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Evidence for dark matter
Compelling evidence for dark matter on all astrophysical scales




What do we know?

• How much: 


• Dark

• almost electrically neutral

• probably colour neutral


• Stable

• sufficiently long-lived


• Cold

• non-relativistic (structure formation)


• Non-baryonic


Ω ≃ 0.26
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• We observe dark matter only 
via its gravitational 
interaction…


• To identify its particle physics 
nature need additional 
stronger interactions to have 
any hope…
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• Searches deep underground to 
minimise background


• very rare event (~ less than 1 
event per kg per year)



Direct searches
scattering

• Searches deep underground to 
minimise background


• very rare event (~ less than 1 
event per kg per year)


• no signal…
Schumann, arXiv:1903.03026 

spin-independent
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Indirect searches

• Searches with satellites for 
annihilation signal e.g. from the 
Galactic centre.


• there are some excesses, but 
hard to discriminate from 
astrophysical backgrounds…

simulated signal

annihilation
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Dark matter at colliders

• Problem with dark matter: 
leaves no signal in detector


• Trick: use energy/momentum 
conservation


• So far consistent with expected 
background




DM self-interactions
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DM self-interactions DM scattering

before



DM self-interactions DM scattering

before

after

σT/mDM ≲ 1barn/GeV



DM self-interactions interesting DM scattering

• The collisionless cold dark matter paradigm fits perfectly at large 
scales


• There are however various discrepancies between N-body 
simulations of collisionless cold DM and astrophysical 
observations on galactic scales


• cusp- vs. core problem
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DM self-interactions interesting DM scattering

• The collisionless cold dark matter paradigm fits perfectly at large 
scales


• There are however various discrepancies between N-body 
simulations of collisionless cold DM and astrophysical 
observations on galactic scales


• cusp- vs. core problem

• too-big-to-fail problem

• missing satellite problem  no longer a problem…

• diversity problem


• Self-interactions may solve these problems


• Here: only take the upper bound…


→



schwarze Löcher?

unknown elementary particle?
primordial black holes?

…so what is dark matter made of?



unknown elementary particle?

…so what is dark matter made of?

huge model space



unknown elementary particle?

…so what is dark matter made of?

huge model space

How to proceed?

Organise thinking by production mechanism!
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DM Production

·nχ + 3Hnχ = − ⟨σv⟩ (n2
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• vanilla case: thermal freeze out

1. assume dark matter  in thermal equilibrium   

2. Universe cools                                                 

3. Universe expands                                                

χ χχ ⇆ SM SM
χχ → SM SM
χχ ↛ SM SM
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Thermal Non-Thermal

SM SM ↔ χχ SM SM → χχ

DM Production

·nχ + 3Hnχ = − ⟨σv⟩ (n2
χ − n2

χ,eq) ·nχ + 3Hnχ = ⟨σv⟩ n2
ψ,eq
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• Hidden sector FO

• Cannibal DM

• Forbidden DM

• Zombie DM

• Elder DM

• Kinder DM

• SIMP DM

• …

SM SM ↔ χχ SM SM → χχ

Less variants for freeze-in

Thermal Non-Thermal

DM Production

Many variants of 

freeze-out:
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• Hidden sector FO

• Cannibal DM

• Forbidden DM

• Zombie DM

• Elder DM

• Kinder DM

• SIMP DM

• …

SM SM ↔ χχ SM SM → χχ

Less variants for freeze-in

Today:

Dark Matter from Exponential Growth

Thermal Non-Thermal

DM Production

Many variants of 

freeze-out:
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• 


• 


• : # of transformations of DM 

particle per Hubble time


•  Phase of exponential production


• Shutoff by kinematical or Boltzmann 
suppression
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• : # of transformations of DM 

particle per Hubble time


•  Phase of exponential production


• Shutoff by kinematical or Boltzmann 
suppression


·nχ + 3Hnχ = ⟨σv⟩tr neq
ψ nχ

Yχ(xψ) ≡ nχ /s ≃ Y0
χ exp(3∫

xψ

x0
ψ

dx
x R(x))

R(x) =
neq

ψ ⟨σv⟩tr

3H

→

V-duality to the SIR model

• 


• : # of infected


• : # of susceptible 


• : infection rate


•  recovery rates


·I = βSI − γI

I

S

β

γ

I ↔ nχ S ↔ neq
ψ β ↔ ⟨σv⟩tr γ ↔ 3H

R ≡
βS
γ

Pandemic DM

…how many people will one infected person infect on average 
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• Constant matrix element for simplicity
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4 free parameters: mχ mψ λtr Y0
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Evolution of DM abundance

