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Neutrino oscillations: 

•  

•  

Absolute mass determinations: 

•beta-decay spectrum(KATRIN) 

• neutrinoless double-beta decay  
(assuming Majorana neutrinos) 

• cosmology 
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Complementarity between mass determinations from heaven and earth

fig. by I. Esteban 
based on NuFit 5.0
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Complementarity between mass determinations from heaven and earth

fig. by I. Esteban 
based on NuFit 5.0
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minimal values predicted from 
oscillation data for m0 = 0
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Tension between cosmology and terrestrial data
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FIG. 2. Tension between cosmological and terrestrial experiments according to the suspiciousness test (left panels) and param-
eter goodness-of-fit test (right panels). Upper panels show the corresponding test statistics as defined in Eqs. (11) and (14).
The left (right) part in each panel corresponds to the 3⌫ (⌃) parameterization as defined in Sec. III B. Lower panels show the
corresponding significance in numbers of standard deviations obtained by converting to a p-value assuming a �2

d distribution,
where d = 3 (1) for the 3⌫ (⌃) parameterization. Di↵erent colors indicate di↵erent assumptions on the the cosmological data
set, see Sec. III C, and square (triangle) symbols correspond to normal (inverted) neutrino mass ordering.

IO from oscillation data alone [14–16] is not considered,
which may provide additional NO/IO discrimination in
the Bayes factor, see [30] for a recent discussion.

The black, red, and dark-blue symbols in the figure
correspond to using the prior-only, terrestrial data alone,
and current cosmology without terrestrial data, respec-
tively. None of these cases shows any significant MO
preference. Note that the slightly non-zero value for
lnBNO,IO for terrestrial data in the 3⌫ parameterization
is a pure volume e↵ect. By comparing the lnBNO,IO re-
sults for the combination of terrestrial and cosmological
data (light-blue, green and magenta), we observe a sig-
nificant dependence on the parameterization. This is in
line with the arguments discussed in [30, 42], where it is
stressed that parameterizations with three independent
neutrino masses in general lead to a strong preference for
NO compared to other parameterizations. Indeed, from
Fig. 4 we see approximately a di↵erence of 1� between
the two considered parameterizations.

Concerning future cosmological data, a measurementP
m⌫ = 0.06 ± 0.02 eV would provide a significance of

approximately 2 � 3� in favor of NO. Hence, from this
argument alone (i.e., without using additional informa-

tion from oscillation data), a precision such as the one
considered here is not su�cient for a decisive determina-
tion of the mass ordering. Within the case “future 0”,
for which the measurements provide a preferred valueP

m⌫ = 0 eV, the preference for NO is strong, close to
the 4� level (even for the ⌃ parameterization). This re-
sult, however, is a consequence of the stronger rejection
of the region at

P
m⌫ > 0.1 eV with respect to the one

at
P

m⌫ > 0.06 eV, and does not take into account that
also the NO solution su↵ers from a tension between cos-
mology and oscillation data, as discussed in the previous
sections.

V. CONCLUSIONS

The neutrino mass sensitivity from cosmological data
analyses is entering an exciting phase, approaching the
minimal values for

P
m⌫ as required by oscillation

data, i.e.,
P

m⌫ ⇡ 0.06 (0.1) eV for NO (IO). In this
manuscript we discuss quantitative measures to evaluate
a possible tension between cosmology and terrestrial neu-
trino mass determinations. In particular we have applied
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•What if cosmology does not see finite neutrino mass and upper bounds 
become tighter than the minimal value predicted by neutrino oscillation? 

•Can we relax cosmological bounds such that neutrino mass can be in 
reach for terrestrial experiments?
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• neutrino decay into dark radiation  
Chacko et al. 1909.05275; 2002.08401; Escudero et al., 2007.04994;  
Barenboim et al.,2011.01502; Chacko et al. 2112.13862:  

• time dependent neutrino mass  
Lorenz et al. 1811.01991; 2102.13618; Esteban, Salvado, 2101.05804 

•modified momentum distribution  
Cuoco et al., astro-ph/0502465; Barenboim et al., 1901.04352;  
Alvey, Sabti, Escudero, 2111.14870 

• reduced neutrino density + dark radiation 
Beacom, Bell, Dodelson, 04; Farzan, Hannestad, 1510.02201;  
Renk, Stöcker et al., 2009.03286; Escudero, TS, Terol-Calvo, 2211.01729 

∑ mν < 0.42 eV
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Cosmology bounds can be relaxed in non-standard scenarios
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• energy density in non-relativistic 
neutrinos (late times) 
 
 

• energy density in relativistic 
neutrinos (early times, BBN, CMB) 
                                                             

9

Relaxing the neutrino mass bound from cosmology

ρnon.rel.
ν ≈ nν ∑ mν < 14 eV cm−3

Cosmology is sensitive to:

N relat.
eff = 2.99 ± 0.17
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Relaxing the neutrino mass bound from cosmology

