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Outline

Why the SM must be extended?

Do we really need an intermediate energy scale between MW

and MP lanck?

The νMSM as a unified description of neutrino oscillations, dark

matter, and baryon asymmetry of the Universe

Crucial test and experiments
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Why the SM must be extended?

Can the stand alone Standard Model be a final theory?

Not from field theory point of view: it suffers from triviality problem due

to Higgs self-coupling and U(1) gauge coupling!

Can the Standard Model as an effective field theory be valid all the way

up to the Planck scale?

Yes from field theory point of view: but only if MH ∈ [129, 189] GeV.

Then the Landau pole is above the Planck scale and the EW symmetry

breaking vacuum is stable.

What about experiment?
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Suppose that the SM is an effective field theory valid up to the Planck

scale.

Low energy Lagrangian can contain all sorts of higher-dimensional

SU(3)×SU(2)×U(1) invariant operators, suppressed by the Planck

scale:

L = LSM +
∞
∑

n=5

On

Mn−4
P l

.

Majorana neutrino mass: from five-dimensional operator

O5 = Aαβ

(

L̄αφ̃
) (

φ†Lc
β

)

Prediction: mν ∼ v2/MP l ≃ 10−6 eV – far away from experimental

observations!

SM cannot be right all the way to MP l!
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Cosmological arguments

No particle physics candidate for Dark Matter

No baryogenesis

No inflation: Higgs does not work as an inflaton. The Planck scale

inflation seems unlikely: the vacuum energy density during

inflation is limited from above by Vinf <∼ 10−11M4
P l.

Accelerated expansion of the Universe – dark energy.
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Naturalness arguments

Hierarchy: why MW ≪ MP l?

Why cosmological constant is so small?

Why CP is conserved in strong interactions? (θQCD ≪ 1)

Why me ≪ mt?

...
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Overwhelming point of view:
these problems should find their
solution by physics beyond the

SM which contains some
intermediate energy scale

MW < Mnew < MPlanck
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Gauge coupling unification: the three couplings of the SM intersect

with each other at three points scattered between 1013 and 1017 GeV

– indication for Grand Unification at MGUT ∼ 1016 GeV (?)

The constants of the SM do not meet at the same point: there must

exist one more intermediate threshold for new physics between the

GUT scale and the electroweak scale, chosen in such a way that all

the three constants do intersect at the same point – indication for low

energy supersymmetry (?)
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Ways out

Possibility No 1:

Possibility No 2
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Ways out

Possibility No 1:

The standard model gauge couplings evolve and do not meet at the

same point.

This is an indication that there is no Grand unification.

Possibility No 2

Gauge coupling unification at MP l! (Hill, 1984; Shafi and Wetterich,

1984...)

Take any GUT and add 4 + n, n ≥ 1 dimensional operators like

Tr
[

F 2Φn
]

/Mn
P l

If 〈Φ〉 ∼ MP l higher dimensional operators can shift the crossing point

to MP l– unification of gravity with other forces!
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Inflation: Take the simplest quadratic potential

V (χ) =
1

2
m2

χχ2 .

It fits very well the CMB data with mχ ∼ 1013 GeV.

New scale?
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Inflation: Take the simplest quadratic potential

V (χ) =
1

2
m2

χχ2 .

It fits very well the CMB data with mχ ∼ 1013 GeV.

New scale? Not necessarily:

The CBM constraints the inflaton potential (single field inflation ) only

for χ ∼ MP l and tells nothing about the structure of V (χ) near its

minimum! Inflaton may be very light whereas large Vinf may come

from its self-interactions. Even a pure βχ4 potential (massless inflaton)

provides a reasonable fit to the WMAP data with just 3σ off the central

values for inflationary parameters (can be corrected by a slight modifi-

cation of the potential at χ ∼ MP l by higher dimensional operators or

by allowing non-minimal coupling.)
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Strong CP-problem: Invisible axion solution to strong CP-problem:

Peccei-Quinn scale is bounded from above and below by cosmology

and astrophysics to be in the region 108 GeV <∼MP Q<∼1012 GeV.

Intermediate scale appears again?
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Strong CP-problem: Invisible axion solution to strong CP-problem:

Peccei-Quinn scale is bounded from above and below by cosmology

and astrophysics to be in the region 108 GeV <∼MP Q<∼1012 GeV.

