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• Introduction 

• Status of neutrino mass determination 

• Neutrino mass from cosmology — the ``neutrino tension´´ 

•How to relax the cosmological neutrino mass bound 

• Seesaw model for neutrino mass, dark radiation, keV sterile neutrino DM 
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Neutrino oscillations: 

•  

•   
|m2

3 − m2
1 | ≈ (2.52 ± 0.023) × 10−3 eV2

m2
2 − m2

1 = (7.49 ± 0.19) × 10−5 eV2

4

Neutrino masses

Global data and 3-flavour oscillations Qualitative picture

What we know – masses
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I The two mass-squared di�erences are separated roughly by a factor 30:
�m
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I at least two neutrinos are massive

T. Schwetz (KIT) Neutrino physics I 41 / 63
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Figure 8. Confidence regions at 95.45% CL (2 dof) in the plane of sin2 ✓23 (sin2 ✓13) and �m2
3`)

in the left (right) panels. For the left panels we use both appearance and disappearance data from
MINOS (green), NOvA (purple) and T2K (red), as well as atmospheric data from IC (orange)
and Super-Kamiokande (light-brown); the colored region corresponds to the combination of these
accelerator data with IC19, whereas the black-dashed contour corresponds to the combination with
IC24 and Super-Kamiokande. A prior on ✓13 is included to account for the reactor constraint.
The right panels show regions using data from Daya-Bay (pink), Double-Chooz (magenta), RENO
(violet), and their combination (black regions). In all panels solar, KamLAND and SNO+ data are
included to constrain �m2

21 and ✓12. Contours are defined with respect to the global minimum of
the two orderings for each data set.

In the right half of Fig. 9, we show the impact of the different IceCube data samples.
It is clear from the figure that the IC19 3-year data sample [19, 20] plays very little role in
the ⌫µ/⌫e disappearance complementarity due to its relatively weak constraint on |�m2

3`|.
However, when combining the IC24 �2 table corresponding to 9.3 years of data [23, 24]
with reactor data, this complementarity [42] already provides a preference for NO, with
��2

IO,NO
⇡ 4.5. The result is entirely driven by the |�m2

3`| determination, as the �2 tables
provided by the collaboration contain no information on the IceCube MO sensitivity (they
only provide relative ��2 values with respect to the best fit in each ordering). Let us
remark, however, that the ��2

IO,NO
= 4.5 contribution from combining IC24 and reactors

does not simply add up to the value ��2
IO,NO

= �0.6 from combining LBL and reactors.
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Figure 11. Left: Allowed parameter regions (at 1�, 90%, 2�, 99%, and 3� CL for 2 dof) from the
combined analysis of solar data for MB22-met model (full regions with best fit marked by black star)
and AAG21 model (dashed void contours with best fit marked by a white dot), and for the analysis
of the combination of KamLAND and SNO+ data (solid green contours with best fit marked by
a green star) for fixed sin2 ✓13 = 0.0222. For comparison we also show as orange contours the
results obtained with the MB22-met model without including the results of the day-night variation
in SK. Right: ��2 dependence on �m2

21 for the same four analyses after marginalizing over ✓12.
In addition we show separately the results from KamLAND and SNO+.

still very marginal as seen in the figure. Nevertheless, the results from SNO+ and the
expected statistics increase will be interesting to follow due to their potential impact in the
tension/agreement between the solar and reactor determination of �m2

21. In that respect,
from the figure we read that the present best-fit value of �m2

21 for the reactor results
lies at ��2

solar,MB22
= 2.5, which represent a slight increase over the ��2

solar,GS98
= 1.3

reported in NuFIT 5.0. For comparison, we show in orange the results of the solar analysis
without including the Day-Night variation information from Super-Kamiokande. As seen
in the figure, removing that information brings the agreement further down to ��2

⇠ 1.5.
Altogether the latest updates lead to very mild changes in the determination of “solar”
parameters (⇠ 1% shift up in the best-fit value and ⇠ 10% improvement in the precision)
reassuring the robustness of the results.

5 Projections on neutrino mass scale observables

Because of its quantum-interference nature, mass-induced flavor oscillations are sensitive
to the phase differences induced by the mass-squared splittings �m2

ij and to misalignment
between the detection and propagation eigenstates, i.e., to the leptonic mixing matrix
elements U↵j . They are, however, insensitive to overall shifts of the energy levels, and hence

– 19 –
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absolute neutrino mass
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Figure 12. Upper: 95% CL allowed ranges of the three probes of the absolute neutrino mass
P

m⌫ ,
m⌫e , mee as a function of the mass of the lightest neutrino obtained from projecting the results
of the global analysis of oscillation data. The regions are defined with respect to the minimum
for each ordering. Lower: Corresponding 95% CL allowed regions (for 2 dof) in the planes (m⌫e ,P

m⌫), (mee,
P

m⌫), and (m⌫e , mee).

they cannot provide information on the absolute mass scale of the neutrinos other than the
obvious lower bound on the masses of the heaviest states involved in the oscillations.

The most model-independent information on the neutrino mass, rather than on mass
differences, is obtained from kinematic studies of reactions in which a neutrino or an an-
tineutrino is involved. In the presence of mixing, the most relevant constraint comes from
the study of the end point (E ⇠ E0) of the electron spectrum in Tritium beta decay
3H !

3He + e� + ⌫̄e. This spectrum can be effectively described by a single parameter,
m⌫e , if for all neutrino states E0 � E � mi:

m2
⌫e ⌘

P
im

2
i |Uei|

2

P
i |Uei|

2
=

X

i

m2
i |Uei|

2 , (5.1)

where the second equality holds if unitarity is assumed. The most recent result on the
kinematic search for neutrino mass in tritium decay is from KATRIN [54], which sets an
upper limit m⌫e < 0.45 eV at 90% CL.
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Figure 12. Upper: 95% CL allowed ranges of the three probes of the absolute neutrino mass
P

m⌫ ,
m⌫e , mee as a function of the mass of the lightest neutrino obtained from projecting the results
of the global analysis of oscillation data. The regions are defined with respect to the minimum
for each ordering. Lower: Corresponding 95% CL allowed regions (for 2 dof) in the planes (m⌫e ,P

m⌫), (mee,
P

m⌫), and (m⌫e , mee).

they cannot provide information on the absolute mass scale of the neutrinos other than the
obvious lower bound on the masses of the heaviest states involved in the oscillations.

The most model-independent information on the neutrino mass, rather than on mass
differences, is obtained from kinematic studies of reactions in which a neutrino or an an-
tineutrino is involved. In the presence of mixing, the most relevant constraint comes from
the study of the end point (E ⇠ E0) of the electron spectrum in Tritium beta decay
3H !

3He + e� + ⌫̄e. This spectrum can be effectively described by a single parameter,
m⌫e , if for all neutrino states E0 � E � mi:

m2
⌫e ⌘

P
im

2
i |Uei|

2

P
i |Uei|

2
=

X

i

m2
i |Uei|

2 , (5.1)

where the second equality holds if unitarity is assumed. The most recent result on the
kinematic search for neutrino mass in tritium decay is from KATRIN [54], which sets an
upper limit m⌫e < 0.45 eV at 90% CL.
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cosmology beta-decay spectrum 
(KATRIN) 

neutrinoless double-beta decay 
(assuming Majorana neutrinos)

mβ = ∑
i

|Uei |
2 m2

i < 0.45 eV mββ = ∑
i

U2
ei mi ≲ 0.07 eV∑

i

mi ≲ 0.1 eV

KATRIN 2024
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Neutrino mass from cosmology

•minimal values predicted from oscillation data for : 
 

 

•Upper bounds from current data: 

•  Planck CMB+BAO 2018 

•  DESI 2025 + CMB

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

⌃min =

⇢
98.6± 0.85meV (IO)

58.5± 0.48meV (NO)

Σmν < 0.12 eV (95 % CL)
Σmν < 0.064 eV (95 % CL)

DESI 2025 + CMB
/DESI
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Tension between cosmology and laboratory?

updated from Gariazzo, Mena, TS, 2302.14159
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• Hubble tension 

•  tension (mostly gone) 

• Planck lensing anomaly 

• tension between CMB and BAO?

σ8

8

How robust are cosmological bounds?
19
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FIG. 8. Cosmology results in the ⇤CDM model (Section VI). Left panel : Marginalized posterior constraints on H0rd and ⌦m

from DESI DR1 and DR2 BAO and the CMB (including Planck and Planck+ACT lensing), computed under the assumption
of a ⇤CDM cosmology. Contours show the 68% and 95% regions. DESI DR2 is fully consistent with DR1 but as the statistical
uncertainty has significantly decreased, the tension with the CMB has increased. Right panel : Posterior contours in ⌦m and H0

for CMB (pink) compared to DESI DR2 BAO calibrated with a BBN prior on !b, with (orange) and without (blue) including
the ✓⇤ constraint from the CMB. The dotted black curve shows the direction of constant ⌦mh

3 matching the degeneracy
direction of the CMB.

proximation15 to the acoustic angular scale ✓⇤ based on
fitting formulae given in [122], ln(1010As) and ns are the
amplitude and spectral index of the primordial scalar per-
turbations, and ⌧ is the optical depth. Extended cosmo-
logical models additionally allow the spatial curvature
⌦K, the dark energy equation of state parameters w0

(or w) and wa, or the sum of neutrino masses
P

m⌫ to
vary in addition to the base parameters mentioned above.
When

P
m⌫ is varied, we assume three degenerate mass

eigenstates unless testing specific mass ordering scenar-
ios; when it is not varied, it is fixed to a default value
of 0.06 eV assuming a single non-zero mass eigenstate.
Prior ranges on all sampled parameters match those given
in Table 2 of [38].

The convergence criterion for MCMC sampling is that
the Gelman-Rubin statistic [123] satisfies R � 1 < 0.01,
or that the chains have an e↵ective sample size of & 103,
whichever is longer. Summary statistics for our chains
as well as plots are obtained with getdist16 software
package [124]. For 1D marginalized posterior results we
quote the mean and standard deviation when the dis-
tributions are symmetric and the 68% minimal credible

15
✓MC is used for sampling because it helps approximate the degen-

eracy direction of the CMB parameter space while being faster

to calculate the conversion to H0 and ⌦m. However, any di↵er-

ence between the values of ✓MC and ✓⇤ only slightly a↵ects the

e�ciency of the sampling while having no e↵ect on the accuracy

of the likelihood evaluation.
16

https://github.com/cmbant/getdist

interval when they are not. Where only limits on param-
eter values can be determined, upper or lower bounds
are quoted at the 68% level, except for

P
m⌫ where we

quote the 95% upper bound to ensure comparability with
previous work.

In order to determine the best fit points and the corre-
sponding �

2 we use the iminuit [125] algorithm starting
from the maximum a posteriori (MAP) points of each
of the chains in the MCMC sampling. When comparing
the fits of two di↵erent models we compare the quan-
tity ��

2

MAP
⌘ �2� ln L representing twice the di↵er-

ence in the negative log posteriors at the maximum pos-
terior points for each model. This measure accounts for
the contribution of any non-uniform priors when evalu-
ating the di↵erences between two MAP points. For like-
lihood combinations including DESY3 (3 ⇥ 2pt), when
computing the best-fit points and �

2, we directly use
the version of the DESY3 likelihood [117] implemented
in the CosmoSIS [119] pipeline.17 For these combina-
tions with DESY3, when calculating the deviance in-
formation criterion values, we separate the calculation
of the mean h�2i via the sum h�2

DESI(+SNe)
i + h�2

DESY3
i

and compute each term with the corresponding weighted
CombineHarvesterFlow chains. This enables the use of

17
When using the CosmoSIS implementation of this likelihood, we

sample using the same priors as in [117], except on the param-

eters w0 and wa, where the priors are chosen to match those in

the rest of this paper, and the neutrino mass sum
P

m⌫ , which

is fixed to 0.06 eV as in the default case here.

DESI DR2 2025 [2503.14738]
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Powerful complementarity between BAO and CMB 4

cal value, so as to account for possible systematic uncer-
tainties, and Planck data preferred values of Alens > 1.
However, the magnitude of the Alens was known to vary
depending on the specific likelihood (and specific CMB
dataset) used to perform the analysis. While the anomaly
is 2.8� with the o�cial Planck collaboration 2018 TT-
TEEE likelihood, dubbed plik, it is reduced after the
final PR4 data release to the 1.7� level with the alterna-
tive CamSpec [27, 28] likelihood, and down to 0.75� with
the HiLLiPoP [29, 30] one.

Importantly, the CamSpec and HiLLiPoP likelihoods
have been recently updated since the 2018 analysis, in
light of a new set of maps produced by the Planck collab-
oration called NPIPE. The NPIPE maps exploit a num-
ber of improvements in the processing of time ordered
data to allow for an increase in the signal-to-noise ra-
tio at small scales. They also allow to use a larger sky
fraction, and incorporate a better handling of a num-
ber of systematic errors thanks to dedicated mock data.
This results in a roughly ⇠ 10% stronger constraining
power on ⇤CDM parameters, and importantly, the lens-
ing anomaly seems to be significantly reduced or even
absent in those data. In fact, it has been shown that
they lead to weaker bounds to

P
m⌫ than the Plik 2018

likelihood, see [10, 28, 30].

Regarding ii), the best way to obtain better measure-
ments on As is from large scale CMB polarization mea-
surements which will be provided by LiteBIRD [68] but
on a ⇠ 10 year time-scale. Importantly, regarding iii),
the improvement is happening now, as DESI is taking
data and has published already the 1st year data release,
while Euclid is on space and will start collecting data
in one year as well. In this regard, it is important to
highlight that the compatibility between the new DESI-
Y1 data and Planck is at the 2� level, and is thus worse
than for SDSS. As a result, this (arguably small) tension
may impact the neutrino mass bound. This is illustrated
in Fig. 2, where we compare constraints under ⇤CDM in
the ⌦m �H0rd plane from SDSS, DESI and DESI with-
out the data points at z = 0.7. We also superimpose the
posteriors from a fit to Planck 2018 (with lensing), high-
lighting the correlations with

P
m⌫ with colored points.

As argued in Ref. [1], it is clear that the mismatch in
H0rd between SDSS and DESI is driving the discrepancy,
and a stronger bound to

P
m⌫ . However, removing the

data points at z = 0.7 can significantly shift the mean
of the posterior distributions (by about ⇠ 0.8�) without
a↵ecting the error bars. This suggests than an analy-
sis without these data points may lead to significantly
weaker bounds, and would argue in favor of a potential
statistical fluke driving these bounds.

In summary, it is very important to understand how
relevant are possible systematic e↵ects in Planck CMB
data on our inferences of the neutrino mass in cosmol-
ogy, as well as what are the implications of adding dif-
ferent sets of BAO data. This is particularly the case
given that the direct combination of Planck + DESI-Y1

FIG. 2. Implications of BAO measurements of ⌦m and H0rd

for
P

m⌫ inferences. We show the posterior density contours
using Planck data (grey and dots), as well as the regions
favoured by the full SDSS BAO sample (in blue), DESI-Y1
(in red), and DESI-Y1 without the z = 0.7 bin, which con-
tains a 2.6� outlier (in black dashed). We can clearly see that
the z = 0.7 leads to a relevant shift on the parameter space
with implications for the neutrino mass.

BAO yields a bound
P

m⌫ < 0.072 eV which is very close
to the minimum allowed value from neutrino oscillation
experiments

P
m⌫ > 0.06 eV.

III. DATA AND METHODOLOGY

III.1. Cosmological Data: CMB, BAO and
Supernova

In what follows, we will first perform a comprehen-
sive analysis of the bound on neutrino masses coming
from considering Planck data alone, to highlight the role
of potential anomalies (whether a statistical fluke or a
systematic e↵ect) in the data, and how subsequent data
releases have a↵ected those bounds. To that end, we
consider the following likelihood combinations:

• Planck18-PR3 – We consider the default plik

Planck legacy likelihoods for both TT, TE, EE high
` spectra as well as the large scale (low `) EE polar-
ization likelihood SimAll, and also the large scale
TT Commander likelihood.

