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We show that the minimal Type-I Seesaw mechanism can successfully account for the observed dark 
matter abundance in the form of a keV sterile neutrino. This population can be produced by the 
decay of the heavier neutral leptons, with masses above the electroweak mass scale, while they are 
in thermal equilibrium in the early Universe (freeze-in). Moreover, the implementation of the relevant 
phenomenological constraints (relic abundance, indirect detection and structure formation) on this model 
automatically selects a region of the parameter space featuring an approximate lepton number symmetry.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons .org /licenses /by /4 .0/). Funded by SCOAP3.
1. Introduction

The nature of dark matter (DM) and the mechanism at the 
origin of neutrino masses (and lepton flavour mixing) are among 
the most pressing questions in particle physics and cosmology. A 
minimal and natural extension of the Standard Model (SM) of par-
ticle physics is the Type-I Seesaw mechanism [58,41,62,85,72,73], 
in which the field content of the SM is extended by including neu-
trino fields with right-handed chirality (RHN). Being gauge singlets, 
RHN can have Majorana mass terms whose origin is not related 
to the SM Higgs mechanism, thus leaving the RHN mass scale 
as a phenomenological free parameter; for the same reason, the 
number of RHN fields is not fixed by the requirement of anomaly 
cancellation, although this is not generally true in the context of 
gauge extensions of the SM, where the number of RHN has to 
match the number of SM generations (n = 3) to ensure anomaly 
cancellation (cf. e.g. [61]). We also notice that, in the context of 
the minimal SM, there exists only one global symmetry which is 
anomaly free, given by the difference between the baryon number 
B and lepton number L, i.e. B − L.

Sterile neutrinos with masses at the keV scale can be suitable 
DM candidates (cf. [15] for a review), subject to a number of phe-
nomenological constraints concerning their current abundance [7], 

* Corresponding author at: Dipartimento di Fisica e Astronomia, Università di 
Bologna, via Irnerio 46, 40126 Bologna, Italy.

E-mail address: michele.lucente@unibo.it.
https://doi.org/10.1016/j.physletb.2023.138206
0370-2693/© 2023 The Author(s). Published by Elsevier B.V. This is an open access artic
SCOAP3.
lifetime [66] and impact on structure formation (notably as in-
ferred by observations of the Lyman-α forest [82,22,48,44,84,16]): 
the first two mainly constrain the mixing θ between active and 
sterile neutrinos, while the latter strongly depends on the DM 
production mechanism. These particles are unavoidably produced 
in the early Universe as long as a non-zero mixing with the ac-
tive neutrinos is present (Dodelson-Widrow mechanism, DW) [32]. 
For masses below 28.8 keV (95% C.L.), this production mecha-
nism results in a DM population with a too large free-streaming 
length (classified as warm dark matter, WDM), incompatible with 
the observed large scale structure of the Universe [12]. For larger 
masses, the constraints on θ derived from the non-observation of 
the sterile neutrino DM decay products [19,21,83,86,17,55,69,59,35,
47,68,81,64,70,63,67,31,18,65,71,30,40] prevent the DW production 
to account for the observed DM relic density. The conversion of 
active into sterile neutrinos can be resonantly enhanced if the pri-
mordial plasma features a sizeable lepton asymmetry (Shi-Fuller 
mechanism, SF) [77]; the effect is twofold: on one hand, smaller 
values of θ are required to account for the observed DM relic den-
sity, thus evading the bounds from indirect detection. On the other 
hand, the DM free streaming is reduced with respect to DW, thus 
resulting in a colder DM population and relaxing structure forma-
tion bounds. These ideas have been coherently implemented in the 
so-called νMSM model [9,11], which is a phenomenologically mo-
tivated implementation of the Type-I Seesaw mechanism with 3 
RHN: one of them at the keV scale acting as DM candidate, while 
the other two have strongly degenerate masses at the GeV scale 
le under the CC BY license (http://creativecommons .org /licenses /by /4 .0/). Funded by 
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and, after electroweak symmetry breaking (EWSB), produce a lep-
ton asymmetry which acts as a background for the resonant DM 
production via SF mechanism. Moreover, the same heavy sterile 
neutrinos can as well account for the observed Baryon Asymmetry 
of the Universe via leptogenesis before EWSB [25,42].

