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Particle physics investigates small distances | < Fermi
~ 107" cm whereas cosmology considers large distances:
| = parsec ~ 10'® cm. Both domains of physics overlap and
strongly influence each other in the early Universe when it
was hot and dense, and the interactions between elementa-
ry particles were decisive.

What kind of particle physics should be used to study the
Early Universe? A natural candidate is the Standard Model
(SM) of particle physics. It was invented in 1967 and com-
pleted with the discovery of the Higgs boson at the LHC 45
years later, in 2012.

SM describes strong, weak and electromagnetic interactions
of all known elementary particles. It is a self-consistent the-
ory that describes physics at tiny and enormous energies,
possibly running up to the Planck scale 10'® GeV. The SM
is consistent with almost all experiments in particle physics.

However, it is not the final story. The SM does not describe
neutrino masses and oscillations, the Dark Matter (DM), and
cannot explain why we have more baryons than antibaryons
in the Universe. Thus, new physics is required. In addition,
several theoretical challenges, such as the flavour and gen-
eration structure of the theory and its unification with gravity,
remain open problems. Unfortunately, neither theory nor ob-
servations can give a solid prediction of the energy scale of
new physics and thus point out where to search for it.

The search for new physics can be naturally divided into
three frontiers. The high-energy frontier is associated with
heavy new particles with relatively strong coupling to the SM
fields. Experiments with higher and higher energies should
be conducted to pursue this goal. The same type of par-
ticles can be searched indirectly at the precision frontier,
experiments looking at deviations from the SM in rare pro-
cesses, where these heavy hypothetic particles can enter
the loop diagrams. Finally, the intensity frontier experiments
are searching for relatively light feebly interacting particles
(FIPs). FIPs cannot be found either in the energy or in preci-
sion frontier experiments. In the present situation, all direc-
tions should be explored.

A lot of research was guided up to now by the so-called
“naturalness” paradigm, predicting relatively strongly in-
teracting new particles with masses right above the Fermi
scale. The considered theories include low-energy super-
symmetry, large extra dimensions, or composite Higgs bos-
ons. So far, no new particles predicted by these theories
have been found at the intensity and precision frontier type
experiments, challenging this concept.

A possible strategy is to solve the experimental problems
of the SM by minimal means without introducing new in-
teractions and having a minimal number of new elementa-
ry particles. This can be achieved by the extension of the
SM in the neutrino sector. In the SM, the neutrino states
differ from the other quarks and leptons - they come only
in left-handed chirality states. This ensures that they are
massless and that the lepton flavours are conserved - a
fact that was taken for granted at the time the SM was con-
ceived. Adding the right-handed neutrino components (see
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Figure 1: Particle content of the SM (top) and its extension in the
neutrino sector (bottom). The upper left (lower right) corners of the
fermion boxes correspond to the left-handed (right-handed) states.

Fig. 1), called “Heavy Neutrino Leptons” or HNLs for short,
leads to a “Neutrino Minimal SM”, or YMSM, which is capa-
ble of solving the problem of neutrino masses and oscilla-
tions, Dark Matter and baryon asymmetry of the Universe
simultaneously (Asaka and MS, Phys. Lett. B 620 (2005)
17). One extra neutrino state would solve the solar neutrino
puzzle; two would explain atmospheric neutrino oscillations
and all experiments in neutrino physics together with the
baryon asymmetry of the Universe, whereas the third leads
to a natural DM candidate.

The model can be tested experimentally in new experiments
at the intensity frontier of particle physics, such as SHiP ' at
CERN, for HNL masses below 5 GeV, or at future accelera-
tors FCC-ee (Future Circular Collider at CERN 2) or CEPC
(Circular Electron Positron Collider in China ®) running at the
Z-pole for heavier HNLs, see Fig. 2. The same experiments
may search for all types of FIPs, such as hidden photons,
dark scalars, axion-like particles, etc. The searches of FIPs
are also a part of experimental programs of the plethora
of other running or planned experiments (NA62, Darklight,
Belle I, CMS, T2K, Dune, Atlas, NA64, Mathusla, Faser,
etc). The sterile neutrino DM candidate can be searched in

1 htips://ship.web.cern.ch

2 hitps://fcc.web.cern.ch

3 http://cepc.ihep.ac.cn
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between the dark blue curves. Experimen-
tal sensitivities of future experiments are
also shown. Taken from Klaric et al., Phys.
Rev. Lett. 127 (2021) 111802.
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X-ray telescopes such as XRISM “ or Athena °.

This extension of the SM has an exciting connection with
neutrino physics, unifying together the HNL properties with
neutrinoless double beta decays, CP-violation in neutrino
oscillations, and the type of neutrino mass ordering.

In the SHiP experiment, the high-intensity proton beam (with
CERN SPS energy of 400 GeV) hits the target and produc-
es strange, charmed or beauty mesons. These mesons de-
cay mainly into the SM channels but sometimes produce
FIPs, HNLs in particular. An example of the process is the
decay of charmed D-meson as D — uN . Subsequently, the
decay of FIPs into SM patrticles, such as N— y*z* can be
registered in a detector. The sensitivity of the SHiP detec-

4 https.//www.xrism.jaxa.jp/en/

5 https://www.cosmos.esa.int/web/athena

103
HL-LHC - High Luminosity Large Hadron Collider
BAU - Baryon asymmetry of the Universe
NH - normal neutrino hierarchy

tor (in terms of the number of exotic HNL events) will be
~ 10* times better than in the previous experiments, open-
ing a huge domain of unexplored parameter space. Heav-
ier HNLs can be searched in e*e collisions with energy
tuned to Z-boson resonance in the sequence of reactions
ee ~-Z-vN, N->un.

In conclusion, feebly interacting particles (HNLs in particu-
lar) can be a key to the phenomena which the Standard
Model of particle physics cannot explain: neutrino masses
and oscillations, baryon asymmetry of the Universe, and
dark matter. Hopefully, we will be soon at an exciting point
in history: the future experiments at the intensity frontier
such as SHiP and FCC-ee in the Z-resonance mode have
chances to uncover the origin of neutrino masses and bary-
on asymmetry of the Universe, while X-ray telescopes - the
origin of DM in the Universe.