• CamSpec22-PR4 – We consider the new
Planck CamSpec NPIPE12 7 TTTEEE likelihood
for both TT, TE, EE high ` spectra [27, 28] as well

Naredo-Tuero, Escudero, Fernandez, 
Marcano, Poulin, 2407.13831

CMB
BAO
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FIG. 12. Left: Posterior mean predictions from our baseline CMB dataset for the isotropic BAO distance measurements,
DV/rd. We use the ⇤CDM model with fixed values of the e↵ective sum of neutrino masses,

P
m⌫,e↵ = �0.11, 0, 0.06, and

0.1 eV. We also show the DESI DR2 BAO data points and the posterior prediction for DESI + CMB with
P

m⌫,e↵ free as a
dashed line. For visual clarity, we only show the 1� uncertainty for DESI + CMB. Right: Marginalized 1D posterior constraints
on H0rd from our baseline CMB dataset for the same fixed values of

P
m⌫,e↵ . The vertical shaded regions indicate the 68%

and 95% constraints from DESI DR2 BAO. The amplitude of DV/rd is inversely proportional to H0rd. These plots show how
the CMB preference for smaller H0rd values compared to DESI BAO is compensated by a smaller neutrino mass. Interestingly,
the necessary e↵ective mass to obtain this match agrees well with the best fit obtained from CMB data alone in Eq. (31).

H0 along the geometric degeneracy.
It is remarkable that when

P
m⌫,e↵ < 0 is allowed, the

e↵ective neutrino mass sum, Eq. (31), preferred by the
CMB, independent of any BAO information, yields values
of H0rd that agree very well the DESI DR2 BAO mea-
surements. In this case with

P
m⌫,e↵ = �0.11 eV fixed,

the CMB constrains H0 = 68.96± 0.49 km s�1 Mpc�1, in
line with the distance ladder measurements of [182].

The neutrino mass tension is also related to the pres-
ence of an oscillatory feature in the small-scale CMB tem-
perature power spectrum, which is unaccounted for in
⇤CDM models with positive neutrino masses, and is also
degenerate with the Alens parameter discussed in Sec-
tion IV D (see [33, 66, 68–70, 175, 176]). The preference
for Alens > 1 is present to di↵erent degrees in alterna-
tive CMB analyses. We therefore derive constraints onP

m⌫,e↵ for the alternative plik and L-H CMB likeli-
hoods. In both cases, we obtain results that are quite
similar to Eq. (30), as shown in Table V. As expected,
the tension is weaker with L-H, which prefers a slightly
lower value of Alens that is consistent with unity, but the
finding of negative e↵ective neutrino masses is clearly ro-
bust to the choice of CMB likelihood; however, see also
[69, 70].

A third contribution comes from the large-scale po-
larization measurements by Planck. These data are pri-
marily responsible for constraining the reionization op-
tical depth, ⌧ . For negative e↵ective neutrino masses,
CMB data allow smaller values of ⌧ , which improves the
fit with Planck polarization at large scales. This e↵ect

is also related to the Alens problem, given that an in-
crease in ⌧ leads to larger primordial and lensing ampli-
tudes (since Ase

�2⌧ is measured precisely). Compared to
Planck [34, 183], WMAP found significantly larger val-
ues of ⌧ [184], which would help to accommodate larger
neutrino masses [66, 79].

We tested explicitly that adopting larger values of ⌧

shifts the posterior distribution of
P

m⌫,e↵ in the positive
direction. When fixing the optical depth at ⌧ = 0.067 or
⌧ = 0.074, corresponding to a ⇠ 2� or 3� shift from the
baseline value of ⌧ = 0.054±0.007, the posteriors move in
the positive direction, but the discrepancy with neutrino
oscillations remains at 2.3� or 1.7�, respectively. When
combined with astrophysical constraints on reionization,
such large values of ⌧ are further disfavored [185]. Al-
though recent observations with JWST might challenge
the standard reionization picture [186], the Planck value
of ⌧ is generally consistent with most astrophysical obser-
vations suggesting a later end to reionization [187–192].
The combination with DESI BAO also limits our ability
to explain negative e↵ective neutrino masses in terms of
⌧ alone, since at fixed neutrino mass, increasing ⌧ only
slightly increases the preferred CMB value of H0rd. Nev-
ertheless, if we exclude large-scale CMB polarization data
on account of systematic errors, the tension could be ex-
plained as a ⇠ 2� statistical fluctuation.

DESI DR2 [2503.14744]
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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?

M. Escudero, T. Schwetz, J. Terol-Calvo 
[arXiv:2211.01729]  JHEP 02 (2023) 142 
A seesaw model for large neutrino masses in concordance with cosmology 

C. Benso, T. Schwetz, D. Vatsyayan 
[arXiv:2410.23926]  JCAP 04 (2025) 054 
Large neutrino mass in cosmology and keV sterile neutrino dark matter from a dark sector

spires-search://a%20escudero,%20miguel
spires-search://a%20schwetz,%20thomas
spires-search://a%20terol-calvo,%20jorge
https://arxiv.org/abs/2211.01729
spires-open-journal://
spires-search://a%20benso,%20cristina
spires-search://a%20schwetz,%20thomas
spires-search://a%20vatsyayan,%20drona
https://arxiv.org/abs/2410.23926
spires-open-journal://
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• dynamical dark energy  
Mena et al; Green, Meyers, 2407.07878; DESI 2025, 2503.14738:   

• 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, 2306.15718, 2407.02462   

•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; Das, Dev et al., 2506.08085 

∑ mν < 0.14 eV

∑ mν < 0.42 eV

11

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

12

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) 
                                                             

13

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

s χ

Γ(νν ↔ X) ≳ H
Γ(X ↔ χχ) ≳ H

• introduce a set of  massless fermions  

• a mediator X coupled to neutrinos (vector med. preferred) 

• 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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Adding keV sterile neutrino dark matter

• freeze-out in the dark sector 
ψψ ↔ χχ, Z′￼Z′￼

Benso, Schwetz, 
Vatsyayan, 2410.23926   

similar to A. Berlin, N. Blinov,  
1706.07046, 1807.04282
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• DS gets equilibrated at  by  
 

• both,  and  prozesses are in equilibrium   
chem. potentials vanish, DS abundances fully characterized by temperature 
 
 

• adiabatic evolution till 

Teq
ν

1 ↔ 2 2 ↔ 2 ⇒

16

Equilibration of dark sector, neutrino mass suppression and  Neff

11

with the active neutrinos when they have a temperature
T

eq

⌫
and form a thermal system with a new temperature

Teq, with mZ0 ,m ⌧ Teq ⌧ 1 MeV.8 For the parameter
region of interest, the following interactions come into
thermal equilibrium:

Z
0
$ ff , Z

0
$ ff

0
, (44)

Z
0
Z

0
$ ff , (45)

ff $ f
0
f
0
, (46)

with f, f
0 = ⌫,�, . As discussed above, the reaction

Z
0
$ ⌫⌫ is crucial to equilibrate the dark sector at

first place, however, the less suppressed reactions with
f = �, will be much faster once these particles are
abundant. In particular, both, 1 $ 2 and 2 $ 2 pro-
cesses involving Z

0 will simultaneously come into equi-
librium. This implies that all chemical potentials are
zero and there is no conserved particle number.9
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where the factor in square-brackets holds for fermions
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Here g̃ = 4N�+2 are the massless degrees of freedom and
g = 2, gZ0 = 3, g⌫ = 6. Note that for the scalar in our
model we expect masses of order of the dark VEV, with
10 MeV . v� . 10 GeV. Therefore, the scalar will not be
present in the dark sector thermal bath in the relevant
temperature range T . 1 MeV and does not contribute
to the degrees of freedom here. For Ne↵ we then obtain
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Using eq. (50), we see that this expression for Ne↵ con-
verges to g⌫/2 = 3 for both, g̃, g , gZ0 ! 0 as well as for
g̃ ! 1. Note that this is the value for Ne↵ relevant for
CMB observables, whereas for BBN Ne↵ in our scenario
should be very close to the SM value. For the suppression
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The results of this calculation are shown in fig. 5, where
for comparison we show with dashed curves also the case
when particle numbers are conserved, as considered in
[24, 25], see footnote 9. The latter are calculated follow-
ing the procedure outlined in Appendix B in [24]. For
given N� we observe a slightly smaller suppression of the
neutrino mass bound and a larger contribution to Ne↵

than in the case with particle number conservation. For
large g̃, the suppression factor in eq. (52) decreases like
g̃
�3/4, compared to the factor (1 + g̃/6)�1 for the case

with number conservation [24, 25].
Our scenario predicts a sizable deviation of Ne↵ from

the SM value at recombination. From the middle panel of
fig. 5 we see that small values of N� . 10 are already in
tension with the Planck result Ne↵ = 2.99± 0.17 [2]. For
the range 10 . N� . 40 (where also relevant relaxation of
the neutrino mass bound occurs), deviations of Ne↵ from
the SM value may be observable by future CMB missions,
which should reach sensitivities of 0.07 [68] or even 0.03
[67] at 1�. See also [69] for a recent study of such dark
radiation scenarios in the context of observables in the
non-linear regime. Let us also note that the analysis in
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model we expect masses of order of the dark VEV, with
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The results of this calculation are shown in fig. 5, where
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fig. 5 we see that small values of N� . 10 are already in
tension with the Planck result Ne↵ = 2.99± 0.17 [2]. For
the range 10 . N� . 40 (where also relevant relaxation of
the neutrino mass bound occurs), deviations of Ne↵ from
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Here g̃ = 4N�+2 are the massless degrees of freedom and
g = 2, gZ0 = 3, g⌫ = 6. Note that for the scalar in our
model we expect masses of order of the dark VEV, with
10 MeV . v� . 10 GeV. Therefore, the scalar will not be
present in the dark sector thermal bath in the relevant
temperature range T . 1 MeV and does not contribute
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Using eq. (50), we see that this expression for Ne↵ con-
verges to g⌫/2 = 3 for both, g̃, g , gZ0 ! 0 as well as for
g̃ ! 1. Note that this is the value for Ne↵ relevant for
CMB observables, whereas for BBN Ne↵ in our scenario
should be very close to the SM value. For the suppression
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tension with the Planck result Ne↵ = 2.99± 0.17 [2]. For
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librium. This implies that all chemical potentials are
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g = 2, gZ0 = 3, g⌫ = 6. Note that for the scalar in our
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Here g̃ = 4N�+2 are the massless degrees of freedom and
g = 2, gZ0 = 3, g⌫ = 6. Note that for the scalar in our
model we expect masses of order of the dark VEV, with
10 MeV . v� . 10 GeV. Therefore, the scalar will not be
present in the dark sector thermal bath in the relevant
temperature range T . 1 MeV and does not contribute
to the degrees of freedom here. For Ne↵ we then obtain
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Using eq. (50), we see that this expression for Ne↵ con-
verges to g⌫/2 = 3 for both, g̃, g , gZ0 ! 0 as well as for
g̃ ! 1. Note that this is the value for Ne↵ relevant for
CMB observables, whereas for BBN Ne↵ in our scenario
should be very close to the SM value. For the suppression
of the neutrino number density we obtain
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The results of this calculation are shown in fig. 5, where
for comparison we show with dashed curves also the case
when particle numbers are conserved, as considered in
[24, 25], see footnote 9. The latter are calculated follow-
ing the procedure outlined in Appendix B in [24]. For
given N� we observe a slightly smaller suppression of the
neutrino mass bound and a larger contribution to Ne↵

than in the case with particle number conservation. For
large g̃, the suppression factor in eq. (52) decreases like
g̃
�3/4, compared to the factor (1 + g̃/6)�1 for the case

with number conservation [24, 25].
Our scenario predicts a sizable deviation of Ne↵ from

the SM value at recombination. From the middle panel of
fig. 5 we see that small values of N� . 10 are already in
tension with the Planck result Ne↵ = 2.99± 0.17 [2]. For
the range 10 . N� . 40 (where also relevant relaxation of
the neutrino mass bound occurs), deviations of Ne↵ from
the SM value may be observable by future CMB missions,
which should reach sensitivities of 0.07 [68] or even 0.03
[67] at 1�. See also [69] for a recent study of such dark
radiation scenarios in the context of observables in the
non-linear regime. Let us also note that the analysis in
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0 = ⌫,�, . As discussed above, the reaction

Z
0
$ ⌫⌫ is crucial to equilibrate the dark sector at

first place, however, the less suppressed reactions with
f = �, will be much faster once these particles are
abundant. In particular, both, 1 $ 2 and 2 $ 2 pro-
cesses involving Z

0 will simultaneously come into equi-
librium. This implies that all chemical potentials are
zero and there is no conserved particle number.9

Hence the system is fully characterized by its temper-
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where the factor in square-brackets holds for fermions
and should be dropped for bosons. Eq. (47) determines
the ratio Teq/T
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dom. Then the system evolves adiabatically to a temper-
ature Tfin ⌧ m ,mZ0 , when the DM  L and Z
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have become non-relativistic and therefore no longer con-
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into account that only neutrinos and the massless degrees
of freedom (�L,�R, R) contribute at Tfin. Combining
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Here g̃ = 4N�+2 are the massless degrees of freedom and
g = 2, gZ0 = 3, g⌫ = 6. Note that for the scalar in our
model we expect masses of order of the dark VEV, with
10 MeV . v� . 10 GeV. Therefore, the scalar will not be
present in the dark sector thermal bath in the relevant
temperature range T . 1 MeV and does not contribute
to the degrees of freedom here. For Ne↵ we then obtain
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Using eq. (50), we see that this expression for Ne↵ con-
verges to g⌫/2 = 3 for both, g̃, g , gZ0 ! 0 as well as for
g̃ ! 1. Note that this is the value for Ne↵ relevant for
CMB observables, whereas for BBN Ne↵ in our scenario
should be very close to the SM value. For the suppression
of the neutrino number density we obtain
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The results of this calculation are shown in fig. 5, where
for comparison we show with dashed curves also the case
when particle numbers are conserved, as considered in
[24, 25], see footnote 9. The latter are calculated follow-
ing the procedure outlined in Appendix B in [24]. For
given N� we observe a slightly smaller suppression of the
neutrino mass bound and a larger contribution to Ne↵

than in the case with particle number conservation. For
large g̃, the suppression factor in eq. (52) decreases like
g̃
�3/4, compared to the factor (1 + g̃/6)�1 for the case

with number conservation [24, 25].
Our scenario predicts a sizable deviation of Ne↵ from

the SM value at recombination. From the middle panel of
fig. 5 we see that small values of N� . 10 are already in
tension with the Planck result Ne↵ = 2.99± 0.17 [2]. For
the range 10 . N� . 40 (where also relevant relaxation of
the neutrino mass bound occurs), deviations of Ne↵ from
the SM value may be observable by future CMB missions,
which should reach sensitivities of 0.07 [68] or even 0.03
[67] at 1�. See also [69] for a recent study of such dark
radiation scenarios in the context of observables in the
non-linear regime. Let us also note that the analysis in
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,

for which the interaction rates for coupling strength of 10
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(c.f. fig. 4) are much larger than the expansion rate in

the relevant temperature range.

