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Introduction
Origin of neutrino masses
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Introduction
Origin of neutrino masses

Include singlet fermions NR

ℒ ⊃ − L̄LYνΦ̃NR −
1
2

N̄c
RMNR + h . c .

(νL

Nc
R) = (N Θ

R S) PL (νl
nh)

After SSB, Dirac mass term  mD = vHYν

ℒ ⊃
g

2
Wμℓ̄γμPL (Nνl + Θnh) + h . c .

Interactions between  and SM 
through active-heavy mixing

nh

P. Minkowski, Phys. Lett. B (1977) 
R. N. Mohapatra & G. Senjanovic, Phys. Rev. Lett (1980) 
T. Yanagida, Conf. Proc C7902131 (1979) 
M. Gell-Mann et al. Conf. Proc C790927 (1979)

Θ = mDM−1

mνl
∼ mDM−1mT

D

Need at least 2 heavy  
to explain oscillations

ν

A. Donini et al., arXiv:1106.0064 
A. Abada & M. Lucente, arXiv:1401.15076



Introduction

A. Abdullahi et al., arXiv:2203.08039
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Introduction
Neutrino as dark matter

One could have a singlet 
fermion with M = mDM ∼ keV

ℒ ⊃ − L̄LYνΦ̃NR −
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Introduction
Neutrino as dark matter

Monochromatic X-ray signal

E. Fernandez-Martinez, M. Pierre, E. Pinsard & SRA, arXiv:2106.05298

mDM

| 𝒰
α4

|

νDM νlight

γ

One could have a singlet 
fermion with M = mDM ∼ keV

ℒ ⊃ − L̄LYνΦ̃NR −
1
2

N̄c
RMNR + h . c .

∝ |𝒰α4 |2
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Introduction
Neutrino dark matter production

A. de Gouvêa et al., arXiv:1910.04901

For T ≤ 1 GeV

• Dodelson-Widrow mechanism
S. Dodelson & L. Widrow, arXiv:hep-ph/9303287

DM abundance from  oscillations 
and collisions in the plasma

ν

Irreducible contribution
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Introduction
Neutrino dark matter production

For T ∼ 100 GeV

Freeze-in production through 
decay of heavier particles DM→

Colder spectrum than with DW

Γs(T) ≪ H(T)

dfDM

dt
= Γs(p, t)[f eq

DM(p, t) − fDM(p, t)]
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Introduction
Neutrino dark matter production

For T ∼ 100 GeV

Freeze-in production through 
decay of heavier particles DM→

• SM bosons & heavy  decays to DMν

Colder spectrum than with DW

ΩDMh2 ∝
mDMΓs(A → B + DM)

m2
A

mA ∼ 150 GeV
mDM ∼ 10 keV Γs ∼ 10−16 GeV

dfDM

dt
= Γs(p, t)[f eq

DM(p, t) − fDM(p, t)]
A. Abada et al., arXiv:1406.6556 
D. Boyanovsky & L. Lello, arXiv:1508.04077 
M. Lucente, arXiv:2103.03253 
A. Datta et al., arXiv:2104.02030 
A. Abada, G. Arcadi, G. Piazza, M. Lucente & SRA, arXiv:2308.01341

Irreducible contribution
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Production through SM + heavy  decaysν
Rates using states at T = 0

nh → H + νDM Γs ∼ mnh (1 −
M2

H

m2
nh

)∑
α,β

|𝒰α4 |2 |𝒰βh |2

A. Abada et al., arXiv:1406.6556 
M. Lucente, arXiv:2103.03253

|𝒰βh |
A. Abada et al., arXiv:1406.6556 (2,3)-ISS

14



Production through SM + heavy  decaysν

nh → H + νDM
A. Abada et al., arXiv:1406.6556 
M. Lucente, arXiv:2103.03253

Z (W) → νl (ℓα) + νDM
Γs ∼ GFM3

Z(W) ∑
α=e,μ,τ

|𝒰α4 |2

Rates using states at T = 0

| 𝒰
α4

|2

mDM A. Datta et al., arXiv:2104.02030
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Propagating states in the early Universe
Production through SM + heavy  decaysν

