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The LHC has discovered something
quite unexpected : the Higgs boson and
nothing else, confirming the Standard
Model.
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The LHC has discovered something
quite unexpected : the Higgs boson and
nothing else, confirming the Standard
Model.

No low energy SUSY, no large extra dimensions, no new strong

interactions.

For 125 GeV Higgs mass the Standard Model is a self-consistent

weakly coupled effective field theory for all energies up to the quantum

gravity scale MP ∼ 1019 GeV
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The LHC results must be reconciled with experimental evidence for

new physics beyond the Standard Model:

Observations of neutrino oscillations (in the SM neutrinos are

massless and do not oscillate)

Evidence for Dark Matter (SM does not have particle physics

candidate for DM).

No antimatter in the Universe in amounts comparable with matter

(baryon asymmetry of the Universe is too small in the SM)

Cosmological inflation is absent in canonical variant of the SM

Accelerated expansion of the Universe (?) - though can be

“explained” by a cosmological constant.
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Where is new physics?
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Only at the Planck scale?

Does not work: neutrino masses from five-dimensional operator

1

MP

Aαβ

(

L̄αφ̃
) (

φ†Lc
β

)

suppressed by the Planck scale are too small, mν < 10−5 eV.
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Below the Planck scale, but where?

Neutrino masses and oscillations: the masses of right-handed

see-saw neutrinos can vary from O(1) eV to O(1015) GeV

Dark matter, absent in the SM: the masses of DM particles can be

as small as O(10−22) eV (super-light scalar fields) or as large as

O(1020) GeV (wimpzillas, Q-balls).

Baryogenesis, absent in the SM: the masses of new particles,

responsible for baryogenesis (e.g. right-handed neutrinos), can

be as small as O(10) MeV or as large as O(1015) GeV

Higgs mass hierarchy : models related to SUSY, composite Higgs,

large extra dimensions require the presence of new physics right

above the Fermi scale, whereas the models based on scale

invariance (quantum or classical) may require the absence of new

physics between the Fermi and Planck scales
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Arguments for absence of new heavy
particles above the Fermi scale

Stability of the Higgs

mass against radiative

corrections

δm2
H ≃ αn

GUTM
2
heavy

No heavy particles - no large

contributions - no fine tuning

Higgs self coupling λ ≈ 0 at the

Planck scale (criticality of the SM

- asymptotic safety?). This is vio-

lated if new particles contribute to

the evolution of the SM couplings.
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Naturalness:

“Physics at the electroweak scale or right above it should be organised

in such a way that quadratic divergencies in the Higgs boson mass are

eliminated”.
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Naturalness:

“Physics at the electroweak scale or right above it should be organised

in such a way that quadratic divergencies in the Higgs boson mass are

eliminated”.

Possible consequences: low energy SUSY, composite Higgs, large

extra dimensions, etc.

Change of paradigm ?

UV physics (gravity?) should be organised in such a way that the

Fermi scale is much smaller than the Planck scale

Then all the experimental BSM problems (dark matter, neutrinos,

baryon asymmetry of the Universe) should be explained by light

particles! And heavy particles better not to exist, to avoid hierarchy

problem.
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New Physics without new energy scale
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Why the weak scale is so much smaller than the
Planck scale?
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Why the weak scale is so much smaller than the
Planck scale?

Very small numbers in quantum physics: quantum tunnelling

1928, Gamow theory of alpha decay,

238U →234 Th + α, Γ = Ebounde
−S ≪ Ebound

1951, Townes, Ammonia Maser,

ω = ω0e
−S ≪ ω0

Perhaps, m2
H = M2

P e−S with S = 72? Peculiar gravitational

instanton, MS, Shkerin, arXiv:1803.08907 + 1804.06376; MS,

Shkerin, Zell, arXiv:2001.09088 + 2002.07105
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New Physics below the weak

scale
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Example of “complete” theory: the νMSM
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νMSM ≡ Neutrino minimal Standard Model

≡ Minimal low scale see-saw model with 3 singlet fermions

Role of N2, N3 with mass in 100 MeV – GeV region: “give” masses to

neutrinos and produce baryon asymmetry of the Universe.

Role of N1 with mass in keV region: dark matter.

