x 2” scenario, as it allows to
efficiently integrate over both p and T'. On general grounds, even if the Majorana nature of
the neutrinos translate into qualitatively different results to those found in ref. [21], we find
good agreement with the estimates done there, finding that the produced DM abundance
from weak gauge boson decays is orders of magnitude below the observed one, given the
observational constraints on the neutrino mixing. Particularly, the fraction of DM that can
be accounted for through freeze-in is fpy = Qpar/Qpyy ~ 10710,

On the other hand, as extensively discussed in section 4.1, full neutrino mass models
contribute to the production through decays of the HNL to DM and the Higgs. This can

8We are interested here in the evolution of the DM distribution function, which for the temperatures
and momenta of interest can be considered to be massless for most practical purposes, and thus Epar ~ p.

19Tn some regions of the parameter space the HNL can introduce a new epoch of matter domination 8],
possibly altering the standard cosmological history. We assume here this not to be the case.
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A3 ~0.14 | fE3P ~17.8 Thermal
mpm (keV) 10 10 5
wio 1077 1077 (0.089 + 2i) x 1078
w13 0 0 (71 + 3.7i) x 1077
wa3 9i 104 5.5 x 10710 4+ 10.5i

Table 2. DM mass and CI parameters from eq. (2.4) for the four benchmark points studied in
figure 7, identified by their DM production neglecting thermal effects. In all cases the HNL masses
are my ~ 150 GeV up to small corrections, while in the last column we additionally have non-zero
Majorana phases in the PMNS mixing matrix, oy ~ 1.067 and as ~ 0.387.

be further observed in figure 7 where we show the rates for different points in parameter
space for the type-I seesaw with a HNL scale O(150) GeV. The solid lines correspond to
mppy = HkeV, while the rest have masses mpys = 10keV, with different complex angles
in the CI parametrisation, specified in table 2. From here we note that, while complying
with all bounds?” we can find rates ranging from a fully thermalised species (solid lines)
which would freeze-out (I'" > H) to production fully in the freeze-in regime satisfying
I'" < H. The red band roughly represents the interphase in which freeze-in stops being a
complete description of the problem and neglecting the build-up of the DM abundance is
no longer justified. This is given by the conservative assumption that, for rates satisfying
I'" < H/10, freeze-in is a complete description. Note that these rates change with the
momenta p, so that, depending on this, one might be in the freeze-in or freeze-out regime
for different regions of the distribution function at different temperatures. Nonetheless
taking all this into account is beyond the scope of this work, and thus we estimate the final
DM abundance within freeze-in for points of parameter spaces that satisfy I < H, leaving
a full scan of parameter space and complete treatment of the Boltzmann equations for
future work. Upon integrating eq. (4.6) we find in general at most a 2-order of magnitude
reduction of the final abundance. For instance, for the CI parameters corresponding to
the dotted lines in figure 7 giving a DM fraction of around 14% when neglecting thermal
effects, we find that fpys > 0.4%,2! while the dash-dotted line produces, when including the
thermal effects here studied, fpys 2 1%. Given that there are regions of parameter space
ranging from freeze-in to rates as large as to thermalise, we conclude that it is interesting
to thoroughly study these cases, but leave the full and precise solution of the Boltzmann
equations, as well as the scan of the parameter space for future work.

20The parameter points reported in figure 7 comply with theoretical constraints and available experimental
data, including: neutrino oscillation data [63], direct searches of HNL [64-68], non-unitarity bounds [60,
69], neutrinoless-double beta decay searches [70], X-ray bounds on decaying DM for the considered mass
values [6, 71-86] and Lyman-a bounds for the fraction of DM produced via the DW mechanism [87, 88].

21The integration is numerically very expensive and thus we have performed it over a very coarse grid
over 7 and y, such that we quote a lower bound on the minimum DM fraction that can be generated when
including the thermal effects.

