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Neutrinos are always a relevant species in the Universe’s evolution

t ∼ 1 s t ∼ 3 min t ∼ 400.000 yr t ≃ 13.8 Gyr

γ ν
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The post-Planck era
∑ mν ≲ 0.2 eVNeff = 3.0 ± 0.3 (Planck/BBN)

(Planck+BAO)
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Planck E
frequency coadd

26°×14°13Adrien La Posta [Atacama Cosmology Telescope]:  
https://indico.in2p3.fr/event/33627/contributions/154706/

New cosmological data to the rescue!
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ACT+Planck E
frequency coadd

14 26°×14°

ACT+Planck E
frequency coadd

14Adrien La Posta [Atacama Cosmology Telescope]:  
https://indico.in2p3.fr/event/33627/contributions/154706/

New cosmological data to the rescue!
[released three months ago!]
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Number of 
galaxies ~
4 Million!

Sloan Digital Sky Survey
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DESI Survey DESI collaboration [2503.14745]

Number of 
galaxies ~
20 Million!
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What we expected:

∑ mν = 0.06 ± 0.02 eV

(DESI/Euclid + Planck)

Neff = 3.0 ± 0.1 (ACT/SPT+Planck)
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Today

∑ mν < 0.048 eV 95% CL  
ACT+SPT+Planck+DESI-DR2 [2506.20707]
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Today

Neff = 2.81 ± 0.12 ACT+SPT+Planck [2506.20707]

∑ mν < 0.048 eV 95% CL  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∑ mν > 0.06 eV

∑ mν > 0.1 eV [IO]

[NO]∼ 3σtension:



BSM Neutrino Cosmology Vietnam 24-07-25Miguel Escudero Abenza (CERN)

Global Perspective

10

Today

Neff = 2.81 ± 0.12 ACT+SPT+Planck [2506.20707]

∑ mν < 0.048 eV 95% CL  
ACT+SPT+Planck+DESI-DR2 [2506.20707]

NSM
eff = 3.044∼ 2σtension:

∑ mν > 0.06 eV

∑ mν > 0.1 eV [IO]

[NO]∼ 3σtension:
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BSM scenarios for Neff < 3

BSM scenarios for ∑ mν
Cosmo

= 0
X

m⌫
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ρrad − ργ
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and one gets 
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Neff = 3.044
Bennett, Buldgen, Drewes & Wong 1911.04504
Escudero Abenza 2001.04466
Akita & Yamaguchi 2005.07047   
Froustey, Pitrou & Volpe 2008.01074
Gariazzo, de Salas, Pastor et al. 2012.02726
Hansen, Shalgar & Tamborra 2012.03948 

Neff ≡
8
7 ( 11

4 )
4/3

( ρν

ργ )



BSM Neutrino Cosmology Vietnam 24-07-25Miguel Escudero Abenza (CERN)

Neff definition

12

Neff as relevant for CMB observations is defined as:

Neff ≡
8
7 ( 11

4 )
4/3

(
ρrad − ργ

ργ )

The easy thing is to add and for that we have plenty of 
models: sterile neutrinos, axions, Goldstone bosons …

In the Standard Model this is precisely proportional to  
and one gets 

ρν

Neff = 3.044
Bennett, Buldgen, Drewes & Wong 1911.04504
Escudero Abenza 2001.04466
Akita & Yamaguchi 2005.07047   
Froustey, Pitrou & Volpe 2008.01074
Gariazzo, de Salas, Pastor et al. 2012.02726
Hansen, Shalgar & Tamborra 2012.03948 

Neff ≡
8
7 ( 11

4 )
4/3

( ρν

ργ )



BSM Neutrino Cosmology Vietnam 24-07-25Miguel Escudero Abenza (CERN)

Neff definition

12

Neff as relevant for CMB observations is defined as:

Neff ≡
8
7 ( 11

4 )
4/3

(
ρrad − ργ

ργ )

The easy thing is to add and for that we have plenty of 
models: sterile neutrinos, axions, Goldstone bosons …

