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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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Neutrino masses
Global data and 3-flavour oscillations Qualitative picture

What we know – masses
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I at least two neutrinos are massive
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Neutrino mass from cosmology
s. talk by A. Bertólez-Martínez
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Neutrino mass from cosmology

•minimal values predicted from oscillation data for : 
 

 

m0 = 0
<latexit sha1_base64="ODe5hesYhOJ41UAg7fcLcupkEgc="></latexit>

⌃min =

⇢
98.6± 0.85meV (IO)

58.5± 0.48meV (NO)

s. talk by A. Bertólez-Martínez
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Neutrino mass from cosmology

•minimal values predicted from oscillation data for : 
 

 

m0 = 0
<latexit sha1_base64="ODe5hesYhOJ41UAg7fcLcupkEgc="></latexit>

⌃min =

⇢
98.6± 0.85meV (IO)

58.5± 0.48meV (NO)

•Upper bounds from current data:

•  Planck CMB+BAO 2018Σmν < 0.12 eV (95 % CL)

•  DESI + CMB 2024Σmν < 0.072 eV (95 % CL)

DESI + CMB 2024

s. talk by A. Bertólez-Martínez
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Emerging tension between cosmology and terrestrial data

Gariazzo, Mena, Schwetz, 2302.14159
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Gariazzo, Mena, Schwetz, 2302.14159

5

possible (near-term) future scenarios:

future 0:  Σmν < 0.02 eV(1σ) future NO: Σmν = (0.06 ± 0.02) eV(1σ)
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Complementarity between mass determinations from heaven and earth

fig. by I. Esteban 
based on NuFit 5.0

link between neutrino mass observables in the standard scenario:

oscillation prediction:
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beta decay neutrinoless double beta decay
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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? 

•What if terrestrial experiments see a positive signal? How could this be 
consistent with cosmology?
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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? 

•What if terrestrial experiments see a positive signal? How could this be 
consistent with cosmology?

A seesaw model for „large“ neutrino mass consistent 
with cosmology, including sterile neutrino dark matter

work with 
Miguel Escudero, Jorge Terol-Calvo, 2211.01729 

Cristina Benso, Drona Vatsyayan, to appear
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Sterile neutrino at which mass scale?

dark 
radiation
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Sterile neutrino at which mass scale?

dark 
radiation

this talk

seesaw
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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; 
Sen, Smirnov, 2407.02462, 2306.15718; talk by A. Smirnov 

•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

10

Cosmology bounds can be relaxed in non-standard scenarios incomplete!
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 affects  

• formation of light elements (BBN),  
T ~ MeV, t ~ 1 min 
 

•CMB decoupling, T ~ eV, t ~ 400 000 yr

Neff

11

Counting the number of neutrino flavours
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Cosmic Neutrino Background Detection in Large-Neutrino-Mass Cosmologies
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The Cosmic Neutrino Background (CNB) is a definite prediction of the standard cosmological model
and its direct discovery would represent a milestone in cosmology and neutrino physics. In this
work, we consider the capture of relic neutrinos on a tritium target as a possible way to detect the
CNB, as aimed for by the PTOLEMY project. Crucial parameters for this measurement are the
absolute neutrino mass m⌫ and the local neutrino number density nloc

⌫ . Within the ⇤CDM model,
cosmology provides a stringent upper limit on the sum of neutrino masses of

P
m⌫ < 0.12 eV, with

further improvements expected soon from galaxy surveys by DESI and EUCLID. This makes the
prospects for a CNB detection and a neutrino mass measurement in the laboratory very di�cult.
In this context, we consider a set of non-standard cosmological models that allow for large neutrino
masses (m⌫ ⇠ 1 eV), potentially in reach of the KATRIN neutrino mass experiment or upcoming
neutrinoless double-beta decay searches. We show that the CNB detection prospects could be much
higher in some of these models compared to those in ⇤CDM, and discuss the potential for such a
detection to discriminate between cosmological scenarios. Moreover, we provide a simple rule to
estimate the required values of energy resolution, exposure, and background rate for a PTOLEMY-
like experiment to cover a certain region in the (m⌫ , nloc

⌫ ) parameter space. Alongside this paper,
we publicly release a code to calculate the CNB sensitivity in a given cosmological model.

GitHub: Public code to compute the sensitivity of a PTOLEMY-like experiment can be found here.

