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!
❖  Features of the scotogenic model !

!
!

❖  FIMP fermionic dark matter!
!

✦  production via thermal freeze-in!
!

✦  production via superWIMP mechanism!
!
!

❖  Summary

Emiliano  Molinaro                        FIMP realization of the scotogenic model 27-06-2014



3

Dark matter
Strong empirical evidence of the existence of a “dark sector” beyond the Standard Model: 
!
1. Very little is known about its matter content or its interactions 
!
2. 85% of the matter content of the universe is in the form of a new particle which must  
    have a long lifetime (longer than the age of the universe), as indicated by the  
    non-observation of its decay products in cosmic ray experiments  
!
3. No undeniable evidence up to now of dark matter detection from direct and indirect searches
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Dark matter
Strong empirical evidence of the existence of a “dark sector” beyond the Standard Model: 
!
1. Very little is known about its matter content or its interactions 
!
2. 85% of the matter content of the universe is in the form of a new particle which must  
    have a long lifetime (longer than the age of the universe), as indicated by the  
    non-observation of its decay products in cosmic ray experiments  
!
3. No undeniable evidence up to now of dark matter detection from direct and indirect searches
Weakly Interacting Massive Particles (WIMPs) are natural dark matter candidates: the 
relic density is of the same order as the observed dark matter abundance (WIMP miracle). 
!
WIMP models generally give rise to signals in direct and indirect detection experiments as 
well as in collider searches. 
!
Alternative scenario: the dark matter is a Feebly Interacting Massive Particle (FIMP). 
!
FIMPs have very weak interactions with SM particles and never enter in thermal 
equilibrium. Their abundance is produced via thermal freeze-in. No possibility to detect 
these particles in direct/indirect searches. FIMPs yield new types of collider signatures. 
!

Hall, Jedamzik, March-Russell, West (2010)
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Scotogenic model
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Lagrangian invariant under a Z2 symmetry

Ernest Ma (2006)

The lightest Z2-odd particle is stable and provides a dark matter candidate
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The dark sector mass spectrum:
• 3 Majorana fermions with masses M1 < M2 < M3

• 1 CP-even neutral scalar H0
with mass m2

H0 = µ2
2 + v2 (�3 + �4 + �5) /2

• 1 CP-odd neutral scalar A0
with mass m2

A0 = µ2
2 + v2 (�3 + �4 � �5) /2

• 2 charged scalars H±
with masses m2

H± = µ2
2 + v2 �3/2

Emiliano  Molinaro                        FIMP realization of the scotogenic model 27-06-2014



5

Scotogenic model
Majorana mass term for active neutrinos is generated at 1-loop
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Scotogenic model
Constraints from charged lepton flavour violation:

B(µ ! e �) =
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y2,3 & 0.1 strongly disfavored for Z2-odd particle masses at the EW scale

B(µ ! e �) < 5.7⇥ 10�13 MEG  2013
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FIMP dark matter
1. Thermal freeze-in production mechanism: the dark matter particle never reaches 
thermal equilibrium in the early Universe 
!
2. In the scotogenic model only the Majorana fermion singlets can behave as FIMP 
    dark matter: equilibrium prevented if their Yukawa interactions are feeble 
!
3. Production of fermion singlets via two-body (inverse-)decays of Z2-odd scalars;  
    2↔2 scatterings always subdominant 
!
4. Out-of-equilibrium condition for N1:

N2,3 always in thermal equilibrium if they contribute to M⌫

mH2 ⇠ 100 GeV =) y1 . 10�8

H2 ! N2,3 L or H2 L ! N2,3
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FIMP dark matter
Two independent contributions to DM abundance: from thermal freeze-in and late 
decays of next-to-lightest odd particle (superWIMP mechanism)

⌦N1 h
2 = ⌦freeze�in h2 + ⌦superWIMP h2
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FIMP dark matter
Two independent contributions to DM abundance: from thermal freeze-in and late 
decays of next-to-lightest odd particle (superWIMP mechanism)

⌦N1 h
2 = ⌦freeze�in h2 + ⌦superWIMP h2

Freeze-in mechanism:
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Hall, Jedamzik, March-Russell, West (2010)
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FIMP dark matter
Two independent contributions to DM abundance: from thermal freeze-in and late 
decays of next-to-lightest odd particle (superWIMP mechanism)

⌦N1 h
2 = ⌦freeze�in h2 + ⌦superWIMP h2

⌦N1 h
2 = 2.744⇥ 108

M1

GeV
YN1(T0)

Dark matter abundance:

Freeze-in mechanism:
s T

dYN1

dT
= ��N1(T )

H(T )

�N1(T ) =
X

X

gX m2
X T

2⇡2
K1 (mX/T ) � (X ! N1 `)

Hall, Jedamzik, March-Russell, West (2010)

Emiliano  Molinaro                        FIMP realization of the scotogenic model 27-06-2014



9

YN1 (T . mS) ⇡ 10�4

✓
1 TeV

mS

◆ ⇣ y1
10�8

⌘2

dYN1

dT
⇡ � 5⇥ 103 GeV3

⇣ mS

1TeV

⌘2 ⇣ y1
10�8

⌘2
T�4 at T � mS

Thermal freeze-in mechanism

mS = 400 GeV
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Thermal freeze-in mechanism

⌦N1 h
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Parameter space compatible with the observed relic density
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Thermal freeze-in mechanism
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SuperWIMP mechanism
N2 is the NLOP

⌦superWIMP
N1

h2 =
M1

M2
⌦freeze�out

NLOP h2

Feng, Rajaraman, Takayama 2003
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SuperWIMP mechanism
N2 is the NLOP
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SuperWIMP mechanism
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SuperWIMP mechanism
NLOP is one of the odd scalars

⌦superWIMP
N1
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These bounds are always easily satisfied 
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SuperWIMP mechanism

observed DM abundance via freeze-in 

DM production via freeze-in and superWIMP mechanisms
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Summary
1. In the scotogenic model only one of the singlet fermions, N1, can be out-of-

equilibrium in the early universe and can behave as a FIMP 
!
2. In this framework the dark matter can be either a FIMP (N1) or a WIMP (H0) 
!
!
3. In the case of FIMP dark matter, the relic density receives two contributions:  

production via freeze-in and late decays of NLOP (superWIMP mechanism) 
!
!
4. The freeze-in allows for dark matter masses from the keV to the TeV range 
!
!
5. The superWIMP contribution is strongly affected by the nature of the NLOP 
!
6. In the case of WIMP (H0) dark matter, non-thermal contribution from the late decays of           

the FIMP (N1) affects the dark matter relic density. This scenario can be probed by direct 
and indirect detection experiments 

!
!
!
!
!
!
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FIMP decay into the dark matter
1. In this case the FIMP  N1  is not the lightest Z2-odd particle 
!
2. N1 decays modify the regions where the dark matter constraint is satisfied
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FIMP decay into the dark matter
1. In this case the FIMP  N1  is not the lightest Z2-odd particle 
!
2. N1 decays modify the regions where the dark matter constraint is satisfied
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Direct detection cross-section mediated by the Higgs exchange

FIMP decay into the dark matter

LUX

XENON1T
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FIMP decay into the dark matter

Fermi-LAT

excluded by LUX

Indirect detection constraints

�v � h�vithermal
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