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1. Introduction

The answer to the question of the title is that after the old Standard model some new models should come. The contours
of such particle physics models may be found in the theoretical solutions for the internal problems of the Standard gauge
model of electroweak and strong interactions of elementary particles. They may find esthetical arguments in the trends
to unify the fundamental natural forces. These contours acquire the meaning of necessary building blocks for the modern
standard model of the Universe. Inflation, baryosynthesis, dark energy and dark matter are the necessary elements of the
modern cosmology and their physical nature involves BSM particle models [1-9].

Therefore BSM physics is not only plausible from the particle theoretical viewpoint, but seems to be inevitable in the
description of the structure and evolution of the Universe. The problem is the lack of a direct experimental evidence
of the BSM particle physics. The principal existence of this physics is favored by the data of precision cosmology, but
its experimental signatures are still elusive or controversial in the results of accelerator and non-accelerator searches.
Practically only the nonzero mass of neutrino proved by the effect of neutrino oscillations can be considered as the
experimentally verified signature of the new physics. However, even in this case the BSM physical nature of the mass
of neutrino is still not clear.

In the present review we approach the contours of new physics in a three-fold way. We discuss the basic elements of
the SM extension that help to solve the internal SM problems in the relationship with their cosmological signatures. We
consider reflection of the structure of the microworld in the cosmological scenario and pay special attention to additional
model dependent cosmological features that can provide probes for the basis of the modern cosmology. It inevitably
leads to BSM cosmology based on the BSM physics. We finally discuss fundamental relationship of BSM physics and
cosmology in the context of cosmoparticle physics that provides methods to study fundamental relationship of micro-
and macro-worlds [10-13].

2. BSM physics and its cosmological reflections
2.1. Arguments for extension of the standard model of particle physics

The elementary matter particles content of the Standard model is arranged in three families of fermions (quarks and
leptons), displayed in Fig. 1.

The Standard model of fundamental interactions of these elementary particles is based on the principle of a local gauge
symmetry and the assumed SU(2);xU(1)xSU(3), symmetry makes possible to describe electroweak and strong interactions
in analogy with quantum electrodynamics (QED) by Lagrangian

Lj = gfivufiAf - (1)
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Fig. 1. Three families of quarks and leptons. Each family contains neutrino, charged lepton and up-type and down-type quark.
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Fig. 2. Higgs potential. Minimum of the Higgs potential determines the nonzero vacuum expectation value of the Higgs field ¢.

Here g, are coupling constants for transition from the initial fermion state f; to a final state f; that is the source of a gauge
field Aff. In the extension of QED, charges of electroweak interaction are the source of the electromagnetic field together
with W and Z fields of weak interaction. Color charges of Quantum Chromodynamics (QCD) are the source of gluon fields
of strong interaction.

The difference in range of electromagnetic and weak interactions is ascribed to the breaking of the (SU(2),xU(1))
symmetry by Higgs mechanism. The potential of the additional scalar Higgs field ¢

1 A
Vi = ——m?¢? + = ¢*, 2
H 5 ¢+4¢ (2)

owing to the negative sign of the m? term has a minimum at the nonzero vacuum expectation value of the Higgs field
(¢?) = m? /) = v°. The value of v determines the scale of the electroweak SU(2);xU(1) symmetry breaking. The form of
the Higgs potential is displayed in Fig. 2.

Interaction of the Higgs field with gauge bosons generates the mass of weak W- and Z- bosons of the order of gv,
where g is the gauge coupling, while photon remains massless.

In the Standard model quarks and charged leptons ¥ acquire their mass owing to Yukawa coupling hy to the Higgs
field ¢.

Lf = hf(blpR'I/L + h.c., (3)

where ¥; is operator of annihilation of initial left-handed state of fermion f and W is operator of creation of the right-
handed state. The vacuum expectation value of the Higgs field v generates fermion mass m; = hyv. Only left-handed
neutrino take part in weak interactions. There is no right-handed neutrino and neutrino is massless in the Standard model.

The short range of strong nuclear interactions is determined by (SU(3).) confinement of colored particles — quarks
and gluons. The nature of confinement is related to the self interaction of the gluon field, preventing separation of free
colored objects at large distances and giving significant increase of the mass of constituent light u and d quarks. Therefore
it is the scale of QCD confinement that dominantly determines the mass of nucleons in the atomic nuclei.

Up to now there is no experimental contradiction to the predictions of the Standard model, but there are serious
reasons to consider it as incomplete and to extend its symmetry and particle content:

(1) Discovery of neutrino oscillations reflects nonzero mass of neutrino and presents the first experimentally proven
signature of BSM physics (see Section 2.2).

(2) Radiative effects in the mass of Higgs boson are quadratically divergent. This divergence should be either canceled
by a contribution of new particles or can be avoided, if Higgs boson is composite. In the both cases BSM physics is
needed (see Sections 2.3 and 2.4 ).

(3) Self-interaction of gluon field leads to CP odd effects that violate CP conservation in QCD. Cancellation of these effects
may involve axion solution and BSM physics of axion (see Section 2.5)

3
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Fig. 3. Two-neutrino and neutrinoless double beta decay.

(4) Symmetry of interactions of quark-lepton families and evident breaking of this symmetry in their mass spectrum
appeals to extension of the SM symmetry to broken symmetry of fermion families. Such extension to a local gauge
symmetry implies sufficiently nontrivial BSM physics, since the mass of quarks and leptons is within the scale v of
the EW symmetry breaking, while the mass My of horizontal gauge bosons mediating interaction of Flavor Changing

Neutral Currents should be larger, than v by several orders of the magnitude (see Section 2.6).

Parity violation in weak interaction leads to nonequivalence of left- and right-handed coordinate systems. To restore

this equivalence a set of mirror partners of ordinary particles should be involved. Their absence in the processes of

strong and electroweak interactions implies that they possess the corresponding mirror strong and electroweak

interactions. It extends the Standard model by the world of mirror particles and their interactions. (see Section 2.7)

Similarity in the description of strong and electroweak interactions appeals to their unification. Embedding of the

group of SM symmetry in the framework of a symmetry group of Grand Unification (GUT) extends the set of

particles and involves new interactions. Such interactions violate baryon and lepton number conservation. To provide
embedding in the GUT group the three running gauge constants should intersect in one point. It may need addition

of new sets of particles with the corresponding gauge charges to support such an intersection. (see Section 2.8)

(7) The esthetical aim to unify all the fundamental forces can involve not only extension of the set of particles and
their interactions, but it can also extend the space-time, involving various forms of compactified or infinite extra
dimensions. In the latter case our physical world is concentrated in the four-dimensional sheet of a multidimensional
space-time. (see Section 2.9)

(8) The data of precision cosmology gives strong evidences for the Standard ACDM cosmology, based on inflational
models with baryosynthesis and nonbaryonic dark matter/energy. These basic elements of the modern theory of the
structure and evolution of the Universe inevitably involve BSM physics. (see Section 4)

(5

-

(6

=

These physical, cosmological and esthetical arguments involve extension of the SM model by a rich pattern of the BSM
physics.

2.2. BSM physics of the mass of neutrino

The mass term in the Eq. (3) corresponds to transition from right-handed to left handed fermion states. In the lack of
right-handed neutrino such mass term is absent for neutrino in the Standard model. Therefore, physics of nonzero mass
of neutrino inevitably leads to Physics beyond the Standard model.

There are two principal possibilities for the nature of neutrino mass:

(a) Neutrino is the only electrically neutral elementary particle and can have Majorana mass. In this case, the role of
right-handed state plays antineutrino. This solution uses only known particles (left-handed neutrinos and right-
handed antineutrinos) but implies lepton number violation, which is preserved in the Standard model. Majorana
nature of electron neutrino mass can provide neutrinoless double beta decay. The mechanism of neutrinoless double
beta decay due to Majorana mass of electron neutrino is displayed in Fig. 3.

(b) Neutrino has Dirac mass as all the other quarks and leptons. It implies the existence of a sterile right-handed neutrino
state, which does not participate in weak interactions. This possibility extends the content of elementary particles
by a new state of right handed neutrino.

Both possibilities (a) and (b) are used in the explanation of another puzzle of neutrino mass — it is several order
of magnitude smaller, than the mass of the corresponding charged lepton. The see-saw mechanism of neutrino mass
generation assumes that neutrino has Dirac mass mp, which is equal to the mass of the charged lepton, but the right
handed neutrino has a very large Majorana mass M > mp. It generates a small Majorana mass m, of left-handed neutrino,
which is equal to

2
m m
b _ —DmD < mp. (4)

m, =
"T MM
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Fig. 4. Cancellation of divergence in the Higgs boson mass.

Direct measurements of neutrino mass give only upper limits on the mass of electron, muon and tau neutrino. The most
stringent is the upper limit on the mass of electron neutrino, which is less, than 1 eV.! However, neutrino flavor states
(electron, muon, tau) do not coincide with the proper mass states. It makes each flavor state, defined by its association
with the corresponding lepton, a superposition of states with definite mass and leads to effect of neutrino oscillations —
in the course of its propagation neutrino state of definite flavor converts in a superposition of other flavor states owing
to the difference of neutrino masses. The oscillation length I o E,/Am? detected in neutrino experiments for neutrinos
with the energy E, defines the neutrino mass difference, which in combination with upper limits on neutrino mass from
experiments with electron neutrino puts a constraint on the mass of all the types of neutrino.

It is the stable prediction of the Big Bang cosmology that together with the observed Cosmic Microwave Background
(CMB) radiation relic neutrino background radiation should be inevitably present in the modern Universe. At high
temperatures neutrino gas was in thermal equilibrium with cosmological plasma. It determined the relationship between
number densities of neutrino-antineutrino pairs n,; and photons n,,

nyy = Zny,
where numerical factor 3/4 takes into account the difference in fermion and boson statistics. Adiabatic cosmological
expansion after decoupling of neutrino gas preserved separate conservation of entropies of neutrino gas and plasma
with radiation. The latter converted into the electromagnetic background radiation after annihilation of the equilibrium
electron-positron pairs. The account for the effect of this annihilation leads to an extra factor 4/11 and finally gives the
Big Bang prediction for primordial neutrino background with the number density

34 3
= Zﬁny =Ny,; = ﬁny. (5)

If we multiply this number density by the mass of neutrino, we get the contribution of relic neutrinos in the modern
cosmological density. The current upper limits on neutrino mass make primordial neutrino gas a subdominant component
of the modern matter density. In 1980s the results of measurement of electron neutrino mass gave the value around 30 eV.
It made massive neutrino dominant in the cosmological density. The analysis of the model of neutrino dominated Universe
revealed the necessity in the nonbaryonic dark matter, but the progress in experimental measurements of neutrino mass
together with the analysis the cosmological data excludes light massive neutrino as the dominant form of dark matter.
Planck collaboration puts the limit of 0.23 eV on the sum of masses of neutrinos [14].

nl}\)

2.3. Supersymmetry

Supersymmetric (SUSY) models put into correspondence to the ordinary particles - fermions and bosons - their
partners that have the same gauge charges but differ by spin. They put bosonic partners to quarks and leptons and
fermionic partners to gauge and Higgs bosons. For instance, electron with spin 1/2 has a partner selectron with spin
0, or photon with spin 1 has a fermionic partner photon with spin 1/2. Gluon with spin 1 has a SUSY partner gluino,
fermion with spin 1/2 and so on.

The advantage of supersymmetric extensions of the Standard Model (SM) made them a mainstream of the high energy
physics in the last decades. Indeed, SUSY models provided solutions for several internal SM problems of the Standard
model.

- Quadratic divergence of the Higgs boson mass in the radiative effects of the SM particles is canceled by the opposite
sign contribution by their supersymmetric partners. Virtual bosons and fermions in such effects contribute with
opposite sign due to the difference in the corresponding Bose-Einstein and Fermi-Dirac statistics as displayed in
Fig. 4.

- The account for contribution of SUSY particles in the running gauge constants of electroweak (EW) and strong
interactions provides intersection of all these three constants at a very high energy scale Agyr. It makes possible
to embed the symmetry of weak, electromagnetic and strong interactions in the Grand Unified gauge symmetry.
The hierarchy of the EW and GUT scales v <« Agyr is supported by cancellation by SUSY partners the GUT scale
contributions to the EW scale parameters.

1 (Henceforth, if it is not otherwise specified, we use the units h =c =k = 1).

5



M. Khlopov Progress in Particle and Nuclear Physics 116 (2021) 103824

- The Higgs mechanism of the electroweak symmetry breaking finds natural physical origin. At the GUT scale, Higgs
potential has positive m? term and acquires the form of the Eq. (2) in the course of renormalization to the EW scale.

- Supersymmetry should be broken to explain the absence of SUSY particles by their higher mass than their SM
partners. However, to support the hierarchy of EW and GUT scales, SUSY particles should have masses that are
not much larger, than the EW scale. It gave the advantage of their search and discovery at the Large Hadron Collider
(LHC).

However, the advantage of SUSY models goes far beyond their possibility to solve internal problems of the SM. They
naturally offer BSM physics for the basis of the modern cosmology:

- Supersymmetric partners have a property that differs them from the SM particles. In the simplest case it is R-parity,
which is positive for SM particles and negative for SUSY partners. R-parity conservation makes stable the Lightest
Supersymmetric Particle (LSP). Created in the early Universe, such particles should survive to the present time and be
present in the Universe. The LSP candidates are neutral and interact with matter with cross section typical for a weak
interaction. It makes LSP natural candidates for Weakly Interacting Massive Particles that explain the cosmological
dark matter.

- Scalar partners of quarks and leptons can be in condensate in the early Universe and decay of this condensate
can generate the excess of baryons and leptons that can explain the origin the observed baryon asymmetry of the
Universe.

- SUSY models can also provide mechanisms of the cosmological inflation (see Section 4).

Local supersymmetric models involve also space-time symmetry. They add to the set of SUSY particles a supersymmetric
partner of graviton — gravitino with spin 3/2. Gravitino has semi-gravitational coupling to matter and its direct production
at accelerators is strongly suppressed. Gravitino can be metastable and decay to gluon and gluino, or photon and photino
with a lifetime
2
3 ©)
mz,
where Mp = 10'° GeV is the Planck mass and ms,, is the mass of gravitino. Gravitino can be LSP and then play the role
of superweakly interacting dark matter particle.

Involvement of space-time symmetry in SUSY models leads to Supergravity that can provide unification of gravity
with the other three fundamental interactions.

The expected discovery of SUSY at the LHC still did not happen. There are also no definite positive evidence for WIMPs
in the direct dark matter searches in underground detectors. It may mean that the SUSY scale is so high that SUSY particles
can be produced neither at the LHC, nor at any future accelerator. The superhigh energy scale supersymmetric models
can play important cosmological role and can be studied by their cosmological consequences with the use of methods of
astroparticle physics and precision cosmology. However, the solutions for divergence of Higgs boson mass and the origin
of the EW symmetry breaking scale may need some other nonsupersymmetric BSM model in this case.

2.4. Composite Higgs boson

The problem of divergence of the mass of an elementary Higgs boson, can be solved, if Higgs boson is composite.
Then the electroweak symmetry breaking scale and the mass of Higgs boson are determined by the scale, at which the
constituents are confined. The origin of this scale may come from confinement of new nonabelean gauge charges, similar
to the QCD case. This idea of a ‘technicolor’ is now developed in the Walking Technicolor models, in which gauge constants
are not running, but walking. This nontrivial dependence of the gauge coupling on distance makes possible to arrange the
scale Aygc of technicolor confinement above electroweak scale v even if technicolor symmetry is based on SU(2) gauge
group. Note that SU(2) confinement with a running constant would take place at macroscopical distances and that would
be the case for electroweak SU(2) symmetry without Higgs mechanism.

Together with binding in the composite Higgs boson, technicolor constituents can also form a set of new composite
particles. At the energy E <« Awgc their composite nature is not feasible and they look like new elementary particles.
Since techniquarks have only technicolor and do not possess ordinary QCD color, their bound states look like ordinary
leptons.

The minimal walking technicolor model (WTC) [15-21] involves two techniquarks, U and D. They transform under
the adjoint representation of a SU(2) technicolor gauge group. Neutral techniquark-antitechniquark state is associated
with the Higgs boson. Six bosons UU, UD, DD, and their corresponding antiparticles carry a technibaryon number. If the
technibaryon number is conserved, the lightest technibaryon should be stable.

Electric charges of UU, UD and DD are given in general by g + 1, g, and q — 1, respectively, where q is an arbitrary
real number [15,22,23]. To compensate the anomalies the model includes in addition technileptons v’ and ¢ that are
technicolor singlets. Their electric charges are in terms of g, respectively, (1 — 3q)/2 and (—1 — 3q)/2.

Fractional value of g would correspond to stable fractionally charged techniparticles. Their creation in the early
Universe would lead to their presence in the terrestrial matter that is severely constrained by the experimental data.

