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1 Introduction

Non-zero neutrino masses leave imprints on cosmological observables, which in turn can be
used to constrain their properties in several cosmological surveys [1]. In combination with
Planck cosmic microwave observations [2], the latest results from the DESI collaboration [3]
place a stringent bound on the sum of neutrino masses in the standard ΛCDM model:

∑
mν ≡

3∑
i=1

mi < 0.072 eV (95% CL), (1.1)

which can be compared with the earlier bound from the Planck collaboration ∑
mν <

0.12 eV (95% CL) [2]. As these bounds from cosmology are getting stronger and stronger,
they are nearing or already in tension with the laboratory constraints on the same. In
particular, neutrino oscillation data put a lower limit on the sum of neutrino masses: ∑mν >

0.058 (0.098) eV (95% CL) for normal (inverted) neutrino mass ordering, when the lightest
neutrino is massless (mlightest → 0) [4], implying that the DESI bound is in tension with
inverted ordering at the 2σ level. Recently, it has even been argued that cosmology would
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prefer a negative effective neutrino mass [5–7] (see, however, also [8–10]), suggesting that
these bounds might become even more stringent in the future, leading to significant discord
between the cosmology and neutrino oscillations [11].

At the same time, the current best model-independent limit on the neutrino mass
measurement from the KATRIN experiment gives mβ < 0.45 eV [12], which would correspond
to ∑mν ≲ 1.35 eV. Similarly, the search for neutrinoless double beta decay (0νββ) to
prove the Majorana nature of neutrinos at the KamLand-Zen experiment also gives a
constraint on the effective Majorana mass, mββ < 0.028–0.122 eV (90% CL) [13], which gives
mlightest < 0.084–0.353 eV at 90% CL.

Hence, if our universe is well described by the standard cosmological scenario, we
might not be able to observe finite absolute neutrino mass in the laboratory. If we are to
expect positive results from the ongoing experiments or if cosmological constraints become
significantly inconsistent with neutrino oscillations, we need a mechanism to reconcile the
bounds from cosmology and laboratory. In the literature, several non-standard scenarios to
relax the cosmological mass bound have been proposed. For example, they invoke neutrino
decays [14–20], time-varying neutrino masses [21–26], presence of dark radiation [27–30], and
neutrinos with distribution different from Fermi-Dirac distribution [31–33]. Phenomenological
implications of some of these so-called large-neutrino mass cosmologies have been discussed
in ref. [34].

Another cosmological puzzle that can be related to the neutrino sector is the problem
of dark matter (DM). Indeed, if sterile neutrinos exist in nature, they can be considered
viable dark matter candidates, see refs. [35–37] for reviews. While keV sterile neutrino DM
produced via the Dodelson-Widrow mechanism is excluded, there have been attempts in the
literature to modify the standard picture to accommodate sterile neutrino DM by introducing
active neutrino self-interactions [38–40] and sterile neutrino self-interactions [41–44], see
also [45, 46]. Moreover, in refs. [47, 48], it was shown that it is possible to have thermal
DM below the MeV scale, if the DM comes into equilibrium with the standard model (SM)
below the temperature of neutrino-photon decoupling.

In this work, we present a way to relax the cosmological neutrino mass bound with
the assistance of a dark sector comprising dark radiation and sterile neutrino dark matter
(DM) by employing self-interactions of active and sterile states. We depart from the model
from ref. [27], which is based on a Minimal Extended Seesaw scenario [49] and realises a
mechanism formulated by Farzan and Hannestad [28] to allow for large neutrino masses. We
show that this model can be extended in a straight forward way to accommodate a keV scale
DM candidate, whose cosmic abundance is obtained via a freeze-out mechanism in the dark
sector, reconciling it with constraints from astrophysical and cosmological observations.

The outline of the work is as follows: in section 2, we review the mechanism to relax the
cosmological neutrino mass bound with a light dark sector. We then present the model to
realize the mechanism in section 3. The dark matter phenomenology is discussed in section 4
and the constraints on the parameter space of the model, suppression of the neutrino mass as
well as predictions for the effective relativistic degrees of freedom (i.e., the effective number
of neutrino species Neff) are provided in section 5. Finally, we conclude in section 6 and
provide some appendices with additional details.
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2 Relaxing the cosmological neutrino mass bound due to a light dark
sector

We employ the mechanism to relax the cosmological bound on the neutrino mass introduced
in [28] and further elaborated in [27]. Here, we review it briefly and discuss how it is modified
in the presence of a DM candidate.

The bound on the sum of neutrino masses in eq. (1.1) is derived indirectly from the
cosmological observations, which are sensitive to the energy density in neutrinos. The CMB
and large-scale structure observations, which are insensitive to the exact distribution function
of neutrinos [32], place a bound only on the energy density of non-relativistic neutrinos [2]

Ωνh
2 ≡

∑
mνn

0
νh

2

ρcritical
< 1.3 × 10−3 (95% CL) . (2.1)

As can be seen from the equation above, the cosmological observations thus place a bound
on the product of neutrino masses and their number density

∑
mν ×

(
n0
ν

56 cm−3

)
< 0.12 eV (95% CL) , (2.2)

with n0
ν denoting the background neutrino number density per helicity state. For illustration

purposes, here we use the bound from Planck [2]. Hence, if we introduce a mechanism that
can reduce the number density of neutrinos, larger neutrino masses can be accommodated.

At earlier times, when neutrinos are ultra-relativistic, their energy density is characterized
by the number of effective ultra-relativistic neutrino species, Neff

Neff ≡ 8
7

(11
4

)4/3
(
ρrad − ργ

ργ

)
, (2.3)

where ρrad is the total energy density in relativistic species, and we have Neff ∝ ⟨pν⟩nν . Since
the current measurement of Neff = 2.99 ± 0.17 [2] is in good agreement with the standard
model (SM) calculation NSM

eff = 3.044(1) [50, 51], the decrease in nν must be compensated by
the addition of light/massless beyond standard model species, and both this reduction of
neutrino number density and addition of BSM states should happen before recombination.
Moreover, in order to not spoil the successful predictions of Big Bang Nucleosyntesis (BBN),
the mechanism should be activated once proton-neutron conversions have frozen-out around
Tγ ∼ 0.7 MeV. Therefore, the mechanism would involve BSM states that thermalize with
the neutrinos in the period between BBN and recombination, 10 eV ≲ Tγ ≲ 100 keV, so that
Neff remains unchanged at earlier times.

As the neutrinos decouple at Tγ ∼ 2 MeV, they cannot be produced anymore from the
particles in the SM thermal plasma. This implies that the production of new states would
happen at their expense, thus reducing their number density and consequently relaxing the
cosmological mass bound, such that cosmology becomes sensitive to the quantity[∑

mν

]
eff

=
∑

mν
nν
nSM
ν

, (2.4)

where nSM
ν is the neutrino number density as predicted in the standard ΛCDM model. Hence,

for nν < nSM
ν , a large value of ∑mν can be accommodated. The suppression factor depends
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Figure 1. Schematic representation of the mechanism to reduce the active neutrino number density
relative to the one in the Standard Model (shown in red) by equilibrating a dark sector consisting of
Nχ = 10 massless Dirac fermion species and the DM candidate ψ with mass mψ = 18 keV due to a
mediator X with mass mX = 100 keV and coupling g = 2 × 10−4. The X boson is produced initially
from the inverse decays νν → X and then decays dominantly to dark sector species, i.e. X → χχ

and X → ψψ. The DM relic abundance Ωψh2 = 0.12 ± 0.0012 [52] is obtained once the interactions
ψψ ↔ χχ freeze out.

on the massive and massless degrees of freedom in the dark sector, and we will discuss its
values in our model in section 5.2 below.

Ref. [27] realized this mechanism by considering a new boson X with mass 100 eV ≲
mX ≲ 1 MeV, that thermalizes with neutrinos and numerous massless BSM species (χ) via
processes such as νν → X and X → χχ, with the requirements ⟨Γ(νν → X)⟩ > H and
⟨Γ(X → χi + χj or ν)⟩ > H in the temperature window 10 eV ≲ T ≲ 1 MeV, where H
is the Hubble expansion rate. This reduces the neutrino population to produce the new
boson, which then decays dominantly into the massless states χ, thereby populating the dark
radiation component at the expense of the massive SM neutrinos.

In this work, we enlarge the dark sector to also contain a light (O(keV)) fermionic DM
candidate ψ with mass mψ ≳ 10 keV. In the case in which mX > 2mψ, the X boson produced
at the expense of neutrinos will not only populate the dark radiation component but also
produce the DM candidate via X → ψψ, which thermalizes with the massless χ states and
takes part in conversion processes such as ψψ ↔ χχ, analogous to multi-component DM
frameworks [53–55]. Alternatively, in the case where mX < mψ, the DM can still be produced
by 2 ↔ 2 interactions such as ψψ ↔ XX in addition to ψψ ↔ χχ, which would establish
an equilibrium in the dark sector.

