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1 Introduction

Despite its enormous success, the Standard Model (SM) of particle physics has a number of
known shortcomings, such as the origin of neutrino masses, the lack of dark matter (DM)
candidate in the Universe, and the generation of the baryon asymmetry (BAU), among
others. A minimal extension of the SM simultaneously accommodating the aforementioned
puzzles would be undoubtedly appealing.

Fermionic seesaw-based extensions of the SM potentially have this feature, since under
suitable conditions, right-handed (RH) neutrinos responsible for the generation of neutrino
masses can be viable DM candidates. Furthermore, they can account for the BAU via
leptogenesis [1–6]. For instance, the νMSM [7–11] model can achieve the generation of
neutrino masses and of the BAU, while providing a DM candidate produced resonantly in
the presence of lepton asymmetries [12–14].

We propose here a different DM production mechanism, while complying with neutrino
mass generation when extending the SM with three RH neutrinos: the DM relic density
is produced “à la” freeze-in through two body decays, without relying on any preexisting
lepton asymmetry. Moreover, the non-DM RH neutrinos need to lie at scales of the order of
100GeV− 1TeV and have sizable couplings with the SM. The effectiveness of this mechanism
places the viable parameter space in reach for future collider probes, such as FCC, and
experiments searching for charged lepton flavor violation (cLFV).

The letter is organized as follows: after the introduction of the mechanism generating
light neutrino masses, we describe the DM production mechanism in the context of thermal

– 1 –



J
H
E
P
0
9
(
2
0
2
5
)
1
4
5

field theory (TFT), and the computation of its abundance. We then present relevant up-
to-date experimental constraints. Finally, we discuss our main results as well as future
experimental prospects, and conclude.

2 Theoretical setup

We embed onto the SM the Type-I seesaw [15–18] with three RH neutrinos NRi , one of which1

represents the DM candidate with a mass mDM ∼ O(keV). The SM Lagrangian is completed by

L ⊃ −L̄LΦ̃YνNR − 1
2N̄

c
RMNNR + h.c. , (2.1)

LL (Φ) being the SU(2)L lepton (Higgs) doublet, Yν is the neutrino Yukawa matrix and MN

is the sterile neutrino Majorana mass matrix, assumed real and diagonal without loss of
generality. After electroweak (EW) spontaneous symmetry breaking (SSB), the light-neutrino
masses, assuming mD ≪MN , are given by mν ≃ −mDM

−1
N mT

D, where mD ≡ vHYν/
√
2 and

vH is the Higgs vacuum expectation value (vev). We rewrite mD using the Casas-Ibarra
(CI) parameterization:

mD = −iUPMNS
√
mdR

T
√
MN , (2.2)

where UPMNS is the lepton mixing matrix measured in oscillation experiments, md is the
diagonal light-neutrino mass matrix and R an orthogonal matrix, which can be parameterized
with three rotations Vij in the i−j plane, R = V23V13V12, and thus by three complex angles ϑij .

The CI parameterization guarantees the correct description of oscillation data [19] from
the diagonalization of the full neutrino mass matrix. We will work in the limit of approximate
lepton-number conservation (LNC) [20–24],2 which allows for large active-heavy mixing
angles, Uα(i+3) with α ∈ {e, µ, τ} and i ∈ {1, 2, 3}, while protecting light-neutrino masses
from radiative corrections.

Uα(i+3) controls the strength of the interactions between the heavy mostly-sterile states
and the SM and is approximately given by Uα(i+3) ≃ (mDM

−1
N )αi. In the CI parameterization,

and depending on the light-neutrino mass ordering, the LNC limit is found for different
values of ϑ12 and ϑ13 while having Im (ϑ23) ≫ 1. For normal ordering (NO), it corresponds
to ϑ12, ϑ13 → 0, while for inverted ordering (IO) it is realized when ϑ12, −ϑ13 → −π/2.

In the LNC limit one naturally finds that the DM candidate interacts very weakly,
|θαDM| ≡ |Uα4| ≪ 1, in agreement with the strong bounds arising from X-ray searches [34–37].
Its contribution to light neutrino masses is very suppressed and thus the lightest neutrino is
practically massless, while the two additional heavy states N1, 2, which are almost degenerate
with a mass mN , have large mixing angles satisfying UαN ≡ Uα5 ≃ iUα6.3 As will be shown,
EW precision observables (EWPO) and searches for cLFV provide strong bounds on |UαN |
for mN larger than the Z-boson mass [38]. For lighter masses, direct searches at colliders
or beam dump experiments provide the strongest constraints [39–48].