I. INTRODUCTION

The Cosmic Relic Neutrino Background

One of the central predictions of the standard cosmo-
logical model is the existence of the Cosmic Relic Neu-
trino Background (CNB). In the ⇤CDM scenario, we ex-
pect a neutrino population with a momentum distribu-
tion close to the thermal Fermi-Dirac distribution [1–4],
with a present day temperature of:

T
SM

⌫,0 ⇡ T�,0/1.4 ⇡ 1.95 K , (1)

and an average number density of about:

n
SM

⌫,0 =
3

4

⇣(3)

⇡2
T

3

⌫,0 ⇡ 56 cm�3
, (2)

for each helicity degree of freedom. Its existence has been
established indirectly at very high confidence by the de-
termination of the e↵ective number of relativistic species
in the early Universe, Ne↵ , both via measurements of the
primordial element abundances as synthesised during Big
Bang Nucleosynthesis (BBN), as well as by observations
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of the Cosmic Microwave Background (CMB). A recent
global BBN analysis [5] (see also [6, 7]) obtains:

Ne↵ = 2.78 ± 0.28 (68%CL) , (3)

when using the latest helium primordial abundance
from [8], the deuterium measurements from [9], and an
updated set of nuclear reaction rates from [10]. From
CMB observations, combined with Baryonic Acoustic Os-
cillations (BAO), the Planck collaboration reports [11]:

Ne↵ = 2.99 ± 0.17 (68%CL) . (4)

Both of these numbers are in remarkable agreement with
each other, as well as with the prediction of the standard
⇤CDM model of Ne↵ = 3.044 [12–15]. Moreover, they
are di↵erent from zero at very high confidence, imply-
ing an indirect detection of the presence of cosmological
neutrinos.

The direct detection of relic neutrinos by experiments
on Earth, however, is very challenging. This is mainly
because their interaction cross-section is tiny as a result
of the very low neutrino energies, see Eq. (1). A possible
method to overcome the low energy deposition is to use
the capture on a �-unstable nucleus, which is a threshold-
less reaction [16, 17]. PTOLEMY [18] is an ambitious
project pursuing this idea using electron neutrino capture
on tritium:

⌫e + 3H ! e
� + 3He+ . (5)

The signature of the relic neutrino background would
be a peak in the electron energy above the continuous
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Big Bang nucleosynthesis Counting neutrino flavours

we “see” the relic neutrinos in
the Universe:

Ne� = 2.99± 0.34 (95%)

Planck 1807.06209

severe constraint for light
sterile neutrinos!

Planck Collaboration: Cosmological parameters
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Fig. 39. Constraints in the �b–Ne� plane from Planck TT,TE,EE
+lowE and Planck TT,TE,EE+lowE+BAO+lensing data (68 %
and 95 % contours) compared to the predictions of BBN com-
bined with primordial abundance measurements of helium
(Aver et al. 2015, in grey) and deuterium (Cooke et al. 2018, in
green and blue, depending on which reaction rates are assumed).
In the CMB analysis, Ne� is allowed to vary as an additional
parameter to the base-�CDM model, while YP is inferred from
�b and Ne� according to BBN predictions. For clarity we only
show the deuterium predictions based on the PArthENoPEcode
with two assumptions on the nuclear rate d(p, �)3He (case (a) in
blue, case (b) in green). These constraints assume no significant
lepton asymmetry.

e�ective rescaling factor Ath
2 = 1.16 (Mangano & Pisanti, pri-

vate communication).
Assuming the base-�CDM model, we then constrain A2 us-

ing Planck data combined with the latest deuterium abundance
measurements from Cooke et al. (2018). We still need to take
into account theoretical errors on deuterium predictions arising
from uncertainties on other rates, and from the di�erence be-
tween various codes. According to Marcucci et al. (2016) and
Pitrou et al. (2018), the deuterium fusion uncertainties propagate
to an error �(yDP) = 0.03, which encompasses the di�erence
on deuterium predictions between PArthENoPE versus PRIMAT.
Thus we adopt �(yDP) = 0.03 as the theoretical error on deu-
terium predictions in this analysis. Adding the theoretical error
in quadrature to the observational error of Cooke et al. (2018),
we obtain a total error of �(yDP) = 0.042 on deuterium, which
we use in our joint fits of Planck+deutrium (D) data. We find

A2 = 1.138 ± 0.072 (68 %, Planck TT+lowE+D), (76a)

A2 = 1.080 ± 0.061 (68 %, Planck TT,TE,EE
+lowE+D). (76b)

If we compare these results with those from PCP15, the tension
between the Planck TT+lowE+D prediction and the experimen-
tal rate slightly increases to 1.9�. However the inclusion of po-
larization brings the Planck TT,TE,EE+lowE+D prediction half-
way between the experimental value and the theoretical rate of
Marcucci et al. (2016), in agreement with both at the 1.3� level.
The situation is thus inconclusive and highlights the need for a
precise experimental determination of the d(p, �)3He rate with
LUNA (Gustavino 2017).