ρnon.rel.
ν ≈ nν ∑ mν < 14 eV cm−3
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∑ mν < 0.12 eV ( nSM
ν
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Cosmology is sensitive to: relax bound on  by reducing 
neutrino number density 
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N relat.
eff = 2.99 ± 0.17
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4

FIG. 2. Illustration of the mechanism of Farzan and Hannestad [30] to reduce the neutrino number density between BBN
and recombination. We show the relative number densities of active neutrinos (red), N� = 10 generations of massless sterile
fermions (blue), and the mediator boson X with mass mX = 1 keV (purple). For reference we show relevant events taking
place in the early Universe, see e.g. [46], as well as the region of temperatures at which neutrinos (or other relativistic species)
should be freestreaming [47].

lution of neutrino and dark-sector particle densities as a
function of photon temperature. For the parameters cho-
sen in the plot, the bound on the sum of neutrino masses
can be relaxed to 0.9 eV.

3. A SEESAW MODEL FOR LARGE
NEUTRINO MASSES AND DARK RADIATION

In this section we discuss a specific model realisation of
the mechanism described in the previous section, which
in addition provides a framework to generate neutrino
masses, following closely the discussion of Ref. [19], sec-
tion 4. The beyond-SM ingredients of the model are:

• three fermion singlets NR (“right-handed neutri-
nos”) which play the usual role to generate active
neutrino masses as in the type-I seesaw,

• a new abelian symmetry U(1)X which can be either
global or local,

• a scalar � with U(1)X charge +1, and

• a set of N� fermions � with U(1)X charge �1.

With these assignments we can write the following BSM
terms in the Lagrangian:

�L = NR Y⌫ `L
eH†+

1

2
NR MR N

c

R
+NRY� �L �+ h.c. .

(3.1)

Here H and `L are the SM Higgs and lepton doublets,
respectively, and eH = i ⌧2 H

⇤, MR is the 3⇥ 3 Majorana
mass matrix for NR, and Y⌫ and Y� are 3⇥3 and 3⇥N�

Yukawa matrices, respectively. As we are interested in
“large” neutrino masses, possibly in the quasi-degenerate
regime, we need 3 right-handed neutrinos NR

3. Here
and in the following we keep SU(2)L and flavour indices
contractions implicit. The scalar potential is

V = µ
2

H
H

†
H + �H

�
H

†
H

�2

+ µ
2

�
|�|

2 + ��|�|
4 + �H�|�|

2
H

†
H , (3.2)

with µ
2 and µ

2

�
parameters with dimensions of [mass]2

and �H ,��,�H� dimensionless. We assume �H� = 0,
i.e., no mixing between the two scalar fields. With this
assumption we avoid that � gets thermalised in the early
Universe due to its interactions with the SM Higgs. Elec-
troweak symmetry breaking takes place in the usual way,
with

hHi =
1

p
2

✓
0

vEW

◆
, (3.3)

with vEW ' 246 GeV denoting the SM Higgs vacuum ex-
pectation value (VEV). The breaking of the U(1)X takes

3
We note that the mixing pattern of very degenerate neutrinos is

particularly sensitive to radiative corrections [48–50]. In specific

flavor models this poses constraints on the scale of the origin of

neutrino masses, see e.g. for some constructions [51, 52].
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Γ(X ↔ χχ) ≳ H

• introduce a set of  massless fermions  

• a mediator X coupled to neutrinos (scalar or vector) 

• convert active neutrinos into massless fermions  
after BBN but before CMB decoupling

Nχ

Farzan, Hannestad, 1510.02201;  
Escudero, TS, Terol-Calvo, 2211.01729
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Relaxed bound from cosmology
3

neutrino number density today:

X
m⌫ ⇥


n
0

⌫

56 cm�3

�
< 0.12 eV [95%CL] , (2.4)

where n0

⌫
refers to the background number density of neu-

trinos today per helicity state, which in the Standard
Model is n0

⌫
' 56 cm�3 [2].

Eq. (2.4) highlights a way to relax the cosmological
neutrino mass bound. Since what is constrained is a
product of number density and mass, reducing the num-
ber density of neutrinos would relax the neutrino mass
bound accordingly. Importantly, since Ne↵ / hp⌫in⌫ , if
one reduces the number density of neutrinos Ne↵ will de-
crease, but from eq. (2.2) we see that Ne↵ measurements
are compatible with the Standard Model prediction. This
means that if one wants to reduce the neutrino number
density before recombination one should also add new
light or massless species beyond the Standard Model to
compensate for the decrease of Ne↵ due to the decrease
of n⌫ . This was precisely the idea of Farzan and Hannes-
tad in [30]. For this mechanism to work, both the re-
duction of the neutrino number density and the addition
of new massless dark radiation should happen before re-
combination1. In addition, this should certainly happen
after proton to neutron conversions have frozen out in
the early Universe (around T� ⇠ 0.7MeV), because oth-
erwise the successful predictions of Big Bang Nucleosyn-
thesis (BBN) will be spoiled. Nevertheless, since CMB
observations are only sensitive to the Universe’s evolution
at z . 2 ⇥ 105, see e.g. [45], or equivalently T� . 10 eV,
there is plenty of time for this to happen.

