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Limits on neutrino masses: 
Tension between terrestrial and cosmological results
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 2015 Nobel Physics Prize to Takaaki Kajita and Arthur B. McDonald  
“for the discovery of neutrino oscillations, which shows that neutrinos have mass. [...] 
New discoveries about the deepest neutrino secrets are expected to change our current 
understanding of the history, structure and future fate of the Universe”"  



Our ( CDM) universe todayΛ

Dark energy 70%

Dark matter 25%

Stars 0.5%

Hidrogen & Helium 4%

 Heavy elements 0.03%

0.1 %≲ Neutrinos ≲0.3%

 Cosmic Microwave Background 0.001%

?

https://www.google.com/imgres?imgurl=https%3A%2F%2Fimg.purch.com%2Frc%2F300x200%2FaHR0cDovL3d3dy5zcGFjZS5jb20vaW1hZ2VzL2kvMDAwLzAwMC8xMjYvb3JpZ2luYWwvY2hpbGUtZWFydGhxdWFrZS1lYXJ0aC1kYXlzMi0xMDAzMDItMDIuanBn&imgrefurl=https%3A%2F%2Fwww.space.com%2F54-earth-history-composition-and-atmosphere.html&docid=Pwd-8dnndtvvyM&tbnid=QE8JV78Ojxx4CM%3A&vet=10ahUKEwiRib3Zte3bAhVi6YMKHablDp4QMwgyKAAwAA..i&w=300&h=200&client=firefox-b-ab&bih=700&biw=1571&q=earth%20planet&ved=0ahUKEwiRib3Zte3bAhVi6YMKHablDp4QMwgyKAAwAA&iact=mrc&uact=8
https://www.google.com/imgres?imgurl=https%3A%2F%2Fwww.nationalgeographic.com%2Fcontent%2Fdam%2Fscience%2Fphotos%2F000%2F012%2F1230.ngsversion.1488483024625.adapt.1900.1.jpg&imgrefurl=https%3A%2F%2Fwww.nationalgeographic.com%2Fscience%2Fspace%2Funiverse%2Fstars%2F&docid=6aSwre4su3YNUM&tbnid=Z1PlzD7bv00CCM%3A&vet=10ahUKEwj7vb3yte3bAhUOiIMKHe_4Bb0QMwg7KAQwBA..i&w=1900&h=1425&client=firefox-b-ab&bih=700&biw=1571&q=stars&ved=0ahUKEwj7vb3yte3bAhUOiIMKHe_4Bb0QMwg7KAQwBA&iact=mrc&uact=8
https://www.google.com/imgres?imgurl=https%3A%2F%2Fd1o50x50snmhul.cloudfront.net%2Fwp-content%2Fuploads%2F2007%2F12%2Fdn12996-1_500.jpg&imgrefurl=https%3A%2F%2Fwww.newscientist.com%2Farticle%2Fdn12996-universes-first-stars-may-have-been-dark%2F&docid=D7xF2jkUrfrfiM&tbnid=Qdsk-QvFk3z8mM%3A&vet=10ahUKEwjm-trNtu3bAhWJ6IMKHR6cCRIQMwg_KAIwAg..i&w=500&h=410&client=firefox-b-ab&bih=700&biw=1571&q=hydrogen%20and%20helium%20clouds&ved=0ahUKEwjm-trNtu3bAhWJ6IMKHR6cCRIQMwg_KAIwAg&iact=mrc&uact=8
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According to neutrino oscillation physics, we know that there are at least two 
Dirac or Majorana massive neutrinos:  
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 Credits: S. Gariazzo

Δm2
21 = (6.94 − 8.14) × 10−5 eV2

|Δm2
31 |NO = (2.47 − 2.63) × 10−3 eV2

|Δm2
31 |IO = (2.37 − 2.53) × 10−3 eV2



Oscillation measurements of the mass splittings translate into a lower bound for 
the neutrino mass, depending on the mass ordering:
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We are sure then that two neutrinos have a mass above:  

and that at least one of these neutrinos has a mass larger than

Δm2
21 ≃ 0.008 eV

|Δm2
31 | ≃ 0.05 eV
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          Early Integrated Sachs Wolfe effect (ISW).

          Shift in the angular position of the peaks.
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horizontal shift

m⌫ = 2 eV

m⌫ = 1 eV

m⌫ = 0.5 eV

CMB: Σmν  



          Early Integrated Sachs Wolfe effect (ISW).

          Shift in the angular position of the peaks.
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CMB: Σmν  



Strong degeneracy between Σmν  and the Hubble constant H0!
Planck Collaboration: Cosmological parameters

if we add CMB lensing, since the lensing measurements restrict
the lensing amplitude to values closer to those expected in base
⇤CDM.