Varying the density of relic radiation. We can also relax the as-
sumption that Ne� = 3.046 to check the agreement between
CMB and primordial element abundances in the �b–Ne� plane.
Figure 39 shows that this agreement is very good, with a clear
overlap of the 95 % preferred regions of Planck and of the he-
lium+deuterium measurements. This is true with any of our as-
sumptions on the nuclear rates. For clarity in the plot, we only
include the predictions of PArthENoPE (cases (a) and (b)), but
those of PRIMAT are very close to case (b). Since all these data
sets are compatible with each other, we can combine them to
obtain marginalized bounds on Ne� , valid in the 7-parameter
�CDM+Ne� model, with an error bar reduced by up to 30 %
compared to the Planck+BAO bounds of Eq. (67b):

(a) Ne� = 2.89+0.29
�0.29

(b) Ne� = 3.05+0.27
�0.27

(c) Ne� = 3.06+0.26
�0.28

�������
������

95 %, Planck TT,TE,EE
+lowE+Aver (2015)
+Cooke (2018);

(77)

(a) Ne� = 2.94+0.27
�0.27

(b) Ne� = 3.10+0.26
�0.25

(c) Ne� = 3.12+0.25
�0.26

�������
������

95 %, Planck TT,TE,EE
+lowE+BAO+Aver (2015)
+Cooke (2018).

(78)

The bounds become even stronger if we combine the helium
measurements of Aver et al. (2015) and Peimbert et al. (2016):

(a) Ne� = 2.93+0.23
�0.23

(b) Ne� = 3.04+0.22
�0.22

(c) Ne� = 3.06+0.22
�0.22

�������
������

95 %, Planck TT,TE,EE
+lowE+BAO+Aver (2015)
+Peimbert (2016)
+Cooke (2018).

(79)

However, as noted in the previous section, there is some incon-
sistency between the helium abundance measurements reported
by di�erent authors. If we use the helium abundance measure-
ment of Izotov et al. (2014) in place of Aver et al. (2015) and
Peimbert et al. (2016), the mean value of Ne� shifts by about
0.35 (e.g., for case (b), Ne� = 3.37 ± 0.22 at the 95% level), in
2.9� tension with the standard model value of 3.046.

Note finally that one can obtain Ne� bounds independently
of the details of the CMB spectra at high multipoles by com-
bining the helium, deuterium, and BAO data sets with a nearly
model-independent prior on the scale of the sound horizon at de-
coupling inferred from Planck data, 100�MC = 1.0409 ± 0.0006
(68 %). This gives a very conservative bound, Ne� = 2.95+0.56

�0.52
(95 %), when BBN is modelled as in case (b), along with a 68 %
bound on the Hubble rate, H0 = (67.2 ± 1.7) km s�1Mpc�1.

7.6.2. CMB constraints on the helium fraction

We now allow the helium fraction to vary independently of BBN,
and compare Planck constraints with expectations. In the pa-
rameter chains we vary the mass fraction YP and compute the
nucleon fraction YBBN

P as a derived parameter, obtaining

YBBN
P = 0.241 ± 0.025 (95 %, Planck TT,TE,EE+lowE), (80a)

with similar results combined with lensing and BAO,

YBBN
P = 0.243+0.023

�0.024
(95 %, Planck TT,TE,EE+lowE
+lensing+BAO). (80b)
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4He

deuterium

Planck, 1807.06209
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• energy density in non-relativistic 
neutrinos (late times) 
 
 

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

12

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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• energy density in non-relativistic 
neutrinos (late times) 
 
 

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

12

Relaxing the neutrino mass bound from cosmology

ρnon.rel.
ν ≈ nν ∑ mν < 14 eV cm−3

N relat.
eff = Nν

eff + NDR
eff ≈ 3

∑ mν < 0.12 eV ( nSM
ν

nν )

Cosmology is sensitive to: relax bound on  by reducing 
neutrino number density 

mν

N relat.
eff = 2.99 ± 0.17

introduce „dark radiation“ to 
keep  Nrelat.

eff ≈ 3
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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].

recom
bination

mas
sle

ss
 fe

rm
ion
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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
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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

15

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



Th. Schwetz - Prague, Sept 2024

• 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

15

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

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].

