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Standard Model + GR : Major Problems

Gauge and Higgs fields (interactions): γ, W±, Z , g, G, and h
Three generations of matter: L =

(
νL
eL

)
, eR ; Q =

(
uL
dL

)
, dR , uR

Describes all experiments dealing with
I electroweak and strong interactions (anomalies! g−2, B-physics, . . . )

Does not describe (PHENO) (THEORY)

I Neutrino oscillations

I Dark matter (ΩDM )

I Baryon asymmetry (ΩB)

I Why the Universe is flat and
homogeneous?

I Where did the matter
perturbations come from?

I Dark energy (ΩΛ)

I Strong CP-problem

I Gauge hierarchy

I Quantum gravity

I Quantization of electric
charge

I Why 3 generations?

I Why Ye� Yµ � ..� Yt
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TODAY2.7 K 14 by
accelerated expansion

4.4 K matter domination 7.7 by

0.26 eV recombination 370 ty e + p→ H + γ

matter domination
0.8 eV 50 ty

radiation domination

50 keV 5 min 3H + 4He→ 7Li + γ

primordial nucleosynthesis 2H + 2H→ n + 3He

1 MeV 1 s p + p→ 2H + γ

neutrino decoupling2.5 MeV 0.1 s

QCD transition confinement↔free quarks200 MeV 10 µs

Electroweak phase transition100 GeV 0.1 ns

hot Universe

reheating

inflation

matter perturbations (?)

dark matter production

baryogenesis
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Present knowledge about the past: back to 2-3 MeV

past stages observables

deceleration/acceleration ä = 0 SN Ia, CMB, clusters

reionization γ + H→ p + e CMB, quasars, stars

recombination p + e→ γ + H∗ CMB, BAO

RD/MD equality ρmatter = ρradiation CMB, BAO

nucleosynthesis p + n→ D + γ, etc cold gas clouds

neutrino decoupling νe + n→ p + e cold gas clouds

H 2 ∝ ργ + ρν
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Nucleosynthesis
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BBN η = nB/nγ

1 p + n→ γ + D
2 D + p→ γ + 3He

D + D→ n + 3He
D + D→ p + T,
3He+n→ p+T

3 T + D→ n4 + He
3He + D→ p + 4He

4 T + α → γ + 7Li
3He + α + γ → + 7Be
7Be + n→ p + 7Li

5 7Li + p→ α + 4He
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Nucleosynthesis: new measurements of D and He4
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Nucleosynthesis: nn ∝ e−µν/Tν , H2
n ∝ (..+ ∆Nν)
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BBN: extra-radiation and lepton asymmetry 2104.04381
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Baryogenesis

Sakharov conditions of successful baryogenesis
B-violation (∆B 6= 0) XY · · · → X ′Y ′ . . .B

C- & CP-violation (∆C 6= 0, ∆CP 6= 0) X̄ Ȳ · · · → X̄ ′Ȳ ′ . . . B̄

processes above are out of equilibrium X ′Y ′ . . .B→ XY . . .
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Electroweak sphalerons & B by Kuzmin, Rubakov and Saposhnikov

∂
µ jµ B = 3

g2

16π2 V a µν Ṽ a
µν ,

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 a natural number!).

Energies of such configurations ∝
1

g2 .

At temperatures 100 GeV . T . 1012 GeV they are in equilibrium in primordial plasma !!

B gets violated
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Electroweak sphalerons & B−L by Kuzmin, Rubakov and Saposhnikov

∂
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

∆Le = Le(tf )−Le(ti ) =
∫ tf

ti
dt
∫

d3x ∂
µ jLe

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 sphalerons violate all four, but any 3 keep intact, e.g.

B−L , Le−Lµ , Le−Lτ

where L≡ Le + Lµ + Lτ
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Baryogenesis→ Leptogenesis by Kuzmin, Rubakov and Saposhnikov

Sakharov conditions of successful baryogenesis
B(L)-violation (∆B(L) 6= 0) XY · · · → X ′Y ′ . . .B(L)

C- & CP-violation (∆C 6= 0, ∆CP 6= 0) X̄ Ȳ · · · → X̄ ′Ȳ ′ . . . B̄(L)

processes above are out of equilibrium X ′Y ′ . . .B(L)→ 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
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Neutrino oscillations: masses and mixing angles
Solar 2×2 “subsector” Atmospheric 2×2 “subsector”
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MINOS 90%

MINOS 68%

MINOS best oscillation fit

Super−K 90%

Super−K L/E 90%

K2K 90%

http://hitoshi.berkeley.edu/neutrino/ arXiv:0806.2237

m2
sol ≈ 7.4×10−5 eV2 m2

atm ≈ 2.5×10−3 eV2

DAYA-BAY, RENO, T2K: sin2 2θ13 ≈ 0.08
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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)
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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

Dmitry Gorbunov (INR) 22 November 2022 IHEP, Protvino 2022 19 / 46



ИI
ЯN
ИR

Seesaw mechanism: MN � 1 eV
With mactive . 1 eV we work in the seesaw (type I) regime:

LN = N I i/∂NI − fαIL
c
α H̃NI −

MNI

2
N

c
I NI + h.c.

When Higgs gains 〈H〉= v/
√

2 we get in neutrino sector

VN =
1
2

(
ν1 , . . .N

c
1 . . .

) 0 v f̂√
2

v f̂ T√
2

M̂N

(ν1 , . . .N1 . . .)T + h.c.

