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Bounds on Neff



Relativistic particles in the universe

effective number of relativistic neutrino species
(effective number of neutrinos)

At T<me, the radiation content of the Universe is

⇢rad = ⇢� + ⇢⌫ + ⇢x = ⇢�
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Neff is a way to measure the ratio 
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Number of light neutrino types (LEP data)
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N⌫ = 2.984± 0.008



Fields, Molaro & Sarkar,
PDG 2020

BBN: Predictions vs 
Observations
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Effect of neutrinos on Primordial Nucleosynthesis
1. Neff fixes the expansion rate during BBN

r(Neff)>r0 ®  4He

3.4 3.2
3.0

2. Direct effect of electron neutrinos and antineutrinos 
on the n-p reactions

Burles, Nollett & Turner 1999

H =

s
8⇡⇢

3M2
p

⌫e + n $ p+ e� e+ + n $ p+ ⌫̄e

<latexit sha1_base64="7Z0Cmr0/MibUjwqN5ycEwVxlGS8="></latexit>

�Yp ' 0.013�Ne↵



BBN: allowed ranges for Neff

4He and D bounds
PArthENoPE BBN code, S Gariazzo et al, arXiv:2103.05027
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2.3 < Ne↵ < 3.4
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(95% CL)



The minimal LCDM model fits very well Planck data



CMB anisotropies
+ other data Ne↵ = 4.2+1.2

�1.7 (2005) WMAP+…

(2001) early CMB dataNe↵ . 17



Planck: 1-parameter extensions of the LCDM model
68+95% 
Conf regions

Planck TT, TE, EE + lowE + lensing + lensing + BAO

Neff

3.044

3.044

Planck Collab, 
A&A 641 (2020) A6



CMB anisotropies
+ other data

(2018) PlanckNe↵ = 2.99+0.34
�0.33

Ne↵ = 4.2+1.2
�1.7 (2005) WMAP+…

(2001) early CMB dataNe↵ . 17

3.044



3.044

CMB anisotropies
+ other data



3.044

CMB anisotropies
+ other data

s 8
tensio

n incre
ases

H 0
tensio

n incre
ases



Comparison: allowed ranges for Neff and BBN

Planck Coll, A&A 641 (2020) A6
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Neff with non-standard 
neutrino-electron interactions



Non-standard neutrino-electron interactions

Non-standard interactions (NSI) between neutrinos and 
electrons can be parametrised as follows: 

Dimensionless coefficients quantify the strength of the
interactions with respect to the SM 



Expansion of the universe

Weak
processes
effective:
n in eq
(thermal
spectrum)

thermal
contact
with e± is
modified

γγ®+ -ee
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Neff with non-standard neutrino-electron interactions
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Neff with only one NSI parameter

-

PF de Salas et al, PLB 820 (2021) 136508 

SM

SM

Neff for non-universal NSI 



Neff with only one NSI parameter

-

PF de Salas et al, PLB 820 (2021) 136508 

SM

SM

Neff for flavour-changing NSI 



Neff varying 2 NSI parameters

-

PF de Salas et al, PLB 820 (2021) 136508 

SM

SM



Neff varying 2 NSI parameters

-

PF de Salas et al, PLB 820 (2021) 136508 

SM

SM



Bounds on neutrino masses



Data on flavour oscillations do not fix the absolute scale of neutrino masses
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Neutrinos as Dark Matter
• Neutrinos are natural DM candidates

• They stream freely until non-relativistic (collisionless phase mixing)            
Neutrinos are HOT Dark Matter (large thermal motion)

• First structures to be formed when Universe became matter –dominated 
are very large

• Ruled out by structure formation              CDM
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Massive Neutrinos can still be subdominant DM: limits on mν from 
Structure Formation (combined with other cosmological data)



Cosmological bounds on neutrino mass(es)

A unique cosmological bound on mν DOES NOT exist !

