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Dark Matter: non-thermal production

1 in the primordial plasma of SM particles
(via scatterings (freeze-in), gravitino
via oscillations): sterile neutrino of 1-50 keV

2 at phase transitions:
axion of 10−4 −10−7 eV

Q-balls
strangelets (?)

3 during reheating (after inflation?): black holes
any guy coupled (only) to inflaton

▶ perturbatively: inflaton decays
production by external (inflaton) field

▶ non-perturbatively: Bose-enhancement of
coherent production by external field

4 while the Universe expands:
gravity produces any particles at H ∼ MX
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A simple example of scalar DM

most general renormalizable coupled to SM:
Z2-invariant Higgs (Φ) portal

∆L =
1
2

gµν
∂µX∂νX − 1

2
M2X 2 +g2X 2Φ†Φ− λ

4
X 4

Options:
freeze-out: sufficiently large g2

vσhh→XX ×nh ≳ H → ΩX ∝
1
σ0

, with
g4

(4π...)2M2 = σ0 ≡ σv

freeze-in: intermediate g2

ṅX +3HnX = σhh→XX n2
h → nX

s
=#

∫
dT

n2
h

sHT
× g4

T 2 ∼ g4 MPl

M
→

ΩX ∝ g4 → g2 ≈ 10−11 still natural...
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Freeze in via gravitational scatterings..?

any particles A in plasma

σAA→XX ∝
T 2

M4
Pl

→ ΩX ∝ MX
T 3

i

M3
Pl
...

assuming m ≪ Ti

called “unnatural” being dependent on the initial conditions
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Free massive scalar field g2 = 0

L =
1
2

gµν
∂µφ∂νφ − 1

2
m2

φ φ
2

Homogeneous scalar field in the expanding Universe

φ̈ +3Hφ̇+m2
φ φ = 0

Two-stage evolution:

mφ < H(t) =⇒ φ = φi = const

mφ > H(t) =⇒ p = ⟨Ek ⟩ −⟨Ep⟩= 0 , ρ ∼ m2
φ φ

2
∝ 1/a3

dust-like substance in the late Universe, Ω ∝ m1/2
φ

φ2
i

at scales l > 2π/mφ depends on initial conditions
perturbations are suppressed at l > M1/2

Pl /(m1/2
φ

ρ1/4) fuzzy DM
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2304.06742
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DM from oscillating scalar

0 ̸= g2 < 10−11 Z2-invariant Higgs (Φ) portal

∆L =
1
2

gµν
∂µX∂νX − 1

2
M2X 2 +g2X 2Φ†Φ− λ

4
X 4

Higgs particles in plasma change the potential:

g2X 2Φ†Φ → g2X 2T 2/3

Z2 symmerty is broken after reheating by the plasma contribution

t < t⇤ < tsym
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Dmitry Gorbunov (INR RAS) Lecture #4 , 6 March 2024 MISP 2024 9 / 48



Outline
ИI
ЯN
ИR

Temperature decrease restores Z2

2004.03410

∆L =
1
2

gµν
∂µ X∂ν X − 1

2
M2X2 +g2X2T 2/3− λ

4
X4

X starts from the false vacuum

M-1χmin

M-1χ

6 8 10 12 14
��

1

2

3

at g2T 2
∗ ≃ M2 sign changes

and X starts to oscillate
gravitational misalignment

ρDM(t∗) =
M2 ·S2

∗
2

≃
(
M5H∗

)2/3

4λ

And the correct amount of DM by classical oscillating field p = ⟨Ekin⟩−⟨Ep⟩= 0

g2 ≃ 10−12 ×
(

λ

10−6

)6/5
×
(

106 GeV
M

)2
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Dark Matter
with general setup:

white area
β ≡ λ/g4 < 1

V =
1
2

M2X 2+
λ

4
X 4− g2T 2

12
X 2

The inverse phase transition
may be accompanied by the
production of GW

strong enough to be

detected by the present or

next genertation

experiments

2105.05208

M/keV
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β BN-2=10-3

β BN-2=10-2

β BN-2=10-1

β BN-2=1

β BN-2=10

strain: ΩGW H2
0 ≡ 2π2f 3S/3 2105.05208
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g=10-9

g=10-12

g=10-18

strain: ΩGW H2
0 ≡ 2π2f 3S/3 2105.05208
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Three Portals to the hidden World
Renormalizable interaction including SM field and new (hypothetical) fields singlets with respect
to the SM gauge group