Yukawa sector
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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].
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should be freestreaming [50].
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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].
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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
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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
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), the fermion

mass terms can be written as
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with the (6 +N�) ⇥ (6 +N�) mass matrix given by
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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
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⇤
⌫

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:
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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
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, ✓⌫� =
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, (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
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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
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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:
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⇤, 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
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with vEW ' 246 GeV denoting the SM Higgs vacuum ex-
pectation value (VEV). The breaking of the U(1)X takes
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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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⇤, 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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FIG. 3. Regions of the parameter space of the global U(1)X model excluded by several cosmological bounds for a value of
the mixing between active and massless sterile neutrinos, ✓⌫� = 10�3 (left) and 10�4 (right). The white region is allowed.
Vertical dashed black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�,
see eq. (5.3) or by the requirement of �H�  10�6 when stronger. The purple line indicates the region where m� > v�, where
the explicit breaking (ESB) of the U(1)X symmetry by the scalar mass would dominate over the spontaneous breaking. The
vertical green line highlights parameter space excluded from neutrino freestreaming in the specific case m� = 0.
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FIG. 4. Regions of the parameter space of the gauge U(1)X model excluded by several cosmological bounds for a value of the
mixing between active and massless sterile neutrinos, ✓⌫� = 10�3 (left) and 10�4 (right). The white region is allowed. Dotted
black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�, see eq. (5.3), or by
the requirement of �H�  10�6 when stronger. The grey dotted lines indicate regions of constant value of the gauge coupling
constant gX = mZ0/v�. We also indicate the region where standard thermal leptogenesis can work (purple shading).

••• CMB Constraints on X–⌫ interactions: The in-
teraction between X particles and neutrinos and sterile
massless states can leave an imprint on CMB observa-
tions if it occurs su�ciently close to recombination as
this would alter neutrino freestreaming and distort the
CMB power spectra. A recent model-independent anal-

ysis of Planck legacy data has shown that provided that
the ⌫–X interactions are not e�cient at z < 105 there are
no CMB constraints [50]. We will use this as a constraint
on the parameter space, requiring that

h�(⌫⌫ ! X)i < H at z < 105 . (4.6)

In addition, since in our scenario a large fraction of the

19

Available parameter space 

allowed

 

 




θνχ ≃ 10−3

mZ′￼
∼ 10 keV

vΦ ∼ 100 MeV

gX =
mZ′￼

vΦ
∼ 10−4
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FIG. 3. Regions of the parameter space of the global U(1)X model excluded by several cosmological bounds for a value of
the mixing between active and massless sterile neutrinos, ✓⌫� = 10�3 (left) and 10�4 (right). The white region is allowed.
Vertical dashed black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�,
see eq. (5.3) or by the requirement of �H�  10�6 when stronger. The purple line indicates the region where m� > v�, where
the explicit breaking (ESB) of the U(1)X symmetry by the scalar mass would dominate over the spontaneous breaking. The
vertical green line highlights parameter space excluded from neutrino freestreaming in the specific case m� = 0.
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FIG. 4. Regions of the parameter space of the gauge U(1)X model excluded by several cosmological bounds for a value of the
mixing between active and massless sterile neutrinos, ✓⌫� = 10�3 (left) and 10�4 (right). The white region is allowed. Dotted
black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�, see eq. (5.3), or by
the requirement of �H�  10�6 when stronger. The grey dotted lines indicate regions of constant value of the gauge coupling
constant gX = mZ0/v�. We also indicate the region where standard thermal leptogenesis can work (purple shading).

••• CMB Constraints on X–⌫ interactions: The in-
teraction between X particles and neutrinos and sterile
massless states can leave an imprint on CMB observa-
tions if it occurs su�ciently close to recombination as
this would alter neutrino freestreaming and distort the
CMB power spectra. A recent model-independent anal-

ysis of Planck legacy data has shown that provided that
the ⌫–X interactions are not e�cient at z < 105 there are
no CMB constraints [50]. We will use this as a constraint
on the parameter space, requiring that

h�(⌫⌫ ! X)i < H at z < 105 . (4.6)

In addition, since in our scenario a large fraction of the

20
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allowed
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FIG. 3. Regions of the parameter space of the global U(1)X model excluded by several cosmological bounds for a value of
the mixing between active and massless sterile neutrinos, ✓⌫� = 10�3 (left) and 10�4 (right). The white region is allowed.
Vertical dashed black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�,
see eq. (5.3) or by the requirement of �H�  10�6 when stronger. The purple line indicates the region where m� > v�, where
the explicit breaking (ESB) of the U(1)X symmetry by the scalar mass would dominate over the spontaneous breaking. The
vertical green line highlights parameter space excluded from neutrino freestreaming in the specific case m� = 0.
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FIG. 4. Regions of the parameter space of the gauge U(1)X model excluded by several cosmological bounds for a value of the
mixing between active and massless sterile neutrinos, ✓⌫� = 10�3 (left) and 10�4 (right). The white region is allowed. Dotted
black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�, see eq. (5.3), or by
the requirement of �H�  10�6 when stronger. The grey dotted lines indicate regions of constant value of the gauge coupling
constant gX = mZ0/v�. We also indicate the region where standard thermal leptogenesis can work (purple shading).