At temperatures below mψ, the 2 ↔ 2 conversions between ψ, χ and X will freeze-
out, resulting in a slight increase in the χ population as well as determining the DM relic
abundance. A schematic illustration of this mechanism is shown in figure 1 for a chosen set
of benchmark values, that allows us to relax the bound on the sum of neutrino masses by a
factor nν/nSM

ν ≈ 0.2. In the next section, we present a UV complete model to realize this
mechanism. The parameter space of the scenario is rather constrained by various astrophysical
and cosmological bounds, which we discuss in section 5.1. In general, dark sector-neutrino
interactions such as νν ↔ X are potentially also subject to some constraints from the
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Field Species U(1)X
Scalar Φ 1 +1

Fermions
χ Nχ −1
ψ 1 −1
N 3 0
N ′ 1 0

Table 1. List of particles added to the SM. We give the number of copies for each type of particle
(“Species”) and their charge assignments.

laboratory experiments, e.g., involving decays of SM particles such as mesons (π±,K±), τ
leptons and Z0,W

± gauge bosons, which we discuss at the end of section 3.

3 Model

For a minimal realization of the mechanism described above, we extend the SM by adding in
total Nheavy heavy right-handed neutrinos (denoted by N,N ′), involved in the generation
of neutrino masses via the seesaw mechanism. A suitable choice for our purposes will be 3
copies of N and one copy of N ′, i.e., Nheavy = 4. Furthermore, we introduce a dark sector
comprising a scalar singlet Φ and Nlight = Nχ + 1 generations of light vector-like fermions
(denoted by χ, ψ). The dark sector particles ψ, χ and Φ are charged under a U(1)X symmetry,
which can be either global or local. In ref. [27], it was shown that the gauged version is more
appealing than the global one, therefore, in the following we will consider the former case.
In table 1, we list the new particles and their charge assignments.

Further, a Z2 symmetry is imposed, under which all particles except χR and ψR are even,
in order to avoid the vector-like mass terms and their interactions with Φ and N . (The χR
and ψR fields are needed only for anomaly cancellation.) Thus, the Lagrangian consistent
with the charge assignments can be written as

−Lint = YνNlLH̃
† + YχNχLΦ + YψNψLΦ + Y ′

νN
′lLH̃

† + Y ′
χN

′χLΦ + Y ′
ψN

′ψLΦ

+ 1
2MNN c + 1

2M
′N ′N ′c + H.c. , (3.1)

where lL and H are the SM lepton and Higgs doublets respectively, H̃ = iσ2H
∗, and M,M ′ are

the right-handed neutrino masses of N,N ′, respectively. The scalar potential can be written as

V (H,ϕ) = µ2
HH

†H + λH(H†H)2 + µ2
ϕ |Φ|2 + λϕ |Φ|4 + λHϕ |Φ|2H†H , (3.2)

where we take λHϕ ≈ 0, to avoid the mixing between the scalars. After electroweak symmetry
breaking, the SM Higgs takes a VEV which can be parameterized as ⟨H⟩ = 1/

√
2 [0 , vEW]T

with vEW = 246 GeV. Further, ⟨Φ⟩ = vϕ/
√

2 breaks the U(1)X symmetry, with v2
ϕ = −µ2

ϕ/λϕ,
also generating the mass for the associated gauge boson Z ′, mZ′ = gvϕ, where g is the
U(1)X gauge coupling.
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3.1 Neutral fermion mixing

The symmetry breaking induces mixing among the neutral leptons, and gives rise to the
following (3+Nlight+Nheavy)×(3+Nlight+Nheavy) mass matrix in the basis (χcL, νcL, ψcL, N ′, N):

Mn =


0 0 0 Λ′ Λ
0 0 0 mD

′ mD

0 0 0 κ′ κ

Λ′T mT
D

′
κ′T M ′ 0

ΛT mT
D κT 0 M

 , (3.3)

where

mD = YνvEW/
√

2 , mD
′ = Y ′

νvEW/
√

2 ,
Λ = Yχvϕ/

√
2 , Λ′ = Y ′

χvϕ/
√

2 ,
κ = Yψvϕ/

√
2 , κ′ = Y ′

ψvϕ/
√

2 . (3.4)

The rank of the matrix (3.3) is 2Nheavy, leading to (3 +Nlight −Nheavy) massless and 2Nheavy
massive states. For our purposes, we want 4 massive states in addition to the Nheavy heavy
right-handed neutrinos: the 3 active neutrinos plus the DM candidate. Therefore, we chose
Nheavy = 4, and Nlight = Nχ + 1, leaving Nχ states massless. One of the “light” dark sector
fermions gets massive, which will become our DM candidate, and we single it out by denoting
it with ψ to distinguish it from its massless partners χ.1

Note that only left-handed fields appear in the Yukawa Lagrangian eq. (3.1) and receive
masses according to (3.3), whereas the right-handed fields χR and ψR remain massless due
to the postulated Z2 symmetry. Hence, we are left with

Ñ = 2Nχ + 1 , g̃ = 4Nχ + 2 (3.5)

massless states and degrees of freedom in total, respectively, corresponding to χL, χR and ψR.
Upon block diagonalisation (see appendix A for details) we get the following mass

eigenvalues

mχ = 0 ,

mν = (mDκ
′ −mD

′κ)2 + (mD
′Λ −mDΛ′)2 + (κ′Λ − κΛ′)2

M ′(m2
D + κ2 + Λ2) +M(mD

′2 + κ′2 + Λ′2) ,

mψ ≈ m2
D + κ2 + Λ2

M
+ mD

′2 + κ′2 + Λ′2

M ′ ,

mN ′ ≈ M ′ ,

mN ≈ M . (3.6)

Here, mν = U∗
ν m̂νU

†
ν , where Uν is the PMNS mixing matrix in the diagonal mass basis for the

charged leptons and m̂ν = diag(m1,m2,m3) contains the physical neutrino mass eigenvalues,
and we use a2 = aaT in order to write the equations for mν,ψ in a compact form.

1Here we assume that all three active neutrinos are massive. If the lightest of them remains massless, we
would need only Nheavy = 3 heavy right-handed neutrinos.
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The mass eigenstates are then obtained as

(χ̂, ν̂, ψ̂, N̂ ′, N̂)T = W†(χcL, νcL, ψcL, N ′, N)T , (3.7)

where the mixing matrix W is given by

W =



1 Λ∗

m∗
D

0 Λ′∗

M ′†
Λ∗

M†

−ΛT
mTD

1 mD
′∗

κ′∗
mD

′∗

M ′†
m∗
D

M†

0 −mD ′T

κ′T 1 κ′

M ′
κ
M

−Λ′T

M ′
−mD ′T

M ′
−κ′T

M ′ 1 0
−ΛT
M

−mTD
M

−κT
M 0 1


× Diag[1, Uν , 1, 1, 1] . (3.8)

In deriving the mixing matrix above, we adopt a diagonal basis for the right-handed
neutrino mass matrix, and assume the following hierarchy:

M ≫ M ′ ≫ mD ≫ κ′,Λ ≫ m′
D,Λ′, κ . (3.9)

This corresponds to a regime where the dominant interactions of N ′ are with ψ whereas
N interacts dominantly with χ and ν. Indeed, in the limit of m′

D,Λ′, κ → 0, the mass matrix
becomes block-diagonal and the ψ − N ′ sub-block decouples. In this limit, we recover an
additional Z2 symmetry under which ψL and N ′ are odd and all other fields even. Hence,
the smallness of m′

D,Λ′, κ in eq. (3.9) can be motivated by this approximate Z2 symmetry.
Indeed, for the phenomenology discussed below, including DM production, we do not need
these couplings and the symmetry could even be exact, enforcing m′

D = Λ′ = κ = 0. Note
that given the assumed hierarchy, all the mixing terms are quite small, thus, contributions
from oscillations amongst the light fields can be safely neglected.

