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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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Current knowledge:
∑ mν ≲ 0.2 eVNeff = 3.0 ± 0.3 (Planck/BBN)

(Planck+BAO)



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

Global Perspective

4

In the next 5-6 years:

∑ mν = 0.06 ± 0.02 eVNeff = 3.043 ± 0.06 (Simons Observatory)

(DESI/Euclid + Planck)
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3) Understand why can one derive neutrino mass bounds using 
cosmological data and what are the assumptions behind these 
constraints

4) What are we going to learn in the upcoming years?

1) Understand what is the role played by neutrinos in Cosmology

2) Understand the evidence that we have for the Cosmic Neutrino 
Background and have a flavor of the types of BSM physics that 
can be tested with neutrinos in cosmology
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Unlike neutrinos, I do like to interact 😃

Questions and Comments 
are most welcome, at any 

time!!!!

The plan is to learn and therefore:
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The Cosmic Neutrino Background

Neff and its implications

Neutrino masses in Cosmology X
m⌫
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The Early Universe

t = 1s T = 1010 K
[1000 times hotter than 
the core of the sun!]

T = MeV
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Γ = ne ⟨σv⟩

Electrons & Positrons

Neutrinos

Photons
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FT2
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FT5
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Photons



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

The Cosmic Neutrino Background

9

Γ = ne ⟨σv⟩ σ ≃ G2
F s

⟨σv⟩ ≃ G2
FT2Γ ≃ G2

FT5

Electrons & Positrons

Neutrinos

Photons

H = 1.66 g⋆T2/MPl



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

The Cosmic Neutrino Background
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Γ = ne ⟨σv⟩ σ ≃ G2
F s

⟨σv⟩ ≃ G2
FT2Γ ≃ G2

FT5

Electrons & Positrons

Neutrinos

Photons

H = 1.66 g⋆T2/MPl

The formation of the Cosmic Neutrino Background

T ≃ 2 MeVΓ ≃ H
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ElectronsNeutrinos Photons

e+ e− ↔ ν̄α να
e± να ↔ e± να
να νβ ↔ να νβ

t ∼ 0.1 s t ∼ 3 min

nν ≃ 300 cm−3

Tν = Tγ /1.4
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Neutrino Cosmology Vietnam 24-07-25Miguel Escudero Abenza (CERN)

Neutrino Decoupling

11

How do we measure the energy density in relativistic neutrino species?

Neff ≡
8
7 ( 11

4 )
4/3

(
ρrad − ργ

ργ )The key parameter is:
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How do we measure the energy density in relativistic neutrino species?

Neff ≡
8
7 ( 11

4 )
4/3

(
ρrad − ργ

ργ )The key parameter is:

Neff = 3 ( 1.4 Tν

Tγ )
4

when only neutrinos and photons are present:
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How do we measure the energy density in relativistic neutrino species?

Neff ≡
8
7 ( 11

4 )
4/3

(
ρrad − ργ

ργ )The key parameter is:

Neff = 3 ( 1.4 Tν

Tγ )
4

when only neutrinos and photons are present:

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 

NSM
eff = 3.044The Standard Model value is:
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1) Neutrino Decoupling is not instantaneous � ⇠ G2
FE

2
⌫
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2) Weak Interactions freeze out at T = 2-3 MeV 
    hence, some heating from e+e- annihilation n h�vi ' G

2
FT

5 ' H

1) Neutrino Decoupling is not instantaneous � ⇠ G2
FE

2
⌫
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3) Finite Temperature QED corrections �m2
e(T ), �m

2
�(T )
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2
FT

5 ' H

1) Neutrino Decoupling is not instantaneous � ⇠ G2
FE

2
⌫



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

Why  is not exactly 3?NSM
eff

12

3) Finite Temperature QED corrections �m2
e(T ), �m

2
�(T )
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    hence, some heating from e+e- annihilation n h�vi ' G

2
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5 ' H

1) Neutrino Decoupling is not instantaneous � ⇠ G2
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2
⌫

4) Neutrino oscillations are active at T < 10 MeV 

t
os
⌫ ⇠ 12T

�m2
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1

2H
⇠ mPl
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p
10.75T 2

t
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G
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Evidence for Cosmic Neutrinos
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Big Bang Nucleosynthesis

Current measurements are broadly consistent with the SM picture

4He ~ 25% D ~ 0.005%H ~ 75%

This implies that neutrinos should have been present:

By comparing predictions against observations, we know:

NBBN
eff = 2.86 ± 0.28 see e.g. Pisanti et al. 2011.11537

2) Neutrinos contribute to the expansion rate H ∝ ρ γ ν

1) It is impossible to have successful BBN without neutrinos. 
    They participate in  conversions up to p ↔ n T ≳ 0.7 MeV

n ↔ p + e− + ν̄e

n + e+ ↔ p + ν̄e
n + νe ↔ p + e−



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

Big Bang Nucleosynthesis and Neff

15
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Pospelov & Pradler 1011.1054

Predictions that expand 10 orders of magnitude!!!

4He

D

7Li
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FIG. 3. 68% and 95% contours in the ⌦bh
2 �Ne↵ plane for YOF (left), PArthENoPE (center), and PRIMAT (right) nuclear

reaction networks. In each panel, the light-blue dotted contours correspond to the BBN-only analysis, the black-dashed to
the CMB-only analysis, and the orange-solid to the joint CMB+BBN analysis. All CMB and BBN nuisance parameters are
marginalized over. When using the PRIMAT network, the resulting value of Ne↵ in the joint analysis is pushed high. When
using the YOF network, the constraining power of BBN is minimal.

“CMB+BBN” column in Fig. 1. The square markers
show the inferred 100⌦bh2, holding Ne↵ fixed. For all
three reaction networks, there is a shift in the medi-
ans and error bars towards the CMB-preferred value of
100⌦bh2 = 2.231+0.015

�0.014. Compared to the BBN-only
results, the error bars are reduced in the joint results;
this is most pronounced for the joint constraint with the
YOF network, where the error bars shrink by a factor of
⇠ 3. The PRIMAT joint result (2.218+0.012

�0.011) is most dis-
crepant with the CMB-only result, due to the low BBN-
only preferred value for 100⌦bh2 (2.191+0.022

�0.021).

A simplified version of this analysis is performed in
Ref. [16] using the PRIMAT network. For that study,
the Planck posterior [1] for ⌦bh2 is used as a prior in the
BBN-only likelihood, so only the BBN likelihood must
be computed for each sample. When using LINX to per-
form this simplified analysis using the Planck 2018 result
of 100⌦bh2 = 2.236+0.015

�0.015 [1] as the prior, we find that

100⌦bh2 = 2.215+0.011
�0.011, which is slightly lower than the

results with a full CMB analysis.

Next, we vary Ne↵ in addition to the six ⇤CDM pa-
rameters, the BBN rate uncertainties, and the CMB
nuisance parameters. For the PArthENoPE and YOF
rates, including a BBN likelihood in this analysis does
not dramatically shift many of the cosmological parame-
ters away from their inferred values in a CMB-only anal-
ysis. This is because of the good agreement between
the PArthENoPE network’s predictions and measure-
ments, as well as YOF’s wide error bars on the reactions
in its network, which decreases its constraining power.
These e↵ects are illustrated in the first two panels of
Fig. 3, where the individual posteriors overlap with each
other. These results are also included in Fig. 1 in the
“CMB+BBN” column for comparison.

However, the individual posteriors for the PRIMAT
network, shown in the third panel of Fig. 3, are in slight

discrepancy with each other, which influencess the in-
ferred values of ⌦bh2 and Ne↵ . The inferred value for Ne↵

increases to 3.08+0.13
�0.13, from the CMB-only prediction of

2.95+0.19
�0.18 and the BBN-only prediction of 2.93+0.30

�0.27. The
correlation between Ne↵ and ⌦bh2, and the resulting ad-
justment of the inferred values away from those attained
in a CMB-only analysis, are responsible for the higher
inferred value of Ne↵ .

Ref. [1] observed a similar e↵ect on the best-fit pa-
rameters when using the PRIMAT rates and a constant
theory uncertainty �th on D/H and YP. However, a fully
marginalized analysis with LINX allows one to uncover
correlations between nuisance parameters, including how
nuclear rates have to adjust to accommodate the pre-
ferred region for the CMB+BBN fit. Fig. 4 shows the
marginalized posterior for three deuterium burning reac-
tions (d(p, �)3He, d(d, n)3He, and d(d, p)t) for the ⌦bh2

analysis. Decreased rates for all three reactions are re-
quired to bring BBN into better agreement with Planck
data using PRIMAT.

The joint analyses discussed above also have implica-
tions for the ⇤CDM+Ne↵ parameters that do not have
direct impacts on BBN. When Ne↵ is allowed to float,
including BBN in a joint analysis leads to smaller error
bars in Ne↵ , which can propagate to noticeably smaller
error bars in these parameters. For instance, when Ne↵

floats, the joint analysis gives error bars on the Hub-
ble parameter and dark matter density that are ⇠ 30%
smaller than the error bars on their CMB-only determi-
nations.

Conclusions.— This study reveals the importance of
proper accounting of the CMB and BBN nuisance pa-
rameters in a joint CMB+BBN analysis, as well as in-
cluding the impacts of BBN on the determination of
⌦bh2 and YP. Consistent analyses like those described
in this Letter are essential for testing cosmological mod-

NBBN
eff = 2.86 ± 0.28

Pisanti et al. 2011.11537  
Yeh et al. 2207.13133  
Giovanetti et al. 2408.14531
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Fig. 1. Planck 2018 temperature power spectrum. At multipoles ` � 30 we show the frequency-coadded temperature spectrum
computed from the Plik cross-half-mission likelihood, with foreground and other nuisance parameters fixed to a best fit assuming
the base-⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum estimates from the Commander
component-separation algorithm, computed over 86 % of the sky. The base-⇤CDM theoretical spectrum best fit to the Planck
TT,TE,EE+lowE+lensing likelihoods is plotted in light blue in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� diagonal uncertainties, including cosmic variance (approximated as Gaussian) and not
including uncertainties in the foreground model at ` � 30. Note that the vertical scale changes at ` = 30, where the horizontal axis
switches from logarithmic to linear.

it is not possible to inter-calibrate the spectra to a precision of
better than 1 % without invoking a reference model. The fidu-
cial theoretical spectra CTh

` contained in CTh are derived from
the best-fit temperature data alone, assuming the base-⇤CDM
model, adding the beam-leakage model and fixing the Galactic
dust amplitudes to the central values of the priors obtained from
using the 353-GHz maps. This is clearly a model-dependent pro-
cedure, but given that we fit over a restricted range of multipoles,
where the TT spectra are measured to cosmic variance, the re-
sulting polarization calibrations are insensitive to small changes
in the underlying cosmological model.

