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Non-standard neutrino scenarios and the cosmos



 2015 Nobel Physics Prize to Takaaki Kajita and Arthur B. McDonald  
“for the discovery of neutrino oscillations, which shows that neutrinos have mass. [...] 
New discoveries about the deepest neutrino secrets are expected to change our current 
understanding of the history, structure and future fate of the Universe"  



THE NEUTRINO ZARZUELA 

• Overture: “Current” Cosmological Neutrino mass limits


• Aria: Neutrino mass limits in extended models


• Chorus: How and why to relax the bounds?


• “Duetto”: Neutrinos, cosmology & Non-standard neutrino scenarios


• “Finale”: Take home messages




Leitmotif

“Neutrinos are very difficult to work with. 
They are different than any other particles. 
They are sort of pure. 
It is very hard to do neutrino experiments, 
but I think they may be the first ones 
to show unexpected interactions." 

Martin Perl, 1995 Nobel Prize winner for the discovery of the tau lepton





2002 Absolute neutrino mass status  
 astro-ph/0204239
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DES Collaboration, MNRAS’16
2022 absolute neutrino mass status 
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2022 Tightest bounds on Σmν  
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Di Valentino et al PRD’21
(see also Palanque-Delabrouille et al JCAP’20)

 eV from Planck +BAO +SN∑ mν < 0.11
Planck Coll. A&A’20

Talk by J. Legourgues  

95% CL limits

 Credits: I. Esteban, S. Gariazzo
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2022 Tightest bounds on Σmν  

Robust: difficult to avoid in close-to-minimal models (“simple” extensions of CDM)
Λ

Gariazzo & Mena PRD’19

95% CL limits

 Credits: I. Esteban, S. Gariazzo
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Di Valentino et al PRD’21
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Vagnozzi et al PRD’18
Choudhury & Choubey JCAP’18

2022 Tightest bounds on Σmν  

95% CL limits

 Credits: I. Esteban, S. Gariazzo



Tightest bounds on Σmν  

From I. Esteban

Planck+ SDSS-IV (DR16 + DR12) + SN
X

m⌫ < 0.09 eV 95% CL
Di Valentino et al PRD’21,
Palanque-Delabrouille et al JCAP’20
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6 million neutrinos can’t weigh more than 1 electron  



THE NEUTRINO ZARZUELA 

• Overture: Current Cosmological Neutrino mass limits


• Aria: Neutrino mass limits in extended models


• Chorus: How and why to relax the bounds?


• “Duetto”: Neutrinos, cosmology & Non-standard neutrino scenarios


• “Finale”: Take home messages




One needs to go to a non standard neutrino sector!


A THEORETICAL/Mythologycal  APPROACH…



One needs to go to a non standard neutrino sector!


• Remember our Leitmotif


“Neutrinos are very difficult to work with. 
They are different than any other particles. 
They are sort of pure. 
It is very hard to do neutrino experiments, but I think they may be the first ones 
to show unexpected interactions." 

• Non standard neutrino physics can be related to the neutrino mass generation mechanism


A THEORETICAL/Mythologycal  APPROACH…

See e.g.  Forastieri et al JCAP’15 &PRD’19, Escudero & Witte  EPJC’20, Escudero et al JHEP’20, Escudero & Witte  EPJC’21



A PHENOMENOLOGICAL (PRACTICAL?) APPROACH…




• May help in solving the so-called  TENSION


• May help in solving the   TENSION


• May help in solving the   TENSION


• May alleviate current sterile neutrino TENSIONS between short baseline  
oscillation and cosmological measurements


H0

Alens

σ8

A PHENOMENOLOGICAL (PRACTICAL?) APPROACH…


Mosbech et al, JCAP’21

Dasgupta & Kopp PRL’14, Chu et al JCAP’15, Hannestad et al PRL’14, Saviano et al PRD’014, Mirizzi et al PRD’15, Archidiacono 
et al PRD’15 &’16 & JCAP’16, Forastieri et al JCAP’17, Chu et al JCAP’18, Archidiacono et al JCAP’20

A non standard neutrino sector:


