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What’s in a neutrino?

Neutrino flavour oscillations -> neutrinos have a mass! 
Kajita&McDonald 2015 Nobel prize

Cannot explain neutrino mass with SM content

From oscillations From b-decay
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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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Neutrino cosmology

T ∼ 1 MeV T ∼ mν Credit: Kolb&Turner
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Scale factor ‘a’ increases
Temperature ‘T’ increases

Relativistic Non-Relativistic

T~m_nu

Neutrino cosmology

Distorsions due to non-inst decoupling 
radiative corrections, 

flavour oscillations 
Dolgov, 1997, Mangano+,2005 

Bennett+2020,Froustey+2020,Akita+2020

Σmν = Σi=1,2,3mν,iNe↵ ⌘ ⇢rad � ⇢�
⇢st⌫

= 3.044

⇢⌫ / (T⌫/T�)
4 Ne↵ ⇢⌫ / ⌃m⌫(T⌫/T�)

3
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Neutrinos and Cosmology

Pioneering and stringent bounds on neutrino properties  
from Cosmology already competitive with lab 

Gershtein-Zeldovich (1966) 
Cowsik-McClelland (1972) 

+ lower bounds for very heavy neutrinos 
Szalay&Marx(1976) 

Hut; Lee&Weinberg; Sato&Kobayashi(1977) 
 

+ from numerical sims 
structure formation with hot DM is top-down,  

incompatible with observations (1980s)

N⌫ < 4

Schramm&Kawano (1989) 
Olive+ (1990) 

(Stringent) bound on the family number 
required not to spoil BBN

<latexit sha1_base64="TX7cluSntQHoTuDfZh7ush/LQwA="></latexit>

m⌫ < 400 eV (⇢⌫ < ⇢tot)
<latexit sha1_base64="XJvM+l19JEJdok/j7DK/dPjrCrw="></latexit>

m⌫ < 8 eV (⇢⌫ < ⇢DM)
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The route to precision cosmology

Multipole l
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Improved statistical analysis

Credit: LAMBDA archive

Guzzo+, A&A 2000

Gawiser&Silk, 1999
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Current limits on the mass sum

m1=0, m2<<m3 
Smnu~0.06eV

m3=0, m1~m2  
Smnu~0.1eV
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NOTE: this assumes LCDM!
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Current cosmology robustly excludes neutrinos that are non-relativistic at CMB decoupling 

Hard to degrade mass sum bounds beyond ~eV, incl. in (very exotic) extended scenarios
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Current cosmology in agreement with standard neutrino decoupling 

Extra species thermalising after QCD-PT excluded at high significance  
(e.g., light sterile neutrino)
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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? 

A new generation of  ultimate cosmological surveys is approaching: 
Simons Observatory, Euclid, LiteBIRD, CMB-S4, DESI, LSST, SPHEREx, 

SKA …  
Does it mean that we are moving:

�(⌃m⌫) = 0.02 eV

�(Ne↵) = 0.03
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KamLAND-Zen

Planck+BAO
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Concordance/discordance scenarios

A joint effort:  
synergy between cosmology, 0n2b decay, b-decay and oscillation experiments 

is key to convince ourselves of  the robustness of  the results

Planck+BAO
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Concordance/discordance scenarios

A joint effort:  
synergy between cosmology, 0n2b decay, b-decay and oscillation experiments 

is key to convince ourselves of  the robustness of  the results

Planck+BAOFuture 0n2b

Future cosmo
Future cosmo

Future b-decay
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KamLAND-Zen

Planck+BAO
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Concordance/discordance scenarios

Scenario 1: cosmology and 0n2b measurements 
- Neutrinos are Majorana 
- If  Smnu<0.1eV -> ordering is Normal 
- If  Smnu>0.1eV -> ordering must be inferred from oscillations only 
- If  Smnu>>0.1eV -> expected signal from b-decay expo

16
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KamLAND-Zen

Planck+BAO
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Concordance/discordance scenarios