In principle, the polarization e�ciencies found by fitting the
T E spectra should be consistent with those obtained from EE.
However, the polarization e�ciency at 143 ⇥ 143, cEE

143, derived
from the EE spectrum is about 2� lower than that derived from
T E (where the � is the uncertainty of the T E estimate, of the
order of 0.02). This di↵erence may be a statistical fluctuation or
it could be a sign of residual systematics that project onto cali-
bration parameters di↵erently in EE and T E. We have investi-
gated ways of correcting for e↵ective polarization e�ciencies:

adopting the estimates from EE (which are about a factor of
2 more precise than T E) for both the T E and EE spectra (we
call this the “map-based” approach); or applying independent
estimates from T E and EE (the “spectrum-based” approach). In
the baseline Plik likelihood we use the map-based approach,
with the polarization e�ciencies fixed to the e�ciencies ob-
tained from the fits on EE:

⇣
cEE

100

⌘
EE fit

= 1.021;
⇣
cEE

143

⌘
EE fit

=

0.966; and
⇣
cEE

217

⌘
EE fit

= 1.040. The CamSpec likelihood, de-
scribed in the next section, uses spectrum-based e↵ective polar-
ization e�ciency corrections, leaving an overall temperature-to-
polarization calibration free to vary within a specified prior.

The use of spectrum-based polarization e�ciency estimates
(which essentially di↵ers by applying to EE the e�ciencies
given above, and to T E the e�ciencies obtained fitting the T E
spectra,

⇣
cEE

100

⌘
TE fit

= 1.04,
⇣
cEE

143

⌘
TE fit

= 1.0, and
⇣
cEE

217

⌘
TE fit

=

1.02), also has a small, but non-negligible impact on cosmo-
logical parameters. For example, for the ⇤CDM model, fitting
the Plik TT,TE,EE+lowE likelihood, using spectrum-based po-
larization e�ciencies, we find small shifts in the base-⇤CDM

7

Planck 2018 1807.06209
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Fig. 1. Planck 2018 temperature power spectrum. At multipoles ` � 30 we show the frequency-coadded temperature spectrum
computed from the Plik cross-half-mission likelihood, with foreground and other nuisance parameters fixed to a best fit assuming
the base-⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum estimates from the Commander
component-separation algorithm, computed over 86 % of the sky. The base-⇤CDM theoretical spectrum best fit to the Planck
TT,TE,EE+lowE+lensing likelihoods is plotted in light blue in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� diagonal uncertainties, including cosmic variance (approximated as Gaussian) and not
including uncertainties in the foreground model at ` � 30. Note that the vertical scale changes at ` = 30, where the horizontal axis
switches from logarithmic to linear.

it is not possible to inter-calibrate the spectra to a precision of
better than 1 % without invoking a reference model. The fidu-
cial theoretical spectra CTh

` contained in CTh are derived from
the best-fit temperature data alone, assuming the base-⇤CDM
model, adding the beam-leakage model and fixing the Galactic
dust amplitudes to the central values of the priors obtained from
using the 353-GHz maps. This is clearly a model-dependent pro-
cedure, but given that we fit over a restricted range of multipoles,
where the TT spectra are measured to cosmic variance, the re-
sulting polarization calibrations are insensitive to small changes
in the underlying cosmological model.

In principle, the polarization e�ciencies found by fitting the
T E spectra should be consistent with those obtained from EE.
However, the polarization e�ciency at 143 ⇥ 143, cEE

143, derived
from the EE spectrum is about 2� lower than that derived from
T E (where the � is the uncertainty of the T E estimate, of the
order of 0.02). This di↵erence may be a statistical fluctuation or
it could be a sign of residual systematics that project onto cali-
bration parameters di↵erently in EE and T E. We have investi-
gated ways of correcting for e↵ective polarization e�ciencies:

adopting the estimates from EE (which are about a factor of
2 more precise than T E) for both the T E and EE spectra (we
call this the “map-based” approach); or applying independent
estimates from T E and EE (the “spectrum-based” approach). In
the baseline Plik likelihood we use the map-based approach,
with the polarization e�ciencies fixed to the e�ciencies ob-
tained from the fits on EE:

⇣
cEE

100

⌘
EE fit

= 1.021;
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=

0.966; and
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= 1.040. The CamSpec likelihood, de-
scribed in the next section, uses spectrum-based e↵ective polar-
ization e�ciency corrections, leaving an overall temperature-to-
polarization calibration free to vary within a specified prior.

The use of spectrum-based polarization e�ciency estimates
(which essentially di↵ers by applying to EE the e�ciencies
given above, and to T E the e�ciencies obtained fitting the T E
spectra,
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1.02), also has a small, but non-negligible impact on cosmo-
logical parameters. For example, for the ⇤CDM model, fitting
the Plik TT,TE,EE+lowE likelihood, using spectrum-based po-
larization e�ciencies, we find small shifts in the base-⇤CDM
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OVERVIEW 221 

Photon Diffusion 

Figure 8.3. Photon diffusion through the electron gas. Electrons are denoted as points. Shown 
is a typical photon path as it scatters off electrons. The mean free path is AMFP- After a Hubble 
time, the photon has scattered many times, so that it has moved a distance of order A D -

To understand the damping evident in Figure 8.2, we need to remember that 
the approximation of the photons and electrons and baryons moving together as 
a single fluid is just that, an approximation. It is valid only if the scattering rate 
of photons off of electrons is infinite. Of course this condition is not met: photons 
travel a finite distance in between scatters. Consider Figure 8.3, which depicts the 
path of a single photon as it scatters off a sea of electrons. It travels a mean distance 
AMFP in between each scatter. In our case this distance is (ngCTT)" .̂ If the density 
of electrons is very large, then the mean free path is correspondingly small. In the 
course of a Hubble time, H~^, a photon scatters of order ne(JTti~^ times (simply 
the product of the rate and the time). As depicted in Figure 8.3, each scatter 
contributes to the random walk of the photon. We know that the total distance 
traveled in the course of a random walk is the mean free path times the square 

Perturbations on scales are   are erased:λ < λD

λ < λD = λMean−Free−Path Nsteps = (neσT)−1 neσTH−1

λ < λD =
1

neσTH

Effectively, the energy density of neutrinos 
controls the physical length scale over which 
photons diffuse.
The larger Neff the smaller this distance is.
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Contribution to  from a massless particles that decoupled at ΔNeff Tdec

Any new massless state in thermal equilibrium with the 
SM plasma should have decoupled at  Tdec ≳ 100 MeVTake Away: 
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FIG. 1. Diagrams for sterile-neutrino production in the pres-
ence of the new neutrino interactions (Eq.(3)), in the case of
a heavy (left) or light (right) scalar mediator �.

where � is a complex scalar with mass m� and we are
only interested in the interactions with ⌫a, the linear
combination of active neutrinos that mix with ⌫s. For
the remainder of this letter, we only consider the effec-
tive two-neutrino ⌫a�⌫s system. SM gauge invariance of
the new interaction can be restored with the insertion of
the vacuum expectation value of the Higgs field. The op-
erator can be further embedded in reasonable ultraviolet-
complete models [17–19].

The equation that describes the evolution of the ster-
ile neutrino population as a function of time, for fixed
neutrino energy E ⌘ xT , where T is the temperature of
active neutrinos, is [1, 20, 21]

df⌫s

dz
=

� sin2 2✓e↵
4Hz

f⌫a , (3)

sin2 2✓e↵ ' �2 sin2 2✓

�2 sin2 2✓ + �2/4 + (� cos 2✓ � VT )2
.(4)

Here, f⌫s(x, z) is the phase-space distribution function of
the sterile neutrino, and we define the dimensionless evo-
lution variable z ⌘ µ/T , where µ ⌘ 1MeV. We restrict
our discussions to m4 . 1 MeV. � is the total interaction
rate for the active neutrino, ✓e↵ is the effective active-
sterile neutrino mixing in the early universe, and H is the
Hubble rate. f⌫a is the usual Fermi-Dirac thermal distri-

bution function for the active neutrinos. � ⌘ m
2
4/(2E)

is the neutrino oscillation frequency in vacuum, where
m4 � m1,2,3 and VT is the thermal potential experienced
by the active neutrino. Note that Eq. (3) is valid as long
as the number of relativistic degrees of freedom in the
universe is unchanged, which is a good approximation as
the dominant production occurs at temperatures below
the QCD phase transition.

The neutrino self-interaction mediated by �-exchange
introduces new production channels for sterile neutrinos
in presence of a nonzero ✓, as depicted in Fig. 1. This
is reflected in Eq. (3) through contributions to the inter-
action rate � and the thermal potential VT . On the one
hand, the contribution to �, in the very heavy � limit
(m� � T ), takes the form

�� =
7⇡�4

E1T
4

864m4
�

. (5)

In contrast, a light � (T & m�) can be directly produced
in the plasma and neutrinos mainly self-interact through
the decay and inverse-decay of �, with

�� '
�
2
m

2
�T

8⇡E2
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⇣
ln (1 + e

w)� w

⌘
, (6)

where w = m
2
�/(4E1T ); see the Supplemental Mate-

rial for details. The total rate � is the sum of ��, its
charge conjugate, and the SM interaction rate, �SM ⇠
G

2
FET

4 [20, 21].
The thermal potential VT receives contributions from

SM weak interactions, V
SM
T ⇠ GFET

4
/M

2
W [20, 21],

where GF is the Fermi constant, and from the new neu-
trino interaction. For generic mass m�, the contribution
from the new interaction is [22, 23]:
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where ! =
q

p2 +m
2
�. This potential takes the asymp-

totic form V
�
T = �7⇡2

�
2
�ET

4
/(90m4

�) for m� � T , and
V

�
T = �

2
�T

2
/(16E) for m� ⌧ T [24, 25].

We numerically integrate Eq. (3) up to z ⇠ 10. Note
that, at this temperature, the relativistic approxima-
tion is no longer strictly valid for neutrinos heavier than
100 keV; however these neutrinos are produced much ear-
lier, and hence our calculation still holds. The yield Y⌫s

is given by the ratio n⌫s/s, where s is the entropy den-
sity of the universe at z = 10. The sterile neutrino relic
density today can then be written as ⌦ = Y⌫ss0m4/⇢0,
where s0 = 2891.2 cm�3 is the entropy density today,
and ⇢0 = 1.05⇥10�5

h
�2 GeV/cm3 is the critical density.