Farzan and Hannestad [30] pointed out a way to
achieve the two requirements outlined above: have a
large number, N�, of massless particles that thermalise
with neutrinos after BBN but before recombination, at
10 eV . T� . 100 keV. Since after neutrino decoupling
at T� . 2MeV neutrinos do not interact with the Stan-
dard Model plasma, neutrinos cannot be produced any-
more and therefore the production of new particles will
be at the expense of neutrinos. In this case, the number
of e↵ective relativistic neutrino species in the early Uni-
verse is almost unchanged from its SM value Ne↵ ' 32,
but the number density decreases and the current cos-
mological neutrino mass bound becomes:

X
m⌫ < 0.12 eV (1 + g�N�/6) [95%CL] . (2.5)

1
In Appendix A we study the possibility of actually realizing the

mechanism after recombination. We show that while it is in prin-

ciple possible the regions of parameter space is significantly more

restricted than if the mechanism operates before recombination.
2
In [30] it was mentioned that Ne↵ does not change in this mech-

anism. However, the production of particles out of equilibrium

always leads to some entropy generation which does indeed make

Ne↵ slightly larger than 3.044. The small di↵erence is however

negligible for practical purposes, see Appendix B for more de-

tails.
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FIG. 1. Number of massless fermions � with g� = 4 degrees
of freedom needed to make the standard cosmological bound
(shown on the horizontal axis) consistent with di↵erent val-
ues of the sum of the neutrino masses

P
m⌫ . The vertical

dashed lines indicate the current cosmological bound from
Planck+BAO data, eq. (1.1), and the prospect for future cos-
mological observations (0.02 eV).

Here g� corresponds to the number of internal degrees
of freedom of the massless BSM particle � per species
and N� is the number of species. Fig. 1 explicitly shows
the number of new massless species needed to relax the
cosmological neutrino mass bound as a function of the
true neutrino mass for g� = 4, as this is the case for
the most relevant model of the two we will present later.
We see that for example, for the case of

P
m⌫ = 0.6 eV

(which is the sensitivity limit of KATRIN),N� ⇠ 6 would
be needed to avoid the current Planck bound.

An important question in this mechanism is how can
neutrinos thermalise with a large number of new massless
BSM species between BBN and recombination. Ref. [30]
considers resonantly enhanced scattering between neu-
trinos and these new species, mediated by a new boson
X with a mass 10 eV . mX . 100 keV via the process
⌫̄⌫ ! (X) ! �� where � here represents one of the mass-
less states. This requirement can actually be relaxed and
what is really minimally required is that the new boson
thermalises with neutrinos and that it interacts e�ciently
with a large number of massless species beyond the Stan-
dard Model (SM). Thus, the two requirements for this to
work are:

1) h�(⌫̄⌫ ! X)i > H , (2.6)

and

2) h�(X ! �i + anything)i > H , (2.7)

both for 10 eV . T . 100 keV. To illustrate the mecha-
nism and its main ingredients we show in fig. 2 the evo-
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relaxing the present bound by 
converting neutrinos into  generations 
of massless fermions with  internal 
degrees of freedom:

Nχ
gχ

need  massless species for  eV≳ 10 mν ∼ 1

gχ = 4

Farzan, Hannestad, 1510.02201 
Escudero, TS, Terol-Calvo, 2211.01729
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• 3 heavy right-handed neutrinos (seesaw) 

• new abelian symmetry  local or global 

• a scalar  charged under  

• a set of  massless fermions charged under  

U(1)X
Φ U(1)X
Nχ U(1)X

12

A seesaw model for large neutrino mass and dark radiation
Escudero, TS, Terol-Calvo, 2211.01729
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4

FIG. 2. Illustration of the mechanism of Farzan and Hannestad [30] to reduce the neutrino number density between BBN
and recombination. We show the relative number densities of active neutrinos (red), N� = 10 generations of massless sterile
fermions (blue), and the mediator boson X with mass mX = 1 keV (purple). For reference we show relevant events taking
place in the early Universe, see e.g. [46], as well as the region of temperatures at which neutrinos (or other relativistic species)
should be freestreaming [47].

lution of neutrino and dark-sector particle densities as a
function of photon temperature. For the parameters cho-
sen in the plot, the bound on the sum of neutrino masses
can be relaxed to 0.9 eV.

3. A SEESAW MODEL FOR LARGE
NEUTRINO MASSES AND DARK RADIATION

In this section we discuss a specific model realisation of
the mechanism described in the previous section, which
in addition provides a framework to generate neutrino
masses, following closely the discussion of Ref. [19], sec-
tion 4. The beyond-SM ingredients of the model are:

• three fermion singlets NR (“right-handed neutri-
nos”) which play the usual role to generate active
neutrino masses as in the type-I seesaw,

• a new abelian symmetry U(1)X which can be either
global or local,

• a scalar � with U(1)X charge +1, and

• a set of N� fermions � with U(1)X charge �1.

