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The Context
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Figure 11. Left panel : The marginalized 1D posterior constraints on
P

m⌫ from di↵erent combina-
tions of datasets, in the single parameter extension flat ⇤CDM+

P
m⌫ model. As explained in the

text, here we use a model with 3 degenerate mass eigenstates and with a minimal prior
P

m⌫ > 0 eV.
The minimal masses for the normal or inverted mass ordering scenarios correspond to

P
m⌫ > 0.059

eV and
P

m⌫ > 0.10 eV respectively, shown by the vertical dashed lines and the shaded regions.
Right panel : Joint marginalized 68% and 95% credible intervals on

P
m⌫ and H0 from Planck, CMB

and DESI+CMB data, illustrating the degeneracy between these parameters from the CMB, and how
DESI BAO data contribute to breaking it. The vertical shaded regions indicate the 68% and 95% con-
straints on H0 from DESI BAO data combined with knowledge of ✓⇤ and ⌦bh

2 in the ⇤CDM+
P

m⌫

model. This shows how DESI BAO breaks the primarily geometric degeneracy to place an upper limit
on

P
m⌫ .

behave as radiation in the early universe and as dark matter at late times, so they a↵ect both
the acoustic oscillations in the primordial plasma as well as the background evolution and
structure formation. Cosmological observations are sensitive to both the number of neutrino
species and their total mass (e.g., [69]), making cosmology constraints complementary to
terrestrial neutrino experiments.

7.1 Sum of neutrino masses

The base model we have adopted so far assumes the sum of neutrino masses to be
P

m⌫ =
0.06 eV, with a single massive eigenstate and two massless ones. This is motivated by the
lower bound for

P
m⌫ from neutrino oscillation experiments. In this section, we consider a

single-parameter extension beyond this minimal model in which
P

m⌫ is allowed to freely
vary, in order to explore the constraining power on

P
m⌫ of DESI data. Amongst terrestrial

experiments directly measuring the neutrino mass, KATRIN [231] has produced the tightest
constraints to date, from measuring the endpoint of the tritium �-decay spectrum. This
gives an upper bound on the e↵ective electron-neutrino mass that is independent of the
cosmological model of m� < 0.8 eV (90% CL) [232], equivalent to

P
m⌫ . 2.4 eV (90% CL).

Neutrino oscillation experiments have also shown that at least two of the three active
neutrino masses are non-zero, but the ordering of these masses is not known. In the normal
ordering or normal hierarchy (NH), the two lowest mass neutrino eigenstates have the smallest
mass splitting, implying that the total neutrino mass must be

P
m⌫ � 0.059 eV, while in the

inverted hierarchy (IH), however, the smallest mass splitting occurs between the two highest
mass eigenstates, necessitating a total mass of

P
m⌫ � 0.10 eV [233]. When allowing

P
m⌫

– 35 –
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On April 2024, the DESI collaboration presented the cosmological results 
from their 1st year of observations. The results have key implications for 
the neutrino mass.

To be compared with the 
latest laboratory limit from 
the KATRIN experiment 
[2406.13516]: 

∑ mν < 1.5 eV (95 % CL)

and the bound from 
Planck+SDSS [1807.06209]

∑ mν < 0.12 eV (95 % CL)

(95 % CL, CMB+BAO-DESIY1)∑ mν < 0.082 eV [2404.03002] DESI collaboration
[2411.12022]



Neutrinos in Cosmology DISCRETE 03-12-2024Miguel Escudero Abenza (CERN)

Implications
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Theory: Many neutrino mass models have large regions of 
parameter space with Σm𝛎 > 0.073 eV.

In fact, most of the 2-zero neutrino mass textures predict  Σm𝛎 > 0.17 eV. 
See e.g. Alcaide, Santamaría & Salvadó, 1806.06785.

Experiment: Detection prospects for  and  are strongly 
dependent upon  or equivalently

mν̄e
mββ

mνlightest ∑ mν

0.00001 0.0001 0.001 0.01 0.1 1
m      [eV]

0.001

0.01

0.1

1

|<
m

>|
  [

eV
]

NH

IH

QD

MIN 

N O R M A L

I N V E R T E D
Sensitivity goal of next generation experiments

ORDERIN
G

KATRIN 
sensiti 
vity

Excluded by KamLAND-Zen,  
GERDA, EXO-200, CUORE

Planck 
bound

Neutrinoless double beta decay, Figure 2

x|
m

�
�
|

[e
V
]

<latexit sha1_base64="aatBtDvA3TUXyL8KMzUmF9XITpY=">AAACIXicbVDLSsNAFJ34rPUVdelmsAiuSiKCLotuXFawtZCEMpne6ODMJM5MhJLmC/wMv8CtfoE7cSeu/Q8ntQttPTDD4Zx7ufeeOONMG8/7cObmFxaXlmsr9dW19Y1Nd2u7q9NcUejQlKeqFxMNnEnoGGY49DIFRMQcruLbs8q/ugelWSovzTCDSJBryRJGibFS390fiX4RxmAIHv/lCId3ORngIBTE3ChRQLeM+m7Da3pj4FniT0gDTdDuu1/hIKW5AGkoJ1oHvpeZqCDKMMqhrIe5hozQW3INgaWSCNBRMT6nxPtWGeAkVfZJg8fq746CCK2HIraV1Y562qvE/7wgN8lJVDCZ5QYk/RmU5BybFFfZ4AFTQA0fWkKoYnZXTG+IItTYBP9MSWAoRVbaXPzpFGZJ97Dpe03/4qjROp0kVEO7aA8dIB8doxY6R23UQRQ9oCf0jF6cR+fVeXPef0rnnEnPDvoD5/MbVgek7g==</latexit><latexit sha1_base64="aatBtDvA3TUXyL8KMzUmF9XITpY=">AAACIXicbVDLSsNAFJ34rPUVdelmsAiuSiKCLotuXFawtZCEMpne6ODMJM5MhJLmC/wMv8CtfoE7cSeu/Q8ntQttPTDD4Zx7ufeeOONMG8/7cObmFxaXlmsr9dW19Y1Nd2u7q9NcUejQlKeqFxMNnEnoGGY49DIFRMQcruLbs8q/ugelWSovzTCDSJBryRJGibFS390fiX4RxmAIHv/lCId3ORngIBTE3ChRQLeM+m7Da3pj4FniT0gDTdDuu1/hIKW5AGkoJ1oHvpeZqCDKMMqhrIe5hozQW3INgaWSCNBRMT6nxPtWGeAkVfZJg8fq746CCK2HIraV1Y562qvE/7wgN8lJVDCZ5QYk/RmU5BybFFfZ4AFTQA0fWkKoYnZXTG+IItTYBP9MSWAoRVbaXPzpFGZJ97Dpe03/4qjROp0kVEO7aA8dIB8doxY6R23UQRQ9oCf0jF6cR+fVeXPef0rnnEnPDvoD5/MbVgek7g==</latexit><latexit sha1_base64="aatBtDvA3TUXyL8KMzUmF9XITpY=">AAACIXicbVDLSsNAFJ34rPUVdelmsAiuSiKCLotuXFawtZCEMpne6ODMJM5MhJLmC/wMv8CtfoE7cSeu/Q8ntQttPTDD4Zx7ufeeOONMG8/7cObmFxaXlmsr9dW19Y1Nd2u7q9NcUejQlKeqFxMNnEnoGGY49DIFRMQcruLbs8q/ugelWSovzTCDSJBryRJGibFS390fiX4RxmAIHv/lCId3ORngIBTE3ChRQLeM+m7Da3pj4FniT0gDTdDuu1/hIKW5AGkoJ1oHvpeZqCDKMMqhrIe5hozQW3INgaWSCNBRMT6nxPtWGeAkVfZJg8fq746CCK2HIraV1Y562qvE/7wgN8lJVDCZ5QYk/RmU5BybFFfZ4AFTQA0fWkKoYnZXTG+IItTYBP9MSWAoRVbaXPzpFGZJ97Dpe03/4qjROp0kVEO7aA8dIB8doxY6R23UQRQ9oCf0jF6cR+fVeXPef0rnnEnPDvoD5/MbVgek7g==</latexit><latexit sha1_base64="aatBtDvA3TUXyL8KMzUmF9XITpY=">AAACIXicbVDLSsNAFJ34rPUVdelmsAiuSiKCLotuXFawtZCEMpne6ODMJM5MhJLmC/wMv8CtfoE7cSeu/Q8ntQttPTDD4Zx7ufeeOONMG8/7cObmFxaXlmsr9dW19Y1Nd2u7q9NcUejQlKeqFxMNnEnoGGY49DIFRMQcruLbs8q/ugelWSovzTCDSJBryRJGibFS390fiX4RxmAIHv/lCId3ORngIBTE3ChRQLeM+m7Da3pj4FniT0gDTdDuu1/hIKW5AGkoJ1oHvpeZqCDKMMqhrIe5hozQW3INgaWSCNBRMT6nxPtWGeAkVfZJg8fq746CCK2HIraV1Y562qvE/7wgN8lJVDCZ5QYk/RmU5BybFFfZ4AFTQA0fWkKoYnZXTG+IItTYBP9MSWAoRVbaXPzpFGZJ97Dpe03/4qjROp0kVEO7aA8dIB8doxY6R23UQRQ9oCf0jF6cR+fVeXPef0rnnEnPDvoD5/MbVgek7g==</latexit>

