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Cosmic recipe:

Dark Matter

Standard Model of particle physics: The
origin of ordinary matter and dark matter
In the Universe is a puzzle.
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If the SM were right, the universe would be almost empty!
(i) Standard Model: no particle physics candidate for

e Dark Matter

(i) Baryon asymmetry of the Universe in the SM is too small,

matter and antimatter have annihilated at temperatures of few
MeV

e CKM CP violation effects are highly suppressed
* No substantial deviations from thermal equilibrium, no electroweak
phase transition

Sakharov conditions are not satisfied




We need new (particle?) physics beyond the Standard Model to
explain the origin of dark matter and baryon asymmetry of the

Universe. In addition, observations of neutrino flavour oscillations
points to new physics.

However, this should be reconciled with the triumph of the
SM in particle physics :

* No significant deviations from the SM have been observed

* The masses of the top quark and of the Higgs boson, the Nature has
chosen, make the SM a self-consistent effective field theory all the
way up to the quantum gravity Planck scale M, ~ 10" GeV



Extensions of the SM are very far from
being unique:

Baryon asymmetry: there is just one number ng/ n, to
explain: many scenarios were proposed.

Dark matter, absent in the SM: plethora of different
candidates, the masses of DM particles can be as small
as O(1072%) eV (super-light scalar fields) or as large as
O(10%) GeV (wimpzillas, Q-balls).

Neutrino masses and oscillations: many mechanisms,
even the scale of new physics explaining m,can vary from
O(1) eV to O(10%) GeV.



Guiding principles

Requirement of “naturalness”? Naturalness = absence of quadratic
divergencies in the Higgs mass.

: right above EW scale
Not unique: J

e Low energy SUSY: compensation of bosonic loops by fermionic
loops

e Composite Higgs boson - new strong interactions
e | arge extra dimensions

* All these require new physics right above the Fermi scale, which
was expected to show up at the LHC...



Change of paradigm ?

The source of the hierarchy problem - super heavy (e.g. GUT)
particles.

No heavy particles ===jl= no large contributions to the
Higgs boson Mmass s NO fine tuning

UV physics (gravity?) should be organised in such
a way that the Fermi scale is much smaller than the
Planck scale Mp. (Mpis not a mass of any particle!)

Then all the BSM problems should be
explained by the physics below the Fermi scale!



Example of ‘complete’ theory:
the NuMSM
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Role of the Higgs boson: break the symmetry and inflate the Universe
Role of N1 with mass in keV region: dark matter.

Role of N2, N3 with mass in 100 MeV — GeV region: “give” masses to
neutrinos and produce baryon asymmetry of the Universe




Most general renormalisable see-saw
Lagrangian with 3 Majorana neutrinos:

Minkowski; Yanagida; Gell-Mann, Ramond, Slansky; Glashow,
Mohapatra, Senjanovic
MI

1%

Extra coupling constants:

3 Majorana masses of new neutral fermions N, 15 new Yukawa
couplings in the leptonic sector (3 Dirac neutrino masses, 6 mixing
angles and 6 CP-violating phases), 18 new parameters in total. The
number of parameters is doubled in comparison with SM.



Neutrino masses and Yukawa couplings
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Yukawa couplings:

e KeV scale DM sterile neutrino N1: F ~ 107" to have
sufficiently large lifetime

e GeV scale N2 and N3: F~ 107® to explain neutrino masses

Note: the SM does not provide any explanation of the origin

and magnitude of Yukawa couplings of quarks and charged

leptons, they are all taken from experiment and scatter from
f, ~ 1 for the top quark to ¢, ~ 10> for electron.
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Creation of matter and DM:
physics at the Fermi scale

High temperatures: abundances of all HNL's are zero

Thermal production of N2, N3 and generation of lepton
asymmetry: from high T to T~20 GeV, and then later at
T<1 GeV when N2, N3 decouple and decay

Conversion of lepton asymmetry to baryon asymmetry at
temperatures above the sphaleron freeze-out, T~130 GeV

Conversion of the lepton asymmetry into population of
Dark Matter sterile neutrinos N1 at T~100 MeV
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Leptogenesis with GeV HNLs

Creation of baryon asymmetry is 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. One need to deal with resummations, hard thermal
loops, Landau-Pomeranchuk-Migdal effect, etc. How to describe
these processes is still under debate, but the consensus is that it
works and it is testable.

