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The Story of Neutrinos is a 
Story of Success!

“I have done a terrible thing, I have postulated a 
particle that cannot be detected” 

— Wolfgang Pauli —…

• 1930 — Wolfgang Pauli Postulates the existence of Neutrinos 

• 1956 — Discovery of Electron Neutrino by C. Cowan and F. Reines 

• 1958 — Neutrino oscillation hypotesis by Pontecorvo 

• 1962 — Discovery of the Muon Neutrino by Lederman, Schwartz & Steinberger 

• 1998 — Discovery of Atmospheric Neutrino Oscillations by Super Kamiokande 

• 2000 — Discovery of the Tau neutrino by DONUT at Fermilab 

• 2001 — Discovery of solar neutrino oscillations by Sudbury Neutrino Observatory



• Now — Neutrino Astrophysics and Cosmology by Planck, ACT, SDSS, DESI, and many 
other cosmological and astrophysical surveys

…
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How Many νs ?

The amount of the radiation energy density is commonly parameterized in terms 
of the effective number of relativistic degrees of freedom

Ωr ≃ Ωγ (1 + 0.23 Neff)

• BBN: A higher  during BBN implies a larger freeze-out temperature of the 
weak interactions and so: 
 

1) A higher neutron-to-proton ratio 
 

2) A larger fraction of primordial Helium and Deuterium 
 

3) A higher fraction of other primordial elements with respect to hydrogen.

Neff

ΔNeff ≲ 0.3

In the Standard model of cosmology and Particle physics .  A larger 
 will increase 

Neff = 3.04
Neff H(z) ∝ [Ωr ⋅ (1 + z)4]1/2

Number of Neutrino Species

WG, M. Forconi et al. — MNRAS 520 (2023) 2 • arXiv: 2210.14159 

https://arxiv.org/abs/2210.14159


The amount of the radiation energy density is commonly parameterized in terms 
of the effective number of relativistic degrees of freedom

Ωr ≃ Ωγ (1 + 0.23 Neff)
In the Standard model of cosmology and Particle physics .  A larger 

 will increase 
Neff = 3.04

Neff H(z) ∝ [Ωr ⋅ (1 + z)4]1/2

Higher first peaks

Shift toward high-ℓ

Shift toward high-ℓ

Higher first peaks

Higher first peaks

Shift toward high-ℓ

• CMB: a higher  at recombination implies: 
 

1) Changing the matter-radiation equivalence and enhancing the early ISW. 
This contributes to the primary anisotropy, increasing the first acoustic peaks.   
 

2) Reducing the sound horizon and the angular scale of the acoustic peaks. 
This gives a horizontal shift of the peak positions towards higher multipoles.
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How Many νs ?

• CMB: a higher  at recombination implies: 
 

1) Changing the matter-radiation equivalence and enhancing the early ISW. 
This contributes to the primary anisotropy, increasing the first acoustic peaks.   
 

2) Reducing the sound horizon and the angular scale of the acoustic peaks. 
This gives a horizontal shift of the peak positions towards higher multipoles.
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ΔNeff ≲ 0.3

https://arxiv.org/abs/2404.11182


Total Neutrino Mass and Ordering

Neutrino oscillations measured at terrestrial experiments indicate that at least two 
neutrinos are massive:


- Atmospheric splitting: 


- Solar splitting: 


Since the sign of is unknown, two mass orderings are possible:


1) Normal Ordering (  )


2) Inverted Ordering (  )

|Δm2
3,1 | = |m2

3 − m2
1 | ∼ 2.55 × 10−3 eV2

Δm2
2,1 = m2

2 − m2
1 ∼ 7.5 × 10−5 eV2

|Δm2
3,1 |

m1 < m2 < m3

m3 < m1 < m2

Credit: Figure taken from S. Vagnozzi — Weight them all!

How Massive νs ?
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If we set the mass of the lightest neutrino and set it to , within the two 
orderings, we get a lowerlimit on the total mass from neutrino oscillations


1) Normal Ordering:   

2) Inverted Ordering:  

mlight = 0

∑ mν > 0.06 eV

∑ mν > 0.1 eV

Credit: Figure taken from S. Vagnozzi — Weight them all!