mMIN [eV]
<latexit sha1_base64="pNBsNxpsf3JzZNnLJNvpdl9GMPY=">AAACKHicbVDLSsNAFJ34rO+qSzeDRXAhJRFBl0U3ulAq2Co0IUymNzo4M4kzE7GE/ISf4Re41S9wJ90K/oeTWsFaD1w4nHMv994TpZxp47p9Z2JyanpmtjI3v7C4tLxSXV1r6yRTFFo04Ym6iogGziS0DDMcrlIFREQcLqPbo9K/vAelWSIvTC+FQJBryWJGibFSWN0RYe6LKHnIi9AXxNwokZ+enBUF9u8y0sWdHxHaRRBWa27dHQCPE29IamiIZlj99LsJzQRIQznRuuO5qQlyogyjHIp5P9OQEnpLrqFjqSQCdJAPvirwllW6OE6ULWnwQP09kROhdU9EtrO8Uf/1SvE/r5OZ+CDImUwzA5J+L4ozjk2Cy4hwlymghvcsIVQxeyumN0QRamyQI1ti6EmRFjYX728K46S9W/fcune+V2scDhOqoA20ibaRh/ZRAx2jJmohih7RM3pBr86T8+a8O/3v1glnOLOORuB8fAHS1qhW</latexit><latexit sha1_base64="pNBsNxpsf3JzZNnLJNvpdl9GMPY=">AAACKHicbVDLSsNAFJ34rO+qSzeDRXAhJRFBl0U3ulAq2Co0IUymNzo4M4kzE7GE/ISf4Re41S9wJ90K/oeTWsFaD1w4nHMv994TpZxp47p9Z2JyanpmtjI3v7C4tLxSXV1r6yRTFFo04Ym6iogGziS0DDMcrlIFREQcLqPbo9K/vAelWSIvTC+FQJBryWJGibFSWN0RYe6LKHnIi9AXxNwokZ+enBUF9u8y0sWdHxHaRRBWa27dHQCPE29IamiIZlj99LsJzQRIQznRuuO5qQlyogyjHIp5P9OQEnpLrqFjqSQCdJAPvirwllW6OE6ULWnwQP09kROhdU9EtrO8Uf/1SvE/r5OZ+CDImUwzA5J+L4ozjk2Cy4hwlymghvcsIVQxeyumN0QRamyQI1ti6EmRFjYX728K46S9W/fcune+V2scDhOqoA20ibaRh/ZRAx2jJmohih7RM3pBr86T8+a8O/3v1glnOLOORuB8fAHS1qhW</latexit><latexit sha1_base64="pNBsNxpsf3JzZNnLJNvpdl9GMPY=">AAACKHicbVDLSsNAFJ34rO+qSzeDRXAhJRFBl0U3ulAq2Co0IUymNzo4M4kzE7GE/ISf4Re41S9wJ90K/oeTWsFaD1w4nHMv994TpZxp47p9Z2JyanpmtjI3v7C4tLxSXV1r6yRTFFo04Ym6iogGziS0DDMcrlIFREQcLqPbo9K/vAelWSIvTC+FQJBryWJGibFSWN0RYe6LKHnIi9AXxNwokZ+enBUF9u8y0sWdHxHaRRBWa27dHQCPE29IamiIZlj99LsJzQRIQznRuuO5qQlyogyjHIp5P9OQEnpLrqFjqSQCdJAPvirwllW6OE6ULWnwQP09kROhdU9EtrO8Uf/1SvE/r5OZ+CDImUwzA5J+L4ozjk2Cy4hwlymghvcsIVQxeyumN0QRamyQI1ti6EmRFjYX728K46S9W/fcune+V2scDhOqoA20ibaRh/ZRAx2jJmohih7RM3pBr86T8+a8O/3v1glnOLOORuB8fAHS1qhW</latexit><latexit sha1_base64="pNBsNxpsf3JzZNnLJNvpdl9GMPY=">AAACKHicbVDLSsNAFJ34rO+qSzeDRXAhJRFBl0U3ulAq2Co0IUymNzo4M4kzE7GE/ISf4Re41S9wJ90K/oeTWsFaD1w4nHMv994TpZxp47p9Z2JyanpmtjI3v7C4tLxSXV1r6yRTFFo04Ym6iogGziS0DDMcrlIFREQcLqPbo9K/vAelWSIvTC+FQJBryWJGibFSWN0RYe6LKHnIi9AXxNwokZ+enBUF9u8y0sWdHxHaRRBWa27dHQCPE29IamiIZlj99LsJzQRIQznRuuO5qQlyogyjHIp5P9OQEnpLrqFjqSQCdJAPvirwllW6OE6ULWnwQP09kROhdU9EtrO8Uf/1SvE/r5OZ+CDImUwzA5J+L4ozjk2Cy4hwlymghvcsIVQxeyumN0QRamyQI1ti6EmRFjYX728K46S9W/fcune+V2scDhOqoA20ibaRh/ZRAx2jJmohih7RM3pBr86T8+a8O/3v1glnOLOORuB8fAHS1qhW</latexit>

