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What next in neutrino cosmology

1) Towards the first detection  
of  the neutrino mass scale? 

 
 

2) Towards the first probe of  the physics  
of  neutrino decoupling, and of   
BSM content at very early times? 

The new generation of  cosmological surveys is approaching: Simons 
Observatory, Euclid, LiteBIRD, CMB-S4, DESI, Rubin, SPHEREx, SKA …  

Does it mean that we are moving:

�(⌃m⌫) = 0.02 eV

�(Ne↵) = 0.03

S4+LSS+LiteBIRD
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Scale factor ‘a’ increases
Temperature ‘T’ increases
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Neutrino cosmology

T ∼ 1 MeV T ∼ mν
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BSM neutrinos?
What if  they are not what we think? 

(or: how sensitive are we to standard assumptions?)

Scale factor ‘a’ increases

Coupled?
Decoupled 

and 
not clustering?

Decoupled 
and 

clustering 
at large scales?
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Thanks to many collaborators!

Results shown in the next slides are in collaboration with several amazing people: 

Junior: L. Caloni (UniFE), P. Carenza (Stockholm),  
F. Forastieri (UniFE), G. Lucente (UniBA -> SLAC) 

Staff: T. Brinckmann (UniFE), M. Lattanzi (INFN FE),  
M. Giannotti (Miami), L. Visinelli (Shanghai) 

and E. Grohs (Victoria and NC U) and all the co-authors of  arXiv:2203.07377 (Snowmass 
contribution on Synergy between lab and cosmo probes)
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If  neutrinos have a magnetic moment,  
e.m. interactions in the plasma  
can flip the  helicityν

Neutrino magnetic moment

A population of  right-handed neutrinos is created  
from a purely left-handed initial ensemble

Carenza+(incl. MG), 2022; 
Slide: courtesy of  M. Lattanzi
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Neutrino magnetic moment
CMB experiments can provide competitive constraints on the neutrino magnetic moment

Carenza+(incl. MG), 2022; 
Slide: courtesy of  M. Lattanzi
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Figure 1. Feynman diagrams for the binary processes allowed by the Lagrangian (2.1). Time goes
from left to right. From left to right: ⌫-⌫ scattering (s and t channels), ⌫-� scattering, ⌫⌫̄ annihilation
to �’s.

addition to the simplest 0⌫�� decay mode

(A, Z) ! (A, Z + 2) + 2e�, (2.2)

whose existence only requires the neutrino to be a Majorana particle [38], modes in which
one or two additional � bosons are emitted

(A, Z) ! (A, Z + 2) + 2e� + � , (2.3)

(A, Z) ! (A, Z + 2) + 2e� + 2� , (2.4)

are possible if neutrinos possess (pseudo)scalar couplings. 0⌫�� experiments yield constraints
on the e↵ective �-neutrino coupling constant hgeei < (0.8–1.6) ⇥ 10�5, depending on the
theoretical model [39, 40]. The quantity gee is the e� e entry of the coupling matrix in the
weak base, related to the couplings gij in the mass basis through the elements of the neutrino
mixing matrix.

Neutrino decays ⌫ ! ⌫
0 + � can also be important in the high-density supernova envi-

ronment [41–44]. In the case of Majoron models, limits on Majoron-neutrino couplings from
observations of SN 1987A were derived in ref. [42]. It has been shown there that � emission
would shorten too much the observed neutrino signal from SN 1987A if 3⇥10�7 . g . 2⇥10�5

(here g denotes the largest element of the coupling matrix g↵� in the weak base), thereby
excluding this region. Moreover, the observed ⌫̄e flux from SN 1987A can also be used to fur-
ther constraint g11 . 10�4. These limits, together with those from 0⌫�� decay experiments
available at that time, were combined and translated into the mass basis in ref. [43].

Scalar and pseudoscalar neutrino couplings can also be relevant in a cosmological con-
text, since collisional processes induced by the new interaction would a↵ect the evolution of
perturbations in the cosmological neutrino fluid. In general, the cross section for a binary
process mediated by a massless boson has the form �bin ⇠ g

4
/s in the ultrarelativistic limit

(apart from numerical factors) with g being the largest value of the Yukawa matrix (we do
not distinguish between scalar and pseudoscalar couplings in the following), and

p
s is the

center-of-mass energy. Thus, in thermal equilibrium, the rate for a binary process is

�bin = h�binvineq / g
4
T , (2.5)

since the equilibrium neutrino abundance neq / T
3, and s ⇠ T

2.
Interactions are of cosmological significance when the ratio �/H between the interaction

and Hubble expansion rates is of order unity or larger. The expansion rate scales as H ⇠ T
2

– 3 –

Collisional processes  
suppress stress  
and affect the perturbation evolution.  
Neutrino free-streaming  
altered non-trivially. 

Boost of  the 
amplitude/shift of  
peaks at intermediate 
scales

Forastieri+,2019;  
Kreisch+,2019, 2022; 
Atzori Corona+,2022; 

Choudhury+,2022; 
Taule+, 2022; 

Brinckmann+,2021;2023 
Venzor+,2022,2023; 

…

L � hij ⌫̄
c
i ⌫j�+ gij ⌫̄

c
i �5⌫j�+ h.c.

Neutrino non-standard interactions

See also Berryman+(incl.MG) 2023, Snowmass contribution
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log10(Geff MeV2) ≲ − 3 MIν

log10(Geff MeV2) = − 1.61+0.11
−0.077 SIν

ACT+Planck 
LCDM+NSI+Neff+mnu 

Kreisch+, 2022; however, see Blinov+2019

ΓNSI = G2
effT5 ΓNSI ∝ g4

effT

g4
eff < 1.64 × 10−27

Planck 
LCDM+NSI 

Forastieri+, 2019

Oldengott+, 2017

Oldengott+, 2017

Detailed comparison is more complicated  
due to physics scenario 
and evolution equations

Neutrino non-standard interactions
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hpa,rec/mai =
⇥
102, 1, 10�2

⇤
Axion-like Particles (ALPs)

Caloni, MG,+, 2022
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Conclusions?

Massive light relics: very similar phenomenology (contribution to energy 
density). How to disentangle? 

Enhanced sensitivity of  future surveys demands enhanced accuracy: is it 
possible and feasible to achieve? 

Entering the synergy epoch: CMB alone can do a lot for BSM particle 
physics; can do much more when combined with LSS; can do even more 

when cosmology meets astro&lab searches
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