—97 —



= mpy = 10 keV, f,T;T,” ~0.14 Pe=== mpy=10keV, f,I;T," ~0.14
10713 F e iy = 10 keV, fEP~78 10713 ¢ mpy = 10 keV, 157 ~ 7.8
— -5 a a — ) =5 keV, 9
mpn = 5 keV, Thermal H(T) mpy = 5 keV, Thermal H(T)

‘; P~ . + Freezeiy | 2 4 Freeze-ip il
= 1017 | O . ~ = 10-17 £/ O .
i / """"" N 3" / """""
2.10719 3 e N 710719 :

K

107214 : R 107214
o 1% * Type-I . Fn
1023 4 e} y iple/lo 1071 /:g;
¢ (RH helicity my ~ 150 GeV / LH helicity
o % ] - 7%
10° 100
T = f\ffw / T T = fuw / T

Figure 7. Production rates for positive (left panel in cold hues) and negative helicity (right panel
with warm hues) DM, for the type-I seesaw, as a function of 7 for different points in parameter
space. The HNL mass is always set around my ~ 150 GeV, while the CI parameters change as
showin in table 2, translating into slightly different rates. The DM mass is set to 5keV for the solid
lines while mpy; = 10keV for the rest. The solid black line represents the Hubble expansion rate.

5 Conclusions

Despite all experimental and observational efforts to find and understand the nature of
dark matter in the last decades, we still lack a compelling signal in any one of the current
searches other than gravitational evidence. It is therefore interesting to consider DM
candidates beyond the WIMP paradigm, which might not interact with our direct detection
experiments.

In this context, it proves extremely appealing to consider a joint origin for the DM
as well as for light neutrino masses. Indeed, under the general assumption that neutrino
masses are generated through the introduction of singlet RH neutrinos, whose Majorana
mass could lie at any scale as it is not set by EW symmetry, a mostly singlet neutrino, at
or around the keV-scale, would represent a good DM candidate. Given its small couplings
due to mixing suppression, the production of such a DM candidate would in general be
non-thermal, helping also to produce a colder spectrum to comply with structure formation
bounds.

The most minimal scenario, accounting just for the DM and its mixing with active
neutrinos, produces DM through neutrino oscillations and collisions which build up a large
enough DM population, while keeping it always out of equilibrium in the early Universe.
This is the well-known Doddelson-Widrow mechanism, which however cannot account for
all the DM given the bounds from X-rays. It is therefore necessary to account for DM
through another production mechanism, for example that of freeze-in through particle
decays.

While freeze-in production has been extensively studied before through the introduc-
tion, for example, of scalars directly coupled to the DM, here we have instead studied DM
freeze-in through SM boson and HNL decays to DM. As soon as one introduces the DM
candidate mixing with active neutrinos, weak gauge bosons are subject to decay to DM
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and one SM lepton. Moreover, the presence of heavier singlet neutrinos is necessary once
neutrino oscillations are to be explained, automatically making Higgs and the HNL decays
to DM themselves relevant for the DM production. Compared to the introduction of new
scalars coupled in the dark sector, these channels represent an irreducible contribution to
the final DM abundance on top of the DW mechanism, which becomes active at much
colder temperatures, and thus it is necessary to understand whether enough DM can be
produced or not through decays to DM involving a SM boson. For this purpose, there has
been a number of works studying some of these channels separately.

On the one hand, refs. [8, 18] focused on DM production through HNL decays to the
Higgs boson and the DM. The advantage of this channel is that it is not directly related to
the heavily constrained active-DM mixing, thus potentially decoupling the DM production
from the DM decay ones allowing to search for it. Contrary, the case for weak-boson decays
to DM and either a charged lepton or a mostly active neutrino was studied in ref. [22]. While
in both instances the observed DM abundance could be successfully generated, important
thermal corrections were neglected [21].

While the weak boson decays to DM could not generate a large enough DM abundance
due to the large thermal corrections that SM neutrinos receive at EW temperatures, it
was necessary to study how the presence of the heavy neutrinos, and consequently the
introduction of the Higgs boson mediated channel, might alter this picture. Just from
naive arguments, the possible decay of the HNL to a boson and the DM can potentially
take advantage of Bose enhancement in the final state, in contrast to the expected Fermi
blocking in the final states from scalar decays into a pair of fermions.

In this work, we have studied, for the first time, the production of a keV-scale neutrino
DM species taking into account the dominant thermal effects when including HNL as well,
extending over the work of ref. [21]. While we find indeed that weak boson decays do
not contribute further to the DW mechanism, given their very large thermal corrections
suppressing active-DM mixing at large temperatures, the Higgs channel still represents an
interesting avenue which needs further exploration.