In the Standard Model this is precisely proportional to  
and one gets 

ρν

Neff = 3.044
Bennett, Buldgen, Drewes & Wong 1911.04504
Escudero Abenza 2001.04466
Akita & Yamaguchi 2005.07047   
Froustey, Pitrou & Volpe 2008.01074
Gariazzo, de Salas, Pastor et al. 2012.02726
Hansen, Shalgar & Tamborra 2012.03948 

Neff ≡
8
7 ( 11

4 )
4/3

( ρν

ργ )

To reduce either the neutrinos need to go down or the 
photons up!
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Neff < 3 options: ρν ↓
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Late time reheating:
Kawasaki, Kohri & Sugiyama [astro-ph/
9811437, astro-ph/0002127
Giudice, Kolb & Riotto [hep-ph/0005123]
more recent papers: 
de Salas et al. [1511.00672] 
Hasegawa et al. [1905.11290] 
Barbieri et al. [2501.01369]

An inflation-like particle reheats the entire Universe 
very close to BBN before neutrinos decouple at 2 MeV

e+

ϕ
e−
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theory: hard to build, but see Elor, Escudero & Nelson [1810.00880]
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Particles decaying at BBN times
Boyarsky, Ovchynnikov, Ruchayskiy, 
Syvolap [2008.00749] 

Boyarsky, Ovchynnikov, Sabti, Syvolap 
[2103.09831]

Ovchynnikov, Syvolap ++ [2409.07378, 
2409.15129, 2411.00892]

Example: sterile neutrinos

N
ν̄
ν
ν

ργ ↑
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Electrophilic partiles in equilibrium at BBN
Boehm, Dolan and McCabe [1207.0497, 
1303.6270]
Serpico and Raffelt [astro-ph/0403417]
Kolb, Turner and Walker PRD 34 (1986) 
2197 
Sabti, Alvey, Escudero, Fairbairn, Blas 
[1910.01649]

χ
e−

e+

χ̄

ργ ↑
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Options:
1) MeV-scale reheating, e.g. inflaton

2) Decay during neutrino decoupling, e.g. sterile neutrino

3) Thermally coupled electrophilic particle, e.g. scalar dark matter
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Options:
1) MeV-scale reheating, e.g. inflaton

2) Decay during neutrino decoupling, e.g. sterile neutrino

3) Thermally coupled electrophilic particle, e.g. scalar dark matter

e+

ϕ
e−

N
ν̄
ν
ν

χ
e−

e+

χ

Options 1) and 2) 
have trouble with 
BBN but option 3) is 
viable. Prospects for 
dark matter detection 
viable!

Krnjaic 2505.04626
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What cosmology can constrain is the energy density in non-
relativistic neutrinos:

ρν = ∑ mνnν

Clearly two options: either the neutrino mass is somehow 
different in the early Universe or the number density is 
somehow different
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Long-range neutrino interactions
Esteban & Salvadó 2101.05804
Esteban, Mena & Salvadó 2202.04656
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Lorenz et al. 1811.01991 & 2102.13618

Refractive neutrino masses (interactions with Dark Matter)
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Time-dependent neutrino masses

18

Late time neutrino mass generation

Long-range neutrino interactions
Esteban & Salvadó 2101.05804
Esteban, Mena & Salvadó 2202.04656

Dvali & Funcke 1602.03191 
Lorenz et al. 1811.01991 & 2102.13618

Refractive neutrino masses (interactions with Dark Matter)
Sen & Smirnov [2306.15718, 2407.02462]

large neutrino masses allowed, in all cases interactions of the type 

ν
ϕ

ν̄
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Standard CNB:
goal: somehow reduce the 
neutrino number density
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Oldengott et al. 1901.04352
Alvey, Escudero & Sabti 2111.14870

Not many 
neutrinos and 
they travel fast!

[no known model 
realizing it]

Standard CNB:
goal: somehow reduce the 
neutrino number density
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Oldengott et al. 1901.04352
Alvey, Escudero & Sabti 2111.14870

Not many 
neutrinos and 
they travel fast!

