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Dark Matter

Dark Matter is five times more abundant than baryonic matter

2

A common origin for baryons and DM?

Cosmic coincidence



Standard (symmetric) production
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Freeze-out: DM is in thermal 
equilibrium with the SM

Dark Matter is symmetric (?)

Freeze-in: DM is not in thermal 
equilibrium with the SM

SM

SM

SM

SM
Tiny couplings evade 
experimental bounds!

WIMP FIMP



Asymmetric Dark Matter

The Baryon abundance is set by an asymmetry
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The nature of DM could also be asymmetric!

Attractive scenario:



Asymmetric freeze-out
Asymmetry and Fractional asymmetry

Asymmetry generation

Unavoidable 
Symmetric 
population

Symmetric (thermal) 
population

5

Asymmetry



Asymmetric freeze-out
Asymmetry and Fractional asymmetry
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Annihilation of the symmetric 
component

SM

SM Graesser, Shoemaker, Vecchi  
[1103.2771]

Annihilations (thermal equilibrium)



Asymmetric freeze-out
Asymmetry and Fractional asymmetry

SM

SM Graesser, Shoemaker, Vecchi  
[1103.2771]

Asymmetric component

7



Asymmetric freeze-out
Asymmetry and Fractional asymmetry
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Annihilation of the symmetric 
component

SM

SM Graesser, Shoemaker, Vecchi  
[1103.2771]

Large cross sections 
are needed! 



Asymmetric freeze-in?
Asymmetry and Fractional asymmetry
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Annihilation of the symmetric 
component Large cross sections 

are needed! 

Asymmetric DM out of equilibrium (tiny couplings, freeze-in) ?

(How to erase the symmetric component?)



Asymmetric freeze-in?
Asymmetry and Fractional asymmetry
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Annihilation of the symmetric 
component Large cross sections 

are needed! 

Idea: late decays of an asymmetric species after symmetric population 
has been erased  



Early vs Late decays

11No annihilations



Early vs Late decays
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Asymmetric FIMP DM!



A Cogenesis scenario
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Falkowski, Ruderman, Volansky  [1101.4936]

CP-violating decays of RHNs
out of equilibrium 

Lepton asymmetry 

Sphalerons

Dark asymmetry generation 

Baryon asymmetry   In thermal equilibrium annihilations erase 
symmetric components



A Cogenesis scenario
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Dark asymmetry generation 

FIMP DM particle 
(out of equilibrium)

The asymmetry is transferred to    
via late decays after    symmetric 

population has been erased

In thermal equilibrium

CP-violating decays of RHNs
out of equilibrium 

Lepton asymmetry 

Sphalerons

Baryon asymmetry   



A Cogenesis scenario
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Dark asymmetry generation 

In thermal equilibrium

CP-violating decays of RHNs
out of equilibrium 

This scenario can explain neutrino masses, baryon asymmetry and (FIMP) Dark Matter!

Neutrino masses

Lepton asymmetry 

Sphalerons

Baryon asymmetry   

The asymmetry is transferred to    
via late decays after    symmetric 

population has been erased

FIMP DM particle 
(out of equilibrium)



The model
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DM stability + 
Dirac Nature

is not in thermal 
equilibrium

Thermal 
equilibrium

Neutrino masses



The model
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Both cosmologically stable

are allowed but suppressedor

DM candidates

Multicomponent DM



DM production (Fermion)
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decays through Higgs portal

No thermalization, stable DM (freeze-in)

Early decays are dominant

Late decays are dominant

Symmetric DM

Asymmetric DM



DM production (Scalar)
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Thermalization with SM bath

Asymmetric freeze-out



DM production (Scalar)
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Partial cancellation of asymmetry

Thermalization with SM bath

Asymmetric freeze-out



DM production (Scalar)
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Partial cancellation of asymmetry

Thermalization with SM bath

Asymmetric freeze-out

No extra decays, asymmetric DM (freeze-out) 

Cancellation of the asymmetry, symmetric DM 
(freeze-out) 



Scenarios
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Asymmetric

Late decays

Symmetric

Early decays

Asymmetric

Freeze-out

Symmetric

Freeze-out + Late decays

Freeze-in Thermal



Scenarios
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The DM abundance is reproduced for

Asymmetric

Late decays

Symmetric

Early decays

Asymmetric

Freeze-out

Symmetric

Freeze-out + Late decays

Freeze-in Thermal



Phenomenology
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Freeze-in: small couplings, suppressed DD

ADM: suppressed ID + annihilations in 

dark sectors

Large            scale: no collider searches 

DD of scalar DM through Higgs portal

ID of scalar DM when

Enhanced ID signal for Scenario 6

is symmetric

+ neutrino line!