Among the different scenarios we consider, increasing in complexity from a scenario
with only DM and an active neutrino to describing neutrino oscillations and DM within the
type-1I seesaw, we find that simplified scenarios working in the single family approximation,
where only one of each type of neutrino is introduced (namely an active neutrino, the DM
one, and a HNL) do not produce a large DM abundance beyond weak boson decays, even in
the presence of HNL which could decay to the Higgs boson. This is because in these cases,
given the bounds on active-heavy neutrino mixing and on active-DM mixing from X-rays
searches, couplings always need to be suppressed and thus production rates are negligible.
On the contrary, working in full models completely accounting for oscillation data opens
the door to a non-negligible production of DM through freeze-in. In these cases, one
can still find solutions complying with all bounds while having not necessarily suppressed
couplings. This is naturally realised if there is an underlying approximate lepton number
symmetry, in which case light neutrino masses are also stable under radiative corrections.
We explicitly verified this possibility in the type-I seesaw, finding solutions where the DM
candidate even thermalises, although our focus was on regions of parameter space within
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the freeze-in regime. We studied several benchmark points, and found that the final DM
abundance is, at most, suppressed by about three orders of magnitude with respect to the
expectation when neglecting thermal effects. Given that there are regions of parameter
space where an overabundance of DM can be found without thermal effects, we deem it
promising to make a detailed study of this production mechanism with the thermal effects.

We leave a full scan of the parameter space for future work, given the expensive
computational cost to estimate the final abundance for a single point, but motivated by
the results we found here, where non-negligible rates for DM production are possible thanks
to the presence of HNL and the Higgs boson in the plasma at EW temperatures. Among
possible improvements that can also be taken into account, we highlight the introduction
of thermal masses for the SM bosons (although we do not expect a qualitative change
of the conclusions here drawn), as well as the Higgs vacuum expectation value evolution
which would open the window to considering DM production beyond the SSB temperature.
In this context, it is also necessary to include other production channels, namely 2 — 2
scatterings, as well as to consistently describe the LPM effect for temperatures above the
EW crossover, in order to have a complete description of the production of the DM at all
temperatures.

As already stressed, figuring out the contribution to DM from these channels, taking
into account the dominant thermal effects below the EW crossover, is of relevance given
that whenever considering keV neutrino DM and the origin of neutrino masses in realistic
models, both the DW contribution as well as this contribution from HNL decays to DM
and the Higgs would contribute and generate the minimal DM within the model. Whether
these two mechanisms working at different temperatures can explain the observed DM
abundance or not would thus translate into the necessity or not of new physics in the dark
sector on top of the singlet neutrinos when considering this species of DM.
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A Regions of support for massive particles running in the loop

In general, upong integration over the loop-momentum, ¢, we find four different combina-
tions of Dirac delta functions, which define the regions of support of the integrals, over
which their contribution is non-vanishing. For a boson of mass Mpg?? running in the loop

22For our purposes this will be either the Higgs or the Z(W)-boson mass.
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we have in general

1+ fB(ro) — fr(qo)] [0(qo — wk) — 6(qo + wg)] [6(ro —wr) — d(r0 +wB)], (A1)

which can be divided in the following different cases (taking only the T-dependent part):

L [fe(po — wi) — fr(wk)] 6(g0 — wk)d(po — wi — wp):
The second Dirac delta forces pg > 0 thus describing the decay n; < niB and its

inverse process. Let us obtain the regions of support for ¢ in detail in this case. We
know that wg € {wg, wﬂ, which translates into

Vo — @2 + M3 <po— /@ +m} <\/(p+q)? + ME. (A.2)

By squaring on both sides we arrive at the following equality

2p0\/@2 +m2 =py+ G +mp — (p£4s)* — M3, (A.3)

which can only be satisfied if

P —p° +mj — Mj

tqr < L= A4
G <fi o (A.4)
The solution to the inequalities from eq. (A.2) is then found to be
_ Fho /2o —mi(1— o) e
G+ = T , 0="35. (A.5)

This is only valid if pg > 1/G% + m3 and eq. (A.4) are satisfied, and defines the region
of support for this case. One can check that in the limit of massless fermions running
in the loop the result from ref. [21] is recovered.

