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…of the talk: …of the Standard Model:

DM ?
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Open Questions of SM

Why are neutrinos massive?
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What is the nature of dark matter?

Seesaw Mechanism 
(via heavy )νR

Sterile Neutrinos 
(keV masses)

+ many more ideas…

can they be one and the same?

?
νR

νL
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• neutrino masses 
constrained by oscillation measurements 

 lower bound on mixing


• radiative decay  
constrained by X-ray observations 

 upper bound on mixing 

→

N → ν γ

→

Active Sterile Mixing

add heavier  
seesaw neutrinos 

 lowers allowed mixing→

add additional  
DM candidate 

 increases allowed mixing→
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 where active-sterile mixing (νL)α = Uαi νi + UαI Nc
I UαI ≈

mD

mI
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• neutrino masses 
constrained by oscillation measurements 

 lower bound on mixing


• radiative decay  
constrained by X-ray observations 

 upper bound on mixing 

→

N → ν γ

→

Active Sterile Mixing

today

from DM dense objects 
(104 to 1010 ly away)

ϵ(t)
add time dependence!

keep keV sterile neutrinos  
as DM candidate 

 & as seesaw neutrinos

5

 where active-sterile mixing (νL)α = Uαi νi + UαI Nc
I UαI ≈

v ϵ YαI

mI
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Model

• In the recent universe, the potential of the spectator scalar field becomes 
tachyonic  field starts rolling  expectation value 


• Active neutrino masses are induced via dim5-operator 
+ seesaw type I

⇒ ⇒ ⟨S⟩(t > tSB) ≠ 0

DM

+ U(1)N +
spectator  

scalar field

S

QN(SM) = 0 QN(S) = -1QN( ) =  1νs ±

yα1
Sc

ΛS
L̄α H̃ νR1

yα2
S

ΛS
L̄α H̃ νR2

6

mass varying neutrinos e.g. in 
Fardon, Nelson, Weiner (2004) 

Brookfield et al. (2006) 
Dvali, Funcke (2016) 

Huang et al. (2022) 
+ more…
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Dark Matter

7

DM

S

νL

N y

  
 yrs

τ = Γ−1

τuniverse ∼ 1010

with QN( ) =  - 1νR1
QN( ) = + 1νR2

and 

if  decay kinematically forbidden 
before onset of phase transition

mS > mDM

• Majorana mass matrix: 

• (keV) mass effectively unchanged once 


• production mechanism: not specified


• lifetime requires  

  and   

mDM = M12 = 𝒪 ⟨S⟩ ≠ 0

ΛS ≳ a few  × 104 GeV

y ∼
vEW

ΛS
Γ ∼

1
16π

1
mDM ( vEW

ΛS )
2
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Neutrino Spectrum
• Casas-Ibarra parametrisation with best-fit values & 


• Yukawa couplings   correct spectrum for 

ms ∈ [0.4,50] keV

𝒪(10−2 − 10) ⟹ ϵ ∼ 10−10

NuFIT 5.3 (2024)
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⟨S⟩
ΛS

yeff = y ϵ
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Parameter Space

lifetime SC

SC

TRISTAN

DM overproduction SC

0.5 1 5 10 50

10-12

10-9

10-6

0.001

mDM [keV]

|U
eN

1
2 +

|U
eN

2
2

9Planck24, Lisboa

arXiv:1810.06711

• NO: blue


• IO: green


• SC: standard case 

• lifetime: 


• X-ray: 


• TRISTAN: KATRIN upgrade 

N → 3ν

N → γ ν

Parameter space  
for correct neutrino 
spectrum excluded!

TRISTAN regime 
excluded!
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Parameter Space
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opening up  
of parameter space! BM1:  ago :  with 10−4H0 V(S) ∝ − μ2S2 μ = 5 × 105H0
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BM2:  ago :  with 10−5H0 V(S) ∝ − μ2S2 μ = 107H0

Preliminary no problem with DM overproduction: 
 in early universeUeN = 0
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arXiv:1810.06711

• NO: blue


• IO: green


• SC: standard case


• lifetime: 


• X-ray: 


• TRISTAN: KATRIN upgrade 

N → 3ν

N → γ ν
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Phase Transition
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•   correct 

neutrino spectrum possible

t ≥ tSB V(S) ∝ − μ2
SBS2

⇒ S(t) ∝ exp(t)

log10
⟨S⟩
H0

∈ [36,50] ⇒

BM1

 
BM1:  years ago 
BM2:  years ago

H0 ∼ 10−33 eV
∼ 106

∼ 105

BM2

effective 
description

Maya Hager



Non-Minimal Coupling

12

Ricci Scalar

higher order operators
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 see talk by Javier Rubio on Thursday→

possible 
incarnation

• prototypical cosmological phase transition 

•  tracks Hubble parameter and 
acts as „cosmological clock“


• maximal value for  to remain stable 
during radiation domination  BM1


• open question: small scale effects?

R

μ2
SB

→

Maya Hager

SB



• SM + 2 RH neutrinos + spectator scalar field to explain 
 keV sterile neutrino DM  
 origin of neutrino masses


• cosmologically massless neutrinos, 
gain time-dependent mass recently


• probable @ KATRIN/TRISTAN experiment  
& not in conflict with X-ray bounds


• future: diffuse supernova neutrino background 
(far) future: will observe DM decay

⇒
⇒

Conclusion & Outlook
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Expectation Value of S

-9-8-7-6-5-4-3
0

10
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30

40

BM1

BM2

⟨S⟩ = 𝒪(10) MeV

ΛS ∼ 𝒪(108) GeV⟹

exemplary values, 
can change as long as 

ϵ ∼ 10−10

Planck24, Lisboa Maya Hager



Variation of Constants + 5th Forces

singlet: can be added to any operator

⇒

natural nuclear reactor Oklo constrains

5th force searches more sensitive to  
terms linear in   here no problemS ⇒

Higgs portal assumed to be negligible

today: ϵ2 ∼ 10−20
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Casas-Ibarra Parametrisation
hep-ph/0103065 
hep-ph/0511136 

here: slightly different conventions 
than original Casas-Ibarra.
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Possible UV-Completion

• like Froggatt-Nielsen mechanism 
(only for neutrinos)


• heavy vector-like messenger fermions 


• scale of new physics set by mass of  
and coupling :

F

F
Y

Feynman diagram before integrating out VL fermions:

H S

LL νR

F F̄

ΛS =
MF

Y C.D. Froggatt and H.B. Nielsen,  
Hierarchy of Quark Masses, Cabibbo Angles and CP Violation,  

Nucl. Phys. B 147 (1979) 277. 
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X-Ray Bounds
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TRISTAN Detector
• KATRIN Collaboration 

Mertens et al. (2019)


• tritium-beta decay 


• electron-flavor neutrino emitted 
along with electron


• spectrum related to 
superposition of mass 
eigenstates
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Neutrinoless Double Beta Decay

• Bolton, Deppisch, Bhupal Dev 
(2020)


• interference effects between 
two sterile neutrinos with 
small mass splitting


•  constraints negligible for 
sterile neutrino masses in our 
model!

⇒
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