With these assignments we can write the following BSM
terms in the Lagrangian:

�L = NR Y⌫ `L
eH†+

1

2
NR MR N

c

R
+NRY� �L �+ h.c. .

(3.1)

Here H and `L are the SM Higgs and lepton doublets,
respectively, and eH = i ⌧2 H

⇤, MR is the 3⇥ 3 Majorana
mass matrix for NR, and Y⌫ and Y� are 3⇥3 and 3⇥N�

Yukawa matrices, respectively. As we are interested in
“large” neutrino masses, possibly in the quasi-degenerate
regime, we need 3 right-handed neutrinos NR

3. Here
and in the following we keep SU(2)L and flavour indices
contractions implicit. The scalar potential is

V = µ
2

H
H

†
H + �H

�
H

†
H

�2

+ µ
2

�
|�|

2 + ��|�|
4 + �H�|�|

2
H

†
H , (3.2)

with µ
2 and µ

2

�
parameters with dimensions of [mass]2

and �H ,��,�H� dimensionless. We assume �H� = 0,
i.e., no mixing between the two scalar fields. With this
assumption we avoid that � gets thermalised in the early
Universe due to its interactions with the SM Higgs. Elec-
troweak symmetry breaking takes place in the usual way,
with

hHi =
1

p
2

✓
0

vEW

◆
, (3.3)

with vEW ' 246 GeV denoting the SM Higgs vacuum ex-
pectation value (VEV). The breaking of the U(1)X takes

3
We note that the mixing pattern of very degenerate neutrinos is

particularly sensitive to radiative corrections [48–50]. In specific

flavor models this poses constraints on the scale of the origin of

neutrino masses, see e.g. for some constructions [51, 52].

5

place when � develops a VEV

h�i =
v�
p
2
, (3.4)

with v
2

�
= �µ

2

�
/��.

3.1. Neutrino mixing

After symmetry breaking, several terms in the Yukawa
Lagrangian in eq. (3.1) induce mixing in the neutral lep-
ton sector. In the basis n = (⌫c

L
, NR,�

c

L
), the fermion

mass terms can be written as

� Lm =
1

2
nc Mn n+ h.c. , (3.5)

with the (6 +N�) ⇥ (6 +N�) mass matrix given by

Mn =

0

@
0 mD 0

m
T

D
MR ⇤

0 ⇤T 0

1

A , (3.6)

where mD = vEWp
2
Y⌫ and ⇤ = v�p

2
Y�. We assume the fol-

lowing hierarchy between the entries of the mass matrix:

⇤ ⌧ mD ⌧ MR , (3.7)

where these relations are understood for the typical scales
relevant for the matrices.

The block-diagonalisation of the mass matrix leads to
the masses of the 3 active neutrinos, the 3 heavy neutri-
nos and the N� massless sterile neutrinos

M
D

n
=

0

@
mactive 0 0

0 mheavy 0
0 0 msterile

1

A , (3.8)

with

mactive ⇡ mD M
�1

R
m

T

D
+ ⇤⇤T

M
�1

R
⇡ mD M

�1

R
m

T

D
,

mheavy ⇡ MR +mD M
�1

R
m

T

D
+ ⇤⇤T

M
�1

R
⇡ MR,

msterile = 0, (3.9)

where mactive = U
⇤
⌫

bm⌫ U
†
⌫
. Adopting the diagonal mass

basis for charged lepton, U⌫ is the PMNS mixing matrix,
given in terms of 3 mixing angles and 3 CP-violating
phases (including Majorana phases), while bm⌫ is a diag-
onal matrix containing the physical neutrino mass eigen-
values mi. There are N� states which are exactly mass-
less at tree level, due to the rank of the matrix (3.6).
Loop contributions to msterile are small enough to con-
sider the N� states e↵ectively massless [19].

The mass basis is obtained by rotating the fields with
the unitary matrix W which induces a mixing between
the di↵erent states:

0

@
⌫̃

Ñ

�̃

1

A = W
†

0

@
⌫
c

L

NR

�
c

L

1

A , (3.10)

where we have introduced the notation ⌫̃, Ñ , �̃ to de-
note the active neutrinos, heavy neutrinos, massless ster-
ile neutrino in the mass basis, respectively. Following
e.g., [53] one can find the mixing matrix at leading or-
der, taking into account the hierarchy in eq. (3.7):

W =

0

@
1 m⇤

D (M�1
R )† �(m�1

D )T ⇤
�M�1

R mT
D 1 0

⇤† (m�1
D )⇤ 0 1

1

A

0

@
U⌫ 0 0
0 1 0
0 0 1

1

A .

(3.11)
Without loss of generality, we have adopted a basis where
the right-handed neutrino mass matrix MR is diagonal.