into account that only neutrinos and the massless degrees
of freedom (�L,�R, R) contribute at Tfin. Combining
eqs. (47) and (49) leads to the ratio of the dark sector
temperature Tdark to the neutrino temperature in the SM
(evaluated at Tdark = Tfin) as
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Here g̃ = 4N�+2 are the massless degrees of freedom and
g = 2, gZ0 = 3, g⌫ = 6. Note that for the scalar in our
model we expect masses of order of the dark VEV, with
10 MeV . v� . 10 GeV. Therefore, the scalar will not be
present in the dark sector thermal bath in the relevant
temperature range T . 1 MeV and does not contribute
to the degrees of freedom here. For Ne↵ we then obtain
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Using eq. (50), we see that this expression for Ne↵ con-
verges to g⌫/2 = 3 for both, g̃, g , gZ0 ! 0 as well as for
g̃ ! 1. Note that this is the value for Ne↵ relevant for
CMB observables, whereas for BBN Ne↵ in our scenario
should be very close to the SM value. For the suppression
of the neutrino number density we obtain
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The results of this calculation are shown in fig. 5, where
for comparison we show with dashed curves also the case
when particle numbers are conserved, as considered in
[24, 25], see footnote 9. The latter are calculated follow-
ing the procedure outlined in Appendix B in [24]. For
given N� we observe a slightly smaller suppression of the
neutrino mass bound and a larger contribution to Ne↵

than in the case with particle number conservation. For
large g̃, the suppression factor in eq. (52) decreases like
g̃
�3/4, compared to the factor (1 + g̃/6)�1 for the case

with number conservation [24, 25].
Our scenario predicts a sizable deviation of Ne↵ from

the SM value at recombination. From the middle panel of
fig. 5 we see that small values of N� . 10 are already in
tension with the Planck result Ne↵ = 2.99± 0.17 [2]. For
the range 10 . N� . 40 (where also relevant relaxation of
the neutrino mass bound occurs), deviations of Ne↵ from
the SM value may be observable by future CMB missions,
which should reach sensitivities of 0.07 [68] or even 0.03
[67] at 1�. See also [69] for a recent study of such dark
radiation scenarios in the context of observables in the
non-linear regime. Let us also note that the analysis in
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f = �, will be much faster once these particles are
abundant. In particular, both, 1 $ 2 and 2 $ 2 pro-
cesses involving Z

0 will simultaneously come into equi-
librium. This implies that all chemical potentials are
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Hence the system is fully characterized by its temper-
ature Teq, which is obtained from energy conservation
during equilibration:
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where the factor in square-brackets holds for fermions
and should be dropped for bosons. Eq. (47) determines
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dom. Then the system evolves adiabatically to a temper-
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have become non-relativistic and therefore no longer con-
tribute to dark radiation. Here we can use conservation
of co-moving entropy:
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with the cosmic scale factor a and s = 4⇢/(3T ) for mass-
less particles. At the right-hand side of eq. (49) we take
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into account that only neutrinos and the massless degrees
of freedom (�L,�R, R) contribute at Tfin. Combining
eqs. (47) and (49) leads to the ratio of the dark sector
temperature Tdark to the neutrino temperature in the SM
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Here g̃ = 4N�+2 are the massless degrees of freedom and
g = 2, gZ0 = 3, g⌫ = 6. Note that for the scalar in our
model we expect masses of order of the dark VEV, with
10 MeV . v� . 10 GeV. Therefore, the scalar will not be
present in the dark sector thermal bath in the relevant
temperature range T . 1 MeV and does not contribute
to the degrees of freedom here. For Ne↵ we then obtain
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Using eq. (50), we see that this expression for Ne↵ con-
verges to g⌫/2 = 3 for both, g̃, g , gZ0 ! 0 as well as for
g̃ ! 1. Note that this is the value for Ne↵ relevant for
CMB observables, whereas for BBN Ne↵ in our scenario
should be very close to the SM value. For the suppression
of the neutrino number density we obtain
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The results of this calculation are shown in fig. 5, where
for comparison we show with dashed curves also the case
when particle numbers are conserved, as considered in
[24, 25], see footnote 9. The latter are calculated follow-
ing the procedure outlined in Appendix B in [24]. For
given N� we observe a slightly smaller suppression of the
neutrino mass bound and a larger contribution to Ne↵

than in the case with particle number conservation. For
large g̃, the suppression factor in eq. (52) decreases like
g̃
�3/4, compared to the factor (1 + g̃/6)�1 for the case

with number conservation [24, 25].
Our scenario predicts a sizable deviation of Ne↵ from

the SM value at recombination. From the middle panel of
fig. 5 we see that small values of N� . 10 are already in
tension with the Planck result Ne↵ = 2.99± 0.17 [2]. For
the range 10 . N� . 40 (where also relevant relaxation of
the neutrino mass bound occurs), deviations of Ne↵ from
the SM value may be observable by future CMB missions,
which should reach sensitivities of 0.07 [68] or even 0.03
[67] at 1�. See also [69] for a recent study of such dark
radiation scenarios in the context of observables in the
non-linear regime. Let us also note that the analysis in
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Here g̃ = 4N�+2 are the massless degrees of freedom and
g = 2, gZ0 = 3, g⌫ = 6. Note that for the scalar in our
model we expect masses of order of the dark VEV, with
10 MeV . v� . 10 GeV. Therefore, the scalar will not be
present in the dark sector thermal bath in the relevant
temperature range T . 1 MeV and does not contribute
to the degrees of freedom here. For Ne↵ we then obtain
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Using eq. (50), we see that this expression for Ne↵ con-
verges to g⌫/2 = 3 for both, g̃, g , gZ0 ! 0 as well as for
g̃ ! 1. Note that this is the value for Ne↵ relevant for
CMB observables, whereas for BBN Ne↵ in our scenario
should be very close to the SM value. For the suppression
of the neutrino number density we obtain
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The results of this calculation are shown in fig. 5, where
for comparison we show with dashed curves also the case
when particle numbers are conserved, as considered in
[24, 25], see footnote 9. The latter are calculated follow-
ing the procedure outlined in Appendix B in [24]. For
given N� we observe a slightly smaller suppression of the
neutrino mass bound and a larger contribution to Ne↵

than in the case with particle number conservation. For
large g̃, the suppression factor in eq. (52) decreases like
g̃
�3/4, compared to the factor (1 + g̃/6)�1 for the case

with number conservation [24, 25].
Our scenario predicts a sizable deviation of Ne↵ from

the SM value at recombination. From the middle panel of
fig. 5 we see that small values of N� . 10 are already in
tension with the Planck result Ne↵ = 2.99± 0.17 [2]. For
the range 10 . N� . 40 (where also relevant relaxation of
the neutrino mass bound occurs), deviations of Ne↵ from
the SM value may be observable by future CMB missions,
which should reach sensitivities of 0.07 [68] or even 0.03
[67] at 1�. See also [69] for a recent study of such dark
radiation scenarios in the context of observables in the
non-linear regime. Let us also note that the analysis in

11

with the active neutrinos when they have a temperature
T

eq

⌫
and form a thermal system with a new temperature

Teq, with mZ0 ,m ⌧ Teq ⌧ 1 MeV.8 For the parameter
region of interest, the following interactions come into
thermal equilibrium:

Z
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0
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, (44)

Z
0
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0
$ ff , (45)

ff $ f
0
f
0
, (46)

with f, f
0 = ⌫,�, . As discussed above, the reaction

Z
0
$ ⌫⌫ is crucial to equilibrate the dark sector at

first place, however, the less suppressed reactions with
f = �, will be much faster once these particles are
abundant. In particular, both, 1 $ 2 and 2 $ 2 pro-
cesses involving Z

0 will simultaneously come into equi-
librium. This implies that all chemical potentials are
zero and there is no conserved particle number.9

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

⇢⌫(T
eq

⌫
) =

X

f=⌫,�, 

⇢f (Teq) + ⇢Z0(Teq) , (47)

with the energy density of a species i given by
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where the factor in square-brackets holds for fermions
and should be dropped for bosons. Eq. (47) determines
the ratio Teq/T

eq

⌫
in terms of the involved degrees of free-

dom. Then the system evolves adiabatically to a temper-
ature Tfin ⌧ m ,mZ0 , when the DM  L and Z

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

a
3

eq
seq(Teq) = a

3

fin
sfin(Tfin) , (49)

with the cosmic scale factor a and s = 4⇢/(3T ) for mass-
less particles. At the right-hand side of eq. (49) we take
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Note that our masses are O(10�100) keV and actually the hier-

archy is mild. Nevertheless, we take  and Z0
as fully relativis-

tic at equilibration for the estimates in this section. We have

checked that they are in good agreement with the solution of the

Boltzmann equations.
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where only the 1 $ 2 prozesses from eq. (44) have been taken

into account, but not the 2 $ 2 prozesses from eq. (45). In

that case, there is a conserved particle number (fermions f are

created or destroyed only in pairs, while Z0
numbers change by

one unit) and chemical potentials develop, see also the discussion

in Appendix B of [24]. In contrast, in our model, the processes

(45) proceed through t- and u-channel diagrams with � ⇠ g4/T 2
,

for which the interaction rates for coupling strength of 10
�5 .

g . 10
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(c.f. fig. 4) are much larger than the expansion rate in

the relevant temperature range.

into account that only neutrinos and the massless degrees
of freedom (�L,�R, R) contribute at Tfin. Combining
eqs. (47) and (49) leads to the ratio of the dark sector
temperature Tdark to the neutrino temperature in the SM
(evaluated at Tdark = Tfin) as
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Here g̃ = 4N�+2 are the massless degrees of freedom and
g = 2, gZ0 = 3, g⌫ = 6. Note that for the scalar in our
model we expect masses of order of the dark VEV, with
10 MeV . v� . 10 GeV. Therefore, the scalar will not be
present in the dark sector thermal bath in the relevant
temperature range T . 1 MeV and does not contribute
to the degrees of freedom here. For Ne↵ we then obtain
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Using eq. (50), we see that this expression for Ne↵ con-
verges to g⌫/2 = 3 for both, g̃, g , gZ0 ! 0 as well as for
g̃ ! 1. Note that this is the value for Ne↵ relevant for
CMB observables, whereas for BBN Ne↵ in our scenario
should be very close to the SM value. For the suppression
of the neutrino number density we obtain
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The results of this calculation are shown in fig. 5, where
for comparison we show with dashed curves also the case
when particle numbers are conserved, as considered in
[24, 25], see footnote 9. The latter are calculated follow-
ing the procedure outlined in Appendix B in [24]. For
given N� we observe a slightly smaller suppression of the
neutrino mass bound and a larger contribution to Ne↵

than in the case with particle number conservation. For
large g̃, the suppression factor in eq. (52) decreases like
g̃
�3/4, compared to the factor (1 + g̃/6)�1 for the case

with number conservation [24, 25].
Our scenario predicts a sizable deviation of Ne↵ from

the SM value at recombination. From the middle panel of
fig. 5 we see that small values of N� . 10 are already in
tension with the Planck result Ne↵ = 2.99± 0.17 [2]. For
the range 10 . N� . 40 (where also relevant relaxation of
the neutrino mass bound occurs), deviations of Ne↵ from
the SM value may be observable by future CMB missions,
which should reach sensitivities of 0.07 [68] or even 0.03
[67] at 1�. See also [69] for a recent study of such dark
radiation scenarios in the context of observables in the
non-linear regime. Let us also note that the analysis in

11

with the active neutrinos when they have a temperature
T

eq

⌫
and form a thermal system with a new temperature

Teq, with mZ0 ,m ⌧ Teq ⌧ 1 MeV.8 For the parameter
region of interest, the following interactions come into
thermal equilibrium:

Z
0
$ ff , Z

0
$ ff

0
, (44)

Z
0
Z

0
$ ff , (45)

ff $ f
0
f
0
, (46)

with f, f
0 = ⌫,�, . As discussed above, the reaction

Z
0
$ ⌫⌫ is crucial to equilibrate the dark sector at

first place, however, the less suppressed reactions with
f = �, will be much faster once these particles are
abundant. In particular, both, 1 $ 2 and 2 $ 2 pro-
cesses involving Z

0 will simultaneously come into equi-
librium. This implies that all chemical potentials are
zero and there is no conserved particle number.9

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

⇢⌫(T
eq

⌫
) =

X

f=⌫,�, 

⇢f (Teq) + ⇢Z0(Teq) , (47)

with the energy density of a species i given by

⇢i(T ) =


7

8

�
⇡
2

30
giT

4
, (48)

where the factor in square-brackets holds for fermions
and should be dropped for bosons. Eq. (47) determines
the ratio Teq/T

eq

⌫
in terms of the involved degrees of free-

dom. Then the system evolves adiabatically to a temper-
ature Tfin ⌧ m ,mZ0 , when the DM  L and Z

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

a
3

eq
seq(Teq) = a

3

fin
sfin(Tfin) , (49)

with the cosmic scale factor a and s = 4⇢/(3T ) for mass-
less particles. At the right-hand side of eq. (49) we take

8
Note that our masses are O(10�100) keV and actually the hier-

archy is mild. Nevertheless, we take  and Z0
as fully relativis-

tic at equilibration for the estimates in this section. We have

checked that they are in good agreement with the solution of the

Boltzmann equations.
9
This is di↵erent from the scenario considered in refs. [24, 25],

where only the 1 $ 2 prozesses from eq. (44) have been taken

into account, but not the 2 $ 2 prozesses from eq. (45). In

that case, there is a conserved particle number (fermions f are

created or destroyed only in pairs, while Z0
numbers change by

one unit) and chemical potentials develop, see also the discussion

in Appendix B of [24]. In contrast, in our model, the processes

(45) proceed through t- and u-channel diagrams with � ⇠ g4/T 2
,

for which the interaction rates for coupling strength of 10
�5 .

g . 10
�5

(c.f. fig. 4) are much larger than the expansion rate in

the relevant temperature range.

into account that only neutrinos and the massless degrees
of freedom (�L,�R, R) contribute at Tfin. Combining
eqs. (47) and (49) leads to the ratio of the dark sector
temperature Tdark to the neutrino temperature in the SM
(evaluated at Tdark = Tfin) as

Tdark

T SM
⌫

=

✓
g⌫ + g̃ + g + 8

7
gZ0

g⌫ + g̃

◆1/3

⇥

✓
g⌫

g⌫ + g̃ + g + 8

7
gZ0

◆1/4

. (50)

Here g̃ = 4N�+2 are the massless degrees of freedom and
g = 2, gZ0 = 3, g⌫ = 6. Note that for the scalar in our
model we expect masses of order of the dark VEV, with
10 MeV . v� . 10 GeV. Therefore, the scalar will not be
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given N� we observe a slightly smaller suppression of the
neutrino mass bound and a larger contribution to Ne↵

than in the case with particle number conservation. For
large g̃, the suppression factor in eq. (52) decreases like
g̃
�3/4, compared to the factor (1 + g̃/6)�1 for the case

with number conservation [24, 25].
Our scenario predicts a sizable deviation of Ne↵ from

the SM value at recombination. From the middle panel of
fig. 5 we see that small values of N� . 10 are already in
tension with the Planck result Ne↵ = 2.99± 0.17 [2]. For
the range 10 . N� . 40 (where also relevant relaxation of
the neutrino mass bound occurs), deviations of Ne↵ from
the SM value may be observable by future CMB missions,
which should reach sensitivities of 0.07 [68] or even 0.03
[67] at 1�. See also [69] for a recent study of such dark
radiation scenarios in the context of observables in the
non-linear regime. Let us also note that the analysis in
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FIG. 5. Top: the ratio n⌫/n
SM
⌫ , i.e., the e↵ective suppres-

sion factor of
P

m⌫ , see eqs. (5),(52), middle: �Ne↵ , bot-
tom: ratios of the dark-sector temperature to the neutrino
temperature in the SM and to the photon temperature as a
function of the number of � generations N�, which is related
to the number of massless degrees of freedom in our model by
g̃ = 4N�+2. Dashed curves correspond to the case with parti-
cle number conservation, shown for illustration purposes. The
dotted line in the middle panel indicates the current Planck
best fit point �Ne↵ = 2.99 � 3.044 = �0.054 [2] with the
1� interval ±0.17 shown with light gray shading, and the
dark shaded region indicates the sensitivity at ±1� of a fu-
ture CMB-S4 mission [67].

ref. [70] shows that recent DESI BAO measurements [3]
leading to the tight bound on

P
m⌫ from eq. (1) can be

better accommodated by adding some amount of dark
radiation (i.e., �Ne↵ > 0), as predicted in our scenario.