Intermediate scale appears again? Not necessarily:

If extra dimensions have topology such that the mapping

D − dim Space → S3

is trivial no θ angle exists! Planck scale compactification is sufficient -

the solution to the strong CP-problem may occur at MP l (Khlebnikov,

M.S., 1988, 2004)
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Neutrino masses - the see-saw argument: add to the Lagrangian of the

Standard Model a dimension five operator

Aαβ

(

L̄αφ̃
) (

φ†Lc
β

)

suppressed by an (unknown a-priory) mass parameter Λ and find it

then from the requirement that this term gives the correct active

neutrino masses. One gets:

Λ ≃ v2

matm
≃ 6 × 1014 GeV

Intermediate scale again?
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neutrino masses. One gets:

Λ ≃ v2

matm
≃ 6 × 1014 GeV
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Thermal leptogenesis: Out of equilibrium and conversion to baryon

asymmetry conditions:

MW < Tdecay < MN

Constraint on the decay Yukawa coupling Γtot ≃ f2MN :

M2
W

MNM∗
< f2 <

MN

M∗
, M∗ ≃ 1018GeV

Baryon asymmetry for non-degenerate case (∆Mij ∼ Mk):

nB

s
∼ 10−3f2 ≃ 10−10

for f2 ∼ 10−7; works for MN > 1011 GeV.

Intermediate scale again?
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Electroweak baryogenesis:

T

P

ICE

WATER

VAPOUR

critical point

B

A

Typical condensed matter phase

diagram (pressure versus tem-

perature)

T

MH

critical point

Higgs phase

symmetric phase

Electroweak theory

〈φ†φ〉 ≪ (250GeV )2

T = 109.2 ± 0.8GeV ,

MH = 72.3 ± 0.7GeV

〈φ†φ〉T=0 ∼ (250 GeV)2

To make first order EW phase transition: add new physics right above

the EW scale.
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Dark matter from WIMPS: annihilation cross-section related to the

scale M ∼ 100 GeV gives roughly the right DM abundance.

New physics right above the EW scale?
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Dark matter from WIMPS: annihilation cross-section related to the

scale M ∼ 100 GeV gives roughly the right DM abundance.

New physics right above the EW scale?

Not necessarily: This argument is based on the specific processes the

dark matter can be created and destroyed and thus is not valid in gen-

eral.
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An alternative

There is no intermediate energy scale between MW and

MP lanck

A minimal extention of the standard model, called νMSM, is a

viable effective field theory up to the Planck scale

the νMSM = MSM + three right-handed singlet fermions
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the νMSM
There are 36 quark states: left fermionic doublets:

(u , d)L, (c , s)L, (t , b)L and uR , dR, cR , sR, tR , bR

(u , d)L, (c , s)L, (t , b)L and uR , dR, cR , sR, tR , bR

(u , d)L, (c , s)L, (t , b)L and uR , dR, cR , sR, tR , bR,

9 + 3 leptonic states

(νe, e)L, (νµ, µ)L, (ντ , τ )L and ND, eR, NC, µR, NB, τR

12 SU(3) × SU(2) × U(1) gauge bosons (8+3+1)

and one Higgs doublet,

in total (3 × 2 + 3 × 2 + 2 + 1 + 0) × 3 × 2 = 90 fermionic and

(8 + 3 + 1) × 2 + 4 = 28 bosonic degrees of freedom
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Parameter counting: theνMSM

Most general renormalizable Lagrangian

LνMSM = LMSM + N̄Ii∂µγµNI − FαI L̄αNIΦ − MI

2
N̄c

I NI + h.c.,

Extra coupling constants:

3 Majorana masses of new neutral fermions Ni,

15 new Yukawa couplings in the leptonic sector

(3 Dirac neutrino masses MD = FαIv, 6 mixing angles and 6 CP-

violating phases),

18 new parameters in total.
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The choice of scales of theνMSM

Require: MI < MW (No see-saw)

There is no indication of the
existence of GUT scale from
neutrino oscillations!
Consequence: small Yukawa couplings,

FαI ∼
√

matmMI

v
∼ (10−6 − 10−13),

here v ≃ 174 GeV is the VEV of the Higgs field,

matm ≃ 0.05 eV is the atmospheric neutrino mass difference.
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Highlights of the νMSM

Consistent description of neutrino masses and oscillations.