Attractive feature: couplings are insensitive to energy in c.m.f.,
hence low energy experiments (intensity frontier) are favorable

Scalar portal: SM Higgs doublet H and hidden scalar S
the simplest dark matter

Lscalar portal =−β H†HS†S

Spinor portal: SM lepton doublet L, Higgs congugate field H̃ = εH∗ and hidden fermion N
sterile neutrino !!

Lspinor portal =−yL̄H̃N

Vector portal: SM gauge field of U(1)Y and gauge hidden field of abelian group U(1)′

Lvector portal =− ε

2
BU(1)Y

µν BU(1)′
µν
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Massive vectors (paraphotons) NA64

Vector portal to a secluded sector: e.g. with Dark matter Ψ
one more U(1)′ gauge group [spontaneously broken] in secluded sector 0711.4866

LDM+mediator = Ψ̄
(

iγµ
∂µ −e′

γ
µ A′

µ −mΨ

)
Ψ−1

4
A′

µν A′µν +
m2

γ ′

2
A′

µ A′µ + εA′
µ ∂ν Bµν

when mΨ > mγ ′ ∼ 1 GeV

limit from BBN:

τV <1s , =⇒ ε
2
(

mγ ′

1GeV

)
≳10−21

light for (g−2)

light for Pamela, Fermi, etc

Production by virtual photon σ ∝ ε2

Decay through virtual photon, Γ ∝ ε2

V → e+e− , µ+µ− , etc

E774

E141

Orsay
KEK

E137

Ν-Cal I HΠ0L
Ν-Cal IHp-Brems-

strahlungL

CHARM
NOMAD
& PS191

aΜae

HADES

SINDRUM
KLOE

WASA

APEX A1
BaBar

10-2 10-1 1

10-7

10-6

10-5

10-4

10-3

10-2

mΓ' @GeVD

Ε

1311.5104
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Searches for visible decays 2102.12143
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Searches for invisible mode 2102.12143

 [GeV]A'm
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Searches for dark matter 2102.12143
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Searches for dark matter 2102.12143
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Strong CP-problem and axion
Lθ = αs

8π

(
θ0 +Arg

(
DetM̂q

))
Ga

µν G̃µν a ≡ αs
8π

θGa
µν G̃µν a ≡ ∂µ K µ P- CP-violation

tree-level and U(1)A-anomaly contributions, q̄LM̂qqR +h.c strong CP-problem

Theory and Nature: neutron EDM θ < 10−9 nonantropic parameter!

Transformation
(PQ-symmetry)

qk
L → eie(PQ)

k β/2qk
L

qk
R → e−ie(PQ)

k β/2qk
R ,

with ∑k e(PQ)
k ̸= 0

cancels θ with β

θ → θ +a(x)/fa
maxion ≃ fπ mπ/fa

Dark Matter region

L ∼ gaγγ ×a(x)Fµν F µν

ALPS II 

IAXO 

Axion	  Mass	  ma	  (eV)	  

A
xi
on

-‐P
ho

to
n	  
Co

up
lin
g	  
|g
aγ
γ|
	  (G

eV
–1
)	  

P.W. Graham et al (2016)
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Free scalar field as Cold Dark Matter (axion)
Homogeneous scalar field

φ̈ +3Hφ̇ +m2
φ = 0

at m ≪ H no evolution: φ = const, at m ≫ H it oscillates, so

ρ =
1
2

(
dφ

dt

)2
+

m2

2
φ

2 = ⟨Ek ⟩+ ⟨Ep⟩= 2⟨Ep⟩ , p =
1
2

(
dφ

dt

)2
− m2

2
φ

2 = ⟨Ek ⟩−⟨Ep⟩= 0 ,

behaves as nonrelativistic (dark) matter (dust-like component) !!

nonperturbative CP-violation in QCD

Lθ = αs
8π

(
θ0 +Arg

(
DetM̂q

))
Ga

µν G̃µν a ≡ αs
8π

·θ ·Ga
µν G̃µν a .