Finally, we also comment on the rather di↵erent behav-

ior of the dark sector temperature in the two cases. For
conserved particle numbers, the ratio of the dark sector
temperature to the neutrino temperature in the SM sat-
urates around 0.95 for large g̃, whereas in the case with
zero chemical potential, eq. (50) gives 1/g̃1/4 dependence
for large g̃, leading to a significant cooling of the dark
sector in our model.

VI. SUMMARY AND DISCUSSION

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

• The light dark sector particles play no role in the
universe for temperatures above 1 MeV but come
into thermal equilibrium with the SM neutrinos af-
ter neutrino decoupling from the SM but before re-
combination. This sets the typical scale for the
dark gauge boson mass mZ0 ⇠ 10 keV.

• At late times the number density of active neutri-
nos is suppressed compared to the standard evolu-
tion, which allows to accommodate sizable neutrino
masses with cosmology. The amount of neutrino
suppression is determined by the number of mass-
less degrees of freedom in the dark sector, which
act as dark radiation during recombination.

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

The phenomenology is essentially determined by only
5 independent parameters (see eq. (20)), which makes the
model rather predictive. Indeed, the parameter space of
the model is well constrained and closed from all sides
in many directions, see e.g., fig. 4. In Tab. III we give
three benchmark points where all the above requirements
are met. The left part of the table shows the relevant
entries of the fermion mass matrix, which satisfy the as-
sumed hierarchies from eqs. (14) and (16). The parame-
ters m0

D
,⇤0

, can be taken arbitrarily small. In particlu-
lar, a very small value of m0

D
is required in order to have

from energy and entropy conservation:
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m⌫ from eq. (1) can be
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temperature to the neutrino temperature in the SM sat-
urates around 0.95 for large g̃, whereas in the case with
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turing a light dark sector with a U(1) gauge symmetry,
embedded in a seesaw model for neutrino masses. The
coupling of the dark sector to the SM occurs via mass-
mixing of the dark fermions with neutrinos. The fermion
spectrum contains heavy sterile neutrinos responsible for
the seesaw mechanism, a large number of massless states
�, and a DM candidate  with mass in the 10 to 100 keV
range. Both, active neutrino masses as well as the DM
mass are generated via the type-I seesaw mechanism. We
have identified regions of parameter space, where the fol-
lowing phenomenology is valid:

• The light dark sector particles play no role in the
universe for temperatures above 1 MeV but come
into thermal equilibrium with the SM neutrinos af-
ter neutrino decoupling from the SM but before re-
combination. This sets the typical scale for the
dark gauge boson mass mZ0 ⇠ 10 keV.

• At late times the number density of active neutri-
nos is suppressed compared to the standard evolu-
tion, which allows to accommodate sizable neutrino
masses with cosmology. The amount of neutrino
suppression is determined by the number of mass-
less degrees of freedom in the dark sector, which
act as dark radiation during recombination.

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

The phenomenology is essentially determined by only
5 independent parameters (see eq. (20)), which makes the
model rather predictive. Indeed, the parameter space of
the model is well constrained and closed from all sides
in many directions, see e.g., fig. 4. In Tab. III we give
three benchmark points where all the above requirements
are met. The left part of the table shows the relevant
entries of the fermion mass matrix, which satisfy the as-
sumed hierarchies from eqs. (14) and (16). The parame-
ters m0
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, can be taken arbitrarily small. In particlu-
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with the active neutrinos when they have a temperature
T

eq

⌫
and form a thermal system with a new temperature

Teq, with mZ0 ,m ⌧ Teq ⌧ 1 MeV.8 For the parameter
region of interest, the following interactions come into
thermal equilibrium:

Z
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, (44)

Z
0
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0
$ ff , (45)

ff $ f
0
f
0
, (46)

with f, f
0 = ⌫,�, . As discussed above, the reaction

Z
0
$ ⌫⌫ is crucial to equilibrate the dark sector at

first place, however, the less suppressed reactions with
f = �, will be much faster once these particles are
abundant. In particular, both, 1 $ 2 and 2 $ 2 pro-
cesses involving Z

0 will simultaneously come into equi-
librium. This implies that all chemical potentials are
zero and there is no conserved particle number.9

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

⇢⌫(T
eq

⌫
) =

X

f=⌫,�, 

⇢f (Teq) + ⇢Z0(Teq) , (47)

with the energy density of a species i given by

⇢i(T ) =
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, (48)

where the factor in square-brackets holds for fermions
and should be dropped for bosons. Eq. (47) determines
the ratio Teq/T

eq

⌫
in terms of the involved degrees of free-

dom. Then the system evolves adiabatically to a temper-
ature Tfin ⌧ m ,mZ0 , when the DM  L and Z

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

a
3

eq
seq(Teq) = a

3

fin
sfin(Tfin) , (49)

with the cosmic scale factor a and s = 4⇢/(3T ) for mass-
less particles. At the right-hand side of eq. (49) we take
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archy is mild. Nevertheless, we take  and Z0
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checked that they are in good agreement with the solution of the

Boltzmann equations.
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Here g̃ = 4N�+2 are the massless degrees of freedom and
g = 2, gZ0 = 3, g⌫ = 6. Note that for the scalar in our
model we expect masses of order of the dark VEV, with
10 MeV . v� . 10 GeV. Therefore, the scalar will not be
present in the dark sector thermal bath in the relevant
temperature range T . 1 MeV and does not contribute
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Using eq. (50), we see that this expression for Ne↵ con-
verges to g⌫/2 = 3 for both, g̃, g , gZ0 ! 0 as well as for
g̃ ! 1. Note that this is the value for Ne↵ relevant for
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of the neutrino number density we obtain

n⌫

nSM
⌫

=

✓
Tdark

T SM
⌫

◆3

=
g⌫ + g̃ + g + 8

7
gZ0

g⌫ + g̃

✓
g⌫

g⌫ + g̃ + g + 8

7
gZ0

◆3/4

.

(52)

The results of this calculation are shown in fig. 5, where
for comparison we show with dashed curves also the case
when particle numbers are conserved, as considered in
[24, 25], see footnote 9. The latter are calculated follow-
ing the procedure outlined in Appendix B in [24]. For
given N� we observe a slightly smaller suppression of the
neutrino mass bound and a larger contribution to Ne↵

than in the case with particle number conservation. For
large g̃, the suppression factor in eq. (52) decreases like
g̃
�3/4, compared to the factor (1 + g̃/6)�1 for the case

with number conservation [24, 25].
Our scenario predicts a sizable deviation of Ne↵ from

the SM value at recombination. From the middle panel of
fig. 5 we see that small values of N� . 10 are already in
tension with the Planck result Ne↵ = 2.99± 0.17 [2]. For
the range 10 . N� . 40 (where also relevant relaxation of
the neutrino mass bound occurs), deviations of Ne↵ from
the SM value may be observable by future CMB missions,
which should reach sensitivities of 0.07 [68] or even 0.03
[67] at 1�. See also [69] for a recent study of such dark
radiation scenarios in the context of observables in the
non-linear regime. Let us also note that the analysis in
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dom. Then the system evolves adiabatically to a temper-
ature Tfin ⌧ m ,mZ0 , when the DM  L and Z

0 particles
have become non-relativistic and therefore no longer con-
tribute to dark radiation. Here we can use conservation
of co-moving entropy:
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with the cosmic scale factor a and s = 4⇢/(3T ) for mass-
less particles. At the right-hand side of eq. (49) we take
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into account, but not the 2 $ 2 prozesses from eq. (45). In

that case, there is a conserved particle number (fermions f are

created or destroyed only in pairs, while Z0
numbers change by

one unit) and chemical potentials develop, see also the discussion

in Appendix B of [24]. In contrast, in our model, the processes

(45) proceed through t- and u-channel diagrams with � ⇠ g4/T 2
,

for which the interaction rates for coupling strength of 10
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(c.f. fig. 4) are much larger than the expansion rate in

the relevant temperature range.

into account that only neutrinos and the massless degrees
of freedom (�L,�R, R) contribute at Tfin. Combining
eqs. (47) and (49) leads to the ratio of the dark sector
temperature Tdark to the neutrino temperature in the SM
(evaluated at Tdark = Tfin) as
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Here g̃ = 4N�+2 are the massless degrees of freedom and
g = 2, gZ0 = 3, g⌫ = 6. Note that for the scalar in our
model we expect masses of order of the dark VEV, with
10 MeV . v� . 10 GeV. Therefore, the scalar will not be
present in the dark sector thermal bath in the relevant
temperature range T . 1 MeV and does not contribute
to the degrees of freedom here. For Ne↵ we then obtain
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Using eq. (50), we see that this expression for Ne↵ con-
verges to g⌫/2 = 3 for both, g̃, g , gZ0 ! 0 as well as for
g̃ ! 1. Note that this is the value for Ne↵ relevant for
CMB observables, whereas for BBN Ne↵ in our scenario
should be very close to the SM value. For the suppression
of the neutrino number density we obtain
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The results of this calculation are shown in fig. 5, where
for comparison we show with dashed curves also the case
when particle numbers are conserved, as considered in
[24, 25], see footnote 9. The latter are calculated follow-
ing the procedure outlined in Appendix B in [24]. For
given N� we observe a slightly smaller suppression of the
neutrino mass bound and a larger contribution to Ne↵

than in the case with particle number conservation. For
large g̃, the suppression factor in eq. (52) decreases like
g̃
�3/4, compared to the factor (1 + g̃/6)�1 for the case

with number conservation [24, 25].
Our scenario predicts a sizable deviation of Ne↵ from

the SM value at recombination. From the middle panel of
fig. 5 we see that small values of N� . 10 are already in
tension with the Planck result Ne↵ = 2.99± 0.17 [2]. For
the range 10 . N� . 40 (where also relevant relaxation of
the neutrino mass bound occurs), deviations of Ne↵ from
the SM value may be observable by future CMB missions,
which should reach sensitivities of 0.07 [68] or even 0.03
[67] at 1�. See also [69] for a recent study of such dark
radiation scenarios in the context of observables in the
non-linear regime. Let us also note that the analysis in
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�3/4, compared to the factor (1 + g̃/6)�1 for the case

with number conservation [24, 25].
Our scenario predicts a sizable deviation of Ne↵ from

the SM value at recombination. From the middle panel of
fig. 5 we see that small values of N� . 10 are already in
tension with the Planck result Ne↵ = 2.99± 0.17 [2]. For
the range 10 . N� . 40 (where also relevant relaxation of
the neutrino mass bound occurs), deviations of Ne↵ from
the SM value may be observable by future CMB missions,
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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
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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].

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. [49], as well as the region of temperatures at which neutrinos (or other relativistic species)
should be freestreaming [50].

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 [51–53]. In specific

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

neutrino masses, see e.g. for some constructions [54, 55].

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. [49], as well as the region of temperatures at which neutrinos (or other relativistic species)
should be freestreaming [50].

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 [51–53]. In specific

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

neutrino masses, see e.g. for some constructions [54, 55].

ℒint = gX Z′￼

Yukawa sector

Scalar potential

Gauge interaction



Th. Schwetz - BNL Theory Seminar, 17 July 2025

• 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

21

A seesaw model for large neutrino mass and dark radiation

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
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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
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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 =
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p
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with v
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�
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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

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
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with
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M
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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:
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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):
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(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
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1
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2
(⇢ � i�5�) ⌫̃

c + h.c.
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D/MR

mχ = 0 , θνχ ≈ Λ/mD
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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].
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the unitary matrix W which induces a mixing between
the di↵erent states:

0

@
⌫̃

Ñ
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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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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
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and X $ ⌫ �, where for the global case X can be the
scalar ⇢ or the pseudoscalar �. These interactions arise
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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
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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.
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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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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
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and �H ,��,�H� dimensionless. We assume �H� = 0,
i.e., no mixing between the two scalar fields. With this
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Universe due to its interactions with the SM Higgs. Elec-
troweak symmetry breaking takes place in the usual way,
with
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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

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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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

24

Available parameter space 

allowed

 

 




θνχ ≃ 10−3

mZ′￼
∼ 10 keV

vΦ ∼ 100 MeV

gX =
mZ′￼

vΦ
∼ 10−4
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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

• thermalization of the dark sector: 

    

• avoid thermalization of the dark sector 
before BBN: 

 

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

  for   
Taule, Escudero, Garny, 2207.04062 

⇒ ⟨Γ(νν → Z′￼)⟩ ≳ H(T = mZ′￼
/3)

⟨Γ(νν → Z′￼)⟩ < H(T = 0.7 MeV)

⟨Γ⟩ < H z < 105

25

Available parameter space 

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

•avoid thermalization of  prior neutrino 
decoupling due to oscillations 

• take into account effective potential 
due to self-interactions

χ

26

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

27
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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

T. Ota, 2411.16356

       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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• 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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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

28

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

Comment on leptogenesis:
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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

29

Signatures in a super nova

future gal. SN HyperK

• 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′￼
)

Fiorillo, Raffelt, 
Vitagliano, 

2209.11773

Akita, Im, Masud, 2206.06852
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Adding keV sterile neutrino dark matter

• freeze-out in the dark sector 
ψψ ↔ χχ, Z′￼Z′￼

Benso, Schwetz, 
Vatsyayan, 2410.23926   
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Fermion sector

Field Species U(1)X
Scalar � 1 +1

Fermions
� N� �1
 1 �1
N 3 0
N

0 1 0

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

comprising a scalar singlet � and Nlight = N� + 1 generations of light vector-like fermions
(denoted by �, ). The dark sector particles  ,� and � are charged under a U(1)X symmetry,
which can be either global or local. In ref. [27], it was shown that the gauged version is more
appealing than the global one, therefore, in the following we will consider the former case.
See ref. [56] for a di↵erent application of a similar model. In Table 1, we list the new particles
and their charge assignments.

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

�Lint =Y⌫NlLH̃
† + Y�N�L�+ Y N L�+ Y

0
⌫N

0lLH̃
† + Y

0
�N

0�L�+ Y
0
 
N 0 L�

+
1

2
MNN

c +
1

2
M

0
N 0N 0c +H.c. , (3.1)

where lL and H are the SM lepton and Higgs doublets respectively, H̃ = i�2H
⇤, and M,M

0

are the right-handed neutrino masses of N,N
0, respectively. The scalar potential can be

written as

V (H,�) =µ
2
HH

†
H + �H(H†

H)2 + µ
2
�
|�|2 + �� |�|

4 + �H� |�|
2
H

†
H , (3.2)

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

p
2 [0 , vEW]T

with vEW = 246 GeV. Further, h�i = v�/
p
2 breaks the U(1)X symmetry, with v

2
�
= �µ

2
�
/��,

also generating the mass for the associated gauge boson Z
0, mZ0 = gv�, where g is the U(1)X

gauge coupling.

3.1 Neutral fermion mixing

The symmetry breaking induces mixing among the neutral leptons, and gives rise to the
following (3+Nlight+Nheavy)⇥(3+Nlight+Nheavy) mass matrix in the basis (�c

L
, ⌫

c

L
, 

c

L
, N

0
, N):

Mn =

0

BBBB@

0 0 0 ⇤0 ⇤
0 0 0 mD

0
mD

0 0 0 
0



⇤0T
m

T

D

0

0T

M
0 0

⇤T
m

T

D

T 0 M

1

CCCCA
, (3.3)

– 5 –
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Table 1. List of particles added to the SM. We give the number of copies for each type of particle
(“Species”) and their charge assignments.

comprising a scalar singlet � and Nlight = N� + 1 generations of light vector-like fermions
(denoted by �, ). The dark sector particles  ,� and � are charged under a U(1)X symmetry,
which can be either global or local. In ref. [27], it was shown that the gauged version is more
appealing than the global one, therefore, in the following we will consider the former case.
See ref. [56] for a di↵erent application of a similar model. In Table 1, we list the new particles
and their charge assignments.