1We choose the lightest of them, NR1 , to be the DM candidate.
2Scenarios relying on this symmetry argument to explain the smallness of light-neutrino masses are generally

dubbed low-scale seesaw scenarios. Examples include the inverse [25–29] and linear [30–32] seesaw mechanisms,
among others [7, 8, 33]. They allow for large Yukawa couplings with MN around the EW scale.

3In what follows, we label indices related to the heavy neutrinos that form a pseudo-Dirac pair with capital
letters.
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3 Dark matter production rate

We are interested in the DM production rate through two-body decays of the SM bosons
into the DM, as well as decays of the heavy neutrinos into a SM boson and the DM. These
can only take place after neutrino masses and mixings are generated.4 Indeed, after SSB we
have interactions between the different neutrino mass eigenstates and the SM, as detailed in
the supplemental material. Therefore, at temperatures T ≲ TSSB ≃ 160GeV, these decays
involving the SM bosons can be considered.

The DM production rate can be obtained in a consistent way by computing the self-energy
corrections to the neutrino propagator in the context of TFT [50–54]. Even if this idea
has already been considered in the work of ref. [55], we have embedded it in a realistic
scenario for neutrino mass generation based on the seesaw mechanism for the first time.
This implies the inclusion of contributions not considered in ref. [55], notably those from the
heavy neutrinos in the Higgs-mediated self-energy diagrams. We present for the first time a
complete computation of such contribution, superseding the result of ref. [56]. In particular,
we have determined analytically the DM production rate for each helicity (h = ±1) once
the self-energy corrections have been computed.

Our starting point is the Dirac equation for the neutrinos in a medium:(
/p−M+ /ΣL

PL + /ΣR
PR

)
ψ = 0 , (3.1)

where M is the diagonal neutrino mass matrix and /Σχ represents the self-energy correction
associated to a given chirality projection χ = L, R. Expanding the field ψ in terms of
helicity eigenstates [55, 56] and keeping the dominant self-energy contributions, we arrive
at the following inverse propagator:5

S−1
h ≡ p2

0 − p2 − Ωh = p2
0 − p2 + (p0 − hp) ΣL − (p0 − hp)M

[
p0 − hp+ΣR

]−1
M . (3.2)

In eq. (3.2), p0 and p should be understood as matrices proportional to the identity in
the neutrino mass basis, while Ωh corresponds to every term after p2

0 − p2 in the second
equality. Assuming the dispersion relation for the DM candidate can be approximated by
p2

0−p2−m2
DM−δωh ≃ 0, with |δωh|/m2

DM ≪ 1, the rate at which DM approaches equilibrium6

corresponds to Γh
DM = −2Imp0 ≃ −Im [δωh] /

√
p2 +m2

DM. Neglecting light neutrino masses,
we find the following DM equilibration rate for h = +1:

Γh=+1
DM ≃ m2

DM
2p2 m2

DMIm
[
PR

1N ′(PR
NN ′)−1PR

N1 − PR
11

]
, (3.3)

while for negative helicity we arrive at

Γh=−1
DM ≃ 2Im

[
PL

11 − 2pPL
1N ′

(
m2

N I2 + 2pPL
NN ′

)−1
PL

N1
]
. (3.4)

4There is a direct contribution to the DM production rate from Higgs decays even in the symmetric
phase [49], but we neglect it in the following and focus on the production through mixing.

5Details on this derivation are in the supplemental material.
6This corresponds exactly to the DM production rate in eq. (4.1).
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In eq. (3.4), I2 is the 2×2 identity matrix while PR and PL in eqs. (3.3)–(3.4) are 3×3 matrices
that we divided into blocks, each one related to the DM and to the heavy pseudo-Dirac
pair, respectively, as7

Pχ =

Pχ
11 Pχ

1N ′

Pχ
N1 Pχ

NN ′

 . (3.5)

The matrices PR and PL are related to different combinations of the self-energy corrections
as follows:

PR ≃
[
ΣR

hh′ − ΣR
hl′

(
ΣR

ll′

)−1
ΣR

lh′

]−1
,

PL ≃ ΣL
hh′ − ΣL

hl′

(
ΣL

ll′

)−1
ΣL

lh′ ,

(3.6)

where the self-energy contributions have been split into the light (mostly-active) neutrino
sector and the heavy (mostly-sterile) one as8

Σχ =

Σχ
ll′ Σχ

lh′

Σχ
hl′ Σ

χ
hh′

 . (3.7)

4 Dark matter abundance

Given the DM production rate Γh
DM(p, t), we can study the evolution of the DM distribution

with the following Boltzmann equation [55]:9

dfh
DM
dt

= Γh
DM(p, t)

[
f eq

DM − fh
DM

]
, (4.1)

where fh
DM is the DM distribution for positive and negative helicity and f eq

DM is the equilibrium
Fermi-Dirac distribution. We are interested in the DM production at temperatures T ≫ mDM

in which its mass can be neglected, such that f eq
DM =

[
ep/T + 1

]−1
.