Using the hierarchy above, we can simplify the expressions in eq. (3.6) for the neutrino
and dark matter mass

mν ≈ m2
Dκ

′2

M ′m2
D +Mκ′2 ,

mψ ≈ m2
D

M
+ κ′2

M ′ . (3.10)

We see that mψ receives two seesaw contributions, from both, N and N ′. In order to
have ψ as viable DM particle we need mψ ≫ mν , which can be achieved by imposing an
additional condition, namely

M ′m2
D ≪ Mκ′2 , (3.11)

which does not follow from the hierarchy (3.9) but is compatible with it.2 Then we obtain

mν ≈ mDM
−1mT

D ,

mψ ≈ κ′M ′−1κ′T . (3.12)
2We can achieve eq. (3.11) by requiring M ≫M ′. For instance, for large Yukawa couplings typically we

will have mD ∼ 100 GeV and κ′ ∼ 1 GeV, so we need M ′/M ≪ 10−4.
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Hence, the seesaw mechanism factorizes, such that the three N are responsible to generate
active neutrino masses, whereas N ′ is responsible for the DM mass mψ. (This motivates
our notation, to distinguish N and N ′.)

Adopting the one-flavor approximation, the above mixing matrix can be expressed in
terms of the mixing angles θ at the leading order

θνN = mD

M
, θνχ = Λ

mD
, θNχ = Λ

M
∼ 0 ,

θνN ′ = mD
′

M ′ , θνψ = mD
′

κ′ , θN ′ψ = κ′

M ′ . (3.13)

3.2 Parameters

Here, we discuss the parameters and interactions relevant for phenomenology. Using the seesaw
relation in eq. (3.12), we can express θνN in terms of the neutrino mass as θνN =

√
mν/M ,

and similarly θN ′ψ =
√
mψ/M ′. It can also be seen that θνN ′ = θνψθN ′ψ, hence, for our

analysis, we are left with the following independent parameters

{mν ,mψ,M
′,M, θνχ, θνψ, vϕ,mZ′ , Nχ} .

We fix mν = 0.2 eV for numerical estimates and are interested in the DM mass mψ ∼
O(10–100) keV. For instance,

mψ ∼ 10 keV
(

κ′

104 keV

)2 (10 GeV
M ′

)
, (3.14)

tells us about the order of magnitude of M ′ and κ′ = Y ′
ψvϕ. Note that the value of M is

not relevant for the mechanism described above, however, it is constrained by perturbativity
requirements and further constraints arise if we also want to incorporate thermal leptogenesis
in the model [27].

For simplicity, we work in the one-flavor approximation and assume that the interactions
between active neutrinos and all Nχ species have the same strength parameterized by θνχ.
The mixing angle θνψ, instead, determines the interaction between neutrinos and DM which
is subject to several constraints from DM stability and X-ray observations, as we discuss
later. Hence, in order to evade these constraints, this mixing must be highly suppressed,
i.e., θνχ ≫ θνψ. In the limit of the above mentioned Z2 symmetry, we would even have
m′
D = 0 and therefore θνψ = 0. Hence, to determine the viable parameter space of the

model, the main parameters of interest are:

{mψ,mZ′ , vϕ, θνχ, Nχ} . (3.15)

3.3 Interactions

Apart from the Yukawa interactions that can be directly read from the Lagrangian in eq. (3.1),
we will also have gauge boson-mediated interactions. The interactions of the fermions with
the U(1)X gauge boson can be written as

L =
∑
f

QfgZ
′
µfγ

µf , (3.16)

– 8 –
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where f = {χL, χR, ψL, ψR},

g ≡ mZ′

vϕ
(3.17)

is the U(1)X gauge coupling, Qf = −1 denotes the U(1)X charge for both the left and
right-handed fermions. Given the mixing among the active and sterile neutrinos defined
above, this interaction will give rise to the couplings λxxZ′ leading to processes Z ′ ↔ xx

λννZ′ = mZ′

vϕ
(θ2
νχ + θ2

νψ) ≃ mZ′

vϕ
θ2
νχ ,

λνχZ′ = mZ′

vϕ
θνχ ,

λνψZ′ = mZ′

vϕ
θνψ ,

λψψZ′ = λχχZ′ = mZ′

vϕ
. (3.18)

For our purposes, these gauge interactions are dominant compared to the real and pseu-
doscalars interactions between Φ and ν, χ which is further suppressed by mν . Therefore, we
neglect the latter here. The couplings above will lead to various decays, inverse decays, and
2 ↔ 2 processes, the rates of which are collected in appendix B.

We briefly comment on laboratory constraints from SM particle decays involving neutrinos,
such as Z0,W

±,K±, π±, which in principle are sensitive to neutrino-Z ′ or neutrino-(pseudo-
)scalar interactions, as the emission of a mediator from the neutrino leg would lead to
observable modifications of the decays, implying strong bounds on the corresponding coupling,
see [56–61]. These bounds do not apply to our model, as all light mass states mix with
the active neutrinos and χ’s contribute to the internal neutrino propagator. Therefore, the
emission of the Z ′ is highly suppressed due to the approximate unitarity of the ν−χ sub-block
of the mixing matrix (which is unitary up to tiny corrections due to mixing with heavy
states, θνN , θνN ′). The same argument can be applied to interactions with the (pseudo-)
scalar bosons, which in addition are further suppressed by a factor mν/mZ′ relative to
Z ′ interactions. Therefore, such laboratory bounds do not lead to additional constraints
on the parameter space of our model on top of the astrophysical and cosmological limits
discussed in section 5.1 below.

4 Dark matter

The DM candidate gets its mass via the seesaw mechanism similar to the active neutrinos
(see eq. (3.12)) while the χ’s remain massless. In figure 2, we show the contours of fixed DM
mass for different values of M ′ and κ′. We also indicate the maximum bound on κ′ from
the perturbativity of the Yukawa coupling κ′max ≃

√
4πvmax

ϕ /
√

2 by the dashed gray line.
We take vmax

ϕ ∼ 10 GeV, after considering several constraints that are discussed in the next
section. Finally, we notice that considering mψ ∼ O(10–100) keV corresponds to the upper
bound on M ′ ≲ 108 GeV. Below, we discuss the DM production, freeze-out and constraints
from relic abundance, stability and structure formation.
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Figure 2. Contours of fixed DM mass mψ = {5, 15, 50, 100} keV in the plane of N ′ mass M ′ and
κ′ = Y ′

ψvϕ/
√

2. The gray dashed line indicates the bound from perturbativity of the Yukawa coupling
Y ′
ψ, taking vmax

ϕ ∼ 10 GeV.

4.1 Production and freeze-out

At early times, DM may be produced from the decays of heavy neutrinos N,N ′ via the Yukawa
interactions in eq. (3.1), while the production from ν ↔ ψ oscillations is negligible due to
θνψ ≪ 1. Later, once we have a significant population of Z ′ bosons, ψ is produced dominantly
from Z ′ decays for mZ′ > 2mψ, or via processes such as Z ′Z ′ ↔ ψψ and χχ ↔ ψψ when
mZ′ < 2mψ. In order to not spoil successful BBN, we need to make sure that these processes
do not bring ψ or χ in equilibrium with the SM plasma before neutron-proton freeze-out.

To start, let’s consider the DM production via heavy neutrino decays. Imposing the out-
of-equilibrium condition Γ < H gives Y < 10−8(M/GeV)1/2. Since the Yukawa interactions
of N with the SM lepton and Higgs doublet determine the ν masses, they are sizeable and
expected to thermalize N with the SM plasma. In order to not bring ψ into equilibrium with
the SM, we require that κ is sufficiently small-consistent with the hierarchy (3.9), such that
N does not play a significant role in DM production. Furthermore, in some regions of the
parameter space we have to assume a re-heating temperature TRH < MN , such that N are
never produced, in order to avoid early equilibration of massless χ from N decays [27].

On the other hand, with the hierarchies (3.9), (3.11), forN ′ the relation Y ′
ν < 10−8( M ′

GeV)1/2

is fulfilled and therefore N ′ does not thermalize with the SM plasma. Thus also N ′ decays
do not lead to a significant production of ψ, despite the sizeable coupling κ′ required to
generate the DM mass, see eq. (3.14) and figure 2.

At later times, the decays and scatterings involving Z ′ populate both ψ and χ, establishing
an equilibrium in the dark sector, including also SM neutrinos. The equilibration happens
after neutrino decoupling from the SM, therefore leading to a suppressed neutrino number
density. Once T < mψ, the annihilations ψψ → χχ and ψψ → Z ′Z ′ (for mZ′ < mψ) will
deplete the ψ population,3 eventually leading to their freeze-out and determining the DM relic
abundance. This is analogous to the WIMP freeze-out, but in the dark sector characterized
by a temperature Tdark with the DM freezing-out at a temperature of the order of a few

3Note that conversions such as ψψ → νν or νχ are also present, however, they are suppressed by the
mixing angle θνχ and subdominant enough to be safely neglected in determining the DM relic abundance.
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mZ′ > 2mψ 2mψ > mZ′ > mψ mZ′ < mψ

Production
Z ′ ↔ ψψ Z ′Z ′ ↔ ψψ Z ′Z ′ ↔ ψψ

χχ ↔ ψψ χχ ↔ ψψ

Depletion
ψψ → χχ ψψ → χχ ψψ → χχ

ψψ → Z ′Z ′

Decay
ψ → νχχ ψ → νχχ ψ → νχχ

ψ → Z ′ν

Table 2. Processes contributing to the production, freeze-out and decay of DM candidate ψ in our
model for different kinematical regimes.

keVs. This DM production mechanism is similar to the scenario discussed in refs. [47, 48],
extended by the massless fermions in our model; see also refs. [62, 63] for discussions of
DM freeze-out in a hidden sector.