••• CMB Constraints on X–⌫ interactions: The in-
teraction between X particles and neutrinos and sterile
massless states can leave an imprint on CMB observa-
tions if it occurs su�ciently close to recombination as
this would alter neutrino freestreaming and distort the
CMB power spectra. A recent model-independent anal-

ysis of Planck legacy data has shown that provided that
the ⌫–X interactions are not e�cient at z < 105 there are
no CMB constraints [50]. We will use this as a constraint
on the parameter space, requiring that

h�(⌫⌫ ! X)i < H at z < 105 . (4.6)

In addition, since in our scenario a large fraction of the

• thermalization of the dark sector: 

   ⇒ ⟨Γ(νν → Z′￼)⟩ ≳ H(T = mZ′￼
/3)

20
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allowed
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FIG. 3. Regions of the parameter space of the global U(1)X model excluded by several cosmological bounds for a value of
the mixing between active and massless sterile neutrinos, ✓⌫� = 10�3 (left) and 10�4 (right). The white region is allowed.
Vertical dashed black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�,
see eq. (5.3) or by the requirement of �H�  10�6 when stronger. The purple line indicates the region where m� > v�, where
the explicit breaking (ESB) of the U(1)X symmetry by the scalar mass would dominate over the spontaneous breaking. The
vertical green line highlights parameter space excluded from neutrino freestreaming in the specific case m� = 0.
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FIG. 4. Regions of the parameter space of the gauge U(1)X model excluded by several cosmological bounds for a value of the
mixing between active and massless sterile neutrinos, ✓⌫� = 10�3 (left) and 10�4 (right). The white region is allowed. Dotted
black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�, see eq. (5.3), or by
the requirement of �H�  10�6 when stronger. The grey dotted lines indicate regions of constant value of the gauge coupling
constant gX = mZ0/v�. We also indicate the region where standard thermal leptogenesis can work (purple shading).

••• CMB Constraints on X–⌫ interactions: The in-
teraction between X particles and neutrinos and sterile
massless states can leave an imprint on CMB observa-
tions if it occurs su�ciently close to recombination as
this would alter neutrino freestreaming and distort the
CMB power spectra. A recent model-independent anal-

ysis of Planck legacy data has shown that provided that
the ⌫–X interactions are not e�cient at z < 105 there are
no CMB constraints [50]. We will use this as a constraint
on the parameter space, requiring that

h�(⌫⌫ ! X)i < H at z < 105 . (4.6)

In addition, since in our scenario a large fraction of the

• 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)
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FIG. 3. Regions of the parameter space of the global U(1)X model excluded by several cosmological bounds for a value of
the mixing between active and massless sterile neutrinos, ✓⌫� = 10�3 (left) and 10�4 (right). The white region is allowed.
Vertical dashed black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�,
see eq. (5.3) or by the requirement of �H�  10�6 when stronger. The purple line indicates the region where m� > v�, where
the explicit breaking (ESB) of the U(1)X symmetry by the scalar mass would dominate over the spontaneous breaking. The
vertical green line highlights parameter space excluded from neutrino freestreaming in the specific case m� = 0.
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FIG. 4. Regions of the parameter space of the gauge U(1)X model excluded by several cosmological bounds for a value of the
mixing between active and massless sterile neutrinos, ✓⌫� = 10�3 (left) and 10�4 (right). The white region is allowed. Dotted
black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�, see eq. (5.3), or by
the requirement of �H�  10�6 when stronger. The grey dotted lines indicate regions of constant value of the gauge coupling
constant gX = mZ0/v�. We also indicate the region where standard thermal leptogenesis can work (purple shading).

