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Dark matter in the universe
12 21. The Cosmological Parameters
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Figure 21.1: Confidence level contours of 68.3%, 95.4% and 99.7% in the ΩΛ–Ωm
plane from the Cosmic Microwave Background, Baryonic Acoustic Oscillations and
the Union SNe Ia set, as well as their combination (assuming w = −1). [Courtesy
of Kowalski et al. [22]]

Ωm + ΩΛ ≈ 1), the best-fit values are Ωm ≈ 0.3 and ΩΛ ≈ 0.7. Most results in the
literature are consistent with Einstein’s w = −1 cosmological constant case.

For example, Kowalski et al. [22] deduced from SNe Ia combined with CMB and
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Recently,
some hints of direct detection

Many (independent) proofs of DM
existence, but dont know yet its nature
(apart that we have to go 
beyond standard physics)
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σ(a b →

12) , with σ the particle physics cross section
of Eqs. (1)-(), ga,b the number of degrees of
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binatorial factor equal to 2 (1) if a and b are
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Freeze-in
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Dark matter in the universe

Necessary to explore different possibilities

Context: see-saw as neutrino-mass theory

global symmetry at see-saw scale

Goldstone boson

Scenario:

Massless Spinless

Explicit breaking

pseudo

Light
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Dark matter in the universe

We propose:

DM   as   pseudo   Goldstone boson

Global symmetry spontaneously
broken at  high energy scale

DM mass
and some interactions
from unique source
(explicit breaking)

See-saw scale 
(already present
in nu mass theories)

Insures
DM stability
(slow decay)
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Mass & Interactionsθ
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Mass & Interactions

 Goldstone from SSB of global symmetry in neutrino-sector1)

Scalar, charged under B-L

= Yuk. coupl.
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Expand in

Get: a) Mass of (heavy) sterile neutrino
b) Interactions (well defined, no arbitrary couplings)
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Mass & Interactions
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    not the Majoron
    because need different charges for 
    different sterile neutrinos
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Explicit breakingII)

Involves nu’s Dirac Yukawa’s, and thus with H=Higgs doublet
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EW breaking: a)

b) interactions with physical Higgs
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 Explicit breaking -> theta-potential ->    pseudoGoldstone
                                                            mass and interactions are linked

Mass & Interactionsθ

9

Higgs-portal 
(in our case related to neutrinos)
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  - involves active nu Yukawa      - is induced radiatively
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see-saw:

Mass & Interactionsθ
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m2
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  - involves sterile nu Yukawa
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Mass & Interactionsθ
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Two parameters:
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� �
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Not the most general model but more predictive

We will calculate relic density and lifetime, 
and constrain the model using experimental data

However, realistic 3-family case in all generality depends on 
several parameters

- fix  and take
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� �
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8π2

log(Λ2/m2
N)

�1/2
.

k ≡ log(Λ2/m2
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- we simplify formulae to one family case
    (equivalent to not allowing for flavor fine-tuned 
       cancellations or enhancements)

(but these values can be changed any time)

In this first stage,
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θ

N

νc

LN

Φ

< Φ >= f

g Φ νcνc → g f νcνc eiθ/f

− gf
2
√
2
νcνceiθ/f +h.c.

−mN
2 NN

+ ig
2
√
2
θNγ5N + g

4
√
2f

θ2NN + . . .

∼ g(iγ5)

Two parameters:

m2
θ = λv2

λ � g2y2
log(Λ2/m2

N)
8π2

mν

k ≡ log(Λ2/m2
N)

8π2 = 1

Λ mDirac ∼ yv

mν ∼ y2v2/mN

mθ, g

g = 10−3
�

mθ
MeV

� �
eV
mν

�1/2 �
109GeV

mN

�1/2 �
8π2

log(Λ2/m2
N)

�1/2
.

k ≡ log(Λ2/m2
N)/(8π2)

mN = m2
θ/(g

2mνk) = 102,106,1010,1014 GeV,
from top to bottom.