Talk by J. Kopp 



A FUTURISTIC APPROACH…
A FUTURISTIC APPROACH…


 Credits: P. Jansen



Olsen et al’18

1502.00903
Euclid Coll, 
IAU Symp’14
IAU Symp. 306 

From I. Esteban

Future neutrino mass bounds 
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A FUTURISTIC APPROACH…

• POTENTIAL TENSIONS BETWEEN future KATRIN/PTOLEMY MEASUREMENTS AND COSMOLOGY


• What if cosmological analyses see  ?
∑ mν < 0.06 eV

Lorenz et al PRD’19 & PRD’21, Oldengott et al. JCAP’19,
Escudero et al JCAP’20, Esteban & Salvado JCAP’21, Abellan et al 2112.13862, Alvey et al PRD’22,
Alvey et al JCAP’22

“Synergy between cosmological and laboratory searches in neutrino physics: a white paper”  
Snowmass 2203.07377



THE NEUTRINO ZARZUELA 

• Overture: Current Cosmological Neutrino mass limits


• Aria: Neutrino mass limits in extended models


• Chorus: How and why to relax the bounds?


• “Duetto”: Neutrinos, cosmology & Non-standard neutrino scenarios


• “Finale”: Take home messages




• May help in solving the so-called  TENSION


• May help in solving the   TENSION


• May help in solving the   TENSION


• May alleviate current sterile neutrino TENSIONS between short baseline  
oscillation and cosmological measurements


H0

Alens

σ8

A PHENOMENOLOGICAL (PRACTICAL?) APPROACH…


Mosbech et al, JCAP’21

Dasgupta & Kopp PRL’14, Chu et al JCAP’15, Hannestad et al PRL’14, Saviano et al PRD’014, Mirizzi et al PRD’15, Archidiacono 
et al PRD’15 &’16 & JCAP’16, Forastieri et al JCAP’17, Chu et al JCAP’18, Archidiacono et al JCAP’20

A non standard neutrino sector:




Einstein’s relativity predicts that the presence of a massive body will 
curve space time, distorting the light trajectory. The shape of the 
background objects will change/multiplied by the presence of intervening 
galaxies.

 Gravitational Lensing




 Gravitational Lensing: Syzygy




Double Einstein ring! 

3 perfectly aligned galaxies 

Probably less than 100 cases in our universe, and we have seen one!


 Gravitational Lensing




           The   tensionAlens

Lensing remaps the CMB fluctuations: ⇥lensed(n̂) = ⇥(n̂+r�(n̂))

Lensing potential 𝟇: integrated mass distribution back to the last 
scattering surface

�(n̂) = �2

Z zrec

0

dz

H(z)
 (z,D(z)n̂)

✓
D(zrec)�D(z)

D(zrec)D(z)

◆

C
��
L =

8⇡2

L3

Z zrec

0

dz

H(z)
D(z)

✓
D(zrec)�D(z)

D(zrec)D(z)

◆2

P (z, k = L/D(z))

Cϕϕ
L →

Matter distribution


Geometry


Alens Cϕϕ
L

 Calabrese et al PRD’08

Alens = 1 → ΛCDM



           The   tensionAlens

                                            


Consistency checks: 

1) Does the smoothing effect in the CMB power spectra match                     ?

2) Is the amplitude of the smoothing spectra consistent with that measured by 
the lensing reconstruction?

Alens = 1 → ΛCDM

Cϕϕ
L → Alens Cϕϕ

L
 Calabrese et al PRD’08

Alens = 1,3,6,9

It smooths the CMB acoustic peaks:  

20% change suppresses the fourth and 
higher peaks ~0.5%, raising troughs 1%



           The   tensionAlens

Alens = 1 → ΛCDM

Alens ≠ 1 → ΛCDM✗

Planck Collaboration, A&A’20

Alens > 1 3σ

           New Physics?

          Systematics?