One should not use the  -states to compute the production rateT = 0 ν

Just like matter effects in  
oscillations, the mixing changes with 

ν
T

D. Boyanovsky et al., arXiv:1609.07647 
A. Abada, G. Arcadi, G. Piazza, M. Lucente & SRA, arXiv:2308.01341

Le Bellac, Thermal 
Field Theory (1996)
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l̄αL

ναL

ℓα

ni

W

Optical theorem in TFT
M. Le Bellac, Thermal Field Theory (1996) 
H. Weldon, Phys. Rev. D (1983)

 represents the decay through , while  the inverse processΓdec ni ℓα → W Γinv

How does the  distribution 
evolve with time?

ni

dfni

dt
= − Γdec fni

+ Γinv(1 − fni
)

Example Γdec

Γinv
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W+

l̄αL

ναL

ℓα

ni

W

Optical theorem in TFT
M. Le Bellac, Thermal Field Theory (1996) 
H. Weldon, Phys. Rev. D (1983)

How does the  distribution 
evolve with time?

ni

Γ ≡ Γdec + Γinv ∝ ∫
d3q

(2π)3

|ℳ |2

2Eℓ2EW
[fF(1 + fB) + (1 − fF)fB] δ(p0 + Eℓ − EW)

dfni

dt
= Γ [f eq

ni
− fni]  is the rate at which  

approaches equilibrium
Γ ni

Example

dfni

dt
= − Γdec fni

+ Γinv(1 − fni
)

 represents the decay through , while  the inverse processΓdec ni ℓα → W Γinv

Γdec

Γinv
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Optical theorem in TFT
M. Le Bellac, Thermal Field Theory (1996) 
H. Weldon, Phys. Rev. D (1983)

ImΣii ∝ ∫
d3q

(2π)3

|ℳ |2

2Eℓ2EW
[fB(EW) + fF(Eℓ)] δ(p0 + Eℓ − EW)

dfni

dt
= Γ [f eq

ni
− fni]

 is the rate at which  
approaches equilibrium
Γ ni

Γ ∝ ∫
d3q

(2π)3

|ℳ |2

2Eℓ2EW
[fF + fB] δ(p0 + Eℓ − EW)
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DM production without heavy ν
Gauge boson contributions

D. Boyanovsky et al., arXiv:1609.07647 
A. Abada, G. Arcadi, G. Piazza, M. Lucente & SRA, arXiv:2308.01341

Consider just a light  species 
and the  DM candidate

ν
keV

ΣW
ij (p0, p, T) = ∑

α

𝒰†
iα𝒰αjσ (p0, p, T)
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DM production without heavy ν
Gauge boson contributions

Consider just a light  species 
and the  DM candidate

ν
keV

ΣW
ij (p0, p, T) = ∑

α

𝒰†
iα𝒰αjσ (p0, p, T)

The new dispersion relations are given by

(p2
0 − p2)𝕀2×2 +

Ωh(T) − m2
DM

4 tan2 2θ − m2
DM

2 tan 2θ

− m2
DM

2 tan 2θ −m2
DM [1 + 1

4αh tan2 2θ]
= 0

Self-energy corrections
𝒰α4 ∼ sin 2θ

D. Boyanovsky et al., arXiv:1609.07647 
A. Abada, G. Arcadi, G. Piazza, M. Lucente & SRA, arXiv:2308.01341
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DM production without heavy ν
Gauge boson contributions

A. Abada, G. Arcadi, G. Piazza, M. Lucente & SRA, arXiv:2308.01341

Γh
s ∼ θ2 [ ImΩh

|Ωh |2 +
Imαh

|αh |2 ]
Only for Majorana ν
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DM production without heavy ν
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DM production including heavy ν
Higgs contribution

ℒH ⊃ −
H

2vH ∑
i,j

n̄i [Cij (miPL + mjPR) + C*ij (miPR + mjPL)] nj

∑
α=e,μ,τ

𝒰*αi𝒰αj

A. Abada, G. Arcadi, G. Piazza, M. Lucente & SRA, arXiv:2308.01341
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DM production including heavy ν
Higgs contribution

ℒH ⊃ −
H

2vH ∑
i,j

n̄i [Cij (miPL + mjPR) + C*ij (miPR + mjPL)] nj

• Both helicities couple to the Higgs


• Heavy  can give large contributions (mixing angles not affected)