How Massive νs ?

https://inspirehep.net/files/3230e2f65d0ef24c1803a07014a74283


The total neutrino mass  impacts the CMB in various ways:

 

1) it boosts the late-time non-relativistic density, affecting the scale-angle 
relations on the last scattering surface and the late ISW effects. 

2) affects the non-relativistic transition of neutrinos by changing the pressure-to-
density ratio and causing metric fluctuations observable in the early ISW effect. 

3) it reduces weak lensing effects on the CMB by suppressing the matter 
power spectrum and CMB spectra at small scales.

∑ mν

How Massive νs ?

Early Universe Constraints

∑ mν < 0.24 eV  Planck - (TT TE EE) + lensing

Planck 2018 results. VI 
[arXiv:1807.06209]
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Smearing at high-  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ℓ
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(lensing)

ℓ

Smearing at high-  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ℓ

https://arxiv.org/abs/1807.06209


NO

Neff = 3.04

NO or IO

Tension with Oscillation experiments  ∑ mν < 0.06

We can do better!
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Early Universe Constraints

https://arxiv.org/abs/1807.06209


How Massive νs ?

Late Universe Constraints

How can we improve the CMB limit on Neutrinos? 

1) Neutrinos will become non-relativistic particles, contributing to the matter 
energy density at late times. Depending on their mass, they will alter cosmic 
distances, measured by BAO and, in part, Supernovae.
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How Massive νs ?

Late Universe Constraints

WG, et. al— PRD 108 (2023) 10, 103539 • arXiv: 2307.14204 

Local probes are approaching a level of precision comparable to CMB.

https://arxiv.org/abs/2307.14204


DESI 2024 VI — [arXiv:2404.03002]

How Massive νs ?

Mass and Ordering After DESI BAO

• CMB+DESI-DR1:   

• Oscillation Experiments NO:  

• Oscillation Experiments IO:

∑ mν < 0.072 eV

∑ mν > 0.06 eV

∑ mν > 0.1 eV

https://arxiv.org/abs/2404.03002


How Massive νs ?
Jun-Qian Jiang, WG, et. al., [arXiv: 2407.18047]

Mass and Ordering After DESI BAO

– We pushed the mass limit as far as possible, considering different datasets.


– We quantified the Bayesian ratio between NO and IO: strong preference for NO.


– We quantified the tension between cosmological and terrestrial experiments

https://arxiv.org/abs/2407.18047


How Massive νs ?

Mass and Ordering After DESI BAO

DESI 2025 — [arXiv:2503.14738]

• CMB+DESI-DR2:   

• Oscillation Experiments NO:  

• Oscillation Experiments IO:

∑ mν < 0.064 eV

∑ mν > 0.06 eV

∑ mν > 0.1 eV

https://arxiv.org/abs/2404.14738


How Massive νs ?

Possible Implications

WG & E. Di Valentino — in preparation

– Undetected systematics in DESI BAO Data (e,g, BAO at z~0.7 in 3σ tension with SDSS)
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How Massive νs ?

Possible Implications

– Undetected systematics in DESI BAO Data (e,g, BAO at z~0.7 in 3σ tension with SDSS)


– Undetected systematics in CMB Data (e.g., lensing anomaly).


– New Physics Beyond ΛCDM (e.g., Dynamical Dark Energy)



Neutrino Cosmology  

• Cosmology is a powerful tool for constraining neutrino properties such as ν-species, mass, and ordering. 

• Caveat: weak-to-relevant dependence on the overall cosmological model.


Neutrino Species 

• Most recent BBN data are in good agreement with 3-ν families, constraining 

• Most recent CMB data are in good agreement with 3-ν families, constraining 

• Modest dependence on the overall model of cosmology! 