0𝞶𝛃𝛃 decay:

Ruled out in ΛCDMAPPEC Report: Pascoli et al. 1910.04688
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The Plan/Outline
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2) Critically asses the current cosmological bound on the neutrino 
mass

Jiang et al. [2407.18047], Allali & Notari [2406.14554]
Wang, Mena Di Valentino & Gariazzo [2405.03368]
Bartolez, Esteban, Hajjar, Mena, Salvado [2411.14524]

Elbers, Frenk, Jenkins & Pascoli [2407.10965]
Loverde & Weiner [2410.00090]

Choudhury & Okumura [2409.13022]see: Craig et al. [2405.00836], Green & Meyers [2407.07878]

2407.13831:

(comprehensive profile likelihood analysis of the neutrino mass in cosmology)

1) Understand what we actually know about neutrinos in cosmology

3) Discuss the potential BSM implications of a cosmological neutrino 
mass bound that is in tension with the laboratory

Neutrino decays, non-standard neutrino backgrounds, annihilations, late phase 
transitions, time dependent masses, refractive neutrinos …

tools: Minimizer: Procoli Karwal et al. 2401.14225CLASS & MontePython, Lesgourgues et al.  

https://arxiv.org/abs/2407.13831
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Formation of the CNB

5

At a time  after the Big Bang when the Universe had a temperature 
of around  the Cosmic Neutrino Background formed

∼ 0.1 s
T ∼ 2 MeV

Tν ≃ Tγ /1.4 nνi
≃ 56 cm−3Key predictions: Neff ≃ 3.04

Cielo, Escudero, Mangano & Pisanti [2306.05460]
Jackson & Laine [2312.07015], [2412.XXXXX]
Drewes et al. [2402.18481], [2411.14091]

NLO corrections
ΔNeff ≃ 0.0007
ΔNeff ≃ 0.0001
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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

6

Neutrinos are always a relevant species in the Universe’s evolution
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Global Perspective
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Current knowledge:
∑ mν ≲ 0.2 eVNeff = 3.0 ± 0.3 (Planck/BBN)

(Planck+BAO)
n ↔ p + e− + ν̄e
n + e+ ↔ p + ν̄e
n + νe ↔ p + e−

γ ν

γ
B

DM

ν
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Summary
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BBN & the CMB provide a powerful (albeit indirect) 
constraint on the Cosmic Neutrino Background as 

expected in the Standard Model 

This gives us confidence to derive
 cosmological neutrino mass bounds

BBNCMB
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Main players of today’s bound
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Planck DESI

full sky, with 
 to ΔT/T ≃ 2 × 10−6 θ ≃ 0.2∘ 5M galaxies so far

∑ mν < 0.34 eVCurrent bound on the neutrino mass 
is dominated by Planck

at 95% CL
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Neutrino Masses in Cosmology
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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

Image Credit ESA

The main implications are:
1) They change the distance between us and the CMB

(although this is strongly correlated with  and/or )Ωm H0
DA = ∫

z⋆

0

dz
H(z)

2) They affect the amount of CMB lensing
The larger the neutrino mass the less the CMB light is lensed 
(although the effect is also correlated with )Ωcdmh2

Neutrinos cannot fall in 
gravitational potentials for 
L ≲ 20 Mpc

BAO data can break these 
parameter degeneracies
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Neutrino Masses in Cosmology
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Cosmic Microwave Background Anisotropies
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P

m∫ = 0.25 eVP
m∫ = 0.50 eVP
m∫ = 0.75 eVP
m∫ = 1.00 eV

fixing !cdm, µs, As, ns, ø

Scales with largest constraining power

X
m⌫ < 0.54 eV

(95 % CL, TT+lowE)

The effect of neutrino masses in the CMB:

(here the distance to the CMB is kept fixed)
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The Data: CMB anisotropies from Planck
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Planck Collaboration: Cosmological parameters
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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

TT, TE, EE

Latest cosmological results 
in 2018 but in 2020 new map 
reanalyses were provided:
1) with 8% more data
2) with less noise and 

systematics

This is critical for neutrino mass inferences because 
Planck data featured the so called lensing anomaly 
(~3sigma) in the same parts of the spectrum where 
the neutrino mass signal appears.

- Planck 2018:  [1807.06209]
- CamSpec:  Rosenberg et al. [2205.10869] 
- Hillipop:   Tristram et al. [2309.10034]

∼ 2.8σ
∼ 1.7σ

∼ 0.75σ

Planck Collaboration: Cosmological parameters
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Fig. 3. CMB lensing-potential power spectrum, as measured by
Planck (see PL2018 for a detailed description of this measure-
ment). Orange points show the full range of scales reconstructed
with a logarithmic binning, while grey bands show the error and
multipole range of the conservative band powers used for the
likelihood, with black points showing the average multipole of
the band weight. The solid line shows the best ⇤CDM fit to the
conservative points alone, and the dot-dashed line shows the pre-
diction from the best fit to the Planck CMB power spectra alone.
The dashed line shows the prediction from the best fit to the
CMB power spectra when the lensing amplitude AL is also var-
ied (AL = 1.19 for the best-fit model; see Sect. 6.2 for a detailed
discussion of AL).

scribed in PL2015. We neglect correlations between the 2-
and 4-point functions, which are negligible at Planck sensitiv-
ity (Schmittfull et al. 2013; Peloton et al. 2017). As in PL2015,
band powers at multipoles L > 400 are less robust than over
8  L  400, with some evidence for a curl-test failure, and pos-
sibly also systematic di↵erences between individual frequencies
that we were unable to resolve. Multipoles at L < 8 are very
sensitive to the large mean-field correction on these scales, and
hence are sensitive to the fidelity of the simulations used to esti-
mate the mean field. As described above, our baseline cosmolog-
ical results therefore conservatively use only the multipole range
8  L  400.

The Planck measurements of C��L are plotted in Fig. 3, where
they are compared to the predicted spectrum from the best-fitting
base-⇤CDM model of Sect. 3, and Fig. 4 shows the correspond-
ing broad redshift ranges that contribute to the lensing band pow-
ers in the ⇤CDM model. Fig. 3 shows that the lensing data are in
excellent agreement with the predictions inferred from the CMB
power spectra in the base-⇤CDM model (�2

e↵ = 8.9 for 9 binned
conservative band-power measurements, �2

e↵ = 14.0 for 14 bins
over the full multipole range; we discuss agreement in exten-
sions to the ⇤CDM model in more detail below). The lensing
data prefer lensing power spectra that are slightly tilted towards
less power on small scales compared to the best fit to the CMB
power spectra. This small tilt pulls joint constraints a small frac-
tion of an error bar towards parameters that give a lower lensing
amplitude on small scales. Parameter results from the full mul-
tipole range would be a little tighter and largely consistent with
the conservative band powers, although preferring slightly lower
fluctuation amplitudes (see PL2018).