Scenario 2: cosmology measurement, no 0n2b measurement 
- If  Smnu small and ordering is normal from oscillations -> neutrinos could be Majorana 
- If  Smnu large and ordering is inverted from oscillations -> neutrinos are Dirac
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KamLAND-Zen

Planck+BAO

�� ��� ��� ��� ��� ���
���

�

�

��

��

���

Σ�ν [���]

�
ββ
[�
��

]

� �� �� ���

���

���

���

���

���

�β [���]

Σ�
ν
[�
��

]

Concordance/discordance scenarios

Scenario 3: 0n2b measurement, no cosmology measurement 
- LCDM model could be wrong: modifications to cosmology? Modifications to  

cosmic neutrino properties? New interactions, unstable neutrinos? 
Scenario 4: discordant cosmo, 0n2b, b-decay measurements 

- LCDM and/or 0n2b predictions wrong? New physics?

18
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Conclusions

Cosmology is a well established route to discoveries in the neutrino sector 

Data are coming soon that can lead to first-ever measurement of  the mass sum 

Synergy with lab-based experiments is key to robust discoveries

19
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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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Neutrino effects on CMB and matter PS
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Neutrino stability over cosmic times

Mass bounds relaxed for neutrinos decaying when non-relativistic and close to recombination 
Updated and improved bounds with more careful treatment (Barenboim+,2021; Chen+,2022) 

Chacko+,2019;  
Chacko+,2021 
Abellan+,2022

⇢⌫ ⇠ ⌃m⌫n⌫
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Neutrino non standard interactions
Neutrinos interact only via weak interactions with other particles 

What if  new interactions are yet to be discovered?

JCAP07(2015)014
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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 –

Neutrino self-interactions Neutrino-electron non-standard interactions

Cosmology can place complementary and competitive bounds to laboratory searches 
on these NS properties 

With current data, no (significant) hints for deviations from the SM.

Forastieri+,2019; Kreisch+,2019; Brinckmann+,2021; 
Taule+,2022; Kreisch+(ACT),2022; …

de Salas+,2021; Mangano+,2006; …

See Thejs’s talk on Tuesday!
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Neutrino distribution function

Current CMB is insensitive to details of  the distribution function; 
future CMB may be mildly sensitive; 
LSS surveys may be more sensitive

Alvey+,2022; 
Cuoco+, 2005; 

…

⇢ /
Z

d3p
p
p2 +m2f(p)
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BSM particle species

Cosmology is (mostly) sensitive to the neutrino contribution 
to the energy density 

What if  there is more than neutrinos contributing to it?

SO Collab. (incl MG), 2018
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Light sterile in cosmology

Anomalies in oscillations 
would require light sterile 
with large mixing angle. 

If  they exist, oscillations 
in the early Universe would  

create a population of  sterile

Lab best fit is at odds with cosmology: too large  
contribution to Neff  for large mixing angles  
(quick thermalisation of  the sterile with active)

�m2

✓ �Ne↵

⌦⌫,sh
2 =

me↵

94 eV

Gariazzo+,2019

Hagstotz+(incl.MG), 2020; Gariazzo+, 2020
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hpa,rec/mai =
⇥
102, 1, 10�2

⇤
ALPs phenomenology

Caloni, MG,+, 2022
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Challenges ahead

THEORY 

- cosmology side: modelling of  small scales/non-linear scales 

- particle physics side: test accuracy&approximations,  
link theory&phenomenology (what are we really measuring?) 

- computational side: can we afford required precision level?
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Challenges ahead

INSTRUMENT&DATA 

- know your instrument: perfect knowledge of  instrumental systematic effects 

- know your data: perfect knowledge of  what features in the data drive constraints 

- combine your data: be coherent (in modelling) and account for (cross)correlations; 
propagate all (theory&instrument) uncertainties
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Challenges ahead

INTERPRETATION 

- be statistically accurate and robust (especially if  you measure something) 

- cosmology is not alone: key comparison&collaboration 
with complementary avenues (lab, astro, etc)
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