6
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Table 1
Integer charged techniparticles. The candidates for even charged
constituents of dark atoms are marked bold.

q UU(@+1) UD(g)  DD(g—1)  v(52) ¢(=532)
1 2 1 0 -1 -2

3 4 3 2 —4 -5

5 6 5 4 —7 -8

7 8 7 6 -10 —11

On the same reason, stable techniparticles should not have odd charge 2n + 1. Positively charged +(2n + 1) stable
particles are bound with electrons in anomalous isotopes of elements with Z = 2n + 1. Negatively charged particles with
charge —(2n + 1), created in the early Universe, bind with n 4+ 1 nuclei of primordial helium, produced in the Big Bang
Nucleosynthesis, and form a +1 charged ion that binds with electrons in atoms of anomalous hydrogen. The experimental
data puts severe constraints on such anomalous isotopes.

The case of stable multiple charged particles with even value of negative charge —2n avoids these troubles, since it
forms with n nuclei of primordial helium neutral dark atom. Some possible examples of multiple charged techniparticles
are shown in Table 1. Their bound states with primordial helium can play the role of dark matter and as we discuss in
Section 6.1, can even solve the puzzles of dark matter searches.

New particles are predicted in all the other approaches to solve the problem of the Higgs boson and origin of
electroweak symmetry breaking [24-29]. In particular, the approach [30], involving colored twisted partners of top quark,
can lead to existence of colored particles with arbitrary charge. In this approach colored particles with charge that differs
from Q =2/3 +nor from Q = —(n + 1/3) cannot decay to SM particles and should be stable or long living [31].

2.5. Axion and pseudo Nambu-Goldstone models

In essence the problem of strong CP violation in QCD comes from the 6 term that has the form
Ly = 0G,,Gpv, (7)

where G,,, is the tensor of gluon field and G, is its dual tensor. It corresponds to a CP odd invariant Glj:gljlg, where E'g and
H, are the electric and magnetic strengths of gluon field and 6 is constant. This term is generated by instanton transitions
originated from nonlinearity of gluon field, since gluon bears color charge, which in turn is the source of gluon field. CP
violating phase in the quark mass matrix puts additional contribution in 6.

On the other hand, interference of CP even QCD terms and CP odd 6 term generates effects of CP violation in strong
interaction. It leads to a nonzero electric dipole moment of neutron d,. Experimental upper limits on d, < 1072%ecm,
where e is the charge of electron, put severe constraints on the value of & < 107°. The different nature of the two
contribution to # each being, in general, not small, cannot a priori provide their cancellation down to the level of § < 107°,

The theoretical solution of this problem is related to the mechanism of the natural suppression of 6.

In order to provide such mechanism Peccei and Quinn [32] assumed the additional chiral global U(1),o symmetry with
nonvanishing color anomaly. If this symmetry is not broken, what corresponds to the existence of at least one massless
quark, c.f., u-quark [33,34], all 8 vacua are equivalent to the vacuum with 8 = 0, since §-term may be excluded from the
Lagrangian by the chiral phase transformation of the u-quark field.

Though a possibility of massless u-quark theoretically is not excluded, the problem of the 6-term finds natural solution
in the case of the broken U(1)pp symmetry. The constant 6 acquires in this case the dynamical meaning of the amplitude
of the pseudo-Nambu-Goldstone field, related to the broken U(1)pq symmetry, which, in turn, is manifestly broken by the
color anomaly. Hence, in the vacuum the condition 6,, = 0 is automatically satisfied, thus providing the exact mutual
compensation of the terms in Eq. (7). Such pseudo-Nambu-Goldstone field is called axion.

The idea of the axion solution for the problem of the strong CP violation can be explained by the following simple
argument. If the dynamical solution is found with the use of axion, it means that we should consider the Lagrangian (7)
as the Lagrangian of the axion-gluon interaction. The nonvanishing color anomaly means here that the constant of this
interaction is nonzero. Zero vacuum expectation value for the axion field provides then the effective cancellation of the
8-term in the QCD vacuum.

The most important parameter, defining the properties of the axion, is the energy scale F, at which the symmetry
U(1)pq is broken. This scale appears in the Lagrangian of the axion-gluon interaction

2 4.
agg — ]iin*aGquApep.v)»p7 (8)
where « is the axion field.

Lagrangian of axion interactions with other gauge fields can be expressed in the same form (8) with the suitable change
of the gauge coupling constants. So, the axion coupling C with the gauge bosons is generally defined by the scale F, as
C o F; !, Axion-photon interaction can lead to axion-photon conversion in electromagnetic fields, e.g. in magnetic fields

7
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of pulsars and magnetars, or in appearance of light penetrating the wall due to axion conversion to photon in a shielded
radi-frequency cavity. At the nonzero mass of axion m, this interaction should lead to the two-photon decay « — yy
with the lifetime that is given in the complete analogy with the similar decay of neutral pion as
6472
m3F,

(la—>yy)= 9)
Since neutral pion has the similar interaction with gluons, owing to the non-vanishing coupling to the color anomaly, one
can express the axion mass in terms of the scale F, and the respective parameters of pion, f; & my; and m,, so that the
mass of axion m, is defined by this scale as
my = Aaflmn, (10)
Fq
where the constant A, depends on the choice of the specific axion model.

The scale F, also determines the strength h of the axion interaction with fermions h o F; .

The simplest variant of the axion model was the model of Weinberg-Wilczek axion [33,34], in which the scale F,
coincided with the scale v of the electroweak symmetry breaking. This model was excluded by the combination of
experimental and as trophysical constraints (see review in [35,36]). The analysis of these constraints lead to very high
estimation of the lower limit for the axion scale F;, > v. Thus, the scale F, should be related to some new high-energy
scale in the particle theory. At this scale axion interactions turn out to be elusive, thus making the axion invisible.

In the most general case, the Lagrangian of the invisible axion interaction with fermions (quarks and leptons) and
photons has the form

L = hyafi(sin B + iys cos Bj)f; + Coyy@FpuvF™, (11)

where i,j = 1,2, 3 are the indices of fermion families and the constants Bj, hj o F, ! and C,,, o F; ! depend on the
choice of the axion model.

In the model by Dine-Fisher-Srednicki-Zhitnicki (DFSZ) [37,38] non-diagonal axion couplings to fermions are absent
and the Yukawa constants of fermion interactions with the DFSZ axion h o my, where my is the mass of fermion. Therefore
both quarks and leptons have direct couplings to axion in this model. The latter is not the case in the model of hadronic
axion of Kim-Shifman-Vainshtein-Zakharov (KSVZ) [39,40]. The KSVZ axion has no direct couplings to quarks and leptons.
Thus it does not interact with leptons and its interaction with quarks is induced by the axion mixing with the neutral
pion 7°. The model of archion that shares the property of axion with the properties of other Pseudo-Nambu-Glodstone
(PNG) bosons — familon and majoron is based on the gauge model of broken family symmetry, which we discuss in the
next Section 2.6.

PNG bosons appear in the BSM theory in the result of spontaneous breaking of a global symmetry and axion is an
example of a such a boson, originated from spontaneous breaking of the global U(1)pp symmetry Peccei-Quinn. If the
symmetry is anomaly-free, the corresponding Nambu-Goldstone boson in massless. If the anomalies are not canceled the
boson acquires a nonzero mass and becomes pseudo-Nambu-Goldstone boson. Typically such U(1)pq-type models involve
two energy scales f and A < f and the mass of these axion-like particles is no more determined by the Eq. (10) but is
of the order of

A2
Mg ~ —. 12
al f ( )

Lepton number nonconservation due to spontaneous breaking of the symmetry of lepton number results in existence
of a PNG boson, called majoron. Spontaneous breaking of the symmetry of quark-lepton families leads to existence of
PNG bosons, called familons.

2.6. BSM physics of the quark-lepton families

The problem of fermion families (generations) remains one of the central problems of the particle physics. The standard
SU(3) x SU(2) x U(1) gauge model is constructed in the framework of one fermion generation and does not contain any
deep physical grounds for the existence and properties of the fermion families. Yukawa couplings are arbitrary in the SM
and one has to input by hands their values for each fermion to reproduce the experimental data on their masses: one
simply takes hy = my /v in the Eq. (3) .

The identity of quark and lepton families (see Fig. 1) relative to strong and electroweak interactions strongly suggests
the existence of a “horizontal” symmetry between these families. The family symmetry should be broken in view to the
observed hierarchy in the mass pattern of quarks and leptons. For 3 families, one can assume a global SU(3)r family
symmetry and its spontaneous breaking can lead to 8 PNG bosons — familons.

Local gauge family symmetry involves horizontal gauge bosons that interact with Flavor Changing Neutral Currents
(FCNC). Such transitions are strictly suppressed. It implies the mass of horizontal gauge bosons my to exceed by several
orders of magnitude the mass of electroweak Z-boson mediating SM neutral current interaction: my > my. Therefore the
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Fig. 5. Dirac see-saw mechanism of quark and lepton mass generation.
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Fig. 6. Majorana see-saw mechanism of neutrino mass generation.

scale V; of family symmetry breaking by vacuum expectation values of horizontal scalar Higgs bosons should be several
orders of magnitude larger, than the electroweak scale v.

On the other hand, all the masses of quarks and leptons are within the electroweak scale v and their mass
difference, if ascribed to family symmetry breaking, should be much less than the scale V. It involves rather complicated
implementation of the broken family symmetry.

A possible solution for this problem was proposed in the framework of the Hypothesis of Horizontal Hierarchy
(HHH) [41-43]. The simplest realization of the HHH invokes the introduction of additional superheavy fermions, acquiring
their masses via direct coupling with horizontal scalars. The ordinary quark and lepton masses are induced by their
“see-saw” mixing [43] with these heavy fermions and their mass matrices m; have the form

my (13)

= M—F FV,
where f = u, d, e, M is the mass matrix of heavy fermions, i = h,V,, is determined by Yukawa coupling h,, to a singlet
scalar field with vacuum expectation value V; and hy is Yukawa coupling of quarks and charged leptons to the electroweak
Higgs boson. This mechanism is displayed in Fig. 5. Then the horizontal hierarchy is reflected in the mass hierarchy of
quark-lepton families, while the absolute value of their masses is determined by the electroweak scale v. To preserve this
hierarchy left-handed and right-handed fermion states should belong to different representations of the family symmetry
group. It excludes orthogonal and vector-like gauge groups and in the case of three families leads to unique choice of
chiral SU(3)r family symmetry, first proposed in [44] and considered in [41-43] (see also [45-47]).

To cancel the SU(3)r anomaly a heavy partner of neutrino N should be added. It makes possible to generate Majorana
neutrino mass matrix

(hyv)*
)= . (14)
My
If w = h,V, in Eq. (13) is much larger, than h,v, the mass of neutrino is suppressed relative to the mass of the

corresponding charged lepton by a factor h,v/u. The mechanism of Majorana mass generation is displayed in Fig. 6. The
natural choice of the horizontal scalar fields potential that contains only terms that can be induced by gauge and Yukawa
interactions supports the additional global U(1)r symmetry making the family symmetry SU(3)gxU(1)r. The hierarchy of
family masses is established by the hierarchy of symmetry breaking

SU(3)rxU(1)F — SU()exU'(1) — U"(1) — I, (15)

where [ is the trivial group of identical transformation and the residual symmetries act on the heavy fermions that
remain massless at each intermediate step of Eq. (15). Breaking of the last U”(1) results in the existence of a pseudo-
Nambu-Goldstone boson, «, named archion, having both flavor diagonal and flavor non-diagonal couplings with quarks
and leptons and thus being familon of the singlet type [48,49]. U”(1) symmetry can be identified with Peccei-Quinn
symmetry, making archion a specific type of invisible axion, while its coupling to neutrino adds a property of a singlet
majoron.

The inevitable consequences of this model are:

o the flavor-changing neutral transitions, related to archion and horizontal gauge bosons interactions;
o the existence of neutrino Majorana mass and of the neutrino mass hierarchy of different families;

9



M. Khlopov Progress in Particle and Nuclear Physics 116 (2021) 103824

Z 7

(0)= [J gl (M)= [jM (7 )he

(7)0 ((1~g)0 - (7)M ((I»g)M

X Ordinary particles y Mirror partners

Fig. 7. Mirror partners of ordinary fermions and bosons.

o the instability of heavier neutrino relative to axion decay on lighter neutrino;
o the existence of metastable superheavy fermions.

The model can be tested using a combination of laboratory tests, such as:

- the search for neutrino mass,

- the search for neutrino oscillations,

- the search for double neutrinoless beta decay,

- the study of K° — K° and B° — B° transitions,

- the search for axion decays u© — ea, K — ma, etc.

together with the analysis of its predicted cosmological and astrophysical effects.

The latter includes the study of archion emission effects on stellar evolution, investigation of primordial archion field
and massive unstable neutrino effects on the dynamics of cosmological large scale structure formation, as well as the
analysis of the mechanisms of inflation and baryogenesis, based on the hidden sector of this model.

If the condition that each quark-lepton family has the corresponding heavy fermion partner is relaxed, orthogonal,
vector-like or discrete family symmetry is possible. However any explanation of the observed broken family symmetry
inevitably involves new set of BSM particles and processes.

2.7. Mirror and shadow worlds

Mirror particles were proposed by T. D. Lee and C. N. Yang [50] to restore the equivalence of left- and right-handed
co-ordinate systems in the presence of P- and C-violation in weak interactions. They should be strictly symmetric by their
properties to their ordinary twins. After the discovery of CP-violation, it was shown by L. Yu. Kobzarev, et al. in Ref. [51] that
mirror partners cannot be associated with antiparticles and should represent a new set of symmetric partners for ordinary
quarks and leptons with their own strong, electromagnetic, and weak mirror interactions (see Fig. 7). It means that there
should exist mirror quarks, bound in mirror nucleons by mirror QCD forces and mirror atoms, in which mirror nuclei are
bound with mirror electrons by mirror electromagnetic interaction [52,53]. If gravity is the only common interaction for
ordinary and mirror particles, mirror matter can be present in the universe in the form of elusive mirror objects, having
symmetric properties with ordinary astronomical objects (gas, plasma, stars, planets, etc.), but causing only gravitational
effects on ordinary matter [54,55].

Even in the absence of any other common interaction except for gravity, the observational data on primordial helium
abundance and the upper limits on local dark matter seem to exclude mirror matter evolving in the universe in a fully
symmetric way in parallel with the ordinary baryonic matter [56,57]. The symmetry in the cosmological evolution of
mirror matter can be broken either by initial conditions [58,59] or by breaking mirror symmetry in the sets of particles
and their interactions as it takes place in the shadow world [60,61], arising in the heterotic string model. We refer to
Refs. [13,62,63] for a current review of mirror matter and its cosmology.

2.8. Unification of fundamental forces

The similarity in the description of the electromagnetic, weak and strong interactions in the standard model appeals
for their unification.

In the grand unified (GUT) models, the gauge symmetry SU(3). ® SU(2); ® U(1) of the standard model is embedded
into the unifying group Ggyr of the grand unified gauge symmetry

Gour D SU(3). ® SU(2), ® U(1) (16)

Quarks and leptons in this construction are placed in the same representation of the unifying group GauT, and the
generators of the group related to lepto-quark transitions imply the existence of gauge bosons, mediating baryon and
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Fig. 8. Contribution of SUSY particles changes the momentum dependence of the running constants and provides intersection of all the three
constants in one point.

lepton number non conserving processes. These processes can play a very important role in the mechanisms of generation
of baryon excess in the initially baryon symmetric Universe. The simplest unifying group, which can completely embed the
symmetry of the standard model is the SU(5) group. The number of its generators is 24, so even in the simplest realization
of grand unification one should assume the existence of 12 new gauge bosons in addition to 12 bosons mediating strong
(8 gluons), weak (3 - W, W~ and Z bosons) and electromagnetic (photon) interactions.

In the SU(5) gauge model these twelve new bosons mediate the processes violating baryon and lepton number
conservation, such as proton decay. In particular, the proton decay to the channel p — m° 4+ e* was predicted in the
SU(5) gauge model with the lifetime 7, < 1030 = 103! years that is excluded by the results of the experimental searches
for proton decay. It implies the use of a larger embedding group of GUT symmetry. Moreover, all three curves, describing
the energy dependencies of the SM gauge constants, do not intersect in one point, if the SM particle content does not
change up to the GUT scale. To reach the intersection of all three curves in one point, one should involve an additional
set of particles in the theory, such as the supersymmetric particles. The intersection of the three running constants due
to the contribution of SUSY particles is displayed in Fig. 8.

In all the GUT models, unifying electromagnetism with other interactions within a compact group of symmetry,
magnetic monopole solutions appear. These solutions follow from the topology of the GUT symmetry breaking. The GUT
magnetic monopoles are stable topological defects, having the Dirac magnetic charge

hc
_he 17
8=, (17)
and the mass of the order of
A
m=—, (18)
e

where A is the scale, at which electromagnetic U(1) symmetry separates from the other interactions.

Taking A ~ 10' GeV of the order of the GUT scale, one obtains that the mass of the GUT magnetic monopole should
be of the order of m ~ 10 GeV. It makes the production of such monopoles impossible at accelerators and in collisions
of cosmic rays with ultra high energy. However, magnetic monopoles should have been produced, if the phase transition
with GUT symmetry breaking took place at high temperature in the very early Universe. Their calculated primordial
abundance turned out to be very high [64-66] and that lead to the serious problem of magnetic monopole overproduction.
The solution of this problem implied the development of both cosmology and particle physics.