In this Letter, we point out that an alternative implementation 
of the minimal Type-I Seesaw mechanism exists, which is able to 
account for the observed DM relic density.1 The DM candidate is 
still a keV sterile neutrino, but the other sterile neutrinos have a 
much larger mass scale, above the electroweak one. They produce 
the correct DM abundance while in thermal equilibrium by decay-
ing into a keV sterile neutrino and a Higgs boson: this production 
mechanism has been firstly pointed out in [4] in the framework of 
a minimal Inverse Seesaw realisation [6].

2. The model

We extend the SM field content with the addition of 3 RHN 
fields NI , I = 1, 2, 3, leading to the most general renormalizable 
Lagrangian:

L = LSM + iNI /∂NI −
(

1

2
Nc

I MI J N J + Fα I�
α
L φ̃NI + h.c.

)
, (1)

where �α
L is the left-handed SU (2)L lepton doublet of flavour 

α = e, μ, τ , MI J is a symmetric matrix of Majorana mass terms, 
Fα I are dimensionless Yukawa couplings and Nc = iγ 2γ 0 N

T
, φ̃ =

iσ 2φ∗ . After EWSB, the Yukawa couplings generate a Dirac mass 
term mD = v F , where v is the Higgs vacuum expectation value 
(vev, taking the value v0 = 174 GeV at zero temperature), and 
Eq. (1) results in a non-vanishing Majorana mass matrix mν for 
the light active neutrinos; in the Seesaw limit, |MI J | � v|Fα I |, it 
reads mν � −v2 F T M−1 F , while at leading order in the expansion 
parameter � = v F/M the heavier mass eigenstates have masses 
coinciding with the eigenvalues of the matrix M . Without loss of 
generality, it is always possible to choose a basis in which the ma-
trix M is real and diagonal, in which case the mixing elements 
coupling the active lepton flavour α to the heavy mass eigenstate 
I are given by U∗

α I = mα I
D /MI . In order to ensure the agreement 

of the model with experimental neutrino mixing parameters, it is 
convenient to parametrise the Yukawa couplings using the Casas-
Ibarra (CI) parametrisation [26]:

mD = −i U∗
PMNS

√
m̂ R

√
M, (2)

where m̂ is a diagonal matrix containing the mass eigenvalues of 
the light (mostly active) neutrinos at zero temperature, UPMNS is 
the unitary PMNS mixing matrix [87] and R is an orthogonal ma-
trix parametrised by 3 complex angles ωi j ,

R = V 23 V 13 V 12, (3)

with

V 12 =
⎛
⎝ cosω12 sinω12 0

− sinω12 cosω12 0
0 0 1

⎞
⎠ , (4)

and analogous definitions for V 23, V 13.

1 Sterile neutrino DM has been proposed as well in models with an extended 
gauge or scalar sector, see e.g. [51,4,74,30].
2

2.1. Model parameters

Low energy neutrino oscillation data fix the value of UPMNS
and (squared) mass differences for m̂ in Eq. (2). In order to be 
a viable DM candidate, a sterile neutrino must have a mass at 
the keV scale [15]: we will thus explore realisations with M1
in the range [1, 100] keV. The heavier mass eigenstates must lie 
above the electroweak scale for the freeze-in production mecha-
nism proposed in [4] to take place, but not too far from it; for 
definiteness, we will choose them to be almost degenerate and fix 
the values M2,3 = 300 GeV. The large hierarchy of values between 
M1 and M2,3 may seem a fine-tuned scenario, however we will 
show that this can be the natural result of an approximate lep-
ton number symmetry. Most importantly, this symmetry-motivated 
scenario gets automatically realised once we impose astrophysical 
and cosmological constraints to the model.

2.2. Phenomenological constraints

2.2.1. Cosmology and astrophysics
There are three broad categories of constraints that apply to 

the model under discussion. The first requirement is to not over-
close the Universe, by producing a larger DM abundance than the 
observed one, 
obs

DMh2 = 0.12 [7] (where h is the dimensionless 
Hubble parameter, H0 = 100 h km s−1 Mpc−1). In the absence of a 
sizeable lepton asymmetry, there are two production mechanisms 
to consider: the first one is the well known DW, effective at tem-
peratures T ≈ 150 MeV and resulting in a relic density


DW
DM h2 = 0.11 · 105 M1

keV

∑
α

Cα(M1)

∣∣∣∣∣∣
⎛
⎝U∗

PMNS

√
m̂

eV
R

⎞
⎠

α1

∣∣∣∣∣∣
2

, (5)

where Cα are dimensionless parameters of order unity, whose ex-
act value depends on the lightest sterile neutrino mass M1 [10]. 
It is evident from Eq. (5) that the requirement 
DW

