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Neutrinos from the lab
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Qian et al. (2015)

Min. Smn (NH) = 0.058 eV;   Min. Smn (IH)= 0.100 eV

The absolute neutrino mass scale is not yet 
determined by neutrino oscillation data

mb
2 = Si |Uei|2mi

2 < 0.8 eV (90% CL) 

[Aker et al. (2022)]

Sensitivity: 200 meV (90% CL)

Neutrino oscillations Neutrino b-decay                                                                
(Neutrinoless bb-decay only if neutrinos are Majorana)



Neutrinos from the lab
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Invisible decay width of the Z-boson

Nn = 2.9840 ±	 0.0082



Neutrino decoupling:

e+e- annihilations:

A short history of cosmic neutrino background
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2.2 Thermal History
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Figure 2.2: Evolution of the e�ective number of relativistic degrees of freedom and those in
entropy, g⇤(T ) and g⇤S(T ), assuming the SM particle content. We used the state-of-the-art lattice
QCD calculations of [48] for 20MeV . T . 150GeV and numerically evaluated the left-hand sides
of (2.11) and (2.13) otherwise. The small di�erences between g⇤(T ) and g⇤S(T ) for T & 1MeV

arise from non-perturbative QCD e�ects which are not captured in (2.14). The gray bands indicate
the QCD phase transition and neutrino decoupling, and the dotted lines denote some of the mass
scales at which SM particles and anti-particles annihilate.

When describing the thermal history of the universe, it is convenient to track conserved
thermodynamic quantities. According to the second law of thermodynamics, the entropy of a
system can only be constant or increase. For relativistic species, the entropy density is given by
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where we defined the e�ective number of relativistic degrees of freedom in entropy
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in analogy to the definition of g⇤(T ) in (2.12). In equilibrium, the entropy in a comoving volume is,
in fact, conserved which implies sa3 = const. Moreover, the entropy is approximately constant even
out of equilibrium because any non-equilibrium entropy production, e.g. from decaying particles, is
usually small compared to the large entropy in photons. We can therefore treat the expansion of the
universe as basically adiabatic. When particles and anti-particles annihilate, the released entropy
is then redistributed among all species in thermal equilibrium. This implies that the temperature
of the thermal bath redshifts slightly less than without the annihilation events, T / g�1/3

⇤S a�1.
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e+e- -> gg 

time
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T⌫,0 = 1.9K

• Neutrino number Neff = (energy density of neutrinos + BSM light particles)   

Neff
SM = 3.044 ± 0.001 [Mangano et al. 2002, Froustey et al. 2020, Drewes et al. 2024]

(energy density of one neutrino species)

Early times: neutrinos as radiation
<latexit sha1_base64="3aKsN/5nQzTk/kYeCFfxcrWANis="></latexit>

⇢rad = ⇢�
h
1 +Ne↵

7
8

�
4
11

�4/3i



A short history of cosmic neutrino background

• Neutrino mass                                           [Mangano et al. 2005, Froustey et al. 2020]

    not individual masses [Archidiacono et al. 2020]
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Neutrino non-relativistic transition:

time

CMB (~1 eV)
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Late times: neutrinos as matter



Cosmological observables
Early Universe                                          Late Universe                              

CMB (z=1080)
Temperature, 

polarization, (lensing)

LSS (z<~2-3)
Galaxy positions and 

weak lensing

P (k) =
R
⇠(r)eik·rd3x,

⇠(r) = h�(x)�(x+ r)i

P (k) =
R
⇠(r)eik·rd3x,

⇠(r) = h�(x)�(x+ r)i

Anderson et al. 2012

BAO
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Planck
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Large scales - small scales

BAO
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Planck

Linear physics, 
EBs codes (CLASS)

Non-linear processes



Plan

• Neutrino mass

• Neutrino number and new light particles
Neff = Neff

SM(=3.044)+D Neff
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• Background effects

• Perturbation effects

Neutrino mass probes: CMB

Future CMB

Archidiacono, Brinckmann, Lesgourgues, Poulin, JCAP (2017)
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CMB alone will not be able 

to detect the neutrino mass

→ Large Scale Structures

Neutrino mass constraints: CMB
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Fiducial value:

• Smn = 58 meV

Minimum from neutrino 

oscillation experiments



• Free-Streaming

Neutrino mass probes: structure formation<latexit sha1_base64="MhznAlSkIv+Cq7SyBwUC+ylmoeg="></latexit>
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Villaescusa Navarro et al. (2013)



Neutrino mass probes: P(k)
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• Massive neutrinos do not cluster
• Massive neutrinos slow down the growth of CDM 

perturbations
o Massless neutrino Universe

o Massive neutrino Universe

BAO

Archidiacono, Brinckmann, Lesgourgues, Poulin, JCAP (2017)



Neutrino mass constraints: recent history
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DESI Collaboration:

CMB (Planck+ACT) + DESI BAO

Smn < 72 meV, 95% CL, Smn > 0

Smn < 113 meV, 95% CL, Smn > 59 meV

Still no evidence/detection



2019 2021 2023 2025 2027 2029 2031 2033

Dark Energy Spectro. Instr.