[no known model 
realizing it]

Neutrino conversions
Farzan & Hannestad 1510.02201
Renk et al. 2009.03286
Escudero, Schwetz & Terol-Calvo 2211.01729
Benso, Schwetz, Vatsyayan [2410.23926]

Less neutrinos 
accompanied by 
many new 
massless 
particles

Standard CNB:
goal: somehow reduce the 
neutrino number density

https://arxiv.org/abs/2211.01729
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The neutrino depletion scenario
Oldengott et al. 1901.04352
Alvey, Escudero & Sabti 2111.14870

Not many 
neutrinos and 
they travel fast!

[no known model 
realizing it]

Neutrino conversions
Farzan & Hannestad 1510.02201
Renk et al. 2009.03286
Escudero, Schwetz & Terol-Calvo 2211.01729
Benso, Schwetz, Vatsyayan [2410.23926]

Less neutrinos 
accompanied by 
many new 
massless 
particles

Neutrino decays
Abellán, Poulin et al. 1909.05275, 2112.13862  
Escudero, López-Pavón, Rius & Sandner 2007.04994

No neutrinos 
today, as they 
have decayed 
away

Standard CNB:
goal: somehow reduce the 
neutrino number density

https://arxiv.org/abs/2211.01729
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The neutrino depletion scenario
Oldengott et al. 1901.04352
Alvey, Escudero & Sabti 2111.14870

Not many 
neutrinos and 
they travel fast!

[no known model 
realizing it]

Neutrino conversions
Farzan & Hannestad 1510.02201
Renk et al. 2009.03286
Escudero, Schwetz & Terol-Calvo 2211.01729
Benso, Schwetz, Vatsyayan [2410.23926]

Less neutrinos 
accompanied by 
many new 
massless 
particles

Neutrino decays
Abellán, Poulin et al. 1909.05275, 2112.13862  
Escudero, López-Pavón, Rius & Sandner 2007.04994

No neutrinos 
today, as they 
have decayed 
away

CMB lensing as a key probe! Upadhye et al. [2410.05815]

Standard CNB:
goal: somehow reduce the 
neutrino number density

https://arxiv.org/abs/2211.01729
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BSM Neutrino Cosmology Vietnam 24-07-25Miguel Escudero Abenza (CERN)

Neutrino Masses from Cosmology

21

Massive neutrinos also affect CMB lensing ∝ 𝛀𝛎 

Not only a background effect:
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Effect of induced neutrino Lensing is substantially reduced
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It is pointed out that neutrinos with a finite mass could be unstable. We discuss the con-
sequences of this possibility for solar-neutrino experiments.

It is generally assumed in textbooks on nuclear
physics or elementary particles that neutrinos
are stable particles. This assumption is neces-
sary for the validity of the astrophysical conclu-
sions that have been drawn' from the unexpected-
ly low counting rate in the currently operating
Brookhaven solar-neutrino experiment. In the
context of solar-neutrino problems, it is conven-
ient to adopt a limited definition of "stability";
we shall call a neutrino stable if the lifetime of a
1-MeV particle (typical energy expected for solar
neutrinos) exceeds -5x102 sec (the Sun-to-Earth
light travel time). We show by examples that our
present knowledge of neutrinos is insufficient to
establish whether or not neutrinos are stable
even in the very limited sense defined above.
Our results provide a new possibility' for the in-
terpretation of the "Cl experiment of Davis and
his associates'; future experiments with solar
neutrinos (see Table I) can determine whether the
low counting rate in the "Cl experiment is due to
neutrino decay or astrophysical uncertainties.
We note in passing that our examples showing
that v, need not be stable apply equally well to v»
but we concentrate on v, since it is of most di-
rect interest for solar-neutrino experiments.
Possible decay modes.—In order for a neutrino

to be unstable, it must have a finite mass which
may, however, be tiny. We assume for simplici-
ty that the masses for all the decay products of

v, are identicaBy zero. The simplest example of
a possible decay mode for v, is

r (E) = (16~5/g'mc')E/mc'.
The dimensionless coupling constant g can be
written conveniently in terms of the relevant
physical variables' as

y4 E 60 eV ' 500 secg-=1.7x10 '
1 MeV mc' r(1 MeV)'