Role of the Higgs boson: break the symmetry and inflate the Universe
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Cosmology and phenomenology

of a minimal model
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Neutrino masses and Yukawa

couplings

Yukawa couplings: Y 2 = Trace[F †F ]
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Baryon asymmetry

Sakharov conditions:

Baryon number violation - OK due co complex vacuum structure

in the SM and chiral anomaly

CP-violation - OK due to new complex phases in Yukawa

couplings

Deviations from thermal equilibrium - OK as HNL are out of

thermal equilibrium for T > O(100) GeV
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Baryon asymmetry

Creation of baryon asymmetry - a complicated process involving

creation of HNLs in the early universe and their coherent CP-violating

oscillations, interaction of HNLs with SM fermions, sphaleron

processes with lepton and baryon number non-conservation

idea: Akhmedov, Rubakov, Smirnov; kinetics: Asaka, MS

Resummation, hard thermal loops, Landau-Pomeranchuk-Migdal

effect, etc. Ghiglieri, Laine. How to describe these processes is still under

debate, but the consensus is that it works and is testable.
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Baryon asymmetry: HNLs N2,3
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Constraints on U2 coming from the baryon asymmetry of the Universe,

from the see-saw formula, from the big bang nucleosynthesis and

experimental searches. Left panel - normal hierarchy, right panel -

inverted hierarchy (Canetti, Drewes, Frossard, MS ’12). Similar results:

recent works by Abada, Arcadia, Domcke, Lucente ’ 15, Hernández,

Kekic, J. López-Pavón, Racker, J. Salvado ’16,Drewes, Garbrech,

Guetera, Klarić ’16, Hambye, Teresi ’17, Ghiglieri, Laine ’18, ’19,
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Experimental challenges:

HNL production and decays are highly suppressed – dedicated

experiments are needed:

Mass below ∼ 5 GeV - Intensity frontier, CERN SPS: NA62 in

beam dump mode, SHiP

Mass below ∼ 5 GeV - Energy frontier, LHC: Faser,

MATHUSLA,

Mass above ∼ 5 GeV - FCC in e+e− mode in Z-peak, LHC

Generic purpose experiments to search for all sorts of relatively light

dark sector particles (dark photons, hidden scalars, etc).
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FCC at 1013 Z0 and decay length 0.01-500 cm
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Dark Matter candidate: N1

DM particle is not stable. Main

decay mode N1 → 3ν is not

observable.

Subdominant radiative decay

channel: N → νγ.

Photon energy:

Eγ =
M

2

Radiative decay width:

Γrad =
9αEM G2

F

256 · 4π4
sin2(2θ)M5

s

e
±

W
∓

γ
W

∓

Ns ν

ν
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Constraints on DM sterile neutrino N1

Stability. N1 must have a lifetime larger than that of the Universe

Production. N1 are created in the early Universe in reactions

ll̄ → νN1, qq̄ → νN1 etc. We should get correct DM

abundance

Structure formation. If N1 is too light it may have considerable

free streaming length and erase fluctuations on small scales. This

can be checked by the study of Lyman-α forest spectra of distant

quasars and structure of dwarf galaxies

X-rays. N1 decays radiatively, N1 → γν, producing a narrow line

which can be detected by X-ray telescopes (such as Chandra or

XMM-Newton).

Guadeloupe Islands, March 12, 2020 – p. 21



Available X-ray satellites:

Suzaku, XMM-Newton, Chandra,

INTEGRAL, NuStar
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Detection of An Unidentified Emission Line in the Stacked X-ray

spectrum of Galaxy Clusters. E. Bulbul, M. Markevitch, A. Foster, R. K.

Smith, M. Loewenstein, S. W. Randall. e-Print: arXiv:1402.2301

An unidentified line in X-ray spectra of the Andromeda galaxy and

Perseus galaxy cluster. A. Boyarsky , O. Ruchayskiy, D. Iakubovskyi, J.

Franse. e-Print: arXiv:1402.4119
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Inflation: Higgs boson

Potential in Einstein frame for non-minimally coupled Higgs, ξRh2

0

λM4/ξ2/16

λM4/ξ2/4

U(χ)

0 χ

0

λ v4/4

0 v

Standard Model

χ - canonically normalised scalar field in Einstein frame.
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Stage 1: Higgs inflation, h > MP√
ξ

, slow roll of the Higgs

field

0

λM4/ξ2/16

λM4/ξ2/4

U(χ)

0 χend χCOBE χ

inflation

Makes the Universe flat, homogeneous and isotropic

Produces fluctuations leading to structure formation: clusters of

galaxies, etc
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CMB parameters - spectrum and tensor

modes

ns = 0.97, r = 0.003 (metric HI), r ∼ 10−10 (Palatini HI)
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Stage 2: Big Bang, h < MP√
ξ

, Higgs field instability

0

λM4/ξ2/16

λM4/ξ2/4

U(χ)

0 χend χCOBE χ

R
eh

ea
tin

g

All particles of the Standard Model are produced

Coherent Higgs field disappears

The Universe is heated up to T ∼ 1014 GeV
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Conclusions
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The absence of heavy particle thresholds may be a key for

understanding of the hierarchy problem
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The absence of heavy particle thresholds may be a key for

understanding of the hierarchy problem

The generation of Fermi scale may be a non-perturbative gravity

effect, leading to MW ≪ MP

All observational drawbacks of the SM can be solved by the

νMSM

inflation - Higgs boson

neutrino masses, dark matter and baryogenesis - 3 HNLs

It would be great to check this experimentally: NA62, SHiP, Faser,

MATHUSLA, FCC ee, X-ray observations, etc.
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