Freeze-in

λfi ≪ λtrNeed

• Constant matrix element for simplicity

|ℳtr |
2 = λ2

trℒ ⊃ (λtr /3!) ψχ3

4 free parameters: mχ mψ λtr λfi

H ≫ Γ ∝ e−mψ /T
 Boltzmann suppressedψ



104 MeV

m√ > 140TeV "

10°16 10°14 10°12 10°10 10°8 10°6 10°4 10°2

∏fi

10°10

10°9

10°8

10°7

10°6

10°5

10°4

10°3

10°2

∏
tr

BBN excluded
(m√ < 0.5 MeV) fr

ee
ze

-i
n

exponential
growth

fr
ee

ze
-o

u
t

semi°anni-
hilations

102 MeV

m¬ = 101 MeV

m¬ = 101 MeV

102 MeV

103 MeV

105 MeV

BBN excluded
(m√ < 0.5 MeV)

m√/m¬ = 1.2
≠¬ = ≠DM

 fre
eze

-in



exp
ecte

d
2 →

4

Example Phase diagram
2 solutions!

✗tr

χ

ψ

χ

χ

χ

ψ
V

χ

χ
V

χ

ψ

χ

χ

V
χ

ψ

χ

χ

<latexit sha1_base64="yNGiWLtmQADB/Mv7gtlsJy3sKWY=">AAACAXicbVDLSsNAFL2pr1pfVZduBovgqiQi6koKblxWsA9oQ5lMJ+3YySTM3AildOUPuNU/cCdu/RJ/wO9w0mahrQcuHM65L06QSGHQdb+cwsrq2vpGcbO0tb2zu1feP2iaONWMN1gsY90OqOFSKN5AgZK3E81pFEjeCkY3md965NqIWN3jOOF+RAdKhIJRtFKzi0OOtFeuuFV3BrJMvJxUIEe9V/7u9mOWRlwhk9SYjucm6E+oRsEkn5a6qeEJZSM64B1LFY248Sezb6fkxCp9EsbalkIyU39PTGhkzDgKbGdEcWgWvUz810tEtnDhOoZX/kSoJEWu2Px4mEqCMcniIH2hOUM5toQyLez/hA2ppgxtaCUbjLcYwzJpnlW9i6p7d16pXecRFeEIjuEUPLiEGtxCHRrA4AGe4QVenSfnzXl3PuatBSefOYQ/cD5/AAkYl6g=</latexit>

✓

<latexit sha1_base64="yNGiWLtmQADB/Mv7gtlsJy3sKWY=">AAACAXicbVDLSsNAFL2pr1pfVZduBovgqiQi6koKblxWsA9oQ5lMJ+3YySTM3AildOUPuNU/cCdu/RJ/wO9w0mahrQcuHM65L06QSGHQdb+cwsrq2vpGcbO0tb2zu1feP2iaONWMN1gsY90OqOFSKN5AgZK3E81pFEjeCkY3md965NqIWN3jOOF+RAdKhIJRtFKzi0OOtFeuuFV3BrJMvJxUIEe9V/7u9mOWRlwhk9SYjucm6E+oRsEkn5a6qeEJZSM64B1LFY248Sezb6fkxCp9EsbalkIyU39PTGhkzDgKbGdEcWgWvUz810tEtnDhOoZX/kSoJEWu2Px4mEqCMcniIH2hOUM5toQyLez/hA2ppgxtaCUbjLcYwzJpnlW9i6p7d16pXecRFeEIjuEUPLiEGtxCHRrA4AGe4QVenSfnzXl3PuatBSefOYQ/cD5/AAkYl6g=</latexit>