                                            


BEST FIT IMPROVED BY 10 UNITS WHEN ADDING        TO THE ANALYSES Alens



           The   tensionAlens

low-ℓ 
 high-ℓ 




           The   tensionAlens

Allowing 

relieves tensions 

between low-ℓ 

and high-ℓ Planck TT 

Alens > 1

(Addison et al, ApJ’16)



Planck Collaboration: Gravitational lensing by large-scale structures with Planck
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Fig. 12. Upper left: Planck measurements of the lensing power spectrum compared to the ⇤CDM mean prediction and 68% con-
fidence interval (dashed lines) for models fit to Planck+WP+highL (see text). The eight bandpowers are those used in the Planck
lensing likelihood; they are renormalized, along with their errors, to account for the small di↵erences between the lensed CTT

` in
the best-fit model and the fiducial model used throughout this paper. The error bars are the ±1� errors from the diagonal of the
covariance matrix. The colour coding shows how C��L varies with the optical depth ⌧ across samples from the ⇤CDM posterior
distribution. Upper right: as upper-left but using only the temperature power spectrum from Planck. Lower left: as upper-left panel
but in models with spatial curvature. The colour coding is for ⌦K . Lower right: as upper-left but in models with three massive
neutrinos (of equal mass). The colour coding is for the summed neutrino mass

P
m⌫.

constrained only by the Planck temperature power spectrum is
illustrated in the upper-right panel of Fig. 12, and suggests that
the direct C��L measurements may be able to improve constraints
on ⌧ further. This is indeed the case, as shown in Fig. 13 where
we compare the posterior distribution of ⌧ for the Planck temper-
ature likelihood alone with that including the lensing likelihood.
We find
⌧ = 0.097 ± 0.038 (68%; Planck)
⌧ = 0.089 ± 0.032 (68%; Planck+lensing).
At 95% confidence, we can place a lower limit on the optical
depth of 0.04 (Planck+lensing). This very close to the optical
depth for instantaneous reionization at z = 6, providing further
support for reionization being an extended process.

The ⌧ constraints via the lensing route are consistent with,
though weaker, than those from WMAP polarization. However,
since the latter measurement requires very aggressive cleaning
of Galactic emission (see e.g. Fig. 17 of Page et al. 2007), the
lensing constraints are an important cross-check.

6.1.2. Effect of the large and small scales on the
six-parameter ⇤CDM model

Before exploring the further parameters that can be constrained
with the lensing likelihood, we test the e↵ect on the ⇤CDM
model of adding the large-scale (10  L  40) and small-scale
(400  L  2048) lensing data to our likelihood. Adding addi-
tional data will produce random shifts in the posterior distribu-
tions of parameters, but these should be small here since the mul-
tipole range 40  L  400 is designed to capture over 90% of the
signal-to-noise (on an amplitude measurement). If the additional
data is expected to have little statistical power, i.e., the error bars
on parameters do not change greatly, but its addition produces
large shifts in the posteriors, this would be symptomatic either
of internal tensions between the data or an incorrect model.

In Fig. 14, we compare the posterior distributions of the
⇤CDM parameters for Planck+WP+highL alone with those af-
ter combining with various lensing likelihoods. Adding our fidu-
cial lensing likelihood (second column) reduces the errors on pa-

17

(Planck coll., A&A’14)

Neutrinos are hot relics : less clustering on small scales, reducing CMB lensing!

If  is a free parameter the neutrino mass limits are significantly weakenedAlens

Alens = 1 → ΛCDM

(Choudhury & Hannestad JCAP’20)

(Renzi et al PRD’18, Sgier et al 2110.03815)



(Di Valentino & Melchiorri  2112.02993)

If  is a free parameter the neutrino mass limits are significantly weakenedAlens

A free  leads to an agreement on  

bounds between different CMB data sets

Alens ∑ mν

68% CL limits



• All cosmological bounds on  are computed assuming that neutrinos 
behave as an ideal gas.


• BUT ideal gasses/perfect fluids do not exist in the physical universe.

∑ mν



A Historial precedent?