Neutrino Mass & Ordering  

• Post-DESI neutrino mass limits strongly disfavor the IO  (assuming ΛCDM cosmology)

• Post-DESI neutrino mass upper limit  is extremely close to the lower limit  by oscillation experiments! 

Status and Prospects 

• Possible systematics in DESI BAO data (e.g., DESI datapoint at z=0.706)

• Possible systematics in CMB data (e.g., lensing anomaly)

• Possible hints of New Physics (e.g., Dynamical Dark Energy) 

Conservative Cosmological mass limit:  (but significant model dependence: within a factor of 3)

ΔNeff ≲ 0.3
ΔNeff ≲ 0.3

∑ mν < 0.064 eV ∑ mν > 0.06 eV

∑ mν < 0.2 eV

Outlooks and Conclusions

Thank You!
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Neutrino Cosmology 
Before DESI BAO
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Most constraining limits from independent CMB experiments

* From Planck + lensing + pantheon-plus + DR12 (BAO+RSD) + DR16 (BAO only)  
as reported in Di Valentino et al. [arXiv: 2106.15267]

*

https://arxiv.org/abs/2106.15267


Neutrino Cosmology 
After DESI BAO

Total Neutrino Mass and Ordering

– We pushed the mass limit as far as possible, considering different datasets.


Jun-Qian Jiang, WG, et. al., [arXiv: 2407.18047]

https://arxiv.org/abs/2407.18047


Neutrino Cosmology 
After DESI BAO

Total Neutrino Mass and Ordering

CAVEATS

Jun-Qian Jiang, WG, et. al., [arXiv: 2407.18047]

https://arxiv.org/abs/2407.18047


Handle New Physics with care!



SuspiciousnessΔ-statisticsQ- Statistics

Statistical Metrics Jun-Qian Jiang, WG, et. al., [arXiv: 2407.18047]

https://arxiv.org/abs/2407.18047


LENSING ANOMALY  
VS NEUTRINO MASS
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 Background Expansion

Rμν −
1
2

gμνR + Λgμν =
8πG
c4

Tμν

H2(z) = H2
0 [Ωr ⋅ (1 + z)4 + Ωm ⋅ (1 + z)3 + ΩΛ]

Gμν =
8πG
c4

Tμν

H2(z) = H2
0 [Ωr ⋅ (1 + z)4 + Ωm ⋅ (1 + z)3 + ΩDE(z)]

 is a generic DE component with 

• Energy density:  

• Pressure: 


• Equation of State (EoS):  
 

As for inflation, we get an accelerated phase of expansion if 

ΩDE(z)

ρDE(z)

PDE(z)

w(z) =
PDE(z)
ρDE(z)

w(z) < − 1/3

 is a Cosmological Constant term. Assumption is not free from limitations:


• Asymptotical cosmology: A positive Λ implies living in an asymptotically de 
Sitter universe, which seems to contrast with several theories/models of 
quantum gravity proposing instead an asymptotically anti-de Sitter universe 

• Physical interpretation: Based on QFT calculations, one would expect a 
zero-point energy density 1050 to 10120 orders of magnitude larger than what is 
inferred by cosmological data 

• Why Now?: Why are we so lucky to live precisely in the cosmic epoch when 
such a constant component came to be dominant?


ΩΛ

?
Modified Gravity?

Non-standard component?  
—e.g., scalar field(s), fluid(s), etc. —



 Background Expansion

Rμν −
1
2

gμνR + Λgμν =
8πG
c4

Tμν

H2(z) = H2
0 [Ωr ⋅ (1 + z)4 + Ωm ⋅ (1 + z)3 + ΩΛ]

Gμν =
8πG
c4

Tμν

H2(z) = H2
0 [Ωr ⋅ (1 + z)4 + Ωm ⋅ (1 + z)3 + ΩDE(z)]

DL(z) = (1 + z)2 DA(z) ∝ ∫
z

0
dz′￼H(z′￼)−1

Cosmological Distances

Angular Diameter  
Distance

Distance Duality Relation

Luminosity  
Distance

Expansion History of the Unierse

?