Further, a Z2 symmetry is imposed, under which all particles except �R and  R are
even, in order to avoid the vector-like mass terms and their interactions with � and N . (The
�R and  R fields are needed only for anomaly cancellation.) Thus, the Lagrangian consistent
with the charge assignments can be written as
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⇤, and M,M
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are the right-handed neutrino masses of N,N
0, respectively. The scalar potential can be

written as
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where we take �H� ⇡ 0, to avoid the mixing between the scalars. After electroweak symmetry
breaking, the SM Higgs takes a VEV which can be parameterized as hHi = 1/

p
2 [0 , vEW]T

with vEW = 246 GeV. Further, h�i = v�/
p
2 breaks the U(1)X symmetry, with v

2
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= �µ

2
�
/��,

also generating the mass for the associated gauge boson Z
0, mZ0 = gv�, where g is the U(1)X

gauge coupling.

3.1 Neutral fermion mixing

The symmetry breaking induces mixing among the neutral leptons, and gives rise to the
following (3+Nlight+Nheavy)⇥(3+Nlight+Nheavy) mass matrix in the basis (�c

L
, ⌫

c

L
, 

c

L
, N

0
, N):

Mn =

0

BBBB@

0 0 0 ⇤0 ⇤
0 0 0 mD

0
mD

0 0 0 
0


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0
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In deriving the mixing matrix above, we adopt a diagonal basis for the right-handed
neutrino mass matrix, and assume the following hierarchy:

M � M
0
� mD � 

0
,⇤ � m

0
D,⇤

0
, . (3.9)

This corresponds to a regime where the dominant interactions of N 0 are with  whereas
N interacts dominantly with � and ⌫. Indeed, in the limit of m0

D
,⇤0

,! 0, the mass matrix
becomes block-diagonal and the  � N

0 sub-block decouples. In this limit, we recover an
additional Z2 symmetry under which  L and N

0 are odd and all other fields even. Hence,
the smallness of m0

D
,⇤0

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

0
D

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

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

m⌫ ⇡
m

2
D

02

M 0m2
D
+M02

,

m ⇡
m

2
D

M
+

02

M 0 . (3.10)

We see that m receives two seesaw contributions, from both, N and N
0. In order to have  

as viable DM particle we need m � m⌫ , which can be achieved by imposing an additional
condition, namely

M
0
m

2
D ⌧ M

02
, (3.11)

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

m⌫ ⇡ mDM
�1

m
T

D ,

m ⇡ 
0
M

0�1

0T
. (3.12)

Hence, the seesaw mechanism factorizes, such that the three N are responsible to generate
active neutrino masses, whereas N 0 is responsible for the DM mass m . (This motivates our
notation, to distinguish N and N

0.)
Adopting the one-flavor approximation, the above mixing matrix can be expressed in

terms of the mixing angles ✓ at the leading order

✓⌫N =
mD

M
, ✓⌫� =

⇤

mD

, ✓N� =
⇤

M
⇠ 0 ,

✓⌫N 0 =
mD

0

M 0 , ✓⌫ =
mD

0

0
, ✓N 0 =


0

M 0 . (3.13)

3.2 Parameters

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

2
We can achieve eq. (3.11) by requiring M o M 0

. For instance, for large Yukawa couplings typically we

will have mD ⇠ 100 GeV and 0
⇠ 1 GeV, so we need M 0/M ⌧ 10

�4
.

– 7 –

assumed hierarchy:

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

M � M
0
� mD � 

0
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0
, . (3.9)

This corresponds to a regime where the dominant interactions of N 0 are with  whereas
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seesaw masses

dark freeze-out due  
to gauge interactions:

p
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p
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0. It can also be seen that ✓⌫N 0 = ✓⌫ ✓N 0 , hence,
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0
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M 0

◆
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tells us about the order of magnitude of M 0 and 
0 = Y

0
 
v�. Note that the value of M is

not relevant for the mechanism described above, however, it is constrained by perturbativity
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Fermion sector

Field Species U(1)X
Scalar � 1 +1

Fermions
� N� �1
 1 �1
N 3 0
N

0 1 0

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

comprising a scalar singlet � and Nlight = N� + 1 generations of light vector-like fermions
(denoted by �, ). The dark sector particles  ,� and � are charged under a U(1)X symmetry,
which can be either global or local. In ref. [27], it was shown that the gauged version is more
appealing than the global one, therefore, in the following we will consider the former case.
See ref. [56] for a di↵erent application of a similar model. In Table 1, we list the new particles
and their charge assignments.

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

�Lint =Y⌫NlLH̃
† + Y�N�L�+ Y N L�+ Y

0
⌫N

0lLH̃
† + Y

0
�N

0�L�+ Y
0
 
N 0 L�

+
1

2
MNN

c +
1

2
M

0
N 0N 0c +H.c. , (3.1)

where lL and H are the SM lepton and Higgs doublets respectively, H̃ = i�2H
⇤, and M,M

0

are the right-handed neutrino masses of N,N
0, respectively. The scalar potential can be

written as

V (H,�) =µ
2
HH

†
H + �H(H†

H)2 + µ
2
�
|�|2 + �� |�|

4 + �H� |�|
2
H

†
H , (3.2)

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

p
2 [0 , vEW]T

with vEW = 246 GeV. Further, h�i = v�/
p
2 breaks the U(1)X symmetry, with v

2
�
= �µ

2
�
/��,

also generating the mass for the associated gauge boson Z
0, mZ0 = gv�, where g is the U(1)X

gauge coupling.

3.1 Neutral fermion mixing

The symmetry breaking induces mixing among the neutral leptons, and gives rise to the
following (3+Nlight+Nheavy)⇥(3+Nlight+Nheavy) mass matrix in the basis (�c

L
, ⌫

c

L
, 

c

L
, N

0
, N):

Mn =

0

BBBB@

0 0 0 ⇤0 ⇤
0 0 0 mD

0
mD

0 0 0 
0



⇤0T
m

T

D

0

0T

M
0 0

⇤T
m

T

D

T 0 M

1

CCCCA
, (3.3)
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In deriving the mixing matrix above, we adopt a diagonal basis for the right-handed
neutrino mass matrix, and assume the following hierarchy:

M � M
0
� mD � 

0
,⇤ � m

0
D,⇤

0
, . (3.9)

This corresponds to a regime where the dominant interactions of N 0 are with  whereas
N interacts dominantly with � and ⌫. Indeed, in the limit of m0

D
,⇤0

,! 0, the mass matrix
becomes block-diagonal and the  � N

0 sub-block decouples. In this limit, we recover an
additional Z2 symmetry under which  L and N

0 are odd and all other fields even. Hence,
the smallness of m0

D
,⇤0

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

0
D

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

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

m⌫ ⇡
m

2
D

02

M 0m2
D
+M02

,

m ⇡
m

2
D

M
+

02

M 0 . (3.10)

We see that m receives two seesaw contributions, from both, N and N
0. In order to have  

as viable DM particle we need m � m⌫ , which can be achieved by imposing an additional
condition, namely

M
0
m

2
D ⌧ M

02
, (3.11)

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

m⌫ ⇡ mDM
�1

m
T

D ,

m ⇡ 
0
M

0�1

0T
. (3.12)

Hence, the seesaw mechanism factorizes, such that the three N are responsible to generate
active neutrino masses, whereas N 0 is responsible for the DM mass m . (This motivates our
notation, to distinguish N and N

0.)
Adopting the one-flavor approximation, the above mixing matrix can be expressed in

terms of the mixing angles ✓ at the leading order

✓⌫N =
mD

M
, ✓⌫� =

⇤

mD

, ✓N� =
⇤

M
⇠ 0 ,

✓⌫N 0 =
mD

0

M 0 , ✓⌫ =
mD

0

0
, ✓N 0 =


0

M 0 . (3.13)

3.2 Parameters

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

2
We can achieve eq. (3.11) by requiring M o M 0

. For instance, for large Yukawa couplings typically we

will have mD ⇠ 100 GeV and 0
⇠ 1 GeV, so we need M 0/M ⌧ 10

�4
.
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seesaw masses

M [GeV] M
0 [GeV] mD [GeV] 

0 [GeV] ⇤ [GeV] v� [GeV] m [keV] mZ0 [keV] g = mZ0/v� ✓⌫� N� n⌫/n
SM
⌫ �Ne↵

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

Table 3. A set of benchmark points for the model where the mechanism to reduce the cosmological
neutrino number density works and the observed DM relic abundance (⌦ h2 = 0.12 ± 0.0012) is
obtained. The left columns show the relevant quantities from the fermion mass matrix and illustrate
that our assumed hierarchy eq. (3.9) is satisfied. The middle columns indicate our main parameters of
interest (see eq. (3.15)), and the right columns correspond to the e↵ective suppression factor of

P
m⌫

for cosmology and our predictions for �Ne↵ , respectively. For all three points the active neutrino
mass m⌫ = m

2

D/M is 0.2 eV.

predicted in our scenario.
Finally, we also comment on the rather di↵erent behavior of the dark sector temperature

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

6 Summary and discussion

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

• The light dark sector particles play no role in the universe for temperatures above 1 MeV
but come into thermal equilibrium with the SM neutrinos after neutrino decoupling
from the SM but before recombination. This sets the typical scale for the dark gauge
boson mass mZ0 ⇠ 10 keV.

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

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

Although the particle content of the model is complex, its free parameters are not
numerous. Indeed, if we assume that the value of mixing between ⌫ and � is the same for all
N� � species, the phenomenology of the model is essentially determined by five independent
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DM abundance: freeze-out in the dark sector

ψψ ↔ χχ

Figure 3. Contours of observed DM relic abundance for g = 10�4 in the mZ0 �m plane for di↵erent
massless degrees of freedom, obtained from the analytical approximation of eq. (4.3). The blue dots
represent the numerical solution for Ñ = 21, matching closely with the analytical one. The dashed
black line represents the s-channel resonance condition mZ0 = 2m , whereas the dash-dotted line
corresponds to mZ0 = m , below which the t-channel annhilations   ! Z

0
Z

0 dominate.

contours of observed relic abundance for a fixed value of the gauge coupling (g = 10�4) and
for varying Ñ in the mZ0 �m plane using the analytical solution given above. For the case
of Ñ = 21, we also show the numerical result by solving the Boltzmann equations by blue
points, matching closely the blue curve corresponding to the analytical approximation. For
m

0
Z
> m , where the annihilation to � dominates, the dependence on Ñ follows explicitly

from eq. (4.1). In the region where annihilation to Z
0 dominates, i.e., when m is much

larger than mZ0 , the Ñ dependence appears due to the modification of xf via ⇠. It should
be noted that near the resonance region, i.e., when mZ0 ' 2m , the analytical solution
and the thermally averaged cross-sections (eq. (4.1)) are not a good approximation, and a
careful treatment of the cross-section and the freeze-out temperature is required in order
to properly determine the DM relic abundance. Therefore, for dealing with resonances, we
use the complete formula for thermal averaging (see Appendix B) and compute the relic
abundance numerically after solving the Boltzmann equations. We find that in the region
very close to the resonance, the annihilation rate during freeze-out is so large that we do not
obtain the correct abundance.

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

Note that in the limits far away from the resonance, the annihilation cross-sections from
eq. (4.1) depend only on the combination g/mZ0 = v

�1
�

in both limits:

h�vi =
m

2
 

8⇡v4
�
xd

⇥

⇢
Ñ (mZ0 � m )
3 (mZ0 ⌧ m )

, (4.5)

where we have used hv
2
i = 6/xd Hence, in these limits, the DM relic abundance according
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ψψ ↔ Z′￼Z′￼

Figure 4. Parameter space of the model with the shaded areas highlighting regions of the parameter
space excluded by several cosmological constraints, for a fixed value of ⌫�� mixing ✓⌫� = 10�2 (left)
and ✓⌫� = 10�3 (right), and N� = 10. Along the orange, blue, purple solid curves the observed relic
DM density is obtained for m = 15, 50, 100 keV, respectively. The gray dashed lines indicate a fixed
value of the U(1)X gauge coupling, g = mZ0/v� and the dotted lines correspond to mZ0 = 2m for a
given DM mass. The red region is excluded from the thermalization condition, as the interactions of
Z

0 with neutrinos are not strong enough. The blue regions are excluded from BBN by requiring that
Z

0 is not in equilibrium with ⌫’s at T > 0.7 MeV, and the green regions show the area excluded by
⌫-free-streaming and CMB power spectra. The gray shaded region is excluded from production of �
via ⌫ � � oscillations before BBN.

to eq. (4.3) fixes the dark VEV for a given DM mass:

v� ' 105 keV
⇣

m 

15 keV

⌘1/2
✓
3.2

xf

◆1/2

⇥

⇢
2Ñ1/4 (mZ0 � m )
2.4 (mZ0 ⌧ m )

, (4.6)

in agreement with fig. 4. For large mixing angles ✓⌫� (upper panel of fig. 4), we are in the
limit mZ0 < m in large regions of the parameter space and therefore the DM contours are
determined by the combination m /v

2
�
= g

2
m /m

2
Z0 , and depend mildly on Ñ due to xf .

4.3 Stability and X-ray constraints

In our model, the interaction of  L and SM neutrinos with the massless states �L,R, R

mediated by the gauge boson Z
0 can lead to DM decay via three body processes. The

dominant ones are  ! ⌫��.5 Therefore, in order for the DM to be stable on cosmological
timescales, we need to ensure that the lifetime of  relative to this channel is at least larger
than the age of the universe, tU ⇡ 4.35⇥ 1017 s. Using eq. (B.2) and trading the dependence
on g and mZ0 by v� we get

⌧ ⇠ 45 ⌧U

�
v�

2 GeV

�4
⇣

Ñ

21

⌘ �
m 

15 keV

�5 ⇣
✓⌫ 

10�8

⌘2 , (4.7)

5
The decay  ! 3⌫ is also allowed, but the amplitude of this process is suppressed by the 3

rd
power of the

mixing angle ✓⌫�, instead of the single power of ✓⌫� that suppresses  ! ⌫��. Therefore, to account for DM

stability, we only need to consider  ! ⌫��. Moreover, due to the absence of Z0 � interactions, decays such

as  ! 3� do not occur.
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• : dominating decay  (  highly suppressed) 

• : dominating decay 

mψ < mZ′￼
ψ → νχχ ψ → 3χ

mψ > mZ′￼
ψ → νZ′￼

34

DM-neutrino mixing strongly constrained by DM lifetime

require τψ > 20τUniv. e.g., Poulin, Serpico, Lesgourgues, 1606.02073

To be safe from cosmological constraints on the DM lifetime [68, 69], we impose ⌧ > 20 ⌧U ,
which gives

✓
2
⌫ 

< 2⇥ 10�16

✓
15 keV

m 

◆5 ✓
21

Ñ

◆ ⇣
v�

2 GeV

⌘4
. (4.8)

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

On the other hand, if m > mZ0 , the  ! Z
0
⌫ decay channel opens up. Since it is

a two-body decay it is comparatively unsuppressed with respect to the three-body decay
discussed above (see eq. (B.2)) and the relative DM lifetime is given by

⌧ ⌘
1

� !Z0⌫
⇠ 25⌧U

�
mZ0

10 keV

�2
�

g

10�4

�2 ⇣ ✓⌫ 

10�15

⌘2 �
m 

40 keV

�3 , (4.9)

where the approximation holds well for m > 3mZ0 . Similar to the previous decay, imposing
⌧ > 20⌧U , we get

✓
2
⌫ 

< 1.2⇥ 10�30
⇣

mZ0

10 keV

⌘2
✓
10�4

g

◆2✓
40 keV

m 

◆3

, (4.10)

which is much stronger than the one in eq. (4.8). This implies that the regime m > mZ0

can work only with an e↵ectively vanishing value of mD
0.