Dropping the ideal gas limit, the modified QED plasma equation of state leads to

important corrections to 
Neff

From Y. Y. Y. Wong

Dicus et al PRD’82, Heckler PRD’94, 
Fornengo et al PRD’97, 
Lopez & Turner PRD’99, 
Mangano et al PLB’02 , 
Bennett et al JCAP’20 & JCAP’21



Interacting neutrinos

See also Boehm et al PLB’01, Beacom, Bell & Dodelson PRL’04,  Chacko et al PRD’04, 
Hannestad JCAP’05, Hannestad & Raffelt JCAP’05, Bell et al PRD’06, Mangano et al 
PRD’06, Friedland et al’07, Basboll et al PRD’09, Wilkinson et al JCAP’14,  Cyr-
Racine & Sirgurdson PRD’14, Archidiacono & Hannestad JCAP’14, Oldengott et al 
JCAP’15, Escudero et al JCAP’15, Oldengott et al JCAP’17, Brust et al JCAP’17, 
Lancaster et al JCAP’17, Di Valentino et al PRD’18, Forastieri et al JCAP’15 
&PRD’19, Park et al PRD’19, Kreisch et al PRD’20, Stadler et al JCAP’ 19 & JCAP’20, 
Blinov et al JCAP’20, Escudero & Witte EPJC’20, Gosh et al PRD’20, Mazumdar et al 
2011.13685, Das & Ghosh PRD’21, Choudhury et al JCAP’21, Brinckmann et PRD’21, 
Mosbech et al JCAP’21

Esteban & Salvado JCAP’21
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Esteban & Salvado JCAP’21

• If the mediator is light, long-range neutrino interactions


• Case similar to neutrino-dark energy models

Bean PRD’01,  Fardon et al JCAP’04, Kaplan, Nelson and Weiner PRL’04,  Gu et al PRD’03,  Peccei PRD’05, Bean and Magueijo, PLB’01

Long range neutrino interactions



S = ∫ −𝒢d4x (−
1
2

Dμ
̂ϕDμ ̂ϕ −

1
2

M2
ϕ

̂ϕ2 + iψ̄Dψ − m0ψ̄ψ − g ̂ϕψ̄ψ)

Esteban & Salvado JCAP’21

• Long-range effects are present if 


• Laboratory, SN 1987A and CMB constraints:  ensuring no spectral 
distortions and avoiding neutrino-neutrino scatterings

g ≲ 10−7

Mϕ ≳ 10−25 eV

Long range neutrino interactions

• g ≲ 10−7 &
gm0

Mϕ
> 1 & m0 ∼ 0.1 eV & Mϕ ≫ H when T < m0

Hannestad and G. Raffelt PRD’ 05, Lattanzi & Valle PRL’07, Lattanzi et al PRD’13, Blinov et al PRL'19 , Agostini EPJC ’15, 
K. Blum et al PLB’18, T. Brune and Päs PRD’19, Brdar et al PRD’20, Forastieri, Lattanzi & Natoli JCAP’15 &PRD’19

10−8 eV ≳ Mϕ ≳ 10−25 eV



Long range neutrino interactions

S = ∫ −𝒢d4x (−
1
2

Dμ
̂ϕDμ ̂ϕ −

1
2

M2
ϕ

̂ϕ2 + iψ̄Dψ − m0ψ̄ψ − g ̂ϕψ̄ψ)
Esteban & Salvado JCAP’21

T ≫ m0 T < m0 n > M3
ϕ n ≪ M3

ϕ

• Effective neutrino mass 
m̃ = m0 + gϕ0



 No interaction effects: equation of state is that of an ideal gas 
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Esteban & Salvado JCAP’21



Sourced scalar field keeps neutrinos relativistic!
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Neutrinos are non-relativistic: Inter-particle distance gets larger than the interaction range.

Long-range effects are switched off.

T ≪ m̃
T ≪ m0

ϕ0 = ≃ −
3ζ(3)𝔤

4π2
g

T3

M2
ϕ

m̃ ≃ m0 (1 −
3ζ(3)𝔤

4π2

g2T2

M2

T
m0 )

Esteban & Salvado JCAP’21
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Long range neutrino interactions

• CMB neutrino mass limits could even be even avoided if the relativistic to 
non-relativistic transition in the neutrino sector is sufficiently delayed!


• Longe interactions modify the w = 1/3 to w = 0 neutrino transition.