• Fermion decays ( ) to scalars tend to be larger with 

ν

nh T

∑
α=e,μ,τ

𝒰*αi𝒰αj

T. Lundberg & R. Pasechnik, arXiv:2007.01224

A. Abada, G. Arcadi, G. Piazza, M. Lucente & SRA, arXiv:2308.01341
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DM production including heavy ν
Higgs contribution

ℒH ⊃ −
H

2vH ∑
i,j

n̄i [Cij (miPL + mjPR) + C*ij (miPR + mjPL)] nj

Take into account all contributions, which will describe all 
possible 2-body decays involving any , SM boson and DM ν

A. Abada, G. Arcadi, G. Piazza, M. Lucente & SRA, arXiv:2308.01341
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Conclusions

•  neutrino DM is still an interesting candidatekeV

• Among the many possible production mechanisms, freeze-in comes up 
naturally within neutrino mass models necessary to explain oscillation data 

• However thermal effects play a fundamental role in the production, 
dramatically changing the picture from the rates in vacuum

32



Conclusions

• We find that weak gauge bosons do not contribute to the 
production beyond the DW mechanism Ωs/Ωobs

DM ∼ 10−10

• However production through heavier  decays to the Higgs and DM 
completely changes this picture, opening the possibility to freeze-in  DM

ν
ν

• A scan of parameter space is necessary as well as extend for 
 GeV including  scatteringsT > 160 2 → 2

Ωs/Ωobs
DM > 0.05

This project has received funding /support from the European Union’s Horizon 2020 research and innovation programme under the Marie Skłodowska -Curie grant agreement No 860881-HIDDeN
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Conclusions

• We find that weak gauge bosons do not contribute to the 
production beyond the DW mechanism Ωs/Ωobs

DM ∼ 10−10

• However production through heavier  decays to the Higgs and DM 
completely changes this picture, opening the possibility to freeze-in  DM

ν
ν

• A scan of parameter space is necessary as well as extend for 
 GeV including  scatteringsT > 160 2 → 2

Ωs/Ωobs
DM > 0.05

This project has received funding /support from the European Union’s Horizon 2020 research and innovation programme under the Marie Skłodowska -Curie grant agreement No 860881-HIDDeN

Thank you!
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Introduction
Neutrino dark matter production

A. de Gouvêa et al., arXiv:1910.04901

For T ≤ 1 GeV

• Dodelson-Widrow mechanism

• Add  self-interactions with a 
scalar mediator

ν

S. Dodelson & L. Widrow, arXiv:hep-ph/9303287

DM abundance from  oscillations 
and collisions in the plasma

ν

• Shi-Fuller mechanism 
X. Shi & G. Fuller, arXiv:astro-ph/9810076

A. de Gouvêa et al., arXiv:1910.04901
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Introduction
Neutrino dark matter production

For T ∼ 100 GeV

Freeze-in production through 
decay of heavier particles DM→

Colder spectrum than with DW

ΩDMh2 ∝
mDMΓs(A → B + DM)

m2
A

mA ∼ 150 GeV
mDM ∼ 10 keV Γs ∼ 10−16 GeV

dfDM

dt
= Γs(p, t)[f eq

DM(p, t) − fDM(p, t)]

• Scalar coupled to singlet neutrinos
A. Merle et al., arXiv:1306.3996 
M. Drewes & J. U. Kand, arXiv:1510.05646 
V. De Romeri et al., arXiv:2003.12606 
E. Fernandez-Martinez, M. Pierre, E. Pinsard & SRA, arXiv:2106.05298

• SM bosons & heavy  decays to DMν
A. Abada et al., arXiv:1406.6556 
D. Boyanovsky & L. Lello, arXiv:1508.04077 
M. Lucente, arXiv:2103.03253 
A. Datta et al., arXiv:2104.02030 
A. Abada, G. Arcadi, G. Piazza, M. Lucente & SRA, arXiv:2308.01341
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Self-energy decomposition
Projections

Σ = γ0Σ(0) − ⃗γ ⋅ ̂pΣ(1) + Σ(2)𝕀

Σ(0) =
1
4

Tr [γ0Σ]

Σ(1) =
1
4

Tr [ ⃗γ ⋅ ̂pΣ]

Σ(2) =
1
4

Tr [Σ]

ΣW
ij (p0, p, T) = ∑

α

𝒰†
iα𝒰αjσ (p0, p, T)

 is the self-energy contribution in the 
flavor basis when  masses can be 
neglected with respect to the other scales