In order to simplify the discussion, we will adopt below
the one-flavour approximation for the active and heavy
neutrinos and introduce mixing angles

✓⌫N =
mD

MR

, ✓⌫� =
⇤

mD

, (3.12)

describing the mixing between active neutrinos and the
heavy and massless states, respectively. With our as-
sumption eq. (3.7), both angles are small. We need to
keep N� flavors of massless sterile states and ✓⌫� rep-
resents the mixing between each of them and the ac-
tive neutrinos. Finally, using the seesaw relation m⌫ =
m

2

D
/MR = ✓

2

⌫N
MR we will eliminate mD (or ✓⌫N ) and

⇤ and consider m⌫ , MR and ✓⌫� as independent param-
eters.

In the following we discuss the relevant interaction
terms and distinguish the particularities of the global and
gauged versions of the model.

3.2. Global U(1)X

Let us decompose the complex scalar � into two real

fields as � =
1

p
2
(v� + ⇢+ i�), where we take v� real

without loss of generality. The real part ⇢ has a mass
m⇢ of order |µ�|, while � corresponds to the Gold-
stone boson. We assume that in addition to the spon-
taneously breaking of the U(1)X global symmetry also
explicit breaking terms are present, e.g. arising from
higher-dimensional terms of the scalar potential, induc-
ing a mass term for the imaginary part �. Hence, the
pseudo-Goldstone mass m� is an additional independent
parameter in the global version of the model.

The relevant processes for our mechanism areX $ ⌫ ⌫

and X $ ⌫ �, where for the global case X can be the
scalar ⇢ or the pseudoscalar �. These interactions arise
from the third term in eq. (3.1) through the mixing of the
neutral particles ⌫L, NR and �L. In the mass basis and
after Spontaneous Symmetry Breaking (SSB) we have for
the interaction of the scalars with two active neutrinos

NRY� �L �+ h.c. � �⌫̃ �
⌫⌫

⇢/�

1
p
2
(⇢ � i�5�) ⌫̃

c + h.c.

(3.13)

mD =
vEW

2
Yν , Λ =

vΦ

2
YΦ

mheavy ≈ MR

mactive ≈ m2
D/MR

mχ = 0 , θνχ ≈ Λ/mD
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where these relations are understood for the typical scales
relevant for the matrices.

The block-diagonalisation of the mass matrix leads to
the masses of the 3 active neutrinos, the 3 heavy neutri-
nos and the N� massless sterile neutrinos

M
D

n
=

0

@
mactive 0 0

0 mheavy 0
0 0 msterile

1

A , (3.8)

with

mactive ⇡ mD M
�1

R
m

T

D
+ ⇤⇤T

M
�1

R
⇡ mD M

�1

R
m

T

D
,

mheavy ⇡ MR +mD M
�1

R
m

T

D
+ ⇤⇤T

M
�1

R
⇡ MR,

msterile = 0, (3.9)

where mactive = U
⇤
⌫

bm⌫ U
†
⌫
. Adopting the diagonal mass

basis for charged lepton, U⌫ is the PMNS mixing matrix,
given in terms of 3 mixing angles and 3 CP-violating
phases (including Majorana phases), while bm⌫ is a diag-
onal matrix containing the physical neutrino mass eigen-
values mi. There are N� states which are exactly mass-
less at tree level, due to the rank of the matrix (3.6).
Loop contributions to msterile are small enough to con-
sider the N� states e↵ectively massless [19].

The mass basis is obtained by rotating the fields with
the unitary matrix W which induces a mixing between
the di↵erent states:

0

@
⌫̃

Ñ

�̃

1

A = W
†

0

@
⌫
c

L

NR

�
c

L

1

A , (3.10)

where we have introduced the notation ⌫̃, Ñ , �̃ to de-
note the active neutrinos, heavy neutrinos, massless ster-
ile neutrino in the mass basis, respectively. Following
e.g., [53] one can find the mixing matrix at leading or-
der, taking into account the hierarchy in eq. (3.7):

W =

0

@
1 m⇤

D (M�1
R )† �(m�1

D )T ⇤
�M�1

R mT
D 1 0

⇤† (m�1
D )⇤ 0 1

1

A

0

@
U⌫ 0 0
0 1 0
0 0 1

1

A .

(3.11)
Without loss of generality, we have adopted a basis where
the right-handed neutrino mass matrix MR is diagonal.

In order to simplify the discussion, we will adopt below
the one-flavour approximation for the active and heavy
neutrinos and introduce mixing angles

✓⌫N =
mD

MR

, ✓⌫� =
⇤

mD

, (3.12)

describing the mixing between active neutrinos and the
heavy and massless states, respectively. With our as-
sumption eq. (3.7), both angles are small. We need to
keep N� flavors of massless sterile states and ✓⌫� rep-
resents the mixing between each of them and the ac-
tive neutrinos. Finally, using the seesaw relation m⌫ =
m

2

D
/MR = ✓

2

⌫N
MR we will eliminate mD (or ✓⌫N ) and

⇤ and consider m⌫ , MR and ✓⌫� as independent param-
eters.

In the following we discuss the relevant interaction
terms and distinguish the particularities of the global and
gauged versions of the model.