In table 2, we summarize the dominant production and depletion channels (σ ∝ g4,Γ ∝ g2)
for different kinematical regimes for mZ′ and mψ. We also list the possible modes of DM
decay (Γ ∝ θ2

νψ) in each regime. In order to track the evolution of number densities of
different BSM species in presence of the aforementioned processes, we numerically solve a
set of coupled Boltzmann equations collected in appendix B. A representative example is
shown in figure 1 for the case mZ′ > 2mψ.

4.2 Relic abundance

The observed DM relic abundance Ωψh
2 = 0.12 ± 0.0012 [52] is obtained once the interactions

between ψ, χ and Z ′ freeze-out. The dominant DM annihilation rates are given by (see
e.g., refs. [64, 65])

(σv)ψψ→χχ ≈ Ñ
g4

48π
m2
ψ

(m2
Z′ − 4m2

ψ)2 v
2 ,

(σv)ψψ→Z′Z′ ≈ g4

16πm2
ψ

(
1 − m2

Z′

m2
ψ

)1/2(
1 +

m4
ψ

m4
Z′
v2 + O

(
m2
Z′

m2
ψ

))
, (4.1)

and the thermal average can be obtained by substituting ⟨v2⟩ = 6/xd with xd ≡ mψ/Tdark.
Here we take into account that the dark sector temperature Tdark will deviate from the
photon temperature Tγ in our model, see discussion in section 5.2. For mZ′ ≲ mψ, quickly
the second term in the ψψ → Z ′Z ′ cross-section dominates over the others. It can be seen
that for mψ < mZ′ the number of massless species Ñ plays an important role in determining
the strength of ψψ → χχ annihilations in addition to relaxing the cosmological mass bound.4
The DM relic abundance is computed as

Ωψh
2 ≈ 2.755 × 102

(
mψ

1 keV

)
Y ∞
ψ , (4.2)

4When not specifying chirality, we use a shorthand notation with ψ referring actually to the massive ψL,
whereas χ collectively denotes the massless states χL, χR, ψR, compare eq. (3.5).
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Figure 3. Contours of observed DM relic abundance for g = 10−4 in the mZ′ −mψ plane for different
massless degrees of freedom, obtained from the analytical approximation of eq. (4.3). The blue dots
represent the numerical solution for Ñ = 21, matching closely with the analytical one. The dashed
black line represents the s-channel resonance condition mZ′ = 2mψ, whereas the dash-dotted line
corresponds to mZ′ = mψ, below which the t-channel annhilations ψψ → Z ′Z ′ dominate.

where Y ∞
ψ is the asymptotic DM yield defined in appendix B and obtained by solving

eq. (B.6) numerically.
Analogous to the visible sector freeze-out, we can use the analytical approximation for

the relic abundance [66]. It is convenient to express the dark sector temperature in terms
of the visible sector temperature by defining ξ ≡ Tdark/Tγ , so we have

Ωψh
2 ≃ xf

10−10 GeV−2

⟨σv⟩tot
, (4.3)

with ⟨σv⟩tot = ⟨σv⟩ψψ→χχ + ⟨σv⟩ψψ→Z′Z′ . Here, xf = mψ/Tγ,f denotes the freeze-out
temperature from the visible sector viewpoint, and it depends on ξ as [62]

xf ≈ ξ ln
[
0.04δ(δ + 2)(gψ/g1/2

eff )βξ3/2
]

− 1
2ξ ln

{
ξ ln

[
0.04δ(δ + 2)(gψ/g1/2

eff )βξ3/2
]}

, (4.4)

where gψ = 2 are the internal degrees of freedom of ψ, geff = gγ+gdarkξ
4 takes into account the

contribution from the total relativistic degrees of freedom in the dark sector, δ is a numerical
factor chosen to match the numerical solutions (we take δ ≈ 0.7 for p-wave annihilations), and
β = Mplmψ ⟨σv⟩x=1

tot with Mpl = 1.2 × 1019 GeV. In our scenario, the dark sector temperature
varies with the number of massless species Ñ , as we will discuss in section 5.2, and therefore,
xf also depends on Ñ via the temperature ratio ξ. Using eq. (4.4), we find that DM freeze-out
occurs at xf ∼ 3–5 for the relevant temperature window and annihilation cross-sections (in
agreement with the numerical solution of the Boltzmann equations). In figure 3, we show the
contours of observed relic abundance for a fixed value of the gauge coupling (g = 10−4) and
for varying Ñ in the mZ′ −mψ plane using the analytical solution given above. For the case of
Ñ = 21, we also show the numerical result by solving the Boltzmann equations by blue points,
matching closely the blue curve corresponding to the analytical approximation. For m′

Z > mψ,
where the annihilation to χ dominates, the dependence on Ñ follows explicitly from eq. (4.1).
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In the region where annihilation to Z ′ dominates, i.e., when mψ is much larger than mZ′ ,
the Ñ dependence appears due to the modification of xf via ξ. It should be noted that
near the resonance region, i.e., when mZ′ ≃ 2mψ, the analytical solution and the thermally
averaged cross-sections (eq. (4.1)) are not a good approximation, and a careful treatment of
the cross-section and the freeze-out temperature is required in order to properly determine
the DM relic abundance. Therefore, for dealing with resonances, we use the complete formula
for thermal averaging (see appendix B) and compute the relic abundance numerically after
solving the Boltzmann equations. We find that in the region very close to the resonance, the
annihilation rate during freeze-out is so large that we do not obtain the correct abundance.

In figure 4, we show with solid lines of different colors contours of different DM mass which
satisfy the relic abundance, highlighting the parameter space compatible with accommodating
keV scale DM in the model as well as relaxing the cosmological neutrino mass bound. This
is the main result of our work.

Note that in the limits far away from the resonance, the annihilation cross-sections from
eq. (4.1) depend only on the combination g/mZ′ = v−1

ϕ in both limits:

⟨σv⟩ =
m2
ψ

8πv4
ϕxd

×
{
Ñ (mZ′ ≫ mψ)
3 (mZ′ ≪ mψ) , (4.5)

where we have used ⟨v2⟩ = 6/xd Hence, in these limits, the DM relic abundance according
to eq. (4.3) fixes the dark VEV for a given DM mass:

vϕ ≃ 105 keV
(

mψ

15 keV

)1/2
(

3.2
xf

)1/2

×
{

2Ñ1/4 (mZ′ ≫ mψ)
2.4 (mZ′ ≪ mψ) , (4.6)

in agreement with figure 4. For large mixing angles θνχ (upper panel of figure 4), we are in
the limit mZ′ < mψ in large regions of the parameter space and therefore the DM contours
are determined by the combination mψ/v

2
ϕ = g2mψ/m

2
Z′ , and depend mildly on Ñ due to xf .

4.3 Stability and X-ray constraints

In our model, the interaction of ψL and SM neutrinos with the massless states χL,R, ψR
mediated by the gauge boson Z ′ can lead to DM decay via three body processes. The
dominant ones are ψ → νχχ.5 Therefore, in order for the DM to be stable on cosmological
timescales, we need to ensure that the lifetime of ψ relative to this channel is at least larger
than the age of the universe, tU ≈ 4.35 × 1017 s. Using eq. (B.2) and trading the dependence
on g and mZ′ by vϕ we get

τψ ∼ 45 τU
( vϕ

2 GeV
)4(

Ñ
21

) ( mψ
15 keV

)5 ( θνψ
10−8

)2 . (4.7)

5The decay ψ → 3ν is also allowed, but the amplitude of this process is suppressed by the 3rd power of the
mixing angle θνχ, instead of the single power of θνχ that suppresses ψ → νχχ. Therefore, to account for DM
stability, we only need to consider ψ → νχχ. Moreover, due to the absence of Z′ψχ interactions, decays such
as ψ → 3χ do not occur.
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Figure 4. Parameter space of the model with the shaded areas highlighting regions of the parameter
space excluded by several cosmological constraints, for a fixed value of ν − χ mixing θνχ = 10−2 (left)
and θνχ = 10−3 (right), and Nχ = 10. Along the orange, blue, purple solid curves the observed relic
DM density is obtained for mψ = 15, 50, 100 keV, respectively. The gray dashed lines indicate a fixed
value of the U(1)X gauge coupling, g = mZ′/vϕ and the dotted lines correspond to mZ′ = 2mψ for a
given DM mass. The red region is excluded from the thermalization condition, as the interactions of
Z ′ with neutrinos are not strong enough. The blue regions are excluded from BBN by requiring that
Z ′ is not in equilibrium with ν’s at T > 0.7 MeV, and the green regions show the area excluded by
ν-free-streaming and CMB power spectra. The gray shaded region is excluded from production of χ
via ν − χ oscillations before BBN.