σ
ν
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Self-energy decomposition

(p2
0 − p2)𝕀2×2 +

Ωh(T) − m2
DM

4 tan2 2θ − m2
DM

2 tan 2θ

− m2
DM

2 tan 2θ −m2
DM [1 + 1

4αh tan2 2θ]
= 0

Dispersion relation in the toy 2x2 case
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Self-energy decomposition

(p2
0 − p2)𝕀2×2 +

Ωh(T) − m2
DM

4 tan2 2θ − m2
DM

2 tan 2θ

− m2
DM

2 tan 2θ −m2
DM [1 + 1

4αh tan2 2θ]
= 0

Ωh(T) = (p0 − hp)(σ(0)
L + hσ(1)

L )

LH helicity h = − 1

Ω−1 = 2p(σ(0)
L − σ(1)

L )

RH helicity h = + 1

Ω+1 =
m2

DM

2p
(σ(0)

L + σ(1)
L )

Dispersion relation in the toy 2x2 case
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DM production without heavy ν
Gauge boson contributions

Ωh(T) ≡ 2p (ΔL + iγL) =
2p(σ(0) − σ(1))
m2

DM

2p (σ(0) + σ(1)),

LH  receive large thermal 
corrections ( )

ν
h = − 1

Self-energy corrections chirality 
suppressed for RH  ( )ν h = + 1

The equilibration rate is related to Γh
s = − 2Im (p0)

(p2
0 − p2)𝕀2×2 +

Ωh(T) − m2
DM

4 tan2 2θ − m2
DM

2 tan 2θ

− m2
DM

2 tan 2θ −m2
DM [1 + 1

4αh tan2 2θ]
= 0

D. Boyanovsky et al., arXiv:1609.07647 
A. Abada, G. Arcadi, G. Piazza, M. Lucente & SRA, arXiv:2308.01341
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Self-energy decomposition
Dispersion relation in the toy 2x2 case

(p2
0 − p2)𝕀2×2 +

Ωh(T) − m2
DM

4 tan2 2θ − m2
DM

2 tan 2θ

− m2
DM

2 tan 2θ −m2
DM [1 + 1

4αh tan2 2θ]
= 0

Ωh(T) = (p0 − hp)(σ(0)
L + hσ(1)

L )

p2
0 − p2 + Ωh −

θ2m2
DM

1 + m2
DM /Ωh

= 0 for light ν

p2
0 − p2 − m2

DM − θ2m2
DM ( 1

αh
+

1
1 + Ωh/m2

DM ) = 0 for DM
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DM production without heavy ν
Gauge boson contributions

For Dirac ν Γh
s =

2θ2γL

(1 + 2pΔL /m2
DM)2 + 4p2γ2

L /m4
DM

≡ 2 (θh
eff)

2
γL

The equilibration rate is related to Γh
s = − 2Im (p0)

Ωh(T) ≡ 2p (ΔL + iγL) =
2p(σ(0) − σ(1))
m2

DM

2p (σ(0) + σ(1)),

LH  receive large thermal 
corrections ( )

ν
h = − 1

Self-energy corrections chirality 
suppressed for RH  ( )ν h = + 1

D. Boyanovsky et al., arXiv:1609.07647 
A. Abada, G. Arcadi, G. Piazza, M. Lucente & SRA, arXiv:2308.01341 43



DM production without heavy ν
Gauge boson contributions

D. Boyanovsky et al., arXiv:1609.07647 
A. Abada, G. Arcadi, G. Piazza, M. Lucente & SRA, arXiv:2308.01341

Ωh(T) = (p0 − hp)(σ(0)
L + hσ(1)

L )
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DM production without heavy ν
Gauge boson contributions

Self-energy corrections chirality 
suppressed for RH  ( )ν h = + 1

D. Boyanovsky et al., arXiv:1609.07647 
A. Abada, G. Arcadi, G. Piazza, M. Lucente & SRA, arXiv:2308.01341

Ωh(T) = (p0 − hp)(σ(0)
L + hσ(1)

L )

Ω+1 =
m2

DM

2p
(σ(0)

L + σ(1)
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 and  boson decays do not 
substantially contribute to DM production
W Z
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DM ∼ 10−10
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Fermi blocking
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Results
Production rates for fixed temperature
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