✓

<latexit sha1_base64="zHgPUG63CHdqsfEFU6uptB31bBw=">AAACA3icbVDLSsNAFJ34rPVVdelmsAiuSlJEXUnBjcsK9gFtLJPpTTt0MgkzN0IpXfoDbvUP3IlbP8Qf8DuctFlo64ELh3PuixMkUhh03S9nZXVtfWOzsFXc3tnd2y8dHDZNnGoODR7LWLcDZkAKBQ0UKKGdaGBRIKEVjG4yv/UI2ohY3eM4AT9iAyVCwRlaqd3FISB7qPZKZbfizkCXiZeTMslR75W+u/2YpxEo5JIZ0/HcBP0J0yi4hGmxmxpIGB+xAXQsVSwC409m/07pqVX6NIy1LYV0pv6emLDImHEU2M6I4dAsepn4r5eIbOHCdQyv/IlQSYqg+Px4mEqKMc0CoX2hgaMcW8K4FvZ/yodMM442tqINxluMYZk0qxXvouLenZdr13lEBXJMTsgZ8cglqZFbUicNwokkz+SFvDpPzpvz7nzMW1ecfOaI/IHz+QM975hM</latexit>

✓2

<latexit sha1_base64="yNGiWLtmQADB/Mv7gtlsJy3sKWY=">AAACAXicbVDLSsNAFL2pr1pfVZduBovgqiQi6koKblxWsA9oQ5lMJ+3YySTM3AildOUPuNU/cCdu/RJ/wO9w0mahrQcuHM65L06QSGHQdb+cwsrq2vpGcbO0tb2zu1feP2iaONWMN1gsY90OqOFSKN5AgZK3E81pFEjeCkY3md965NqIWN3jOOF+RAdKhIJRtFKzi0OOtFeuuFV3BrJMvJxUIEe9V/7u9mOWRlwhk9SYjucm6E+oRsEkn5a6qeEJZSM64B1LFY248Sezb6fkxCp9EsbalkIyU39PTGhkzDgKbGdEcWgWvUz810tEtnDhOoZX/kSoJEWu2Px4mEqCMcniIH2hOUM5toQyLez/hA2ppgxtaCUbjLcYwzJpnlW9i6p7d16pXecRFeEIjuEUPLiEGtxCHRrA4AGe4QVenSfnzXl3PuatBSefOYQ/cD5/AAkYl6g=</latexit>

✓

<latexit sha1_base64="yNGiWLtmQADB/Mv7gtlsJy3sKWY=">AAACAXicbVDLSsNAFL2pr1pfVZduBovgqiQi6koKblxWsA9oQ5lMJ+3YySTM3AildOUPuNU/cCdu/RJ/wO9w0mahrQcuHM65L06QSGHQdb+cwsrq2vpGcbO0tb2zu1feP2iaONWMN1gsY90OqOFSKN5AgZK3E81pFEjeCkY3md965NqIWN3jOOF+RAdKhIJRtFKzi0OOtFeuuFV3BrJMvJxUIEe9V/7u9mOWRlwhk9SYjucm6E+oRsEkn5a6qeEJZSM64B1LFY248Sezb6fkxCp9EsbalkIyU39PTGhkzDgKbGdEcWgWvUz810tEtnDhOoZX/kSoJEWu2Px4mEqCMcniIH2hOUM5toQyLez/hA2ppgxtaCUbjLcYwzJpnlW9i6p7d16pXecRFeEIjuEUPLiEGtxCHRrA4AGe4QVenSfnzXl3PuatBSefOYQ/cD5/AAkYl6g=</latexit>

✓

χ

ψ

χ

χ

✗fi%gß⇒⇐-•
:*.



104 MeV

m√ > 140TeV "

10°16 10°14 10°12 10°10 10°8 10°6 10°4 10°2

∏fi

10°10

10°9

10°8

10°7

10°6

10°5

10°4

10°3

10°2

∏
tr

BBN excluded
(m√ < 0.5 MeV) fr

ee
ze

-i
n

exponential
growth

fr
ee

ze
-o

u
t

semi°anni-
hilations

102 MeV

m¬ = 101 MeV

m¬ = 101 MeV

102 MeV

103 MeV

105 MeV

BBN excluded
(m√ < 0.5 MeV)

m√/m¬ = 1.2
≠¬ = ≠DM

 fre
eze

-in



exp
ecte

d
2 →

4

·nχ + 3Hnχ = ⟨σv⟩tr [neq
ψ nχ − n2

χ neq
ψ /neq

χ ] + ⟨σv⟩fi [(neq
ψ )2 − (nχneq

ψ /neq
χ )2]