Different analyses have found upper bounds on neutrino masses, 
since they depend on

• The combination of cosmological data used

• The assumed cosmological model: number of parameters 
(problem of parameter degeneracies)

• The properties of relic neutrinos



Planck: 1-parameter extensions of the LCDM model
68+95% 
Conf regions

Planck TT, TE, EE + lowE + lensing + lensing + BAO

Smn
(eV)

60 meV

60 meV
Planck Collab, 

A&A 641 (2020) A6



Cosmological upper limits on the sum of neutrino masses

Bounds on Smn from Planck (+other cosmo data)
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Latest analyses
see e.g.

E Di Valentino et al
arXiv:2106.15267



Cosmological upper limits on the sum of neutrino masses

Bounds on Smn from Planck (+other cosmo data)
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Direct laboratory bounds on mν
Searching for non-zero neutrino mass in laboratory experiments

• Tritium beta decay: measurements of endpoint energy

mb < 2.2 eV (95% CL)   Mainz

Current experiment (KATRIN) m(νe) < 0.8 eV (90% CL)

• Neutrinoless double beta decay: if Majorana neutrinos

experiments with 76Ge, 130Te, 136Xe and other isotopes:  
mbb < 60-600 meV , depending on NME    

Probing the absolute neutrino mass scale

3
H ! 3

He+ e
� + ⌫̄e

(A,Z) ! (A,Z + 2) + 2e�



Absolute mass scale searches

Neutrinoless
double beta 
decay

< 60-600 meV

Tritium β decay 80 meV
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Probing the absolute neutrino mass scale



Tritium b decay, 0n2b and Cosmology

Planck TT, TE, EE + 
lowE + lensing

+ BAO

Planck TT, TE, EE + 
lowE + lensing

+ BAO

CURRENT 0n2b

Smn
Smn

KATRIN



Bounds on active-sterile
oscillations (3+1 case)



Mixing of four neutrino states?
Additional neutrino (sterile) states introduced in order

to explain some anomalies in experimental data 

4 flavour neutrinos, 4 massive neutrinos

4x4 mixing matrix

We consider 3 (active) + 1 (sterile), a perturbation of the 3-neutrino case



Mixing of four neutrino states?
Additional neutrino (sterile) states introduced in order

to explain some anomalies in experimental data 

4 flavour neutrinos, 4 massive neutrinos

4x4 mixing matrix

We consider 3 (active) + 1 (sterile), a perturbation of the 3-neutrino case



Results: final value of Neff and sterile mixing parameters
Only q14 or |Ue4|2



Results: final value of Neff and sterile mixing parameters



Results: final value of Neff and sterile mixing parameters



Cosmological bounds on active-sterile mixing parameters

S Hagstotz et al, arXiv:2003.02289



Bounds on active-sterile mixing parameters

S Hagstotz et al, arXiv:2003.02289



Bounds on active-sterile mixing parameters

S Hagstotz et al, arXiv:2003.02289



Future sensitivities on neutrino 
physics from cosmology



Future
cosmological
data 

Hannestad & Wong, JCAP 07 (2007) 004
Takada et al, PRD 73 (2006) 083520

Wang et al, PRL 95 (2005) 011302

Hannestad et al, JCAP 06 (2006) 025
Song & Knox, PRD 70 (2004) 063510

Perotto et al, JCAP 10 (2006) 013
Lesgourgues et al, PRD 73 (2006) 045021

Loeb & Wyithe, PRL 100 (2008) 161301
Pritchard & Pierpaoli, PRD 78 (2008) 065009

Forecasts
indicate that
30-60 meV
sensitivities
on Σmν are 
possible !!

CMB 
Polarization

(beyond
Planck)

CMB 
lensing

Cosmic
Shear

Surveys

Lyman-a

Galaxy
Cluster 
Surveys

21-cm H 
line surveys



Summary of future sensitivities

CMB-S4 Science Book, 1610.02743

Future sensitivities on Neff and neutrino masses
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