(Cuoco, Lesgourgues et al PRD’05, OLdengott et al JCAP’19)



Planck Collaboration: Gravitational lensing by large-scale structures with Planck
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Fig. 12. Upper left: Planck measurements of the lensing power spectrum compared to the ⇤CDM mean prediction and 68% con-
fidence interval (dashed lines) for models fit to Planck+WP+highL (see text). The eight bandpowers are those used in the Planck
lensing likelihood; they are renormalized, along with their errors, to account for the small di↵erences between the lensed CTT

` in
the best-fit model and the fiducial model used throughout this paper. The error bars are the ±1� errors from the diagonal of the
covariance matrix. The colour coding shows how C��L varies with the optical depth ⌧ across samples from the ⇤CDM posterior
distribution. Upper right: as upper-left but using only the temperature power spectrum from Planck. Lower left: as upper-left panel
but in models with spatial curvature. The colour coding is for ⌦K . Lower right: as upper-left but in models with three massive
neutrinos (of equal mass). The colour coding is for the summed neutrino mass
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constrained only by the Planck temperature power spectrum is
illustrated in the upper-right panel of Fig. 12, and suggests that
the direct C��L measurements may be able to improve constraints
on ⌧ further. This is indeed the case, as shown in Fig. 13 where
we compare the posterior distribution of ⌧ for the Planck temper-
ature likelihood alone with that including the lensing likelihood.
We find
⌧ = 0.097 ± 0.038 (68%; Planck)
⌧ = 0.089 ± 0.032 (68%; Planck+lensing).
At 95% confidence, we can place a lower limit on the optical
depth of 0.04 (Planck+lensing). This very close to the optical
depth for instantaneous reionization at z = 6, providing further
support for reionization being an extended process.

The ⌧ constraints via the lensing route are consistent with,
though weaker, than those from WMAP polarization. However,
since the latter measurement requires very aggressive cleaning
of Galactic emission (see e.g. Fig. 17 of Page et al. 2007), the
lensing constraints are an important cross-check.

6.1.2. Effect of the large and small scales on the
six-parameter ⇤CDM model

Before exploring the further parameters that can be constrained
with the lensing likelihood, we test the e↵ect on the ⇤CDM
model of adding the large-scale (10  L  40) and small-scale
(400  L  2048) lensing data to our likelihood. Adding addi-
tional data will produce random shifts in the posterior distribu-
tions of parameters, but these should be small here since the mul-
tipole range 40  L  400 is designed to capture over 90% of the
signal-to-noise (on an amplitude measurement). If the additional
data is expected to have little statistical power, i.e., the error bars
on parameters do not change greatly, but its addition produces
large shifts in the posteriors, this would be symptomatic either
of internal tensions between the data or an incorrect model.

In Fig. 14, we compare the posterior distributions of the
⇤CDM parameters for Planck+WP+highL alone with those af-
ter combining with various lensing likelihoods. Adding our fidu-
cial lensing likelihood (second column) reduces the errors on pa-
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Alens = 1

        Long range neutrino interactions & the  tensionAlens
Esteban et al 2202.04656(Planck coll. A&A’14)
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Neutrino long-range interactions mimic an enhanced lensing contribution, as 
preferred by the data!



• May help in solving the so-called  TENSION


• May help in solving the   TENSION


• May help in solving the   TENSION


• May alleviate current sterile neutrino TENSIONS between short baseline  
oscillation and cosmological measurements


H0

Alens

σ8

A PHENOMENOLOGICAL (PRACTICAL?) APPROACH…


Mosbech et al, JCAP’21

Dasgupta & Kopp PRL’14, Chu et al JCAP’15, Hannestad et al PRL’14, Saviano et al PRD’014, Mirizzi et al PRD’15, Archidiacono 
et al PRD’15 &’16 & JCAP’16, Forastieri et al JCAP’17, Chu et al JCAP’18, Archidiacono et al JCAP’20
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Disagreement of 4𝞼-6𝞼 

depending on the data sets

It has grown significance 
with the improvement of 
data.