We identify the points in the parameter space where ⌫4

account for all of the DM. These are depicted in Fig. 2,
for fixed m4 = 7.1 keV, ✓ = 4 ⇥ 10�6, and a = muon-



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

Sterile Neutrinos and Neff

24

Production of sterile neutrinos in the early Universe 
proceeds via collisions/neutrino oscillations

2

++

FIG. 1. Diagrams for sterile-neutrino production in the pres-
ence of the new neutrino interactions (Eq.(3)), in the case of
a heavy (left) or light (right) scalar mediator �.

where � is a complex scalar with mass m� and we are
only interested in the interactions with ⌫a, the linear
combination of active neutrinos that mix with ⌫s. For
the remainder of this letter, we only consider the effec-
tive two-neutrino ⌫a�⌫s system. SM gauge invariance of
the new interaction can be restored with the insertion of
the vacuum expectation value of the Higgs field. The op-
erator can be further embedded in reasonable ultraviolet-
complete models [17–19].

The equation that describes the evolution of the ster-
ile neutrino population as a function of time, for fixed
neutrino energy E ⌘ xT , where T is the temperature of
active neutrinos, is [1, 20, 21]

df⌫s
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f⌫a , (3)
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.(4)

Here, f⌫s(x, z) is the phase-space distribution function of
the sterile neutrino, and we define the dimensionless evo-
lution variable z ⌘ µ/T , where µ ⌘ 1MeV. We restrict
our discussions to m4 . 1 MeV. � is the total interaction
rate for the active neutrino, ✓e↵ is the effective active-
sterile neutrino mixing in the early universe, and H is the
Hubble rate. f⌫a is the usual Fermi-Dirac thermal distri-

bution function for the active neutrinos. � ⌘ m
2
4/(2E)

is the neutrino oscillation frequency in vacuum, where
m4 � m1,2,3 and VT is the thermal potential experienced
by the active neutrino. Note that Eq. (3) is valid as long
as the number of relativistic degrees of freedom in the
universe is unchanged, which is a good approximation as
the dominant production occurs at temperatures below
the QCD phase transition.

The neutrino self-interaction mediated by �-exchange
introduces new production channels for sterile neutrinos
in presence of a nonzero ✓, as depicted in Fig. 1. This
is reflected in Eq. (3) through contributions to the inter-
action rate � and the thermal potential VT . On the one
hand, the contribution to �, in the very heavy � limit
(m� � T ), takes the form

�� =
7⇡�4

E1T
4

864m4
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. (5)

In contrast, a light � (T & m�) can be directly produced
in the plasma and neutrinos mainly self-interact through
the decay and inverse-decay of �, with
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rial for details. The total rate � is the sum of ��, its
charge conjugate, and the SM interaction rate, �SM ⇠
G
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4 [20, 21].
The thermal potential VT receives contributions from

SM weak interactions, V
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where GF is the Fermi constant, and from the new neu-
trino interaction. For generic mass m�, the contribution
from the new interaction is [22, 23]:

V
�
T (E, T ) =

�
2
�

16⇡2E2

Z 1

0
dp

" 
m

2
�p

2!
L
+
2 (E, p)� 4Ep

2

!

!
1

e!/T � 1
+

 
m

2
�

2
L
+
1 (E, p)� 4Ep

!
1

ep/T + 1

#
,

L
+
1 (E, p) = ln

4pE +m
2
�

4pE �m
2
�

, L
+
2 (E, p) = ln

⇣
2pE + 2E! +m

2
�

⌘⇣
2pE � 2E! +m

2
�

⌘

⇣
�2pE + 2E! +m

2
�

⌘⇣
�2pE � 2E! +m

2
�

⌘ ,

(7)

where ! =
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We numerically integrate Eq. (3) up to z ⇠ 10. Note
that, at this temperature, the relativistic approxima-
tion is no longer strictly valid for neutrinos heavier than
100 keV; however these neutrinos are produced much ear-
lier, and hence our calculation still holds. The yield Y⌫s

is given by the ratio n⌫s/s, where s is the entropy den-
sity of the universe at z = 10. The sterile neutrino relic
density today can then be written as ⌦ = Y⌫ss0m4/⇢0,
where s0 = 2891.2 cm�3 is the entropy density today,
and ⇢0 = 1.05⇥10�5

h
�2 GeV/cm3 is the critical density.

We identify the points in the parameter space where ⌫4

account for all of the DM. These are depicted in Fig. 2,
for fixed m4 = 7.1 keV, ✓ = 4 ⇥ 10�6, and a = muon-

Typical production rate: Γ ≃ Γν
1

1 + (100Γν /Γosc)2
× sin2(2θs)

Abazajian astro-ph/0511630

Γosc = Δm2/T
Γν ≃ G2

FT5
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FIG. 1. Diagrams for sterile-neutrino production in the pres-
ence of the new neutrino interactions (Eq.(3)), in the case of
a heavy (left) or light (right) scalar mediator �.

where � is a complex scalar with mass m� and we are
only interested in the interactions with ⌫a, the linear
combination of active neutrinos that mix with ⌫s. For
the remainder of this letter, we only consider the effec-
tive two-neutrino ⌫a�⌫s system. SM gauge invariance of
the new interaction can be restored with the insertion of
the vacuum expectation value of the Higgs field. The op-
erator can be further embedded in reasonable ultraviolet-
complete models [17–19].

The equation that describes the evolution of the ster-
ile neutrino population as a function of time, for fixed
neutrino energy E ⌘ xT , where T is the temperature of
active neutrinos, is [1, 20, 21]

df⌫s
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=
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f⌫a , (3)
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.(4)

Here, f⌫s(x, z) is the phase-space distribution function of
the sterile neutrino, and we define the dimensionless evo-
lution variable z ⌘ µ/T , where µ ⌘ 1MeV. We restrict
our discussions to m4 . 1 MeV. � is the total interaction
rate for the active neutrino, ✓e↵ is the effective active-
sterile neutrino mixing in the early universe, and H is the
Hubble rate. f⌫a is the usual Fermi-Dirac thermal distri-

bution function for the active neutrinos. � ⌘ m
2
4/(2E)

is the neutrino oscillation frequency in vacuum, where
m4 � m1,2,3 and VT is the thermal potential experienced
by the active neutrino. Note that Eq. (3) is valid as long
as the number of relativistic degrees of freedom in the
universe is unchanged, which is a good approximation as
the dominant production occurs at temperatures below
the QCD phase transition.

The neutrino self-interaction mediated by �-exchange
introduces new production channels for sterile neutrinos
in presence of a nonzero ✓, as depicted in Fig. 1. This
is reflected in Eq. (3) through contributions to the inter-
action rate � and the thermal potential VT . On the one
hand, the contribution to �, in the very heavy � limit
(m� � T ), takes the form
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In contrast, a light � (T & m�) can be directly produced
in the plasma and neutrinos mainly self-interact through
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We numerically integrate Eq. (3) up to z ⇠ 10. Note
that, at this temperature, the relativistic approxima-
tion is no longer strictly valid for neutrinos heavier than
100 keV; however these neutrinos are produced much ear-
lier, and hence our calculation still holds. The yield Y⌫s

is given by the ratio n⌫s/s, where s is the entropy den-
sity of the universe at z = 10. The sterile neutrino relic
density today can then be written as ⌦ = Y⌫ss0m4/⇢0,
where s0 = 2891.2 cm�3 is the entropy density today,
and ⇢0 = 1.05⇥10�5
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�2 GeV/cm3 is the critical density.

We identify the points in the parameter space where ⌫4

account for all of the DM. These are depicted in Fig. 2,
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FIG. 1. Diagrams for sterile-neutrino production in the pres-
ence of the new neutrino interactions (Eq.(3)), in the case of
a heavy (left) or light (right) scalar mediator �.

where � is a complex scalar with mass m� and we are
only interested in the interactions with ⌫a, the linear
combination of active neutrinos that mix with ⌫s. For
the remainder of this letter, we only consider the effec-
tive two-neutrino ⌫a�⌫s system. SM gauge invariance of
the new interaction can be restored with the insertion of
the vacuum expectation value of the Higgs field. The op-
erator can be further embedded in reasonable ultraviolet-
complete models [17–19].

The equation that describes the evolution of the ster-
ile neutrino population as a function of time, for fixed
neutrino energy E ⌘ xT , where T is the temperature of
active neutrinos, is [1, 20, 21]
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Here, f⌫s(x, z) is the phase-space distribution function of
the sterile neutrino, and we define the dimensionless evo-
lution variable z ⌘ µ/T , where µ ⌘ 1MeV. We restrict
our discussions to m4 . 1 MeV. � is the total interaction
rate for the active neutrino, ✓e↵ is the effective active-
sterile neutrino mixing in the early universe, and H is the
Hubble rate. f⌫a is the usual Fermi-Dirac thermal distri-

bution function for the active neutrinos. � ⌘ m
2
4/(2E)

is the neutrino oscillation frequency in vacuum, where
m4 � m1,2,3 and VT is the thermal potential experienced
by the active neutrino. Note that Eq. (3) is valid as long
as the number of relativistic degrees of freedom in the
universe is unchanged, which is a good approximation as
the dominant production occurs at temperatures below
the QCD phase transition.

The neutrino self-interaction mediated by �-exchange
introduces new production channels for sterile neutrinos
in presence of a nonzero ✓, as depicted in Fig. 1. This
is reflected in Eq. (3) through contributions to the inter-
action rate � and the thermal potential VT . On the one
hand, the contribution to �, in the very heavy � limit
(m� � T ), takes the form
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We numerically integrate Eq. (3) up to z ⇠ 10. Note
that, at this temperature, the relativistic approxima-
tion is no longer strictly valid for neutrinos heavier than
100 keV; however these neutrinos are produced much ear-
lier, and hence our calculation still holds. The yield Y⌫s

is given by the ratio n⌫s/s, where s is the entropy den-
sity of the universe at z = 10. The sterile neutrino relic
density today can then be written as ⌦ = Y⌫ss0m4/⇢0,
where s0 = 2891.2 cm�3 is the entropy density today,
and ⇢0 = 1.05⇥10�5

h
�2 GeV/cm3 is the critical density.