It is natural to consider the freeze-in production of DM given that we expect Γh
DM(p, t) <

H(t), with H(t) the Hubble expansion rate. From the theory perspective, the lepton-number
conserving limit we are interested in tends to decouple the DM candidate, having very
small Yukawa couplings with the SM sector. On the experimental front, the absence of
a compelling observation of the DM radiative decay to X-rays sets stringent constraints
on the active-DM mixing θαDM. Consequently, the DM production rate is expected to be
suppressed for θαDM ≪ 1. In this context, we further assume that initially there is no DM
and neglect the build-up of its abundance. Therefore, fh

DM is neglected with respect to the
equilibrium distribution in eq. (4.1).

7The elements related to the pseudo-Dirac pair are labeled by capital letters, such that Pχ
NN′ is a 2 × 2

matrix.
8The index l (l′) in eq. (3.7) runs over light neutrino states while h (h′) goes over the DM and heavy

pseudo-Dirac neutrinos.
9This assumes that any other particle species participating in the DM production is in thermal equilibrium

in the plasma.
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Figure 1. DM production rate (blue line) as a function of τ for y = 3. The black line is the Hubble
expansion rate, showing ΓDM ≪ H, while the red one corresponds to the heavy pseudo-Dirac neutrino
yield, YN . The dark gray area highlights the symmetric Higgs phase, while the light gray region
corresponds to τ < τin (see eq. (4.3)).

Considering the DM production takes place in the radiation dominated era, it proves
useful to study eq. (4.1) in terms of the new variables τ ≡ MW /T (t) and y ≡ p(t)/T (t),
with MW the W -boson mass. The reason is that y does not change under cosmic expansion
once the DM distribution has frozen out, which corresponds to τ → ∞. Using the relation
dT/dt = −TH(t) for an adiabatic expansion, we finally arrive at

dfh
DM
dτ

= Γh
DM(y, τ)
H(τ)τ f eq

DM(y) . (4.2)

We show in figure 1 an example for the DM production rate (in blue), as a function of τ
and for y = 3, for a set of parameters in the neutrino sector. Clearly, ΓDM ̸= 0 only after
SSB, when neutrino mixing is generated. Moreover, comparing the DM production rate with
the Hubble expansion rate (black line), we verify ΓDM ≪ H.10 The red line corresponds
to the heavy pseudo-Dirac neutrino yield. Its scale is shown in red on the right vertical
axis. The dark gray shaded area corresponds to the symmetric phase. Finally, the light
gray area corresponds to temperatures very close to the EW crossover, which we choose
not to take into account in the analysis. Once the DM has frozen out, we can integrate
its distribution over y to find the number density. The fraction of DM produced compared
to the observed one [57] is then [58]:

FDM =
(
Ωobs

DMh
2

0.1198

)
mDM
7.4 eV

gDM
gd

∑
h=±1

∫ ∞

0
y2dy

∫ τfin

τin

dfh
DM
dτ

dτ , (4.3)

where gDM and gd ≃ 100 are the DM degrees of freedom and the number of relativistic
degrees of freedom at decoupling, respectively. In eq. (4.3), the upper integration limit over

10Values on the left vertical axis should be read for this comparison.
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τ corresponds to late enough times such that Γh
DM(τfin) → 0. Instead, τin corresponds to

the time at which the DM production starts to be effective, which we take τin ≃ 0.6 >
τSSB ≡ MW /TSSB ≃ 0.5.

5 Existing constraints

From the neutrino sector, we include the latest NuFIT results [19], allowing the mass-squared
differences to vary in their 95 % CL ranges. Additionally, the size of the active-heavy mixing
can be constrained with different experimental results depending on the heavy neutrino mass
scale, mN . For masses below the Z-boson mass, there are strong constraints from collider
searches in which these heavy neutrinos can be produced [39–48, 59]. For larger masses,
deviations from unitarity of the leptonic mixing matrix are the leading constraints. We
include the bounds obtained at 95 % CL from a global fit to EWPO and cLFV in ref. [38].