Mass & Interactionsθ
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m2
θ = λv2

λ � g2y2
log(Λ2/m2

N)
8π2

mν

k ≡ log(Λ2/m2
N)

8π2 = 1

Λ mDirac ∼ yv

mν ∼ y2v2/mN

mθ, g

g = 10−3
�

mθ
MeV

� �
eV
mν

�1/2 �
109GeV

mN

�1/2 �
8π2

log(Λ2/m2
N)

�1/2
.

k ≡ log(Λ2/m2
N)/(8π2)

mN = m2
θ/(g

2mνk) = 102,106,1010,1014 GeV,
from top to bottom.

m2
θ = λv2

λ � g2y2
log(Λ2/m2

N)
8π2

mν

k ≡ log(Λ2/m2
N)

8π2 = 1

Λ mDirac ∼ yv

mν ∼ y2v2/mN

mθ, g

g = 10−3
�

mθ
MeV

� �
eV
mν

�1/2 �
109GeV

mN

�1/2 �
8π2

log(Λ2/m2
N)

�1/2
.

k ≡ log(Λ2/m2
N)/(8π2)

mN = m2
θ/(g

2mνk) = 102,106,1010,1014 GeV,
from top to bottom.

m2
θ = λv2

λ � g2y2
log(Λ2/m2

N)
8π2

mν

k ≡ log(Λ2/m2
N)

8π2 = 1

Λ mDirac ∼ yv

mν ∼ y2v2/mN

mθ, g

g = 10−3
�

mθ
MeV

� �
eV
mν

�1/2 �
109GeV

mN

�1/2 �
8π2

log(Λ2/m2
N)

�1/2
.

k ≡ log(Λ2/m2
N)/(8π2)

mN = m2
θ/(g

2mνk) = 102,106,1010,1014 GeV,
from top to bottom.

m2
θ = λv2

λ � g2y2
log(Λ2/m2

N)
8π2

mν

k ≡ log(Λ2/m2
N)

8π2 = 1

Λ mDirac ∼ yv

mν ∼ y2v2/mN

mθ, g

g = 10−3
�

mθ
MeV

� �
eV
mν

�1/2 �
109GeV

mN

�1/2 �
8π2

log(Λ2/m2
N)

�1/2
.

k ≡ log(Λ2/m2
N)/(8π2)

mN = m2
θ/(g

2mνk) = 102,106,1010,1014 GeV,
from top to bottom.

g = 10−3
�

mθ
MeV

� �
eV
mν

�1/2 �
109GeV

mN

�1/2 �
8π2

log(Λ2/m2
N
)

�1/2
.

k ≡ log(Λ2
/m

2
N
)/(8π2)

mN = m
2
θ/(g

2
mνk) = 102,106,1010,1014 GeV,

from top to bottom.

f < 1 TeV

f > MPlanck

Γ(h → θθ) = 1
16πλ

2 v
2

mh

�

1− 4m2
θ

m
2
h

.

Γ > H = 1.66
�
g
ρ
∗ T2

/MP ,

g
ρ
∗ = 106.75

T � mh

λ � 6× 10−8
�

mh

120 GeV

�3/2
,

g = 10−3
�

mθ
MeV

� �
eV
mν

�1/2 �
109GeV

mN

�1/2 �
8π2

log(Λ2/m2
N
)

�1/2
.

k ≡ log(Λ2
/m

2
N
)/(8π2)

mN = m
2
θ/(g

2
mνk) = 102,106,1010,1014 GeV,

from top to bottom.

f < 1 TeV

f > MPlanck

Γ(h → θθ) = 1
16πλ

2 v
2

mh

�

1− 4m2
θ

m
2
h

.

Γ > H = 1.66
�
g
ρ
∗ T2

/MP ,

g
ρ
∗ = 106.75

T � mh

λ � 6× 10−8
�

mh

120 GeV

�3/2
,

g = 10−3
�

mθ
MeV

� �
eV
mν

�1/2 �
109GeV

mN

�1/2 �
8π2

log(Λ2/m2
N
)

�1/2
.

k ≡ log(Λ2
/m

2
N
)/(8π2)

mN = m
2
θ/(g

2
mνk)

mN = 102,106,1010,1014 GeV

(mν = 0.05 eV)

f < 1 TeV

f > MPlanck

Γ(h → θθ) = 1
16πλ

2 v
2

mh

�

1− 4m2
θ

m
2
h

.