We identify the points in the parameter space where ⌫4

account for all of the DM. These are depicted in Fig. 2,
for fixed m4 = 7.1 keV, ✓ = 4 ⇥ 10�6, and a = muon-

Production can be amplified in the presence of large lepton asymmetries
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Production can be suppressed in the presence of self-interactions
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Typical production rate: Γ ≃ Γν
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Production of sterile neutrinos in the early Universe 
proceeds via collisions/neutrino oscillations
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FIG. 1. Diagrams for sterile-neutrino production in the pres-
ence of the new neutrino interactions (Eq.(3)), in the case of
a heavy (left) or light (right) scalar mediator �.

where � is a complex scalar with mass m� and we are
only interested in the interactions with ⌫a, the linear
combination of active neutrinos that mix with ⌫s. For
the remainder of this letter, we only consider the effec-
tive two-neutrino ⌫a�⌫s system. SM gauge invariance of
the new interaction can be restored with the insertion of
the vacuum expectation value of the Higgs field. The op-
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Production can be suppressed in the presence of a low-reheating 
temperature see e.g. Hasegawa et al. [2003.13302]
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Figure 9. Final Ne↵ in the 3+1 case for different values of �m

2
41 and |Ue4|

2 when considering normal
ordering for the active neutrinos. The other two active-sterile components of the mixing matrix take
the values as labelled. The black closed contours represent the 3� preferred regions and the green
star the best-fit point from [44].

analyses, see e.g. [25, 28, 32]. In particular, our results for the 3+1 case are in reasonable
agreement (within few percent of the total Ne↵) with those obtained with the LASAGNA code
in the 1+1 approximation.

In the following, let us consider what happens when we increase the values of the angles
that were earlier always fixed to zero. An example is shown in the four panels of Fig. 9.
The iso-Ne↵ contours change when we vary �m

2
41 and |Ue4|

2 while the two remaining matrix
elements |Uµ4|

2 or |U⌧4|
2 assume different values. It is interesting that these contours remain

similar to those in Fig. 8 when the largest mixing comes from |Ue4|
2, but saturate as a

consequence of the other mixing channels when |Ue4|
2 is smaller than one of the other two

mixing matrix elements. We include in the same panels the preferred 99.7% CL regions by
DANSS+NEOS [44]. One can conclude that the current preferred value for |Ue4|

2 would lead
to a contribution of Ne↵ ' 4, regardless of the values of |Uµ4|

2 or |U⌧4|
2 and despite the fact

that ✓14 is the angle which makes the thermalisation less effective. In light of current cosmolo-
gical constraints, which prefer Ne↵ . 3.3 [14] (Planck data TT, TE, EE+lowE+lensing+BAO,
95% CL), this indicates a strong tension between CMB observations and neutrino oscillation
experiments, as noted in many previous analyses.

– 16 –

From Gariazzo, de 
Salas & Pastor 
1905.11290

Standard case for sterile neutrinos

Figure 9. Final Ne↵ in the 3+1 case for different values of �m
2
41 and |Ue4|

2 when considering normal
ordering for the active neutrinos. The other two active-sterile components of the mixing matrix take
the values as labelled. The black closed contours represent the 3� preferred regions and the green
star the best-fit point from [44].

analyses, see e.g. [25, 28, 32]. In particular, our results for the 3+1 case are in reasonable
agreement (within few percent of the total Ne↵) with those obtained with the LASAGNA code
in the 1+1 approximation.

In the following, let us consider what happens when we increase the values of the angles
that were earlier always fixed to zero. An example is shown in the four panels of Fig. 9.
The iso-Ne↵ contours change when we vary �m

2
41 and |Ue4|

2 while the two remaining matrix
elements |Uµ4|

2 or |U⌧4|
2 assume different values. It is interesting that these contours remain

similar to those in Fig. 8 when the largest mixing comes from |Ue4|
2, but saturate as a

consequence of the other mixing channels when |Ue4|
2 is smaller than one of the other two

mixing matrix elements. We include in the same panels the preferred 99.7% CL regions by
DANSS+NEOS [44]. One can conclude that the current preferred value for |Ue4|

2 would lead
to a contribution of Ne↵ ' 4, regardless of the values of |Uµ4|

2 or |U⌧4|
2 and despite the fact

that ✓14 is the angle which makes the thermalisation less effective. In light of current cosmolo-
gical constraints, which prefer Ne↵ . 3.3 [14] (Planck data TT, TE, EE+lowE+lensing+BAO,
95% CL), this indicates a strong tension between CMB observations and neutrino oscillation
experiments, as noted in many previous analyses.

– 16 –

Figure 9. Final Ne↵ in the 3+1 case for different values of �m
2
41 and |Ue4|

2 when considering normal
ordering for the active neutrinos. The other two active-sterile components of the mixing matrix take
the values as labelled. The black closed contours represent the 3� preferred regions and the green
star the best-fit point from [44].

analyses, see e.g. [25, 28, 32]. In particular, our results for the 3+1 case are in reasonable
agreement (within few percent of the total Ne↵) with those obtained with the LASAGNA code
in the 1+1 approximation.

In the following, let us consider what happens when we increase the values of the angles
that were earlier always fixed to zero. An example is shown in the four panels of Fig. 9.
The iso-Ne↵ contours change when we vary �m

2
41 and |Ue4|

2 while the two remaining matrix
elements |Uµ4|

2 or |U⌧4|
2 assume different values. It is interesting that these contours remain

similar to those in Fig. 8 when the largest mixing comes from |Ue4|
2, but saturate as a

consequence of the other mixing channels when |Ue4|
2 is smaller than one of the other two

mixing matrix elements. We include in the same panels the preferred 99.7% CL regions by
DANSS+NEOS [44]. One can conclude that the current preferred value for |Ue4|

2 would lead
to a contribution of Ne↵ ' 4, regardless of the values of |Uµ4|

2 or |U⌧4|
2 and despite the fact

that ✓14 is the angle which makes the thermalisation less effective. In light of current cosmolo-
gical constraints, which prefer Ne↵ . 3.3 [14] (Planck data TT, TE, EE+lowE+lensing+BAO,
95% CL), this indicates a strong tension between CMB observations and neutrino oscillation
experiments, as noted in many previous analyses.

– 16 –



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

Summary

26

Number of effective neutrino species

NBBN
eff = 2.86 ± 0.28 NCMB

eff = 2.81 ± 0.12

NSM
eff = 3.044

Agreement between measurements of  and the SM 
prediction implies:

Neff



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

Summary

26

Number of effective neutrino species

NBBN
eff = 2.86 ± 0.28 NCMB

eff = 2.81 ± 0.12

NSM
eff = 3.044

Strong evidence that the CNB should be there as 
expected in the SM

Agreement between measurements of  and the SM 
prediction implies:

Neff



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

Summary
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Number of effective neutrino species

NBBN
eff = 2.86 ± 0.28 NCMB

eff = 2.81 ± 0.12

NSM
eff = 3.044

Strong evidence that the CNB should be there as 
expected in the SM

Agreement between measurements of  and the SM 
prediction implies:

Neff

This represents an important constraint on many 
BSM settings

e.g.: θ2
s ≲ 10−3 eV/ (m2

s − m2
ν )
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The current generation of 
CMB experiments have 
already improved Planck’s 
sensitivity by a factor of 
~2. 

Simons Observatory

~2029σ(Neff) = 0.06

The next generation is 
expected to improve it 
another factor of two!

Atacama Cosmology Telescope South Pole Telescope
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29

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!



3026°×14°

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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Neutrinos are always a relevant species in the Universe’s evolution
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Hot DM:Non-Rel: znon−rel
ν ≃ 200

mν

0.1 eV Ωνh2 = ∑ mν /(93.14 eV)

γ ν

∑ mν = 0.15 eV

Neutrino Evolution

31

Neutrinos are always a relevant species in the Universe’s evolution
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10 C. Zhao et al.

Figure 5. galaxy–galaxy, galaxy–void, and void–void two-point correlation functions for di�erent samples, with northern and southern galactic caps combined.
Dots indicate measurements from the SDSS data, with error bars being the standard deviation of measurements from 1000 realizations of the corresponding
approximate mocks (Patchy or EZmock). Red dashed lines and orange envelopes show the mean and 1 f dispersions of 2PCFs from these mocks. Cyan regions
denote jackknife error estimations, for # -body simulation galaxy catalogues, including BigMD and OuterRim, which are calibrated with the corresponding
data. In particular, the 2PCF of the OuterRim simulation is shifted by U = 0.942, to account for the di�erence of cosmology models (see Table 2).

the combined correlation function becomes larger when the absolute
value of the weight increase. The combined correlation functions we
mention hereafter, always refer to the results for the combined galaxy
and void samples, unless otherwise stated.

3.4 BAO fitting

In order to measure the BAO peak positions from 2PCFs, we rely
on the template fitting method introduced by Xu et al. (2012), and
adapted for voids by Zhao et al. (2020) and Variu et al. (2021).
Since the clustering measurements of galaxies and voids are strongly
correlated (see Appendix A), it is crucial to use a multi-tracer BAO
fitting scheme that takes into account the cross covariances. To this
end, we introduce two multi-tracer approaches: (a) fit the combined
2PCFs with weights applied to di�erent tracers, as is done in Zhao
et al. (2020), and (b) fit the stacked 2PCFs of multiple tracers, with
all their cross covariances included.

3.4.1 BAO models

The theoretical model we use for BAO fitting is based on a template
correlation function bt (B), and (Xu et al. 2012)

bmodel (B) = ⌫2bt (UB) + �(B), (16)

where ⌫ is a normalization factor that controls the overall amplitude
of the model, and �(B) indicates a polynomial that accounts for the
broad-band shape, which consists of three nuisance parameters 00,

01, and 02:

�(B) = 00 B
�2 + 01 B

�1 + 02. (17)

It has been shown that this polynomial term yields unbiased BAO
measurements (e.g. Xu et al. 2012; Vargas-Magaña et al. 2014).
Lastly, U is the BAO dilation parameter, which quantifies the hori-
zontal shift of the model curve, and is essentially the measurement
of the BAO peak position. Since U represents the relative di�erence
between the model and template, it can be converted to a ratio of
distance scales (Xu et al. 2012), i.e.,

U =
⇡V (I)/Ad

⇡V ,fid/Ad,fid
, (18)

where Ad is the sound horizon at the drag epoch, and ⇡V indicates the
volume-averaged angular diameter distance (Eisenstein et al. 2005):

⇡V (I) =
h
I⇡2

M
(I)⇡H (I)

i1/3
=

⇡2

M
(I) cI

� (I)

�1/3
, (19)

with ⇡M (I) and ⇡H (I) being the angular diameter distance and the
Hubble distance respectively. Besides, � (I) is the Hubble parameter.
The subscript ‘fid’ in Eq. (18) indicates parameters of the cosmology
model used for generating the template bt (B).

This template correlation function is actually the Hankel transform
of a template power spectrum %t (:):

bt (B) =
π

:2 d:

2⇡2
%t (:) 90 (:B) e�:

202
, (20)

where 90 is the 0-order spherical Bessel function of the first kind,
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In order to measure the BAO peak positions from 2PCFs, we rely
on the template fitting method introduced by Xu et al. (2012), and
adapted for voids by Zhao et al. (2020) and Variu et al. (2021).
Since the clustering measurements of galaxies and voids are strongly
correlated (see Appendix A), it is crucial to use a multi-tracer BAO
fitting scheme that takes into account the cross covariances. To this
end, we introduce two multi-tracer approaches: (a) fit the combined
2PCFs with weights applied to di�erent tracers, as is done in Zhao
et al. (2020), and (b) fit the stacked 2PCFs of multiple tracers, with
all their cross covariances included.