DM h2 ≤ 0.12
imposes a strong upper bound on the elements of the first col-
umn of R , and/or an upper bound on the light active neutrino 
masses (see [20] for an extended discussion on this second point). 
The second production mechanism, i.e. freeze-in production from 
the decay of heavy neutrinos in thermal equilibrium, has never 
been included (to the best of our knowledge) in previous stud-
ies concerning the minimal Type-I Seesaw mechanism. It is mainly 
effective at temperatures T ≈ M2,3, but the related couplings are 
different from zero only after EWSB; its resulting relic abundance 
can be estimated as,


F I
DMh2 = 2.16 ·1022

∑
J=2,3

∣∣∣∣∣
(

R† m̂

v
R

)
1 J

∣∣∣∣∣
2

g J

(
1 − m2

h

M2
J

)2

ε
(
M J

)
,

(6)

with mh the Higgs boson mass and g J the internal degrees of free-
dom of the heavy neutrinos. The function ε(M J ) was defined in [4]
(following [45]), and takes into account the evolution of the Higgs 
vev v and the suppression of the decay rate in DM due to the 
electroweak symmetry restoration for decays happening at temper-
atures larger than the EWSB scale (notice that since mν ∝ v2 the 
ratio mν/v vanishes for v = 0). The factorisation in Eq. (6) neglects 
the evolution of the Higgs mass with v for temperatures approxi-
mately in the range 160 to 130 GeV, where the sharp electroweak 
crossover takes place [33], thus slightly underestimating the avail-
able phase space in the decay and thus the final DM abundance. 
For sub-eV active neutrinos, we have (m̂/v0)

2 � 10−23, giving the 
DM abundance in the correct ballpark, provided R is of order unity. 
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We notice that, although other decay channels mediated by the SM 
gauge bosons are potentially relevant at zero temperature, thermal 
effects strongly suppress the production of sterile neutrinos from 
gauge vector boson decays at electroweak temperatures [54]; we 
thus neglect these decay channels as they give a negligible contri-
bution to the final abundance.

The second constraint comes from requiring the DM stability 
over cosmological timescales: keV sterile neutrinos can indeed ra-
diatively decay into a photon and a light active neutrino [66], with 
a lifetime proportional to the active-sterile mixing angle, that one 
can write as

θ2
1 =

∑
α

∣∣∣(U∗
PMNS

√
m̂ R

)
α1

∣∣∣2
M−1

1 . (7)

Even if the sterile neutrino lifetime exceeds the age of the Uni-
verse, a fraction of DM can decay at present time, resulting in a 
monochromatic gamma-ray line with energy M1/2 (i.e. X-rays). 
The non-observation of this signal results in an upper bound on 
θ2

1 as a function of the DM mass M1 [19,21,83,86,17,55,69,59,35,
47,68,81,64,70,63,67,31,18,65,71,30,40].

Finally, the DM momentum distribution affects the structure 
formation of the Universe: sterile neutrinos produced via the DW 
mechanism are classified as WDM, meaning they have a sizeable 
free streaming length that erases substructures at galactic scales. 
A WDM dominated Universe is at odd with observation, while 
mixed scenarios where WDM constitutes a fraction fWDM of the 
current DM relic density are potentially allowed, depending on 
the value of fWDM and on the free-streaming length of the WDM 
component. In this study we adapt the 95% C.L. results from [12], 
whose bounds can be translated for the case of sterile neutrinos 
produced via DW. Sterile neutrinos produced via freeze-in have 
a colder spectrum, compatible with the structure formation con-
straints for masses approximately above few keV [14,4,15] (see 
also [76,57,46]). In the present Letter we consider DM masses as 
light as 1 keV, keeping in mind that the validation of solutions 
with masses smaller than approximately 10 keV requires a ded-
icated study, that goes beyond the scope of the present work. 
Finally, a lower bound on fermionic DM mass resulting from the 
phase space density of DM in dwarf spheroidal galaxies [82] ex-
cludes (disfavours) values below 400 eV (2 keV) (see [15] and 
references therein).

2.2.2. Laboratory
We require the model in Eq. (1) to correctly reproduce neu-

trino oscillation data [36] at the 3σ accuracy level. In addition, 
we impose constraints on the two heavy neutral leptons (HNL) 
from the non-observation of further beyond the SM signals: these 
include upper bounds on the active-sterile mixing from direct 
searches at accelerators [28,29,52,79], deviations from unitarity of 
the leptonic mixing matrix [38] and neutrinoless double beta de-
cay (0νββ) [78].