••• CMB Constraints on X–⌫ interactions: The in-
teraction between X particles and neutrinos and sterile
massless states can leave an imprint on CMB observa-
tions if it occurs su�ciently close to recombination as
this would alter neutrino freestreaming and distort the
CMB power spectra. A recent model-independent anal-

ysis of Planck legacy data has shown that provided that
the ⌫–X interactions are not e�cient at z < 105 there are
no CMB constraints [50]. We will use this as a constraint
on the parameter space, requiring that

h�(⌫⌫ ! X)i < H at z < 105 . (4.6)

In addition, since in our scenario a large fraction of the

• 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
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FIG. 3. Regions of the parameter space of the global U(1)X model excluded by several cosmological bounds for a value of
the mixing between active and massless sterile neutrinos, ✓⌫� = 10�3 (left) and 10�4 (right). The white region is allowed.
Vertical dashed black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�,
see eq. (5.3) or by the requirement of �H�  10�6 when stronger. The purple line indicates the region where m� > v�, where
the explicit breaking (ESB) of the U(1)X symmetry by the scalar mass would dominate over the spontaneous breaking. The
vertical green line highlights parameter space excluded from neutrino freestreaming in the specific case m� = 0.
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FIG. 4. Regions of the parameter space of the gauge U(1)X model excluded by several cosmological bounds for a value of the
mixing between active and massless sterile neutrinos, ✓⌫� = 10�3 (left) and 10�4 (right). The white region is allowed. Dotted
black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�, see eq. (5.3), or by
the requirement of �H�  10�6 when stronger. The grey dotted lines indicate regions of constant value of the gauge coupling
constant gX = mZ0/v�. We also indicate the region where standard thermal leptogenesis can work (purple shading).

••• CMB Constraints on X–⌫ interactions: The in-
teraction between X particles and neutrinos and sterile
massless states can leave an imprint on CMB observa-
tions if it occurs su�ciently close to recombination as
this would alter neutrino freestreaming and distort the
CMB power spectra. A recent model-independent anal-

ysis of Planck legacy data has shown that provided that
the ⌫–X interactions are not e�cient at z < 105 there are
no CMB constraints [50]. We will use this as a constraint
on the parameter space, requiring that

h�(⌫⌫ ! X)i < H at z < 105 . (4.6)

In addition, since in our scenario a large fraction of the

•avoid thermalization of  prior neutrino 
decoupling due to oscillations 

• take into account effective potential due to 
self-interactions

χ

21

Neutrino mixing with massless states θνχ

allowed
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FIG. 3. Regions of the parameter space of the global U(1)X model excluded by several cosmological bounds for a value of
the mixing between active and massless sterile neutrinos, ✓⌫� = 10�3 (left) and 10�4 (right). The white region is allowed.
Vertical dashed black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�,
see eq. (5.3) or by the requirement of �H�  10�6 when stronger. The purple line indicates the region where m� > v�, where
the explicit breaking (ESB) of the U(1)X symmetry by the scalar mass would dominate over the spontaneous breaking. The
vertical green line highlights parameter space excluded from neutrino freestreaming in the specific case m� = 0.
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FIG. 4. Regions of the parameter space of the gauge U(1)X model excluded by several cosmological bounds for a value of the
mixing between active and massless sterile neutrinos, ✓⌫� = 10�3 (left) and 10�4 (right). The white region is allowed. Dotted
black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�, see eq. (5.3), or by
the requirement of �H�  10�6 when stronger. The grey dotted lines indicate regions of constant value of the gauge coupling
constant gX = mZ0/v�. We also indicate the region where standard thermal leptogenesis can work (purple shading).

••• CMB Constraints on X–⌫ interactions: The in-
teraction between X particles and neutrinos and sterile
massless states can leave an imprint on CMB observa-
tions if it occurs su�ciently close to recombination as
this would alter neutrino freestreaming and distort the
CMB power spectra. A recent model-independent anal-

ysis of Planck legacy data has shown that provided that
the ⌫–X interactions are not e�cient at z < 105 there are
no CMB constraints [50]. We will use this as a constraint
on the parameter space, requiring that

h�(⌫⌫ ! X)i < H at z < 105 . (4.6)

In addition, since in our scenario a large fraction of the

22
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FIG. 3. Regions of the parameter space of the global U(1)X model excluded by several cosmological bounds for a value of
the mixing between active and massless sterile neutrinos, ✓⌫� = 10�3 (left) and 10�4 (right). The white region is allowed.
Vertical dashed black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�,
see eq. (5.3) or by the requirement of �H�  10�6 when stronger. The purple line indicates the region where m� > v�, where
the explicit breaking (ESB) of the U(1)X symmetry by the scalar mass would dominate over the spontaneous breaking. The
vertical green line highlights parameter space excluded from neutrino freestreaming in the specific case m� = 0.
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FIG. 4. Regions of the parameter space of the gauge U(1)X model excluded by several cosmological bounds for a value of the
mixing between active and massless sterile neutrinos, ✓⌫� = 10�3 (left) and 10�4 (right). The white region is allowed. Dotted
black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�, see eq. (5.3), or by
the requirement of �H�  10�6 when stronger. The grey dotted lines indicate regions of constant value of the gauge coupling
constant gX = mZ0/v�. We also indicate the region where standard thermal leptogenesis can work (purple shading).