3.4.1 BAO models

The theoretical model we use for BAO fitting is based on a template
correlation function bt (B), and (Xu et al. 2012)

bmodel (B) = ⌫2bt (UB) + �(B), (16)

where ⌫ is a normalization factor that controls the overall amplitude
of the model, and �(B) indicates a polynomial that accounts for the
broad-band shape, which consists of three nuisance parameters 00,

01, and 02:

�(B) = 00 B
�2 + 01 B

�1 + 02. (17)

It has been shown that this polynomial term yields unbiased BAO
measurements (e.g. Xu et al. 2012; Vargas-Magaña et al. 2014).
Lastly, U is the BAO dilation parameter, which quantifies the hori-
zontal shift of the model curve, and is essentially the measurement
of the BAO peak position. Since U represents the relative di�erence
between the model and template, it can be converted to a ratio of
distance scales (Xu et al. 2012), i.e.,

U =
⇡V (I)/Ad

⇡V ,fid/Ad,fid
, (18)

where Ad is the sound horizon at the drag epoch, and ⇡V indicates the
volume-averaged angular diameter distance (Eisenstein et al. 2005):

⇡V (I) =
h
I⇡2

M
(I)⇡H (I)

i1/3
=

⇡2

M
(I) cI

� (I)

�1/3
, (19)

with ⇡M (I) and ⇡H (I) being the angular diameter distance and the
Hubble distance respectively. Besides, � (I) is the Hubble parameter.
The subscript ‘fid’ in Eq. (18) indicates parameters of the cosmology
model used for generating the template bt (B).

This template correlation function is actually the Hankel transform
of a template power spectrum %t (:):

bt (B) =
π

:2 d:

2⇡2
%t (:) 90 (:B) e�:

202
, (20)

where 90 is the 0-order spherical Bessel function of the first kind,

MNRAS 000, 1–33 (2021)
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1) Massive neutrinos enhance the expansion history H ∝ ρ

Hot DM:Non-Rel: znon−rel
ν ≃ 200

mν

0.1 eV Ωνh2 = ∑ mν /(93.14 eV)
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2) Massive neutrinos suppress the growth of structure
Taken from a talk by Steen Hannestad Link.

Same total DM energy density in the two boxes!

This happens because neutrinos travel very fast and therefore cannot fall in gravitational 
potentials. The effect of this smoothing is proportional to Ων

https://www.youtube.com/watch?v=19crVz1HdGI
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Cosmic Microwave Background Anisotropies
Neutrinos of  become non-relativistic after recombination. 
That means that their effect on the anisotropies is somewhat small!

mν < 0.5 eV
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Cosmic Microwave Background Anisotropies
Neutrinos of  become non-relativistic after recombination. 
That means that their effect on the anisotropies is somewhat small!

mν < 0.5 eV

The most relevant impact is through the effect of gravitational lensing:

Image Credit ESA

The larger the neutrino mass the less is the CMB light lensed!
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Cosmic Microwave Background Anisotropies
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The effect of neutrino masses in the CMB:
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5 25. Neutrinos in Cosmology

Figure 25.2: Ratio of the CMB C
T T
¸ and matter power spectrum P (k) (computed for each model

in units of (h≠1Mpc)3) for di�erent values of
q

m‹ over those of a reference model with massless
neutrinos. In order to minimize and better characterise the e�ect of

q
m‹ on the CMB, the

parameters that are kept fixed are Êb, Êc, · , the angular scale of the sound horizon ◊s and the
primordial spectrum parameters (solid lines). This implies that we are increasing the Hubble
parameter h as a function of

q
m‹ . For the matter power spectrum, in order to single out the e�ect

of neutrino free-streaming on P (k), the dashed lines show the spectrum ratio when {Êm, Êb, ��}
are kept fixed. For comparison, the error on P (k) is of the order of 5% with current observations,
and the fractional C¸ errors are of the order of 1/

Ô
¸ at low ¸.

25.2.3 E�ect of neutrino masses on the CMB
Neutrino eigenstates with a mass mi π 0.57 eV become non-relativistic after photon decoupling.

They contribute to the non-relativistic matter budget today, but not at the time of equality or
recombination. If we increase the neutrino mass while keeping fixed the density of baryons and
dark matter (Êb and Êc), the early cosmological evolution remains fixed and independent of the
neutrino mass, until the time of the non-relativistic transition. Thus one might expect that the
CMB temperature and polarisation power spectra are left invariant. This is not true for four
reasons.

First, the neutrino density enhances the total non-relativistic density at late times, Êm =
Êb + Êc + Ê‹ , where Ê‹ © �‹h

2 is given as a function of the total mass
q

m‹ by Eq. (25.2).
The late background evolution impacts the CMB spectrum through the relation between scales
on the last scattering surface and angles on the sky, and through the late ISW e�ect (see Cosmic
Microwave Background – Chap. 28 of this Review). These two e�ects depend respectively on the
angular diameter distance to recombination, dA(zrec), and on the redshift of matter-to-» equality.
Increasing

q
m‹ tends to modify these two quantities. By playing with h and ��, it is possible to

keep one of them fixed, but not both at the same time. Since the CMB measures the angular scale of
acoustic oscillations with exquisite precision, and is only loosely sensitive to the late ISW e�ect due
to cosmic variance, we choose in Fig. 25.2 to play with the Hubble parameter in order to maintain
a fixed scale dA(zrec). With such a choice, an increase in neutrino mass comes together with a
decrease in the late ISW e�ect explaining the depletion of the CMB spectrum for l Æ 20. The fact
that both

q
m‹ and h enter the expression of dA(zrec) implies that measurements of the neutrino

mass from CMB data are strongly correlated with h. Second, the non-relativistic transition of
neutrinos a�ects the total pressure-to-density ratio of the universe, and causes a small variation
of the metric fluctuations. If this transition takes place not too long after photon decoupling, this

6th December, 2019 11:49am

Suppression from Ωνh2Galaxy Surveys
Figure taken from the PDG, Lesgourgues & Verde 

P(k) |mν≠0

P(k)
≃ 1 − 8 fν = 1 − 8

Ων

Ωcdm + Ωb + Ων
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ΛCDM  Universe currently dominated by a Cosmological Constant 
and with Cold Dark Matter
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Model parametrized by 6 parameters: Ωcdmh2Ωbh2 As ns τreio θs

Parameter degeneracies with the neutrino mass:
see e.g. Archidiacono et al. [1610.09852]
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On the Standard Model of Cosmology:
ΛCDM  Universe currently dominated by a Cosmological Constant 
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Model parametrized by 6 parameters: Ωcdmh2Ωbh2 As ns τreio θs

Parameter degeneracies with the neutrino mass:
see e.g. Archidiacono et al. [1610.09852]

∑ mν is strongly correlated with  and H0 Ωm

1) The amount of lensing is strongly correlated with the dark matter abundance too

2) The angular diameter distance to recombination is also constrained by these two 
parameters

because:
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On the Standard Model of Cosmology:
ΛCDM  Universe currently dominated by a Cosmological Constant 
and with Cold Dark Matter

≡

Model parametrized by 6 parameters: Ωcdmh2Ωbh2 As ns τreio θs

Parameter degeneracies with the neutrino mass:
see e.g. Archidiacono et al. [1610.09852]

∑ mν is strongly correlated with  and H0 Ωm

1) The amount of lensing is strongly correlated with the dark matter abundance too

2) The angular diameter distance to recombination is also constrained by these two 
parameters

because:

BAO data can break precisely these degeneracies!
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Planck 2018 for ΛCDM (1807.06209)X
m⌫ < 0.54 eV

X
m⌫ < 0.26 eV
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(95 % CL, TTTEEE+lowE+lensing+BAO-SDSS)

(95 % CL, TTTEEE+lowE+lensing)
X

m⌫ < 0.24 eV
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To be compared to the KATRIN bound:
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Very robust bounds from linear Cosmology ΔT/T ∼ 10−5

What about other non-linear cosmological data?

And, all cosmological bounds are cosmological model dependent
What is the dependence upon the assumed Cosmological Model?

What about possible systematics in the Planck CMB and BAO data?

What is the dependence upon the assumed statistical procedure?

Not yet as competitive 

Changes in Planck’s likelihoods don’t change the effects strongly

Very similar results

Next slide!
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Cosmological Model Dependence
Planck+SDSS and 3 degenerate neutrinos
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∑ mν < 0.163 eV
From the latests DESI DR2 results:

wa+w0+mν DESI 2503.14744Dynamical Dark Energy:
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X
m⌫ < 0.25 eV Dark Energy dynamics

Varying Curvature
X

m⌫ < 0.15 eV ΛCDM+mν+Ωk 
Choudhury & Hannestad 19'

Varying Neff ΛCDM+mν+Neff
Planck 1807.06209
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X
m⌫ < 0.12 eV ΛCDM+mν

Planck 1807.06209
Standard Case 

Constraints are robust upon standard modifications of ΛCDM 
and weaken only substantially for dynamical dark energy

∑ mν < 0.163 eV
From the latests DESI DR2 results:

wa+w0+mν DESI 2503.14744Dynamical Dark Energy:
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The main source of the tension:
Naredo-Tuero et al. [2407.13831]
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Cosmological Model Dependence
Non-standard Neutrino Cosmologies:

Abellán, Poulin et al. 1909.05275, 2112.13862  

Invisible Neutrino Decay

∑ mν ≲ 0.42 eV

Escudero, López-Pavón, Rius & Sandner 2007.04994

Oldengott et al.  2203.09075 & 2011.01502
Escudero & Fairbairn 1907.05425

∑ mν ≲ 0.2 eV

νi → ν4 ϕ

νi → νj ϕ

at least:

https://arxiv.org/abs/2203.09075
https://arxiv.org/abs/2011.01502
https://arxiv.org/abs/1907.05425
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Cosmological Model Dependence
Non-standard Neutrino Cosmologies:
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Time Dependent 
Neutrino Masses
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Esteban & Salvadó 2101.05804
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Late phase transition

Ultralight scalar field screening
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Non-standard Neutrino Cosmologies:

Bounds can be significantly relaxed in some extensions of ΛCDM. 
They require modifications to the neutrino sector.
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Comoving angular diameter distance

CMB peaks fix:
(Early Universe)

(Late Universe)
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rs =
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cs

H(z0)
dz

0

DM (z) =

Z z

0

1

H(z0)
dz

0

Comoving sound horizon

Comoving angular diameter distance

CMB peaks fix:
(Early Universe)