Sterile neutrino DM that mixes with active neutrinos can decay sub-dominantly also via
radiative decay at 1-loop level as  ! ⌫�. For DM with mass m ⇠ O(10) keV, this process
leads to an observable monochromatic line in the X-ray frequency band. In the past two
decades, a number of telescopes have scrutinized the sky in search of a signature of this kind
(see e.g., sec. 5.4 of ref. [70]) and ruled out part of the parameter space of sterile neutrinos,
setting a constraint in the (m , ✓⌫ ) plane.6 The observable measured in this case is the flux
of photons detected by the telescope pointing towards DM-dominated objects. The flux of
emitted photons is proportional to the decay width [75]

� !⌫� =
9↵G

2
F

256 · 4⇡4
sin2(2✓⌫ )m

5
 
. (4.11)

Using the data put together in ref. [76], one can estimate the constraint on m and ✓⌫ to
be

✓
2
⌫ 

. 7.65⇥ 10�13

✓
15 keV

m 

◆5

. (4.12)

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

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

6
In 2014, two di↵erent groups claimed to have found a signal of this kind in di↵erent datasets [71–73].

However, to date, not only the interpretation of the claimed signal as being produced from decay of sterile

neutrino DM, but even its e↵ective presence in the data is still a matter of debate in the community [74].
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Notice that in our framework, the production of DM happens independently of its
mixing with active neutrinos. Therefore, ✓⌫ can always be chosen small enough to satisfy
the strong upper bounds of eqs. (4.8, 4.12) without a↵ecting the DM abundance. In other
words, this implies that we can safely neglect any contribution to the DM abundance from
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• DM free-streaming and dark acoustic oscillations suppress growth of 
structure at scales 

35

Cosmic structure formation

4.4 Bounds on DM from structure formation

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

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

Mhm =
4⇡

3
⇢DM

✓
�hm

2

◆3

⇡ 1.9⇥ 107M�

✓
�hm

0.1Mpc

◆3

(4.13)

where ⇢DM is the dark matter energy density today. The limit on Mhm depends on the used
cosmological data and analysis assumptions. For instance, ref. [77] obtains upper bounds at
95% CL in the range log10(Mhm/M�) = 7.0�8.6, whereas ref. [78] finds Mhm < 4.3⇥107M�.
In the following we will adopt �hm < 0.1 Mpc as a rough estimate for consistency with
structure formation.

In order to estimate the suppression scale �cuto↵ in our model we follow closely the
discussion in [48]. Our DM candidate comes into chemical equilibrium with the thermal
bath of SM neutrinos, Z 0 and massless � and therefore will acquire a thermal momentum
distribution. After the chemical decoupling, its co-moving abundance is constant, but it
remains in thermal contact with the dark radiation via elastic  � $  � interactions. The
cuto↵ scale �cuto↵ is determined when the DM decouples also kinetically from the dark
radiation, see e.g. [79]. Let us denote the photon temperature at kinetic DM decoupling
by Tkd. Then there are two physically di↵erent e↵ects which set �cuto↵ : (i) After kinetic
decoupling, the DM will free-stream and suppress the logarithmic growth of structure before
matter-radiation equality at co-moving scales smaller than

�FS ⇡
1

2

Z
tMRE

tkd

dt
v 

a(t)
⇡

1

2

✓
4⇡3ge↵
135

◆�1/2
s

⇠

Tkdm 

Mpl

T0
log

Tkd

TMRE
. (4.14)

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

p
3⇠Tkd/m (T/Tkd) for T < Tkd. (ii) As

long as the DM is kinetically coupled to the dark radiation bath, modes with wavelength
smaller than the horizon will undergo acoustic oscillations [80], preventing the formation of
structure at these scales. This e↵ect introduces another cuto↵ scale set by

�AO =

Z
tkd

0

dt

a(t)
=

1

aH

����
kd

⇡

✓
4⇡3ge↵
45

◆�1/2
Mpl

TkdT0
. (4.15)

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

�cuto↵ = max(�FS,�AO) < 0.1Mpc . (4.16)
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A. Berlin, N. Blinov, 1807.04282

Figure 5. Left: Photon temperature at kinetic decoupling of DM from the dark radiation bath.
Right: Cuto↵ scale due to acoustic oscillations �AO. In both panels we used the requirement of
correct DM abundance and determined v� via eq. (4.6) either for mZ0 ⌧ m (blue) or mZ0 � m 

(red). The shaded bands indicate the range between two values of the massless degrees of freedom
g̃ = 4N� + 2, where the dashed (solid) boundary of the bands correspond to g̃ = 20 (200).

Kinetic decoupling has been studied for a range of simplified models in ref. [79]. In
order to estimate Tkd we adopt the approximate expressions developed in the appendix
of [79]. In our model, Tkd depends on the VEV v�, the DM mass m , and the massless
degrees of freedom g̃, where the latter determines also the ratio of the dark sector-to-photon
temperatures ⇠, see eq. (5.16) below. Requiring the correct DM freeze-out abundance fixes
v� for given m and g̃, see eq. (4.6). We show Tkd as a function of m and two representative
values of g̃ in the left panel of fig. 5. For DM masses in the range 10 to 100 keV we find
decoupling temperatures 0.3 keV . Tkd . 10 keV, depending also on the hierarchy between
mZ0 and m . With this result we can calculate the free-streaming and acoustic oscillation
cuto↵ scales from eqs. (4.14) and (4.15). For the relevant parameter regions we find that
�AO & �FS and therefore �AO determines the cuto↵ scale. From the rough criterion in
eq. (4.16) we find from the right panel of fig. 5 that the lower bound on the DM mass in
our model is somewhere in the range from 10 keV to 50 keV, depending on the Z

0- mass
hierarchy and the number of massless degrees of freedom. For increasing g̃ the lower bound
decreases, as the kinetic decoupling occurs at higher temperatures. As we will see below,
g̃ ⇡ 20 is in tension with current limits on Ne↵ and therefore we require larger values than
this. For g̃ = 200 (corresponding to N� ⇡ 50) we find that our model is consistent with
structure formation for DM masses m & 10 (40) keV for m < mZ (m > mZ).

5 Relaxing the neutrino mass bound and predictions for Ne↵

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

• deviation of   at CMB  

• galactic SN observations  
• sterile neutrino searches at oscillation experiments  
• cut-off scale in cosmic structure

Neff

36

Summary

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  

• including keV sterile neutrino DM 

∑ mν

Nχ ≳ 10 − 30

Z′￼ λνν
Z′￼

∼ 10−9
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Possible near-term scenarios

  
e.g. from Planck + EUCLID or DESI 5 yr obs. 
e.g., Archidiacono et al., 1808.05955


•  determination of finite neutrino mass consistent 
with 60 meV (NO), 100 meV (IO) still consistent at  

•  tension between cosmo and lab could indicate 
either non-standard cosmology or neutrino properties  
or both

σ(mν) = 0.02 eV

∼ 3σ
∼ 2σ

∼ 3σ

updated from
 G

ariazzo, M
ena, TS

, 2302.14159
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Planck only 95% C.L.
P

m⌫ (eV)

Model Planck likelihood Bayesian
Frequentist
B.L. F.C.

No lensing likelihood

⇤CDM
Planck18-PR3 0.24 0.17 -
CamSpec22-PR4 0.33 0.28 -
HiLLiPoP23-PR4 0.51 0.40 0.39

⇤CDM+Alens

Planck18-PR3 0.82 0.91 0.88
CamSpec22-PR4 0.78 0.97 0.93
HiLLiPoP23-PR4 0.68 0.77 0.76

With lensing likelihood

⇤CDM
Planck18-PR3 0.25 0.20 0.18
CamSpec22-PR4 0.21 0.19 0.18
HiLLiPoP23-PR4 0.34 0.33 0.32

TABLE I. Upper limits at 95% CL on the neutrino mass
within ⇤CDM using various Planck likelihoods. We show the
Bayesian limits compared with the two frequentist approaches
(B.L. = Bounded Likelihood, and F.C. = Feldman-Cousins)
described in Section III.2. We do not quote frequentist F.C.
bounds for Planck18-PR3 and CamSpec22-PR4 (no lensing)
due to their non-Gaussian behaviour in the physical region,
which precludes a reliable extrapolation into the unphysical
regime.

FIG. 6. Reconstructed posterior distribution of
P

m⌫ in a
mock analysis of Planck18-PR3+Lensing+BAO with three
configurations:

P
m⌫ = 0, 0.06, 0.1 eV. We also show the

posterior reconstructed from the real data for comparison.

eV, fixing the other ⇤CDM parameters as reconstructed
from Planck18-PR3+Lensing+BAO [4]. We run MCMC
chains, and show the reconstructed posteriors in Fig. 6. It
is clear that the real data (black line) provide significantly
stronger constraints than expected, and in fact, our mock
data suggests that the combination of Planck+DESI-Y1
has the sensitivity necessary to detect at small signifi-
cance non-zero neutrino masses, assuming these respect
the laboratory lower limits. Barring issue with our mock
likelihoods, it is thus clear that there is some ‘anomaly’ in
the real data (whether due to a fluke, or new physics). As
already discussed and as we will elaborate in the follow-
ing with analyses of the real data, the two results that

seem to be driving this unexpected constraints beyond
the sensitivity are Planck likelihoods through the lensing
anomaly and the DESI-Y1 data at z = 0.7. Indeed, when
we compare instead the posterior for HiLLiPoP, with a
significantly reduced lensing anomaly, and remove the
DESI outliers, the posterior is much closer to the ex-
pected sensitivity as shown by the purple line in Fig. 6.
When in presence of such anomalous behaviour from the
actual data when compared to the expected sensitivities,
an alternative method to the Feldman-Cousins analysis
was proposed by Lokhov and Tkachov [85] ensuring also
proper coverage when deriving the confidence intervals
but conservatively replacing the anomalous results push-
ing into the unphysical region with the expected sensi-
tivity in absence of a signal. Since we find that the main
contributors driving the anomalous results can be iden-
tified and that their impact can be almost entirely re-
moved for instance through the HiLLiPoP + DESI-Y1
combination, we prefer not to implement this method
as it would hide the di↵erent behaviours of the di↵er-
ent datasets and cosmological models we want to analize
and compare here. However, we do find the compari-
son with the expected sensitivities presented in Fig. 6,
on which the LT method is based, very illustrating. Fur-
thermore, we can compare our expected sensitivities of
Planck+DESI-Y1 to the ones obtained in previous fore-
casts using the full DESI reach [84]. We find a 1� sensi-
tivity of ⇠ 0.06 eV while for Planck+DESI-full Ref. [84]
reports a 1� sensitivity of 0.04 eV. This highlights what
is the level of improvement expected from the additional
5 years of BAO data, although an even higher sensitivity
can of course be obtained from a full shape analysis of
the matter power spectrum, see [35–38].

We now turn to the real data. In Fig. 7 we show the
analyses of Planck data5 combined with: (a) DESI-Y1
BAO results, (b) the full SDSS combination (which have
a similar statistical power in the ⌦m vs H0rd plane as
DESI-Y1, see Fig. 2), (c) the DESI/SDSS BAO combina-
tion that takes the BAO results at each redshift bin from
the survey that has greatest statistical power, and (d) the
DESI-Y1 BAO combination but without the z = 0.7 bin
that contains data which deviate by ⇠ 3� from ⇤CDM
predictions. Importantly, in all data set combinations,
we consider separately the three latest Planck likelihood
implementations.

First, from panel (a), we confirm that the extrapo-
lation of the results from Planck+DESI-Y1 to the un-
physical region seem to favor negative masses. How-
ever, in our approach, given uncertainties in the pro-
file represented by the bands, the preference remains
at low statistical significance. In fact, we find that it
is the combination with HiLLiPoP23-PR4 that seems to
lead to the largest preference (reaching at most ⇠ 1�).
This may appear counter-intuitive given results pre-

5
We stress that Lensing-PR3 is now included in the analysis.

Naredo-Tuero, Escudero, Fernandez, Marcano, Poulin, 2407.13831

„too strong“ bound due to Planck lensing anomaly,  
statistical fluctuation in DESI BAO data?
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Example 1: hint for dynamical dark energy?

w(z) = w0 + wa
z

1 + z

DE equation of state: p = wρ

cosm . const . : w0 = − 1, wa = 0 23
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FIG. 11. Results for the posterior distributions of w0 and
wa, from fits of the w0waCDM model to DESI in combina-
tion with CMB and three SNe datasets as labelled. We also
show the contour for DESI combined with CMB alone. The
contours enclose 68% and 95% of the posterior probability.
The gray dashed lines indicate w0 = �1 and wa = 0; the
⇤CDM limit (w0 = �1, wa = 0) lies at their intersection.
The significance of rejection of ⇤CDM is 2.8�, 3.8� and 4.2�

for combinations with the Pantheon+, Union3 and DESY5
SNe samples, respectively, and 3.1� for DESI+CMB without
any SNe.

⇤CDM and w0waCDM models for that combination. Be-
cause ⇤CDM is nested within w0waCDM, correspond-
ing to w0 = �1, wa = 0, Wilks’ theorem [141] implies
that ��

2

MAP
should follow a �

2 distribution with two
degrees of freedom under the assumption the null hypoth-
esis (⇤CDM model) holds, and assuming that errors are
Gaussian and correctly estimated. To translate ��

2

MAP

into familiar terms, we quote the corresponding frequen-
tist significance N� for a 1D Gaussian distribution,

CDF�2

�
��

2

MAP
| 2 dof

�
=

1p
2⇡

Z N

�N
e
�t2/2

dt , (22)

where the left hand side denotes the cumulative distribu-
tion of �

2. We also compute the Deviance Information
Criterion (DIC) [142–145], which takes into account the
Bayesian complexity of the model and penalizes including
extra parameters.

A. Results

From DESI DR2 BAO alone, we obtain rather weak
constraints on the parameters

w0 = �0.48+0.35
�0.17

wa < �1.34

)
DESI BAO, (23)

which mildly favor the w0 > �1, wa < 0 quadrant but
are cut o↵ by the priors. The upper bound on wa here
is the 68% limit, and wa = 0 is not excluded at 95%. As
was the case in DR1, BAO data alone define a degener-
acy direction in the w0-wa plane, but they do not show a
strong preference for dark energy evolution: the improve-
ment in �

2

MAP
relative to the ⇤CDM case of w0 = �1,

wa = 0 is equivalent to a preference of just 1.7�.
The minimal extension we consider, beyond BAO data

alone, is to add a high-redshift constraint from the early
universe. This can be achieved by imposing CMB-derived
priors on ✓⇤, !b and !bc, as described in Section IV.
These priors are independent of the late-time dark en-
ergy, and also marginalize over contributions such as the
late ISW e↵ect and CMB lensing. Therefore, they pro-
vide us with an early time physics prior that can help
us set the sound horizon and is based solely on early-
Universe information. The result from this data combi-
nation is

w0 = �0.43 ± 0.22

wa = �1.72 ± 0.64

�
DESI+(✓⇤, !b, !bc)CMB. (24)

While this is still bounded by the wa > �3 prior at the
lower end, the posterior already clearly disfavors ⇤CDM.
The ��

2

MAP
value decreases to �8.0, indicating a prefer-

ence for an evolving dark energy equation of state at the
2.4� level.

Replacing these minimal early-Universe priors with the
full CMB information leads to only a small shift in the
maginalized posteriors

w0 = �0.42 ± 0.21

wa = �1.75 ± 0.58

�
DESI+CMB, (25)

showing that most of the information that the CMB pro-
vides on w(z) comes from its role in anchoring early-
Universe values of (✓⇤, !b, !bc) and thus limiting the free-
dom for models to fit the low-redshift data without an
evolving dark energy component. Nevertheless, when in-
cluding the full CMB information the ��

2

MAP
decreases

to �12.5, corresponding to a 3.1� preference for evolv-
ing dark energy. This change in the ��

2

MAP
is driven

primarily by the inclusion of CMB lensing, the e↵ect of
which is (by construction) not captured in the minimal
early-Universe priors (see Appendix A for further discus-
sion and a comparison of posteriors with di↵erent choices
of CMB likelihoods).

SNe data alone provide a complementary degeneracy
direction in the w0-wa plane, as they measure w0 well
independently of wa, which is only weakly constrained.
The combination of SNe data with DESI BAO can there-
fore measure w0 and wa without having the posteriors
cut o↵ by the prior ranges we assumed. The marginal-
ized posterior results are listed in Table V and depend on
the choice of SNe dataset, with the significances of the
preference for the model over ⇤CDM ranging from 1.7�

to 3.3� as summarized in Table VI.