Γ > H = 1.66
�
g
ρ
∗ T2

/MP ,

g
ρ
∗ = 106.75

T � mh

g = 10−3
�

mθ
MeV

� �
eV
mν

�1/2 �
109GeV

mN

�1/2 �
8π2

log(Λ2/m2
N
)

�1/2
.

k ≡ log(Λ2
/m

2
N
)/(8π2)

mN = m
2
θ/(g

2
mνk)

mN = 102,106,1010,1014 GeV

(mν = 0.05 eV)

f < 1 TeV

f > MPlanck

Γ(h → θθ) = 1
16πλ

2 v
2

mh

�

1− 4m2
θ

m
2
h

.

Γ > H = 1.66
�
g
ρ
∗ T2

/MP ,

g
ρ
∗ = 106.75

T � mh

g = 10−3
�

mθ
MeV

� �
eV
mν

�1/2 �
109GeV

mN

�1/2 �
8π2

log(Λ2/m2
N
)

�1/2
.

k ≡ log(Λ2
/m

2
N
)/(8π2)

mN = m
2
θ/(g

2
mνk)

mN = 102,106,1010,1014 GeV

(mν = 0.05 eV)

f < 1 TeV

f > MPlanck

Γ(h → θθ) = 1
16πλ

2 v
2

mh

�

1− 4m2
θ

m
2
h

.

Γ > H = 1.66
�
g
ρ
∗ T2

/MP ,

g
ρ
∗ = 106.75

T � mh
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θ

N

νc

LN

Φ

< Φ >= f

g Φ νcνc → g f νcνc eiθ/f

− gf
2
√
2
νcνceiθ/f +h.c.

−mN
2 NN

+ ig
2
√
2
θNγ5N + g

4
√
2f

θ2NN + . . .

∼ g(iγ5)

relic densityθ

13

13



θ

N

νc

LN

Φ

< Φ >= f

g Φ νcνc → g f νcνc eiθ/f

− gf
2
√
2
νcνceiθ/f +h.c.

−mN
2 NN

+ ig
2
√
2
θNγ5N + g

4
√
2f

θ2NN + . . .

∼ g(iγ5)

Thermalization condition:

f < MPlanck

Γ(h → θθ) = 1
16πλ

2 v
2

mh

�

1− 4m2
θ

m
2
h

.

Γ > H = 1.66
�
g
ρ
∗ T2

/MP ,

g
ρ
∗ = 106.75

T � mh

λ � 6× 10−8
�

mh

120 GeV

�3/2
,

m
2
θ = λv2

mθ > 44 MeV,

hh ↔ θθ

WW ↔ θθ

ZZ ↔ θθ

σ ∝ λ2 ∝ m
4
θ

f < MPlanck

Γ(h → θθ) = 1
16πλ

2 v
2

mh

�

1− 4m2
θ

m
2
h

.

Γ > H = 1.66
�
g
ρ
∗ T2

/MP ,

g
ρ
∗ = 106.75

T � mh

λ � 6× 10−8
�

mh

120 GeV

�3/2
,

m
2
θ = λv2

mθ > 44 MeV,

hh ↔ θθ

WW ↔ θθ

ZZ ↔ θθ

σ ∝ λ2 ∝ m
4
θ

NN ↔ θθ

σ ∝ g4

T ∼ mN

g/m
1/3
θ

Γ = �σvrel�nN � g4

256π
nN
m2

N
� 2× 10−4 g4mN ,

T � mN .

g � 10−2
�

eV
mνk

�1/6 �
mθ
MeV

�1/3
,

σ(hh → θθ) �
λ2

32πs

�
s− 4m2

θ

s− 4m2
h

�1/2�
s+2m2

h

s−m2
h

�2

, (1)

σ(WW → θθ) =
1

9

λ2

32πs

�
s− 4m2

θ

s− 4m2
W

�1/2
s2 − 4sm2

W +12m4
W

(s−m2
h)

2 +m2
hΓ

2
h

,(2)

σ(ZZ → θθ) =
1

9

λ2

32πs

�
s− 4m2

θ

s− 4m2
Z

�1/2
s2 − 4sm2

Z +12m4
Z

(s−m2
h)

2 +m2
hΓ

2
h

,(3)

σ(ff̄ → θθ) =
1

4

1

nc

λ2

16πs

m2
f(s− 4m2

f)
1/2(s− 4m2

θ)
1/2

(s−m2
h)

2 +m2
hΓ

2
h

. (4)

σ ∝ λ2 ∝ m4
θ

NN ↔ θθ

σ ∝ g4

T ∼ mN

g/m
1/3
θ

Γ = �σvrel�nN � g4

256π
nN
m2

N
� 2× 10−4 g4mN ,

T � mN .