(Late Universe)Massive neutrinos
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Massive neutrinos also affect CMB lensing ∝ 𝛀𝛎 

Not only a background effect:
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Neutrinos decaying with                         do not impact DM(zCMB)⌧⌫ . tU/10
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Neutrinos decaying with                         do not impact DM(zCMB)⌧⌫ . tU/10
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Unstable Neutrinos can relax the bounds on Σm𝛎!
Effect of induced neutrino Lensing is substantially reduced

Neutrino decay 
products!
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Cosmological Model Dependence

Take Away Message:

Non-standard Neutrino Cosmologies:

Abellán, Poulin et al. 1909.05275, 2112.13862  

Invisible Neutrino Decay

∑ mν ≲ 0.42 eV

Escudero, López-Pavón, Rius & Sandner 2007.04994

Oldengott et al. 2203.09075 & 2011.01502
Escudero & Fairbairn 1907.05425

Non-standard 
Neutrino Populations

Tν < TSM
ν

Escudero, Schwetz & Terol-Calvo 2211.01729

Oldengott et al. 1901.04352
∑ mν < 3 eV

∑ mν < 3 eV

Farzan & Hannestad 1510.02201

Alvey, Escudero & Sabti 2111.14870

<pν > > 3.15 TSM
ν

Dvali & Funcke 1602.03191 

Time Dependent 
Neutrino Masses

∑ mν < 1.4 eV

Esteban & Salvadó 2101.05804

∑ mν < 3 eV

Late phase transition

Ultralight scalar field screening

Lorenz et al. 1811.01991 & 2102.13618

Esteban, Mena & Salvadó 2202.04656

∑ mν < 0.2 eV

νi → ν4 ϕ

νi → νj ϕ

at least:

https://arxiv.org/abs/2203.09075
https://arxiv.org/abs/2011.01502
https://arxiv.org/abs/1907.05425
https://arxiv.org/abs/2211.01729
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Cosmological Model Dependence

Cosmology can only constrain  and not directly Ων(z) mν

Take Away Message:

All these models reduce  with respect to the one in ΛCDM 
and are in excellent agreement with all known cosmological data
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1) In the Standard Model, neutrinos are always a relevant 
component of the Universe across its entire history

2) When neutrinos are relativistic, their energy density is 
measured by  which in the Standard Model is 3.044Neff

3) The agreement between measurements of  and its 
prediction represents an important constraint for many 
BSM settings, including sterile neutrinos

Neff

4) Cosmological bounds are cosmological model 
dependent, but given a cosmological model in some 
scenarios very strong constraints can be drawn
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4) Cosmological neutrino masses are getting extremely 
strong. This is in part due to a small tension between CMB 
and BAO predictions on  and Ωm H0

5) All cosmological neutrino mass bounds are 
cosmological model dependent. There are models which 
can be compatible with laboratory data even if the 
cosmological bound looks very stringent
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In the next 5-6 years:

∑ mν = 0.06 ± 0.02 eVNeff = 3.043 ± 0.06 (Simons Observatory)

(DESI/Euclid + Planck)
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Thank you for your attention!

⌫
miguel.escudero@cern.ch

mailto:miguel.escudero@cern.ch
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Not only the bounds are stringent but there is no sign for a non-
zero neutrino mass!

7

⇤CDM+
P

m⌫ NPDDE+
P

m⌫

Dataset combination
P

m⌫ (eV) BNO,IO

P
m⌫ [eV] BNO,IO

baseline (CMB + DESI) < 0.072 8.1 < 0.064 12.3

baseline + SNeIa < 0.081 7.0 < 0.068 7.9

baseline + CC < 0.073 7.3 < 0.067 8.0

baseline + SDSS < 0.083 6.8 < 0.070 10.6

baseline + SH0ES < 0.048 47.8 < 0.047 54.6

baseline + XSZ < 0.050 46.5 < 0.044 39.6

baseline + GRB < 0.072 8.7 < 0.066 15.4

aggressive combination (baseline + SH0ES + XSZ) < 0.042 eV 72.6 < 0.041 eV 109.2

CMB (with ACT “extended” likelihood)+DESI < 0.072 8.0 < 0.065 12.8

CMB+DESI (with 2020 HMCode) < 0.074 7.5 < 0.065 10.8

CMB (with v1.2 ACT likelihood)+DESI < 0.082 7.4 < 0.072 6.3

TABLE II. 95% C.L. upper limits on the sum of the neutrino masses
P

m⌫ (in eV) and Bayes factor for normal ordering versus
inverted ordering, BNO,IO (with values of BNO,IO > 1 indicating a preference for the normal ordering) in light of di↵erent dataset
combinations as listed in the leftmost column, and within two di↵erent cosmological models: the 7-parameter ⇤CDM+

P
m⌫

model (two intermediate columns), and the 9-parameter NPDDE+
P

m⌫ model where the dark energy equation of state is
modeled as in Eq. (1) and required to satisfy w(z) � �1 (two rightmost columns).

FIG. 1. Posterior distributions for the sum of the neu-
trino masses

P
m⌫ (in eV) obtained within the 7-parameter

⇤CDM+
P

m⌫ model in light of di↵erent dataset combina-
tions, as per the color coding.

measurements. From now on, all upper limits on
P

m⌫

are at 95% C.L. unless otherwise stated. A summary of
our upper limits on

P
m⌫ and the Bayes factors for the

NO versus the IO when adopting various dataset combi-
nations is provided in Tab. II.

For the sake of comparison with previous works in
the literature, we begin by reporting the results ob-
tained within the ⇤CDM+

P
m⌫ model, analyzing the

impact of likelihood settings. Posterior distributions
for

P
m⌫ in light of di↵erent dataset combinations are

shown in Fig. 1. For our baseline dataset combination of

FIG. 2. 2D joint posterior distribution for the sum of
the neutrino masses

P
m⌫ (in eV) and the Hubble con-

stant H0 (in km/s/Mpc) obtained within the 7-parameter
⇤CDM+

P
m⌫ model, and in light of the baseline dataset

combination (red contours), and the combination of the lat-
ter with the SH0ES prior (blue contours). We clearly see
the anti-correlation between the two parameters, which ex-
plains why adding the SH0ES prior tightens the upper limits
on

P
m⌫ . The grey band indicates the SH0ES measurement

H0 = (73.04± 1.04) km/s/Mpc reported in Ref. [187].

CMB data with the DESI BAO measurements, we findP
m⌫ < 0.072 eV, in perfect agreement with the limit

obtained by the DESI collaboration [83]. In this case,
the code used to treat non-linearities is the 2016 version
of HMCode, whereas we use the v1.1 version of the ACT

Jiang et al. [2407.18047]
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Not only the bounds are stringent but there is no sign for a non-
zero neutrino mass!

7

⇤CDM+
P

m⌫ NPDDE+
P

m⌫

Dataset combination
P

m⌫ (eV) BNO,IO

P
m⌫ [eV] BNO,IO

baseline (CMB + DESI) < 0.072 8.1 < 0.064 12.3

baseline + SNeIa < 0.081 7.0 < 0.068 7.9

baseline + CC < 0.073 7.3 < 0.067 8.0

baseline + SDSS < 0.083 6.8 < 0.070 10.6

baseline + SH0ES < 0.048 47.8 < 0.047 54.6

baseline + XSZ < 0.050 46.5 < 0.044 39.6

baseline + GRB < 0.072 8.7 < 0.066 15.4

aggressive combination (baseline + SH0ES + XSZ) < 0.042 eV 72.6 < 0.041 eV 109.2

CMB (with ACT “extended” likelihood)+DESI < 0.072 8.0 < 0.065 12.8

CMB+DESI (with 2020 HMCode) < 0.074 7.5 < 0.065 10.8

CMB (with v1.2 ACT likelihood)+DESI < 0.082 7.4 < 0.072 6.3

TABLE II. 95% C.L. upper limits on the sum of the neutrino masses
P

m⌫ (in eV) and Bayes factor for normal ordering versus
inverted ordering, BNO,IO (with values of BNO,IO > 1 indicating a preference for the normal ordering) in light of di↵erent dataset
combinations as listed in the leftmost column, and within two di↵erent cosmological models: the 7-parameter ⇤CDM+

P
m⌫

model (two intermediate columns), and the 9-parameter NPDDE+
P

m⌫ model where the dark energy equation of state is
modeled as in Eq. (1) and required to satisfy w(z) � �1 (two rightmost columns).

FIG. 1. Posterior distributions for the sum of the neu-
trino masses

P
m⌫ (in eV) obtained within the 7-parameter

⇤CDM+
P

m⌫ model in light of di↵erent dataset combina-
tions, as per the color coding.

measurements. From now on, all upper limits on
P

m⌫

are at 95% C.L. unless otherwise stated. A summary of
our upper limits on

P
m⌫ and the Bayes factors for the

NO versus the IO when adopting various dataset combi-
nations is provided in Tab. II.

For the sake of comparison with previous works in
the literature, we begin by reporting the results ob-
tained within the ⇤CDM+

P
m⌫ model, analyzing the

impact of likelihood settings. Posterior distributions
for

P
m⌫ in light of di↵erent dataset combinations are

shown in Fig. 1. For our baseline dataset combination of

FIG. 2. 2D joint posterior distribution for the sum of
the neutrino masses

P
m⌫ (in eV) and the Hubble con-

stant H0 (in km/s/Mpc) obtained within the 7-parameter
⇤CDM+

P
m⌫ model, and in light of the baseline dataset

combination (red contours), and the combination of the lat-
ter with the SH0ES prior (blue contours). We clearly see
the anti-correlation between the two parameters, which ex-
plains why adding the SH0ES prior tightens the upper limits
on

P
m⌫ . The grey band indicates the SH0ES measurement

H0 = (73.04± 1.04) km/s/Mpc reported in Ref. [187].

CMB data with the DESI BAO measurements, we findP
m⌫ < 0.072 eV, in perfect agreement with the limit

obtained by the DESI collaboration [83]. In this case,
the code used to treat non-linearities is the 2016 version
of HMCode, whereas we use the v1.1 version of the ACT

Jiang et al. [2407.18047] Naredo-Tuero et al. [2407.13831]
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Neutrino masses and the Planck lensing anomaly
There is an anomaly in the Planck 2018 data at high multipoles which could 
potentially have relevant implications for the neutrino mass constraints
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Neutrino masses and the Planck lensing anomaly
There is an anomaly in the Planck 2018 data at high multipoles which could 
potentially have relevant implications for the neutrino mass constraints
This tension ( ) is parametrized in terms of the AL parameter, which is an 
unphysical parameter modifying the amplitude of the lensing spectrum! 