2.2.3. Theory
The CI parametrisation in Eq. (2) ensures that neutrino os-

cillation parameters are correctly reproduced. However, since the 
Yukawa couplings grow exponentially with the imaginary parts of 
the angles ωi j , these cannot be arbitrarily large, either because 
the theory becomes non-perturbative or because the Seesaw hy-
pothesis |v F | 	 |M| gets violated, invalidating the CI derivation 
itself. In our study, we impose an upper bound of 4π on each 
Yukawa coupling |Fα I |, and require in addition that �I < MI/2 for 
each state [27,34,53,13,37,49]. Moreover, for each realisation of the 
Dirac matrix (2) we explicitly diagonalise the full Lagrangian (1), 
excluding solutions not reproducing neutrino oscillation data at the 
3σ level. Finally, we require the largest Yukawa coupling for each 
3

heavy neutrino to be larger than 
√

2 ·10−7 [8], so as to ensure that 
the state thermalises in the early Universe (a necessary condition 
for freeze-in production).

3. Methodology

We chose to fix the neutrino oscillation parameters (mass dif-
ferences, mixing angles and Dirac CP-violating phase) to their best-
fit values in [36], and we set the CP-violating Majorana phases for 
the light neutrino states to zero, as their impact on the addressed 
dynamics is expected to be subdominant. To enhance the predic-
tivity of the model, we set to zero the lighter neutrino mass as 
well as the complex angle ω13, and assume that ω12 and ω23 are 
purely real and imaginary numbers, respectively. Together with fix-
ing the heavy neutrino masses to 300 GeV, this leaves only 3 real 
free parameters: M1, Reω12 and Imω23. This choice allows us to 
gain useful insights on the role played by the different parameters 
in the model.

4. Results

We report in Fig. 1 the parameter space of solutions for a 
Normal Ordering (NO) of light active neutrino masses, and three 
choices of DM mass: one where Lyman-α bounds are domi-
nant, M1 = 2 keV, one that reproduces the (not yet confirmed) 
monochromatic gamma-ray line at 3.55 keV [24,23] (M1 = 7.1
keV), and finally one where X-ray bounds are dominant, M1 = 30
keV. In the plots, the black lines represent the choices of param-
eters that reproduce the observed DM relic abundance, 
DMh2 =
0.12, while the grey region above is excluded by the overproduc-
tion of DM. The cyan and yellow regions are excluded by Lyman-α
and X-ray observations, respectively, while in the blue region (on 
the top) the model does not reproduce neutrino oscillation data or 
is excluded by the HNL searches previously described: we find that 
the most constraining bounds in the present scenario are the ones 
imposed by the HNL contributions to charged lepton flavour vio-
lating processes, parametrised as deviations from unitarity of the 
leptonic mixing matrix (cf. e.g. [39,38] and references therein). The 
black-dashed line represents the expected solution if the freeze-
in production is neglected, i.e. if all the relic abundance is due to 
the DW production: as it is well known, this solution is at odds 
with astrophysical observations. We also notice that the freeze-in 
production is less effective for decreasing values of Imω23. The 
results for Inverted Ordering (IO) of light active neutrino masses 
are qualitatively similar, but this scenario corresponds to larger 
Yukawa couplings for fixed CI parameters, cf. Eq. (2). This implies 
that the upper bound on Imω23 from HNL constraints is stronger, 
Imω23 < 9.87 (while Imω23 < 10.56 for NO).

By increasing the value of the DM mass, X-ray constraints on 
θ2

1 become increasingly stronger (given that the sterile neutrino 
decay width is proportional to the fifth power of its mass): we find 
that in the considered scenario this closes the parameter space of 
solutions for masses M1 above 60 keV (49 keV) for NO (IO).

4.1. Phenomenologically emergent approximate lepton number 
symmetry

The parameter space of solutions discussed in the previous sec-
tion may seem strongly fine tuned, featuring a large hierarchy of 
values between the DM mass and the heavier HNLs, as well as be-
tween Imω23 and the other parameters of the R matrix. However, 
this is exactly the limit in which global lepton number conserva-
tion is recovered in the CI parametrisation: in the limit M1 → 0, 
M2 → M3, ω12, ω13 → 0 and ω23 → ±i∞, the new fields arrange 
in a decoupled massless state N1 and a Dirac fermion given by a 
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Fig. 1. Parameter space of solutions for the model with the choice of parameters as described in the main text, for different DM masses. The black line (grey region) 
reproduces (exceeds) the observed relic density. Cyan and yellow regions are excluded by Lyman-α and X-ray observations, respectively, while in the blue region the 
model fails in reproducing neutrino oscillation data or is excluded by HNL searches. The black-dashed line shows the expected solution by considering the DW production 
mechanism only.

