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• Large lepton asymmetries are allowed, with a complicated landscape due to the dynamics of 
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• Large lepton numbers are needed for some 
nonstandard scenarios, e.g., the resonant 
production of sterile neutrino dark matter  
(Shi-Fuller mechanism).

D. Gorbunov, D. Kalashnikov and G. Krugan [2502.17374] 
C. Vogel, H. Escudero, JF and K. Abazajian [2507.18752] 
K. Akita, K. Hamaguchi and M. Ovchynnikov [2507.20659]

    See M. Fernández Navarro’s talk   [Normal mass ordering]



Sterile neutrino dark matter production

12

νμ



Sterile neutrino dark matter production

12

νμ

νs

Oscillations

νμ



Sterile neutrino dark matter production

12

sin2 2θ

νμ

Scattering

Sterile neutrino 
population

νs

νμ

νs

Oscillations

νμ



Sterile neutrino dark matter production

12

νs

νμ

sin2 2θ

νμ

Scattering

Sterile neutrino 
population

νs

νμ

νs

Oscillations

νμ



Sterile neutrino dark matter production

12

νs

νμ

sin2 2θ

νμ

Scattering

Sterile neutrino 
population νs

νs

sin2 2θ

νμνμ

νs

Oscillations

νμ



Sterile neutrino dark matter production

12

νs

νμ

sin2 2θ

νμ

Scattering

Sterile neutrino 
population

νs

νs

νs

νs

sin2 2θ

νμ

sin2 2θ

νμνμ

νs

Oscillations

νμ



Sterile neutrino dark matter production

12

νs

νμ

sin2 2θ

νμ

Scattering

Sterile neutrino 
population

νs

νs

νs

νs

sin2 2θ

νμ

sin2 2θ

νμνμ

νs

Oscillations

DODELSON-WIDROW 
MECHANISM

‘‘Scattering-induced 
decoherence’’∝ sin2 (2θ)

νμ

Dodelson & Widrow,  
Phys. Rev. Lett. 72, 17 (1994)



Sterile neutrino dark matter production

12

νs

νμ

sin2 2θ

νμ

Scattering

Sterile neutrino 
population

νs

νs

νs

νs

sin2 2θ

νμ

sin2 2θ

νμνμ

νs

Oscillations

DODELSON-WIDROW 
MECHANISM

‘‘Scattering-induced 
decoherence’’∝ sin2 (2θ)

νμ <latexit sha1_base64="E0wfu6Rbzo6GQKjNHmGMsSzJfVU="></latexit>

ω→s
<latexit sha1_base64="aLzGccRB/G1sFoYEdySNj8NEbbQ="></latexit>

ω→µ

<latexit sha1_base64="xNKbtDZqHLNI4h6AGkYP5BRW544="></latexit>ω

<latexit sha1_base64="zdB+LxmBtgw+rJo8omDO2ghhcTA="></latexit>

!decay → m5
s sin

2 2ω

Radiative decay

<latexit sha1_base64="rxzohn903AYYsntsukpPwxoDF3s="></latexit>

Eω =
ms

2
X-ray line

Dodelson & Widrow,  
Phys. Rev. Lett. 72, 17 (1994)



Sterile neutrino dark matter production

12

νs

νμ

sin2 2θ

νμ

Scattering

Sterile neutrino 
population

νs

νs

νs

νs

sin2 2θ

νμ

sin2 2θ

νμνμ

νs

Oscillations

DODELSON-WIDROW 
MECHANISM

‘‘Scattering-induced 
decoherence’’∝ sin2 (2θ)

νμ <latexit sha1_base64="E0wfu6Rbzo6GQKjNHmGMsSzJfVU="></latexit>

ω→s
<latexit sha1_base64="aLzGccRB/G1sFoYEdySNj8NEbbQ="></latexit>

ω→µ

<latexit sha1_base64="xNKbtDZqHLNI4h6AGkYP5BRW544="></latexit>ω

<latexit sha1_base64="zdB+LxmBtgw+rJo8omDO2ghhcTA="></latexit>

!decay → m5
s sin

2 2ω

Radiative decay

<latexit sha1_base64="rxzohn903AYYsntsukpPwxoDF3s="></latexit>

Eω =
ms

2
X-ray line

Dodelson & Widrow,  
Phys. Rev. Lett. 72, 17 (1994)



Sterile neutrino dark matter production

13

νs

νμ

sin2 2θ

νμ

Scattering

Sterile neutrino 
population

νs

νs

νs

νs

sin2 2θ

νμ

sin2 2θ

νμνμ

νs

Oscillations

DODELSON-WIDROW 
MECHANISM

‘‘Scattering-induced 
decoherence’’∝ sin2 (2θ)

νμ

Dodelson & Widrow,  
Phys. Rev. Lett. 72, 17 (1994)



Sterile neutrino dark matter production

14

νs

νμ

sin2 2θeff

νμ

Scattering

Sterile neutrino 
population

νs

νs

νs

νs

νμνμ

sin2 2θeff
sin2 2θeff

νμ

νs

Oscillations

SHI-FULLER 
MECHANISM

‘‘Resonant 
production’’∝ sin2(2θeff) ≫ sin2(2θ)

νμ

Asymmetry-
induced 

resonance

Shi & Fuller,  
Phys. Rev. Lett. 82, 2832 (1999)