θ → θ̄(x) = θ +Cg
a(x)
fPQ

.

L =
f 2
PQ
2

·
(

d θ̄

dt

)2

− m2
a(T )

2
f 2
PQ θ̄

2 ,

ma(T )≃ 0 ,T > ΛQCD and ma(T )≃ ma ≃ mπ fπ/fPQ

Ωa ≃ 0.2 · θ̄ 2
i ·
(

4 ·10−6 eV
ma

)
· 1

2h2
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https://cajohare.github.io/AxionLimits/
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Very light scalars: more options

mass implies huge phase space density !!
e.g. galaxy: ρDM = mφ ×nφ , and p ∼ mφ ×v ∼ 10−3 ×mφ

typical phase space density is

f ∼ ρDM

mφ

(
1

mφ v

)3

→ ∞

even tiny interaction makes condensation !!
– gravity: all particles in L ∼ 1/(mφ v) interact coherently

Fdrag ∝ m2
φ ×GN

– selfinteraction: . . . e.g. axion instability: attraction force

V = m2
af 2

a

(
1−cos

(
φ

fa

))
→ 1

2
m2

aφ
2− 1

4!
m2

a

f 2
a

φ
4

Dmitry Gorbunov (INR RAS) Lecture #4 , 6 March 2024 MISP 2024 24 / 48



Outline
ИI
ЯN
ИR

Light sterile neutrinos in cosmology

Impact on processes
Big Bang Nucleosynthesis: increase of expansion rate

H2 =
8π

3
Gρ , ρ =

π2

30

(
2×T 4

γ +2× (3+∆Nν)×T 4
ν

)
with ∆Nν > 0 higher H neutrons freeze out earlier giving more
Helium
expansion rate at Equality, ρrad = ρmat , and at CMB epoch
change of CMB anisotropy −0.34 <∆Nν < 0.33 (95% CL)
become non-relativistic, but have high velocity
free streaming leads to washing out of low-scale perturbations
change galaxy spectrum limits on ∆Nν & neutrino masses
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Primordial Nucleosynthesis: solving kinetic equations

Neutrons freeze out (p+e ↔ n+νe ) at Tn ≈ 0.8 MeV, and then

p+n ↔ D+ γ

D survive γ-hitting later, at T < TNS ≈ 65 keV

n4He(TNS) =
1
2

nn(TNS) ,

neutron-to-proton ratio τn ≈ 880 s
nn(TNS)

np(TNS)
= e−mn−mp

Tn ·e− tNS
τn ·e− µν

Tn ≈ 1
7
,

Yp ≡ X4He =
m4He ·n4He(TNS)

mp (np(TNS)+nn(TNS))
=

2
np(TNS)
nn(TNS)

+1
≈ 25%
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BBN: extra-radiation and lepton asymmetry 2104.04381
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Sterile neutrinos: NEW ingredients

One of the optional physics beyond the SM:

sterile: new fermions uncharged under the SM gauge group
neutrino: explain observed oscillations by mixing with SM (active)

neutrinos

Attractive features:

possible to achieve within renormalizable theory
only N = 2 Majorana neutrinos needed
baryon asymmetry via leptogenesis
dark matter (with N ≥ 3 at least)
light(?) sterile neutrinos might be responsible for neutrino
anomalies. . . ?

Disappointing feature:

Major part of parameter space is UNTESTABLE
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Seesaw mechanism: MN ≫ 1 eV

With mactive ≲ 1 eV we work in the seesaw (type I) regime:

LN = Ni/∂N − f L
c
eH̃N − MN

2
N

c
N +h.c.

Higgs gains ⟨H⟩= v/
√

2 and then

VN =
1
2

(
νe , N

c
)( 0 v f√

2
v f√

2
MN

)(
νe
N

)
+h.c.