The combination of the acoustic scale measured by the CMB
(✓MC) and BAO data is su�cient to largely determine the back-
ground geometry in the ⇤CDM+

P
m⌫ model, since the lower-

redshift BAO data break the geometric degeneracy. Combining
BAO data with the CMB lensing reconstruction power spectrum
(with priors on ⌦bh

2 and ns, following PL2015), the neutrino
mass can also be constrained to be
X

m⌫ < 0.60 eV (95 %, Planck lensing+BAO+✓MC). (61)

This number is consistent with the tighter constraints using the
CMB power spectra, and almost independent of lensing e↵ects
in the CMB spectra; it would hold even if the AL tension dis-
cussed in Sect. 6.2 were interpreted as a sign of unknown resid-
ual systematics. Since the constraint from the CMB power spec-
tra is strongly limited by the geometrical degeneracy, adding
BAO data to the Planck likelihood significantly tightens the neu-
trino mass constraints. Without CMB lensing we find

X
m⌫ < 0.16 eV (95 %, Planck TT+lowE+BAO), (62a)

X
m⌫ < 0.13 eV (95 %, Planck TT,TE,EE+lowE

+BAO), (62b)

and combining with lensing the limits further tighten to

X
m⌫ < 0.13 eV (95 %, Planck TT+lowE+lensing

+BAO), (63a)

X
m⌫ < 0.12 eV (95 %, Planck TT,TE,EE+lowE

+lensing+BAO). (63b)

These combined constraints are almost immune to high-` po-
larization modelling uncertainties, with the CamSpec likelihood
giving the 95 % limit

P
m⌫ < 0.13 eV for Planck TT,TE,EE

+lowE+lensing+BAO.
Adding the Pantheon SNe data marginally tightens the bound

to
P

m⌫ < 0.11 eV (95 %, Planck TT,TE,EE+lowE+lensing
+BAO+Pantheon). In contrast the full DES 1-year data prefer a
slightly lower �8 value than the Planck ⇤CDM best fit, so DES
slightly favours higher neutrino masses, relaxing the bound toP

m⌫ < 0.14 eV (95 %, Planck TT,TE,EE+lowE+lensing+BAO
+DES).

Increasing the neutrino mass leads to lower values of H0, and
hence aggravates the tension with the distance-ladder determina-
tion of Riess et al. (2018a, see Fig. 34). Adding the Riess et al.
(2018a) H0 measurement to Planck will therefore give even
tighter neutrino mass constraints (see the parameter tables in the
PLA), but such constraints should be interpreted cautiously until
the Hubble tension is better understood.

The remarkably tight constraints using CMB and BAO data
are comparable with the latest bounds from combining with
Ly↵ forest data (Palanque-Delabrouille et al. 2015; Yèche et al.
2017). Although Ly↵ is a more direct probe of the neutrino mass
(in the sense that it is sensitive to the matter power spectrum on
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
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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).

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).

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 neutrinos were
not completely decoupled at electron-positron annihilation
(Mangano et al. 2002; 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-
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)

47

Planck Coll. A&A’20



 Credits: ESA and Planck collaboration

 Gravitational Lensing




X
m⌫ < 0.24 eV 95%CLPlanck TTTEEE+lowT+lowE+lensing

CMB: Σmν  

Planck Coll. A&A’20

From I. Esteban
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6 million neutrinos can’t weigh more than 3 electrons  
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Neutrino masses suppress structure formation on scales larger than their free 
streaming scale when they turn non relativistic.

15

Neutrinos with eV or sub-eV masses are HOT relics with LARGE thermal velocities!

Cold dark matter instead has zero velocity and therefore it clusters at any scale!
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Consider a neutrino and a cold dark matter particle encountering two gravitational 
potential wells of different sizes in an expanding universe:

→ Cosmological neutrino mass measurement is based on observing this free-
streaming induced potential decay at λ<< λFS.
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(From Y. Wong)� ⌧ �fs,⌫ ! k � kfs,⌫ � � �fs,⌫ ! k ⌧ kfs,⌫

Large scale structure: Σmν

large velocity dispersion. Using the relativistic Fermi–Dirac distribution (3), we find a rough
estimate of this velocity dispersion:

hvthermali ' 81(1 + z)
✓
eV

m⌫

◆
km s�1. (6)

For a ⇠ 1 eV neutrino, hvthermali ' 100 km s�1 is comparable to the typical velocity dispersion
of a galaxy. For dwarf galaxies, the velocity dispersion is even smaller, ⇠ O(10) km s�1. Thus
the relic neutrinos have much too much thermal energy to be squeezed into small volumes
to form the smaller structures we observe today [10]. In contrast, cold dark matter (CDM)
has by definition hvthermali = 0, and is thus not subject to these constraints.

Nonetheless, even if relic neutrinos cannot form the bulk of the cosmic dark matter,
because their kinematic properties are so di↵erent from those of CDM, their presence at
even the ⌦⌫ ⇠ 0.1% level must leave a signature in the large-scale cosmological observables.
Detecting this signature will then allow us to establish the absolute neutrino mass scale via
equation (5).

In this section, I outline the theoretical framework for predicting the e↵ects of massive
neutrinos on the CMB anisotropies and LSS matter power spectrum via linear perturbation
theory. For more detailed discussions of linear cosmological perturbation theory in general,
see, e.g., [11, 12].