On the other hand, the active-DM mixing can be tightly constrained from indirect
detection searches. This DM candidate decays radiatively into a photon and a light neutrino.
For the DM masses in the O (1− 100) keV range that we investigate, its decay produces a
monochromatic X-ray signal [34–37], the non-observation of which constrains sin2 θαDM ≲
10−11. Furthermore, light non-cold DM candidates such as sterile neutrinos can alter the
primordial power spectrum with respect to the prediction of the standard ΛCDM model,
leaving an imprint on the Ly-α forest [60, 61]. However, these limits are model dependent as
they rely on the DM distribution, which is in turn set by the particular production mechanism.
Since we consider DM production from the decay of particles in thermal equilibrium, its
distribution is related to a thermal one [62, 63]. We take the following lower bound on
the DM mass [63]:

mDM ≥ 7.51KeV
(
mWDM
3KeV

)4/3(106.75
gd

)1/3
, (5.1)

where mWDM is the bound obtained on the DM mass from Ly-α for a warm dark matter
(WDM) candidate [64–70]. We will quote the bound using mWDM = 3 keV, but we highlight
that, given the uncertainties in the rescaling of the WDM limits, weaker constraints can
be found using mWDM ≃ 1.9 keV [63].

6 Numerical analysis

We have computed Γh
DM over a lattice in T and p, with T ≲ 130GeV, and integrated eq. (4.2)

to obtain the DM abundance today. The DM production rate is only different from zero after
SSB, which in our analysis corresponds to TSSB ∼ 160GeV,11as shown in figure 1. We explicitly
include both the Higgs vev and mass temperature dependence and approximate gauge boson
masses to their values at T = 0 given that the Higgs vev becomes large soon after SSB.12

Regarding the parameters in the neutrino sector, we scan over the whole range of the
CP-violating phases entering in the PMNS mixing matrix, both Dirac and Majorana. Given

11This is in agreement with lattice results [71]. More details can be found in the supplemental material.
12The consistent inclusion of thermal masses for the gauge bosons would need to encompass the dependence

of the weak mixing angle with temperature, which is beyond the scope of our work.

– 6 –



J
H
E
P
0
9
(
2
0
2
5
)
1
4
5

|δϑ12 (13)| Reϑ23 Imϑ23 mDM [keV] mN [GeV][
10−7, 10−2] [

10−7, 10−2] [5, 20] [5, 100] [10, 105]

Table 1. Parameter ranges for DM and heavy neutrino masses, and the complex angles parameterizing
R in eq. (2.2). In order to have two almost degenerate heavy neutrinos we need ϑ12 (13) = ∓π/2 +
δϑ12 (13) for IO and ϑ12 (13) = δϑ12 (13) for NO, while Imϑ23 ≫ 1.

that the DM candidate does not substantially contribute to light neutrino masses, the
lightest neutrino is massless. The DM and heavy neutrino masses, as well as the complex
angles parameterizing R in eq. (2.2), are varied over the ranges summarized in table 1,
where the parameter δϑ12 (13) has a different definition depending on the mass ordering:
δϑ12 (13) = ϑ12 (13) for NO or δϑ12 (13) = ϑ12 (13) ± π/2 for IO.

After checking the compatibility of a given set of parameters with oscillation data [19]
and constraints from X-ray searches [34–37], we compute the DM abundance to obtain
viable regions of parameter space accounting for the observed DM. These are then further
constrained by Ly-α forest observations using eq. (5.1), as well as bounds on the active-heavy
mixings [38] which we parameterize by ∑ |UαN |2 ≡

∑
α

∑
N=5, 6 |UαN |2.

We present the results of our scan in figure 2. In the left panel, we show the DM mixing as
a function of its mass. The color code for the points (color bar on the right) corresponds to the
generated DM fraction. The light blue area corresponds to current X-ray constraints [34–37]
while the darker blue dash-dotted line shows the future sensitivity from XRISM [72]. We
show for illustration the region in which the Dodelson-Widrow (DW) mechanism produces
all the DM [9] as a dotted black line, already ruled out. The gray shaded area corresponds to
the bound on mDM from Ly-α. Noticeably, the total observed DM abundance can only be
obtained for mDM ≲ 50 keV. In the right panel of figure 2 we show the dependence of the DM
fraction on the size of the active-heavy mixing. In this case the color code represents the size
of sin2 θαDM. The red horizontal line sets FDM = 1, while gray squared points correspond
to regions of parameter space ruled out by Ly-α. Although any region above the red line
overcloses the Universe and is effectively ruled out, we show it to better understand the
dependence on ∑ |UαN |2. The gray shaded area corresponds to the bound on ∑ |UαN |2 from
EWPO and cLFV for NO [38]. While it is obvious that larger Yukawa couplings translate
into a larger DM abundance, we note from this plot that the whole parameter space can
be probed with future experiments. On the one hand, constraints pertaining the DM such
as X-ray searches or Ly-α tend to close the allowed parameter space over the diagonal.13