g � 10−2
�

eV
mνk

�1/6 �
mθ
MeV

�1/3
,

σ(hh → θθ) �
λ2

32πs

�
s− 4m2

θ

s− 4m2
h

�1/2�
s+2m2

h

s−m2
h

�2

, (1)

σ(WW → θθ) =
1

9

λ2

32πs

�
s− 4m2

θ

s− 4m2
W

�1/2
s2 − 4sm2

W +12m4
W

(s−m2
h)

2 +m2
hΓ

2
h

,(2)

σ ∝ λ2 ∝ m4
θ

NN ↔ θθ

σ ∝ g4

T ∼ mN

g/m
1/3
θ

Γ = �σvrel�nN � g4

256π
nN
m2

N
� 2× 10−4 g4mN ,

T � mN .

g � 10−2
�

eV
mνk

�1/6 �
mθ
MeV

�1/3
,

σ(hh → θθ) �
λ2

32πs

�
s− 4m2

θ

s− 4m2
h

�1/2�
s+2m2

h

s−m2
h

�2

, (1)

σ(WW → θθ) =
1

9

λ2

32πs

�
s− 4m2

θ

s− 4m2
W

�1/2
s2 − 4sm2

W +12m4
W

(s−m2
h)

2 +m2
hΓ

2
h

,(2)

σ ∝ λ2 ∝ m4
θ

NN ↔ θθ

σ ∝ g4

T ∼ mN

g/m
1/3
θ

Γ = �σvrel�nN � g4

256π
nN
m2

N
� 2× 10−4 g4mN ,

T � mN .

g � 10−2
�

eV
mνk

�1/6 �
mθ
MeV

�1/3
,

σ(hh → θθ) �
λ2

32πs

�
s− 4m2

θ

s− 4m2
h

�1/2�
s+2m2

h

s−m2
h

�2

, (1)

σ(WW → θθ) =
1

9

λ2

32πs

�
s− 4m2

θ

s− 4m2
W

�1/2
s2 − 4sm2

W +12m4
W

(s−m2
h)

2 +m2
hΓ

2
h

,(2)

large enough

f < MPlanck

Γ(h → θθ) = 1
16πλ

2 v
2

mh

�

1− 4m2
θ

m
2
h

.

Γ > H = 1.66
�
g
ρ
∗ T2

/MP ,

g
ρ
∗ = 106.75

T � mh

λ � 6× 10−8
�

mh

120 GeV

�3/2
,

m
2
θ = λv2

mθ > 44 MeV,

hh ↔ θθ

WW ↔ θθ

ZZ ↔ θθ

σ ∝ λ2 ∝ m
4
θ

f
<
M
P
la
n
c
k

Γ
(h

→
θθ
)
=

1
16

π
λ
2
v
2

m
h

� 1
−

4m
2 θ

m
2

h
.

Γ
>
H

=
1.
66

� g
ρ ∗
T
2 /
M
P
,

g
ρ ∗
=

10
6.
75

T
�
m
h

λ
�
6
×
10

−8
�

m
h

12
0
G
eV

� 3
/
2

,

m
2 θ
=

λv
2

m
θ
>
44

M
eV

,

h
h
↔

θθ
W
W

↔
θθ

Z
Z
↔

θθ

f
<
M
P
la
n
c
k

Γ(
h
→

θθ
)
=

1
16
π
λ
2
v
2

m
h

� 1
−

4m
2

θ
m

2
h

.

Γ
>
H
=

1.
66

� g
ρ ∗
T
2 /
M
P
,

g
ρ ∗
=

10
6.
75

T
�
m
h

λ
�
6
×
10

−8
�

m
h

12
0
G
eV

� 3
/
2

,

m
2 θ
=

λv
2

m
θ
>
44

M
eV

,

h
h
↔

θθ
W
W

↔
θθ

Z
Z
↔

θθ

f
<
M
P
la
n
c
k

Γ
(h

→
θθ
)
=

1
16

π
λ
2
v
2

m
h

� 1
−

4m
2 θ

m
2

h
.