Euclid

Vera Rubin Observatory

Roman Space Telescope

Spectroscopy
Imaging
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Stage IV Large Scale Surveys



Euclid in a nutshell

• ESA M2 space mission in the framework of the 
Cosmic Vision program

• Launch July 1st 2023. Duration > 6 years
• 1.2m telescope with two instruments: Visible Imager 

(VIS) and Near Infrared Spectrometer and 
Photometer (NISP)

• Wide survey (14.000 deg2) and deep survey (40 deg2

in 3 different fields)
• Measurements of over 1 billion images and more 

than 20 millions spectra of galaxies out to z>2
• Main scientific objectives: Dark Energy, Dark Matter, 

and General Relativity
• Primary probes: Galaxy Clustering and Weak Lensing 

(1% accuracy)

18



Neutrino mass probes: P(k)
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Known unknowns (systematics, etc.)

20
Vagnozzi, Brinckmann, Archidiacono, Freese, Gerbino, Lesgourgues, 
Sprenger, JCAP (2018) 

1. Galaxy bias Pgalaxy = b2 Pmatter  [Castorina et 

al. (2014); Vagnozzi, Brinckmann, Archidiacono, 

Freese, Gerbino, Lesgourgues, Sprenger, JCAP 

(2018) ]

2. Non-linearities [Euclid Collaboration: Adamek 

et al., A&A (2023)]

3. Baryonic feedback [Spurio Mancini et al. 

(2023)]



Modelling the unknowns

21

0 1000 2000 3000 4000 5000
`

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

¢
¬

2
(£

1
0
4
)

`max = 5000

kNL(0) = 0.5 h/Mpc

kNL(0) = 1.0 h/Mpc

kNL(0) = 2.0 h/Mpc

0 1000 2000 3000 4000 5000

`

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

�
�
2
(
⇥
1
0
4
)

`max = 5000

kNL(0) = 0.5 h/Mpc

kNL(0) = 1.0 h/Mpc

kNL(0) = 2.0 h/Mpc

Figure 1. Euclid cosmic shear combined with Planck (see section 6 for details): sensitivity to a 0.1%-
variation of P (k) for di↵erent cuto↵ wavenumbers (always scaled with redshift). The flat `max = 5000
cut-o↵ (blue) shows the amount of information available in absence of a cut-o↵. The second (green) and
third (red) cases are more conservative than a sharp cut-o↵ at ` = 1310 would be. For comparison, the
dashed line marks ` = 1310, corresponding to the `max used by the KiDS collaboration in Ref. [52]
as a reasonable cut-o↵ producing stable results. The last case (cyan) is a little more constraining
than this sharp cut-o↵, intended to reflect improvements in non-linear modeling in the analysis of
future data. For our analysis we will use kNL(0) = 0.5h/Mpc (conservative) and kNL(0) = 2.0h/Mpc
(realistic) as our non-linear cut-o↵ wavenumbers. The corresponding 1-� sensitivity of our MCMC
forecasts can be seen in table 6.

Table 6. Planck (see section 6) plus Euclid cosmic shear 1-� sensitivity (normalized by corresponding
Planck-only values) of MCMC forecasts for the non-linear cut-o↵ values used in Figure 1. We see that
most sensitivities do not depend strongly on the choice of a given kNL(0). Only ns and M⌫ show a
non-negligible improvement in sensitivity, despite the large changes in the cut-o↵. Therefore, we find
that the non-linear cut-o↵ scheme is appropriate for our analysis.

kmax 100!b !cdm ✓s ln(1010As) ns ⌧reio M⌫ [eV]
0.5 h/Mpc 0.77 0.27 0.97 0.94 0.72 0.96 0.50
1.0 h/Mpc 0.76 0.27 0.94 0.95 0.70 0.98 0.41
2.0 h/Mpc 0.76 0.25 0.97 0.94 0.65 0.97 0.36
lmax = 5000 0.74 0.24 0.94 0.94 0.58 0.96 0.30
Planck only 1.00 1.00 1.00 1.00 1.00 1.00 1.00

for every redshift and wavenumber. The resulting contributions ��
2

` solely depend on the
characteristics of the likelihood.