3σ
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Neutrino masses and the Planck lensing anomaly
There is an anomaly in the Planck 2018 data at high multipoles which could 
potentially have relevant implications for the neutrino mass constraints
This tension ( ) is parametrized in terms of the AL parameter, which is an 
unphysical parameter modifying the amplitude of the lensing spectrum! 

3σ

Importantly, the Planck collaboration claims that the most likely origin of this 
tension is a statistical fluctuation:Astronomy & Astrophysics manuscript no. ms © ESO 2021

August 10, 2021

Planck 2018 results. VI. Cosmological parameters
Planck Collaboration: N. Aghanim54, Y. Akrami15,57,59, M. Ashdown65,5, J. Aumont95, C. Baccigalupi78, M. Ballardini21,41, A. J. Banday95,8,

R. B. Barreiro61, N. Bartolo29,62, S. Basak85, R. Battye64, K. Benabed55,90, J.-P. Bernard95,8, M. Bersanelli32,45, P. Bielewicz75,78, J. J. Bock63,10,
J. R. Bond7, J. Borrill12,93, F. R. Bouchet55,90, F. Boulanger89,54,55, M. Bucher2,6, C. Burigana44,30,47, R. C. Butler41, E. Calabrese82,

J.-F. Cardoso55,90, J. Carron23, A. Challinor58,65,11, H. C. Chiang25,6, J. Chluba64, L. P. L. Colombo32, C. Combet68, D. Contreras20, B. P. Crill63,10,
F. Cuttaia41, P. de Bernardis31, G. de Zotti42, J. Delabrouille2, J.-M. Delouis67, E. Di Valentino64, J. M. Diego61, O. Doré63,10, M. Douspis54,

A. Ducout66, X. Dupac35, S. Dusini62, G. Efstathiou65,58⇤, F. Elsner72, T. A. Enßlin72, H. K. Eriksen59, Y. Fantaye3,19, M. Farhang76,
J. Fergusson11, R. Fernandez-Cobos61, F. Finelli41,47, F. Forastieri30,48, M. Frailis43, A. A. Fraisse25, E. Franceschi41, A. Frolov87, S. Galeotta43,

S. Galli55,90†, K. Ganga2, R. T. Génova-Santos60,16, M. Gerbino38, T. Ghosh81,9, J. González-Nuevo17, K. M. Górski63,97, S. Gratton65,58,
A. Gruppuso41,47, J. E. Gudmundsson94,25, J. Hamann86, W. Handley65,5, F. K. Hansen59, D. Herranz61, S. R. Hildebrandt63,10, E. Hivon55,90,
Z. Huang83, A. H. Ja↵e53, W. C. Jones25, A. Karakci59, E. Keihänen24, R. Keskitalo12, K. Kiiveri24,40, J. Kim72, T. S. Kisner70, L. Knox27,

N. Krachmalnico↵78, M. Kunz14,54,3, H. Kurki-Suonio24,40, G. Lagache4, J.-M. Lamarre89, A. Lasenby5,65, M. Lattanzi48,30, C. R. Lawrence63,
M. Le Jeune2, P. Lemos58,65, J. Lesgourgues56, F. Levrier89, A. Lewis23‡, M. Liguori29,62, P. B. Lilje59, M. Lilley55,90, V. Lindholm24,40,

M. López-Caniego35, P. M. Lubin28, Y.-Z. Ma77,80,74, J. F. Macı́as-Pérez68, G. Maggio43, D. Maino32,45,49, N. Mandolesi41,30, A. Mangilli8,
A. Marcos-Caballero61, M. Maris43, P. G. Martin7, M. Martinelli96, E. Martı́nez-González61, S. Matarrese29,62,37, N. Mauri47, J. D. McEwen73,

P. R. Meinhold28, A. Melchiorri31,50, A. Mennella32,45, M. Migliaccio34,51, M. Millea27,88,55, S. Mitra52,63, M.-A. Miville-Deschênes1,54,
D. Molinari30,41,48, L. Montier95,8, G. Morgante41, A. Moss84, P. Natoli30,92,48, H. U. Nørgaard-Nielsen13, L. Pagano30,48,54, D. Paoletti41,47,

B. Partridge39, G. Patanchon2, H. V. Peiris22, F. Perrotta78, V. Pettorino1, F. Piacentini31, L. Polastri30,48, G. Polenta92, J.-L. Puget54,55,
J. P. Rachen18, M. Reinecke72, M. Remazeilles64, A. Renzi62, G. Rocha63,10, C. Rosset2, G. Roudier2,89,63, J. A. Rubiño-Martı́n60,16,

B. Ruiz-Granados60,16, L. Salvati54, M. Sandri41, M. Savelainen24,40,71, D. Scott20, E. P. S. Shellard11, C. Sirignano29,62, G. Sirri47, L. D. Spencer82,
R. Sunyaev72,91, A.-S. Suur-Uski24,40, J. A. Tauber36, D. Tavagnacco43,33, M. Tenti46, L. To↵olatti17,41, M. Tomasi32,45, T. Trombetti44,48,

L. Valenziano41, J. Valiviita24,40, B. Van Tent69, L. Vibert54,55, P. Vielva61, F. Villa41, N. Vittorio34, B. D. Wandelt55,90, I. K. Wehus59, M. White26,
S. D. M. White72, A. Zacchei43, and A. Zonca79

(A�liations can be found after the references)
August 10, 2021

ABSTRACT
We present cosmological parameter results from the final full-mission Planck measurements of the cosmic microwave background (CMB) an-
isotropies, combining information from the temperature and polarization maps and the lensing reconstruction. Compared to the 2015 results,
improved measurements of large-scale polarization allow the reionization optical depth to be measured with higher precision, leading to signifi-
cant gains in the precision of other correlated parameters. Improved modelling of the small-scale polarization leads to more robust constraints on
many parameters, with residual modelling uncertainties estimated to a↵ect them only at the 0.5� level. We find good consistency with the standard
spatially-flat 6-parameter ⇤CDM cosmology having a power-law spectrum of adiabatic scalar perturbations (denoted “base⇤CDM” in this paper),
from polarization, temperature, and lensing, separately and in combination. A combined analysis gives dark matter density ⌦ch2 = 0.120 ± 0.001,
baryon density ⌦bh2 = 0.0224 ± 0.0001, scalar spectral index ns = 0.965 ± 0.004, and optical depth ⌧ = 0.054 ± 0.007 (in this abstract we quote
68 % confidence regions on measured parameters and 95 % on upper limits). The angular acoustic scale is measured to 0.03 % precision, with
100✓⇤ = 1.0411± 0.0003. These results are only weakly dependent on the cosmological model and remain stable, with somewhat increased errors,
in many commonly considered extensions. Assuming the base-⇤CDM cosmology, the inferred (model-dependent) late-Universe parameters are:
Hubble constant H0 = (67.4±0.5) km s�1Mpc�1; matter density parameter⌦m = 0.315±0.007; and matter fluctuation amplitude�8 = 0.811±0.006.
We find no compelling evidence for extensions to the base-⇤CDM model. Combining with baryon acoustic oscillation (BAO) measurements (and
considering single-parameter extensions) we constrain the e↵ective extra relativistic degrees of freedom to be Ne↵ = 2.99±0.17, in agreement with
the Standard Model prediction Ne↵ = 3.046, and find that the neutrino mass is tightly constrained to

P
m⌫ < 0.12 eV. The CMB spectra continue

to prefer higher lensing amplitudes than predicted in base ⇤CDM at over 2�, which pulls some parameters that a↵ect the lensing amplitude away
from the ⇤CDM model; however, this is not supported by the lensing reconstruction or (in models that also change the background geometry)
BAO data. The joint constraint with BAO measurements on spatial curvature is consistent with a flat universe,⌦K = 0.001±0.002. Also combining
with Type Ia supernovae (SNe), the dark-energy equation of state parameter is measured to be w0 = �1.03 ± 0.03, consistent with a cosmological
constant. We find no evidence for deviations from a purely power-law primordial spectrum, and combining with data from BAO, BICEP2, and
Keck Array data, we place a limit on the tensor-to-scalar ratio r0.002 < 0.06. Standard big-bang nucleosynthesis predictions for the helium and
deuterium abundances for the base-⇤CDM cosmology are in excellent agreement with observations. The Planck base-⇤CDM results are in good
agreement with BAO, SNe, and some galaxy lensing observations, but in slight tension with the Dark Energy Survey’s combined-probe results
including galaxy clustering (which prefers lower fluctuation amplitudes or matter density parameters), and in significant, 3.6�, tension with local
measurements of the Hubble constant (which prefer a higher value). Simple model extensions that can partially resolve these tensions are not
favoured by the Planck data.

Key words. Cosmology: observations – Cosmology: theory – Cosmic background radiation – cosmological parameters
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Neutrino masses and the Planck lensing anomaly
There is an anomaly in the Planck 2018 data at high multipoles which could 
potentially have relevant implications for the neutrino mass constraints
This tension ( ) is parametrized in terms of the AL parameter, which is an 
unphysical parameter modifying the amplitude of the lensing spectrum! 

3σ

Importantly, the Planck collaboration claims that the most likely origin of this 
tension is a statistical fluctuation:Astronomy & Astrophysics manuscript no. ms © ESO 2021
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ABSTRACT
We present cosmological parameter results from the final full-mission Planck measurements of the cosmic microwave background (CMB) an-
isotropies, combining information from the temperature and polarization maps and the lensing reconstruction. Compared to the 2015 results,
improved measurements of large-scale polarization allow the reionization optical depth to be measured with higher precision, leading to signifi-
cant gains in the precision of other correlated parameters. Improved modelling of the small-scale polarization leads to more robust constraints on
many parameters, with residual modelling uncertainties estimated to a↵ect them only at the 0.5� level. We find good consistency with the standard
spatially-flat 6-parameter ⇤CDM cosmology having a power-law spectrum of adiabatic scalar perturbations (denoted “base⇤CDM” in this paper),
from polarization, temperature, and lensing, separately and in combination. A combined analysis gives dark matter density ⌦ch2 = 0.120 ± 0.001,
baryon density ⌦bh2 = 0.0224 ± 0.0001, scalar spectral index ns = 0.965 ± 0.004, and optical depth ⌧ = 0.054 ± 0.007 (in this abstract we quote
68 % confidence regions on measured parameters and 95 % on upper limits). The angular acoustic scale is measured to 0.03 % precision, with
100✓⇤ = 1.0411± 0.0003. These results are only weakly dependent on the cosmological model and remain stable, with somewhat increased errors,
in many commonly considered extensions. Assuming the base-⇤CDM cosmology, the inferred (model-dependent) late-Universe parameters are:
Hubble constant H0 = (67.4±0.5) km s�1Mpc�1; matter density parameter⌦m = 0.315±0.007; and matter fluctuation amplitude�8 = 0.811±0.006.
We find no compelling evidence for extensions to the base-⇤CDM model. Combining with baryon acoustic oscillation (BAO) measurements (and
considering single-parameter extensions) we constrain the e↵ective extra relativistic degrees of freedom to be Ne↵ = 2.99±0.17, in agreement with
the Standard Model prediction Ne↵ = 3.046, and find that the neutrino mass is tightly constrained to