ψψ → χχ10°3 10°2 10°1 100 101 102 103

m¬/T

10°14

10°13

10°12

10°11

10°10

10°9

10°8

10°7

10°6

10°5

10°4

10°3

10°2

Y
¬

=
n

¬
/s

free
ze-i

n
neq

¬ /s

≠¬,0h2 = 0.12

Example Phase diagram



·nχ + 3Hnχ = ⟨σv⟩tr [neq
ψ nχ − n2

χ neq
ψ /neq

χ ] + ⟨σv⟩fi [(neq
ψ )2 − (nχneq

ψ /neq
χ )2]

104 MeV

m√ > 140TeV "

10°16 10°14 10°12 10°10 10°8 10°6 10°4 10°2

∏fi

10°10

10°9

10°8

10°7

10°6

10°5

10°4

10°3

10°2

∏
tr

BBN excluded
(m√ < 0.5 MeV) fr

ee
ze

-i
n

exponential
growth

fr
ee

ze
-o

u
t

semi°anni-
hilations

102 MeV

m¬ = 101 MeV

m¬ = 101 MeV

102 MeV

103 MeV

105 MeV

BBN excluded
(m√ < 0.5 MeV)

m√/m¬ = 1.2
≠¬ = ≠DM

 fre
eze

-in



exp
ecte

d
2 →

4

χψ → χχ

ψψ → χχ

10°18

10°15

10°12

10°9

Y
¬

=
n

¬
/s

≠¬h2 = 0.12

∏fi º 2.37 £ 10
°13

∏fi º 5.53 £ 10
°14

∏fi º 1.08 £ 10
°14

m¬ = 1 GeV
m√/m¬ = 2

∏tr = 4.5 £ 10°7

∏tr = 5.0 £ 10°7

∏tr = 5.5 £ 10°7

10°3 10°2 10°1 100 101 102

x√ = m√/T

0

1

2

3

R

10°3 10°2 10°1 100 101 102 103

m¬/T

10°14

10°13

10°12

10°11

10°10

10°9

10°8

10°7

10°6

10°5

10°4

10°3

10°2

Y
¬

=
n

¬
/s

free
ze-i

n
neq

¬ /s

≠¬,0h2 = 0.12

Example Phase diagram



·nχ + 3Hnχ = ⟨σv⟩tr [neq
ψ nχ − n2

χ neq
ψ /neq

χ ] + ⟨σv⟩fi [(neq
ψ )2 − (nχneq

ψ /neq
χ )2]

104 MeV

m√ > 140TeV "

10°16 10°14 10°12 10°10 10°8 10°6 10°4 10°2

∏fi

10°10

10°9

10°8

10°7

10°6

10°5

10°4

10°3

10°2

∏
tr

BBN excluded
(m√ < 0.5 MeV) fr

ee
ze

-i
n

exponential
growth

fr
ee

ze
-o

u
t

semi°anni-
hilations

102 MeV

m¬ = 101 MeV

m¬ = 101 MeV

102 MeV

103 MeV

105 MeV

BBN excluded
(m√ < 0.5 MeV)

m√/m¬ = 1.2
≠¬ = ≠DM

 fre
eze

-in



exp
ecte

d
2 →

4

χψ → χχ

ψψ → χχ

10°18

10°15

10°12

10°9

Y
¬

=
n

¬
/s

≠¬h2 = 0.12

∏fi º 2.37 £ 10
°13

∏fi º 5.53 £ 10
°14

∏fi º 1.08 £ 10
°14

m¬ = 1 GeV
m√/m¬ = 2

∏tr = 4.5 £ 10°7

∏tr = 5.0 £ 10°7

∏tr = 5.5 £ 10°7

10°3 10°2 10°1 100 101 102

x√ = m√/T

0

1

2

3

R

10°3 10°2 10°1 100 101 102 103

m¬/T

10°14

10°13

10°12

10°11

10°10

10°9

10°8

10°7

10°6

10°5

10°4

10°3

10°2

Y
¬

=
n

¬
/s

free
ze-i

n
neq

¬ /s

≠¬,0h2 = 0.12

χ

χ
χ

χ

ψ

ψ

λtr

λtr

Example Phase diagram



104 MeV

m√ > 140TeV "