••• CMB Constraints on X–⌫ interactions: The in-
teraction between X particles and neutrinos and sterile
massless states can leave an imprint on CMB observa-
tions if it occurs su�ciently close to recombination as
this would alter neutrino freestreaming and distort the
CMB power spectra. A recent model-independent anal-

ysis of Planck legacy data has shown that provided that
the ⌫–X interactions are not e�cient at z < 105 there are
no CMB constraints [50]. We will use this as a constraint
on the parameter space, requiring that

h�(⌫⌫ ! X)i < H at z < 105 . (4.6)

In addition, since in our scenario a large fraction of the

upper range potentially testable in oscillation experiments

work in progress [Escudero, Maltoni, Ota, TS]

       θνχ = 10−4        θνχ = 10−3        θνχ = 10−2        θνχ = 10−1

Neutrino mixing with massless states θνχ

10−4 ≲ θνχ ≲ 10−1
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FIG. 3. Regions of the parameter space of the global U(1)X model excluded by several cosmological bounds for a value of
the mixing between active and massless sterile neutrinos, ✓⌫� = 10�3 (left) and 10�4 (right). The white region is allowed.
Vertical dashed black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�,
see eq. (5.3) or by the requirement of �H�  10�6 when stronger. The purple line indicates the region where m� > v�, where
the explicit breaking (ESB) of the U(1)X symmetry by the scalar mass would dominate over the spontaneous breaking. The
vertical green line highlights parameter space excluded from neutrino freestreaming in the specific case m� = 0.
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FIG. 4. Regions of the parameter space of the gauge U(1)X model excluded by several cosmological bounds for a value of the
mixing between active and massless sterile neutrinos, ✓⌫� = 10�3 (left) and 10�4 (right). The white region is allowed. Dotted
black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�, see eq. (5.3), or by
the requirement of �H�  10�6 when stronger. The grey dotted lines indicate regions of constant value of the gauge coupling
constant gX = mZ0/v�. We also indicate the region where standard thermal leptogenesis can work (purple shading).

••• CMB Constraints on X–⌫ interactions: The in-
teraction between X particles and neutrinos and sterile
massless states can leave an imprint on CMB observa-
tions if it occurs su�ciently close to recombination as
this would alter neutrino freestreaming and distort the
CMB power spectra. A recent model-independent anal-

ysis of Planck legacy data has shown that provided that
the ⌫–X interactions are not e�cient at z < 105 there are
no CMB constraints [50]. We will use this as a constraint
on the parameter space, requiring that

h�(⌫⌫ ! X)i < H at z < 105 . (4.6)

In addition, since in our scenario a large fraction of the
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Constraints on heavy RH neutrinos

allowed

MR ≲ 1010 − 1014 GeV

• perturbativity of Yukawa  

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

YΦ NR χLΦ

λΦH |Φ |2 H†H
Φ
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• standard thermal LG works if  dominates over 
 

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

N → HL
N → ϕχ

χ Neff
⇒ TRH < MR TRH ≫ TEW

8

FIG. 3. Regions of the parameter space of the global U(1)X model excluded by several cosmological bounds for a value of
the mixing between active and massless sterile neutrinos, ✓⌫� = 10�3 (left) and 10�4 (right). The white region is allowed.
Vertical dashed black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�,
see eq. (5.3) or by the requirement of �H�  10�6 when stronger. The purple line indicates the region where m� > v�, where
the explicit breaking (ESB) of the U(1)X symmetry by the scalar mass would dominate over the spontaneous breaking. The
vertical green line highlights parameter space excluded from neutrino freestreaming in the specific case m� = 0.
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black lines correspond to the maximum MR value in GeV given by the requirement of perturbativity for Y�, see eq. (5.3), or by
the requirement of �H�  10�6 when stronger. The grey dotted lines indicate regions of constant value of the gauge coupling
constant gX = mZ0/v�. We also indicate the region where standard thermal leptogenesis can work (purple shading).