The problems of the minimal SU(5)-based unification lead to nonminimal GUT models that extend the embedding
Eq. (16) of the gauge SM symmetry by additional symmetries. If rang r > 4 of such models (the number of conserved
quantum numbers) is larger than the rang of SM, equal to 4, new conservation laws makes stable the lightest particles
that possess these new quantum numbers.

In addition to new stable particles the pattern and nontrivial topology of GUT symmetry breaking can lead to a variety
of topological defects other than magnetic monopoles.

In the case of spontaneously broken discrete symmetry, the two-dimensional topological defects — domain walls -
should exist at the boundary of the degenerated vacua, labeled by the underlying discrete symmetry. The energy density
per unit 5113rface of the domain wall is determined by the scale A of the discrete symmetry breaking, being proportional
to p, ox A°.

If the continuous U(1) symmetry is spontaneously broken, the one-dimensional defect (cosmic string) should exist as
a result of symmetry breaking. The corresponding energy density per unit length is proportional to p; o A2, where A is
the scale of the symmetry breaking.
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Fig. 9. Geometrical description of interactions can be illustrated by the analogy with a fluid moving along the tube of variable radius.

The combination of continuous and discrete symmetry breaking leads to more sophisticated types of topological
defects, such as wall surrounded by strings predicted in the cosmology of invisible axion, which we discuss in 3.6.

In the models of unification, more extensive than the minimal SU(5) model, one can hope to find natural place for the
physics of neutrino mass, for axion solution of strong CP violation in QCD, for supersymmetry and for mirror matter. Such
unification can be related with unification of all the fundamental forces including gravity.

2.9. Unification of all the four fundamental forces, including gravity

Local supersymmetry involves local space-time transformations. It makes possible to unify weak, electromagnetic and
strong interactions with gravity on the base of supergravity.

The models of supergravity are specified by the number of sets of supersymmetric partners and of different types of
gravitino N. The N = 1 supergravity realizes the simplest case of a single gravitino. The maximal number of gravitino is
present in the N = 8 supergravity. Supergravity has many attractive features [67]:

- it has SUSY unifying bosons and fermions,

- it automatically includes General Relativity (GR),

- it is the conservative extension of GR and field theory (without violating their basic principles), which restricts a
number of independent coupling constants,

- SUSY Grand Unified Theories (GUTs) gives rise to the perfect unification of electro-weak and strong interactions,

- the spectrum of matter-coupled supergravities with spontaneously broken SUSY has the natural candidate for dark
matter particle, given by the Lightest SUSY Particle (LSP),

- SUSY can be used to stabilize the fundamental scales, towards solving the hierarchy problem,

- SUSY results in cancellation of quadratic UV-divergences in quantum loops,

- some supergravity theories can be considered as the low-energy effective actions of superstring theories, i.e., in
quantum gravity.

Supergravity involves the symmetry of space-time in the course of extension of the particle gauge symmetry. The
opposite approach that determines particle gauge symmetry in terms of geometry of multi-dimensional space-time by
extension of space-time symmetry comes back to the early ideas of 1920s by T.Kaluza [68] and O.Klein [69]. In the essence
this approach assumes that metric tensor gy of 44 d dimensional space-time contain together with usual 4-dimensional
components g,, the components that involve N extra dimensional coordinates, denoted by Latin indices m and n. The
nondiagonal components g,,, and g, transform in 4 dimensions as 4-vectors, which can describe vector potentials of
particle interactions, e.g. electromagnetic field. Such ‘geometrical’ description of interactions can be illustrated by the
analogy with a fluid moving along the tube of variable radius displayed in Fig. 9. Acceleration and slowing down of the
water flux moving in such a tube is interpreted by an observer in the longitudinal dimension as result of a force, acting
on the water.

Practically all the main trends to the unification: gauge symmetry, multidimensional space-time, supergravity and
mirror symmetry are combined on the basis of the string theory in superstring models. Strings are here the most
fundamental elementary objects reduced to the effective quantum field theory in the four-dimensional space-time.

The following features made this approach widespread and popular [70]:

- Anomaly cancellation mechanism [71], which showed that supersymmetric gauge theories can be consistent in ten
dimensions provided they are coupled to supergravity and the gauge group is either SO(32) or Eg ® Eg. Any other
group necessarily would give uncanceled gauge anomalies and hence inconsistency at the quantum level.

- The discovery of two superstring theories - called heterotic string theories — with precisely these gauge groups [72]

- The realization that the Eg ® E; heterotic string theory admits solutions in which six of the space dimensions form a
Calabi-Yau space, and that this results in an effective theory in 4-dimensional space-time at low energies that can
naturally embed supersymmetry and symmetry of the Standard model [73]

There are five distinct superstring theories with consistent weak coupling perturbation expansions, each in ten
dimensions. Three of them, thetype I theory and the two heterotic theories, have N = 1 supersymmetry in the ten-
dimensional sense. Since the minimal 10d spinor is simultaneously Majorana and Weyl, this corresponds to 16 conserved
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Fig. 10. Winding over the tube corresponds to the string configuration (19) which is stable relative to string intersections and has the mass,
proportional to the radius of compactification R.

supercharges. The other two theories, called type IIA and type IIB, have N = 2 supersymmetry (32 supercharges) [74]. In
the IIA case the two spinors have opposite handedness so that the spectrum is left-right symmetric (nonchiral). In the IIB
case the two spinors have the same handedness and the spectrum is chiral. In studies of these five superstring theories
it was largely proved, that there are consistent perturbation expansions of on-shell scattering amplitudes [70].

In such an approach, the fundamental constants of the quantum field theory are shown to be finite for one-loop
quantum corrections. It may provide the quantitatively definite grounds for all the fundamental physics, but the problem
is that such models have enormous variety of possible realizations of compactification and contain a very extensive hidden
sector elusive for direct experimental probes. So, in the widely discussed heterotic string model, the initial Es ® Eg gauge
symmetry, postulated in the 10 space-time-dimensional string model, assumes exact symmetry between the ordinary
(Eg) and mirror (Eg) worlds. The initial mirror symmetry is broken due to the combined action of compactification and
gauge symmetry breaking, so that the shadow matter appears. The initially mirror partners lose the discrete symmetry
with the corresponding ordinary particles.

In the 4-dimensional effective field model, to which the heterotic string model is reduced after compactification, the
gauge symmetry of the ordinary matter comes from the Eg symmetry, which is broken down to Eg symmetry in order
to compensate the effect of the compactification. Euler characteristics of compactified manifold defines the number of
fermion multiplets that remain massless at the unification scale and thus define the number of quark-lepton families.
This number of families can be 3, as needed to reproduce the structure of the Standard model. But this number may be
also 4, involving a new quark-lepton family. The existence of fermions of the 4th family may avoid severe constraints on
their contribution into the precisely measured SM parameters [75] or the Higgs boson width [76].

E¢ symmetry, embedding the SM symmetry has rang 6. It means that there can exist new conserved quantum numbers
and new types of stable particles that possess them, such as quarks and leptons of the 4th family [77-79]. The extra Eg
gauge bosons mediate new types of particle interactions.

The ordinary matter is accompanied not only by new particles by the enormously large world of shadow particles and
their interactions, corresponding to the (broken?) E; gauge group.

Thus, even in the simplest realization of the superstring models, one faces the problem of test for E; symmetry model
of the shadow world. To understand the complexity of the problem, remind that there are 248 fundamental fermions and
248 gauge bosons in the Eg group. Cosmological effects can provide some probes for their existence [60,61,80].

The mechanism of the gauge symmetry breaking in compactification onto Calaby-Yao manifolds or orbifolds, used in
superstring models, implies homotopically stable solutions with the mass [81]

m~ g, (19)
where R is the radius of compactification and o is the string tension. These objects are sterile relative to gauge interactions
and may act on the ordinary matter by gravitation only. The dependence of these configuration on the radius of the
compact dimension is displayed in Fig. 10.

BSM models involve new types of particles and interactions. Most of them correspond to superhigh energy scale which
cannot be probed by direct methods of the experimental high energy physics and implies indirect tests. The theory of Big
Bang Universe states that the super high energy physics phenomena should have naturally taken place at the very early
stages of cosmological evolution. It makes cosmological consequences an important and in some cases unique probe for
BSM physics.

3. Cosmological tracers of BSM physics
3.1. Big Bang cosmology

Cosmology studies the Universe as a whole. Stars and interstellar medium, galaxies and intergalactic space, clusters
of galaxies and galaxy superclusters, surrounding giant voids, in which galaxies are not observed, exhibit strongly
inhomogeneous distribution of luminous matter in the Universe. However at scales, exceeding the largest scale of
cosmological structure one finds the distribution of matter to be almost homogeneous and isotropic.
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Fig. 11. Black body spectrum of CMB.

The simplest and reasonable conjecture is to consider homogeneous and isotropic cosmological model. Such model
accounts for the presence of the matter in the modern Universe via the unique parameter — cosmological density p,
which is the density of matter averaged over scales, exceeding the scale of the observed structure.

The discovery of other galaxies and the analysis of their luminosity lead to the discovery of systematic red shift in
their spectra. Observed red shifts in spectra of distant galaxies, interpreted as the Doppler effect, correspond to recession
of galaxies.

The recession velocity of a galaxy v is proportional to its distance r according to the Hubble law

v =Hr, (20)

where the coefficient H with the dimension of the inverse time is the Hubble constant. The Hubble constant is constant
in space, not in time. Having the dimension of the inverse time, it defines the time scale of cosmological expansion. The
quantity, proportional to the inverse Hubble constant 1/H, determines the time from the beginning of expansion ty, called
the age of the Universe. The Hubble constant determines the critical density

_ 3H?
~ 8nG

that separates closed (p > p¢), flat (o = p.) and open (p < p.) cosmological models.

In the nonstationary Universe, all distances change proportionally to the scale factor a(t).

Tracing back the history of the expanding Universe, one inevitably comes to the conclusion, that the physical conditions
in the Universe should have changed with time. The modern picture of the Universe, full of galaxies and stars, should have
appeared as a result of the evolution of expanding dense nearly homogeneous and isotropic plasma. Such plasma might
have been in the state of cold degenerated matter, as it is now in white dwarfs and neutron stars.

The alternative idea of G.Gamov, that the primeval plasma was hot, found for more than three decades no observational
confirmation, because it predicted the existence of relic thermal electromagnetic background radiation, which should be
conserved in this model from the early hot stage of cosmological evolution.

The discovery in 1965 by Penzias and Wilson of the thermal electromagnetic radiation background favored the model
of hot expanding Universe.

The existence of the black body radiation background with the Planck intensity distribution Fep,(v), given by

2hv? 1
2 exp(lx)—1
with the temperature T = 2.7 K proves the existence of early hot stages of cosmological evolution. The black body
spectrum of the Cosmic Microwave Background radiation (CMB) is displayed in Fig. 11.
In the early Universe the role of thermal background radiation turns out to be dominant in the dynamics of expansion.
The reason lies both in the high photon to baryon ratio and in the different dependence of the matter and radiation density

on the scale factor. The density of matter pp, is inversely proportional to the cube of the scale factor, whereas in the case
of radiation density one should also take into account the red shift in the average energy of photons.

Pc (21)

(22)
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The frequency of a photon, emitted in the early Universe, experiences the red shift z, defined as

Vem

Vabs
where v, and vy are the frequencies of emitted and absorbed photon, respectively.
Similarly the black body spectrum is red shifted in the course of expansion, so that the radiation temperature T(t) at
some earlier time t is related to the modern temperature T, as
a(t =t
T(6) = (1 + 2007, = L= W, (24)
a(t)
where the red shift z(t) is determined by the ratio of the scale factors, taken now at t = ty and at the moment t. With
the account for the temperature decrease in the course of expansion, one obtains

Py o €,(t) o T(t)* o< a(t)™. (25)

Going back in time (to large red shifts and respectively small scale factors) we come inevitably to the period of radiation
dominance, when the energy density of radiation dominated in the total cosmological density and in the dynamics of
cosmological expansion.

At radiation-dominant stage the equation of state of the Universe is p = 1/3¢ and the Einstein equations have the

form
.\ 2
817G
(2) _ 87G, (26)
a 3
i 4nG
= — = =(e+3p). @7
a 3

With the account for the relationship between pressure and density, given by the equation of state, one finds from these
equations the time dependence of the scale factor at the radiation-dominant stage as

a(t) o t1/? (28)

On the basis of the known laws of atomic and nuclear physics, one may easily prove, that the baryon matter in the
early Universe was in the state of plasma in equilibrium with radiation. One could follow the thermodynamic equilibrium
conditions up to the earliest stages of the expansion, when the formal cosmological solution of the general relativity leads
to singularity. The Planck time

Gh\ 2
tor = (CS) =510"*s (29)
and the Planck length
Gh 1/2
Iy = (CB) =1.510"cm (30)

are the natural border for the interpolation of the classical picture of the expansion, given by the general relativity. They

define the time and length scales, at which the quantum effects should be involved into the space-time description.
The period t,; < t < 1s is referred to as the very early Universe. Physical processes in this period are determined

by the high-energy physics. In the lack of the information on the particle properties at superhigh energies, the old Big

Bang scenario simply postulated the relativistic particle dominance in the very early Universe and the general trend of

the cosmological evolution given by

3 _3m

327Gtz 327 2

where my, is the Planck mass

hc 1/2
m,,,:(E) =210"g. (32)

Thermodynamics of the relativistic gas leads to the following relationship between the temperature T and cosmological
time t

1 (45 \"* ymy\172
T=— (= (—”) , 33
K1/4 (32713) t (33)

where « is the effective number of species of relativistic particles with account for their statistical properties.
The thermodynamic equilibrium is established in any system, if the rate of processes, maintaining the equilibrium,
exceeds the rate of the variation of the parameters of the system, such as its density, temperature etc.

15



M. Khlopov Progress in Particle and Nuclear Physics 116 (2021) 103824

In the expanding Universe the latter rate coincides with the rate of expansion.

If the time scale of the physical process exceeds the cosmological time scale, the system goes out of the equilibrium
relative to the considered process. If the system contains several types of different particles, and there exist transitions
between the particles of different type, the equilibrium distribution is established under the constant conditions. This
distribution further does not change with time. If the parameters of the system change more rapidly, than the most rapid
process, leading to the creation of particles of given type or to their annihilation, the particles of this type go out of the
equilibrium with other particles.

In the old Big Bang scenario, the physical motivation for the simple thermodynamically equilibrium picture of the very
early Universe was based on the fact that among the known particles only nucleons, electrons, photons and neutrino are
of the cosmological significance. The cosmological effect of all other known particles is reduced to their contribution to
the factor «, when the considered species (quarks and charged leptons) are in equilibrium.

To the end of the first second of expansion the net result of the very early Universe in the old Big Bang scenario
was practically reduced to the conditions of the equilibrium for the gas of photons, electron-positron and neutrino-
antineutrinos pairs and to the small but fundamentally important admixture of nucleons with the concentration of the
order of n, ~ 10*9ny. In that period the rate of expansion exceeds the rate of processes of weak interactions. It leads to
decoupling of neutrino from plasma and radiation and to the freeze out of the neutron to proton ratio. In the first three
minutes Big Bang Nucleosynthesis (BBN) took place, when the primordial chemical composition was formed. Its main
components are hydrogen and helium-4, with weight fractions about 75% and 25%, respectively. There is small (~107>)
fraction of deuterium and helium-3 and much more smaller amount of lithium-7.

In the course of expansion radiation dominated stage was changed at tgp by the matter domination. The gravitational
instability of neutral gas evolves on this stage. Small matter density fluctuations grow, forming the observed structure of
inhomogeneities, to which belong galaxies, their clusters and superclusters, stellar clusters, stars, etc.

The growth of density fluctuations lasts considerable time. Long after the moment tzp matter expands almost
homogeneously, and the growth of inhomogeneities is reduced to the growth of density contrasts between different
regions.

Baryonic matter can participate in this process only after recombination of hydrogen — the dominant element of
the Universe. Before recombination growth of density contrasts in plasma is hindered by radiation pressure, converting
baryonic density fluctuations into the sound waves. The last photon scattering in plasma in the period of recombination is
reflected in the modern anisotropy of the Cosmic Microwave Background radiation. This measured anisotropy corresponds
to the amplitude of baryon density fluctuations, which is too small to provide sufficient growth of density fluctuations
of the neutral gas to form the observed large scale structure of the Universe. It was one of the crucial quantitative
inconsistencies of the Old Big Bang model.

Still, based on the physical laws, well proven in laboratories, the old Big Bang scenario was physically self consistent.
Moreover, its main predictions for decades seemed to find qualitative confirmation in observations. The discovery of black
body background radiation, measurements of the light element abundance seemed to confirm this picture [82,83].