Fig. 4. Contributions to the conservative CMB lensing band
powers (see text and Fig. 3) as a function of redshift in
the base-⇤CDM model (evaluated here, and only here, using
the Limber approximation (LoVerde & Afshordi 2008) on all
scales). Multipole ranges of the corresponding band powers are
shown in the legend.

As described in detail in PL2018, the lensing likelihood (in
combination with some weak priors) can alone provide ⇤CDM
parameter constraints that are competitive with current galaxy
lensing and clustering, measuring

�8⌦
0.25
m = 0.589 ± 0.020 (68 %, Planck lensing). (5)

Combined with BAO (see Sect. 5.1 below) and a baryon density
prior to break the main degeneracy between H0,⌦m, and �8 (de-
scribed in PL2015), individual parameters H0, ⌦m, and �8 can
also separately be constrained to a precision of a few percent. We
use ⌦bh2 = 0.0222 ± 0.0005 (motivated by the primordial deu-
terium abundance measurements of Cooke et al. 2018, see also
Sect. 7.6), which gives

H0 = 67.9+1.2
�1.3 km s�1Mpc�1,

�8 = 0.811 ± 0.019,

⌦m = 0.303+0.016
�0.018,

9>>>>=
>>>>;

68 %, lensing+BAO. (6)

The constraints of Eq. (5) and (6) in are in very good agreement
with the estimates derived from the Planck power spectra and are
independent of how the Planck power spectra depend on the cos-
mological model at high multipoles. This is a strong test of the
internal consistency of the Planck data. The Planck lensing con-
straints in Eqs. (5) and (6), and the consistency of these results
with the Planck power spectrum likelihoods, should be borne in
mind when comparing Planck results with other astrophysical
data (e.g., direct measurements of H0 and galaxy shear surveys,
see Sect. 5).

In this paper, we focus on joint constraints with the main
Planck power spectrum results, where the lensing power spec-
trum tightens measurements of the fluctuation amplitude and im-
proves constraints on extended models, especially when allow-
ing for spatial curvature.

A peculiar feature of the Planck TT likelihood, reported in
PCP13 and PCP15, is the favouring of high values for the lens-

13

lensing power spectrum
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Measurement of about 5 Million redshift of galaxies and quasars up 
to redshift ∼ 2.4
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Figure 1. Top row: DESI measurements of the BAO distance scales at di↵erent redshifts,
parametrized as (left) the ratio of the angle-averaged distance DV ⌘ (zD

2

M
DH)1/3 to the sound

horizon at the baryon drag epoch, rd, and (right) the ratio of transverse and line-of-sight comoving
distances FAP ⌘ DM/DH, from all tracers and redshift bins as labeled. For visual clarity and to
compress the dynamic range of the plot, an arbitrary scaling of z

�2/3 has been applied on the left,
and z

�1 on the right. The solid and dashed grey lines show model predictions from, respectively, the
flat ⇤CDM model that best fits this data, and from a ⇤CDM model with parameters matching the
Planck best-fit cosmology. The BGS and QSO data points appear only in the left panel and not the
right one because the signal-to-noise ratio of the data is not yet su�cient to measure both parameters
for these tracers. Bottom row: The same data points and models as in the top row, but now shown
as the ratio relative to the predictions for the best-fit flat ⇤CDM model.

in the left panel, and DM/DH (similarly arbitrarily scaled by z
�1) in the right panel. The

solid and dashed grey lines in each panel indicate the corresponding model predictions for
the ⇤CDM model that best fit the DESI data (Section 4.1), and the Planck best-fit ⇤CDM
model, respectively. The lower panel shows the same data again but now as the ratio of the
DV/rd and FAP ⌘ DM/DH values to those for the best-fit ⇤CDM model to DESI data. The
solid and dashed grey lines in these panels therefore represent the same two models as in the
top row.

3.2 Internal consistency of DESI results

Figure 1 shows visually that the flat ⇤CDM model provides a good fit to the DESI BAO
results: quantitatively, the �

2 value for this fit is 12.66 for 10 degrees of freedom (dof),
as we have 12 data points and 2 free parameters, namely ⌦m and H0rd (Table 2). These
two parameters have a direct relationship to the BAO data points shown in Figure 1, since
in the flat ⇤CDM model ⌦m fully determines FAP(z) and fixes the shape of DV/rd as a
function of redshift, while H0rd sets a redshift-independent constant normalization term for
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DESI [2404.03002]

DESI-Y1 BAO data is overall in  
tension with Planck predictions

2σ

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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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):
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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 (:):
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Very robust bounds from linear Cosmology ΔT/T ∼ 10−5

And, all cosmological bounds are cosmological model dependent

What is the dependence upon the assumed Cosmological Model?

What about possible systematics or statistical fluctuations in 
Planck CMB and/or BAO data?

What is the dependence upon the assumed statistical procedure?

(95 % CL CMB+BAO-DESIY1)∑ mν < 0.082 eV
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Neutrino masses and the Planck lensing anomaly

Naredo-Tuero et al. [2407.13831]

Sig
(A L

≠
1)

=
1.7

σ

Sig
(A L

≠ 1)
= 0.7

σ

Sig
(A L

≠
1)

=
2.8

σ

The neutrino mass bound weakens significantly 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]

The shift is not so significant when adding BAO data but the bound 
can still vary by 30%!

*see also Allali & Notari [2406.14554]
and DESI collaboration [2411.12022]
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Neutrino masses and DESI BAO data
DESI BAO data is overall in  tension with 
Planck predictions and some data points 
are in tension with SDSS

2σ
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Figure 1. Top row: DESI measurements of the BAO distance scales at di↵erent redshifts,
parametrized as (left) the ratio of the angle-averaged distance DV ⌘ (zD

2

M
DH)1/3 to the sound

horizon at the baryon drag epoch, rd, and (right) the ratio of transverse and line-of-sight comoving
distances FAP ⌘ DM/DH, from all tracers and redshift bins as labeled. For visual clarity and to
compress the dynamic range of the plot, an arbitrary scaling of z

�2/3 has been applied on the left,
and z

�1 on the right. The solid and dashed grey lines show model predictions from, respectively, the
flat ⇤CDM model that best fits this data, and from a ⇤CDM model with parameters matching the
Planck best-fit cosmology. The BGS and QSO data points appear only in the left panel and not the
right one because the signal-to-noise ratio of the data is not yet su�cient to measure both parameters
for these tracers. Bottom row: The same data points and models as in the top row, but now shown
as the ratio relative to the predictions for the best-fit flat ⇤CDM model.

in the left panel, and DM/DH (similarly arbitrarily scaled by z
�1) in the right panel. The

solid and dashed grey lines in each panel indicate the corresponding model predictions for
the ⇤CDM model that best fit the DESI data (Section 4.1), and the Planck best-fit ⇤CDM
model, respectively. The lower panel shows the same data again but now as the ratio of the
DV/rd and FAP ⌘ DM/DH values to those for the best-fit ⇤CDM model to DESI data. The
solid and dashed grey lines in these panels therefore represent the same two models as in the
top row.