Fig. 2. Allowed and excluded regions for the complex angles ωi j in the CI parametrisation, with the other parameters chosen as described in the main text: green points are 
allowed by experimental constraints and theoretical considerations, while other colours denote exclusion by at least one of the criteria reported in the Figure. Finally, black 
points reproduce the observed DM relic density at the 3σ precision.
linear combination of the fields N2 and N3, thus resulting in a the-
ory with lepton number conserving interactions only. In the exactly 
symmetric limit light active neutrinos are massless, m̂ = 0, thus the 
symmetry must be broken at some level. This also provides a pos-
sible explanation for the lightness of active neutrinos when com-
pared to the other SM fermions [80,43,75,50,5,60]. Concerning the 
specific values of Mi , the symmetry only imposes relations among 
them, while the absolute scales M1 and M2,3 must derive from the 
(unknown) mechanism at the origin of these Majorana mass terms. 
Without assuming a specific mechanism, the restrictions on these 
parameters are mostly phenomenological in nature. In particular, 
to be a viable DM candidate M1 must lie around the keV scale 
(smaller values are excluded by structure formation, larger ones 
give a too short DM lifetime), while the scale of M2,3 is deter-
mined by the assumed DM production mechanism (much smaller 
values imply too small Yukawa couplings to produce a sizeable DM 
population, while for much larger values the parent particles de-
cay at temperatures above the electroweak phase transition, when 
the active-sterile mixings are vanishing).

We report in Fig. 2 the results of a general scan on the pa-
rameter space of the model, performed for NO, fixing the DM 
mass M1 = 5 keV and randomly varying the parameters Reωi j
and Imωi j in the range [10−10, 2π ] and [10−10, 20] respectively, 
drawing from a log-flat distribution. We also allow the physi-
cal Majorana phase in the active neutrino sector to vary in the 
[0,2π ] range. We conclude that astrophysical constraints set an 
upper bound |ω1i | � 6 · 10−3 (i = 2, 3) (clearly, values of Reω1i
above (2π − 10−3) are as well allowed), while no bound is iden-
4

tified for Reω23 and the upper bound on Imω23 (Imω23 � 11) 
is solely determined by the requirement of not overproducing the 
DM relic density. We thus conclude that experimental constraints 
force the parameters ω12 and ω13 to be much smaller than unity. 
In addition, the requirement of reproducing the observed DM relic 
abundance via freeze-in decay requires HNLs heavier than the elec-
troweak scale, thus introducing a hierarchy of masses, as well as 
Imω23 ≈ 10, recovering the approximate symmetric limit. Con-
cerning the mass degeneracy between M2,3, this suppresses the 
0νββ decay rate2 which could be sizeable for large values of 
Imω23, although mild mass splittings of O(10) GeV are neverthe-
less allowed; relaxing this condition relaxes the symmetry, thus 
resulting in a less justified framework from the model building 
point of view, while opening at the same time to the possibility 
of large loop corrections to the active neutrino masses [56]. The 
approximate lepton number symmetry is known to play a role in 
justifying the structure of the νMSM [75], as well as in other low-
scale leptogenesis models [2,3,1].

5. Conclusion

We have shown that, in the minimal SM extended with 3 RHN, 
the freeze-in production of a sterile neutrino DM can account 

2 We thank Jordy de Vries for having encouraged us to explicitly verify that very 
large mass splittings in this region of the parameter space can result in 0νββ rates 
exceeding current experimental bounds.
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for the observed relic abundance, while complying with existing 
constraints. This production channel has been, to the best of our 
knowledge, neglected in previous studies, and effectively opens 
a new parameter space of solutions for the sterile neutrino DM 
hypothesis. This space of solutions is characterised by a hierar-
chy between different parameters of the model (sterile neutrino 
masses as well as complex angles in the CI parametrisation) that 
points towards an approximate lepton number symmetry, which 
could be embedded in a larger B − L framework. When present-
ing solutions, we have worked under a simplifying assumption in 
order to reduce the number of free parameters and gain a deeper 
insight on the model; the actual parameter space of solutions is 
thus larger than the one presented here, and we postpone a dedi-
cated statistically comprehensive study to a future work.
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Appendix A. Explicit numerical example

We report hereafter the numerical values for an example point 
that reproduces the correct DM abundance via Eqs. (5), (6).