However, the development of particle theory and the attempts to apply its prediction to cosmology initiated the critical
analysis of the old Big Bang model and starting from late-1970s-early 1980s the theoretical analysis of the cosmological
consequences of particle theory has uncovered the internal inconsistency of the old Big Bang model. The set of troubles,
unrecoverable in the framework of the old Standard Big Bang model, was clarified in this analysis. It opened the way to the
new Standard model of the Universe based on the inflationary models with baryosynthesis and non-baryonic dark matter.
The physical grounds of these models lose the possibility of the direct experimental tests, and need special methods for
their probe. It makes cosmological test of BSM physics more complicated, since it should use the cosmological framework
that is based itself on the BSM physics.

3.2. Big Bang probes for new physics

The self-consistent treatment of cosmological consequences of BSM model would imply their analysis in the framework
of cosmological scenario that is based on the considered model itself. However, the existing models are either not complete
to provide the basis for all the necessary elements of cosmological scenario, or contain such a huge variety of various
scenarios that makes impossible their complete analysis.

In the former case the model involves some minimal extension of the SM symmetry SM ® G, in which BSM physics
is related to the additional symmetry G. In the latter case, like in the GUT models, heterotic string models or approach
unifying spins and charges [84,85], the basic unifying symmetry U embeds the SM symmetry and contains in the result of
in general multi-step U symmetry breaking U — SM ® G residual group of symmetry G in addition to the SM symmetry.

Cosmological consequences are related to the properties of additional or residual symmetry and to the pattern of
the basic symmetry breaking. If the additional symmetry is strict, the lightest particles that possess it should be stable.
The approximate symmetry results in metastable but sufficiently long-living particles. The pattern of symmetry breaking
determines the energy scale A of new interactions and the masses m ~ A of new particles.

In the early Universe transition to the phase of broken symmetry is reflected in cosmological phase transitions that
can lead to creation of topological defects and primordial nonlinear structures.

The cosmological impact of these effects can influence the picture of the evolution of the Universe and result in the
observable signatures of such influence.
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3.3. Stable particles

New particles are characterized by their mass, m, cross section oy, of their interaction with SM particles, cross section
of their annihilation o, and lifetime, t. At the temperature T > m they were in the thermal equilibrium, provided that
the rate of their interaction with plasma and radiation no,,,v and the rate of their pair annihilation n,;0,v exceeds the rate
of cosmological expansion H ~ T?/mp,. Here n ~ T and n,, ~ T3 are, correspondingly, number densities of SM species
and the considered particles and mp; is the Planck mass.

For a particle with the mass m, the particle physics time scale is t ~ 1/m, so in the particle world we refer to particles
with lifetime t 3> 1/m as metastable. To be of cosmological significance in the Big Bang Universe, a metastable particle
should survive after t ~ (mp/m?), when the temperature of the universe T fell below T ~ m, and particles go out of
thermal equilibrium. It means that the particle lifetime should exceed

T > (mp/m) - (1/m), (34)

and such a long lifetime should be explained by the existence of an (approximate) symmetry. From this viewpoint,
cosmology is sensitive to the conservation laws reflecting strict or nearly strict symmetries of particle theory.

If the symmetry is strict, the particles are stable and, created in the early Universe, should be present in the modern
time.

In the charge symmetric case, concentration of particles, n,, and antiparticles n,, = n,; in equilibrium is determined
by the process of their pair creation and annihilation. At T < m, the rate of this process n,o,v becomes smaller than
the rate of expansion H = T?/mp,. Particles and antiparticles go out of equilibrium and their frozen out concentration n,,
changes in the course of expansion o< a(t)~3, where a(t) is the scale factor. At the present time the product of their mass
m on primordial concentration n,, o, = mn, determines their contribution into the modern cosmological density.

More weakly interacting and/or more light species decouple from plasma and radiation, being relativistic at T > m,
when

n-ov-t~1
i.e, at
Tgec ~ (O'mPlr1 >m

After decoupling, these species retain their equilibrium distribution until they become non-relativistic at T < m.
Conservation of partial entropy in the cosmological expansion links the modern abundance of these species to the number
density of relic photons with the account for the increase of the photon number density due to the contribution of heavier
ordinary particles, which were in equilibrium in the period of decoupling, as it is the case for primordial thermal neutrino
background discussed in Section 2.2.

Right-handed neutrinos and left-handed antineutrinos, involved in the seesaw mechanism of neutrino mass generation,
are sterile relative to ordinary weak interaction. If these species were in thermal equilibrium in the early universe, they
should decouple much earlier than ordinary neutrinos in the period when there were much more particle species (leptons,
quarks, gluons, etc.) in the equilibrium, what leads to the primordial abundance of sterile neutrinos much smaller than
the ordinary ones. Therefore, cosmological constraints permit sterile neutrinos with mass in the keV range. We refer to
the Ref. [86] for a recent review of models of sterile neutrinos and their possible effects.

The maximal temperature which is reached in inflationary universe is the reheating temperature, T, after inflation.
So, the very weakly interacting particles with the annihilation cross section

o < 1/(Tymp)
as well as very heavy particles with mass
m> T

cannot be in thermal equilibrium, and the detailed mechanism of their production should be considered to calculate their
primordial abundance.

In particular, gravitino with its semi-gravitational interaction could not be in the thermal equilibrium with plasma and
radiation. Its production in rare processes of thermal particle collisions gives the example of freeze-in. This thermal freeze-
in gravitino abundance is proportional to the reheating temperature T,, which puts an upper limit on this temperature
from constraints on primordial gravitino abundance [87-93].

BSM physics can provide the existence of new interactions, which only new particles possess. Historically, one of the
first examples of such self-interacting dark matter was presented by the model of mirror and shadow matter, which we
discussed in Section 2.7.

If new particles possess new y-charge, interacting with massless bosons or intermediate bosons with sufficiently
small mass (y-interaction), for slow y-charged particles a Coulomb-like factor of “Sommerfeld-Gamov-Sakharov enhance-
ment” [94-98] should be added in the annihilation cross section

_ 2oy /v
T 1—exp(—27ay/v)’

y
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where v is relative velocity and «y, is the running gauge constant of the y-interaction. This factor may not be essential
in the period of particle freezing out in the early universe (when v was only a few times smaller than c), but can cause
strong enhancement in the effect of annihilation of nonrelativistic dark matter particles in the galaxy.

For weakly interacting massive particles (WIMPs) with mass m ~ 100 = 103 GeV their contribution to the total density
can explain the observed matter density of the Universe. Such particles start to dominate in the Universe at T > 1eV
and trigger development of gravitational instability and cosmological structure formation. WIMP gas is collisionless in the
Galaxy, but rare processes of WIMP annihilation can produce fluxes of cosmic SM particles and put significant contribution
to the galactic cosmic rays and gamma background as it was first found in [99]. It provides indirect searches for dark
matter in cosmic ray experiments [100]. This effect is sensitive even to a tiny subdominant component of annihilating
WIMPs [101].

The process of WIMP annihilation to ordinary particles, considered in t-channel, determines their scattering cross
section on ordinary particles, and thus relates the primordial abundance of WIMPs to their scattering rate in ordinary
matter. Forming a non luminous massive halo of our galaxy, WIMPs can penetrate terrestrial matter and scatter on nuclei
in underground detectors. The strategy of direct WIMP searches implies the detection of recoil nuclei from this scattering.

The process inverse to the annihilation of WIMPs corresponds to their production in the collisions of ordinary particles.
It should lead to effects of missing mass and energy-momentum, being the challenge of the experimental search for the
production of dark matter candidates at accelerators—e.g., at the LHC.

If charge-symmetric stable particles (and their antiparticles) represent the only subdominant fraction of cosmological
dark matter, a more detailed analysis of their distribution in space, of their condensation in galaxies, of their capture
by stars, Sun, and Earth, as well as the effects of their interaction with matter and of their annihilation provides more
sensitive probes for their existence.

In particular, fourth-generation hypothetical stable neutrinos with mass about 50 GeV should be the subdominant form
of modern dark matter, contributing less than 0.1% to the total density [99,101]. However, direct experimental search for
cosmic fluxes of weakly interacting massive particles (WIMPs) may be sensitive to existence of such components (see
[102-110] and references therein). It was shown in Refs. [111-114] that annihilation of fourth generation neutrinos
and their antineutrinos in the galaxy is severely constrained by the measurements of gamma-background, cosmic
positrons, and antiprotons. Fourth generation neutrino annihilation inside the Earth should lead to the flux of underground
monochromatic neutrinos of known types, which can be traced in the analysis of the already existing and future data of
underground neutrino detectors [113,115-117].

New stable particles with electric charge and/or strong interaction can form anomalous atoms and be contained in
ordinary matter as anomalous isotopes. For example, if the lightest fourth generation quark is stable, it can form stable
charged hadrons, serving as nuclei of anomalous atoms of, for example, anomalous helium [118-123]. Therefore, stringent
upper limits on anomalous isotopes, especially on anomalous hydrogen, put severe constraints on the existence of new
stable charged particles. However, as we discuss in Section 6.1, stable even charged particles cannot only exist, but even
dominate in cosmological dark matter, being effectively hidden in neutral “dark atoms” [124].

3.4. Metastable particles

Decaying particles with lifetime t, exceeding the age of the universe (ty, T > ty) can be treated as stable. By definition,
primordial stable particles survive to the present time and should be present in the modern universe. The net effect of their
existence is given by their contribution to the total cosmological density. However, even the small effect of their decay
can lead to a significant contribution to cosmic rays and gamma background [125]. Leptonic decays of dark matter are
considered as a possible explanation of the cosmic positron excess, measured in the range above 10 GeV by PAMELA [126],
FERMI/LAT [127], and AMSO02 [128] (see Ref. [129] for a review of the AMS02 experiment).

The fact that particles are not absolutely stable means that the corresponding charge is not strictly conserved and
the generation of particle charge asymmetry is possible, as is assumed for ordinary baryonic matter. At sufficiently
strong particle annihilation cross section, excessive particles (antiparticles) can dominate in the relic density, leaving
an exponentially small admixture of their antiparticles (particles) in the same way that primordial excessive baryons
dominate over antibaryons in the baryon asymmetric universe. In this case, asymmetric dark matter does not lead to a
significant effect of particle annihilation in the modern universe and can be searched for either directly in underground
detectors or indirectly by effects of decay or condensation and structural transformations of, e.g., neutron stars (see
Ref. [130] for recent review and references). If particle annihilation is not strong enough, primordial pairs of particles
and antiparticles dominate over excessive particles (or antiparticles), and this case has no principle difference from the
charge symmetric case. In particular, for very heavy charged leptons (with mass above 1 TeV), like “tera electrons” [131],
discussed in Section 6.1, their annihilation due to electromagnetic interaction is too weak to provide effective suppression
of primordial tera electron-positron pairs relative to primordial asymmetric excess [118].

Primordial unstable particles with a lifetime less than the age of the universe (t < ty) cannot survive to the present
time. However, if their lifetime is sufficiently large to satisfy the condition t > (mp/m) - (1/m), their existence in the
early universe can lead to direct or indirect traces [132].

Weakly interacting particles decaying to invisible modes can influence Large Scale Structure formation. Such decays
prevent the formation of structure if they take place before the structure is formed. Invisible products of decays after
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Fig. 12. Constraints on particles with mass m, lifetime t and relative concentration r.

the structure is formed should contribute to the cosmological dark energy. The unstable dark matter [133-141] implied
weakly interacting particles that form structure in the matter-dominated stage and then decay to invisible modes after
the structure is formed.

The cosmological flux of decay products contributing to the cosmic and gamma ray backgrounds represents the direct
trace of unstable particles [132,142]. If the decay products do not survive to the present time, their interaction with
matter and radiation can cause indirect trace in the light element abundance [89-91,143] or in the fluctuations of thermal
radiation [144]. Electromagnetic energy release in such decays causes distortions of the thermal spectrum of CMB

If the particle lifetime is much less than 1 s, the multi-step indirect traces are possible, provided that particles dominate
in the universe before their decay. In the dust-like stage of their dominance, black hole formation takes place, and the
spectrum of such primordial black holes traces the particle properties (mass, frozen concentration, lifetime) [ 145-147]. The
particle decay in the end of the dust-like stage influences the baryon asymmetry of the universe. Cosmophenomenological
chains link the predicted properties of even unstable new particles to the effects accessible in astronomical observations.
Such effects may be important in the analysis of the observational data.

The set of constraints on particles with mass m, abundance r = n,;/n, and lifetime t is given in Fig. 12.

3.5. Cosmological phase transitions

Parameters of new stable and metastable particles are also determined by a pattern of particle symmetry breaking.
This pattern is reflected in a succession of phase transitions in the early Universe.

According to the Standard model there should have been two phase transitions:

- QCD phase transition at the confinement temperatureTycp, when hadronization took place and quark-gluon plasma
transformed in the plasma of hadrons and

- The electroweak phase transition at Ty, when the SU(2);xU(1) symmetry was broken.

At high temperature T the potential (2) of the Higgs field ¢ acquired a high-temperature correction and had the form

_ 2_12 2 &4
VH_<CT Zm)cp +4¢. (35)

Therefore at T > Tgy ~ m/ V/C the SU(2),xU(1) symmetry of the Standard model was restored and quarks, leptons and
gauge bosons were massless.

Extension of symmetry in the BSM models and the mechanisms of its breaking can give rise to various forms of
cosmological phase transitions and their observable consequences [148].

First order phase transitions proceed through bubble nucleation, which can result in black hole formation (see
Refs. [149,150] for review and references). Phase transitions of the second order can lead to the formation of topological
defects, such as walls, string, or monopoles. The observational data puts severe constraints on magnetic monopole [64,
66,151] and cosmic wall production [152], as well as on the parameters of cosmic strings [153,154]. The structure of
cosmological defects can be changed in a succession of phase transitions. More complicated forms, like walls-surrounded-
by-strings, can appear. Such structures can be unstable, but their existence can leave a trace in the nonhomogeneous
distribution of dark matter and give rise to large scale structures of nonhomogeneous dark matter like archioles [155-157].
This effect should be taken into account in the analysis of the cosmological effects of weakly interacting slim particles
(WISPs) (see Ref. [158] for current review) that can play the role of cold dark matter in spite of their small mass.
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3.6. Structures of cosmological defects

A wide class of particle models possesses a symmetry breaking pattern, which can be effectively described by pseudo-
Nambu-Goldstone (PNG) field and which corresponds to the formation of unstable topological defect structure in the early
universe (see Ref. [150] for review and references). The Nambu-Goldstone nature in such an effective description reflects
the spontaneous breaking of global U(1) symmetry, resulting in continuous degeneracy of vacua. The explicit symmetry
breaking at smaller energy scale changes this continuous degeneracy by discrete vacuum degeneracy.

At high temperatures, such a symmetry breaking pattern implies the succession of second order phase transitions. In
the first transition, continuous degeneracy of vacua leads - at scales exceeding the correlation length - to the formation of
topological defects in the form of a string network; in the second phase transition, continuous transitions in space between
degenerated vacua form surfaces: domain walls surrounded by strings. This last structure is unstable, but, as was shown
in the example of the invisible axion [155-157], it is reflected in the large scale inhomogeneity of the distribution of the
energy density of coherent PNG (axion) field oscillations. This energy density is proportional to the initial phase value,
which acquires a dynamical meaning of the amplitude of the axion field, when axion mass is switched on as a result of
the second phase transition.

The value of phase changes by 2w around string. This strong nonhomogeneity of phase leads to corresponding
nonhomogeneity of the energy density of coherent PNG (axion) field oscillations. The usual argument (see Ref. [35] and
references therein) is essential only at scales corresponding to the mean distance between strings. This distance is small,
being on the order of the scale of the cosmological horizon in the period when PNG field oscillations start. However,
since the nonhomogeneity of phase follows the pattern of the axion string network, this argument misses large scale
correlations in the distribution of oscillations’ energy density.

Indeed, numerical analysis of the string network (see the review in [159]) indicates that large string loops are strongly
suppressed, and the fraction of about 80% of string length (corresponding to long loops) remains virtually the same in all
large scales. This property is the other side of the well known scale invariant character of the string network. Therefore,
the correlations of energy density should persist on large scales, as was revealed in Refs. [155-157].

The large scale correlations in topological defects and their imprints in primordial inhomogeneities is the indirect effect
of inflation, if phase transitions take place after the reheating of the universe. Inflation provides, in this case, the equal
conditions of phase transition, taking place in causally disconnected regions.

3.7. Primordial black holes

Any object of mass M can become a black hole, being put within its gravitational radius ry, = 2GM /c?. At present
time, black holes can be created only by a gravitational collapse of compact objects with mass more than about three
solar mass [160,161]. It can be a natural end of massive stars or can result from the evolution of dense stellar clusters.
However, in the early universe, there were no limits on the mass of BH.

Ya. B. Zeldovich and I. D. Novikov (see Ref. [162]) noticed that if cosmological expansion stops in some region, a
black hole can be formed in this region within the cosmological horizon. This corresponds to strong deviation from
general expansion and reflects strong inhomogeneity in the early universe. There are several mechanisms for such strong
inhomogeneity and formation of Primordial Black Holes (PBHs) [163,164].