3.2 Internal consistency of DESI results

Figure 1 shows visually that the flat ⇤CDM model provides a good fit to the DESI BAO
results: quantitatively, the �

2 value for this fit is 12.66 for 10 degrees of freedom (dof),
as we have 12 data points and 2 free parameters, namely ⌦m and H0rd (Table 2). These
two parameters have a direct relationship to the BAO data points shown in Figure 1, since
in the flat ⇤CDM model ⌦m fully determines FAP(z) and fixes the shape of DV/rd as a
function of redshift, while H0rd sets a redshift-independent constant normalization term for
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DESI [2404.03002]

Naredo-Tuero et al. [2407.13831]

The bound is relaxed by ~30% if the 
z=0.7 bin is not used in the analysis
(Note that this is precisely the 
redshift at which Dark Energy 
dominates)
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Neutrino masses and DESI BAO data
Naredo-Tuero et al. [2407.13831] ~30% relaxation

Hence, still compatible with the minimal value in Inverted Ordering

∑ mν < 0.102 eVPlanck2023+DESI-Y1: 95% CL

Planck2023+DESI-Y1no0.7 bin: ∑ mν < 0.125 eV 95% CL

∑ mν < 0.084 eVPlanck2018+DESI-Y1: 95% CL
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Neutrino masses and statistical procedure used
Bayesian credible intervals are by definition prior dependent

Numerical comparison between Frequentists vs Bayesian results with flat 
priors:

10

IV.3. Planck + DESI + SN: Impact of the Dark
Energy equation of state

So far, we have explored constraints to
P

m⌫ assum-
ing a flat ⇤CDM background, and showed how BAO data
can help strengthen the bound by breaking the degener-
acy with ⌦m. However, in models with more parameters
controlling the late-time expansion history, it is expected
that additional degeneracies with the neutrino masses
will appear. Chief amongst those is the well-known de-
generacy with the equation of state of dark energy, w (see
e.g. [82].) Given the tentative evidence for a time-varying
equation of state of dark energy from DESI when com-
bined with SN data [1], it is relevant to explore how it
can impact the bound on the neutrino masses. Following
[1], we model the equation of state of dark energy to vary
according to the Chevalier-Polarski-Linder parametriza-
tion w(a) = w0 + (1� a)wa [83, 84], where a is the scale
factor, and vary w0 2 [�3, 2] and wa 2 [�3, 1].

In Fig. 6 we show the likelihood profile of
P

m⌫ built
from the combination of Planck, DESI-Y1 BAO and the
SN Pantheon sample, in ⇤CDM (in black) and in the
w0waCDM cosmology (in green). One can see that when
the equation of state of dark energy is allowed to vary the
bound on the neutrino mass is relaxed, in good agreement
with [1]. We find, however, that the 95% bound can
be roughly 30% weaker for HiLLiPoP than with Plik or
CamSpec. Interestingly we also note that the potential
evidence for a negative neutrino mass vanishes.

Something important to highlight is that, while al-
lowing for the equation of state of dark energy to vary
relaxes the bound on the neutrino mass, the best fit for
the equation of state di↵ers significantly from the cos-
mological constant value and in particular suggests that
w0 & �1 today. Thus, while the bound may be relaxed,
large neutrino masses would require dark energy to be-
have very di↵erently than a cosmological constant. We
note that if one restricts the analysis to constant equa-
tion of state, namely w(a) = w0 where only w0 is allowed
to vary, the bound on the neutrino mass remains very
similar to that in ⇤CDM, see [1].

Lastly, we investigate whether varying the Alens pa-
rameter may remove the preference for negative neutrino
masses, despite the inclusion of DESI-Y1 BAO and SN
data data. Our results are shown in Fig. 6 in blue. One
can notice that this shifts the best fit to the positive
regime and that the bound becomes again a factor of
⇠ 2 weaker than when compared to the standard case
where Alens = 1. This suggests that, regardless of the
behavior of DESI data, it is the lensing anomaly that
dominates the preference for negative neutrino masses.
Note though, that removing (most of) the constraining
power from lensing by including Alens does not remove all
the sensitivity to neutrino masses altogether. While the
constraints relax, they remain significantly stronger than
laboratory ones when BAO and SNIa data are included,
in the ball park of

P
m⌫ . 0.2 � 0.3 eV depending on

which CMB likelihood is used.

IV.4. Frequentists vs Bayesian Limits: The impact
of statistical choices on the neutrino mass bound

Until now, we have focused our attention on profile
likelihoods, as these allowed us to investigate the pref-
erence for negative neutrino masses. It remains to be
seen however, how the confidence intervals built from the
profile likelihood compares with the Bayesian credible in-
tervals built from the posteriors, in order to understand
how important is the choice of statistical procedure and
to quantify the role of prior e↵ect in the bound given
by Eq. (1). We refer to Appendix C for the posterior
distributions.

Our results are summarized in Table II for analyses
that combine Planck+BAO data, and in Table III for
those that also include SN data from the Pantheon sam-
ple. These tables include three estimates of the bound
to neutrino masses: the Bayesian limit at 95% CL, those
derived using Feldman-Cousins procedure (F.C.), as well
as those using the naive bounded maximum likelihood
(B.L.) (��

2 = 3.84), all at the same confidence level.
Firstly, we generally notice a very good agreement be-
tween the two frequentists approaches, with di↵erences
between them at the . 5% level only. This suggests that
the fact that the minimum lie beyond the physical re-
gion does not significantly a↵ect the bounds to neutrino
masses. Secondly, and interestingly, we also notice a very
good agreement between the frequentists and Bayesian
limits. In fact, we find, that the frequentists limits are
in many cases ⇠ 10% stronger than the Bayesian ones.
For example, considering the data set combination of
Plik+DESI, we find at 95% CL:

X
m⌫ < 0.084 eV [Bayesian] , (5a)

X
m⌫ < 0.074 eV [Bounded�Likelihood] , (5b)

X
m⌫ < 0.071 eV [Feldman�Cousins] . (5c)

One clearly sees that the three are very similar, with the
frequentist ones being slightly more stringent. While the
two approaches need not necessarily agree, this could be
due to two e↵ects. First, it is possible that there are mild
prior e↵ects in the Bayesian analysis, that go in the direc-
tion of relaxing the bound. Second, it can be di�cult to
find the absolute minimum of the �

2 for each simulated
value of

P
m⌫ for such a large parameter space. If the

simulated annealing methods fails to cool to the absolute
minimum, the slightly larger values of the �

2 would lead
to slightly tighter frequentist constraints. Nevertheless
and regardless of its origin, this e↵ect is only around the
10% level, and we thus conclude that the constraints are
robust to the choice of statistical method up to that level
of di↵erence. Let us additionally note that the Bayesian
constraint we derive here is slightly di↵erent than Eq. (1).

Naredo-Tuero et al. [2407.13831]

Σmν ∈ [0 − 3 eV]

Overall good 
agreement 
between the two 
(~10-20%). 
Although they 
address different 
questions!
 