W. Freedman, APJ’21The Hubble constant tension

Di Valentino et al Class.Quant.Grav’21
See also Schöneberg et al, 2107.10291
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H0 = 67.27± 0.60 km/s/Mpc

Planck Coll. A&A’20

H0 = 73.04 ± 1.04 km/s/Mpc
Riess et al 2112.04510

5σ

Di Valentino et al Class.Quant.Grav’21
See also Schöneberg et al, 2107.10291

The Hubble constant tension



CMB and the Hubble parameter

• From measurements of the matter and baryon densities given a model: 
derivation of rs*  at the last scattering redshift zs


• From the position of the CMB peaks, the comoving angular diameter distance is 
extracted: 


• Once we have the angular diameter distance, we can infer the value of H0.


D?
A ⌘ r?s/✓

?
s

D
?
A / 1/H0

Could the last scattering surface be closer?

Could CMB spots be smaller? From V. Poulin 



Free-streaming neutrinos travel supersonically through the photon-baryon 

plasma at early times, inducing a net phase shift in the CMB power spectra 
towards larger scales (smaller multipoles), leading to a physical size of the 
photon sound horizon at last scattering that is slightly larger.


Interacting neutrinos shift the power spectrum towards towards smaller 
scales and boost their fluctuation amplitude, reducing the physical size of 
photon sound horizon at last scattering: a smaller value of DA  = higher value 
of H0 is required!

  


Interacting neutrinos & the Hubble constant tension

δϕ ≃ 0.1912π
ρν

ρr

✓s ⌘ rs/DA D
?
A / 1/H0

Bashinsky & Seljak PRD’04, Follin et al PRL’15;  Baumann et al JCAP’16, Choi, Chiang & LoVerde JCAP’18,
Baumann, Green & Zaldarriaga JCAP’17
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Kreisch, Cyr-Racine & Doré, PRD’20 

Interacting neutrinos & the Hubble constant tension
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Kreisch, Cyr-Racine & Doré, PRD’20 

Geff =
g2

m2
ϕ

Heavy mediator: Effective four-fermion interaction

Geff ≫ GF

Neutrinos experience scattering after decoupling:

Increasing  delays neutrino free-streamingGeff

Geffν̄νν̄ν

Geff = 2.5+0.8
−0.5 × 104 GeV−2

Geff < 1.4 × 102 GeV−2

Interacting neutrinos & the Hubble constant tension



Kreisch, Cyr-Racine & Doré, PRD’20 

Choudhury, Hannestad & Tram JCAP’21
See also Brinckmann, Chang and LoVerde PRD’21
Das & Ghosh JCAP’21, Blinov et al PRL'19

Interacting neutrinos & the Hubble constant tension
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                            Non-standard neutrino scenarios & the Hubble constant tension 

Di Valentino et al Class.Quant.Grav’21



53

Tension notably reduced

Escudero & Witte EPJC’20Di Valentino et al Class.Quant.Grav’21

Models with an eV-mass Majoron interacting with neutrinos before 
recombination relax the Hubble tension

ℒ = i
λ
2

ϕν̄γ5ν

Interacting neutrinos & the Hubble constant tension
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Di Valentino et al Class.Quant.Grav’21 Archidiacono et al JCAP’20

ℒ ∼ gsϕν̄γ5ν

Tension notably reduced

Interacting neutrinos & the Hubble constant tension



Di Valentino et al Class.Quant.Grav’21

                            Non-standard neutrino scenarios & the Hubble constant tension 



FINALE

•ν masses & abundances leave key signatures in cosmological observables. 


•Cosmology provides currently the tightest bounds to neutrino masses. 


• COSMOLOGICAL CONSTRAINTS ARE “ROBUST” (difficult to avoid in “simple” 
extensions of CDM)


•Σmν < 0.09 eV (95%CL) from 2018 Planck +SDSS IV+SNIa data


• Non-standard  physics can significantly relax Σmν cosmological bounds


• Non-standard  physics could alleviate present cosmological tensions and 
potential future ones plus provide a hint to the  mass generation mechanism


• Non-free streaming nature of interacting neutrinos may help in tensions 


• Long range neutrino interactions increase lensing  TENSION

Λ

ν
ν

ν

→ Alens