Initial idea: Akhmedov, Rubakov, Smirnov
Formulation of kinetic theory: Asaka, M.S.

Analysis of baryon asymmetry generation in the NUMSM: Asaka, M.S., Canetti, Drewes, Frossard;
Abada, Arcadia, Domcke, Lucente; Hernandez, Kekic, J. Lopez-Pavon, Racker, J. Salvado;
Drewes, Garbrech, Guetera, Klaric; Hambye, Teresi; Eijima, Timiryasov; Ghiglieri, Laine,...
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Physics of baryogenesis with GeV HNLs

Important parameters and scales:

* HNL mass M (parameter of the theory): for M < 100 GeV they decay after sphaleron
freeze-out which occurs at T~130 GeV

* Mass difference  AM of N2 and N3 (parameter of the theory): it governs the rate of
coherent oscillations of HNL and is essential for the strength of CP-violating effects

* Dirac and Majorana phases in total neutrino mass matrix, determining CP-violation,
and Yukawa couplings, most important X , giving relative strength to N2 and N3
couplings to neutrino (parameters of the theory)

* Rate of the HNL reactions with fermion number conservation (to be computed) :
essential for high temperatures around sphaleron freeze-out, mostly relevant for
baryon asymmetry

e Rate of sphaleron processes converting lepton to baryon number (already known)

* Rate of the HNL reactions with fermion number non-conservation (to be computed):
essential for late time lepton asymmetry generation, relevant for sterile neutrino DM
production
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Rates of HNL interactions
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Time evolution

HNL densities Lepton asymmetries
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Important parameters for experimental searches:

e TJotal mixing with active neutrinos,

1
U = % 10y 1% = BYY; [(mz + m3) (X +Xa:2)],

determining the production rate of HNLs in pp collisions and
their lifetime

* |ndividual mixings with different neutrino flavours,

U, P= ) 10,

=23

determining the branching ratios of HNL decays into leptons
e, U, T
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Constraints on HNLs N2, N3 from baryon asymmetry of the Universe
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Constraints on HNLs N2, N3 from baryon asymmetry of the Universe
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Constraints on HNLs N2, N3 from baryon asymmetry of the Universe
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Experimental challenges of HNL searches:

HNL production and decays are highly suppressed — dedicated
experiments are needed:

e Mass below ~ 5 GeV - Intensity frontier, CERN SPS: NAG2 in
beam dump mode, SHIP, talk by Kyrylo Bondarenko,
Thursday

e Mass below ~ 5 GeV - Energy frontier, LHC: MATHUSLA
e 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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Search for Hidden Particles
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Dark matter candidate: long lived ( 7y > ;... ), DUt UNStable,
sterile neutrino N1 with the mass in keV range

Dodelson, Widrow; Shi, Fuller; Abazajian, Fuller, Patel; ... Asaka, Laine, MS;...

Production of Dark matter in the early Universe.

The temperature of production of DM sterile neutrinos:

M, 1/3
T ~ 130 MeV
1 keV
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Non-resonant and resonant production

Dispersion relations for active and sterile neutrinos

E(k)/M
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L=0

Non-resonant transitions,
zero lepton asymmetry
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Large fraction of lepton asymmetry is transferred to DM
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Sterile neutrino Dark Matter abundance

10° 10" 107

Mixing angle, lepton asymmetry and the N1 mass leading
to observed DM abundance



Experimental searches

DM particle is not stable. Main decay mode N, — 3v is not
observable. Subdominant radiative decay channel: N, - vy

The photon line with energy E, = % can be searched for
with X-ray telescopes
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3.5 keV line: E. Bulbul et al, Boyarsky et al
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Status of this line: talk by Alexey Boyarsky on Thursday
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Conclusions
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Conclusions

The Standard Model is in great shape.

Perhaps, Its success is telling us that New Physics iIs
hiding below the Fermi scale?

The dedicated searches (NA62, SHiP, MATHUSLA, FCC) for new very weakly
interacting particles with masses below the Fermi scale, can

e find particles that lead to neutrino masses and oscillations

e find particles that lead to baryon asymmetry of the Universe
e shed new light on the properties of dark matter

e |ead to construction of new Standard Model

This opportunity should not be missed!