For a hierarchy MN ≫ MD = v f√
2

we have
flavor state νe = U ν1 +θ N with U ≈ 1 and

active-sterile mixing: θ =
MD

MN
=

v f
2MN

≪ 1

and mass eigenvalues

≈ MN and −mactive = θ
2 MN ≪ MN
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Violation of L, C and CP symmetries

LN = Ni/∂N − f L
c
eH̃N − MN

2
N

c
N +h.c.

f = 0 −→ free fermion, no need to call ’sterile’
MN = 0 −→ N and ν form pure Dirac neutrino,
the most boring case, worth than we have with the Higgs boson
one may refuse to call it ’new physics’
f ̸= 0, MN ̸= 0 −→ introduces new massive parameter,
violates lepton symmetry L

(and C- and CP-symmetry with several N ’s)
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Sterile neutrino: a vast region of mass

Within the seesaw paradigm, as far as

ma ∼ f 2v2

M2
N

MN ∼ θ
2MN

Any set
(mass scale MN , Yukawa coupling f )

is viable

And with special tunning or symmetry larger (but not smaller) mixing
3 sterile neutrinos is
viable

m̂a ∼ f̂ T 1
M̂N

f̂ v2
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Sterile neutrino mass scale: M̂ν =−v2f̂ T M̂−1
N f̂

NB: With fine tuning in M̂N and f̂ we can get a hierarchy in sterile
neutrino masses, and 1 keV and even 1 eV sterile neutrinos

Le −Lµ −Lτ or discrete symmetries
Froggatt-Nielsen mechanism

Extended seesaw
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Sterile neutrino lagrangian

Most general renormalizable with 2(3. . . ) right-handed neutrinos NI

LN = N I i/∂NI − fαILαH̃NI −
MNI

2
N

c
I NI +h.c.

Parameters to be determined from experiments

9(7): active neutrino sector

2 ∆m2
ij : oscillation

experiments
3 θij : oscillation experiments
1 CP-phase: oscillation

experiments
2(1) Majorana phases: 0νee,

0νµµ

1(0) mν : 3H →3 He+e+ ν̄e,
cosmology, . . .

11: N = 2 sterile neutrinos
( works if mν = 0 !!!)

2: Majorana masses MNI
9: New Yukawa couplings fαI

which form
2: Dirac masses MD = f ⟨H⟩
3+1: mixing angles
2+1: CP-violating phases

4 new parameters in total

18: N = 3 sterile neutrinos:

3: Majorana masses MNI
15: New Yukawa couplings fαI

which form
3: Dirac masses MD = f ⟨H⟩
3+3: mixing angles
3+3: CP-violating phases

9 new parameters in total

Profit: can suggest why neutrinos are so light, mν ∼ 0.1−0.01 eV
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Sterile neutrino: well-motivated keV-mass Dark Matter

massive fermions giving mass to active neutrino through mixing (seesaw)

ma ∼ f 2v2

M2
N

MN ∼ θ
2MN

unstable, N → ννν is always open by mixing
but exceeding the age of the Universe if

(applicable for MN < MW )

τN→3ν ∼ 1/
(

G2
F M5

Nθ
2
αN

)
=⇒ θ

2 < 1.5×10−7
(

50keV
MN

)5

with seesaw relation ma ∼ θ2MN

τN→3ν ∼ 1/
(

G2
F M4

Nmν

)
∼ 1011 yr (10keV/MN)

4
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Sterile neutrino: indirect searches

ma ∼ f 2v2

M2
N

MN ∼ θ
2MN

unstable, but exceeding the age of the Universe if

θ2

3×10−3 <

(
10keV

MN

)5

DM sterile neutrinos can be searched at X-ray telescopes because of two-body
radiative decay give limits in absence of the feature

a narrow line (δEγ/Eγ ∼ v ∼ 10−3)
at photon frequency Eγ = MN/2

θ2

10−11 ≲

(
10 keV

MN

)4
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. . . present searches: NuSTAR 2207.04572
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Production in oscillations

∂

∂ t
fs(t ,p)−Hp

∂

∂p
fs(t ,p) = Γα P (να → νs) fα (t ,p) .