Constraints on SF sterile neutrino dark matter

15

C. Vogel et al. [2507.18752]

<latexit sha1_base64="rglwQPHQ+TQQr0lIUjIzccNyuXY="></latexit>

Mass ms

Mixing angle ω

Initial lepton number

L = Lµ =
nωµ → nω̄µ

nε
↑ 4εµ

<latexit sha1_base64="OaJBaGCKDP8yqIbYZi6kIeDLThw="></latexit>

L(T )

Phase-space distributions

[!DMh2](T )Venumadhav et al. [1507.06655]

<latexit sha1_base64="CF6LSlWZmQKsWGo6QAc2dngxVE0="></latexit>

sterile-dm



Constraints on SF sterile neutrino dark matter

15

C. Vogel et al. [2507.18752]

<latexit sha1_base64="rglwQPHQ+TQQr0lIUjIzccNyuXY="></latexit>

Mass ms

Mixing angle ω

Initial lepton number

L = Lµ =
nωµ → nω̄µ

nε
↑ 4εµ

<latexit sha1_base64="OaJBaGCKDP8yqIbYZi6kIeDLThw="></latexit>

L(T )

Phase-space distributions

[!DMh2](T )Venumadhav et al. [1507.06655]

<latexit sha1_base64="CF6LSlWZmQKsWGo6QAc2dngxVE0="></latexit>

sterile-dm

root finder



Constraints on SF sterile neutrino dark matter

15

C. Vogel et al. [2507.18752]

101102103104

T [MeV]

0

1

2

3

4

5

6

L

<latexit sha1_base64="BVT3HI19oY9J33BIadrnE22Y9RM="></latexit>

ms = 40 keV

sin2(2ω) = 1.6→ 10→15

<latexit sha1_base64="rglwQPHQ+TQQr0lIUjIzccNyuXY="></latexit>

Mass ms

Mixing angle ω

Initial lepton number

L = Lµ =
nωµ → nω̄µ

nε
↑ 4εµ

<latexit sha1_base64="OaJBaGCKDP8yqIbYZi6kIeDLThw="></latexit>

L(T )

Phase-space distributions

[!DMh2](T )Venumadhav et al. [1507.06655]

<latexit sha1_base64="CF6LSlWZmQKsWGo6QAc2dngxVE0="></latexit>

sterile-dm

root finder



Constraints on SF sterile neutrino dark matter

16
15 20 25 30 35 40 45 50 55 60

ms [keV]

10°15

10°14

10°13

si
n
2
(2
µ)

L = 0.1

L = 0.5

L = 1

L = 3

L = 10

X-ray

Villasenor+

Zelko+

3

4

5

6

7

8

9

10

11

12

13

14

15

T
h
er
m
al

M
as
s
[k
eV

]

C. Vogel et al. [2507.18752]



Constraints on SF sterile neutrino dark matter

16
15 20 25 30 35 40 45 50 55 60

ms [keV]

10°15

10°14

10°13

si
n
2
(2
µ)

L = 0.1

L = 0.5

L = 1

L = 3

L = 10

X-ray

Villasenor+

Zelko+

3

4

5

6

7

8

9

10

11

12

13

14

15

T
h
er
m
al

M
as
s
[k
eV

]

C. Vogel et al. [2507.18752]

Equivalent thermal 
warm dark matter mass, 
for structure formation 
constraints



Julien Froustey

Neutrino flavour mixing is a key ingredient of neutrino evolution in the early Universe in nonstandard cases.

Summary

17



Julien Froustey

Neutrino flavour mixing is a key ingredient of neutrino evolution in the early Universe in nonstandard cases.

• We combined a full quantum kinetic transport code for neutrinos with a BBN network to connect primordial 
asymmetries to cosmological observables.

• Larger than previously thought primordial neutrino asymmetries are allowed.

• Asymmetries are mixed, but not perfectly equilibrated in general
 complicated landscape of allowed asymmetries⟶

Summary

17

JF, C. Pitrou [2110.11889] 
JF, C. Pitrou [2405.06509]

V. Domcke et al.  
[2502.14960, 2510.02438]

Constraints on primordial asymmetries…



Julien Froustey

Neutrino flavour mixing is a key ingredient of neutrino evolution in the early Universe in nonstandard cases.

• We combined a full quantum kinetic transport code for neutrinos with a BBN network to connect primordial 
asymmetries to cosmological observables.

• Larger than previously thought primordial neutrino asymmetries are allowed.

• Asymmetries are mixed, but not perfectly equilibrated in general
 complicated landscape of allowed asymmetries⟶

• This (re-)opens the parameter space for resonant production of sterile neutrino dark matter via the Shi-
Fuller mechanism.

• Importance of future X-ray observatories in the ~ 20 keV range!

• Limitations of the sterile neutrino production code for very large lepton numbers: future study!

Summary

17

C. Vogel et al. [2507.18752] 
K. Akita et al. [2507.20659]

JF, C. Pitrou [2110.11889] 
JF, C. Pitrou [2405.06509]

V. Domcke et al.  
[2502.14960, 2510.02438]

Constraints on primordial asymmetries…

… and sterile neutrino dark matter models
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Output of neutrino + BBN calculation
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    Neff = 2.99 ± 0.24 (68 %)

Spectroscopic measurements

 
  

Yp = 0.2453 ± 0.0034
D/H = (2.53 ± 0.03) × 10−5
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Constraining primordial neutrino asymmetries
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• Large lepton asymmetries are allowed, with a complicated landscape due to the dynamics of 
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• Large lepton asymmetries are allowed, with a complicated landscape due to the dynamics of 
flavor oscillations.
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Connection with thermal warm dark matter
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