Γ
>
H

=
1.
66

� g
ρ ∗
T
2 /
M
P
,

g
ρ ∗
=

10
6.
75

T
�
m
h

λ
�
6
×
10

−8
�

m
h

12
0
G
eV

� 3
/
2

,

m
2 θ
=

λv
2

m
θ
>
44

M
eV

,

h
h
↔

θθ
W
W

↔
θθ

Z
Z
↔

θθ

m2
θ = λv2

λ � g2y2
log(Λ2/m2

N)
8π2

mν

k ≡ log(Λ2/m2
N)

8π2 = 1

Λ mDirac ∼ yv

mν ∼ y2v2/mN

mθ, g

g = 10−3
�

mθ
MeV

� �
eV
mν

�1/2 �
109GeV

mN

�1/2 �
8π2

log(Λ2/m2
N)

�1/2
.

k ≡ log(Λ2/m2
N)/(8π2)

mN = m2
θ/(g

2mνk) = 102,106,1010,1014 GeV,
from top to bottom.

f > 1 TeV

large enough

relic densityθ
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θ

N

νc

LN

Φ

< Φ >= f

g Φ νcνc → g f νcνc eiθ/f

− gf
2
√
2
νcνceiθ/f +h.c.

−mN
2 NN

+ ig
2
√
2
θNγ5N + g

4
√
2f

θ2NN + . . .

∼ g(iγ5)

σ ∝ λ2 ∝ m4
θ

NN ↔ θθ

σ ∝ g4

T ∼ mN

g/m
1/3
θ

Ωθ = ΩDM

Γ = �σvrel�nN � g4

256π
nN
m2

N
� 2× 10−4 g4mN ,

T � mN .

mθ � 0.15 keV

mθ = 50−70 GeV (for mh = 120−180 GeV).

g � 10−2
�

eV
mνk

�1/6 �
mθ
MeV

�1/3
,

NN ↔ θθ

σ ∝ g4

T ∼ mN

g/m
1/3
θ

Γ = �σvrel�nN � g4

256π
nN
m2

N
� 2× 10−4 g4mN ,

T � mN .

g � 10−2
�

eV
mνk

�1/6 �
mθ
MeV

�1/3
,

σ(hh → θθ) �
λ2

32πs

�
s− 4m2

θ

s− 4m2
h

�1/2�
s+2m2

h

s−m2
h

�2

, (1)

σ(WW → θθ) =
1

9

λ2

32πs

�
s− 4m2

θ

s− 4m2
W

�1/2
s2 − 4sm2

W +12m4
W

(s−m2
h)

2 +m2
hΓ

2
h

,(2)

σ(ZZ → θθ) =
1

9

λ2

32πs

�
s− 4m2

θ

s− 4m2
Z

�1/2
s2 − 4sm2

Z +12m4
Z

(s−m2
h)

2 +m2
hΓ

2
h

,(3)

σ(ff̄ → θθ) =
1

4

1

nc

λ2

16πs

m2
f(s− 4m2

f)
1/2(s− 4m2

θ)
1/2

(s−m2
h)

2 +m2
hΓ

2
h

. (4)

σ ∝ λ2 ∝ m4
θ

NN ↔ θθ

σ ∝ g4

T ∼ mN

g/m
1/3
θ

Ωθ = ΩDM

Γ = �σvrel�nN � g4

256π
nN
m2

N
� 2× 10−4 g4mN ,

T � mN .

mθ � 0.15 keV

mθ = 50−70 GeV (for mh = 120−180 GeV).

g � 10−2
�

eV
mνk

�1/6 �
mθ
MeV

�1/3
,

N-portal

f
<
M
P
la
n
c
k

Γ
(h

→
θθ
)
=

1
16

π
λ
2
v
2

m
h

� 1
−

4m
2 θ

m
2

h
.

Γ
>
H

=
1.
66

� g
ρ ∗
T
2 /
M
P
,

g
ρ ∗
=

10
6.
75

T
�
m
h

λ
�
6
×
10

−8
�

m
h

12
0
G
eV

� 3
/
2

,

m
2 θ
=

λv
2

m
θ
>
44

M
eV

,

h
h
↔

θθ
W
W

↔
θθ

Z
Z
↔

θθ

f
<
M
P
la
n
c
k

Γ(
h
→

θθ
)
=

1
16
π
λ
2
v
2

m
h

� 1
−

4m
2

θ
m

2
h

.