To be safe from cosmological constraints on the DM lifetime [67, 68], we impose τψ > 20 τU ,
which gives

θ2
νψ < 2 × 10−16

(
15 keV
mψ

)5 (21
Ñ

) (
vϕ

2 GeV

)4
. (4.8)

We see that the DM lifetime bound sets a strong limit on the DM-neutrino mixing. We also
observe preference for large values of vϕ in order to ensure the stability for O(10) keV DM.

On the other hand, if mψ > mZ′ , the ψ → Z ′ν decay channel opens up. Since it is
a two-body decay it is comparatively unsuppressed with respect to the three-body decay
discussed above (see eq. (B.2)) and the relative DM lifetime is given by

τψ ≡ 1
Γψ→Z′ν

∼ 25τU
( mZ′

10 keV
)2(

g
10−4

)2 ( θνψ
10−15

)2 ( mψ
40 keV

)3 , (4.9)

where the approximation holds well for mψ > 3mZ′ . Similar to the previous decay, imposing
τψ > 20τU , we get

θ2
νψ < 1.2 × 10−30

(
mZ′

10 keV

)2
(

10−4

g

)2(40 keV
mψ

)3

, (4.10)

which is much stronger than the one in eq. (4.8). This implies that the regime mψ > mZ′

can work only with an effectively vanishing value of mD
′.

Sterile neutrino DM that mixes with active neutrinos can decay sub-dominantly also
via radiative decay at 1-loop level as ψ → νγ. For DM with mass mψ ∼ O(10) keV, this
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process leads to an observable monochromatic line in the X-ray frequency band. In the past
two decades, a number of telescopes have scrutinized the sky in search of a signature of this
kind (see e.g., section 5.4 of ref. [69]) and ruled out part of the parameter space of sterile
neutrinos, setting a constraint in the (mψ, θνψ) plane.6 The observable measured in this case
is the flux of photons detected by the telescope pointing towards DM-dominated objects.
The flux of emitted photons is proportional to the decay width [74]

Γψ→νγ = 9αG2
F

256 · 4π4 sin2(2θνψ)m5
ψ . (4.11)

Using the data put together in ref. [75], one can estimate the constraint on mψ and θνψ to be

θ2
νψ ≲ 7.65 × 10−13

(
15 keV
mψ

)5

. (4.12)

Hence, X-ray limits can be satisfied by choosing θνψ sufficiently small. Comparing with
eq. (4.8), unless vϕ is much larger than 2 GeV, we see that if the lifetime bound is satisfied,
the X-ray bound (4.12) is also satisfied. Similarly, if the lifetime bound of eq. (4.10) is
satisfied, the X-ray bound is always satisfied.

Notice that in our framework, the production of DM happens independently of its mixing
with active neutrinos. Therefore, θνψ can always be chosen small enough to satisfy the strong
upper bounds of eqs. (4.8), (4.12) without affecting the DM abundance. In other words, this
implies that we can safely neglect any contribution to the DM abundance from its production
from active neutrinos via the Dodelson-Widrow mechanism.

4.4 Bounds on DM from structure formation

In our model we find typical dark matter masses in range of 10 to 100 keV, and therefore
our candidate is subject to constraints from structure formation, as any other warm DM
(WDM) candidate. Potentially large free-streaming scales prevent the formation of structure
at small scales, leading to a suppressed matter power spectrum at small scales. The impact
of WDM particles on structure formation depends essentially on two factors: the mechanism
through which they are produced that determines their momentum distribution, and their
mass. Typically, for each production mechanism, one can extract a lower bound on the mass
of the DM candidate from different large-scale structure observables.

The impact of WDM candidates on structure formation is conventionally parametrized
by considering the half-mode halo mass Mhm or half-mode length-scale λhm at which the
power spectrum becomes suppressed by a factor 2 compared to the reference cold dark
matter case. They are related by

Mhm = 4π
3 ρDM

(
λhm

2

)3
≈ 1.9 × 107M⊙

(
λhm

0.1 Mpc

)3
(4.13)

where ρDM is the dark matter energy density today. The limit on Mhm depends on the used
cosmological data and analysis assumptions. For instance, ref. [76] obtains upper bounds at

6In 2014, two different groups claimed to have found a signal of this kind in different datasets [70–72].
However, to date, not only the interpretation of the claimed signal as being produced from decay of sterile
neutrino DM, but even its effective presence in the data is still a matter of debate in the community [73].
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95% CL in the range log10(Mhm/M⊙) = 7.0–8.6, whereas ref. [77] finds Mhm < 4.3 × 107M⊙.
In the following we will adopt λhm < 0.1 Mpc as a rough estimate for consistency with
structure formation.

In order to estimate the suppression scale λcutoff in our model we follow closely the
discussion in [48]. Our DM candidate comes into chemical equilibrium with the thermal
bath of SM neutrinos, Z ′ and massless χ and therefore will acquire a thermal momentum
distribution. After the chemical decoupling, its co-moving abundance is constant, but it
remains in thermal contact with the dark radiation via elastic ψχ ↔ ψχ interactions. The
cutoff scale λcutoff is determined when the DM decouples also kinetically from the dark
radiation, see e.g. [78]. Let us denote the photon temperature at kinetic DM decoupling
by Tkd. Then there are two physically different effects which set λcutoff : (i) After kinetic
decoupling, the DM will free-stream and suppress the logarithmic growth of structure before
matter-radiation equality at co-moving scales smaller than

λFS ≈ 1
2

∫ tMRE

tkd
dt
vψ
a(t) ≈ 1

2

(
4π3geff

135

)−1/2√
ξ

Tkdmψ

Mpl
T0

log Tkd
TMRE

. (4.14)

Here MRE refers to matter-radiation equality, vψ is the DM velocity, a(t) is the cosmic scale
factor, ξ is the ratio of the dark sector and photon temperatures, and T0 = 2.7 K is the photon
temperature today. The last approximation assumes that the DM particle is non-relativistic
at kinetic decoupling [48], such that vψ = pψ/Eψ ≈

√
3ξTkd/mψ(T/Tkd) for T < Tkd. (ii) As

long as the DM is kinetically coupled to the dark radiation bath, modes with wavelength
smaller than the horizon will undergo acoustic oscillations [79], preventing the formation of
structure at these scales. This effect introduces another cutoff scale set by

λAO =
∫ tkd

0

dt

a(t) = 1
aH

∣∣∣∣
kd

≈
(

4π3geff
45

)−1/2
Mpl
TkdT0

. (4.15)

As a rough requirement for the consistency of our DM candidate with structure formation
we then require

λcutoff = max(λFS, λAO) < 0.1 Mpc . (4.16)

Kinetic decoupling has been studied for a range of simplified models in ref. [78]. In order
to estimate Tkd we adopt the approximate expressions developed in the appendix of [78]. In
our model, Tkd depends on the VEV vϕ, the DM mass mψ, and the massless degrees of freedom
g̃, where the latter determines also the ratio of the dark sector-to-photon temperatures ξ,
see eq. (5.16) below. Requiring the correct DM freeze-out abundance fixes vϕ for given mψ

and g̃, see eq. (4.6). We show Tkd as a function of mψ and two representative values of g̃
in the left panel of figure 5. For DM masses in the range 10 to 100 keV we find decoupling
temperatures 0.3 keV ≲ Tkd ≲ 10 keV, depending also on the hierarchy between mZ′ and mψ.
With this result we can calculate the free-streaming and acoustic oscillation cutoff scales
from eqs. (4.14) and (4.15). For the relevant parameter regions we find that λAO ≳ λFS
and therefore λAO determines the cutoff scale. From the rough criterion in eq. (4.16) we
find from the right panel of figure 5 that the lower bound on the DM mass in our model is
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Figure 5. Left: photon temperature at kinetic decoupling of DM from the dark radiation bath. Right:
cutoff scale due to acoustic oscillations λAO. In both panels we used the requirement of correct DM
abundance and determined vϕ via eq. (4.6) either for mZ′ ≪ mψ (blue) or mZ′ ≫ mψ (red). The
shaded bands indicate the range between two values of the massless degrees of freedom g̃ = 4Nχ + 2,
where the dashed (solid) boundary of the bands correspond to g̃ = 20 (200).

somewhere in the range from 10 keV to 50 keV, depending on the Z ′-ψ mass hierarchy and the
number of massless degrees of freedom. For increasing g̃ the lower bound decreases, as the
kinetic decoupling occurs at higher temperatures. As we will see below, g̃ ≈ 20 is in tension
with current limits on Neff and therefore we require larger values than this. For g̃ = 200
(corresponding to Nχ ≈ 50) we find that our model is consistent with structure formation
for DM masses mψ ≳ 10 (40) keV for mψ < mZ (mψ > mZ).