On the other hand, bounds from EWPO and cLFV on ∑ |UαN |2 shut the parameter space
in a complementary direction. Similar conclusions are found for the IO case and we do
not show the corresponding plots.

Future machines like FCC-ee aim to improve current measurements of EWPO reducing
uncertainties by at least one order of magnitude [73], while the quest to find cLFV is still
ongoing with the notable example of MEG-II [74–76], searching for µ → eγ and currently
running. We show in the left panel of figure 3 the consequences large ∑ |UαN |2 has on the
invisible decay width of the Z-boson ΓZ

inv, and on B (µ→ eγ), after taking into account existing
13Larger values of sin2 θαDM for a fixed

∑
|UαN |2 tend to correspond to larger FDM.
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Figure 2. Results for regions of parameter space producing at least 1 % of the observed DM for NO.
The left panel shows the results on the DM mixing vs DM mass plane, with the color bar representing
the DM fraction. The right panel shows the DM fraction as a function of the active-heavy mixing.
The DM mixing is shown in the corresponding color bar. Relevant experimental and observational
bounds are shown in each slice of parameter space (see text for details).
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Figure 3. Prospects to probe the parameter space generating 10−1 ≲ FDM ≲ 5. In the left panel
we show correlations between the invisible decay width of the Z-boson and searches for µ → eγ,
together with prospective sensitivities for FCC-ee and MEG-II. In the right panel we present the
relevant parameter space for the active-heavy mixing |UµN |2 and mN including relevant experimental
bounds [38, 59]. The purple line corresponds to the sensitivity of FCC-hh [78].

constraints. The color code (in both panels) represents once again the DM abundance for
each point, with 10−1 ≲ FDM ≲ 5. The orange dash-dotted line represents the potential lower
1σ region on ΓZ

inv assuming the SM central value and the reduction of current uncertainties by
one order of magnitude [73, 77]. Furthermore, we show the prospects from MEG-II [75] with
the blue dashed vertical line. Finally, we show in the right panel of figure 3 our results as a
function of the heavy pseudo-Dirac pair mass and their mixing with the muon-neutrino flavor
for NO. The shaded blue area corresponds to current collider bounds at 90 % CL, obtained
using HNLimits [59]. The gray horizontal region corresponds to the bounds on |UµN |2 from
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EWPO and cLFV [38] while the lower gray area corresponds to the naive lower bound on
|UµN |2 for which the observed mass-squared differences [79] are generated. The light red
cloud of points shows regions of parameter space for which the produced DM abundance is
too small (10−5 ≲ FDM ≲ 10−1). In order to produce a non-negligible DM abundance we
find 100GeV ≲ mN ≲ 1TeV. Since production is only possible for T ≲ 160GeV, the DM
abundance is exponentially suppressed for mN ≳ 1TeV due to the Boltzmann suppression of
the heavy neutrino distribution. Prospects from FCC-hh [78] are shown as a dash-dotted
purple line, covering relevant regions of parameter space for mN ≲ 300GeV.

7 Conclusions

In this letter we proposed a combined solution for the neutrino masses and DM puzzles based
on a minimal low-scale seesaw framework, which might also be compatible with leptogenesis.
DM production is accounted for through two-body decays of SM bosons, as well as decays of
the heavy neutrinos involving DM and a SM boson, at temperatures below the electroweak
crossover. For the first time, we perform a complete computation, based on the evaluation
of neutrino self-energies in the context of TFT, consistently accounting for all the available
production channels, and analyze the phenomenological consequences of such a scenario.

In order for the production to be efficient, approximate lepton number conservation is
necessary. This translates into a heavy neutrino spectrum comprised by the DM candidate,
with mass O (10) keV and almost decoupled, and two heavy Majorana neutrinos with almost
degenerate masses, mN , and large mixings with the active ones. We find that the heavy
neutrino decay into the DM candidate dominates its production, which translates into the
rough upper bound mN ≲ 1TeV. Above these masses, the heavy neutrinos would not be
abundant enough in the thermal plasma after SSB and the generation of mixings.