In Figure 1 we see the ��
2

` contributions to the Euclid cosmic shear likelihood for
di↵erent choices of kNL(0). Whenever ` reaches a value where an additional redshift bin has
to be discarded according to the cut-o↵ scheme described above, the ��

2 drops sharply. A
comparison of forecasts for Planck + Euclid cosmic shear for the same values of kNL(0) is
shown in Table 6. We see that the sensitivity does not di↵er by a large amount despite great
changes in the non-linear cut-o↵, with only ns and M⌫ showing non-negligible improvement
in sensitivity with increasing cut-o↵ values. Since the results do not depend strongly on the

– 13 –

knl (z)∝ knl (0)(1+ z)
2/(2+ns )

lmax
zi = knl (z)× r

zi
peak

Sprenger, Archidiacono, Brinckmann, Clesse, Lesgourgues, JCAP (2019)

Euclid weak lensing only, improvement wrt Planck

Redshift dependent cut-off in k:
Larger scales start behaving non-linearly later 
(i.e., at smaller z) with respect to smaller scales.



Neutrino mass constraints: the future
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Euclid preparation: Sensitivity to neutrino parameters.
Lead authors: Archidiacono & Lesgourgues
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Neutrino mass constraints: the future
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Euclid+Planck: >2s evidence of a 

non-zero neutrino mass sum 

Euclid+CMB-S4+LiteBird: >3s
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Neutrino mass constraints: the future
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Replacing the cosmological 

constant with dark energy with a 

time varying equation of state 

parameter increases the error by a 

factor 2.
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Neutrino mass ordering
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Neutrino mass ordering
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Archidiacono, Hannestad, Lesgourgues, JCAP (2020)

The effect induced by the neutrino mass ordering on the 
cosmological observables is below the sensitivity of current 
and planned cosmological surveys.

The DH assumption is valid, and it is more efficient.



Neutrino mass: conclusions

• Euclid in combination with upcoming CMB surveys can achieve a 4s
detection of Smn even if Smn = 0.058 eV (i.e., min. NH)

• Cosmology is not directly sensitive to the neutrino mass ordering, like 
DUNE, however if Smn = 0.058 eV, then future cosmological constraints can 
exclude IH at about 2s

• Cosmology is more sensitive than current and planned b-decay
experiments. Caveat: cosmology is model dependent, and it requires that 
systematic effects are under control. Complementarity: cosmology is not 
sensitive to the Dirac/Majorana nature, mixing angles.

27



Plan

• Neutrino mass

• Neutrino number and new light particles
Neff = Neff

SM(=3.044)+D Neff

28
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Neff probes: CMB
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A larger (thermalised) Neff is not a solution                  

to the “H0 problem”:

H0 = 67.4 ± 0.5 km/s/Mpc (Planck)

H0= 73.0 ± 1.0 km/s/Mpc (SH0ES) [Riess et al. (2022)]

• Phase shift of the CMB acoustic peaks

• Increase of Silk damping al large l
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Baumann et al. (2018)

CMB (Planck + ACT)

Neff = 2.98 ± 0.20 (95% CL)

CMB + DESI BAO [DESI Collaboration (2024)]

Neff = 3.10 ± 0.17 (95% CL)

Consistent with Neff 
SM = 3.044



Bounds on new light particles (D Neff)
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Euclid preparation: Sensitivity to neutrino parameters.
Lead authors: Archidiacono & Lesgourgues
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Bounds on new light particles (D Neff, meff)
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The case of light sterile neutrinos
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Light sterile neutrinos with self-interations
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Archidiacono & Gariazzo, Universe (2022)

65 70 75
H0 [km/s/Mpc]

Pseudoscalar
Vanilla
Thermal

Pseudoscalar
Vanilla
Thermal

Archidiacono, Gariazzo, Giunti, Hannestad, Tram, JCAP (2021)

SH0ES
500 1000 1500 2000

`

°10

°5

0

5

10

15

¢
C

T
T

`
/C

T
T

`
[%

]

Planck 2018 bestfit (NeÆ = 3.046)

NeÆ = 3.046 (fs) + 1 (fs)

NeÆ = 3.046 (fs) + 1 (fluid)

Planck 2018

Planck 2018 bestfit (NeÆ = 3.046)

NeÆ = 3.046 (fs) + 1 (fs)

NeÆ = 3.046 (fs) + 1 (fluid)

Planck 2018

Sterile neutrinos with self-interactions provide:

• a good fit to Planck CMB data

• a solution to the Hubble constant problem

ns thermal
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Outlook: constraining nSI with Euclid
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Mild preference for non-vanishing nSI

Euclid will extend the range where we can test nSI
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Mild preference for non-vanishing nSI

Euclid will extend the range where we can test nSI
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Astrophysical and laboratory limits 
might already exclude this model.

Bustamante et al. (2020)



Neutrino number and new light particles: 
conclusions
• Euclid in combination with future CMB surveys can exclude the existence of new 

light particles decoupling after the onset of QCD phase transition for any spin.

• Light sterile neutrinos, as hinted at by neutrino oscillation anomalies, are already 
excluded by Planck with high statistical significance. New neutrino self-
interactions provide an elegant way to accommodate light sterile neutrinos in 
cosmology and to solve the H0 problem.

• Neutrino non-standard interactions: constraints from the lab and from 
astrophysics might exclude their existence

36