3.1 The homogeneous universe

The observed universe appears to be homogeneous and isotropic on scales of O(100) Mpc.
On these scales space also appears to be expanding. The simplest spacetime metric that
captures these observational features has the form

ds2 = gµ⌫dx
µdx⌫ = a2(⌧)[�d⌧ 2 + �ijdx

idxj], (7)

where ⌧ is the conformal time, and xi .= x are the comoving coordinates. The metric (7),
known as the Friedmann–Lemâıtre–Robertson–Walker (FLRW) metric, forms the basis of
modern cosmology.

The spatial part of the FLRW metric �ij encodes the local geometry of space, which can
be (i) flat and Euclidean, (ii) spherical (i.e., with positive curvature), or (iii) hyperboloid
(i.e., with negative curvature). Currently, there is no observational evidence for spatial
curvature [13]. From a theoretical perspective, it is also di�cult to reconcile spatial curvature
with inflationary cosmology (see, e.g., [14]). We therefore consider only the case of flat spatial
geometry, so that �ij = �ij.

The energy content of the universe is encoded in the stress–energy tensor Tµ⌫ . Homo-
geneity and isotropy imply that there is only one sensible choice,

T µ
⌫ = T̄ µ

⌫ ⌘ diag (�⇢̄, p̄, p̄ , p̄) , (8)

where ⇢̄ and p̄ are the spatially averaged energy density and pressure, respectively, of a
comoving fluid in its rest frame. Expression (8) can be easily generalised to the multi-fluid

7



2021-2022=DESI Y1

Alam et al, SDSS IV Coll. PRD’21

                            Baryon Acoustic Oscillations




Tightest bounds on Σmν  

From I. Esteban

 eV from Planck ∑ mν < 0.24

DESI Collaboration: DESI 2024 VI: Cosmological Constraints from the Measurements of Baryon Acoustic Oscillations
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DES Collaboration, MNRAS’16
2024 absolute neutrino mass status 
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Planck coll. 

95% CL limits

 eV from CMB + DESI BAO Y1∑ mν < 0.072



Tightest bounds on Σmν  

From I. Esteban

 eV from Planck ∑ mν < 0.24

DESI Collaboration: DESI 2024 VI: Cosmological Constraints from the Measurements of Baryon Acoustic Oscillations



Tightest bounds on Σmν  
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From I. Esteban

 eV from Planck ∑ mν < 0.24

 eV from Planck +BAO +SN∑ mν < 0.11

 eV from Planck+ SDSS IV + SN∑ mν < 0.09

CMB+DESI BAO Y1 ∑ mν < 0.072 eV 95 % CL

 eV from CMB + DESI BAO Y1∑ mν < 0.072

DESI Collaboration: DESI 2024 VI: Cosmological Constraints from the Measurements of Baryon Acoustic Oscillations



Tightest bounds on Σmν  

From I. Esteban
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10 millions of the heaviest neutrino can’t weigh more than 1 electron  

DESI Collaboration: DESI 2024 VI: Cosmological Constraints from the Measurements of Baryon Acoustic Oscillations

CMB+DESI BAO Y1 ∑ mν < 0.072 eV 95 % CL



Tightest bounds on Σmν  

Clear tension between oscillation and cosmological neutrino mass bounds

Deng Wang, Olga Mena et al, 2405.03368



Tightest bounds on Σmν  

Clear tension between oscillation and cosmological neutrino mass bounds

Deng Wang, Olga Mena et al, 2405.03368



Mass ordering status (after DESI)



 Tension metrics for Terrestrial-cosmological tension status

Oscillations

KATRIN
m2

ν ≡ ∑ |Uei |
2 m2

i



 Terrestrial-cosmological tension status (after DESI)

2-3σ tension for NO
3-4σ tension for IO



What if also beta/neutrinoless decay detect a signal but cosmology 

prefers Σmν=0?

Neutrino decays
Long-range neutrino interactions 
Time-dependent neutrino masses
Non ideal-gas fluids
……………
Keep thinking in other mechanisms!
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• Neutrino masses@CMB: Early ISW,  gravitational lensing (Planck data) 


• Neutrino masses@LSS: Free-streaming induces a small scale 
suppression, driving the “cosmo-nu-mass-bounds”.


• Σ mν < 0.072eV (95% CL) Planck TTTEEE+lensing+DESI BAO


• Σ mν < 0.043eV (95% CL) Planck TTTEEE+lensing+DESI BAO+ Cosmic 
Chronometers + Galaxy Clusters + GRBs


• Cosmological limits on neutrino properties: EXTREMELY ROBUST.


• Clear tension between cosmological mass limits and terrestrial results


• Crucial to confront future cosmological  mass limits with neutrino 
oscillation results to constrain BSM interactions in the   invisible sector.



• Work developed on computing resources thanks to the MCIU 
with funding from the European Union NextGenerationEU 
(PRTR-C17.I01) and Generalitat Valenciana (ASFAE/2022/020).