Then for MN � M̂D = v f̂√
2

we find the eigenvalues:

' M̂N and M̂ν =−(M̂D)T 1
M̂N

M̂D
∝ f 2 v2

MN
≪ MN

Mixings: flavor state να = Uα i νi + θαINI

active-active mixing: U†M̂ν U = diag (m1 ,m2 ,m3)

active-sterile mixing: θαI =
(MD)T

αI
MI

∝ f̂ T v
MN
� 1
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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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Seesaw diagram
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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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Bonus: depends on the sterile neutrino mass range

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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There are different regions:

MN ∼ 1 eV-100 GeV

keV-scale dark matter

BAU via leptogenesis

Via AN-SN oscillations

Akhmedov, Rubakov, Smirnov

direct searches!

MN ∼ 100 GeV-...

BAU via leptogenesis

f ∼ 10−6 ' Ye

Degeneracy between HNLs is
needed

Pilaftis

MN ∼ 1012-1014 GeV

BAU via leptogenesis

f ' 0.01−1

In decays of heavy leptons
Fukugita and Yanagida
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Degeneracy for Leptogenesis 2008.13771
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Heavy sterile neutrinos: direct searches

Weak decays due to mixing

s
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Present limits from production 1904.09124
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New projects. . . 1904.09124
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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
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 constraint 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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. . . 8 years ago: Dark Matter decay observed in X-ray?
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Spektr-RG: eROSITA (0.2-10 keV), ART-XC (4-30 keV)
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2007.07969 (V. Barinov, R. Burenin, D.G., R. Krivonos)

Dmitry Gorbunov (INR) 22 November 2022 IHEP, Protvino 2022 32 / 46



ИI
ЯN
ИR

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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DM from oscillations: (DW & ShF)

(
cos2θα−Vαα · tvac

α

)2

non-resonant:

Vαα ∼−#G2
F T 4E

resonant production in
the lepton asymmetric
plasma

Vαα ∼+#GF T 2
µLα
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. . . present searches: NuSTAR 2207.04572
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Inhomogeneous Universe

Large Scale Structure CMB anisotropy
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Matter perturbations alternative sources by Rubakov

originate from the initial matter density (scalar) perturbations

δρ/ρ ∼ δT/T ∼ 10−4, which are

adiabatic δ
(nB

s

)
= δ

(nDM
s

)
= δ

(nL
s

)
Gaussian 〈 δρ

ρ
(k) δρ

ρ
(k′)〉 ∝

(
δρ

ρ
(k)
)2
×δ (k + k′)

flat spectrum 〈
(

δρ

ρ
(x)
)2
〉=

∫
∞

o
dk
k PS(k) PS(k)≈ const

LSS and CMB PS ≡ AS×
(

k
k∗

)ns−1
AS ≈ 2.5×10−9 , nS ≈ 0.97

Dmitry Gorbunov (INR) 22 November 2022 IHEP, Protvino 2022 37 / 46



ИI
ЯN
ИR

TODAY2.7 K 14 by
accelerated expansion

4.4 K matter domination 7.7 by

0.26 eV recombination 370 ty e + p→ H + γ

matter domination
0.8 eV 50 ty

radiation domination

50 keV 5 min 3H + 4He→ 7Li + γ

primordial nucleosynthesis 2H + 2H→ n + 3He

1 MeV 1 s p + p→ 2H + γ

neutrino decoupling2.5 MeV 0.1 s

QCD transition confinement↔free quarks200 MeV 10 µs

Electroweak phase transition100 GeV 0.1 ns

hot Universe

reheating

inflation

dark matter production

baryogenesis
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Cosmological data suggest . . . DM, DE, flatness, etc

0.0 0.5 1.0

0.0
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1.0

1.5

2.0

F
la
tBAO

CMB

SNe

No Big Bang

(
ȧ
a

)2

= H2 (t) =
8π

3
G ρ

energy
density

ρ
energy
density = ρradiation +ρ

ordinary
matter +ρ

dark
matter +ρΛ

ρradiation ∝ 1/a4(t) ∝ T 4(t) , ρmatter ∝ 1/a3(t)

ρΛ = const, 1/a2(t) ∝ ρcurvature = 0

3H2
0

8πG
= ρ

energy
density(t0)≡ ρc ≈ 0.53×10−5 GeV

cm3

radiation: Ωγ ≡ ργ

ρc
= 0.5×10−4

Baryons (H, He): ΩB ≡ ρB
ρc

= 0.05

Neutrino: Ων ≡ ∑ρνi
ρc

< 0.01

Dark matter: ΩDM ≡ ρDM
ρc

= 0.27
Dark energy: ΩΛ ≡ ρΛ

ρc
= 0.68
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Cosmological constant puzzled Rubakov

vacuum: Tµν = ρvacηµν p =−ρ

SΛ =−Λ
∫ √−gd4x .

a = const ·eHdSt , HdS =

√
8π

3
Gρvac

Rubakov suggested the ways to cancel Λ,
and consider some dynamical substance instead,
which may change future (and past) Universe

searching for bouncing (cyclic) cosmologies
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1907.10625
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1807.06209
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Conclusion

Valery Rubakov contributed to all the major fields in cosmology
Hubble puzzle and S8-tension may point at the direction towards
understanding the Nature of Dark Energy
Alas, he will not learn it with us...
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