••• CMB Constraints on X–⌫ interactions: The in-
teraction between X particles and neutrinos and sterile
massless states can leave an imprint on CMB observa-
tions if it occurs su�ciently close to recombination as
this would alter neutrino freestreaming and distort the
CMB power spectra. A recent model-independent anal-

ysis of Planck legacy data has shown that provided that
the ⌫–X interactions are not e�cient at z < 105 there are
no CMB constraints [50]. We will use this as a constraint
on the parameter space, requiring that

h�(⌫⌫ ! X)i < H at z < 105 . (4.6)

In addition, since in our scenario a large fraction of the
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allowed

MR ≲ 1010 − 1014 GeV

• perturbativity of Yukawa  

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

YΦ NR χLΦ

λΦH |Φ |2 H†H
Φ

Comment on leptogenesis:
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••• CMB Constraints on X–⌫ interactions: The in-
teraction between X particles and neutrinos and sterile
massless states can leave an imprint on CMB observa-
tions if it occurs su�ciently close to recombination as
this would alter neutrino freestreaming and distort the
CMB power spectra. A recent model-independent anal-

ysis of Planck legacy data has shown that provided that
the ⌫–X interactions are not e�cient at z < 105 there are
no CMB constraints [50]. We will use this as a constraint
on the parameter space, requiring that

h�(⌫⌫ ! X)i < H at z < 105 . (4.6)

In addition, since in our scenario a large fraction of the

• SN cooling arguments for SN1987A exclude 
 

  

 
weaker than BBN constraint   

• Future galactic SN at 10 kpc: neutrino signal in 
HyperK from : sensitivity down to 
 
 

3 × 10−7 keV
mZ′￼

≲ λνν
Z′￼

≲ 10−4 keV
mZ′￼

λνν
Z′￼

≲ 10−7(keV/mZ′￼
)

Z′￼ → νν

λνν
Z′￼

∼ 10−9(keV/mZ′￼
)

24

Signatures in a super nova

future gal. SN HyperK

Fiorillo, Raffelt, 
Vitagliano, 

2209.11773

Akita, Im, Masud, 2206.06852
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• add one more heavy RH neutrino N’ 
one of the  will also pick up a seesaw induced mass ⇒ χ → ψ

25

Extending the model to include keV sterile neutrino dark matter

C. Benso, TS, D. Vatsyayan, to appear

Original model: [Escudero, TS, Terol-Calvo]

• 3 heavy right-handed neutrinos (seesaw) N 

• 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 χ U(1)X
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Extending the model to include keV sterile neutrino dark matter

C. Benso, TS, D. Vatsyayan, to appear

neutral fermion mass matrix

in the basis

assume hierarchies:
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Extending the model to include keV sterile neutrino dark matter

C. Benso, TS, D. Vatsyayan, to appear

neutral fermion mass matrix

in the basis

assume hierarchies:

keV DM candidate

θνψ =
m′￼D

κ′￼

, θχψ = 0

ℒint = gX Z′￼μ ψγμψ

mixing and interactions:
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• assume  

•  thermalizes with the dark fluid via  

•DM freeze-out for 

mψ < mZ′￼

ψ ψψ ↔ Z′￼

TDS ≲ mψ

27

DM production via dark freeze-out
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• DM mass 
 

• DM stability and X-ray constraints: 
,  

suppressed by   

require 

15 keV ≲ mψ ≲ 100 keV

ψ → νχχ ψ → νγ
θ2

νψ

θνψ ≲ 10−8

28

Right DM abundance in the relevant parameter region

C. Benso, TS, D. Vatsyayan, to appear
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• keV sterile neutrino DM naturally integrated in the model [w C. Benso, D.  Vatsyayan, to appear] 
production due to DS interactions, mixing w active neutrinos can be very small 

• possible signatures: 
• galactic SN observations  
• sterile neutrino searches at oscillation experiments  

[work in progress w M. Escudero, T. Ota, M. Maltoni]

29

Summary & Outlook

•Relaxing cosmo bound on  requires exciting new physics 

• Presented simple seesaw model: 

• 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 

∑ mν

Nχ ≳ 10 − 30

Z′￼ λνν
Z′￼

∼ 10−9
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• keV sterile neutrino DM naturally integrated in the model [w C. Benso, D.  Vatsyayan, to appear] 
production due to DS interactions, mixing w active neutrinos can be very small 

• possible signatures: 
• galactic SN observations  
• sterile neutrino searches at oscillation experiments  

[work in progress w M. Escudero, T. Ota, M. Maltoni]

29

Summary & Outlook

Thank you for  

your attention!

•Relaxing cosmo bound on  requires exciting new physics 

• Presented simple seesaw model: 

• 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 

∑ mν

Nχ ≳ 10 − 30

Z′￼ λνν
Z′￼

∼ 10−9