Highlights that 
the likelihood is 
fairly GaussianΣmν ∈ [0.1 − 3 eV]

11

FIG. 6. Neutrino mass profile likelihoods for Planck+DESI-Y1+Pantheon+ data set combinations. We show ⇤CDM in black,
varying the equation of state of dark energy in green, and allowing for Alens to vary in blue. In the left panel we show the
results for plik, in the middle for CamSpec and in the right panel for Hillipop. We clearly see a similar behaviour for all of
them and the potential preference for a negative best fit to dissapear when the equation of state of dark energy is allowed to
vary.

This is because the DESI collaboration used more con-
straining CMB lensing data, combining Planck lensing
PR4 with ACT lensing, rather than Planck lensing PR3
as we do here. Nevertheless, we do not expect that using
this lensing data would change the overall trend.

So far we have included in our analyses value for neu-
trino masses down to the massless limit,

P
m⌫ = 0,

but we know from the laboratory that there are phys-
ical boundaries at either

P
m⌫ = 0.06 eV for NO or atP

m⌫ = 0.10 eV for IO. To gauge the impact of those
experimental lower limits on the cosmological neutrino
mass bound, we run dedicated Bayesian analyses restrict-
ing the prior to

P
m⌫ following either the NO or IO con-

straints. For the frequentist limit, it is su�cient to con-
sider these boundaries as lower limits in our ��

2 curves.
This procedure yields:

X
m⌫ < 0.121 eV [NO�Bayesian] , (6a)

X
m⌫ < 0.106 eV [NO�Bounded�Likelihood] , (6b)

X
m⌫ < 0.096 eV [NO�Feldman�Cousins] , (6c)

and for the inverted ordering case:
X

m⌫ < 0.152 eV [IO�Bayesian] , (7a)
X

m⌫ < 0.138 eV [IO�Bounded�Likelihood] , (7b)
X

m⌫ < 0.127 eV [IO�Feldman�Cousins] . (7c)

Since in these scenarios the physical boundary is further
away from the best fit of the ��

2, the Feldman-Cousins
correction becomes more relevant and we observe a larger
di↵erence compared to the naive bound one would derive
simply assuming the applicability of Wilk’s theorem, al-
though it is still within 10%. The di↵erence between the
frequentist and Bayesian constraints also increases, with
up to 20% di↵erence between the Feldman-Cousins result
and the Bayesian posterior. Let us stress that, for this

particular dataset, the inverted ordering assumption has
a p�value of only 1%.

Importantly, we have highlighted before that there
are two e↵ects that significantly pull the bound on
the neutrino mass in Eq. (1): i) the lensing anomaly
present in some of the Planck likelihoods, and ii)
the outliers in DESI-Y1 at z = 0.7. In this con-
text, to be maximally conservative, one can consider
the combination of HiLLiPoP+DESIY1no07 for which
there is no lensing anomaly in the Planck likelihood
and where the outliers in DESI-Y1 data have been re-
moved. The relevant Bayesian and frequentist limits from
HiLLiPoP+DESIY1no07 read:

X
m⌫ < 0.125 eV [Bayesian] , (8a)

X
m⌫ < 0.114 eV [Bounded�Likelihood] , (8b)

X
m⌫ < 0.114 eV [Feldman�Cousins] . (8c)

Here we can see again a ⇠ 10% agreement between
Bayesian and frequentist approaches.

Finally, we can compare our Bayesian bounds with
other recent studies. In particular, our limit for the
PlanckPR3+DESI+Pantheon perfectly agrees with the
one reported in [9]. Ref. [10] also presented analy-
ses including various versions of the new Planck like-
lihoods. For the data combination Plik+DESI and
HiLLiPoP+DESI (with or without SN), we find bounds
that are ⇠ 10 � 20% looser that those reported in [10].
However, for the case HiLLiPoP+SDSS/DESI we find
the same limit as [10]. Given that we agree with Ref. [9]
when the very same data is considered, but also with
Ref. [10] when a subset of the DESI data set is consid-
ered, we conjecture that the di↵erences in the limits may
stem from a di↵erent implementation of the full DESI
likelihood. Our implementation matches the one in the
Cobaya public repository [85].
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FIG. 6. Neutrino mass profile likelihoods for Planck+DESI-Y1+Pantheon+ data set combinations. We show ⇤CDM in black,
varying the equation of state of dark energy in green, and allowing for Alens to vary in blue. In the left panel we show the
results for plik, in the middle for CamSpec and in the right panel for Hillipop. We clearly see a similar behaviour for all of
them and the potential preference for a negative best fit to dissapear when the equation of state of dark energy is allowed to
vary.

This is because the DESI collaboration used more con-
straining CMB lensing data, combining Planck lensing
PR4 with ACT lensing, rather than Planck lensing PR3
as we do here. Nevertheless, we do not expect that using
this lensing data would change the overall trend.

So far we have included in our analyses value for neu-
trino masses down to the massless limit,

P
m⌫ = 0,

but we know from the laboratory that there are phys-
ical boundaries at either

P
m⌫ = 0.06 eV for NO or atP

m⌫ = 0.10 eV for IO. To gauge the impact of those
experimental lower limits on the cosmological neutrino
mass bound, we run dedicated Bayesian analyses restrict-
ing the prior to

P
m⌫ following either the NO or IO con-

straints. For the frequentist limit, it is su�cient to con-
sider these boundaries as lower limits in our ��

2 curves.
This procedure yields:

X
m⌫ < 0.121 eV [NO�Bayesian] , (6a)

X
m⌫ < 0.106 eV [NO�Bounded�Likelihood] , (6b)

X
m⌫ < 0.096 eV [NO�Feldman�Cousins] , (6c)

and for the inverted ordering case:
X

m⌫ < 0.152 eV [IO�Bayesian] , (7a)
X

m⌫ < 0.138 eV [IO�Bounded�Likelihood] , (7b)
X

m⌫ < 0.127 eV [IO�Feldman�Cousins] . (7c)

Since in these scenarios the physical boundary is further
away from the best fit of the ��

2, the Feldman-Cousins
correction becomes more relevant and we observe a larger
di↵erence compared to the naive bound one would derive
simply assuming the applicability of Wilk’s theorem, al-
though it is still within 10%. The di↵erence between the
frequentist and Bayesian constraints also increases, with
up to 20% di↵erence between the Feldman-Cousins result
and the Bayesian posterior. Let us stress that, for this

particular dataset, the inverted ordering assumption has
a p�value of only 1%.

Importantly, we have highlighted before that there
are two e↵ects that significantly pull the bound on
the neutrino mass in Eq. (1): i) the lensing anomaly
present in some of the Planck likelihoods, and ii)
the outliers in DESI-Y1 at z = 0.7. In this con-
text, to be maximally conservative, one can consider
the combination of HiLLiPoP+DESIY1no07 for which
there is no lensing anomaly in the Planck likelihood
and where the outliers in DESI-Y1 data have been re-
moved. The relevant Bayesian and frequentist limits from
HiLLiPoP+DESIY1no07 read:

X
m⌫ < 0.125 eV [Bayesian] , (8a)

X
m⌫ < 0.114 eV [Bounded�Likelihood] , (8b)

X
m⌫ < 0.114 eV [Feldman�Cousins] . (8c)

Here we can see again a ⇠ 10% agreement between
Bayesian and frequentist approaches.