3.2. Global U(1)X

Let us decompose the complex scalar � into two real

fields as � =
1

p
2
(v� + ⇢+ i�), where we take v� real

without loss of generality. The real part ⇢ has a mass
m⇢ of order |µ�|, while � corresponds to the Gold-
stone boson. We assume that in addition to the spon-
taneously breaking of the U(1)X global symmetry also
explicit breaking terms are present, e.g. arising from
higher-dimensional terms of the scalar potential, induc-
ing a mass term for the imaginary part �. Hence, the
pseudo-Goldstone mass m� is an additional independent
parameter in the global version of the model.

The relevant processes for our mechanism areX $ ⌫ ⌫

and X $ ⌫ �, where for the global case X can be the
scalar ⇢ or the pseudoscalar �. These interactions arise
from the third term in eq. (3.1) through the mixing of the
neutral particles ⌫L, NR and �L. In the mass basis and
after Spontaneous Symmetry Breaking (SSB) we have for
the interaction of the scalars with two active neutrinos

NRY� �L �+ h.c. � �⌫̃ �
⌫⌫

⇢/�

1
p
2
(⇢ � i�5�) ⌫̃

c + h.c.

(3.13)
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• 3 heavy right-handed neutrinos (seesaw) 

• new abelian symmetry gauged 

• a scalar  charged under  

• a set of  massless fermions charged under  

U(1)X →
Φ U(1)X
Nχ U(1)X

14

A seesaw model for large neutrino mass and dark radiation
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FIG. 2. Illustration of the mechanism of Farzan and Hannestad [30] to reduce the neutrino number density between BBN
and recombination. We show the relative number densities of active neutrinos (red), N� = 10 generations of massless sterile
fermions (blue), and the mediator boson X with mass mX = 1 keV (purple). For reference we show relevant events taking
place in the early Universe, see e.g. [46], as well as the region of temperatures at which neutrinos (or other relativistic species)
should be freestreaming [47].

lution of neutrino and dark-sector particle densities as a
function of photon temperature. For the parameters cho-
sen in the plot, the bound on the sum of neutrino masses
can be relaxed to 0.9 eV.

3. A SEESAW MODEL FOR LARGE
NEUTRINO MASSES AND DARK RADIATION

In this section we discuss a specific model realisation of
the mechanism described in the previous section, which
in addition provides a framework to generate neutrino
masses, following closely the discussion of Ref. [19], sec-
tion 4. The beyond-SM ingredients of the model are:

• three fermion singlets NR (“right-handed neutri-
nos”) which play the usual role to generate active
neutrino masses as in the type-I seesaw,

• a new abelian symmetry U(1)X which can be either
global or local,

• a scalar � with U(1)X charge +1, and

• a set of N� fermions � with U(1)X charge �1.

With these assignments we can write the following BSM
terms in the Lagrangian:

�L = NR Y⌫ `L
eH†+

1

2
NR MR N

c

R
+NRY� �L �+ h.c. .

(3.1)

Here H and `L are the SM Higgs and lepton doublets,
respectively, and eH = i ⌧2 H

⇤, MR is the 3⇥ 3 Majorana
mass matrix for NR, and Y⌫ and Y� are 3⇥3 and 3⇥N�

Yukawa matrices, respectively. As we are interested in
“large” neutrino masses, possibly in the quasi-degenerate
regime, we need 3 right-handed neutrinos NR

3. Here
and in the following we keep SU(2)L and flavour indices
contractions implicit. The scalar potential is

V = µ
2

H
H

†
H + �H

�
H

†
H

�2

+ µ
2

�
|�|

2 + ��|�|
4 + �H�|�|

2
H

†
H , (3.2)

with µ
2 and µ

2

�
parameters with dimensions of [mass]2

and �H ,��,�H� dimensionless. We assume �H� = 0,
i.e., no mixing between the two scalar fields. With this
assumption we avoid that � gets thermalised in the early
Universe due to its interactions with the SM Higgs. Elec-
troweak symmetry breaking takes place in the usual way,
with

hHi =
1

p
2

✓
0

vEW

◆
, (3.3)

with vEW ' 246 GeV denoting the SM Higgs vacuum ex-
pectation value (VEV). The breaking of the U(1)X takes

3
We note that the mixing pattern of very degenerate neutrinos is

particularly sensitive to radiative corrections [48–50]. In specific

flavor models this poses constraints on the scale of the origin of

neutrino masses, see e.g. for some constructions [51, 52].

ℒint = gX Z′ μ χγμχ

couplings to neutrinos induced by mixing: Z′ ↔ νν/νχ/χχ

gX =
mZ′ 

vΦ

λχχ
Z′ 

= gX

λχν
Z′ 

= gXθνχ

λνν
Z′ 

= gXθ2
νχ
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FIG. 2. Illustration of the mechanism of Farzan and Hannestad [30] to reduce the neutrino number density between BBN
and recombination. We show the relative number densities of active neutrinos (red), N� = 10 generations of massless sterile
fermions (blue), and the mediator boson X with mass mX = 1 keV (purple). For reference we show relevant events taking
place in the early Universe, see e.g. [46], as well as the region of temperatures at which neutrinos (or other relativistic species)
should be freestreaming [47].

lution of neutrino and dark-sector particle densities as a
function of photon temperature. For the parameters cho-
sen in the plot, the bound on the sum of neutrino masses
can be relaxed to 0.9 eV.