5 Relaxing the neutrino mass bound and predictions for Neff

Let us now combine this DM production mechanism with the scenario of ref. [27] to relax the
neutrino mass bound from cosmology. In section 5.1 we review the relevant constraints on
the parameter space of the model, whereas in section 5.2 we discuss the thermalization of the
dark sector, the relaxation of the neutrino mass bound and our predictions for Neff .

5.1 Constraints and viable parameter space

The interactions between Z ′ and SM neutrinos are essentially unchanged from those of ref. [27],
as the mixing between neutrinos and ψ is very suppressed. Therefore, the constraints on
Z ′ → νν to determine the viable parameter space are also unchanged. In the following, for
completeness, we review the most relevant constraints for the scenario.

Thermalization. From the discussion above, neutrinos should thermalize with the Z ′ boson
in the temperature interval 0.7 MeV > Tγ > 10 eV. The thermalization constraint is applied
to the interaction Z ′ → νν rather than Z ′ → νχ, even though the former is suppressed by
θνχ as initially there are no χ present in the plasma. Since the thermally averaged decay
rate peaks at T ∼ mZ′/3, we obtain a lower bound on the coupling λννZ′ by requiring the
interaction rate ⟨Γ(Z ′ → νν)⟩ > H(T ∼ mZ′/3). Using the expression for the Hubble rate
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in the radiation dominated universe, we obtain

λννZ′ ≳ 3.1 × 10−12
(
mZ′

keV

)1/2
. (5.1)

The region where neutrinos do not thermalize with Z ′ in the early universe is highlighted
in light red in figure 4.

BBN constraints. In order not to spoil BBN, Z ′ must not be in thermal equilibrium with
neutrinos at T > 0.7 MeV, otherwise it would deplete the population of neutrinos which
participate in p ↔ n conversions and would also contribute to the expansion rate of the
universe along with the χ particles. Therefore, we require ⟨Γ(Z ′ ↔ νν)⟩ < H(T = 0.7 MeV),
which leads to

λννZ′ ≲ 10−7
( keV
mZ′

)
. (5.2)

This constraint is shown as the light blue region in figure 4. Further, if a minimal abundance
of χ is present in the plasma before BBN (for example, having been produced from decays of
N or N ′), in order to avoid its exponential growth before BBN we need to impose

⟨Γ(νχ ↔ χχ)⟩ < H(T = 0.7 MeV) , (5.3)

which gives a bound on the coupling

g ≲ 10−3
(
θνχ

10−3

)−1/2
, (5.4)

excluding the dark blue shaded region in figure 4.

CMB constraints. In order for the CMB not to be distorted by νν → Z ′ and Z ′ → χχ

interactions, they must be rendered inefficient at z < 105, to be free of CMB constraints
coming from neutrino free-streaming and power spectra [80], therefore, we require7

⟨Γ(νν ↔ Z ′)⟩ < H(T = 23 eV) . (5.5)

Additionally, as Z ′ decays to a lot of massless states which are relativistic, we also require

⟨Γ(Z ′ ↔ χ+ χ/ν)⟩ < H(T = 23 eV) , (5.6)

which excludes the region shaded in light green in figure 4. Finally, to ensure that CMB is not
perturbed by the lack of free-streaming of χ, analogous to the free-streaming of ν, we impose

⟨Γ(χχ ↔ χχ)⟩ < H(T = 23 eV) , (5.7)

which gives us a constraint: vϕ ≳ 2 × 104 keV, shown by the bright green region in figure 4.
7We use the standard relation between temperature and redshift, T (z) = T0(1+z), where T0 = 2.3×10−4 eV

is today’s CMB temperature, and redshift z = 105 corresponds to T (105) = 23 eV.

– 18 –



J
C
A
P
0
4
(
2
0
2
5
)
0
5
4

Constraints on active-sterile neutrino mixing. The ν − χ mixing would also lead to
the production of χ via oscillations in the early universe, well before the neutrinos decouple
and BBN, therefore, the χ will contribute to the energy density of the universe and change
Neff . Therefore, requiring ∆Neff < 0.3, a bound can be placed on the mixing angle [27]

|θνχ| ≤ 10−3
(

10
Nχ

)1/2 (0.2 eV
mν

)1/2
. (5.8)

However, recently it was shown that considering the χ self-interactions [81], it is possible to
have larger mixing angles, leading to the possibility of detecting χ from neutrino oscillation
experiments. Varying the parameters of interest, one expects θνχ ≤ 10−4–10−1. The
constraints from ν − χ after considering the χ self-interactions are shown by the gray
region in the top plot of figure 4, and is applicable only for θνχ > 10−3. We find that
the parameter space corresponding to the extreme limits, i.e., θνχ = 10−1, 10−4 is quite
constrained and incompatible with successfully accommodating a DM candidate, hence we
choose θνχ = 10−3, 10−2 in figure 4.

5.2 Suppression of neutrino mass, Neff and dark sector temperature

Let us discuss now the equilibration of the dark sector in somewhat more detail. We assume
that the new degrees of freedom come in equilibrium instantaneously with the active neutrinos
when they have a temperature T eq

ν and form a thermal system with a new temperature
Teq, with mZ′ ,mψ ≪ Teq ≪ 1 MeV.8 For the parameter region of interest, the following
interactions come into thermal equilibrium:

Z ′ ↔ ff , Z ′ ↔ ff ′ , (5.9)
Z ′Z ′ ↔ ff , (5.10)
ff ↔ f ′f ′ , (5.11)

with f, f ′ = ν, χ, ψ. As discussed above, the reaction Z ′ ↔ νν is crucial to equilibrate the dark
sector at first place, however, the less suppressed reactions with f = χ, ψ will be much faster
once these particles are abundant. In particular, both, 1 ↔ 2 and 2 ↔ 2 processes involving
Z ′ will simultaneously come into equilibrium. This implies that all chemical potentials are
zero and there is no conserved particle number.9

8Note that our masses are O(10–100) keV and actually the hierarchy is mild. Nevertheless, we take ψ and
Z′ as fully relativistic at equilibration for the estimates in this section. We have checked that they are in good
agreement with the solution of the Boltzmann equations.

9This is different from the scenario considered in refs. [27, 28], where only the 1 ↔ 2 prozesses from eq. (5.9)
have been taken into account, but not the 2 ↔ 2 prozesses from eq. (5.10). In that case, there is a conserved
particle number (fermions f are created or destroyed only in pairs, while Z′ numbers change by one unit)
and chemical potentials develop, see also the discussion in appendix B of [27]. In contrast, in our model, the
processes (5.10) proceed through t- and u-channel diagrams with σ ∼ g4/T 2, for which the interaction rates
for coupling strength of 10−5 ≲ g ≲ 10−3 (cf. figure 4) are much larger than the expansion rate in the relevant
temperature range.