DESI DR2 2025 [2503.14738]

 indication for  
deviation from cosmolog. const.
2.8σ − 4.2σ
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Model/Dataset ⌦m H0 [km s�1 Mpc�1] H0rd [100 km s�1]
P

m⌫ [eV] w or w0 wa

⇤CDM+
PPP

m⌫

DESI BAO+CMB [Camspec] 0.3009 ± 0.0037 68.36 ± 0.29 100.96 ± 0.48 < 0.0642 — —

DESI BAO+CMB [L-H] 0.2995 ± 0.0037 68.48 ± 0.30 101.16 ± 0.49 < 0.0774 — —

DESI BAO+CMB [Plik] 0.2998 ± 0.0038 68.56 ± 0.31 101.09 ± 0.50 < 0.0691 — —

wCDM+
PPP

m⌫

DESI BAO+CMB 0.2943 ± 0.0073 69.28 ± 0.92 102.3 ± 1.3 < 0.0851 �1.039 ± 0.037 —

DESI BAO+CMB+Pantheon+ 0.3045 ± 0.0051 67.94 ± 0.58 100.35 ± 0.84 < 0.0653 �0.985 ± 0.023 —

DESI BAO+CMB+Union3 0.3047 ± 0.0059 67.93 ± 0.69 100.33 ± 0.99 < 0.0649 �0.985 ± 0.028 —

DESI BAO+CMB+DESY5 0.3094 ± 0.0049 67.34 ± 0.53 99.49 ± 0.78 < 0.0586 �0.961 ± 0.021 —

w0waCDM+
PPP

m⌫

DESI BAO+CMB 0.353 ± 0.022 63.7+1.7
�2.2 93.8+2.5

�3.2 < 0.163 �0.42+0.24
�0.21 �1.75 ± 0.63

DESI BAO+CMB+Pantheon+ 0.3109 ± 0.0057 67.54 ± 0.59 99.62 ± 0.86 < 0.117 �0.845 ± 0.055 �0.57+0.23
�0.19

DESI BAO+CMB+Union3 0.3269 ± 0.0088 65.96 ± 0.84 97.3 ± 1.2 < 0.139 �0.674 ± 0.090 �1.06+0.34
�0.28

DESI BAO+CMB+DESY5 0.3188 ± 0.0058 66.75 ± 0.56 98.43 ± 0.83 < 0.129 �0.758 ± 0.058 �0.82+0.26
�0.21

TABLE VII. Cosmological parameter constraints where the neutrino mass parameter is allowed to vary assuming a
P

m⌫ > 0
prior. Additionally, we include models with more general dark energy backgrounds beyond ⇤CDM. While we quote the 95%
upper limit for the neutrino mass parameter in eV units, we refer to the 68% credible interval for the rest of the parameters.
We quote the constraints for DESI and three di↵erent CMB likelihoods for ⇤CDM+

P
m⌫ ; in all other rows the label ‘CMB’

refers to use of the baseline CamSpec likelihood.
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FIG. 15. 1D marginalized posterior constraints on
P

m⌫ from
DESI DR2 BAO measurements combined with di↵erent CMB
likelihoods, assuming the ⇤CDM+

P
m⌫ model. We show the

1D posteriors for the CamSpec CMB likelihood (leading to the
tightest constraint) as well as the Plik and L-H CMB likeli-
hoods. We also show the posterior for the w0waCDM+

P
m⌫

model, using DESI and the CamSpec CMB. Other models and
datasets are presented in Table VII. The vertical dashed lines
and shaded regions indicate the minimum allowed

P
m⌫ val-

ues for (from left to right) the normal and inverted mass or-
dering scenarios, respectively.

of about 1 MeV; see, e.g., [34] for a review of neutrino cos-
mology. As the Universe expanded, neutrinos gradually
lost kinetic energy, behaving as radiation in the early Uni-
verse and transitioning to non-relativistic matter around
redshifts of z ⇠ 100 for realistic neutrino masses, there-
after influencing the late-time expansion history by con-
tributing to the matter component. The main e↵ect of
massive neutrinos on the CMB is to impact the angular
diameter distance to last scattering, which is degenerate
with the e↵ects of other cosmological parameters such as
⌦m and H0 (see, e.g., [163] for a recent discussion). Neu-
trinos also a↵ect the lensing of CMB anisotropies by sup-
pressing the growth of structure below the free-streaming
scale. BAO are not sensitive to the latter e↵ect at all, and
only probe the background geometry by constraining the
total matter density ⌦m and the parameter combination
H0rd, so DESI BAO alone cannot constrain the neutrino
masses. Nevertheless by breaking geometrical degenera-
cies, BAO significantly enhance the ability of the CMB
to constrain this parameter.

The upper limits on
P

m⌫ that we obtain from the
combination of DESI and CMB depend on the particu-
lar choice of the CMB likelihood used, since the various
likelihoods di↵er slightly in the amount of lensing power
they infer from the lensed TT , TE and EE power spec-
tra. This can be incorporated into a phenomenological
parameter AL that scales the model lensing power used to
compute the lensed power spectra (but not the power re-
constructed from the 4-point function), such that values
AL > 1 indicate an excess of lensing power, often referred
to as the ‘AL anomaly’. Increasing

P
m⌫ above 0.06 eV
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DESI BAO+CMB [Camspec] 0.3009 ± 0.0037 68.36 ± 0.29 100.96 ± 0.48 < 0.0642 — —

DESI BAO+CMB [L-H] 0.2995 ± 0.0037 68.48 ± 0.30 101.16 ± 0.49 < 0.0774 — —

DESI BAO+CMB [Plik] 0.2998 ± 0.0038 68.56 ± 0.31 101.09 ± 0.50 < 0.0691 — —
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PPP
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DESI BAO+CMB 0.2943 ± 0.0073 69.28 ± 0.92 102.3 ± 1.3 < 0.0851 �1.039 ± 0.037 —

DESI BAO+CMB+Pantheon+ 0.3045 ± 0.0051 67.94 ± 0.58 100.35 ± 0.84 < 0.0653 �0.985 ± 0.023 —

DESI BAO+CMB+Union3 0.3047 ± 0.0059 67.93 ± 0.69 100.33 ± 0.99 < 0.0649 �0.985 ± 0.028 —

DESI BAO+CMB+DESY5 0.3094 ± 0.0049 67.34 ± 0.53 99.49 ± 0.78 < 0.0586 �0.961 ± 0.021 —

w0waCDM+
PPP

m⌫

DESI BAO+CMB 0.353 ± 0.022 63.7+1.7
�2.2 93.8+2.5

�3.2 < 0.163 �0.42+0.24
�0.21 �1.75 ± 0.63

DESI BAO+CMB+Pantheon+ 0.3109 ± 0.0057 67.54 ± 0.59 99.62 ± 0.86 < 0.117 �0.845 ± 0.055 �0.57+0.23
�0.19

DESI BAO+CMB+Union3 0.3269 ± 0.0088 65.96 ± 0.84 97.3 ± 1.2 < 0.139 �0.674 ± 0.090 �1.06+0.34
�0.28

DESI BAO+CMB+DESY5 0.3188 ± 0.0058 66.75 ± 0.56 98.43 ± 0.83 < 0.129 �0.758 ± 0.058 �0.82+0.26
�0.21

TABLE VII. Cosmological parameter constraints where the neutrino mass parameter is allowed to vary assuming a
P

m⌫ > 0
prior. Additionally, we include models with more general dark energy backgrounds beyond ⇤CDM. While we quote the 95%
upper limit for the neutrino mass parameter in eV units, we refer to the 68% credible interval for the rest of the parameters.
We quote the constraints for DESI and three di↵erent CMB likelihoods for ⇤CDM+

P
m⌫ ; in all other rows the label ‘CMB’

refers to use of the baseline CamSpec likelihood.
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FIG. 15. 1D marginalized posterior constraints on
P

m⌫ from
DESI DR2 BAO measurements combined with di↵erent CMB
likelihoods, assuming the ⇤CDM+

P
m⌫ model. We show the

1D posteriors for the CamSpec CMB likelihood (leading to the
tightest constraint) as well as the Plik and L-H CMB likeli-
hoods. We also show the posterior for the w0waCDM+

P
m⌫

model, using DESI and the CamSpec CMB. Other models and
datasets are presented in Table VII. The vertical dashed lines
and shaded regions indicate the minimum allowed

P
m⌫ val-

ues for (from left to right) the normal and inverted mass or-
dering scenarios, respectively.

of about 1 MeV; see, e.g., [34] for a review of neutrino cos-
mology. As the Universe expanded, neutrinos gradually
lost kinetic energy, behaving as radiation in the early Uni-
verse and transitioning to non-relativistic matter around
redshifts of z ⇠ 100 for realistic neutrino masses, there-
after influencing the late-time expansion history by con-
tributing to the matter component. The main e↵ect of
massive neutrinos on the CMB is to impact the angular
diameter distance to last scattering, which is degenerate
with the e↵ects of other cosmological parameters such as
⌦m and H0 (see, e.g., [163] for a recent discussion). Neu-
trinos also a↵ect the lensing of CMB anisotropies by sup-
pressing the growth of structure below the free-streaming
scale. BAO are not sensitive to the latter e↵ect at all, and
only probe the background geometry by constraining the
total matter density ⌦m and the parameter combination
H0rd, so DESI BAO alone cannot constrain the neutrino
masses. Nevertheless by breaking geometrical degenera-
cies, BAO significantly enhance the ability of the CMB
to constrain this parameter.

The upper limits on
P

m⌫ that we obtain from the
combination of DESI and CMB depend on the particu-
lar choice of the CMB likelihood used, since the various
likelihoods di↵er slightly in the amount of lensing power
they infer from the lensed TT , TE and EE power spec-
tra. This can be incorporated into a phenomenological
parameter AL that scales the model lensing power used to
compute the lensed power spectra (but not the power re-
constructed from the 4-point function), such that values
AL > 1 indicate an excess of lensing power, often referred
to as the ‘AL anomaly’. Increasing

P
m⌫ above 0.06 eV
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�2.2 93.8+2.5

�3.2 < 0.163 �0.42+0.24
�0.21 �1.75 ± 0.63

DESI BAO+CMB+Pantheon+ 0.3109 ± 0.0057 67.54 ± 0.59 99.62 ± 0.86 < 0.117 �0.845 ± 0.055 �0.57+0.23
�0.19

DESI BAO+CMB+Union3 0.3269 ± 0.0088 65.96 ± 0.84 97.3 ± 1.2 < 0.139 �0.674 ± 0.090 �1.06+0.34
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�0.21

TABLE VII. Cosmological parameter constraints where the neutrino mass parameter is allowed to vary assuming a
P

m⌫ > 0
prior. Additionally, we include models with more general dark energy backgrounds beyond ⇤CDM. While we quote the 95%
upper limit for the neutrino mass parameter in eV units, we refer to the 68% credible interval for the rest of the parameters.
We quote the constraints for DESI and three di↵erent CMB likelihoods for ⇤CDM+
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m⌫ ; in all other rows the label ‘CMB’

refers to use of the baseline CamSpec likelihood.
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FIG. 15. 1D marginalized posterior constraints on
P

m⌫ from
DESI DR2 BAO measurements combined with di↵erent CMB
likelihoods, assuming the ⇤CDM+

P
m⌫ model. We show the

1D posteriors for the CamSpec CMB likelihood (leading to the
tightest constraint) as well as the Plik and L-H CMB likeli-
hoods. We also show the posterior for the w0waCDM+

P
m⌫

model, using DESI and the CamSpec CMB. Other models and
datasets are presented in Table VII. The vertical dashed lines
and shaded regions indicate the minimum allowed

P
m⌫ val-

ues for (from left to right) the normal and inverted mass or-
dering scenarios, respectively.

of about 1 MeV; see, e.g., [34] for a review of neutrino cos-
mology. As the Universe expanded, neutrinos gradually
lost kinetic energy, behaving as radiation in the early Uni-
verse and transitioning to non-relativistic matter around
redshifts of z ⇠ 100 for realistic neutrino masses, there-
after influencing the late-time expansion history by con-
tributing to the matter component. The main e↵ect of
massive neutrinos on the CMB is to impact the angular
diameter distance to last scattering, which is degenerate
with the e↵ects of other cosmological parameters such as
⌦m and H0 (see, e.g., [163] for a recent discussion). Neu-
trinos also a↵ect the lensing of CMB anisotropies by sup-
pressing the growth of structure below the free-streaming
scale. BAO are not sensitive to the latter e↵ect at all, and
only probe the background geometry by constraining the
total matter density ⌦m and the parameter combination
H0rd, so DESI BAO alone cannot constrain the neutrino
masses. Nevertheless by breaking geometrical degenera-
cies, BAO significantly enhance the ability of the CMB
to constrain this parameter.

The upper limits on
P

m⌫ that we obtain from the
combination of DESI and CMB depend on the particu-
lar choice of the CMB likelihood used, since the various
likelihoods di↵er slightly in the amount of lensing power
they infer from the lensed TT , TE and EE power spec-
tra. This can be incorporated into a phenomenological
parameter AL that scales the model lensing power used to
compute the lensed power spectra (but not the power re-
constructed from the 4-point function), such that values
AL > 1 indicate an excess of lensing power, often referred
to as the ‘AL anomaly’. Increasing

P
m⌫ above 0.06 eV
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TABLE VII. Cosmological parameter constraints where the neutrino mass parameter is allowed to vary assuming a
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m⌫ > 0
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FIG. 15. 1D marginalized posterior constraints on
P

m⌫ from
DESI DR2 BAO measurements combined with di↵erent CMB
likelihoods, assuming the ⇤CDM+

P
m⌫ model. We show the

1D posteriors for the CamSpec CMB likelihood (leading to the
tightest constraint) as well as the Plik and L-H CMB likeli-
hoods. We also show the posterior for the w0waCDM+

P
m⌫

model, using DESI and the CamSpec CMB. Other models and
datasets are presented in Table VII. The vertical dashed lines
and shaded regions indicate the minimum allowed

P
m⌫ val-

ues for (from left to right) the normal and inverted mass or-
dering scenarios, respectively.

of about 1 MeV; see, e.g., [34] for a review of neutrino cos-
mology. As the Universe expanded, neutrinos gradually
lost kinetic energy, behaving as radiation in the early Uni-
verse and transitioning to non-relativistic matter around
redshifts of z ⇠ 100 for realistic neutrino masses, there-
after influencing the late-time expansion history by con-
tributing to the matter component. The main e↵ect of
massive neutrinos on the CMB is to impact the angular
diameter distance to last scattering, which is degenerate
with the e↵ects of other cosmological parameters such as
⌦m and H0 (see, e.g., [163] for a recent discussion). Neu-
trinos also a↵ect the lensing of CMB anisotropies by sup-
pressing the growth of structure below the free-streaming
scale. BAO are not sensitive to the latter e↵ect at all, and
only probe the background geometry by constraining the
total matter density ⌦m and the parameter combination
H0rd, so DESI BAO alone cannot constrain the neutrino
masses. Nevertheless by breaking geometrical degenera-
cies, BAO significantly enhance the ability of the CMB
to constrain this parameter.