3. A SEESAW MODEL FOR LARGE
NEUTRINO MASSES AND DARK RADIATION

In this section we discuss a specific model realisation of
the mechanism described in the previous section, which
in addition provides a framework to generate neutrino
masses, following closely the discussion of Ref. [19], sec-
tion 4. The beyond-SM ingredients of the model are:

• three fermion singlets NR (“right-handed neutri-
nos”) which play the usual role to generate active
neutrino masses as in the type-I seesaw,

• a new abelian symmetry U(1)X which can be either
global or local,

• a scalar � with U(1)X charge +1, and

• a set of N� fermions � with U(1)X charge �1.

With these assignments we can write the following BSM
terms in the Lagrangian:

�L = NR Y⌫ `L
eH†+

1

2
NR MR N

c

R
+NRY� �L �+ h.c. .

(3.1)

Here H and `L are the SM Higgs and lepton doublets,
respectively, and eH = i ⌧2 H

⇤, MR is the 3⇥ 3 Majorana
mass matrix for NR, and Y⌫ and Y� are 3⇥3 and 3⇥N�

Yukawa matrices, respectively. As we are interested in
“large” neutrino masses, possibly in the quasi-degenerate
regime, we need 3 right-handed neutrinos NR

3. Here
and in the following we keep SU(2)L and flavour indices
contractions implicit. The scalar potential is

V = µ
2

H
H

†
H + �H

�
H

†
H

�2

+ µ
2

�
|�|

2 + ��|�|
4 + �H�|�|

2
H

†
H , (3.2)

with µ
2 and µ

2

�
parameters with dimensions of [mass]2

and �H ,��,�H� dimensionless. We assume �H� = 0,
i.e., no mixing between the two scalar fields. With this
assumption we avoid that � gets thermalised in the early
Universe due to its interactions with the SM Higgs. Elec-
troweak symmetry breaking takes place in the usual way,
with

hHi =
1

p
2

✓
0

vEW

◆
, (3.3)

with vEW ' 246 GeV denoting the SM Higgs vacuum ex-
pectation value (VEV). The breaking of the U(1)X takes

3
We note that the mixing pattern of very degenerate neutrinos is

particularly sensitive to radiative corrections [48–50]. In specific

flavor models this poses constraints on the scale of the origin of

neutrino masses, see e.g. for some constructions [51, 52].

ℒint = gX Z′ μ χγμχ gX =
mZ′ 

vΦ

indep. params for pheno:

mν, MR, θνχ

vΦ, mZ′ 
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• thermalization of the dark sector: 

   ⇒ ⟨Γ(νν → Z′ )⟩ ≳ H(T = mZ′ 
/3)

•avoid thermalization of the dark sector 
before BBN: 
⟨Γ(νν → Z′ )⟩ < H(T = 0.7 MeV)

• free-streaming of neutrinos & dark 
radiation before/around recombination 

  for   
Taule, Escudero, Garny, 2207.04062
⟨Γ⟩ < H z < 105

16

Available parameter space 

allowed
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• avoid thermalization of  prior neutrino 
decoupling due to oscillations  
 
 
 
 
 
too small to be tested in SBL oscillation 
experiments

χ

17

Available parameter space 

allowed

9

we find a constraint on v�:

v� > 3 ⇥ 104 keV , (4.7)

for the gauge case. This bound is shown with a darker
green colour in fig. 4 and restricts or even close the al-
lowed parameter space for smaller values of ✓⌫�.

For the scalar case we still should consider the process
�⌫ $ �⌫. By demanding the same requirement on this
process we find a small region of parameter space to be
excluded which is highlighted in green in the left corner of
the available parameter space and that follows a diagonal
shape in fig. 3.

••• Astrophysical considerations: Since our X boson
interacts with neutrinos it can be subject to constraints
from astrophysical considerations, in particular from core
collapse supernova. Supernova cores have temperatures
T ⇠ 30MeV and release almost all their binding energy
in the form of neutrinos on a timescale of t ⇠ O(10) s.
The observed neutrino spectrum of SN1987A is in broad
agreement with that expected from standard core col-
lapse supernova simulations, see e.g. for a review [56]. In
this context, there are two bounds one can place. Firstly,
the X particle should not be copiously produced and es-
cape on a timescale shorter than t ⇠ O(10) s, otherwise
the supernova will cool much faster than what has been
observed in SN1987A [57]. Requiring that the luminosity
in X states is smaller than the one from neutrinos in the
standard scenario rules out couplings in the range [58]:

4 ⇥ 10�6
keV

mX

. �
⌫⌫

X
. 10�4

keV

mX

, (4.8)

for keV scale bosons. Secondly, it has been very recently
pointed out [58] that even if the luminosity of X par-
ticles emitted by the supernova is substantially smaller
than that of active neutrinos there could still be con-
straints due to the lack of high energy events in the time
window where the SN1987A signal was observed. For
mX < MeV, the reported exclusion range corresponds to

3 ⇥ 10�7
keV

mX

. �
⌫⌫

X
. 10�4

keV

mX

. (4.9)

As such, we find that these constraints are weaker than
the one we impose from BBN consistency in our scenario.