Γ
>
H
=

1.
66

� g
ρ ∗
T
2 /
M
P
,

g
ρ ∗
=

10
6.
75

T
�
m
h

λ
�
6
×
10

−8
�

m
h

12
0
G
eV

� 3
/
2

,

m
2 θ
=

λv
2

m
θ
>
44

M
eV

,

h
h
↔

θθ
W
W

↔
θθ

Z
Z
↔

θθ

f
<
M
P
la
n
c
k

Γ
(h

→
θθ
)
=

1
16

π
λ
2
v
2

m
h

� 1
−

4m
2 θ

m
2

h
.

Γ
>
H

=
1.
66

� g
ρ ∗
T
2 /
M
P
,

g
ρ ∗
=

10
6.
75

T
�
m
h

λ
�
6
×
10

−8
�

m
h

12
0
G
eV

� 3
/
2

,

m
2 θ
=

λv
2

m
θ
>
44

M
eV

,

h
h
↔

θθ
W
W

↔
θθ

Z
Z
↔

θθ

σ ∝ λ2 ∝ m4
θ

NN ↔ θθ

σ ∝ g4

T ∼ mN

g/m
1/3
θ

Ωθ = ΩDM

Γ = �σvrel�nN � g4

256π
nN
m2

N
� 2× 10−4 g4mN ,

T � mN .

mθ � 0.15 keV

mθ = 50−70 GeV (for mh = 120−180 GeV).

g � 10−2
�

eV
mνk

�1/6 �
mθ
MeV

�1/3
,

σ ∝ λ2 ∝ m4
θ

NN ↔ θθ

σ ∝ g4

T ∼ mN

g/m
1/3
θ

Ωθ = ΩDM

Γ = �σvrel�nN � g4

256π
nN
m2

N
� 2× 10−4 g4mN ,

T � mN .

mθ � 0.15 keV

mθ = 50−70 GeV (for mh = 120−180 GeV).

g � 10−2
�

eV
mνk

�1/6 �
mθ
MeV

�1/3
,

Higgs-portal
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θ

N

νc

LN

Φ

< Φ >= f

g Φ νcνc → g f νcνc eiθ/f

− gf
2
√
2
νcνceiθ/f +h.c.

−mN
2 NN

+ ig
2
√
2
θNγ5N + g

4
√
2f

θ2NN + . . .

∼ g(iγ5)

Regions in parameter space where rate 
is too slow to thermalize the DM candidate 

f < MPlanck

Γ(h → θθ) = 1
16πλ

2 v
2

mh

�

1− 4m2
θ

m
2
h

.

Γ > H = 1.66
�
g
ρ
∗ T2
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Figure 1: Log-Log plot of the evolution of the relic yields for conventional freeze-
out (solid coloured) and freeze-in via a Yukawa interaction (dashed coloured) as a
function of x = m/T . The black solid line indicates the yield assuming equilibrium is
maintained, while the arrows indicate the effect of increasing coupling strength for the
two processes. Note that the freeze-in yield is dominated by the epoch x ∼ 2 − 5, in
contrast to freeze-out which only departs from equilibrium for x ∼ 20− 30.

of the freeze-out mechanism is that for renormalisable couplings the yield is dominated by low
temperatures with freeze-out typically occurring at a temperature a factor of 20 − 25 below the
DM mass, and so is independent of the uncertain early thermal history of the universe and possible
new interactions at high scales.

Are there other possibilities, apart from freeze-out, where a relic abundance reflects a com-
bination of initial thermal distributions together with particle masses and couplings that can be
measured in the laboratory or astrophysically? In particular we seek cases, like the most attractive
form of freeze-out, where production is IR dominated by low temperatures of order the DM mass,
m, and is independent of unknown UV quantities, such as the reheat temperature after inflation.

In this paper we show that there is an alternate mechanism, “freeze-in”, with these features.
Suppose that at temperature T there is a set of bath particles that are in thermal equilibrium and
some other long-lived particle X, having interactions with the bath that are so feeble that X is
thermally decoupled from the plasma. We make the crucial assumption that the earlier history
of the universe makes the abundance of X negligibly small, whether by inflation or some other
mechanism. Although feeble, the interactions with the bath do lead to some X production and,
for renormalisable interactions, the dominant production of X occurs as T drops below the mass
of X (providing X is heavier than the bath particles with which it interacts). The abundance of
X “freezes-in” with a yield that increases with the interaction strength of X with the bath.