– 19 –



J
C
A
P
0
4
(
2
0
2
5
)
0
5
4

Hence the system is fully characterized by its temperature Teq, which is obtained from
energy conservation during equilibration:

ρν(T eq
ν ) =

∑
f=ν,χ,ψ

ρf (Teq) + ρZ′(Teq) , (5.12)

with the energy density of a species i given by

ρi(T ) =
[7

8

]
π2

30giT
4 , (5.13)

where the factor in square-brackets holds for fermions and should be dropped for bosons.
Eq. (5.12) determines the ratio Teq/T

eq
ν in terms of the involved degrees of freedom. Then

the system evolves adiabatically to a temperature Tfin ≪ mψ,mZ′ , when the DM ψL and Z ′

particles have become non-relativistic and therefore no longer contribute to dark radiation.
Here we can use conservation of co-moving entropy:

a3
eqseq(Teq) = a3

finsfin(Tfin) , (5.14)

with the cosmic scale factor a and s = 4ρ/(3T ) for massless particles. At the right-hand side
of eq. (5.14) we take into account that only neutrinos and the massless degrees of freedom
(χL, χR, ψR) contribute at Tfin. Combining eqs. (5.12) and (5.14) leads to the ratio of the dark
sector temperature Tdark to the neutrino temperature in the SM (evaluated at Tdark = Tfin) as

Tdark
T SM
ν

=
(
gν + g̃ + gψ + 8

7gZ′

gν + g̃

)1/3

×
(

gν

gν + g̃ + gψ + 8
7gZ′

)1/4

(5.15)

and the dark sector-to-photon temperature as

ξ ≡ Tdark
Tγ

=
( 4

11

)1/3 Tdark
T SM
ν

. (5.16)

Here g̃ = 4Nχ + 2 are the massless degrees of freedom and gψ = 2, gZ′ = 3, gν = 6.
Note that for the scalar in our model we expect masses of order of the dark VEV, with
10 MeV ≲ vϕ ≲ 10 GeV. Therefore, the scalar will not be present in the dark sector thermal
bath in the relevant temperature range T ≲ 1 MeV and does not contribute to the degrees
of freedom here. For Neff we then obtain

Neff ≡ 8
7

(11
4

)4/3 ρdark
ργ

= gν + g̃

2

(
Tdark
T SM
ν

)4
. (5.17)

Using eq. (5.15), we see that this expression for Neff converges to gν/2 = 3 for both,
g̃, gψ, gZ′ → 0 as well as for g̃ → ∞. Note that this is the value for Neff relevant for CMB
observables, whereas for BBN Neff in our scenario should be very close to the SM value. For
the suppression of the neutrino number density we obtain

nν
nSM
ν

=
(
Tdark
T SM
ν

)3
=
gν + g̃ + gψ + 8

7gZ′

gν + g̃

(
gν

gν + g̃ + gψ + 8
7gZ′

)3/4

. (5.18)
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Figure 6. Left: the ratio nν/nSM
ν , i.e., the effective suppression factor of

∑
mν , see eqs. (2.4), (5.18),

middle: ∆Neff , right: ratios of the dark-sector temperature to the neutrino temperature in the SM
and to the photon temperature as a function of the number of χ generations Nχ, which is related to
the number of massless degrees of freedom in our model by g̃ = 4Nχ + 2. Dashed curves correspond
to the case with particle number conservation, shown for illustration purposes. The dotted line in the
middle panel indicates the current Planck best fit point ∆Neff = 2.99–3.044 = −0.054 [2] with the 1σ
interval ±0.17 shown with light gray shading, and the dark shaded region indicates the sensitivity at
±1σ of a future CMB-S4 mission [82].

The results of this calculation are shown in figure 6, where for comparison we show
with dashed curves also the case when particle numbers are conserved, as considered in
refs. [27, 28], see footnote 9. The latter are calculated following the procedure outlined
in appendix B in ref. [27]. For given Nχ we observe a slightly smaller suppression of the
neutrino mass bound and a larger contribution to Neff than in the case with particle number
conservation. For large g̃, the suppression factor in eq. (5.18) decreases like g̃−3/4, compared
to the factor (1 + g̃/6)−1 for the case with number conservation [27, 28].

Our scenario predicts a sizable deviation of Neff from the SM value at recombination. From
the middle panel of figure 6 we see that small values of Nχ ≲ 10 are already in tension with the
Planck result Neff = 2.99±0.17 [2]. For the range 10 ≲ Nχ ≲ 40 (where also relevant relaxation
of the neutrino mass bound occurs), deviations of Neff from the SM value may be observable by
future CMB missions, which should reach sensitivities of 0.07 [83] or even 0.03 [82] at 1σ. See
also ref. [84] for a recent study of such dark radiation scenarios in the context of observables
in the non-linear regime. Note that we predict an additional contribution to Neff at CMB,
whereas its value relevant for BBN should be largely unaffected in our model. Hence, different
Neff values inferred from BBN and CMB would be another potential signature of our model.
Let us also note that the analysis in ref. [85] shows that recent DESI BAO measurements [3]
leading to the tight bound on ∑mν from eq. (1.1) can be better accommodated by adding
some amount of dark radiation (i.e., ∆Neff > 0), as predicted in our scenario.

Finally, we also comment on the rather different behavior of the dark sector temperature
in the two cases. For conserved particle numbers, the ratio of the dark sector temperature
to the neutrino temperature in the SM saturates around 0.95 for large g̃, whereas in the
case with zero chemical potential, eq. (5.15) gives 1/g̃1/4 dependence for large g̃, leading to
a significant cooling of the dark sector in our model.

– 21 –



J
C
A
P
0
4
(
2
0
2
5
)
0
5
4

M [GeV] M ′ [GeV] mD [GeV] κ′ [GeV] Λ [GeV] vϕ [GeV] mψ [keV] mZ′ [keV] g=mZ′/vϕ θνχ Nχ nν/n
SM
ν ∆Neff

1011 102 4.47 0.043 0.004 0.5 18.5 100 2×10−4 10−3 10 0.216 0.109
1012 103 14.14 0.23 0.141 0.8 53 77 9.6×10−5 10−2 10 0.216 0.109
1013 102 44.7 0.1 0.044 0.6 100 32 5.3×10−5 10−3 20 0.135 0.060

Table 3. A set of benchmark points for the model where the mechanism to reduce the cosmological
neutrino number density works and the observed DM relic abundance (Ωψh

2 = 0.12 ± 0.0012) is
obtained. The left columns show the relevant quantities from the fermion mass matrix and illustrate
that our assumed hierarchy eq. (3.9) is satisfied. The middle columns indicate our main parameters of
interest (see eq. (3.15)), and the right columns correspond to the effective suppression factor of

∑
mν

for cosmology and our predictions for ∆Neff , respectively. For all three points the active neutrino
mass mν = m2

D/M is 0.2 eV.

6 Summary and discussion

We have presented a simple extension of the SM featuring a light dark sector with a U(1) gauge
symmetry, embedded in a seesaw model for neutrino masses. The coupling of the dark sector
to the SM occurs via mass-mixing of the dark fermions with neutrinos. The fermion spectrum
contains heavy sterile neutrinos responsible for the seesaw mechanism, a large number of
massless states χ, and a DM candidate ψ with mass in the 10 to 100 keV range. Both, active
neutrino masses as well as the DM mass are generated via the type-I seesaw mechanism. We
have identified regions of parameter space, where the following phenomenology is valid:

• The light dark sector particles play no role in the universe for temperatures above 1 MeV
but come into thermal equilibrium with the SM neutrinos after neutrino decoupling
from the SM but before recombination. This sets the typical scale for the dark gauge
boson mass mZ′ ∼ 10 keV.

• At late times the number density of active neutrinos is suppressed compared to the stan-
dard evolution, which allows to accommodate sizable neutrino masses with cosmology.
The amount of neutrino suppression is determined by the number of massless degrees
of freedom in the dark sector, which act as dark radiation during recombination.

• The DM fermion ψ first thermalizes together with the light dark sector, but then freezes
out when the dark-sector temperature drops below its mass. Hence, the DM relic
abundance is set by the dark sector gauge interactions and is independent of the DM
mixing with SM neutrinos, which can be taken to be very small in order to satisfy
constraints on DM stability, avoiding also measurable X-ray signatures.

Although the particle content of the model is complex, its free parameters are not
numerous. Indeed, if we assume that the value of mixing between ν and χ is the same for all
Nχ χ species, the phenomenology of the model is essentially determined by five independent
parameters (see eq. (3.15)), which makes the model rather predictive. The parameter space
of the model is well constrained and closed from all sides in many directions, see e.g., figure 4.
In table 3 we give three benchmark points where all the above requirements are met. The
left part of the table shows the relevant entries of the fermion mass matrix, which satisfy
the assumed hierarchies from eqs. (3.9) and (3.11). The parameters m′

D,Λ′, κ can be taken
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arbitrarily small. In particular, a very small value of m′
D is required in order to have tiny

mixing of the DM fermion with active neutrinos, as θνψ = m′
D/κ

′. This is required in
order to suppress the decays ψ → νχχ and ψ → Z ′ν (if kinematically allowed) to have a
sufficiently long-lived DM particle.

In the middle part of the table we provide the values of the VEV breaking the dark
U(1) symmetry vϕ. Noting that the entries κ′ and Λ are related to this VEV by Yukawa
couplings (see eq. (3.4)), we confirm that these couplings remain within the perturbative
regime. Typical gauge couplings are in the range of 10−5 to 10−4. The mixing of the active
neutrinos with the massless states θνχ = Λ/mD is constrained roughly as 10−3 ≲ θνχ ≲ 10−2,
potentially testable in oscillation experiments only by saturating the upper bound.