10°16 10°14 10°12 10°10 10°8 10°6 10°4 10°2

∏fi

10°10

10°9

10°8

10°7

10°6

10°5

10°4

10°3

10°2

∏
tr

BBN excluded
(m√ < 0.5 MeV) fr

ee
ze

-i
n

exponential
growth

fr
ee

ze
-o

u
t

semi°anni-
hilations

102 MeV

m¬ = 101 MeV

m¬ = 101 MeV

102 MeV

103 MeV

105 MeV

BBN excluded
(m√ < 0.5 MeV)

m√/m¬ = 1.2
≠¬ = ≠DM

 fre
eze

-in



exp
ecte

d
2 →

4

χψ → χχ

ψψ → χχ

χψ ↔ χχ

ψψ ↔ χχ
10°18

10°15

10°12

10°9

Y
¬

=
n

¬
/s

≠¬h2 = 0.12

∏fi º 2.37 £ 10
°13

∏fi º 5.53 £ 10
°14

∏fi º 1.08 £ 10
°14

m¬ = 1 GeV
m√/m¬ = 2

∏tr = 4.5 £ 10°7

∏tr = 5.0 £ 10°7

∏tr = 5.5 £ 10°7

10°3 10°2 10°1 100 101 102

x√ = m√/T

0

1

2

3

R

10°3 10°2 10°1 100 101 102 103

m¬/T

10°14

10°13

10°12

10°11

10°10

10°9

10°8

10°7

10°6

10°5

10°4

10°3

10°2

Y
¬

=
n

¬
/s

freeze-out

neq
¬ /s

≠¬,0h2 = 0.12

10°3 10°2 10°1 100 101 102 103

m¬/T

10°14

10°13

10°12

10°11

10°10

10°9

10°8

10°7

10°6

10°5

10°4

10°3

10°2

Y
¬

=
n

¬
/s

free
ze-i

n
neq

¬ /s

≠¬,0h2 = 0.12

·nχ + 3Hnχ = ⟨σv⟩tr [neq
ψ nχ − n2

χ neq
ψ /neq

χ ] + ⟨σv⟩fi [(neq
ψ )2 − (nχneq

ψ /neq
χ )2]

χ

χ
χ

χ

ψ

ψ

λtr

λtr

Example Phase diagram



104 MeV

m√ > 140TeV "

10°16 10°14 10°12 10°10 10°8 10°6 10°4 10°2

∏fi

10°10

10°9

10°8

10°7

10°6

10°5

10°4

10°3

10°2

∏
tr

BBN excluded
(m√ < 0.5 MeV) fr

ee
ze

-i
n

exponential
growth

fr
ee

ze
-o

u
t

semi°anni-
hilations

102 MeV

m¬ = 101 MeV

m¬ = 101 MeV

102 MeV

103 MeV

105 MeV

BBN excluded
(m√ < 0.5 MeV)

m√/m¬ = 1.2
≠¬ = ≠DM

 fre
eze

-in



exp
ecte

d
2 →

4

χψ → χχ

ψψ → χχ

χψ ↔ χχ

ψψ ↔ χχ
10°18

10°15

10°12

10°9

Y
¬

=
n

¬
/s

≠¬h2 = 0.12

∏fi º 2.37 £ 10
°13

∏fi º 5.53 £ 10
°14

∏fi º 1.08 £ 10
°14

m¬ = 1 GeV
m√/m¬ = 2

∏tr = 4.5 £ 10°7

∏tr = 5.0 £ 10°7

∏tr = 5.5 £ 10°7

10°3 10°2 10°1 100 101 102

x√ = m√/T

0

1

2

3

R

10°3 10°2 10°1 100 101 102 103

m¬/T

10°14

10°13

10°12

10°11

10°10

10°9

10°8

10°7

10°6

10°5

10°4

10°3

10°2

Y
¬

=
n

¬
/s

freeze-out

neq
¬ /s

≠¬,0h2 = 0.12

10°3 10°2 10°1 100 101 102 103

m¬/T

10°14

10°13

10°12

10°11

10°10

10°9

10°8

10°7

10°6

10°5

10°4

10°3

10°2

Y
¬

=
n

¬
/s

free
ze-i

n
neq

¬ /s

≠¬,0h2 = 0.12

·nχ + 3Hnχ = ⟨σv⟩tr [neq
ψ nχ − n2

χ neq
ψ /neq

χ ] + ⟨σv⟩fi [(neq
ψ )2 − (nχneq

ψ /neq
χ )2]

χ

χ
χ

χ

ψ

ψ

λtr

λtr

Example Phase diagram

Signals?