Finally, we can compare our Bayesian bounds with
other recent studies. In particular, our limit for the
PlanckPR3+DESI+Pantheon perfectly agrees with the
one reported in [9]. Ref. [10] also presented analy-
ses including various versions of the new Planck like-
lihoods. For the data combination Plik+DESI and
HiLLiPoP+DESI (with or without SN), we find bounds
that are ⇠ 10 � 20% looser that those reported in [10].
However, for the case HiLLiPoP+SDSS/DESI we find
the same limit as [10]. Given that we agree with Ref. [9]
when the very same data is considered, but also with
Ref. [10] when a subset of the DESI data set is consid-
ered, we conjecture that the di↵erences in the limits may
stem from a di↵erent implementation of the full DESI
likelihood. Our implementation matches the one in the
Cobaya public repository [85].

Σmν ∈ [0.06 − 3 eV]

In addition, in frequentist statistics, when close to a physical boundary 
statistical statements should be taken with care
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Not only the bounds are stringent but there is no sign for a non-
zero neutrino mass when combining with other data sets! 

Naredo-Tuero et al. [2407.13831]

σ(mν) ≃ 0.06 eV
current sensitivity:

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]

see also Wang et al. [2405.03368]

What about other data sets?
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Cosmological model dependence?
The bound is actually fairly robust upon standard modifications to the 
cosmological model. E.g.: the bound doesn’t change if one alters Neff

The bound does change if one allows for more freedom in the Dark Energy 
sector with a time-dependent equation of state of dark energy:

The bound doesn’t change if one allows to vary the equation of state of dark 
energy 

Elbers, Frenk, Jenkins & Pascoli [2407.10965]Naredo-Tuero et al. [2407.13831]

Still, the limit is ∑ mν ≲ 0.2 eV
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Cosmological Model Dependence
Non-standard Neutrino Cosmologies:

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

Non-standard 
Neutrino Populations

Tν < TSM
ν + DR

Oldengott et al. 1901.04352
∑ mν < 3 eV

∑ mν < 3 eV
Farzan & Hannestad 1510.02201

Alvey, Escudero & Sabti 2111.12726

<pν > > 3.15 TSM
ν

Escudero, Schwetz & Terol-Calvo 2211.01729
Benso, Schwetz & Vatsyayan 2410.23926

But Why? and How?

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

Sen & Smirnov 2306.15718, 2407.02462

Medium induced neutrino massesAbellán, 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, López-Pavón, Rius & Sandner 2007.04994

∑ mν ≲ 0.2 eV

νi → ν4 ϕ

νi → νj ϕ

at least:

https://arxiv.org/abs/2111.12726
https://arxiv.org/abs/2211.01729
https://arxiv.org/abs/2203.09075
https://arxiv.org/abs/2011.01502
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✓s ⌘ rs/DM (z?)

rs =

Z 1

z?

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

<latexit sha1_base64="7lHgO1RcWCoxQd27trsvcT3cDUc=">AAACAXicbVBNS8NAEN34WetX1IvgZbEInmoiBfVW9OKxgmkLTQib7aZdutmE3YlQSr34V7x4UMSr/8Kb/8Ztm4O2Phh4vDfDzLwoE1yD43xbS8srq2vrpY3y5tb2zq69t9/Uaa4o82gqUtWOiGaCS+YBB8HamWIkiQRrRYObid96YErzVN7DMGNBQnqSx5wSMFJoH/pA8tCXOfYF01rzBEPonblOaFecqjMFXiRuQSqoQCO0v/xuSvOESaCCaN1xnQyCEVHAqWDjsp9rlhE6ID3WMVSShOlgNP1gjE+M0sVxqkxJwFP198SIJFoPk8h0JgT6et6biP95nRziy2DEZZYDk3S2KM4FhhRP4sBdrhgFMTSEUMXNrZj2iSIUTGhlE4I7//IiaZ5X3Vr16q5WqV8XcZTQETpGp8hFF6iOblEDeYiiR/SMXtGb9WS9WO/Wx6x1ySpmDtAfWJ8/cT2WPw==</latexit>

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

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

Ων(z)

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, López-Pavón, Rius & Sandner 2007.04994

Non-standard 
Neutrino Populations

Tν < TSM
ν

Escudero, Schwetz & Terol-Calvo 2211.01729
Benso, Schwetz & Vatsyayan 2410.23926

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

∑ mν < 0.2 eV

νi → ν4 ϕ

νi → νj ϕ

at least:

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

Sen & Smirnov 2306.15718, 2407.02462

Medium induced neutrino masses

https://arxiv.org/abs/2203.09075
https://arxiv.org/abs/2011.01502
https://arxiv.org/abs/2211.01729
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Γν ≃ λ2mν ≳ H0 ∼ 10−33 eV

⌫i

⌫4

�

⌫i

⌫j

�

λ ≃ mν

v
∼ 10−15

v ≲ 100 TeV
see e.g. Gelmini & Valle PLB 
142 (1984) 181 for a model

λ ≃ y
mD

MN
∼ 10−15

MN ∼ 1013 GeV natural seesaw 
window

see Escudero, López-Pavón, 
Rius & Sandner 2007.04994

http://arxiv.org/abs/arXiv:2007.04994
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 Decaysνi → νj ϕ

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 sterile neutrinos and horizontal 
global and spontaneously broken flavor symmetries, e.g. Lμ − Lτ see Gelmini & Valle PLB 142 (1984) 181

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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 Decaysνi → ν4 ϕ Can relax the bounds significantly
Have an almost massless sterile state but that:

1) Does not to spoil the neutrino mass mechanism
2) Is weakly coupled so that evades constraints on U𝛂4
3) But not so weakly coupled so that 𝞽𝛎 < 0.1 tU

L = y�NRSL

<latexit sha1_base64="rrbc2V7DH3M7j3dBKuUfbN0VDrw="></latexit>
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<latexit sha1_base64="qzTrSgxzXjN/OsucaJ7wEUAVoTc="></latexit>

Simple solution:
Add global U(1)X symmetry with a scalar field and a singlet left-handed state SL

Escudero, López-Pavón, Rius & Sandner 2007.04994

Seesaw mechanism at play
Provided y↵v� ⌧ mD

<latexit sha1_base64="+KfJKtwzVqyPWYF7u43zA/E9R20=">AAACAHicbVDLSsNAFJ3UV62vqAsXigwWwVVJRFB3RV24bME+oAlhMp00Q2eSMDMphNCN4Je4caGIu+JnuPMb/Amnj4VWD1w4nHMv997jJ4xKZVmfRmFhcWl5pbhaWlvf2Nwyt3eaMk4FJg0cs1i0fSQJoxFpKKoYaSeCIO4z0vL712O/NSBC0ji6U1lCXI56EQ0oRkpLnrmXeQ5iSYjgwHNqIYUOY5B7N55ZtirWBPAvsWekXD0Y1b8eDkc1z/xwujFOOYkUZkjKjm0lys2RUBQzMiw5qSQJwn3UIx1NI8SJdPPJA0N4rJUuDGKhK1Jwov6cyBGXMuO+7uRIhXLeG4v/eZ1UBRduTqMkVSTC00VByqCK4TgN2KWCYMUyTRAWVN8KcYgEwkpnVtIh2PMv/yXN04p9Vrms6zSuwBRFsA+OwAmwwTmogltQAw2AwRA8gmfwYtwbT8ar8TZtLRizmV3wC8b7N49pmXQ=</latexit>

m⌫ ' m2
D/MR
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Right 𝛎4 properties: U↵4 ⇠ y↵v�
mD