The upper limits on
P

m⌫ that we obtain from the
combination of DESI and CMB depend on the particu-
lar choice of the CMB likelihood used, since the various
likelihoods di↵er slightly in the amount of lensing power
they infer from the lensed TT , TE and EE power spec-
tra. This can be incorporated into a phenomenological
parameter AL that scales the model lensing power used to
compute the lensed power spectra (but not the power re-
constructed from the 4-point function), such that values
AL > 1 indicate an excess of lensing power, often referred
to as the ‘AL anomaly’. Increasing

P
m⌫ above 0.06 eV
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Model/Dataset ⌦m H0 [km s�1 Mpc�1] H0rd [100 km s�1]
P

m⌫ [eV] w or w0 wa

⇤CDM+
PPP

m⌫

DESI BAO+CMB [Camspec] 0.3009 ± 0.0037 68.36 ± 0.29 100.96 ± 0.48 < 0.0642 — —

DESI BAO+CMB [L-H] 0.2995 ± 0.0037 68.48 ± 0.30 101.16 ± 0.49 < 0.0774 — —

DESI BAO+CMB [Plik] 0.2998 ± 0.0038 68.56 ± 0.31 101.09 ± 0.50 < 0.0691 — —

wCDM+
PPP

m⌫

DESI BAO+CMB 0.2943 ± 0.0073 69.28 ± 0.92 102.3 ± 1.3 < 0.0851 �1.039 ± 0.037 —

DESI BAO+CMB+Pantheon+ 0.3045 ± 0.0051 67.94 ± 0.58 100.35 ± 0.84 < 0.0653 �0.985 ± 0.023 —

DESI BAO+CMB+Union3 0.3047 ± 0.0059 67.93 ± 0.69 100.33 ± 0.99 < 0.0649 �0.985 ± 0.028 —

DESI BAO+CMB+DESY5 0.3094 ± 0.0049 67.34 ± 0.53 99.49 ± 0.78 < 0.0586 �0.961 ± 0.021 —

w0waCDM+
PPP

m⌫

DESI BAO+CMB 0.353 ± 0.022 63.7+1.7
�2.2 93.8+2.5

�3.2 < 0.163 �0.42+0.24
�0.21 �1.75 ± 0.63

DESI BAO+CMB+Pantheon+ 0.3109 ± 0.0057 67.54 ± 0.59 99.62 ± 0.86 < 0.117 �0.845 ± 0.055 �0.57+0.23
�0.19

DESI BAO+CMB+Union3 0.3269 ± 0.0088 65.96 ± 0.84 97.3 ± 1.2 < 0.139 �0.674 ± 0.090 �1.06+0.34
�0.28

DESI BAO+CMB+DESY5 0.3188 ± 0.0058 66.75 ± 0.56 98.43 ± 0.83 < 0.129 �0.758 ± 0.058 �0.82+0.26
�0.21

TABLE VII. Cosmological parameter constraints where the neutrino mass parameter is allowed to vary assuming a
P

m⌫ > 0
prior. Additionally, we include models with more general dark energy backgrounds beyond ⇤CDM. While we quote the 95%
upper limit for the neutrino mass parameter in eV units, we refer to the 68% credible interval for the rest of the parameters.
We quote the constraints for DESI and three di↵erent CMB likelihoods for ⇤CDM+

P
m⌫ ; in all other rows the label ‘CMB’

refers to use of the baseline CamSpec likelihood.
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FIG. 15. 1D marginalized posterior constraints on
P

m⌫ from
DESI DR2 BAO measurements combined with di↵erent CMB
likelihoods, assuming the ⇤CDM+

P
m⌫ model. We show the

1D posteriors for the CamSpec CMB likelihood (leading to the
tightest constraint) as well as the Plik and L-H CMB likeli-
hoods. We also show the posterior for the w0waCDM+

P
m⌫

model, using DESI and the CamSpec CMB. Other models and
datasets are presented in Table VII. The vertical dashed lines
and shaded regions indicate the minimum allowed

P
m⌫ val-

ues for (from left to right) the normal and inverted mass or-
dering scenarios, respectively.

of about 1 MeV; see, e.g., [34] for a review of neutrino cos-
mology. As the Universe expanded, neutrinos gradually
lost kinetic energy, behaving as radiation in the early Uni-
verse and transitioning to non-relativistic matter around
redshifts of z ⇠ 100 for realistic neutrino masses, there-
after influencing the late-time expansion history by con-
tributing to the matter component. The main e↵ect of
massive neutrinos on the CMB is to impact the angular
diameter distance to last scattering, which is degenerate
with the e↵ects of other cosmological parameters such as
⌦m and H0 (see, e.g., [163] for a recent discussion). Neu-
trinos also a↵ect the lensing of CMB anisotropies by sup-
pressing the growth of structure below the free-streaming
scale. BAO are not sensitive to the latter e↵ect at all, and
only probe the background geometry by constraining the
total matter density ⌦m and the parameter combination
H0rd, so DESI BAO alone cannot constrain the neutrino
masses. Nevertheless by breaking geometrical degenera-
cies, BAO significantly enhance the ability of the CMB
to constrain this parameter.

The upper limits on
P

m⌫ that we obtain from the
combination of DESI and CMB depend on the particu-
lar choice of the CMB likelihood used, since the various
likelihoods di↵er slightly in the amount of lensing power
they infer from the lensed TT , TE and EE power spec-
tra. This can be incorporated into a phenomenological
parameter AL that scales the model lensing power used to
compute the lensed power spectra (but not the power re-
constructed from the 4-point function), such that values
AL > 1 indicate an excess of lensing power, often referred
to as the ‘AL anomaly’. Increasing

P
m⌫ above 0.06 eV
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FIG. 7. Constraints on
P

m⌫ from our baseline data combination (DESI DR2 BAO with CMB) and with the addition of
di↵erent supernova datasets for ⇤CDM (left) and w0waCDM (right). The impact of the choice of SN dataset is significantly
greater in w0waCDM, while the choice of CMB likelihood is more important in ⇤CDM.

mass orderings. While this prescription o↵ers a natural
way to fold in prior information from neutrino oscilla-
tion experiments, it also leads to highly non-linear priors
for the heavier neutrino masses. If the same mechanism
is responsible for generating all three neutrino masses,
then a prior that is linear for all masses may be better
motivated.

From the combination of DESI BAO, CMB, and a
global fit to neutrino oscillation experiments (NuFIT 6.0)
[49], we obtain the following constraint on the lightest
neutrino mass,

ml < 0.023 eV (95%; NO or NO/IO), (21)

when assuming the normal mass ordering or in the gen-
eral case (NO/IO). When assuming the inverted mass
ordering, we find a very similar bound of

ml < 0.024 eV (95%; IO). (22)

This is a significant improvement with respect to a similar
analysis utilizing BOSS DR12 [163], Planck 2015 [164],
Pantheon SNe Ia [165], and BBN information [166], that
yielded ml < 0.086 eV (95%) [32]. The result may also
be compared with the constraint, ml < 0.040 eV [33]
from Planck 2018[34], BOSS DR12 [163], the DR7 Main
Galaxy Survey [167], and the Six-degree-Field Galaxy
Survey (6dFGS) [168].

In the general case, the data moderately prefer the nor-
mal mass ordering. Assuming ⇤CDM, we find a posterior
probability from DESI BAO + CMB + NuFIT of

P (NO) = 1 � P (IO) = 0.91. (23)

This corresponds to a Bayes factor of K = 10. The ev-
idence is slightly weaker for the alternative CMB likeli-
hoods (K = 6 for L-H and K = 8 for plik). Overall, this

analysis thus provides substantial evidence in support of
the normal mass ordering, under the assumption of the
⇤CDM +

P
m⌫ cosmology. See Fig. 6 for the marginal-

ized posterior distributions on the sum of neutrino masses
for the di↵erent mass ordering scenarios.

In a previous DESI analysis based on DR1 BAO data
[38], the upper limits for the normal and inverted mass or-
derings were determined by assuming a degenerate mass
spectrum (as in the baseline case here) and imposing
the additional prior that

P
m⌫ � 0.059 eV (NO) orP

m⌫ � 0.10 eV (IO). The posteriors obtained under
this approximation agree well in the tail of the distri-
bution. Consequently, we confirm that the approximate
procedure produces accurate 95% upper limits. In the
case of the normal ordering, we find

X
m⌫ < 0.101 eV (95%; NO), (24)

X
m⌫ < 0.105 eV (95%;

X
m⌫ � 0.059 eV), (25)

while in the case of the inverted mass ordering

X
m⌫ < 0.133 eV (95%; IO), (26)

X
m⌫ < 0.135 eV (95%;

X
m⌫ � 0.10 eV), (27)

thus validating the results from [38].

D. Impact of CMB likelihoods

We investigate the dependence of neutrino mass con-
straints on the Planck CMB likelihood, specifically com-
paring the plik, CamSpec and L-H combinations within

DESI DR2  
[2503.14743]
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Planck + DESI-Y1 + Pantheon+ 95% C.L.
P

m⌫ (eV)

Model Planck likelihood Bayesian
Frequentist

Gaussian fit
B.L. F.C.

⇤CDM
Planck18-PR3 0.093 0.087 0.088 -0.025±0.056
CamSpec22-PR4 0.089 0.080 0.078 -0.033±0.055
HiLLiPoP23-PR4 0.112 0.099 0.098 -0.034±0.066

w0waCDM
Planck18-PR3 0.177 0.163 0.163 -0.019±0.092
CamSpec22-PR4 0.167 0.161 0.164 0.006±0.079
HiLLiPoP23-PR4 0.213 0.205 0.207 0.024±0.092

⇤CDM+Alens

Planck18-PR3 0.242 0.268 0.260 0.060±0.102
CamSpec22-PR4 0.204 0.220 0.210 0.050±0.079
HiLLiPoP23-PR4 0.180 0.187 0.181 0.046±0.068

TABLE III. Upper limits at 95% CL on the neutrino mass using Planck + BAO + SN data within extended ⇤CDM models,
including a time-varying equation of state of dark energy, as well as varying the Alens parameter. We show the Bayesian
limits compared with the two frequentist approaches (B.L. = Bounded Likelihood, and F.C. = Feldman-Cousins) described in
Section III.2. We also report the Gaussian fit for our profile likelihoods, obtained from the points below ��

2 = 4.

FIG. 9. Profile likelihoods for the data set combinations of Planck18-PR3+DESI-Y1 (black), HiLLiPoP23-PR4 (blue), Planck18-
PR3+DESI-Y1-no07 (red), HiLLiPoP23-PR4+DESI-Y1-no07 (green), and compared with �

2
e↵ = �2 logP from [20] (purple)

and [21] (orange), which have treatments for “negative” neutrino masses. By comparing the black and blue curves we can
clearly see that the bound on the neutrino mass gets relaxed if the HiLLiPoP likelihood (which does not contain a lensing
anomaly) is used. However, it is clear from the extrapolated parabolas that there is still some preference for a negative neutrino
mass. This, however, disappears when the DESI BAO data at z = 0.7 which contains a ⇠ 3� outlier is removed (see red and
green curves).

displayed by the di↵erent datasets analyzed without the
need for an explicit (arbitrary) modelling of the e↵ect of
negative neutrino masses. A similar approach, extrapo-
lating instead a Gaussian fit to the posterior distribution,
was adopted in Refs. [24] and [10].

Our results agree overall fairly well with all previous
works [10, 19–21] considering the di↵erent treatments
performed in each of them. Our main results and the
comparison to previous analyses are shown in Fig. 9

(see also App. B). In particular, Ref. [21] argued that
the Gaussian extrapolation in [10] underestimates the
preference for negative masses of present data. Indeed,
Refs. [19–21] find rather more negative best fits through
their analyses with their respective “e↵ective masses”
peaking around �0.15 eV (see purple and orange lines in
Fig. 9). We do find some preference for negative neutrino
masses in datasets including both the Planck likelihoods
a↵ected by the lensing anomaly (Plik 2018 in Fig. 9 but
also CamSpec in previous sections) and the full DESI Y1

 ,    Δχ2(mν = 0) ≲ 3 Δχ2(NO) ≲ 6
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FIG. 10. Neutrino mass profile likelihood using DESI DR2
BAO and baseline CMB data, combined with DESY5 super-
novae, for w0waCDM. When allowing for evolving dark en-
ergy, the minimum of the profile shifts very close and even
into the positive sector for some data combinations. The
combination without SNe information can be compared to
its ⇤CDM equivalent: � increases by 0.035 eV, and the upper
limit relaxes considerably, aided by the shift toward the pos-
itive sector. Adding SNe information tightens the parabola
again.

seen in the Bayesian case (see the right panel of Fig. 16).
We see a di↵erent situation when comparing FS +

BAO with combinations that only include BAO. For this
comparison, we revert to using the plik Planck likeli-
hood as was done for the baseline results in [39]. Never-
theless, just like in Section IV D and [39] in the Bayesian
framework, we find that DESI BAO + CMB plik and
CamSpec exhibit extremely similar profiles. We expect an
improvement on DESI DR1 BAO when considering the
full-shape analysis, which unlike BAO is able to measure
the small-scale suppression e↵ect on the matter power
spectrum. As in the previous case, we see an improve-
ment of the upper limit by 0.011 eV. The statistical
power of the data as measured by � is very close for
both curves, with a di↵erence of 0.003 eV in favor of the
analysis that includes FS.

These findings show that, in terms of statistical
strength, the switch from DESI DR1 BAO to DESI DR2
BAO and the inclusion of CMB lensing are most impor-
tant, while the improved upper limit in the BAO + FS
case is mostly due to a shift toward negative values.

DESI can constrain the sum of neutrino masses with
limited external information. In Fig. 9, we consider
the combination of DESI DR1 (FS+BAO) along with
a BBN prior on ⌦bh

2 and CMB information on ns and
As. The full-shape analysis makes it possible to mea-
sure the small-scale suppression e↵ect caused by neutri-
nos without involving CMB information, while geomet-
ric information is provided by the BAO measurement. If

the preference for negative e↵ective neutrino masses is
a symptom of some tension between di↵erent datasets,
then reducing the amount of external information could
lessen the preference.

We find that all parabola minima still lie in the nega-
tive sector, although the tension with

P
m⌫ = 0 is less

than 1�. Compared to baseline CMB + DESI combi-
nations, the constraints are relaxed, with upper limits
as high as 0.373 eV along with � = 0.200 eV. As more
stringent CMB information is added to the analysis, such
as a narrower constraint on ns or additional information
on As, both constraining power, �, and upper limits im-
prove. The minimum also shifts further toward the neg-
atives by about 0.045 eV, resulting in a decrease in the
upper limits of around 0.07 eV for each step.

We now consider the impact of allowing evolving dark
energy, under the framework of the w0–wa parametriza-
tion. DESI data, in combination with external datasets,
have been shown to favor dynamical dark energy [38–
40, 177], especially when including supernova informa-
tion. Moving to a dynamical dark energy model helps to
alleviate the tension that could be driving the neutrino
mass sum toward the negatives. As shown in Fig. 10,
the minima of the parabolas shift very close to the posi-
tive sector. The combination of DESI DR2 BAO and the
baseline CMB dataset imposes an upper limit of

w0waCDM: DESI DR2 BAO + CMB:
X

m⌫ < 0.177 eV (95%),
(29)

which represents a 0.123 eV relaxation compared to the
⇤CDM case. A large part of this increase is caused by
the shift of the parabola toward the positives by 0.06 eV,
although further relaxation is expected from the degra-
dation of � from 0.043 eV to 0.078 eV. When adding
SNe information from DESY5, � and µ95 both improve
to 0.068 eV and 0.126 eV, while the central value, µ0, be-
comes negative again, although barely.

Finally, the profile likelihoods can also be used to probe
the preference for the normal mass ordering. The pro-
files are calculated using a degenerate mass approxima-
tion with three neutrinos of equal mass, which is still a
reasonable approximation for recent DESI data [31, 159–
162]. We use the NuFIT 6.0 constraints [49] on the dif-
ference of squared masses, from current oscillation exper-
iments, and we consider a situation in which the lightest
neutrino has zero mass. We can then determine a to-
tal sum of neutrino masses both in normal and inverted
ordering, and compute a ��

2 between the two. For base-
line CMB + DESI DR2 BAO in ⇤CDM, this procedure

yields �
2(

P
m

(IO)
⌫ )��

2(
P

m
(NO)
⌫ ) = 4.6, which is in very

good agreement with the Bayes factor reported in Sec-
tion IVC. This indicates that baseline CMB + DESI DR2
BAO seems to favor the normal ordering.

Almost all profiles presented here, especially for
⇤CDM, exhibit a minimum in the negative mass region.
Only when introducing dynamical dark energy do we re-
cover minima closer to or inside the positive sector. Nev-
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