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Origin of neutrino masses

In order to have large Yukawa couplings

If   μ ≪ M → mν ∼ v2YT
ν M−1μM−1Yν

Inverse Seesaw

ℒ ⊃ − L̄LYνΦ̃NR − S̄MNR −
1
2

S̄μSc + h . c .

Neutrino mixing can be large  → θ ∼ vYνM−1

To explain oscillation data (2,2)-ISS→ 2NR + 2S→

Approximate L-symmetry

Gonzalez-Garcia & Valle (1992)

Malinsky et al., arXiv:0506296

Abada & Lucente, arXiv:1401.1507

Source of LNV



(2,3)-Inverse Seesaw

3 light neutrinos mlight ∼ θ2μ

m ∼ μ

2 pseudo-Dirac pairs mN±
∼ m2

D + M2 ± 1
2

μ

1 light sterile state

Origin of neutrino masses

Heavy states around the EW scale

Add 2  and 3 NR S
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1
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S̄μSc + h . c .

Abada & Lucente, arXiv:1401.1507
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 to explain μ ∼ keV mlight
Good DM candidate, which automatically 
has interactions suppressed by μ

X-ray signal from νDM → νlightγ
Smoking 
gun signal

Pal & Wolfenstein, Phys. Rev. D (1982) 
νDM νlight

γ

(2,3)-Inverse Seesaw
Could such a sterile neutrino be the DM? 



(2,3)-ISS

 to explain μ ∼ keV mlight
Good DM candidate, which automatically 
has interactions suppressed by μ

X-ray signal from νDM → νlightγSmoking gun
Pal & Wolfenstein, Phys. Rev. D (1982) 

νDM νlight

γ

Severely constrained
|𝒰α4 | ≤ 10−6

Fernandez-Martinez, Pierre, Pinsard & SRA, arXiv:2106.05298

Could such a sterile neutrino be the DM? 



Neutrino DM through freeze-in
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For a freeze-in particle, its final abundance can be estimated as

ΩDMh2 ∼
mDMΓDM(N → νDM + H)

m2
N

For  GeV 
 GeV

mN ∼ 150
ΓDM ∼ 10−16


NN±
→ νDM + B

B′￼ → νDM + ν̄light(l+)

 and H Z

,  and H Z W

DM never reaches equilibrium



Neutrino DM through freeze-in

For a freeze-in particle, its final abundance can be estimated as

ΩDMh2 ∼
mDMΓDM(N → νDM + X)

m2
N

How do we compute  ?ΓDM

Thermal QFT

Abada, Arcadi & Lucente, arXiv:1406.6556

Lucente, arXiv: 2103.03253

For  GeV 
 GeV

mN ∼ 150
ΓDM ∼ 10−16

Le Bellac, Thermal Field Theory (1996)



Glimpse at Thermal-QFT

Le Bellac, Thermal Field Theory (1996)

∼ ∫ (fB + fF)

 fB(1 − fF) +fF(1 + fB)

 and its 
inverse process
W → νDMl

Weldon, Phys. Rev. D (1983)

ni njlα

W

The one-loop self-energy is related to the 
rate at which a species enters equilibrium

 and  distributionsW l



Production rates in thermal QFT
ναL

Nc
R

S
= ∑

i

𝒰αiPLni

Flavour basis
Mass basis

Σij(p0, p, T) = ∑
k

CikCkjσ(p0, p, T, mk)

Le Bellac, Thermal Field Theory (1996)

Boyanovsky, Lello & Pisarski, arXiv: 1609.07647

ni
njnk

H

Abada, Arcadi, Lucente, Piazza & SRA, in preparation
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Dumping of the production rate
Propagating modes and relaxation rate 

Boyanovsky, Lello & Pisarski, arXiv: 1609.07647

𝒮−1 = p2
0 − p2 − ℳd + Ωh

Γh
DM ∼ 2θ2

eff(T)Im [Ωh(T)]

Competition between the suppression of the mixing angle 
and the bigger dumping rate at larger temperatures

θeff(T) ≡
𝒰α4

(1 + Re Ωh(T)
m2

DM )
2

+ ( ImΩh(T)
m2

DM )
2

Consider only 2 species (DM and a light )ν 𝒰α4 ≲ 10−6

Depends on helicity
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• For negative helicity