Smoking gun: neutrino line
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Neutrino line peaked at

generated at

(analogous process if                  )  

Experimental bound Future neutrino telescopes?

[Palomares-Ruiz 2008, Garcia-Cely et al. 2017, Coy et al. 2021]



Summary
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Asymmetric FIMP

Smoking Gun neutrino line: 

close to experimental 

sensitivity (neutrino 

experiments)



Summary
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Smoking Gun neutrino line: 

close to experimental 

sensitivity (neutrino 

experiments)

Symmetric 1DM with 

interesting features

(mix Cold/Warm DM,
enhanced ID signals,...)

Asymmetric FIMP



Scenario 6: 1 DM

2828

Symmetric population

Asymmetry sets the abundanceNo decays to 

1 DM

Thermal, cold component

Warm component

Mix Cold/Warm DM

Enhanced Indirect Detection signals may be present



Scenario 6: 1 DM
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Symmetric population

Asymmetry sets the abundanceNo decays to 

1 DM

Thermal, cold component

Warm component

Mix Cold/Warm DM

Enhanced Indirect Detection signals may be present



Summary
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• Asymmetric DM models needs large annihilations cross section: 

thermalization

• Asymmetric FIMP DM can be realized through late decays of asymmetric 

particle

• The framework naturally needs an extended dark sector: multicomponent DM, 

baryogenesis, neutrino masses

• Late DM decays can be constrained by neutrino experiments
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Backup
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Fermion annihilations
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Scalar annihilations

Various terms in the scalar potential such as
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Asymmetric WIMP
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Graesser, Shoemaker, Vecchi  
[1103.2771]

Graesser, Shoemaker, Vecchi  
[1103.2771]



Partially asymmetric DM
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Asymmetric
Symmetric



Cogenesis
Generation of the asymmetries through out-of-equilibrium decays
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Falkowski, Ruderman, Volansky  [1101.4936]



Cogenesis
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Washout and transfer of the asymmetries

Falkowski, Ruderman, Volansky  [1101.4936]



Cogenesis
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SM lepton asymmetry, neutrino spectrum 
and mixing angles are correctly reproduced

Falkowski, Ruderman, Volansky  [1101.4936]



Smoking gun: neutrino line

41Coi, Gupta, Hambye  [2104.00042]
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Asymmetry and Fractional asymmetry

Symmetric Asymmetric Partially Asymmetric 

Dark Matter nature



Cold vs Warm
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Thermalization with SM bath

Asymmetric freeze-out

Decoupling at 

Cold

Small-scale structure

constraint



Cold vs Warm
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Decay peaked around

Warm

Small-scale structure

constraint



[Heeck, 2014]

Gauge boson bounds



A low-energy variant

Neutrino masses
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Lowering the           scale 
Inverse see-saw

Resonant leptogenesis



A low-energy variant
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Lowering the           scale 
Inverse see-saw

Resonant leptogenesis

Low-scale             allows for annihilations to SM 
fermions to erase the symmetric component

(highly suppressed in the high-scale scenario)



A low-energy variant
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Lowering the           scale 
Inverse see-saw

Resonant leptogenesis

The ratio               is enhanced

Scenarios with             are preferred

is the dominant DM candidate



A low-energy variant
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Collider searches 

Lowering the           scale 
Inverse see-saw

Resonant leptogenesis

Looking for missing energy from decays



The model
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Majorana masses for RHNs from                breaking 

neutrino masses (Type- I see-saw)



The model
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Dark gauge group

Assure DM stability and Dirac nature of dark fermions (necessary to have an asymmetry)



The model
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Gauge invariance allows for Yukawa operators

Generation baryon and dark asymmetries



The model
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and       get in thermal equilibrium with the SM through gauge and scalar interactions



The model
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We assume so that      is never in thermal equilibrium
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The      asymmetry is transferred to     through late decays 

The model



Asymmetric freeze-out
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Asymmetry and Fractional asymmetry

Asymmetry generation Annihilation of the symmetric 
component

SM

SM Graesser, Shoemaker, Vecchi  
[1103.2771]

Only asymmetric component 
survives

Thermal 
population



Asymmetric freeze-out
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Asymmetry and Fractional asymmetry

Asymmetry generation Annihilation of the symmetric 
component

SM

SM

Only asymmetric component 
survives

Large cross sections 
are needed! 

Graesser, Shoemaker, Vecchi  
[1103.2771]

Thermal 
population



Asymmetric freeze-out
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Asymmetry and Fractional asymmetry

Annihilation of the symmetric 
component

Large cross sections 
are needed! 

Asymmetric DM out of equilibrium (tiny couplings, freeze-in) ?

(How to erase the symmetric component?)



Early vs Late decays

59No annihilations



Early vs Late decays

60
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