The phenomenological implications of such a DM production mechanism are very rich,
as it introduces strong synergies between the expected signal in the usual indirect DM
probes, such as X-ray searches or constraints from structure formation, and the size of the
active-heavy neutrino mixings controlling the final DM abundance. Indeed, current EWPO
and searches for cLFV place the leading constraints on this scenario. We find that MEG-II,
currently taking data, will be able to probe part of the parameter space for which all the
observed DM is generated. In the longer term, the simultaneous improvement of indirect DM
searches with experiments like XRISM, as well as the measurement of EWPO in FCC-ee
together with searches for cLFV (or even direct searches in FCC-hh) has the potential to
completely test this DM generation mechanism.

Acknowledgments

S. R. A sincerely thanks E. Fernandez-Martinez for insightful discussions on the non-unitarity
bounds of the leptonic mixing matrix. He also appreciates J. Hernandez-Garcia’s assistance
with HNLimits and stimulating exchanges with P. Hernandez and N. Rius. Special thanks to
Alessandro Granelli for comments on the lepton number conserving limit of the Casas-Ibarra
parameterization. M. L. thanks Fermilab for hosting him during the development of this
work. M. L. is funded by the European Union under the Horizon Europe’s Marie Sklodowska-

– 9 –



J
H
E
P
0
9
(
2
0
2
5
)
1
4
5

ni nj
nk

h

ni nj
nk (ℓα)

Z (W )

Figure 4. Feynman diagrams contributing to the neutrino self-energy. In the SM extension with
singlet fermions, there is the Higgs contribution (left) and the gauge contribution from the W and
Z bosons (right). The imaginary part of the self-energy is related to the rate at which each species
approaches equilibrium.

Curie project 101068791 — NuBridge. A.A. acknowledges support from the European
Union’s Horizon 2020 research and innovation programme under the Marie Skłodowska -Curie
grant agreement No 860881-HIDDeN and the Marie Skłodowska-Curie Staff Exchange grant
agreement No 101086085 — ASYMMETRY.

A Neutrino self-energy corrections

In this section we specify, for completeness, the lagrangian describing the interactions between
massive neutrinos and the SM bosons after SSB as well as the diagrams contributing to the
neutrino self-energies. We can write the relation between the active neutrinos ναL, and the
mass neutrino eigenstates ni (with masses mi), as

νL, α =
6∑

i=1
UαiPLni (A.1)

where α = e, µ, τ and i = 1, 2, 3 corresponds to light neutrinos while i = 4, 5, 6 to the
heavy mostly-sterile ones. Rewriting the interaction lagrangian in the mass basis, taking
into account that ni are Majorana states, we find

LW−n ⊃ g√
2
Wµ

6∑
i=1

∑
α

Uαiℓ̄αγ
µPLni + h.c. ,

LZ−n ⊃ g

4cW
Zµ

6∑
i,j=1

n̄i
[
Cijγ

µPL − C∗
ijγ

µPR

]
nj ,

Lh−n ⊃ − 1
2vH

h
6∑

i,j=1
n̄i
[
Cij (miPL +mjPR) + C∗

ij (miPR +mjPL)
]
nj ,

(A.2)

where ℓα are the charged lepton fields, Cij ≡
∑

α U
†
iαUαj , vH is the Higgs vev, g the SU(2)L

gauge coupling and cW is a short-hand notation for the cosine of the weak mixing angle.
Given these interaction terms, the neutrino self-energy corrections are given by the diagrams
in figure 4 involving a Higgs or a gauge boson. Following ref. [80], one can relate these
self-energy corrections to the different decays we are interested in, namely nk → h (Z) + DM
with mk ≳MH (MZ), h (Z) → nk +DM with nk a light mostly-active neutrino (or a heavy
mostly-sterile one with mk < MH (MZ)), and W → ℓα + DM.

– 10 –
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B Derivation of the DM production rate

The computation of the DM production rate follows an analogous strategy to refs. [55, 56].
We can decompose the neutrino self-energy corrections depicted in figure 4 as

/Σχ = γ0Σχ (0) − γ⃗ · p̂Σχ (1) +Σχ (2) , (B.1)

where each Σχ (i) depends on pµ and T . Such self-energy corrections have been determined
in [56] using the real time formalism of TFT [50–54], to which the reader can refer for
more details. Projecting the equation of motion with PL,R = (1∓ γ5) /2 and expanding
the fields in helicity eigenstates:

ψχ =
∑

h=±1
vh ⊗ ψh

χ, (B.2)

with vh being the eigenstates of the helicity operator with h = ±1 and χ ∈ {L, R}, one
arrives at the full inverse propagator in the medium:14

S−1
h ≡p2

0−p2−Ωh=p2
0−p2+(p0−hp)

(
ΣL(0)+hΣL(1)

)
(B.3)

−(p0−hp)
(
M+ΣR(2)

)[
p0−hp+ΣR(0)−hΣR(1)

]−1(
M+ΣL(2)

)
.