⌧ 1
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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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We have strong, albeit indirect evidence that the Cosmic Neutrino 
Background should be there as predicted in the Standard Model

Current cosmological neutrino mass bounds are very stringent. They are 
getting very close to the minimum expected values from the laboratory

Given our assessment of possible systematic effects and statistical 
fluctuations we believe that there is currently no significant tension 
with laboratory

∑ mν < 0.13 eV at 95% CL seems like a 
conservative bound within ΛCDM

Cosmological bounds can be significantly relaxed in extensions of 
ΛCDM. The only thing that cosmological observations can constrain is 
the energy density in neutrinos.

2007.04994:

https://arxiv.org/abs/2007.04994
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The ongoing generation of galaxy surveys in combination with CMB 
data are expected to measure the neutrino mass if the Universe is 
governed by a ΛCDM cosmology

DESI EUCLID1611.00036 1110.3193

DESI-Y3 BAO data has already been collected. Its analysis will be presented next 
year. This data release will clearly close the possibility of statistical fluctuations 
being behind the strong bound on the neutrino mass.

Euclid will provide also key information into the game in a couple of years.
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Cepheids+SN typeIa: H0 = 73.0 ± 1.0 km/s/Mpc
H0 = 67.7 ± 0.4 km/s/MpcPlanck+BAO:

1) Will alter our 
inferences about 
neutrinos

2) Reduces our 
confidence on the 
standard cosmological 
model

Planck Collaboration: Cosmological parameters
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Fig. 34. Samples from Planck TT,TE,EE+lowE chains in theP
m⌫–H0 plane, colour-coded by �8. Solid black contours

show the constraints from Planck TT,TE,EE+lowE+lensing,
while dashed blue lines show the joint constraint from Planck
TT,TE,EE+lowE+lensing+BAO, and the dashed green lines ad-
ditionally marginalize over Ne↵ . The grey band on the left shows
the region with

P
m⌫ < 0.056 eV ruled out by neutrino oscilla-

tion experiments. Mass splittings observed in neutrino oscilla-
tion experiments also imply that the region left of the dotted ver-
tical line can only be a normal hierarchy (NH), while the region
to the right could be either the normal hierarchy or an inverted
hierarchy (IH).

scales where the suppression caused by neutrinos is expected
to be significant) the measurements are substantially more dif-
ficult to model and interpret than the CMB and BAO data. Our
95 % limit of

P
m⌫ < 0.12 eV starts to put pressure on the in-

verted mass hierarchy (which requires
P

m⌫ >⇠ 0.1 eV) indepen-
dently of Ly↵ data. This is consistent with constraints from neu-
trino laboratory experiments which also slightly prefer the nor-
mal hierarchy at 2–3� (Adamson et al. 2017; Abe et al. 2018;
Capozzi et al. 2018; de Salas et al. 2018a,b).

7.5.2. Effective number of relativistic species

New light particles appear in many extensions of the Standard
Model of particle physics. Additional dark relativistic degrees
of freedom are usually parameterized by Ne↵ , defined so that
the total relativistic energy density well after electron-positron
annihilation is given by

⇢rad = Ne↵
7
8

 
4

11

!4/3

⇢�. (64)

The standard cosmological model has Ne↵ ⇡ 3.046,
slightly larger than 3 since the three standard model neu-
trinos were not completely decoupled at electron-positron
annihilation (Gnedin & Gnedin 1998; Mangano et al. 2005;
de Salas & Pastor 2016).

We can treat any additional massless particles produced well
before recombination (that neither interact nor decay) as simply
an additional contribution to Ne↵ . Any species that was initially
in thermal equilibrium with the Standard Model particles pro-
duces a �Ne↵ (⌘ Ne↵ � 3.046) that depends only on the number
of degrees of freedom and decoupling temperature. Using con-

Fig. 35. Samples from Planck TT,TE,EE+lowE chains in
the Ne↵–H0 plane, colour-coded by �8. The grey bands
show the local Hubble parameter measurement H0 =
(73.45 ± 1.66) km s�1Mpc�1 from Riess et al. (2018a). Solid
black contours show the constraints from Planck TT,TE,EE
+lowE+lensing+BAO, while dashed lines the joint constraint
also including Riess et al. (2018a). Models with Ne↵ < 3.046
(left of the solid vertical line) require photon heating after neu-
trino decoupling or incomplete thermalization.

servation of entropy, fully thermalized relics with g degrees of
freedom contribute

�Ne↵ = g
"

43
4 gs

#4/3

⇥

(
4/7 boson,
1/2 fermion, (65)

where gs is the e↵ective degrees of freedom for the entropy of
the other thermalized relativistic species that are present when
they decouple.38 Examples range from a fully thermalized ster-
ile neutrino decoupling at 1 <

⇠
T <
⇠

100 MeV, which produces
�Ne↵ = 1, to a thermalized boson decoupling before top quark
freeze-out, which produces �Ne↵ ⇡ 0.027.

Additional radiation does not need to be fully thermalized, in
which case �Ne↵ must be computed on a model-by-model basis.
We follow a phenomenological approach in which we treat Ne↵
as a free parameter. We allow Ne↵ < 3.046 for completeness,
corresponding to standard neutrinos having a lower temperature
than expected, even though such models are less well motivated
theoretically.

The 2018 Planck data are still entirely consistent with Ne↵ ⇡
3.046, with the new low-` polarization constraint lowering the
2015 central value slightly and with a corresponding 10 % re-
duction in the error bar, giving

Ne↵ = 3.00+0.57
�0.53 (95 %, Planck TT+lowE), (66a)

Ne↵ = 2.92+0.36
�0.37 (95 %, Planck TT,TE,EE+lowE), (66b)

with similar results including lensing. Modifying the relativis-
tic energy density before recombination changes the sound hori-
zon, which is partly degenerate with changes in the late-time ge-
ometry. Although the physical acoustic scale measured by BAO

38For most of the thermal history gs ⇡ g⇤, where g⇤ is the e↵ective
degrees of freedom for density, but they can di↵er slightly, for example
during the QCD phase transition (Borsanyi et al. 2016) .
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Planck 2018: 1807.06209

Riess et al. [2112.04510]

Planck [1807.06209]

> 5σ discrepancy!

3) If true, can neutrinos 
or particles related to 
them be at its origin?
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Standard Model Prediction
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Current knowledge:
∑ mν ≲ 0.2 eVNeff = 3.0 ± 0.3 (Planck/BBN)

(Planck+BAO)
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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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⌫
Time for Questions and Comments

Thank you for your attention!
miguel.escudero@cern.ch

mailto:miguel.escudero@cern.ch