Large “thermal mass” 
for  from  and  να W Z
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Weak boson decays 
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Conclusions

keV  are good DM candidate naturally arising in low-scale Seesaws


Interactions with the plasma translate into a suppression of the mixing angle for LH 
helicity neutrinos


Included heavy neutrinos necessary to explain  masses, and contribute to the DM 
abundance through 


Improvement with respect to considering just two light species, but not enough DM


Taking into account CPV might change the picture


Production possible in non-minimal scenarios not relying on mixing

ν

ν
N → HνDM
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Introduction
Neutrino masses

Super-Kamiokande collaboration,

 arXiv:0105023

 |Δm2
atm | ∼ 2.5 × 10−3 eV2

Oscillation driven by

να = ∑
i

UαiνiInteraction 
states

Propagating 
states

[p − ℳd]ii
νi = 0



Origin of neutrino masses

ℒ ⊃ − L̄LYνH̃NR −
1
2

N̄c
RMMNR + h . c .

  MM ≫ vYν → mν ∼ v2YT
ν M−1

M Yν

Active-heavy mixing is suppressed → θ ∼ vYνM−1
M

Type-I Seesaw

Add a number of RH neutrinos (at least 2) Allowed by 
gauge invariance

Seesaw limit

P. Minkowsky, Phys.Lett. B67 (1977) 421

T. Yanagida, 1979

M. Gell-Mann, P. Ramon and R. Slansky, 

arXiv:1306.4669

S. L. Glashow, NATO Sci.Ser. B 61 (1980) 687

R. N. Mohapatra and G. Senjanovic, 

Phys. Rev. Lett. 44 (1980) 912



 eV0.1  keV𝒪(10)  GeV𝒪(100) mνDM

Hot DM Decays too fastWarm DM

Dodelson-Widrow mechanism 
effective at  MeVT ∼ 150

Dodelson & Widrow, arXiv:hep-ph/9303287

Only depends on  and its 
mixing with active neutrinos

mνDM

Could a neutrino be the DM? 
Production through oscillations and collisions



 eV0.1  keV𝒪(10)  GeV𝒪(100) mνDM

Hot DM Decays too fastWarm DM

X-ray signal from νDM → νlightγ

Dodelson-Widrow mechanism 
effective at  MeVT ∼ 150

Smoking gun
Severely constrained

Dodelson & Widrow, arXiv:hep-ph/9303287

Pal & Wolfenstein, Phys. Rev. D (1982) 

Only depends on  and its 
mixing with active neutrinos

mνDM

Production through oscillations and collisions
Could a neutrino be the DM? 

|𝒰α4 | ≤ 10−6



Dumping of the production rate
Propagating modes and relaxation rate

Boyanovsky, Lello & Pisarski, arXiv: 1609.07647

The production rate would be Γh
DM = − 2Im(p0)

𝒮−1 = p2
0 − p2 − ℳd + (p0 − hp)(Σ0

L + hΣ1
L)

Different helicity states interact 
differently with the thermal bath


Ωh ≡ (p0 − hp)(Σ0
L + hΣ1

L)
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Propagating modes and relaxation rate

Boyanovsky, Lello & Pisarski, arXiv: 1609.07647

𝒮−1 = p2
0 − p2 − ℳd + (p0 − hp)(Σ0

L + hΣ1
L)

Ex: Toy 2x2 model 𝒰 ≃ ( 1 θ
−θ 1)

p2
0 ≃ p2 + m2

DM +
θ2(m2

DM)2

m2
DM + Ωh

θeff(T) ≡
θ

(1 + Re Ωh(T)
m2

DM )
2

+ ( ImΩh(T)
m2

DM )
2

Different helicity states interact 
differently with the thermal bath


Ωh ≡ (p0 − hp)(Σ0
L + hΣ1

L)



Inclusion of massive heavy neutrinos
Contributions to DM production







W ↔ lνDM

Z ↔ νlightνDM

H ↔ νlightνDM


N ↔ HνDM

N ↔ ZνDM

Γprod ∼ fB(1 − fF)

Γprod ∼ fF(1 + fB)

Fermi blocking

Bose enhancement

Chirality suppression 
for RH helicities

More promising channels to produce DM



Example non-minimal scenario
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1
2
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N ↔ ϕ2νDM
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