Note that this is a matrix equation in “flavor” space,15 such as p0 and p are proportional to
the identity matrix, which is not explicitly written. In order to find the propagating states in
the medium, one needs to find the simple poles of the propagator, or rather the complex zeroes
of its inverse given in eq. (B.3). The imaginary part of the complex zeros of S−1

h for each
propagating neutrino species will be related to the rate at which they reach equilibrium [80].

The first step to obtain Γh
DM is to find the eigenvalue of Ωh associated to the DM

candidate, which we call ωh, such that we can obtain the dispersion relation of the DM
in the medium as p2

0 − p2 − ωh = 0. We expect it to behave as ωh ∼ m2
DM + δωh with

|δωh| ≪ m2
DM. To this purpose, we separate Ωh into blocks corresponding to the light mostly-

active neutrino species (denoted with indexes l, l′ = 1, 2, 3) and the heavy mostly-sterile
ones (denoted by h, h′ = 4, 5, 6):16

Ω ≡

Ωll′ Ωlh′

Ωhl′ Ωhh′

 . (B.4)

14We anticipate that the terms proportional to Σχ (2) have a subleading contribution that we neglect,
justifying the expression given in the main text.

15By “flavor” here we do not refer explicitly to flavor as α = e, µ, and τ but rather that there are family
indexes involved. It is actually written in the neutrino mass basis, obtained after diagonalizing the mass
matrix at T = 0, such that M is diagonal.

16We drop the subscript h related to helicity from Ωh in eq. (B.4) to ease the notation.
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We further define ΣL ≡ ΣL (0) + hΣL (1) and ΣR ≡ ΣR (0) − hΣR (1), whose explicit expressions
in therms of the neutrino mixings and couplings are

(
ΣR
)

ij
=

1
4

6∑
k=1

{(
g

2cW

)2
C∗

ik(σ(0)
k, Z

−hσ
(1)
k, Z

)C∗
kj +

1
v2

H

(
C∗

ikmi +Cikmk

)
(σ(0)

k, H
−hσ

(1)
k,H

)
(

Ckjmj +C∗
kjmk

)}
,

(
ΣL
)

ij
=

g2

2
Cij(σ(0)

W +hσ
(1)
W ) (B.5)

+
1
4

6∑
k=1

{(
g

2cW

)2
Cik(σ(0)

k, Z
+hσ

(1)
k, Z

)Ckj +
1

v2
H

(
Cikmi +C∗

ikmk

)
(σ(0)

k, H
+hσ

(1)
k,H

)
(

C∗
kjmj +Ckjmk

)}
.

In eq. (B.5), σ(i)
k, B is the thermal part of the amplitude for the kth-neutrino mass eigenstate

and B corresponds to either the Higgs or Z-boson. For the W -boson contribution, σ(i)
W , we

neglect charged lepton masses. The superscript (i) labels the different projections of the
self-energy from eq. (B.1). Details on the computation of these thermal parts can be found
in ref. [56]. Using eq. (3.7) and neglecting light neutrino masses we find that the dominant
contributions to Ω are given by

Ω = − (p0 − hp)

 ΣL
ll′ ΣL

lh′ − ΣR (2)
lh′ PR

h′hMheavy

ΣL
hl′ −MheavyP

R
h′hΣ

L (2)
hl′ ΣL

hh′ −MheavyP
R
h′hMheavy

 , (B.6)

with PR
h′h ≡

[
p0 − hp+ΣR

hh′ − ΣR
hl′

(
p0 − hp+ΣR

ll′

)−1
ΣR

lh′

]−1
and Mheavy ≃

diag(mDM, mN , mN ). At this point, we need to specify the helicity in order to do
further simplifications.