Can explain dark matter in the Universe.

Can explain baryon asymmetry of the Universe.

Charge quantization from requirement of cancellation of gauge

and gravitational anomalies. (Not true for the SM !)

Masses of new leptons are small: all parameters can potentially

be determined experimentally!

Prediction of the negative result of the MiniBooNE experiment.

Astrophysical applications: talks by Alex Kusenko and Peter

Biermann
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DM candidate: the lightest sterile neutrino

Dodelson, Widrow; Shi, Fuller; Dolgov, Hansen; Abazajian, Fuller, Patel

Interaction strength is very small

→ sterile N can be very stable.

N

ν
ν

ν
Z

Main decay mode: N → 3ν.

Lifetime:

τN1
= 5×1026 sec

(

1 keV

M

)5
(

10−8

θ2

)

θ =
mD

M
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Constraints on the mass of dark matter sterile neutrinos

Tremaine, Gunn; Lin, Faber; Hogan, Dalcanton:

Rotational curves of dwarf spheroidal galaxies: M > 0.3 keV.

Hansen et al, Viel et al: Lyman-α forest observations can resolve

inhomogeneities on small scales and put constraints on free streaming

length.

“Generic” warm dark matter:

Viel et al., M > 2 keV, 2σ, Seljak et al., M > 2.4 keV, 95%.

Sterile neutrino produced in active-sterile transitions:

Viel et al., M > 8 keV, 2σ

Seljak et al., M > 11.7 keV, 95% and M > 8.1 keV, 99%.

For spectra appearing in other mechanisms of sterile neutrino

production the simulations have never been performed.
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Hot DM Warm DM Cold DM

Ben Moore simulations
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Warm versus Cold

Potentially, warm dark matter could solve some problems of the CDM

scenario: [i] Cuspy profiles, [ii] Missing satellites problem (Bode,

Ostriker, Turok; Klypin, Moore; Gilmore)
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Cosmological production of sterile neutrinos

Via active-sterile neutrino oscillations (Dodelson, Widrow)

Most probably, this is ruled out: the required Yukawa coupling is

too large to be consistent with X-ray and Lyman-α constraints.

Via resonant active-sterile neutrino oscillations in the presence of

lepton asymmetries (Shi, Fuller). Works well for sterile neutrinos

in keV range.

In inflaton (or any neutral scalar) decays (M.S., Tkachev). Can

produce sterile neutrinos up to the mass of few MeV.
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Baryon asymmetry

Baryon and lepton numbers are not conserved in the νMSM.

Lepton number: due to Majorana neutrino masses. Can be neglected

for MI < MW . Rate of B non-conservation:

Γ ∼























exp(− 4π

αW
) ∼ 10−160, T = 0

exp
(

−Msph

T

)

, T < MW

(αW )5T 4, T > MW

These reactions are in thermal equilibrium for

100 GeV < T < (αW )5MP l ∼ 1012 GeV
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Baryon asymmetry

CP is non-conserved in the νMSM:

6 CP-violating phases in the lepton sector and

1 Kobayashi-Maskawa phase in the quark sector.

Deviations from thermal equilibrium:

there is no electroweak phase transition with allowed value for the

Higgs mass.

⇓

The only possible reason for non-equilibrium - sterile neutrinos.
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Baryon asymmetry

Akhmedov, Rubakov, Smirnov

Asaka,MS

Idea - sterile neutrino oscillations as a source of baryon asymmetry.

Qualitatively:

Sterile neutrino are created in the early Universe and oscillate in a

coherent way with CP-breaking.

The total lepton number is zero but gets unevenly distributed

between active and sterile neutrinos.

The lepton number of active left-handed neutrinos is transferred to

baryons due to equilibrium sphaleron processes.
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Kinetics of sterile neutrinos

Asaka,MS

Facts to take into account:

(i) Coherence of sterile neu-

trino interactions → density ma-

trix ρNN rather than concentra-

tions.

(ii) Oscillations, creation and de-

struction of sterile and active

neutrinos.

(iii) Dynamical asymmetries in

active neutrinos and charged

leptons.