Here we outline the role of PBHs as a link in cosmoarcheological chain, connecting cosmological reflections of
particle symmetry with observational data. We discuss the way in which the spectrum of PBHs reflects the properties
of superheavy metastable particles and of phase transitions on inflationary and post-inflationary stages. We illustrate
in Section 3.8 some mechanisms of PBH formation on the stage of dominance of superheavy particles and fields
(Section 3.8.3) and from second order phase transition on the inflationary stage. An effective mechanism of BH formation
during bubble nucleation provides a sensitive tool to probe the existence of cosmological first order phase transitions by
PBHs (Section 3.9.2). The existence of stable remnants of PBH evaporation can strongly increase the sensitivity of such
a probe, and we demonstrate this possibility in Section 3.10 on an example of gravitino production in PBH evaporation.
Being formed within the cosmological horizon, PBHs seem to have masses much less than the mass of stars, constrained
by the small size of the horizon in the very early universe.

However, if phase transition takes place in the inflationary stage, closed walls of practically any size can be formed,
and their successive collapse can give rise to clouds of massive black holes, which can play the role of seeds for galaxies
as discussed below in subsection Section 5.1.

3.8. PBHs from early dust-like stages

The possibility of forming a black hole is highly improbable in a homogeneous expanding universe, since it implies
metric fluctuations of order 1. For metric fluctuations distributed according to Gaussian law with dispersion

(<1 (36)

a probability for fluctuation of order 1 is determined by an exponentially small tail of the high amplitude part of this
distribution. This probability can be further suppressed in the case of non-Gaussian fluctuations [165].
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In the universe with equation of state
p=ye (37)

with numerical factor y being in the range

0<y=1 (38)
the probability of forming a black hole from fluctuations within the cosmological horizon is given by [166]
»2
Wy o exp <— 5 (82)) (39)

This provides the exponential sensitivity of the PBH spectrum to the softening of the equation of state in the
early universe (y — 0) or to the increase of ultraviolet part of the spectrum of density fluctuations ((82> — 1)
These phenomena can appear as a cosmological consequence of particle theory.

3.8.1. Dominance of superheavy particles in the early universe

Superheavy particles cannot be directly studied at accelerators. If they are stable, their existence can be probed by
cosmological tests, but there is no direct link between astrophysical data and the existence of superheavy metastable
particles with lifetime v < 1s. It was first noticed in Ref. [146] that the dominance of such particles in the universe
before their decay at t < t can result in the formation of PBHs, remaining in the universe after the particles decay
and keeping some information on particle properties in their spectrum. This provided (though indirect) a possibility to
probe the existence of such particles in astrophysical observations. Even the absence of observational evidence for PBHs
is important. It puts restrictions on the allowed properties of superheavy metastable particles, which might form such
PBHs on a stage of particle dominance, and thus constrains the parameters of models predicting these particles.

After reheating, at

T <To=rmm (40)

particles with mass m and relative abundance r = n/n, (where n is the frozen out concentration of particles and n; is the
concentration of relativistic species) must dominate in the universe before their decay. Dominance of these nonrelativistic
particles at t > ty, where

Myt

to = (41)
Tg
corresponds to a dust-like stage with equation of state p = 0, at which particle density fluctuations grow as
8
5(t) = £ o 123 (42)

0

and the development of gravitational instability results in the formation of gravitationally-bound systems which decouple
at

t~tf =~ ti5(t1)73/2 (43)

from general cosmological expansion, when §(t;) ~ 1 for fluctuations entering the horizon at t = t; > to with amplitude
3(t:).

The formation of these systems can result in black hole formation, either immediately after the system decouples from
expansion or as a result of the evolution of the initially formed nonrelativistic gravitationally-bound system.

3.8.2. Direct PBH formation

If density fluctuation is especially homogeneous and isotropic, it directly collapses to BH as soon as the amplitude of
fluctuation grows to 1 and the system decouples from expansion. A probability for direct BH formation in the collapse of
such homogeneous and isotropic configurations gives minimal estimation of BH formation in the dust-like stage.

This probability was calculated in Ref. [146] with the use of the following arguments. In the period t ~ t;, when
fluctuation decouples from expansion, its configuration is defined by averaged density p1, size ry, deviation from sphericity
s, and by inhomogeneity u of internal density distribution within the fluctuation. Having decoupled from expansion, the
configuration contracts and the minimal size to which it can contract is

Tmin ~ ST1 (44)
being determined by a deviation from sphericity

s=max{ly1 — y2l, Iy1 — 21, lyi — »2l} (45)
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where y1, 12, and y3 define a deformation of configuration along its three main orthogonal axes. It was first noticed in
Ref. [146] that in order to form a black hole as a result of such a contraction it is sufficient that the configuration returns
to the size

Tmin ~ Tg ~ & ~ 8(ti)ry (46)
which had the initial fluctuation §(t;) when it entered the horizon at cosmological time ¢;. If
s < 8(t) (47)

the configuration is sufficiently isotropic to concentrate its mass in the course of collapse within its gravitational radius,
but such a concentration also implies sufficient homogeneity of configuration. Density gradients can result in gradients
of pressure, which can prevent collapse to BH. This effect does not take place for the contracting collisionless gas of
weakly interacting massive particles, but due to the inhomogeneity of collapse, the particles which have already passed
the caustics can free stream beyond the gravitational radius before the whole mass is concentrated within it. Collapse of
nearly spherically symmetric dust configuration is described by the Tolman solution. Its analysis [145,147,167,168] has
provided a constraint on the inhomogeneity u = §p,/p; within the configuration. It was shown that for both collisionless
and interacting particles, the condition

u < 8(t,)*? (48)

is sufficient for the configuration to contract within its gravitational radius.

The probability of direct BH formation is then determined by a product of probability for sufficient initial sphericity W;
and homogeneity W, of configuration, which is determined by the phase space for such configurations. In a calculation
of W;, one should take into account that the condition (47) implies five conditions for independent components of the
tensor of deformation before its diagonalization (two conditions for three diagonal components to be close to each other,
and three conditions for nondiagonal components to be small). Therefore, the probability of sufficient sphericity is given
by [145-147,167,168]

W, ~ 8(t;)° (49)
and together with the probability for sufficient homogeneity

Wy ~ 8(6;)*? (50)
results in the strong power-law suppression of probability for direct BH formation

Wpgy = Wi - Wy, ~ 8(t;)"*2 (51)

Though this calculation was originally done in Refs. [145-147,167,168] for Gaussian distribution of fluctuations, it does
not imply a specific form of the high amplitude tail of this distribution, and thus should not change strongly in a case of
non-Gaussian fluctuations [165].

The mechanism [12,13,145-147,167,168] is effective for the formation of PBHs with mass in an interval

MO = M = Mbhmax (52)

The minimal mass corresponds to the mass within the cosmological horizon in the period t ~ ty, when particles start
to dominate in the universe and it is equal to [12,13,145-147,167,168]

4 my;
My = — pt2 ~ my(—=)2 53
0 3 Ply pl( m ) (53)
The maximal mass is indirectly determined by the condition
T= t(Mbhmax)S(Mbhmax)_3/2 (54)

that fluctuation in the considered scale Mppmax, €ntering the horizon at t(Mppmey) With an amplitude §(Mppmax ), Can manage
to grow up to nonlinear stage, decouple, and collapse before particles decay at t = t. For scale-invariant spectrum
8(M) = &, the maximal mass is given by [150]
Mbhmax = m,,ltiplaf/z = mr8; (55)
The probability, given by Eq. (51), is also appropriate for the formation of PBHs in the dust-like preheating stage after
inflation [12,13,169]. The simplest example of such a stage can be given by the use of a model of a homogeneous massive
scalar field [12,13]. Slow rolling of the field in the period t <« 1/m (where m is the mass of the field) provides a chaotic
inflation scenario, while at t > 1/m, the field oscillates with period 1/m. Coherent oscillations of the field correspond
to an average over a period of oscillations in a dust-like equation of state p = 0, at which gravitational instability can
develop. The minimal mass in this case corresponds to the Jeans mass of scalar field, while the maximal mass is also
determined by the condition that fluctuation grows and collapses before the scalar field decays and reheats the universe.
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The probability Wpgy(M) determines the fraction of total density

preu(M)
BM) = =25~ Wogy(M) (56)
Ptot
corresponding to PBHs with mass M. For §(M) « 1, this fraction (given by Eq. (51)) is small. This means that the bulk of
particles do not collapse directly into black holes, but form gravitationally-bound systems. The evolution of these systems

can give a much larger amount of PBHs, but it strongly depends on particle properties.

3.8.3. Evolutional formation of PBHs

Superweakly interacting particles form gravitationally bound systems of collisionless gas, which resemble modern
galaxies with collisionless gas of stars. Such a system can finally collapse to a black hole, but energy dissipation within it
- and consequently, its evolution - is a relatively slow process [12,13,170]. The evolution of these systems is dominantly
determined by the evaporation of particles, which gain velocities exceeding the parabolic velocity of the system. In the
case of binary collisions, the evolution timescale can be roughly estimated [12,13,170] as
(57)

tey = —t
¢ InN 7
for a gravitationally-bound system of N particles, where the free fall time tF for a system with density p is tf ~
(47 Gp)~ V2. This time scale can be shorter due to collective effects in collisionless gas [171] and at large N can be on
the order of

tey ~ N?/3t (58)
i

However, since the free fall time scale for gravitationally-bound systems of collisionless gas is on the order of
cosmological time t; for the period when these systems are formed, even in the latter case the particles should be very
long-living (t « tf) to form black holes in such a slow evolutional process.

The evolutional time scale is much smaller for gravitationally-bound systems of superheavy particles interacting with
light relativistic particles and radiation. Such systems have analogy with stars, in which evolution time scale is defined
by energy loss by radiation. An example of such particles is superheavy color octet fermions of asymptotically free
SU(5) model [172] or magnetic monopoles of GUT models. Having decoupled from expansion, frozen out particles and
antiparticles can annihilate in gravitationally-bound systems, but detailed numerical simulation [173] has shown that
annihilation cannot prevent the collapse of the majority of mass, and the timescale of collapse does not exceed the
cosmological time of the period when the systems are formed.

3.9. PBH formation from cosmological phase transitions

3.9.1. PBHs from phase transitions in the inflationary stage

Scale non-invariant spectrum of fluctuations - in which the amplitude of small scale fluctuations is enhanced - can be
another factor, increasing the probability of PBH formation. The simplest functional form of such a spectrum is represented
by a blue spectrum with a power law dispersion

(82(M)) oc M~* (59)

with the amplitude of fluctuations growing at k > 0 to small M. The realistic account for the existence of other scalar
fields together with inflaton in the period of inflation can give rise to spectra with distinguished scales, determined by
the parameters of the considered fields and their interaction.

In the chaotic inflation scenario, interaction of a Higgs field ¢ with an inflaton » can give rise to phase transitions
in the inflationary stage if this interaction induces positive mass term +“2—2n2¢2. When in the course of slow rolling, the
amplitude of an inflaton decreases below a certain critical value n. = m/v, the mass term in Higgs potential

m> A 2
Vig.m) = —=L¢ + 2ot + ”;nquz (60)

changes sign, and phase transition takes place. Such phase transitions in the inflationary stage lead to the appearance of
a characteristic spike in the spectrum of initial density perturbations. These spike-like perturbations, on scales that cross
the horizon (60 > N > 1), e-fold before the end of inflation and reenter the horizon during the radiation or dust-like
era and could in principle collapse to form primordial black holes. The possibility of such spikes in the chaotic inflation
scenario was first pointed out in Ref. [174] and realized in Ref. [175] as a mechanism of PBH formation for the model of
horizontal unification [133,176-178].

For the vacuum expectation value of a Higgs field

(9) = LTV (61)
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and A ~ 1073, the amplitude § of a spike in the spectrum of density fluctuations, generated in phase transition in the
inflationary stage is given by [175]

S~ — (62)
with

4 >3
s = — 4+ ©10° L — — (63)
9 mp 2

where « ~ 1.
If phase transition takes place at e-folding N before the end of inflation, the spike re-enters the horizon at the radiation
dominance (RD) stage and forms a Black hole of mass
m2
M ~ —2 exp{2N} (64)
Hp
where Hy is the Hubble constant in the period of inflation.
If the spike re-enters the horizon in the matter dominance (MD) stage, it should form black holes of mass
m
M ~ —2 exp{3N}. (65)
Hy

3.9.2. First order phase transitions as a source of black holes in the early universe

First order phase transitions go through bubble nucleation, recalling the common example of boiling water. The
simplest way to describe first order phase transitions with bubble creation in the early universe is based on a scalar field
theory with two non-degenerated vacuum states. Being stable at a classical level, the false vacuum state decays due to
quantum effects, leading to the nucleation of bubbles of true vacuum and their subsequent expansion [179]. The potential
energy of the false vacuum is converted into the kinetic energy of bubble walls, thus making them highly relativistic in
a short time. The bubble expands until it collides with another one. As it was shown in Refs. [180,181], a black hole may
be created in a collision of several bubbles. The probability of the collision of two bubbles is much higher. The opinion
of the absence of BHs in such processes was based on strict conservation of the original O(2,1) symmetry. As shown in
Refs. [149,182,183], there are ways to break it. Firstly, radiation of scalar waves indicates increasing entropy, and hence
the permanent breaking of the symmetry during bubble collision. Secondly, the vacuum decay due to thermal fluctuation
does not possess this symmetry from the beginning. The investigations [149,182,183] have shown that BH can also be
created with a probability of order unity in collisions of only two bubbles. This initiates an enormous production of BH
that leads to essential cosmological consequences discussed below.

Inflation models ended by a first order phase transition hold a dignified position in the modern cosmology of the
early universe (see for example [184-190]). The interest in these models is due to the fact that such models are able to
generate the observed large-scale voids as remnants of the primordial bubbles for which the characteristic wavelengths
are several tens of Mpc [189,190]. A detailed analysis of a first order phase transition in the context of extended inflation
can be found in Ref. [191]. Hereafter, we will be interested only in a final stage of inflation when the phase transition is
completed. Remember that a first order phase transition is considered completed immediately after establishing the true
vacuum percolation regime. Such a regime is established approximately when at least one bubble per unit Hubble volume
is nucleated. Accurate computation [191] shows that first order phase transition is successful if the following condition
is valid:

e=2 (L) =4 (66)
a 9 H4 [end_

Here I" is the bubble nucleation rate. In the framework of first order inflation models, the filling of all space by true
vacuum takes place due to bubble collisions, nucleated at the final moment of exponential expansion. The collisions
between such bubbles occur when they have comoving spatial dimension less than or equal to the effective Hubble horizon
He;; at the transition epoch. If we take Hy = 100 h km/s/Mpc in £2 = 1 universe, the comoving size of these bubbles is
approximately 102'h~! Mpc. In the standard approach it is believed that such bubbles are rapidly thermalized without
leaving a trace in the distribution of matter and radiation. However, in the previous section it was shown that for any
realistic parameters of the theory, the collision between only two bubbles leads to BH creation with a probability close

to 100% . The mass of this BH is given by [149,182,183]
Mgn = y1Mpup (67)

where y; ~ 1072 and My, is the mass that could be contained in the bubble volume at the epoch of collision in
the condition of the full thermalization of bubbles. The discovered mechanism leads to a new direct possibility of PBH
creation at the epoch of reheating in first order inflation models. In the standard picture, PBHs are formed in the early
universe if density perturbations are sufficiently large, and the probability of PBH formation from small post-inflation
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initial perturbations is suppressed (see Section 3.8). A completely different situation takes place at the final epoch of the
first order inflation stage; namely, collision between bubbles of Hubble size in the percolation regime leads to copious
PBH formation with masses
hor 1 mIZJI
Mo = y1Mgpy = 2 Hopg
where M is the mass of the Hubble horizon at the end of inflation. According to (67), the initial mass fraction of this
PBH is given by By & y;/e ~ 6 x 1073, For example, for a typical value of He,g &~ 4 x 1076 mp, the initial mass fraction
B is contained in PBHs with mass My ~ 1g.