• Positive helicity h = +1:

we can approximate p0 − hp ≃ m2
DM/(2p) for the DM candidate, finding as well that

PR
h′h ≃ PR as defined in the main text. Terms proportional to Mheavy dominate and

thus we have to solve the following eigenvalue problem

det

 −m2
DM
2p ΣL

ll′ − ω+1
m2

DM
2p ΣR (2)

lh′ PRMheavy
m2

DM
2p MheavyPRΣL (2)

hl′
m2

DM
2p MheavyPRMheavy − ω+1

 = 0 . (B.7)

Using the fact that ω+1 ∼ m2
DM + δω+1, with |δω+1|/m2

DM ≪ 1, we can compute the
determinant by blocks and focus on the dominant term which is given by

det
[
m2

DM
2p MheavyPRMheavy − ω+1

]
= 0 , (B.8)

where we have dropped terms of order O
(
m2

DM/p
2). Computing the determinant in

eq. (B.8) by further dividing the heavy sector into the DM and the heavy pseudo-Dirac
pair blocks, we arrive at the rate given in eq. (3.3) in the main text by using the relation
Γh=+1

DM = −2Im
[√

p2 + ω+1
]
.

• Negative helicity h = −1:
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for negative helicity DM we have p0 − hp ≃ 2p, and thus the eigenvalue problem we
need to solve is instead

det

−2pΣL
ll′ − ω−1 −2pΣL

lh′

−2pΣL
hl′ −2p

(
ΣL

hh′ −MheavyP
R
h′hMheavy

)
− ω−1

 = 0 . (B.9)

In this case, we can approximate PR
h′h ≃

(
I3 − ΣR

h′h/(2p)
)
/(2p), such that we need to

solve

det
[
− 2p

(
ΣL

hh′ −MheavyP
R
h′hMheavy

)
− ω−1 + 4p2ΣL

hl′

[
2pΣL

ll′ + ω−1
]−1

ΣL
lh′

]
= 0 .
(B.10)

Making use of the fact that 2pΣL
ll′ ≫ m2

DM and neglecting terms suppressed by powers
of the momentum, while further dividing between the DM and heavy pseudo-Dirac pair
blocks, we arrive at the production rate given in eq. (3.4) of the main text by using the
fact that Γh=−1

DM = −2Im
[√

p2 + ω−1
]
.

C EW symmetry breaking

In order to follow the evolution of EW symmetry breaking as well as the temperature
dependence of the Higgs vev and its mass it is necessary to study the Higgs effective
potential at finite temperature. Lattice simulations show that the EW crossover starts at
TSSB ∼ 160GeV and that the Higgs vev approaches its zero temperature value soon after [71].
We study the temperature evolution of the Higgs vev and its mass by analyzing the one-loop
effective potential including temperature corrections [81]:

V (⟨h⟩, T ) = 2D(T 2 − T 2
0 )⟨h⟩2 − ET ⟨h⟩3 + λ

4 ⟨h⟩
4 . (C.1)

We explicitly written the potential in eq. (C.1) in terms of the background field ⟨h⟩, and the
constants D, T 2

0 , and E can be found in ref. [81] in terms of the physical masses of the gauge
bosons and the top quark. In particular, T 2

0 sets the temperature at which SSB happens
and we set its value to T0 ∼ 160GeV, in agreement with lattice results [71]. Compared to
ref. [81], we neglect the temperature corrections in the Higgs quartic coupling given that they
largely simplify our analysis while introducing a negligible change.

For T < T0, the Higgs develops a vev, ⟨h⟩ = v(T ), given by

v(T ) =
3ET +

√
9E2T 2 − 16Dλ(T 2 − T 2

0 )
2λ , (C.2)

while its mass is found to be

M2
H(T ) ≡ ∂2V (⟨h⟩, T )

∂⟨h⟩2

∣∣∣∣∣
⟨h⟩=v(T )

= 4D(T 2 − T 2
0 )− 6ETv(T ) + 3λv(T )2 . (C.3)

We show in figure 5 the temperature evolution of the Higgs vev (left panel) and its mass
(blue line in right panel), which are fully taken into account in our analysis. We also show
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Figure 5. Temperature evolution of the Higgs vev given by eq. (C.2) (left panel) and the temperature
dependent Higgs mass including the leading thermal corrections (right panel). Additionally, we show
the evolution of the gauge boson masses which are proportional to the Higgs vev. The gray shaded
area corresponds to temperatures T ≳ 130GeV for which we do not compute the DM production.

for illustration the gauge boson mass temperature dependence, which is proportional to the
Higgs vev. Note however that the gauge boson thermal masses are not included here. The
gray region represents the temperatures above which we do not compute the DM production
to avoid a strong dependence on the dynamics of the crossover near the critical temperature.
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