L NN

+

LL N

+F F

F F
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Value of BAU

nB

s
≃ 1.7 · 10−10 δCP

(

10−5

∆M2
32/M2

3

)
2
3(

M3

10GeV

)
5
3

.

δCP = 4sR23cR23

[

sL12sL13cL13

(

(c4
L23 + s4

L23)c
2
L13 − s2

L13

)

· sin(δL + α2)

+ cL12c3
L13sL23cL23 (c2

L23 − s2
L23) · sin α2

]

.

δCP ∼ 1 may be consistent with observed ν oscillations.

Nontrivial requirement: |M2 − M3| ≪ M2,3, i.e. heavier neutrinos

must be degenerate in mass.

Works best if

M2
2 − M2

3 ∼ T 3
W /M0 ≃ 4 (keV)2, |M2

2 − M2
3| ∼ M2

1 ???
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Inflation

A possibility to have inflation: add real scalar field, the inflaton χ. To

reduce the number of parameters: suppose that inflaton-νMSM

couplings are scale invariant on the classical level:

LνMSM → LνMSM[M→0]+
1

2
(∂µχ)2−fI

2
N̄I

c
NIχ+h.c.−V(Φ, χ) .

Higgs-Inflaton potential:

V (Φ, χ) = λ

(

Φ†Φ − α

λ
χ2

)2

+
β

4
χ4 − 1

2
m2

χχ2,
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Linde

Chaotic inflation:

β ≃ 10−13, α . 10−7, fI . 10−3

Electroweak symmetry breaking:

〈χ〉 6= 0 → MH 6= 0, MI 6= 0

For α > β inflaton mass is smaller than the Higgs mass, mI < MH .
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Sterile neutrino production in inflaton decays

Inflaton with mass mI > 300 MeV is in thermal equilibrium thanks to

reactions χ ↔ e†e, χ ↔ µ†µ down to T < mI .

Sterile neutrino abundance due to inflaton decays: χ → NN :

Ωs ≃ 0.26f(mI)

S

ΓM0ms

m2
I × 12 eV

2πζ(5)

ζ(3)
,

For mI ∼ 300 MeV the correct Ωs is obtained for ms ∼ 16 − 20 keV.

For mI ∼ 100 GeV the correct Ωs is obtained for ms ∼ O(10) MeV.
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Conclusions

None of the arguments in favour of existence of the intermediate

energy scale really requires it:

gauge coupling unification and solution of the strong CP-problem

can both occur at the Planck scale

inflation, neutrino masses, dark matter and baryogenesis can all

be explained by the particles with the masses below the

electroweak scale
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Crucial test and experiments
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Particle Physics

LHC: nothing but the Higgs with the mass in the window

MH ∈ [129, 189] GeV

ILC: No new physics at the ILC

No sign of proton decay or neutron-antineutron oscillations

Spectrum of active neutrino masses must be hierarchical, with

m1 ≪ msol

Two other masses are fixed to be m3 = [4.8+0.6
−0.5] · 10−2 eV and

m2 = [9.05+0.2
−0.1] · 10−3eV ([4.7+0.6

−0.5] · 10−2eV) in the normal

(inverted) hierarchy

Existence of two almost degenerate weakly coupled singlet

leptons, MN < 20 GeV, ∆M/M < 10−5,

10−11
(

GeV
M

)

< θ2 < 10−8
(

GeV
M

)2

Missing energy signal in K, D, τ and B decays

Decay processes N → µ+µ−ν, etc ("nothing"→ µ+µ−)
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Experimental and BBN constraints

CERN PS191 experiment (1988)
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Astrophysics

X-rays from decays of Dark Matter neutrinos N → νγ: X-ray

spectrometer in Space with good energy resolution

δE/E ∼ 10−3 − 10−4 getting signals from our Galaxy and its

Dwarf satellites

WIMP and axion searches: nothing
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MW (HEAO-1): Boyarsky et al. 2005
Coma and Virgo clusters: Boyarsky et al.
LMC+MW(XMM): Boyarsky et al.
MW (Chandra): Riemer-Søorensen et al.; Abazajian et al.
M31:Watson et al.
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Fine print: all results subject to intrinsic factor ∼ 2 uncertainty!
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