The input values in the CI parametrisation are

mlightest
ν = 0, (A.1)

M1 = 5 keV, (A.2)

M2 = 300 GeV, (A.3)

M3 = 300 GeV, (A.4)

ω12 = 5.184 × 10−10 + i 3.867 × 10−8, (A.5)

ω13 = 9.678 × 10−7 + i 6.241 × 10−8, (A.6)

ω23 = 2.439 × 10−5 + i 8.398, (A.7)

α1 = 3.763, (A.8)

α2 = 2.021, (A.9)

while the light neutrino mass differences and PMNS parameters 
are fixed to the best fit values from [36].

With this input the following mass matrix results

M =
(

0 mD

mT
D MM

)
GeV, (A.10)

with
5

mD = (
m1

D m2
D m3

D

)
, (A.11)

and the individual vectors are given by

m1
D =

⎛
⎝ −1.233 × 10−12 + i 3.558 × 10−12

2.401 × 10−11 + i 2.399 × 10−11

1.673 × 10−11 + i 5.020 × 10−12

⎞
⎠ , (A.12)

m2
D =

⎛
⎝ −2.786 × 10−2 − i 7.779 × 10−3

−1.726 × 10−1 + i 1.954 × 10−1

−3.060 × 10−2 + i 1.307 × 10−1

⎞
⎠ , (A.13)

m3
D =

⎛
⎝ 7.779 × 10−3 − i 2.786 × 10−2

−1.954 × 10−1 − i 1.726 × 10−1

−1.307 × 10−1 − i 3.060 × 10−2

⎞
⎠ , (A.14)

MM =
⎛
⎝ 5. × 10−6 0. 0.

0. 3. × 102 0.

0. 0. 3. × 102

⎞
⎠ . (A.15)

Upon diagonalisation of M, the following values for the mass 
eigenstates are obtained⎛
⎜⎜⎜⎜⎜⎜⎝

0
8.6139397443927 × 10−3

5.0169629398723 × 10−2

5.0000000002942 × 103

3.0000028935617 × 1011

3.0000028935621 × 1011

⎞
⎟⎟⎟⎟⎟⎟⎠

eV, (A.16)

with the PMNS matrix (i.e. the 3 × 3 upper-left block of the full 
mixing matrix U )

UPMNS =
⎛
⎝ 0.83 0.17 − 0.52i −0.11 − 0.1i

−0.27 + 0.03i 0.20 − 0.57i 0.40 + 0.63i
0.49 + 0.02i −0.16 + 0.56i 0.34 + 0.55i

⎞
⎠ ,

(A.17)

and the following values for the active-sterile mixings (i.e. the ele-
ments in the upper-right block of U )

Uα4 =
⎛
⎝ −2.466 × 10−7 − i 7.115 × 10−7

4.801 × 10−6 − i 4.797 × 10−6

3.346 × 10−6 − i 1.004 × 10−6

⎞
⎠ , (A.18)

Uα5 =
⎛
⎝ −9.286 × 10−5 + i 2.593 × 10−5

−5.753 × 10−4 − i 6.512 × 10−4

−1.020 × 10−4 − i 4.355 × 10−4

⎞
⎠ , (A.19)

Uα6 =
⎛
⎝ 2.593 × 10−5 + i 9.286 × 10−5

−6.512 × 10−4 + i 5.753 × 10−4

−4.355 × 10−4 + i 1.020 × 10−4

⎞
⎠ . (A.20)

Following Eq.s (5), (6), this point gives a total DM abundance of


h2 = 0.1173, (A.21)

composed by 
FIh2 = 0.1081 from freeze-in decay, and 
DWh2 =
0.0092 from Dodelson-Widrow production.

One can notice in above equations the approximate lepton-
number conserving structure, with M1 	 M2,3, M2 ∼ M3, m1

D 	
m2,3

D and m3
D � i m2

D .

We stress that when numerically diagonalising such kind of so-
lutions it is important to use a sufficiently large precision, since in 
a symmetry-protected scenario the sub-eV neutrino masses can re-
sult from cancellations between terms at much larger energy scales 
(such cancellations are indeed imposed by the symmetry itself).
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