(2b)

Although the above value of g suggest a rather
weak interaction, an interaction of the same
strength that allowed p, -e + y would lead to a par-
tial lifetime shorter than the total observed muon
lifetime and must be excluded. If v' is identical
to v& or is unrelated to muon neutrinos, this ex-
clusion can be achieved by known selection rules.
If v' is identified with v&, then the exclusion of
the p, -e + y coupling requires an ad hoc assump-
tion. We note also that values of g' orders of
magnitude larger than 10 "are possible without

v~ ~v +p~

where y is a massless scalar or pseudoscalar
boson' and v' is some other neutrino that could be
related to v& or v&. If the coupling is of the form

(2a)
the mean decay lifetime for a neutrino of energy
E and rest mass m is

8'Bb capture rate v-e scattering

TABLE I. Implications for future experiments (see Bef 8). All counting rates are expressed in units of 10 3

captures per target atom per second.

Assumed 3'Cl
capture rate Assumed explanations 'Li capture rate

0.4

Standard solar models
incorrect

Most neutrinos decay
fT(1 MeU) = 88 sec]

Standard solar models
very wrong

Almost all neutrinos
decay [T(1 MeV) =18
sec]

15+ 1 (Bef. 1) gx 10'

4x 102

Px 10

Mostly low-energy neu-
trinos are scattered

Mostly high-energy
neutrinos are scattered

Only low-energy neutri-
nos are scattered

Orally high-energy BB neu-
trinos are scattered:
intensity very low
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It is pointed out that neutrinos with a finite mass could be unstable. We discuss the con-
sequences of this possibility for solar-neutrino experiments.

It is generally assumed in textbooks on nuclear
physics or elementary particles that neutrinos
are stable particles. This assumption is neces-
sary for the validity of the astrophysical conclu-
sions that have been drawn' from the unexpected-
ly low counting rate in the currently operating
Brookhaven solar-neutrino experiment. In the
context of solar-neutrino problems, it is conven-
ient to adopt a limited definition of "stability";
we shall call a neutrino stable if the lifetime of a
1-MeV particle (typical energy expected for solar
neutrinos) exceeds -5x102 sec (the Sun-to-Earth
light travel time). We show by examples that our
present knowledge of neutrinos is insufficient to
establish whether or not neutrinos are stable
even in the very limited sense defined above.
Our results provide a new possibility' for the in-
terpretation of the "Cl experiment of Davis and
his associates'; future experiments with solar
neutrinos (see Table I) can determine whether the
low counting rate in the "Cl experiment is due to
neutrino decay or astrophysical uncertainties.
We note in passing that our examples showing
that v, need not be stable apply equally well to v»
but we concentrate on v, since it is of most di-
rect interest for solar-neutrino experiments.
Possible decay modes.—In order for a neutrino

to be unstable, it must have a finite mass which
may, however, be tiny. We assume for simplici-
ty that the masses for all the decay products of

v, are identicaBy zero. The simplest example of
a possible decay mode for v, is

r (E) = (16~5/g'mc')E/mc'.
The dimensionless coupling constant g can be
written conveniently in terms of the relevant
physical variables' as

y4 E 60 eV ' 500 secg-=1.7x10 '
1 MeV mc' r(1 MeV)'

(2b)

Although the above value of g suggest a rather
weak interaction, an interaction of the same
strength that allowed p, -e + y would lead to a par-
tial lifetime shorter than the total observed muon
lifetime and must be excluded. If v' is identical
to v& or is unrelated to muon neutrinos, this ex-
clusion can be achieved by known selection rules.
If v' is identified with v&, then the exclusion of
the p, -e + y coupling requires an ad hoc assump-
tion. We note also that values of g' orders of
magnitude larger than 10 "are possible without

v~ ~v +p~

where y is a massless scalar or pseudoscalar
boson' and v' is some other neutrino that could be
related to v& or v&. If the coupling is of the form

(2a)
the mean decay lifetime for a neutrino of energy
E and rest mass m is

8'Bb capture rate v-e scattering

TABLE I. Implications for future experiments (see Bef 8). All counting rates are expressed in units of 10 3

captures per target atom per second.