In general, the Hawking evaporation of mini BHs [192] could give rise to a variety of possible end states. It is generally
assumed that evaporation proceeds until the PBH vanishes completely [ 193], but there are various arguments against this
proposal (see Refs. [194-197]). If one supposes that BH evaporation leaves a stable relic, then it is natural to assume that
it has a mass of order my = kmp;, where 1 < k < 102. We can investigate the consequences of PBH formation at the
percolation epoch after first order inflation, supposing that the stable relic is a result of its evaporation. As it follows from
the above consideration, the PBHs are preferentially formed with a typical mass My at a single time t;. Hence, the total
density p at this time is

(68)

3(1 — 3
( le) mzl + /502 m;l
327 t; 32mt]

where Sy denotes the fraction of the total density corresponding to PBHs in the period of their formation t;. The
evaporation time scale can be written in the following form

3
MO

1
g.my,

p(t1) = py(t1) + ppeu(t;) = (69)

(70)

TgH =

where g, is the number of effective massless degrees of freedom.
Let us derive the density of PBH relics. There are two distinct possibilities to consider.
The universe is still radiation dominated (RD) at tpy. This situation will hold if the following condition is valid:
pH(TeH) < py(Ten). It is possible to rewrite this condition in terms of Hubble constant at the end of inflation
H,
—nd - B3Pg V% ~ 107 (71)
mp
Taking the present radiation density fraction of the universe to be £2,, = 2.5 x 107°h~2 (h being the Hubble constant
in the units of 100 km s~! Mpc™!), and using the standard values for the present time and time when the density of matter
and radiation become equal, we find the contemporary densities fraction of relics

Heng 3/2
el & 1026}172’( <l> (72)
mp)

It is easily to see that relics overclose the universe (£2,¢ > 1) for any reasonable k and He,g > 107 mpy.
The second case takes place if the universe becomes PBHs dominated at period t; < t; < tpy. This situation is realized
under the condition pgy(t2) < p,(t2), which can be rewritten in the form
Hend
mp)

<107° (73)

The present day relics density fraction takes the form

H 3/2
Qv ~ 10802k <ﬂ> (74)
Mp)
Thus, the universe is not overclosed by relics, only if the following condition is valid
Hena <2 x 1071323 (75)
Mp)

This condition implies that the masses of PBHs created at the end of inflation have to be larger then
Mg > 10" g. h=4/3 . |23 (76)

On the other hand, there are a number of well-known cosmological and astrophysical limits [ 198-204] which prohibit
the creation of PBHs in the mass range (76) with initial fraction of mass density close to 8y &~ 1072,

So, one has to conclude that the effect of the false vacuum bag mechanism of PBH formation makes the coexistence
of stable remnants of PBH evaporation with the first order phase transitions at the end of inflation impossible.
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3.10. PBH evaporation as universal particle accelerator

Presently, there is no observational evidence proving the existence of PBHs. However, even the absence of PBHs
provides a very sensitive theoretical tool to study the physics of the early universe. PBHs represent a nonrelativistic form
of matter, and their density decreases with scale factor a as o« a=> o T3, while the total density is o« a=* o< T* in the
period of radiation dominance (RD). Being formed within the horizon, a PBH of mass M can be formed not earlier than
at

M M

tM)= —tp = — (77)
mp mp,

If they are formed in the RD stage, the smaller the masses of PBHs, the larger becomes their relative contribution to

the total density in the modern MD stage. Therefore, even the modest constraint for PBHs of mass M on their density

M
2og() = 22D (78)
Pc
in units of critical density p. = 3H?/(87G) from the condition that their contribution (M) into the total density
M
oy = 224 _ ) (79)
Prot
for p,r = pe does not exceed the density of dark matter
a(M) = £2psy(M) < £2py = 0.23 (80)
converts into a severe constraint on this contribution
M, t
— oeeH( f) (81)
Pmt(tf )

in the period t; of their formation. If formed in the RD stage at t; = t(M) (given by (77)), which corresponds to the
temperature Ty = mp,/mp/M, PBHs contribute to the total density in the end of the RD stage at t,q4, corresponding to
Teq & 1eV, by a factor of a(teq)/a(t;) = T /Teq = Mpi/Teqr/Mpi/M larger than in the period of their formation. The constraint
on B(M), following from Eq. (80) is then given by

BM o / <0. 23 (82)
Mmp) mpl

The possibility of PBH evaporation, revealed by S. Hawking [192], strongly influences the effects of PBHs. In the strong
gravitational field near the gravitational radius r, of PBH, a quantum effect of the creation of particles with momentum
p ~ 1/rg is possible. Due to this effect, PBHs turn out to be a black body source of particles with temperature (in the
unitsh=c=k=1)

1
~ 87GM

The BH evaporation timescale is gy ~ M3/mgl (see Eq. (70) and discussion in previous section), and at M < 10 g is
less than the age of the universe. Such PBHs cannot survive to the present time, and their magnitude Eq. (80) should be
re-defined and has the meaning of contribution to the total density in the moment of PBH evaporation. For PBHs formed
in the RD stage and evaporated in the RD stage at t < t,q, the relationship Eq. (82) between (M) and «(M) is given by
[145,205]:

Myt

PM) = o(M)—

The relationship between 8(M) and «(M) has a more complicated form if PBHs are formed in early dust-like stages
[12,145,167,206], or if such stages take place after PBH formation [12,206]. The relative contribution of PBHs to total
density does not grow in the dust-like stage, and the relationship between (M) and o(M) depends on the details
of a considered model. Minimal model independent factor a(M)/B8(M) follows from the account for enhancement,
taking place only during the RD stage between the first second of expansion and the end of the RD stage at t.q, Since
radiation dominance in this period is supported by observations of light element abundance and the spectrum of CMB
[12,145,167,206].

Effects of PBH evaporation make astrophysical data much more sensitive to the existence of PBHs. Constraining the
abundance of primordial black holes can lead to invaluable information on cosmological processes, particularly as they
are probably the only viable probe for the power spectrum on very small scales which remain far from the Cosmological
Microwave Background (CMB) and Large Scale Structures (LSS) sensitivity ranges. To date, only PBHs with initial masses
between ~10° g and ~10'® g have led to stringent limits (see Refs. [145,195,207,208]) from consideration of the entropy

1
~ 1013 Gev—2
M

(83)

(84)
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per baryon, the deuterium destruction, the “He destruction, and the cosmic-rays currently emitted by the Hawking
process [192]. The existence of light PBHs should lead to important observable constraints, either through the direct
effects of the evaporated particles (for initial masses between 10 g and 10'® g) or through the indirect effects of their
interaction with matter and radiation in the early universe (for PBH masses between 10° g and 10! g). In these constraints,
the effects taken into account are those related to known particles. However, since the evaporation products are created by
the gravitational field, any quantum with a mass lower than the black hole temperature should be emitted, independently
of the strength of its interaction. This could provide a copious production of superweakly interacting particles that cannot
be in equilibrium with the hot plasma of the very early universe. This makes evaporating PBHs a unique source of all the
species which can exist in the universe.

Following Refs. [12,13,132,206] and [209,210] (but in a different framework and using more stringent constraints),
limits on the mass fraction of black holes at the time of their formation (8 = ppgy/prw:r) Were derived in Ref. [211]
using the production of gravitinos during the evaporation process. Depending on whether gravitinos are expected to be
stable or metastable, the limits are obtained using the requirement that they do not overclose the universe and that
the formation of light nuclei by the interactions of “He nuclei with nonequilibrium flux of D,T, 3He and “He does not
contradict the observations. This approach is more constraining than the usual study of photo-dissociation induced by
photons-photinos pairs emitted by decaying gravitinos. This opened a new window for the upper limits on 8 below
10° g, and correspondingly on various mechanisms of PBH formation [211].

4. BSM physics of the modern cosmology

It followed from the old Big Bang Scenario that the early cosmological evolution should have taken place at superhigh
temperatures. This conjecture made the conditions in the very early Universe dependent on the laws of superhigh-energy
physics. Our modern knowledge of these laws is based on the predictions of particle theory. Thus, the development
of particle theory implies natural influence on the picture of the very early Universe. In principle, all cosmologically
significant phenomena, predicted by particle theory, can find their place in the history of the Universe.

Since the true theory of superhigh-energy physics is not developed yet, we can only make some reasonable guess on
the phenomena that should exist in cosmology. The development of particle theory and its application to the Big Bang
model found at least three phenomena, which are widely accepted as being necessary in the Big Bang scenario both on
esthetical and practical reasons. It led to the change of the cosmological paradigm. The modern Big Bang model is now
generally referred to as the inflational scenario with baryosynthesis and dark matter.

The development of this scenario offers the exciting possibility to explain the main cosmological parameters by physical
mechanisms. So, the choice of open, closed or flat cosmological model is related to the mechanism of inflation. In the
simplest cases, this mechanism leads to the prediction of a flat Universe with

Q=1 (85)

The observed baryon-to-photon ratio is considered as a result of baryosynthesis, defining the modern baryon density.

The difference between the modern total and baryon density is ascribed to the nonbaryonic dark matter. In the simplest
case, the dark matter density is determined by the mass and the concentration of frozen out weakly interacting particles.
The attractive idea to determine cosmological parameters through the parameters of particles and fields is not the only
advantage of the new paradigm. Inflation, baryosynthesis and dark matter recover internal inconsistencies of Big Bang
cosmology.

However,- the price is the unknown physical grounds and the wide variety of possible realizations on the base
of different approaches. Our hope to remove this ambiguities is related to cosmoparticle physics. Assuming that the
inflationary baryon-asymmetrical cosmology with the nonbaryonic dark matter is more realistic, than Gamow’s original
Big Bang scenario, one faces the problem of observational evidences, specifying the choice of the inflationary model, the
mechanism of baryosynthesis and with the proper form of nonbaryonic dark matter.

4.1. Inflation
Inflation is the necessary element of cosmological picture. Inflationary models explain, why the Universe expands.

They provide solution for horizon, flatness, magnetic monopole, etc., problems [212,213]. The solution is based on
superluminous expansion, which takes place in the case of the cosmological equation of state

1
_ e 86
p<-—3¢€ (86)
Under the condition (86), the acceleration in the cosmological equation
a 4nG
- =———(e+3p) (87)
a 3c

is positive and the formal solution for the law of expansion is given by

a(t) o< exp (/ Hdt) (88)
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where H is defined from the Eq. (26) as

a 87 Ge
a =V 5a (®

Neither the matter, nor the radiation dominance can lead to the equation of state with the negative pressure. One
needs some hypothetical phenomena to occur in the very early Universe, inducing unstable negative pressure stage of
cosmological evolution. The simplest possibility, mentioned in [214,215], was first considered in [216,217]. It assumed
the initial state of the cosmological expansion to be maximally symmetric in space-time. It corresponds to the De Sitter
vacuum equation of state given by

p=—€=—A. (90)

The time dependence of the scale factor is then given by the exponential law a(t) oc exp(Ht) with

81 Ge
H= TR (91)

Bugrii and Trushevsky [218] found the possibility for the exponential stage of expansion in the hadron stage but the
conditions they assumed were not supported by the hadron physics based on QCD.

A. Starobinsky has noticed that quantum corrections to the gravitational field can induce R? term in gravitational
lagrangian, which naturally leads to exponential expansion [219-221]

D. Kazanas has drawn attention to a possibility of exponential expansion in the cosmological phase transition,
associated with spontaneous symmetry breaking [222].

However, the general clear understanding that inflation is necessary both for cosmology and particle theory, came only
after the work by A. Guth [212]. Inspired by the solution of the cosmological GUT magnetic monopole overproduction
problem, this work has stipulated in the transparent form the list of internal inconsistencies of the old Big Bang model
to be removed by inflation. They are:

- The horizon problem, which is related to the remarkable homogeneity of the Universe within the modern cosmo-
logical horizon originated from different initially causally disconnected regions.

- In the case of a non-flat Universe the horizon problem is strengthen by the flatness problem that corresponds to
very fine tuning in the initial deviation from the flat Universe.

The exponential growth of the scale factor naturally removes both problems. Provided that the e-folding, defined as the
power in the exponent in Eq. (88) exceeds 72, the size of the region, causally connected at the Planck time, grows so
that it embeds the size of the modern cosmological horizon. It explains the similarity of the initial conditions for the
observed part of the modern Universe. For the non-flat Universe, such e-folding provides the exponential growth of the
scale factor making the contribution of the curvature effect in deviations from the flat Universe exponentially suppressed.
The cosmological expansion itself is explained by inflation. The acceleration at the inflational stage (its positive sign in
the Eq. (89)) gives the initial momentum to the expansion. Fluctuations on inflational stage induce the spectrum of initial
density fluctuations, giving rise to galaxy and large scale structure formation in respective scales.

The appealing idea of inflation should find proper basis in the BSM physics.

In the “old inflationary model”, the strong first-order phase transition, driving inflation, results in the “boiling” of the
Universe. The dominance of the false vacuum finishes, when the bubbles of the true vacuum nucleate, expand and collide.
The energy release in bubble collisions leads to the reheating of the Universe. But the thermalization of this energy needs
the small size of bubbles, that corresponds to rapid bubble nucleation.

On the other side, the e-folding, being necessary for the explanation of the global properties of the modern Universe,
assumes sufficiently slow bubble nucleation. The large size of bubbles in this case means that all energy released in
the phase transition transforms into the kinetic energy of bubble walls. It leads to the large empty space inside the
true vacuum bubble which can be hardly reheated after the bubble wall collisions. The Universe turns to be strongly
inhomogeneous.

In the “new inflationary scenario” [223,224] (for review, see [1,213]), the transition from the inflational stage proceeds
due to slow rolling of the effective potential down to the true vacuum state. This scenario removes the problem of
inhomogeneities induced by the bubble nucleation. But the fluctuations of the scalar field induce density fluctuations. To
provide sufficiently low amplitude of these density fluctuations, the effective potential should be very flat at the origin.
It implies very slow rolling of the field from the symmetric phase down to the true vacuum of the asymmetric phase.

The same condition of slow rolling appears in the chaotic inflation scenario [225]. The equation of state (90) appears at
the initial stage of cosmological evolution of any scalar field, provided that its derivative terms are negligible as compared
with the potential. On the basis of the chaotic inflation scenario, a wide variety of possibilities seem to appear for the
inflaton, i.e., the field driving the inflation. displayed in Fig. 13.

To make the proper choice between these possibilities, or, at least, to make some reduction of their number,
observational signatures of the inflationary mechanism and its theoretical framework should be considered. It makes
very interesting supergravity basis for inflationary models (see [226] for review and references). This approach can offer
simultaneous solution for inflation and supeheavy gravitino as dark matter in Starobinsky Supergravity [67,227,228].
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Fig. 13. Old, new and chaotic inflation scenario.

Fluctuations on inflational stage induce the spectrum of initial density fluctuations, giving rise to galaxy and large scale
structure formation in respective scales. The amplitude of these fluctuations is constrained by the observed isotropy of
the thermal electromagnetic background radiation.

It rules out all inflationary models with high amplitude of predicted fluctuations, the most of GUT-induced phase
transition scenarios, in particular.

In the simplest models with the equation of state on the inflationary stage close to Eq. (90), the form of the spectrum
is predicted rather close to the flat Harrison-Zeldovich. The slow roll inflationary models predict this spectrum a bit
tilted with power index n; < 1, corresponding to slight suppression of the amplitude of fluctuations at small scales. Then
the estimated amplitude of initial fluctuations at the modern scale of the cosmological large scale structure provides
some information on the possible properties of inflaton, e.g. on the form and parameters of the scalar field potential.
Together with scalar density perturbations inflationary models also predict spectrum of tensor perturbations — primordial
gravitational waves that cause a B-mode polarization of the CMB.

In the framework of standard single-field inflationary models with Einstein gravity, the results of Planck experi-
ment [229] imply that:

(a) the predictions of slow-roll models with a concave potential, V”(¢) < 0, are increasingly favored by the data; and
(b) based on two different methods for reconstructing the inflaton potential, no evidence for dynamics beyond slow roll
is found

Planck measurements of the potential tilt give ny = 0.9649 + 0.0042 (68% CL), and for the tensor-to-scalar ratio:
r=T/S < 0.064 (95% CL).

For more complicated inflationary models, e.g., multicomponent inflation, the form of the predicted spectrum of
fluctuations can differ from the simple flat one.

Phase transitions on the inflationary stage lead to specific peaks or plateaux in the spectrum with the position and
amplitude defined by the parameters of the model. One should also account for the phase transitions after the global
inflationary stage, in which the initial spectrum can be modified.

Both in R? and scalar-field-driven (e.g., chaotic) inflationary scenarios long dust-like post-inflational stage can appear,
induced by coherent inflaton field oscillations.

The scale, corresponding to the maximal e-folding given by inflation, puts the physical constraint on the homogeneity
of the Universe.

The other side of the inflationary mechanism of the homogeneity of the observed part of the Universe is the
inhomogeneity of the Universe far beyond the modern cosmological horizon. In studies of the Universe as a whole the
physical mechanism offered as the basis for the homogeneous and isotropic cosmological model inevitably leads to much
more complicated cosmological picture.

4.2. Baryosynthesis

The idea on the baryon-asymmetric Universe follows from the observed absence of antimatter at macroscopic scales
up to the scales of clusters of galaxies. In the baryon-asymmetric Universe, the observed baryonic matter originated from
the initial baryon excess, surviving after the local nucleon-antinucleon annihilation, that was taking place at the first
millisecond of cosmological evolution.

The baryon excess is assumed to be generated in the process of baryogenesis [230,231], resulting in the baryon
asymmetry of the initially baryon symmetrical Universe.

In the original Sakharov’s scenario [230] of baryosynthesis, the baryon excess originated from the CP violating effects
in out-of-equilibrium baryon-nonconserving processes.

To illustrate the idea of the Sakharov’s mechanism consider the baryon-symmetric Universe in which the out of
equilibrium decays of some particles X and of equal amount of their antiparticles X take place. The baryon non-
conservation in these decays means that the products of decay along different channels have different baryon number.
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Assume, for definiteness, that there are two different decay modes of the particle X, namely, the channel

X = qq (92)
and the channel

X — ql, (93)
where g denotes quark g denotes antiquark and [ denotes a lepton. The corresponding channels for the antiparticle are

X > §qq (94)
and

X — ql. (95)

Owing to CPT invariance, the total widths of particle and antiparticle are strictly equal. However, due to CP-violation the
relative probabilities (branching ratios) for particular decay mode of particle and antiparticle do not coincide.