Measuring Cosmic Distances

Baryon Acoustic Oscillations

• The comoving angular diameter distance , i.e., the spatial 
distance between two objects in the direction perpendicular to the line-of-sight; 

• The line-of-sight distance , i.e., the distance along the line-of-
sight between an observer and an object; 


• The volume-averaged distance , i.e., the quantity to 
which isotropic BAO measurements are sensitive. 

• Require calibration: all the distances relative to the sound horizon at the Drag 
epoch

DM(z) = DA(z)(1 + z)

DH(z) = c/H(z)

DV(z) = [zDH(z)D2
M(z)]1/3

Type Ia Supernovae

• Distance Moduli:  

• Require calibration:  where  is the observed magnitude 
of SN at that given  while  is the absolute magnitude defined as the apparent 
magnitude at 10 parsec


μ(z)th = 5 log10 ( DL(z)
10 pc ) − 5

μ(z)obs = m(z) − M m(z)
z M
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Evidence (?) For  
Dynamical Dark Energy 

TAKE-AWAY RESULTS: 

• We test the preference for Evolving DE against different parametrizations of  

• Preference for  always confirmed

w(z)

w(z) ≠ − 1

w(a) = w0 + wa ⋅ (1 − a)

w(a) = (w0 − wa) + wa ⋅ e(1−a)

w(a) = w0 + wa × a (1 − a)

w(a) = w0 − wa ⋅ ln a

w(a) = w0 + wa ×
1 − a

a2 + (1 − a)2

Chevallier-Polarski-Linder

Exponential

Jassal-Bagla-Padmanabhan

Logarithmic

Barboza-Alcaniz



Evidence (?) For  
Dynamical Dark Energy 

TAKE-AWAY RESULTS: 
• All parametrizations and datasets produce a preference for a present-day 

quintessence EoS:  …  

• … That crossed the phantom divide in the past somewhen around  

w(z0) > − 1

z > zc ∼ 0.3
⇒ w(z > zc) < − 1

Quintessence w(z) > − 1

Phantom  w(z) < − 1

Phantom  w(z) < − 1

Quintessence w(z) > − 1
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Phantom  w(z) < − 1

Phantom  w(z) < − 1

Phantom  w(z) < − 1

Quintessence w(z) > − 1

Quintessence w(z) > − 1



Evidence (?) For  
Dynamical Dark Energy 

POSSIBLE CAVEATS: 
• DESI BAO are preliminary measurements released after 1year of observations 

• Some BAO and/or SN catalogs are argued to be affected by possible systematics 

• Preference weekend by CMB data other than Planck  

• Planck large-scale (E-mode polarization) measurements strengthen the preference



Evidence (?) For  
Dynamical Dark Energy 

1σ
2σ

3σ

UPS and DOWNS: 
• The strength of the preference can change significantly with the specific 

dataset… 



Evidence (?) For  
Dynamical Dark Energy 

UPS and DOWNS: 
• The strength of the preference can change significantly with the specific 

dataset… 

• … but it is found in (independent) most constraining combinations



Hints of New Physics?



Imprints in the Early Universe

The amount of the radiation energy density is commonly parameterized in terms 
of the effective number of relativistic degrees of freedom

Ωr ≃ Ωγ (1 + 0.23 Neff)
In the Standard model of cosmology and Particle physics .  A larger 

 will increase 
Neff = 3.04

Neff H(z) ∝ [Ωr ⋅ (1 + z)4]1/2

• CMB: a higher  at recombination implies: 
 

1) Changing the matter-radiation equivalence and enhancing the early ISW. 
This contributes to the primary anisotropy, increasing the first acoustic peaks.   
 

2) Reducing the sound horizon and the angular scale of the acoustic peaks. 
This gives a horizontal shift of the peak positions towards higher multipoles.

Neff

ΔNeff < 0.34

Number of Neutrino Species

Planck 2018 results. VI 
[arXiv:1807.06209]

https://arxiv.org/abs/1807.06209
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Number of Neutrino Species

https://arxiv.org/abs/2404.12779