Γα ∝ G2
F T 4E is the weak interaction rate in plasma

P (να → νs) = sin2 2θ
mat
α · sin2

(
t

2tmat
α

)
,

tmat
α =

tvac
α√

sin2 2θα +(cos2θα−Vαα · tvac
α )2

,

sin2θ
mat
α =

tmat
α

tvac
α

· sin2θα , tvac
α =

2E
M2

N

sign of the effective plasma potential matters: as compared to vacuum

Vαα < 0 =⇒ mixing gets suppressed

Vαα > 0 =⇒ amplification via resonance
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Baryogenesis

Sakharov conditions of successful baryogenesis
B-violation (∆B ̸= 0) XY · · · → X ′Y ′ . . .B

C- & CP-violation (∆C ̸= 0, ∆CP ̸= 0) X̄ Ȳ · · · → X̄ ′Ȳ ′ . . . B̄

processes above are out of equilibrium X ′Y ′ . . .B → XY . . .

Why ΩB ∼ΩDM ? antropic principle?
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Example: EW Ist order Phase Transition 2307.01072
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Electroweak sphalerons: B−L

∂
µ jµ B = 3

g2

16π2 V a µν Ṽ a
µν ,

∂
µ jµ Ln =

g2

16π2 V a µν Ṽ a
µν , n = 1,2,3 ,

V a
µν = ∂µ V a

ν −∂ν V a
µ +gεabcV b

µ V c
ν refer to SU(2)W, Ṽ a

µν = 1
2 εµνλρ V a λρ

Anomaly: only left fermions couple to fields V a
µ .

For nontrivial gauge fields in vacuum or plasma

∆B = B(tf )−B(ti ) =
∫ tf

ti
dt
∫

d3x ∂
µ jB

µ = 3
∫ tf

ti
d4x

g2

16π2 V a µν Ṽ a
µν ,

Strong fields are needed: V a
µν ∝

1
g , (integral is natural number!). Energies of such

configurations ∝
1

g2 .

∆B = 3∆Le = 3∆Lµ = 3∆Lτ

At temperatures 100 GeV ≲ T ≲ 1012 GeV only 3 linear combinations survive, e.g.

B−L , Le −Lµ , Le −Lτ

where L ≡ Le +Lµ +Lτ
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Baryogenesis

Sakharov conditions of successful baryogenesis
B-violation (∆B ̸= 0) XY · · · → X ′Y ′ . . .B

C- & CP-violation (∆C ̸= 0, ∆CP ̸= 0) X̄ Ȳ · · · → X̄ ′Ȳ ′ . . . B̄

processes above are out of equilibrium X ′Y ′ . . .B → XY . . .

At 100 GeV≲ T ≲ 1012 GeV nonperturbative processes (EW-sphalerons) violate B, Lα , so that
only three charges are conserved out of four, e.g.

B−L , Le −Lµ , Le −Lτ

and B = α × (B−L), L = (α −1)× (B−L)

Leptogenesis: Baryogenesis from lepton asymmetry of the Universe . . . due to sterile neutrinos

Why ΩB ∼ΩDM ? antropic principle?
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Lepton asymmetry from sterile neutrino decays

Most general renormalizable lagrangian with Majorana neutrinos NI ,
I,α = 1,2,3.

LSM +N I i/∂NI −yIα L̄αH̃NI −
MI

2
N

c
I NI +h.c.

where H̃i = εijH∗
j , i , j = 1,2; complex Yukawas, Majorana mass: ∆L ̸= 0

lepton number violating processes (N = Nc !):

NI → hlα , NI → hl̄α ,

hlα → hl̄β

neutrino oscillations are explained

BAU via leptogenesis (decays for MI > 109 GeV or oscillations for light neutrinos,
even MI ≳ 100 MeV

dark matter with MI ∼ 1-100 keV
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Degeneracy for Leptogenesis 2008.13771
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Sterile neutrinos: production and decays
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mixing with ντ ... τ± → N +H±
2102.12143
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