Let the total decay probability be equal to 1, the relative probability of the decay (92) be r and of the decay (93) be
(1 —r), respectively. For the antiparticle, the corresponding probabilities are r and (1 — ).

With the account for baryon charges of quarks B; = 1/3 and antiquarks B = —1/3 one finds that as a result of the
out-of-equilibrium decays (92)-(95) in the baryon symmetric Universe with the equal initial concentrations of particles
and antiparticles ny = ng the baryon excess is generated, equal to

ng = (r —rny (96)

The magnitude of the baryon excess (96) is determined by the concentration of the decaying particles as well as by
the difference of branching ratios of respective modes for particles and antiparticles. This difference is determined by the
magnitude and the sign of the CP-violation.

Supersymmetric (SUSY) models offer another possible origin of the baryon asymmetry of the Universe. The super-
symmetric scalar partners of quarks can form the Bose condensate. Affleck, Dine [232] and Linde [233] found that the
superpotential is flat relative to the baryon charge, and the existence of scalar quark condensate is not forbidden. Such
a condensate, being formed with the positive baryon charge (B > 0), induces the baryon asymmetry, after the decay of
scalar quarks on quarks and gluinos. However, the mechanism does not fix the value and the sign of the baryon charge
of condensate, opening the possibilities for inhomogeneous baryon charge distribution as well as for antibaryon domains
(see 5.2).

At the high temperature the standard model of electroweak (EW) interactions predicts baryon and lepton charge
nonconservation owing to sphaleron transitions [234]. This effect puts severe constraints on the mechanisms of baryosyn-
thesis. Electroweak non-conserving processes follow the selection rule

B+L=0 (97)
and wash out any initial baryon asymmetry, which follows the selection rule
B—-L=0 (98)

In particular, the electroweak baryon nonconservation (EW BNC) makes impossible to generate the observed baryon
asymmetry by the processes, predicted in the SU(5) GUT model, since they obey the selection rule (98).

On the other hand, the EW BNC opens the new approach to baryosynthesis, because one can use it for the generation
of the observed baryon asymmetry.

It was found [235] that one cannot generate the baryon excess sufficient to explain this asymmetry in the framework
of the minimal standard model. The extensions of the standard model are necessary to provide the mechanism for
baryosynthesis based on EW BNC. It proves the general statement that the physical grounds for baryosynthesis are related
to the hidden sector of particle theory. Among the possible extensions of the standard model needed for the baryosynthesis
based on EW BNC, an interesting possibility exists related with the physics of the mass of neutrino. The Majorana mass
of neutrino is induced by the violation of lepton number with the selection rule

AL =2. (99)
CP violation in the out-of-equilibrium lepton number-non-conserving processes implied by neutrino mass physics can
lead to lepton excess, which is transformed into baryon excess owing to EW BNC.

4.3. Dark universe

The main arguments favoring nonbaryonic nature of dark matter in the Universe are Big Bang nucleosynthesis (BBN) in
the inflational cosmology and the formation of large scale structure of the Universe in conditions of the observed isotropy
of relic radiation. Evolution of density fluctuations of dark matter and baryons is displayed in Fig. 14. The amplitude of
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Fig. 14. Evolution of dark matter and baryonic matter density fluctuations. Before recombination, fluctuations of the ionized baryonic matter are
converting into the sound waves, while density fluctuations of dark matter grow. After recombination of hydrogen, constituting the main component
of baryonic dark matter, amplitude of fluctuations of the neutral atomic gas reaches the amplitude of dark matter fluctuations and joins their
common growth.
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Fig. 15. Positions of peaks in the CMB angular fluctuations determine the total, total matter and baryon densities.

baryonic density fluctuations in the period of recombination is reflected in anisotropy of the CMB and is constrained by
the CMB data.

The positions of peaks in CMB angular fluctuations displayed in Fig. 15 determine the total density of the Universe,
the total matter density and the baryon density.

The difference between the total matter density (§£2,, ~ 30%) and the baryon density (£2, < 5%) corresponds to the
nonbaryonic dark matter and it turns out that the dark matter density dominates in the matter content of the Universe. The
difference between the total density (§2 = 1) and the total matter density corresponds to the dark energy with negative
pressure equation of state close to the Eq. (90). Dark energy dominates in the modern Universe and drives acceleration
of the cosmological expansion. The relative contribution to the total density by dark energy, dark matter and baryons is
displayed in Fig. 16.

The second type of arguments is that the formation of the large scale structure is compatible with the observed isotropy
of thermal electromagnetic background only if some weakly interacting form of matter triggers the structure formation
with the minor effect in the angular distribution of relic radiation.

There are several scenarios of structure formation by hot (HDM), cold (CDM), unstable (UDM), mixed hot+cold
(H+CDM), hierarchical decaying (HDS), etc. dark matter. These scenarios physically differ by the ways and succession
in which the elements of structure are formed, as well as by the number of model parameters. But having in mind the
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Fig. 16. Relative contribution of dark energy, dark matter and baryonic matter (Atoms).

general independence of motivations for each type of dark matter candidates, one finds from the particle physics viewpoint
that the hot, cold, unstable, etc. dark matter are not alternatives and rather supplementary options to be taken together,
accounting for the whole set of reasonable physical arguments .

5. BSM cosmology from BSM physics
5.1. Primordial nonlinear structures in inflationary universe

If the phase transitions take place at the inflational stage, new forms of primordial large scale correlations appear.
The example of global U(1) symmetry—broken spontaneously in the period of inflation and successively broken explicitly
after reheating was considered in Ref. [236]. In this model, spontaneous U(1) symmetry breaking at the inflational stage
is induced by the vacuum expectation value () = f of a complex scalar field ¥ = i exp (if), also having an explicit
symmetry breaking term in its potential V., = A%(1 — cos#). The latter is negligible in the period of inflation if f > A,
so there appears a valley relative to values of phase in the field potential in this period. Fluctuations of the phase 6 along
this valley—being of the order of A9 ~ H/(2xf) (here H is the Hubble parameter at the inflational stage)—change in the
course of inflation, its initial value within the regions of smaller size. Owing to such fluctuations, for the fixed value of 65
in the period of inflation with e-folding N = 60 corresponding to the part of the universe within the modern cosmological
horizon, strong deviations from this value appear at smaller scales, corresponding to later periods of inflation with N < 60.
If 650 < 7, the fluctuations can move the value of 6y to 6y > 7 in some regions of the universe. After reheating, when the
universe cools down to temperature T = A, the phase transition to the true vacuum states, corresponding to the minima
of Ve, takes place. For 6y < 7, the minimum of V, is reached at 6,4, = 0; whereas in the regions with 6y > =, the true
vacuum state corresponds to 6,4, = 27. For 8¢9 < 7 in the bulk of the volume within the modern cosmological horizon
0vec = 0. However, within this volume there appear regions with 6,,c = 27. These regions are surrounded by massive
domain walls, formed at the border between the two vacua. Since regions with 6,, = 27 are confined, the domain walls
are closed. After their size equals the horizon, closed walls can collapse into black holes (BHs). This qualitative feature of
formation of closed walls is displayed in Fig. 17.

The mass range of formed BHs is constrained by fundamental parameters of the model, f and A. The maximal BH
mass is determined by the condition that the wall does not dominate locally before it enters the cosmological horizon.
Otherwise, local wall dominance leads to a superluminal a o t?> expansion for the corresponding region, separating it
from the other part of the universe. This condition corresponds to the mass [150]

my my;
Tpmpl(jp

The minimal mass follows from the condition that the gravitational radius of BH exceeds the width of wall, and it is
equal to [150,237]

Mipax = )2 (100)

myp
l\/lmm=f(7”)2 (101)
Closed wall collapse leads to primordial gravitational wave (GW) spectrum, peaked at and it is equal to [150,237]
vo = 3 x 10"(A/f)Hz (102)
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Fig. 17. Formation of closed domain walls in the succession of phase transitions of global U(1) symmetry breaking. Fluctuations of phase in inflational
stage can lead to its value 6 > 7 at some step of inflation. After the second phase transition the regions with 6 > 7 correspond to vacuum with
0yac = 27, while the surrounding space is in the state 6,4 = 0. Such regions are thus surrounded by a closed domain wall.

with energy density up to
Qow ~ 1074(f /my) (103)

At f ~ 10™ GeV this primordial gravitational wave background can reach £2¢y & 10~°. For the physically reasonable
values of

1< A < 108Gev (104)
the maximum of the spectrum corresponds to
3x 1073 <1y <3 x 10°Hz (105)

In the range from tens to thousands of Hz, such background may be a challenge for LIGO experiment. Another profound
signature of the considered scenario are gravitational wave signals from merging of BHs in the primordial black hole (PBH)
cluster. These effects can provide a test of the considered approach in eLISA experiment.

This mechanism can lead to the formation of primordial black holes of a whatever large mass (up to the mass of active
galactic nuclei (AGNs) [238,239], see for latest review Ref. [240]). Such black holes appear in the form of primordial black
hole clusters, exhibiting fractal distribution in space [150,237,241]. This can shed new light on the problem of galaxy
formation [150,239].

Another profound signature of the considered scenario are gravitational wave signals from merging of BHs in PBH
cluster. Being in cluster, PBHs with the masses of tens Mg form binaries much easier, than in the case of their
random distribution. In this aspect detection of signals from binary BH (BBH) coalescence in the gravitational wave
experiments [242-246] may be considered as a positive evidence for this scenario. Repeatedly detected signals localized
in the same place would provide successive support in its favor.

Critical analysis by [247] of constraints [248-252] on relative contribution of PBHs into dark matter density shows that
PBH formation in clusters can influence the constraints [251] excluding PBH dominance in dark matter.

Even subdominant component of massive PBH clusters can lead to important consequences for interpretation of
gravitational wave signals from coalescence of massive black holes. The latest GWTC catalog [253] contains now 11
events of coalescence of compact binaries, with only one event of neutron star-neutron star binary coalescence. All the
other 10 events correspond to coalescence of binary systems of black holes with mass, exceeding 10-20 Solar masses
each. Formation of such systems in the evolution of massive stars is rather problematic, while it is rather natural for
clusters of massive PBHs, in which formation of binaries is much more probable as compared with the case of random
PBH distribution. Recent detection by LIGO and VIRGO collaborations of gravitational wave signal from a BBH merging
with total mass 150M,4.¢ [254], corresponding to the gap in the predicted BH masses from first massive stars, can evidence
for primordial origin of massive BHs [255].
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Fig. 18. Formation of baryon and antibaryon excess in spontaneous baryosynthesis.

Repeating merging of black holes in clusters may be another signature for massive PBH clusters [247,256]. The existing
statistics is evidently not sufficient to make any definite conclusion on this possibility. However, repeating detection of
four GW signals in the August of 2017 may be an interesting hint to such a possibility.

5.2. Antimatter in baryon asymmetric universe

The appearance of antibaryon domains in the baryon asymmetrical universe (reflecting the inhomogeneity of baryosyn-
thesis) is the profound signature of such strong inhomogeneity [257,258]. The matter-antimatter symmetry of the
Universe with survival of antimatter in large domains is excluded within the all the now observed part of the Universe
[259-262]. In an example of a model of spontaneous baryosynthesis (see Ref. [263] for review), the possibility of the
existence of antimatter domains surviving to the present time in the inflationary baryon asymmetrical universe with
inhomogeneous baryosynthesis was revealed in [264].

The mechanism of spontaneous baryogenesis [263,265,266] implies the existence of a complex scalar field y =
(f /«/5) exp (0) carrying the baryonic charge. The U(1) symmetry - which corresponds to the baryon charge - is broken
spontaneously and explicitly. The explicit breakdown of U(1) symmetry is caused by the phase-dependent term

V(9) = A*(1 = cos ) (106)

The possible baryon and lepton number violating interaction of the field x with matter fields can have the following
structure [263]:

£=gxQL+h.c. (107)

where fields Q and L represent a heavy quark and lepton, coupled to the ordinary matter fields.

In the early universe, at a time when the friction term induced by the Hubble constant becomes comparable with the
angular mass my = A—Z, the phase 0 starts to oscillate around the minima of the PNG potential and decays into matter
fields, according to (107). The coupling (107) gives rise to the following [263]: as the phase starts to roll down in the
clockwise direction (Fig. 19), it preferentially creates an excess of baryons over antibaryons, while the opposite is true
as it starts to roll down in the opposite direction. This qualitative feature of spontaneous baryosynthesis is displayed in
Fig. 18.

The fate of such antimatter regions depends on their size. If the physical size of some of them is larger than the
critical surviving size L, = 8h? kpc [264,267], they survive annihilation with surrounding matter. The evolution of
sufficiently dense antimatter domains can lead to the formation of antimatter globular clusters [268]. The existence of
such clusters in the halo of our galaxy should lead to the pollution of the galactic halo by antiprotons. Their annihilation
can reproduce [269] the observed galactic gamma background in the range of tens-hundreds MeV. The prediction of an
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Fig. 19. Generation of antibaryon excess on inflational stage in the mechanism of spontaneous baryosynthesis.
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Fig. 20. Expected sensitivity of AMS02 experiment to antihelium flux from antimatter globular cluster in our Galaxy.

antihelium component of cosmic rays [270] - accessible to future searches for cosmic ray antinuclei in PAMELA and AMS
Il experiments - as well as of antimatter meteorites [271] provides the direct experimental test for this hypothesis.

Generation of antibaryon excess on inflationary stage in the mechanism of spontaneous baryosynthesis schematically
presented in Fig. 19.

Predictions for cosmic antihelium flux from antimatter globular cluster in our Galaxy are displayed in Fig. 20. This
prediction is not only accessible to searches for cosmic ray antinuclei in the AMS02 experiment, but also provide decisive
experimental test for antimatter globular cluster hypothesis.

AMS collaboration continuously presents results of these searches (see review in [272]). There are about ten clear
candidates for antihelium-3. Two events may be interpreted as antihelium-4. It is expected that more statistics will be
available to 2024 and the result with the significance level of 5 standard deviation can be obtained. The expected progress
will shed light on the reasons of dominance of events with anti-helium-3 over anti-helium-4, as well as of the absence
of candidates for anti-deuterium in the presented results. In any case antihelium-3 events cannot be explained as the
secondary effect from cosmic ray interactions [272]. Therefore their confirmation would be a strong argument, favoring
antimatter globular cluster hypothesis.
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Formation of dense antistars and their possible search were considered in [273] within an extension of the supersym-
metric Affleck-Dine mechanism of baryosynthesis.

6. Dark matter puzzles

The existence of nonbaryonic dark matter is strongly supported by the data of precision cosmology, but the experimen-
tal direct search for dark matter particles in underground detectors gives controversial results. The continuous increase
of confidence level of positive results of DAMA/Nal and DAMA/LIBRA dark matter searches [102-105,274] seems to be
in apparently growing tension with the negative results of other groups like CDMS [106-108] , XENON100 [109] and
LUX [275]. A possible explanation for this apparent contradiction may be related with the difference in strategy, methods
and chemical content of detectors in these experiments. With the account for such difference even interpretation of DAMA
result in terms of Weakly Interacting Massive Particles (WIMPs) may not be completely ruled out [274]. However, such
interpretation seems highly unprobable and the coexistence of positive result of DAMA and negative results of other
groups can appeal to non-WIMP dark matter effect, detected by DAMA.

WIMPs are the simplest miraculous solution for cosmological dark matter. This solution found strong theoretical
motivation in supersymmetric models, predicting a few hundred GeV Lightest Supersymmetric Particle as a natural WIMP
dark matter candidate. However, the lack of supersymmetric particles at the LHC as well as negative results of WIMP
searches by most of experimental groups may be a hint to a non-WIMP nature of dark matter, which is detected by
DAMA but missed in the strategy of other searches, aimed specifically to detection of WIMPs.

Here we draw attention to a possibility to explain these puzzles of direct dark matter searches in the model of dark
atoms [22,121,122,276,277]. The model assumes that, similar to ordinary matter, dark matter consists of neutral atoms
called O-helium (OHe), in which hypothetical stable -2 charged massive particles are bound by ordinary Coulomb force
with primordial helium nucleus. This model is a simplest extension of the Standard model, since it involves only one
parameter of new physics (the mass of double charged particle O~ ~) and reduces effects of dark atoms to the nuclear
interaction of their helium shells that can be based on known laws of nuclear and atomic physics. The complication of
the problem of OHe nuclear interaction still leaves open its complete quantum mechanical solution, but the qualitative
features of OHe dark matter scenario and the possibility of its explanation for the puzzles of direct dark matter searches
and some astrophysical anomalies appeal to development of this interesting approach.

6.1. Dark atoms

Here we concentrate on the properties of OHe atoms, their interaction with matter, and the qualitative picture of OHe
cosmological evolution [22,121,122,278-281] and observable effects. We show from the following Refs. [124,282] that
the interaction of OHe with nuclei in underground detectors can explain the positive results of dark matter searches in
DAMA/Nal (see for review Ref. [103]) and DAMA/LIBRA [ 104] experiments by annual modulations of the radiative capture
of O-helium, resolving the controversy between these results and the results of other experimental groups.