P
m⌫ < 0.12 eV. The CMB spectra continue

to prefer higher lensing amplitudes than predicted in base ⇤CDM at over 2�, which pulls some parameters that a↵ect the lensing amplitude away
from the ⇤CDM model; however, this is not supported by the lensing reconstruction or (in models that also change the background geometry)
BAO data. The joint constraint with BAO measurements on spatial curvature is consistent with a flat universe,⌦K = 0.001±0.002. Also combining
with Type Ia supernovae (SNe), the dark-energy equation of state parameter is measured to be w0 = �1.03 ± 0.03, consistent with a cosmological
constant. We find no evidence for deviations from a purely power-law primordial spectrum, and combining with data from BAO, BICEP2, and
Keck Array data, we place a limit on the tensor-to-scalar ratio r0.002 < 0.06. Standard big-bang nucleosynthesis predictions for the helium and
deuterium abundances for the base-⇤CDM cosmology are in excellent agreement with observations. The Planck base-⇤CDM results are in good
agreement with BAO, SNe, and some galaxy lensing observations, but in slight tension with the Dark Energy Survey’s combined-probe results
including galaxy clustering (which prefers lower fluctuation amplitudes or matter density parameters), and in significant, 3.6�, tension with local
measurements of the Hubble constant (which prefer a higher value). Simple model extensions that can partially resolve these tensions are not
favoured by the Planck data.
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In addition, more recent analyses of the 
Planck data do point in that direction:
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Neutrino masses and the Planck lensing anomaly
There is an anomaly in the Planck 2018 data at high multipoles which could 
potentially have relevant implications for the neutrino mass constraints
This tension ( ) is parametrized in terms of the AL parameter, which is an 
unphysical parameter modifying the amplitude of the lensing spectrum! 

3σ

Importantly, the Planck collaboration claims that the most likely origin of this 
tension is a statistical fluctuation:Astronomy & Astrophysics manuscript no. ms © ESO 2021

August 10, 2021
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We present cosmological parameter results from the final full-mission Planck measurements of the cosmic microwave background (CMB) an-
isotropies, combining information from the temperature and polarization maps and the lensing reconstruction. Compared to the 2015 results,
improved measurements of large-scale polarization allow the reionization optical depth to be measured with higher precision, leading to signifi-
cant gains in the precision of other correlated parameters. Improved modelling of the small-scale polarization leads to more robust constraints on
many parameters, with residual modelling uncertainties estimated to a↵ect them only at the 0.5� level. We find good consistency with the standard
spatially-flat 6-parameter ⇤CDM cosmology having a power-law spectrum of adiabatic scalar perturbations (denoted “base⇤CDM” in this paper),
from polarization, temperature, and lensing, separately and in combination. A combined analysis gives dark matter density ⌦ch2 = 0.120 ± 0.001,
baryon density ⌦bh2 = 0.0224 ± 0.0001, scalar spectral index ns = 0.965 ± 0.004, and optical depth ⌧ = 0.054 ± 0.007 (in this abstract we quote
68 % confidence regions on measured parameters and 95 % on upper limits). The angular acoustic scale is measured to 0.03 % precision, with
100✓⇤ = 1.0411± 0.0003. These results are only weakly dependent on the cosmological model and remain stable, with somewhat increased errors,
in many commonly considered extensions. Assuming the base-⇤CDM cosmology, the inferred (model-dependent) late-Universe parameters are:
Hubble constant H0 = (67.4±0.5) km s�1Mpc�1; matter density parameter⌦m = 0.315±0.007; and matter fluctuation amplitude�8 = 0.811±0.006.
We find no compelling evidence for extensions to the base-⇤CDM model. Combining with baryon acoustic oscillation (BAO) measurements (and
considering single-parameter extensions) we constrain the e↵ective extra relativistic degrees of freedom to be Ne↵ = 2.99±0.17, in agreement with
the Standard Model prediction Ne↵ = 3.046, and find that the neutrino mass is tightly constrained to
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m⌫ < 0.12 eV. The CMB spectra continue

to prefer higher lensing amplitudes than predicted in base ⇤CDM at over 2�, which pulls some parameters that a↵ect the lensing amplitude away
from the ⇤CDM model; however, this is not supported by the lensing reconstruction or (in models that also change the background geometry)
BAO data. The joint constraint with BAO measurements on spatial curvature is consistent with a flat universe,⌦K = 0.001±0.002. Also combining
with Type Ia supernovae (SNe), the dark-energy equation of state parameter is measured to be w0 = �1.03 ± 0.03, consistent with a cosmological
constant. We find no evidence for deviations from a purely power-law primordial spectrum, and combining with data from BAO, BICEP2, and
Keck Array data, we place a limit on the tensor-to-scalar ratio r0.002 < 0.06. Standard big-bang nucleosynthesis predictions for the helium and
deuterium abundances for the base-⇤CDM cosmology are in excellent agreement with observations. The Planck base-⇤CDM results are in good
agreement with BAO, SNe, and some galaxy lensing observations, but in slight tension with the Dark Energy Survey’s combined-probe results
including galaxy clustering (which prefers lower fluctuation amplitudes or matter density parameters), and in significant, 3.6�, tension with local
measurements of the Hubble constant (which prefer a higher value). Simple model extensions that can partially resolve these tensions are not
favoured by the Planck data.
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Planck data do point in that direction:

see Tristan et al 2309.10034
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Neutrino masses and the Planck lensing anomaly
The neutrino mass bound weakens in Planck implementations not featuring the 
lensing anomaly



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

Neutrino Masses from Cosmology

59

Neutrino masses and the Planck lensing anomaly

Naredo-Tuero et al. [2407.13831]
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The neutrino mass bound weakens in Planck implementations not featuring the 
lensing anomaly
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Neutrino masses and the Planck lensing anomaly

Naredo-Tuero et al. [2407.13831]

Sig(AL ≠ 1) = 1.7σ
Sig(AL ≠ 1) = 0.7σ

Sig(AL ≠ 1) = 2.8σ

The shift is not so significant when adding BAO data but still can vary within 30%!
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FIG. 1 Grand Unified Neutrino Spectrum (GUNS) at Earth, integrated over directions and summed over flavors. Therefore,
flavor conversion between source and detector does not a↵ect this plot. Solid lines are for neutrinos, dashed or dotted lines for
antineutrinos, superimposed dashed and solid lines for sources of both ⌫ and ⌫. The fluxes from BBN, the Earth, and reactors
encompass only antineutrinos, the Sun emits only neutrinos, whereas all other components include both. The CNB is shown for
a minimal mass spectrum of m1 = 0, m2 = 8.6, and m3 = 50 meV, producing a blackbody spectrum plus two monochromatic
lines of nonrelativistic neutrinos with energies corresponding to m2 and m3. See Appendix D for an exact description of the
individual curves. Top panel: Neutrino flux � as a function of energy; line sources in units of cm�2 s�1. Bottom panel: Neutrino
energy flux E ⇥ � as a function of energy; line sources in units of eV cm�2 s�1.

Biggio et al., 2009; Ohlsson, 2013), spin-flavor oscillations
by large nonstandard magnetic dipole moments (Ra↵elt,
1990; Haft et al., 1994; Giunti and Studenikin, 2015), de-
cay and annihilation into majoron-like bosons (Schechter
and Valle, 1982; Gelmini and Valle, 1984; Beacom et al.,
2003; Beacom and Bell, 2002; Denton and Tamborra,
2018b; Funcke et al., 2020; Pakvasa et al., 2013; Pagliaroli
et al., 2015; Bustamante et al., 2017), for the CNB large
primordial asymmetries and other novel early-universe
phenomena (Pastor et al., 2009; Arteaga et al., 2017), or
entirely new sources such as dark-matter decay (Barger

et al., 2002; Halzen and Klein, 2010; Fan and Reece, 2013;
Feldstein et al., 2013; Agashe et al., 2014; Rott et al.,
2015; Kopp et al., 2015; Boucenna et al., 2015; Chianese
et al., 2016; Cohen et al., 2017; Chianese et al., 2019; Es-
maili and Serpico, 2013; Bhattacharya et al., 2014; Higaki
et al., 2014; Fong et al., 2015; Murase et al., 2015) and an-
nihilation in the Sun or Earth (Srednicki et al., 1987; Silk
et al., 1985; Ritz and Seckel, 1988; Kamionkowski, 1991;
Cirelli et al., 2005). We will usually not explore such
topics and rather stay in a minimal framework which of
course includes normal flavor conversion.

Vitagliano, Tamborra & Raffelt [1910.11878]

The CNB represents the largest flux of neutrinos on Earth! 😃
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Biggio et al., 2009; Ohlsson, 2013), spin-flavor oscillations
by large nonstandard magnetic dipole moments (Ra↵elt,
1990; Haft et al., 1994; Giunti and Studenikin, 2015), de-
cay and annihilation into majoron-like bosons (Schechter
and Valle, 1982; Gelmini and Valle, 1984; Beacom et al.,
2003; Beacom and Bell, 2002; Denton and Tamborra,
2018b; Funcke et al., 2020; Pakvasa et al., 2013; Pagliaroli
et al., 2015; Bustamante et al., 2017), for the CNB large
primordial asymmetries and other novel early-universe
phenomena (Pastor et al., 2009; Arteaga et al., 2017), or
entirely new sources such as dark-matter decay (Barger

et al., 2002; Halzen and Klein, 2010; Fan and Reece, 2013;
Feldstein et al., 2013; Agashe et al., 2014; Rott et al.,
2015; Kopp et al., 2015; Boucenna et al., 2015; Chianese
et al., 2016; Cohen et al., 2017; Chianese et al., 2019; Es-
maili and Serpico, 2013; Bhattacharya et al., 2014; Higaki
et al., 2014; Fong et al., 2015; Murase et al., 2015) and an-
nihilation in the Sun or Earth (Srednicki et al., 1987; Silk
et al., 1985; Ritz and Seckel, 1988; Kamionkowski, 1991;
Cirelli et al., 2005). We will usually not explore such
topics and rather stay in a minimal framework which of
course includes normal flavor conversion.

Vitagliano, Tamborra & Raffelt [1910.11878]

The CNB represents the largest flux of neutrinos on Earth! 😃

However, they are very low energetic ☹