Freeze-in can be viewed as the opposite process to freeze-out. As the temperature drops below
the mass of the relevant particle, the DM is either heading away from (freeze-out) or towards
(freeze-in) thermal equilibrium. Freeze-out begins with a full T 3 thermal number density of DM

2

only possible alternative thermal production mechanism that is dominated by IR processes. In

Section 5 we sketch “abundance phase diagrams” that show regions of mass and coupling where

each mechanism dominates the production of the relic abundance. The topology of these phase

diagrams, as well as the number of domains where different mechanisms dominate, depends on

the form of the DM-bath interaction, as we illustrate with two examples arising from a quartic

scalar interaction and a Yukawa interaction. Furthermore, we argue that there exists a certain

“universality” to the phase diagram behaviour at small coupling.

After presenting the detailed calculation of the relic abundance in various cases in Section 6,

we discuss the physics of FIMP interactions mediated by higher-dimension-operators, as well as

some variations of the basic freeze-in mechanism in Section 7. Finally we conclude in Section 8.

2 General Features of Freeze-In

The basic mechanism of freeze-in is simple to describe although, as we will argue later, there can

be many variations with important differences of detail and signals. Here we give the general

mechanism. At temperatures well above the weak scale we assume that there is a FIMP, X,

that is only very weakly coupled to the thermal bath via some renormalisable interaction. The

interaction vertex may involve more than one particle from the thermal bath and the mass of the

heaviest particle at the vertex is m, which we typically take to be near the weak scale. For a

Yukawa or quartic interaction, the dimensionless coupling strength is λ, while for a trilinear scalar

interaction the coupling is λm, and in all cases λ� 1.

At very high temperatures we assume a negligible initial X abundance. As the universe evolves

X particles are produced from collisions or decays of bath particles, but at a rate that is always

suppressed by λ2
. During a Hubble doubling time at era T � m, the X yield is

Y (T ) ∼ λ2 MPl

T

�
1,

m2

T 2

�
, (2.1)

where Y = n/S, n is the number density of X, and S is the entropy density of the plasma. The

m independent yield corresponds to quartic interactions, while the additional m2/T 2
suppression

applies to Yukawa interactions and the super-renormalisable case. The process is always IR

dominated, favouring low temperatures. The dominant production occurs at T ∼ m, since at lower

temperatures there will be an exponential suppression resulting from the necessity of involving a

particle of mass m > T . Hence, for all renormalisable interactions, the abundance of X “freezes-in”

with a yield

YFI ∼ λ2

�
MPl

m

�
. (2.2)

As mentioned in the Introduction, freeze-in can be viewed as the opposite process to freeze-out.

We recall that, in the absence of a chemical potential, the freeze-out yield is given by

YFO ∼
1

σvMPl m� . (2.3)

4
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reaction densities
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We integrate Boltzmann eq. numerically
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Such a light θ can be only thermalized by
the interaction with sterile neutrinos, which
decouple at a temperature just below mN ,
leading to relativistic θ’s. This result corre-
sponds to the left vertical branch of the thick
curve in Fig. ??, which is obtained by inte-
grating numerically the Boltzmann equation.
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mθ = (2.76− 2.86) MeV ,

g → 0

mh = 120 GeV

Yθ � Nθ
135 gh

8π3(1.66)gs∗
√

g
ρ
∗

MPΓ(h→θθ)
m

2
h

,

gh = 1.

Consider case

(only Higgs portal at work)

Interaction and mass are related.
Freeze-in solution should fix the mass
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Theoretical considerations

29

Hill and Ross worried about explicit (hard) 
symmetry breaking and goldstones

They worked out (quark) flavor structures reducing
the degree of divergence

We apply their ideas to our problem in the neutrino sector;
we introduce collective breaking involving
neutrino Yukawa couplings
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Example: Model with two sterile neutrinos
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Can calculate decays in 3-family case
For example, effective vertex
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Theoretical considerations

0.05 eV
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Conclusions
- New pseudoscalar gauge-singlet DM candidate

- Theoretically well motivated 
          (related to see-saw scale, 
          protected from large radiative corrections)

- Higgs-portal emerges naturally, mass linked to interactions

- Mass in the range keV-MeV

- Relic density from freeze-in

- Decays into neutrinos / e+ e-  saturating bounds
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