2. —[fB(Ipo| — w) = fr(wk)] (g0 + wk)d(po + wi + wp):

We need py < 0 in order for the second Dirac delta to contribute, given that wy (wp)
are positive definite, and describe a similar process as before changing neutrinos for
antineutrinos. The regions of support in this case are

_ Fjo £ \/ﬂ20' —mi(l—o)

G+ = Jif —po > /@1 +m} and + gx < fu. (A.6)

1—0

3. [fB(=po +wk) + fr(wk)] 6(q0 — wi)d(po — wk + wp):

For pg > 0 this term would describe the process ny = n;B, while for pg < 0 one
would have B = nm;. We have the following for the integration limits over ¢

Fiio £ \/fi20 — m3 (1 — o) +G+ < forpy >0
oo OEVRO U0 e ana [ < >0
l—0o +¢+ > forpg <0

(A7)
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4. —[fB(po + wi) + fr(wk)] 0(qo + wi)d(po + wi — wp):

For pg > 0 we describe the boson decay into a pair of neutrinos B < 7n; while for
po < 0 one would have 7, < Bn;. Similarly to the previous cases, we find

Fiio £ \/ji2o0 —mi(1 — o) +G+ >p forpg >0
Gy = \/ k if 7po<mand 9+ > | Po '
l1—0 +qr < i forpg <0

(A.8)

B Useful integrals with distribution functions

Throughout the computations we need to perform some integrals over the distribution
functions of bosons and fermions. In particular, we make extensive use of the following

OneS:23
q 1 1 — e B(EpPo—wi)
4 [ fp(+po — wi) — -
/dqwk [fp(Epo — i) — o fr(wy)] = = glog ————=55—
o N 1 | 1 — e—B(Fpo+wr)
[ da - nep + )+ afp(en)] = lor =

Wi 1 — e B(FPo—wi)

[ daaF(Ep0 — ) = ofp(en)] =~ Slog

— ALy (e PEPm)) — 652y (—e )

Wi 1 — e B(Epotwr)

B 14 ge= Pk

— %Ly (e_B(ipo‘H"k)) + 08 ?Liy (—e_ﬁw’“) .
(B.1)

[ daalfsEm + ) + ofp)] =5 log

C Example of production rate with new scalars

While we have extensively discussed SM and HNL contributions to the DM production,
for completeness, we consider here the case in which the dark sector is comprised of other
species, for example a singlet scalar, which could be at the source of the DM mass. This
could be motivated by the assumption that lepton number is not explicitly broken in a
seesaw scenario but rather dynamically when a singlet scalar develops a vev. On general

grounds, we can have the following Lagrangian?*
- ~ 1
£ ~LrY, ®v§ - Sv§Ynovs + he. +V (7@, [0?), (C.1)
where ¢ is a singlet scalar with lepton number Ly = —2. The scalar potential, V, is

such that, upon spontaneous symmetry breaking, both the SM Higgs boson ® and the

Z31n the following, we introduce o to take into account the possibility that the fermion is not present in
the plasma and thus its density distribution should not be taken into account by making o = 0. Otherwise,
for particles in thermal equilibrium we have o = 1.

Z4Here we just focus on the active and DM sectors, which allows to have an analytical understanding of
the results, but this can be trivially embedded into a more general setup with the heavy neutrinos as well.
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scalar singlet ¢ develop a vev, vy and vy respectively. In the mass basis, we obtain a new
interaction term between the mostly singlet scalar, ¢, and the neutrino mass eigenstates
Loy = _;2 > i [mi&'j — Cij (miPy +m;Pr) — Cf; (mi Pr + mJ'PL)} - (C2)
,L‘?j
One can directly compute the contribution of such an interaction to the dispersion relations
for the neutrinos, just by exchanging vy — vy and AiLj — m; — Cyym; — Cym; in the Higgs
contribution computed in section 3. To leading order in the mixings, and neglecting the

contribution from light neutrino masses, the self-energy correction arising from the mostly-
singlet scalar,? Qg = 2p(Ag + i’yg), contributes to the DM production rate as

h h h _ Ak
I
Fg _p: Ve 402 mo (v ’Y¢)/§

_.I_
3 |l A A
(e 5) ()

It is easy to notice that, in the absence of this extra scalar interaction, we recover the

(C.3)

original result which depends on the neutrino mixing, see eq. (3.38). More importantly,
there is now a contribution to the DM production which is not suppressed by the neutrino
mixing #, and proportional to the Yukawa coupling in the dark sector, Y, thus allowing
for an efficient DM production as expected [48, 58, 59, 89].
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