Assumed 3'Cl
capture rate Assumed explanations 'Li capture rate

0.4

Standard solar models
incorrect

Most neutrinos decay
fT(1 MeU) = 88 sec]

Standard solar models
very wrong

Almost all neutrinos
decay [T(1 MeV) =18
sec]

15+ 1 (Bef. 1) gx 10'

4x 102

Px 10

Mostly low-energy neu-
trinos are scattered

Mostly high-energy
neutrinos are scattered

Only low-energy neutri-
nos are scattered

Orally high-energy BB neu-
trinos are scattered:
intensity very low
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Numerics of neutrino decay

H0 ≃ 1/tU ≃ 10−33 eV Γ ≃
λ2

8π
mν

λ ≳ 10−13 τν < tU

λ ≃ mν/vϕ

⌫i

⌫j

�

⌫i

⌫4

�
λ ≃ y mν/MN

MN ∼ 1014 GeVvϕ ≲ 100 TeV [very reasonable 
particle physics 
scales!]
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Oldengott et al. 2011.01502 & 2203.09075

Parameter space:

However, because there is a neutrino in the final state the mass bounds are 
expected to only be relaxed mildly:

Ωνh2 =
3 × mlightest

ν

93.14 eV
Escudero, López-Pavón, Rius & Sandner 2007.04994

Theory: These happen naturally in scenarios with light mediators charged under 
horizontal flavor symmetries, e.g.  Lμ − Lτ see e.g. Gelmini & Valle PLB 142 (1984) 181 for a model

Couplings:   taking the  case means  for both global and gauge U(1)τν < tU Lμ − Lτ vμ−τ < 30 TeV

https://arxiv.org/abs/2011.01502
https://arxiv.org/abs/2203.09075
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Oldengott et al. 2203.09075 & 2011.01502

Poulin et al. 2112.13862 & 1909.05275

Neutrino mass 
bounds are relaxed!

Parameter space:

https://arxiv.org/abs/2203.09075
https://arxiv.org/abs/2011.01502
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Disclaimer!
No full realistic cosmological 
analysis has been performed in 
the literature for  
and these lifetimes. This region 
may or may not be excluded by 
cosmological data

mν > 0.2 eV

Oldengott et al. 2203.09075 & 2011.01502

Poulin et al. 2112.13862 & 1909.05275

Neutrino mass 
bounds are relaxed!

Parameter space:

https://arxiv.org/abs/2203.09075
https://arxiv.org/abs/2011.01502
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m⌫ ' m2
D/MR

<latexit sha1_base64="21bM7F6ZpibfQIspWaTuGC0Z+Eo=">AAAB/3icbVDLSgMxFM34rPU1KrhxEyyCqzpTCuquqAs3QhX7gM44ZNK0DU0yY5IRytiFv+LGhSJu/Q13/o1pOwttPXDhcM693HtPGDOqtON8W3PzC4tLy7mV/Ora+samvbVdV1EiManhiEWyGSJFGBWkpqlmpBlLgnjISCPsn4/8xgORikbiVg9i4nPUFbRDMdJGCuxdHngigZ6inNxDHlzclY6ugpvALjhFZww4S9yMFECGamB/ee0IJ5wIjRlSquU6sfZTJDXFjAzzXqJIjHAfdUnLUIE4UX46vn8ID4zShp1ImhIajtXfEyniSg14aDo50j017Y3E/7xWojsnfkpFnGgi8GRRJ2FQR3AUBmxTSbBmA0MQltTcCnEPSYS1iSxvQnCnX54l9VLRLRdPr8uFylkWRw7sgX1wCFxwDCrgElRBDWDwCJ7BK3iznqwX6936mLTOWdnMDvgD6/MHhTuVJg==</latexit>