The number of massless degrees of freedom in the dark sector, g̃ is related to the number
of generations of χ fermions by g̃ = 4Nχ + 2 and sets the suppression factor of the neutrino
density via eq. (5.18), which corresponds to the factor about which a bound on the neutrino
mass from cosmology is relaxed. For instance, for the three benchmark points in table 3,
the DESI bound ∑mν < 0.071 eV from eq. (1.1) would be relaxed to 0.33, 0.33, 0.52 eV,
respectively, making it safely compatible with the lower bounds from the neutrino oscillation
data for both mass orderings and consistent with the value mν = 0.2 eV assumed for the
benchmark points.

While our specific DM candidate is very difficult to test observationally, the over-all
model leads to indirect predictions. In particular, in our scenario we expect an increased
energy density of dark radiation, expressed in terms of the effective number of neutrino
generations Neff . This effect emerges due to the disappearance of the massive Z ′ and DM
particles from the relativistic bath, which leads to an effective heating of the dark sector.
The amount of increase in Neff decreases with g̃ (see eq. (5.17) and figure 6). Values of
Nχ ≲ 10 are already in tension with the present CMB constraint on Neff , whereas Nχ up to
about 40 may lead to sizeable values in reach of planned CMB missions such as the Simons
Observatory [83] or CMB-S4 [82]. With DM masses in the 10 to 100 keV range, we predict a
suppression of the matter power spectrum at small scales. For instance, the three benchmark
points from table 3 lead to suppression of structure formation at scales below 0.11, 0.051,
and 0.054 Mpc, respectively, with the first point marginally consistent with observations,
see section 4.4 for the corresponding discussion.

To conclude, the comparison of cosmological and laboratory determinations of neutrino
masses may reveal exciting signs of new physics, if near future cosmological observations
continue present tendencies and lead to increasingly strong bounds on the sum of neutrino
masses and/or upcoming laboratory measurements of the absolute neutrino mass establish a
non-zero value. We have presented an economical UV complete model offering an explanation
in such a case. In addition to making large neutrino masses consistent with cosmology our
model provides a simple seesaw explanation of neutrino masses, it incorporates a dark matter
candidate in the 10 to 100 keV mass range in a straightforward way in the dark-fermion
spectrum and its abundance is obtained naturally by freeze-out in the dark sector. Genuine
predictions of the model are an increased value of the relativistic degrees of freedom at late
times, potentially observable by future CMB observations and a suppressed matter power
spectrum at small scales, as characteristic for warm DM candidates.
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A Diagonalisation of mass matrix

The matrix in eq. (3.3) can be reduced to a 2 × 2 form and block-diagonalised with a
unitary transformation,

AT

(
0 Υ

ΥT M

)
A =

(
m̂ 0
0 M̂

)
, (A.1)

where Υ is the 3 × 2 matrix containing the couplings and M is the diagonal matrix containing
heavy neutrino masses. We choose the following Ansatz for A [86]

A =
(
13×3 ρ

−ρ† 12×2

)
, (A.2)

with the small mixing parameter ρ given by Υ∗(M−1)†, and

m̂ = −ΥM−1ΥT , M̂ ∼ M . (A.3)

The resultant 3 × 3 matrix m̂ is a rank 2 matrix that can be further diagonalised to obtain
the mass eigenvalues for the light fields

RT m̂ R = diag(mχ,mν ,mψ) , (A.4)

where the rotation matrix R can be parameterized in terms of two mixing parameters
(α, β) as follows

R =

 1 β 0
−β† 1 α

0 −α† 1

 , (A.5)

with β ∼ Λ∗/m∗
D and α ∼ mD

′∗/κ′∗. The mixing matrix W can then be expressed as a
product of the matrices A,R, and further Uν .
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B Interaction rates and Boltzmann equations

The relevant expressions for N and Z ′ decay widths are

ΓN ′→lH/χϕ/ψϕ = M ′

8π Y
′2
ν/χ/ψ , Γi ≡ ΓZ′→ii = Ni

λ2
ii

24πmZ′

(
1 − 4m2

i

m2
Z′

)3/2

, (B.1)

where Ni is the number of generations of i Majorana fermions. The thermally averaged
decay rates are given by [50]

⟨Γa→1+2⟩ = Γa
K1(ma/T )
K2(ma/T ) , ⟨Γ1+2→a⟩ = Γa

ga
2g1

(ma/T )2K1(ma/T ) , (B.2)

where K1,2 are the modified Bessel functions of the first and second kind and ga,1 are the
internal degrees of freedom of the decaying and daughter particle.

The 2 ↔ 2 cross-sections involving light/massless particles mediated via Z ′ are

σ ∼ g4

16π2
1
m4
Z′
T 2 (mZ′ ≳ T ) , σ ∼ g4

16π2
1
T 2 (mZ′ ≪ T ) . (B.3)

The rate and thermal average for ψ to χ annihilation are given by

σψχ(s) = Ñ
g4

12π
(s+ 2m2

ψ)(1 − 4m2
ψ/s)−1/2

(s−m2
Z′)2 +m2

Z′Γ2
Z′

,

⟨σv⟩ψχ = 1
8T m4

ψK2
(mψ
T

)2 ∫ ∞

smin
ds s3/2K1

(√
s

T

)
λ(1,m2

ψ/s,m
2
ψ/s)σψχ(s) , (B.4)

where s is the centre of mass energy squared, ΓZ′ is the total decay width of the mediator
Z ′ and λ(x, y, z) = x2 + y2 + z2 − 2xy − 2xz − 2yz is the Källen function. In the region far
from resonances, we can expand σv in power of v using s = 4m2

ψ + m2
ψv

2, and then take
the thermal average to obtain eq. (4.1).

Finally, the DM decay widths are given by

Γψ→νχχ ≃ Ñ
m5
ψ

96π3M4
Z′

(λχχZ′ )2(λνψZ′ )2 ,

Γψ→Z′ν ≃
g2θ2

νψmψ

32π

(
1 − m2

Z′

m2
ψ

)(
1 +

m2
ψ

m2
Z′

− 2m2
Z′

m2
ψ

)
. (B.5)

We work with the following set of coupled Boltzmann equations for the evolution of
number densities of the various BSM fields

dYν
dx

= ⟨Γν⟩
Hx

(
YZ′ − Y eq

Z′
Y 2
ν

Y eq
ν

2

)
,

dYZ′

dx
=

∑
i=ν,χ,ψ

−⟨Γi⟩
Hx

(
YZ′ − Y eq

Z′
Y 2
i

Y eq
i

2

)
+ s⟨σv⟩ψψ→Z′Z′

Hx

Y 2
ψ −

Y eq
ψ

2

Y eq
Z′

2Y
2
Z′

 ,

dYχ
dx

= ⟨Γχ⟩
Hx

(
YZ′ − Y eq

Z′
Y 2
χ

Y eq
χ

2

)
+ s⟨σv⟩ψψ→χχ

Hx

Y 2
ψ −

Y eq
ψ

2

Y eq
χ

2Y
2
χ

 ,

dYψ
dx

= ⟨Γψ⟩
Hx

YZ′ − Y eq
Z′

Y 2
ψ

Y eq
ψ

2

− s⟨σv⟩ψψ→χχ

Hx

Y 2
ψ −

Y eq
ψ

2

Y eq
χ

2Y
2
χ


−
s⟨σv⟩ψψ→Z′Z′

Hx

Y 2
ψ −

Y eq
ψ

2

Y eq
Z′

2Y
2
Z′

 , (B.6)
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where Yi ≡ ni/s is the yield, s = (2π2/45)g∗sT
3
γ is the entropy density, H(Tγ) = 1.66√

geff
(T 2
γ /Mpl) with geff = gγ + gdarkξ

4, and here we define x ≡ mZ′/Tγ . The equilibrium yield
of a particle with mass mi is given by

Y eq
i = 0.115 gi

g∗s
ξ x2

i K2(xi/ξ) (B.7)

with xi = mi/Tγ . For massless particles Y eq
χ = 0.23(g/g∗s) ξ3 and in the case of neutrinos

corresponds to their yield after they have decoupled from the plasma. Note that the 2 ↔ 2
processes involving ν’s are quite suppressed by the small mixing angles, and we have checked
that their contribution is negligible compared to the processes considered above in eqs. (B.6).
In the case mZ′ < 2mψ, the terms corresponding to ⟨Γψ⟩ are not taken into account.

We solve these equations by taking negligible abundances for all the dark sector particles
as initial conditions. Further, it should be mentioned that we assume a fixed value of the
dark sector temperature when solving the Boltzmann equations. A precise treatment should
also involve the temperature evolution equations. We have checked that our results for the
DM yield are not very sensitive to how we chose the dark sector temperature, and therefore
we are confident that this is a reasonable approximation.
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