••• BBN Constraints on the mixing between active
and sterile neutrinos: The massless sterile neutrinos we
consider are subject to BBN constraints on their own be-
cause they mix with active neutrinos and therefore can
be produced via collisions and oscillations in the early
Universe. In addition, since these states are lighter than
active neutrinos they feature an enhanced resonant pro-
duction [59]. The production rate for these sterile neutri-
nos peaks at T ' 10MeV(|�m

2
|/0.1eV2)1/6 [1], which is

well above neutrino decoupling and BBN. The main ef-
fect of these additional states will then be to contribute
to the energy density in the Universe both at the time of

BBN and recombination. Here we take the production
rate of sterile neutrinos from [60] and integrate it up to
the time of neutrino decoupling, T dec

⌫
' 2MeV, in order

to obtain this contribution to the number of ultrarela-
tivistic neutrino species in the early Universe:

�Ne↵ |
�

' 0.014

N�X

�=1

|✓e�|
2 + 0.8(|✓µ�|

2 + |✓⌧�|
2)

10�6

⇣
m⌫

0.1 eV

⌘
.

(4.10)

Note that for simplicity to obtain this expression we have
neglected destruction of sterile neutrinos in the collision
rates. By solving the relevant Boltzmann equations we
have explicitly checked that this is a good approximation
provided that �Ne↵ . 0.3 for a given new species.

Assuming that the mixing is similar for each species
and applying a bound of�Ne↵ < 0.3 which is representa-
tive of both Planck data [3] and global BBN analyses [61],
we can find a bound on ✓⌫� and N� which reads:

|✓⌫�| . 10�3

s
10

N�

r
0.2 eV

m⌫

, (4.11)

where here m⌫ refers to the mass of an individual and
almost degenerate active neutrino. In terms of the pa-
rameters of interest in our study this means that:

✓⌫� =
⇤

mD

. 10�4
� 10�3

, (4.12)

where the ranges are taken by varying 0.1 eV < m⌫ <

1 eV and N� . 50 as relevant for a range of scenarios
as seen in fig. 1. This explains why in Figures 3 and 4
we take as benchmarks |✓⌫�| = 10�3 and |✓⌫�| = 10�4.
Choosing smaller values of ✓⌫� would move the allowed
regions to smaller values of v�, as a seen from eqs. (3.15),
(3.18). This would lead to non-perturbative gauge cou-
plings or similar inconsistencies in the global case (see
discussion below). For the gauged version, for mixing
angles significantly below 10�4 the allowed region above
the free streaming bound on v�, eq. (4.7), would disap-
pear. Therefore, the preferred parameter region is close
to the upper bounds for ✓⌫� discussed above.

With active neutrinos close to the eV scale and mass-
less sterile neutrinos, we obtain a mass-squared di↵erence
�m

2
⇠ 1 eV2, potentially relevant for short-baseline os-

cillation experiments [62, 63]. However, mixing angles
in the range indicated in eq. (4.12) are too small to be
tested in oscillation experiments.

5. DISCUSSION

Let us summarise the main results from the various
constraints discussed in the previous section, referring
to figs. 3 and 4. We find a closed region of parameter
space for the mediator mass mX and scalar VEV v�,
where the mechanism can work. The mediator mass is
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• constraints on heavy RH neutrinos: 
 

• perturbativity of Yukawa  

• loop-induced Higgs portal  
remains small enough to avoid thermalization 
of  prior BBN

YΦ NR χLΦ
λΦH |Φ |2 H†H

Φ

19

Available parameter space 

allowed

MR ≲ 1010 − 1014 GeV

• standard thermal leptogensis works if  
dominates over  

• otherwise  would thermalize and conflict with  
during BBN  require   
(allows still for )

N → HL
N → χΦ

χ Neff
⇒ TRH < MR

TRH ≫ TEW
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Further signatures of the model

future gal. SN HyperK

•SN cooling arguments for SN1987A exclude 
 

  

 
weaker than BBN constraint 

  

• Future galactic SN at 10 kpc detected by HyperK: 
sensitivity down to 
 
 

3 × 10−7 keV
mZ′ 

≲ λνν
Z′ 

≲ 10−4 keV
mZ′ 

λνν
Z′ 

≲ 10−7(keV/mZ′ 
)

λνν
Z′ 

∼ 10−9(keV/mZ′ 
)

Fiorillo, Raffelt, 
Vitagliano, 

2209.11773

Akita, Im, Masud, 2206.06852
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•Relaxing cosmo bound requires new physics 
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• large number of massless sterile neutrinos ( ) 

• dark U(1) symmetry with breaking scale between 10 MeV and 10 GeV 

• weakly coupled  with mass 1 — 100 keV with 
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Summary

Thank You!