m⌫4 ' 0

<latexit sha1_base64="D28U0ZstAwaN5tG3QXaVN8so5G4=">AAAB+3icbVBNSwMxEM3Wr1q/1nr0EiyCp7IrBfVW9OKxgv2AtizZdNqGJtk1yYpl2b/ixYMiXv0j3vw3pu0etPXBwOO9GWbmhTFn2njet1NYW9/Y3Cpul3Z29/YP3MNyS0eJotCkEY9UJyQaOJPQNMxw6MQKiAg5tMPJzcxvP4LSLJL3ZhpDX5CRZENGibFS4JZFkPZkEtQy3NNMwAP2ArfiVb058Crxc1JBORqB+9UbRDQRIA3lROuu78WmnxJlGOWQlXqJhpjQCRlB11JJBOh+Or89w6dWGeBhpGxJg+fq74mUCK2nIrSdgpixXvZm4n9eNzHDy37KZJwYkHSxaJhwbCI8CwIPmAJq+NQSQhWzt2I6JopQY+Mq2RD85ZdXSeu86teqV3e1Sv06j6OIjtEJOkM+ukB1dIsaqIkoekLP6BW9OZnz4rw7H4vWgpPPHKE/cD5/ADfsk+w=</latexit>

Right 𝛎4 properties: U↵4 ⇠ y↵v�
mD

⌧ 1

<latexit sha1_base64="31HVC+IJnCuify+UtMU9DAIdCQ0=">AAACH3icbVDLSsNAFJ34rPUVdelmsAiuSiLFx66oC5cVTFtoQphMJ+3QmSTMTAoh5E/c+CtuXCgi7vo3Ttsg2npg4HDOudy5J0gYlcqyJsbK6tr6xmZlq7q9s7u3bx4ctmWcCkwcHLNYdAMkCaMRcRRVjHQTQRAPGOkEo9up3xkTIWkcPaosIR5Hg4iGFCOlJd+8cPzcRSwZItgooCsph24oEM6zH72AY99tDWmRc/9OZxiDtm/WrLo1A1wmdklqoETLN7/cfoxTTiKFGZKyZ1uJ8nIkFMWMFFU3lSRBeIQGpKdphDiRXj67r4CnWunDMBb6RQrO1N8TOeJSZjzQSY7UUC56U/E/r5eq8MrLaZSkikR4vihMGVQxnJYF+1QQrFimCcKC6r9CPES6HqUrreoS7MWTl0n7vG436tcPjVrzpqyjAo7BCTgDNrgETXAPWsABGDyBF/AG3o1n49X4MD7n0RWjnDkCf2BMvgE706J7</latexit>

Cosmological decays: �(⌫i ! ⌫4�) ⇠ 106t�1
U y2↵

⇣ m⌫

0.3eV

⌘2
✓
1014 GeV

MR

◆

<latexit sha1_base64="eS8xfupNWAuvSAFBZNTMTHyHEOk="></latexit>

Neutrinos with a large mass can decay on cosmological timescales while being in 
agreement with all known laboratory and cosmological data!

http://arxiv.org/abs/arXiv:2007.04994
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Cosmological data suggests the possibility of non-
standard neutrinos.

Some options, all involving physics in a well defined temperature 
range. Most options mess up BBN.

Neff < 3

Electrophilic Dark Matter particles meet all known bounds:
mχ ∼ 5 − 10 MeV

mcosmo
ν = 0?

Several models are in the market, some +- theoretically motivated. 
Invisible neutrino decays appear as a very motivated case

τν ≃ 10−4tUHighlighted a neutrino mass scenario with
MN ∼ 1014 GeV
vϕ ≃ vH

CMB lensing as a cosmo probe for it!
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Thank you for your attention!

⌫
miguel.escudero@cern.ch

Exciting times in Cosmology!
Cosmological tensions still not significant, but if persistent may 
be pointing towards some new fundamental neutrino property!

mailto:miguel.escudero@cern.ch