Necessarily model dependent!


‘Pandemic’ DM a framework like ‘WIMPs’



      with  stable


• : abundance set as in singlet scalar DM

• two-component DM!


• want  to be sub-dominant


• want   small not to be dominated by 
  resonance ;-/


•  slowly decays via 2-loop (or higher) decays


• sizeable region already covered by Planck


• For  decays suppressed


Are there more natural models?

λhψ |H |2 ψ2/2 ψ
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λhψ
SM SM → ψχχχ →

χ
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The Higgs portal as a toy model

H



Towards more natural setups

• Natural way to realise  ?


• Yes! add dark force  and mass mixing


• Could  even be a SM particle?

⟨σv⟩fi ≪ ⟨σv⟩tr

ϕ

ψ

ℒ ⊃ − δm(ψ̄χ + χ̄ψ) − gχ̄ϕχ

ℒ ⊃ − g[ χ̄ϕχ + θ(ψ̄ϕχ + χ̄ϕψ) + θ2ψ̄ϕψ]

mass eigenstates

⟨σv⟩tr ≫ ⟨σv⟩fi



• Sterile neutrinos are a compelling DM candidate!


• naturally produced via active-sterile oscillations 
(Dodelson-Widrow mechanism)


• but…
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• Sterile neutrinos are a compelling DM candidate!


• naturally produced via active-sterile oscillations 
(Dodelson-Widrow mechanism)


• but…


• Possible way out: Fuller-Shi mechanism    
(resonant production with huge lepton asymmetry)


• Extra new physics hidden in the lepton asymmetry  


• also relevant bounds from BBN!
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• Sterile neutrinos are a compelling DM candidate!


• naturally produced via active-sterile oscillations 
(Dodelson-Widrow mechanism)


• but…


• Possible way out: Fuller-Shi mechanism    
(resonant production with huge lepton asymmetry)


• Extra new physics hidden in the lepton asymmetry  


• also relevant bounds from BBN!


• nicer: add secret interactions!
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BBN

ℒ ⊃ y
2 ϕν̄sνs

→ y
2 ϕ[sin2 θν̄ανα − sin θ cos θ(ν̄ανs + ν̄sνα) + cos2 θν̄sνs]



• Standard DW production at 


• rapid dark sector thermalisation via 
 and 

T ∼ 100 MeV

ϕ → νsνs νsνs → ϕ

Cosmological evolution



• Standard DW production at 


• rapid dark sector thermalisation via 
 and 


Boltzmann equations

T ∼ 100 MeV

ϕ → νsνs νsνs → ϕ

Cosmological evolution

·ns + 3Hns = Cns

·nϕ + 3Hnϕ = Cnϕ

·ρ + 3H(ρ + P) = Cρ

chemical equilibrium: 2μs = μϕ



Cosmological evolution



Cosmological evolution
νsνs → ϕϕ → νsνsνsνs

‘reproductive freeze-in’

2007.14688, JMR, H Tillim, S West



Parameter space

Yukawa  fixed such that y Ωs = ΩDM



Parameter space

For  decays of  unchanged


 Standard X-ray limits apply

mϕ > ms νs

→



Parameter space

Constraints from small scale structure


Full analysis requires hydrodynamical N-body 
simulations. Here: 


• pressure (until kinetic decoupling)


• free-streaming length of DM              
(after kinetic decoupling)


λfs = ∫
tnl

tkd

dt
⟨v⟩
a(t)

≲ 0.24 Mpc rs = ∫
tkd

0
dt

cs

a(t)
< 0.34 Mpc



Parameter space

DM self-interactions constrained by 
astrophysical observations (but also 
interesting!)




Parameter space

before

after

DM self-interactions constrained by 
astrophysical observations (but also 
interesting!)


• Phenomenology largely determined by 


• velocity-independent scatterings


• Take  

σT

mϕ > ms →

σT /ms < 1 cm2/g



Parameter space

Sizeable fraction of parameter space will be 
tested in the upcoming years…

σT /ms < 0.1 cm2/g

future X-ray searches



• Generic new DM production mechanism involving exponential growth


• Complements freeze-in and freeze-out scenarios


• Interesting phenomenological consequences


• Specific model realisations:


• Higgs portal as simple (toy) example


• A new (simple!) life for sterile neutrinos!


• other applications?

Conclusions
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Thank you!