After it is formed in the Standard Big Bang Nucleosynthesis (SBBN), “He screens the excessive O~ charged particles
in composite (*He™*0~") O-helium (OHe) “atoms” [122].

In all the considered forms of O-helium, O~ behaves either as lepton or as a specific “heavy quark cluster”
with strongly-suppressed hadronic interaction. Therefore, O-helium interaction with matter is determined by nuclear
interaction of He. These neutral primordial nuclear interacting species can play the role of a nontrivial form of strongly
interacting dark matter [283-291], giving rise to a Warmer than Cold dark matter scenario [278,292,293].

6.2. OHe atoms and their interaction with nuclei

The structure of an OHe atom follows from the general analysis of the bound states of O~~ with nuclei.

Consider a simple model [294-296] in which the nucleus is regarded as a sphere with uniform charge density and in
which the mass of the O™~ is assumed to be much larger than that of the nucleus. Spin dependence is also not taken into
account, so both the particle and nucleus are considered as scalars. Then, the Hamiltonian is given by

2
_ P ZZyx n ZZyx .(2)2 (108)
2Am, 2R 2R R

for short distances r < R and
p? ZZya

- (109)
2Am, R

for long distances r > R, where « is the fine structure constant, R = d,A/3 ~ 1.2A/3/(200 MeV) is the nuclear radius,
Z is the electric charge of the nucleus, and Z, = 2 is the electric charge of the negatively charged particle O~~. Since
Am, < M,, the reduced mass is 1/m = 1/(Amp) + 1/M, ~ 1/(Amyp).
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For small nuclei, the Coulomb binding energy is like in hydrogen atom and is given by
1
Ep = EZZZgaZAmp (110)
For large nuclei, O~ is inside the nuclear radius and the harmonic oscillator approximation is valid for the estimation
of the binding energy
_ 3 ZZ,x 1 ZZ,«x 12

By = (25 — —(

111
2° R R AmR ) (1

For the intermediate regions between these two cases with the use of trial function of the form v ~ e~?"/R, variational
treatment of the problem [294-296] gives

Ep, = /ﬁme(ZZoaAmpR) (112)
where the function F(a) has limits
F(a — 0) —> 1a2 - za4 (113)
2 5
and
F(a > oc0) — %a —(3a)'? (114)

where a = ZZ,aAm,R. For 0 < a < 1 the Coulomb model gives a good approximation, while at 2 < a < oo the harmonic
oscillator approximation is appropriate.

In the case of OHe a = ZZ,aAm,R < 1, which proves its Bohr-atom-like structure, assumed in Refs. [22,122,279,297,
298]. The radius of Bohr orbit in these “atoms” [122,278] is r, ~ 1/(ZoZxeatmye) ~ 2 x 10~'3 cm. However, the size of the
He nucleus rotating around O~ in this Bohr atom turns out to be on the order of and even a bit larger than the radius
1, of its Bohr orbit, and the corresponding correction to the binding energy due to non-point-like charge distribution in
He is significant.

The Bohr atom-like structure of OHe seems to provide a possibility to use the results of atomic physics for the
description of OHe interaction with matter. However, the situation is much more complicated. The OHe atom is similar to
hydrogen, in which the electron is hundreds of times heavier than the proton, so that it is a proton shell that surrounds an
“electron nucleus”. Nuclei that interact with such “hydrogen” would interact first with the strongly interacting “protonic”
shell, and such interaction can hardly be treated in the framework of perturbation theory. Moreover, in the description of
OHe interaction, accounting for the finite size of He — which is even larger than the radius of the Bohr orbit - is important.
One should consider, therefore, the analysis presented below as only a first step approaching the true nuclear physics of
OHe.

The approach of Refs. [278,292] assumes the following picture of OHe interaction with nuclei: OHe is a neutral atom in
the ground state, perturbed by the Coulomb and nuclear forces of the approaching nucleus. The sign of OHe polarization
changes with the distance: at larger distances, Stark-like effect takes place—nuclear Coulomb force polarizes OHe so that
the nucleus is attracted by the induced dipole moment of OHe, while as soon as the perturbation by nuclear force starts
to dominate, the nucleus polarizes OHe in the opposite way so that He is situated more closely to the nucleus, resulting
in the repulsive effect of the helium shell of OHe. When helium is completely merged with the nucleus, the interaction
is reduced to the oscillatory potential of 0~~ with a homogeneously charged merged nucleus with the charge Z + 2.

Though OHe scenario seems to involve dominantly known atomic and nuclear physics, there is no small parameter
in OHe-nucleus interaction. It makes the problem very complicated as compared with ordinary atoms that have
electroweakly interacting electronic shells and strongly interacting nuclei of much smaller size. These two features proved
small parameters in the ordinary atomic physics, which are not the case for OHe. Indeed, the size of the He shell is equal
to the size of He nucleus and creation of barrier in OHe-nucleus interaction should be the result of a simultaneous action
of nuclear attraction and Coulomb repulsion between He and approaching nucleus. Qualitatively, a possibility for such
a solution can be illustrated by the following picture. At large distances Coulomb field of nucleus polarizes OHe so that
Stark-effect attraction takes place. At some distance nuclear attraction changes the sign of polarization, but Coulomb
repulsion moves it back, and then nuclear attraction moves He again towards nucleus and so on. Such oscillatory behavior
can provide creation of potential barrier and this approach is now under quantitative investigation.

Therefore OHe-nucleus potential can have a qualitative feature, presented in Fig. 21: the potential well at large
distances (regions III-1V) is changed by a potential wall in region II. The existence of this potential barrier is crucial for
all the qualitative features of the OHe scenario: it causes suppression of reactions with the transition of the OHe-nucleus
system to levels in the potential well of the region I, provides the dominance of elastic scattering while transitions to levels
in the shallow well (regions III-IV) should dominate in reactions of OHe-nucleus capture. The proof of this picture implies
accurate and detailed quantum-mechanical treatment, which was started in Ref. [299]. With the use of perturbation
theory, it was shown that OHe polarization changes sign as the nucleus approaches OHe (as is given in Fig. 22), but
the perturbation approach was not valid for the description at smaller distances, while the estimates indicated that this
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Fig. 21. The potential of the O-Helium (OHe)-nucleus system and its rectangular well approximation.
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Fig. 22. Polarization (z) (Fm) of OHe as a function of the distance R (fm) of an external sodium nucleus, calculated in Ref. [299] in the framework
of perturbation theory. Note that here R denotes the distance between OHe and the nucleus and not radius of the nucleus, as it was in Egs. (108),
(109), (111), and (112).

change of polarization may not be sufficient for the creation of the potential, given by Fig. 21. If the picture of Fig. 21 is not
proven, one may need more sophisticated models retaining the ideas of the OHe scenario which involve more elements
of new physics, as proposed in Ref. [300].

On the other hand, O-helium - being an «-particle with screened electric charge - can catalyze nuclear transformations,
which can influence primordial light element abundance and cause primordial heavy element formation. It is especially
important for the quantitative estimation of the role of OHe in Big Bang Nucleosynthesis and in stellar evolution. These
effects need a special detailed and complicated study of OHe nuclear physics, and this work is under way.

The qualitative picture of OHe cosmological evolution is presented below, following Refs. [22,121,122,124,278-280,
292], and is based on the idea of the dominant role of elastic collisions in OHe interaction with baryonic matter.

6.3. Large scale structure formation by OHe dark matter

Due to elastic nuclear interactions of its helium constituent with nuclei in the cosmic plasma, the O-helium gas is in
thermal equilibrium with plasma and radiation in the Radiation Dominance (RD) stage, while the energy and momentum
transfer from plasma is effective. The radiation pressure acting on the plasma is then transferred to density fluctuations
of the O-helium gas, and transforms them in acoustic waves at scales up to the size of the horizon.
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At temperature T < T,q &~ 155/ % eV, the energy and momentum transfer from baryons to O-helium is not effective
[22,122] because

ng (ov) (Mp/me)t < 1
where m, is the mass of the OHe atom, and S; = m,/(1TeV). Here
o R g, ~ nrg ~ 107% cm? (115)

and v = /2T /m, is the baryon thermal velocity. Then, O-helium gas decouples from plasma. It starts to dominate in the
universe after t ~ 102s at T < Tgy =~ 1eV, and O-helium “atoms” play the main dynamical role in the development
of gravitational instability, triggering large scale structure formation. The composite nature of O-helium determines the
specifics of the corresponding dark matter scenario.

At T > Tgy, the total mass of the OHe gas with density pg = (Trm /T )proc i €qual to

4 4 Trm mpy
M= —pgt’> = *7"1)’1(7)2

within the cosmological horizon I, = t. In the period of decoupling T = T4, this mass depends strongly on the O-helium
mass S3, and is given by [22]
Moy = T"—Mmp,(@)z ~ 2 x 1052 g = 10"'S; M, (116)
Tod Tod
where Mg, is the solar mass. O-helium is formed only at T, and its total mass within the cosmological horizon in the
period of its creation is M, = M,q(Toq/T,)° = 10% g.

In the RD stage before decoupling, the Jeans length A; of the OHe gas was restricted from below by the propagation of
sound waves in plasma with a relativistic equation of state p = €/3, being on the order of the cosmological horizon and
equal to A; = lh/\/§ = t/\/i After decoupling at T = Ty, it falls down to A; ~ v,t, where v, = 4/2Toq/m,. Though, after
decoupling, the Jeans mass in the OHe gas correspondingly falls down

M) ~ v3Mog ~ 3 x 107" Mg

one should expect a strong suppression of fluctuations on scales M < M,, as well as adiabatic damping of sound waves in
the RD plasma for scales M, < M < M,q. It can provide some suppression of small scale structure in the considered model
for all reasonable masses of O-helium. The significance of this suppression and its effect on structure formation needs a
special study in detailed numerical simulations. In any case, it cannot be as strong as the free streaming suppression in
ordinary Warm Dark Matter (WDM) scenarios, but one can expect that, qualitatively, we deal with the Warmer Than Cold
Dark Matter model.

At temperature T < Ty =~ 1S§/ ®keV, the energy and momentum transfer from baryons to O-helium is not
effective [122,278,292], and O-helium gas decouples from plasma. It starts to dominate in the universe after t ~ 10'%s
at T < Try &~ 1eV, and O-helium “atoms” play the main dynamical role in the development of gravitational instability,
triggering large scale structure formation. The composite nature of O-helium determines the specifics of the corresponding
warmer than cold dark matter scenario.

Being decoupled from baryonic matter, the OHe gas does not follow the formation of baryonic astrophysical objects
(stars, planets, molecular clouds, etc.) and forms dark matter halos of galaxies. It can be easily seen that O-helium gas is
collisionless for its number density, saturating galactic dark matter. Taking the average density of baryonic matter, one
can also find that the galaxy as a whole is transparent for O-helium in spite of its nuclear interaction. Only individual
baryonic objects like stars and planets are opaque for it.

6.4. Anomalous component of cosmic rays

O-helium atoms can be destroyed in astrophysical processes, giving rise to the acceleration of free 0~ in the galaxy.

O-helium can be ionized due to nuclear interaction with cosmic rays [122,298]. Estimations [122,301] show that for the
number density of cosmic rays neg = 107 cm™3 during the age of a galaxy, a fraction of about 1078 of the total amount
of OHe is disrupted irreversibly, since the inverse effect of recombination of free O~ is negligible. Near the solar system,
it leads to the concentration of free 0~ np = 3 x 10710 S;l cm™3. After OHe destruction, free 0™~ have momentum
of order po = /2 -my -1, =2 GeVS3l/2 and velocity v/c = 2 x 1073 53_1/2, and due to effect of Solar modulation these
particles initially can hardly reach Earth [293,301]. Their acceleration by Fermi mechanism or by collective acceleration
forms the power spectrum of the 0~~ component at the level of 0/p ~ ng/ng; = 3 x 1071%S;", where n, ~ 1cm™ is the
density of baryonic matter gas.

At the stage of red supergiant, stars have the size ~ 10" cm, and during the period of this stage~ 3 x 10 s, up
to ~ 107 53_1 of O-helium atoms per nucleon can be captured [293,301]. In the Supernova explosion, these OHe atoms
are disrupted in collisions with particles in the front of the shock wave and the acceleration of free 0~~ by the regular
mechanism gives the corresponding fraction in cosmic rays. However, this picture needs detailed analysis, based on the
development of OHe nuclear physics and numerical studies of OHe evolution in the stellar matter.
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Fig. 23. De-excitation by pair production after OHe collisions in the center of Galaxy can explain the excess in positronium annihilation line, observed
by INTEGRAL at the central density shown by the curve pending on OHe mass.

If these mechanisms of O™~ acceleration are effective, the anomalous low Z/A component of —2 charged O™~ can be
present in cosmic rays at the level 0/p ~ ng/ng ~ 107955 !, and be within the reach for PAMELA and AMS02 cosmic ray
experiments.

In the framework of the Walking Technicolor model, the excess of both stable ¢~ and (UU)*™ is possible [293]; the
latter being two to three orders of magnitude smaller than the former. This leads to the two-component composite dark
matter scenario, with the dominant OHe accompanied by a subdominant WIMP-like component of (¢~ (UU)*") bound
systems. Technibaryons can be metastable, and decays of (UU)™ can provide an explanation for anomalies observed in
the high energy cosmic positron spectrum by PAMELA, FERMI-LAT, and AMSO02.

6.5. Positron annihilation and gamma lines in galactic bulge

Inelastic interaction of O-helium with matter in the interstellar space and its de-excitation can give rise to radiation
in the range from a few keV to a few MeV. In the galactic bulge with radius r, ~ 1kpc, the number density of O-helium
can reach the value n, ~ 3 x 1073/S3cm™3, and the collision rate of O-helium in this central region was estimated in
[298]: dN/dt = n2ovydnry /3 ~ 3 x 10% 552 51 At the velocity of v, ~ 3x 107 cm/ s, energy transfer in such collisions is
AE ~ 1MeVSs. These collisions can lead to the excitation of O-helium. If the 2S level is excited, pair production dominates
over two-photon channel in the de-excitation by EO transition, and positron production with the rate 3 x 104 Sy 251 is
not accompanied by strong gamma signal. According to Ref. [302], this rate of positron production for S3 ~ 1 is sufficient
to explain the excess in positron annihilation line from bulge, measured by INTEGRAL (see Ref. [303] for review and
references). If OHe levels with nonzero orbital momentum are excited, gamma lines should be observed from transitions
(n > m) Epn = 1.598 MeV(1/m? — 1/n?) (or from the similar transitions corresponding to the case I, = 1.287 MeV) at
the level 3 x 10~* Sy 2(cm? s MeVster)~'. Cosmic high energy positron flux from decays of double charged constituents
of composite dark matter as a possible explanation of the positron excess detected by PAMELA and AMSO02 are displayed
in Fig. 24. Gamma ray flux accompanying cosmic high energy positron flux from decays of double charged constituents
of composite dark matter in confrontation with the measurements of FERMI/LAT are displayed in Fig. 25.

To explain the excess of positron annihilation line in the galactic bulge mass of double charged constituent of O-helium
should be in a narrow window around

m, = 1.25TeV. (117)

To explain the excess of high energy cosmic ray positrons by decays of constituents of composite dark matter with
charge +2 and to avoid overproduction of gamma background, accompanying such decays, the mass of such constituent
should be in the range

me < 1TeV. (118)
These predictions can be confronted with the experimental data on the accelerator search for stable double charged
particles.

6.6. O-helium solution for dark matter puzzles

It should be noted that the nuclear cross section of the O-helium interaction with matter escapes the severe
constraints [289-291] on strongly-interacting dark matter particles (SIMPs) [283-291] imposed by the XQC experiment
[304,305]. More general class of dark matter with hadronic and hadron-like interaction was discussed in [306].
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Fig. 24. Excess of high energy cosmic ray positrons measured in AMS02 experiment as a signature for decaying double charged constituents of dark
atoms.

Diffuse gamma background

E (GeV)

Fig. 25. Gamma ray flux that should accompany high energy cosmic ray positrons from decaying double charged constituents of dark atoms detected
in PAMELA and AMS02 experiment in confrontation with the gamma ray background measured by FERMI/LAT.

6.6.1. O-helium in the terrestrial matter

The evident consequence of the O-helium dark matter is its inevitable presence in the terrestrial matter, which appears
opaque to O-helium and stores all its in-falling flux.

After they fall down to the terrestrial surface, the in-falling OHe particles are effectively slowed down due to elastic
collisions with matter. They then drift, sinking down towards the center of the Earth with velocity

V= ni—v ~ 805:41% cm/ s (119)

Here Apeq ~ 30 is the average atomic weight in terrestrial surface matter, n = 2.4 x 10%4/A is the number of terrestrial
atomic nuclei, ov is the rate of nuclear collisions, and g = 980 cm/ s?.

Near the Earth’s surface, the O-helium abundance is determined by the equilibrium between the in-falling and
down-drifting fluxes.

At a depth L below the Earth’s surface, the drift timescale is tg ~ L/V, where V ~ 400S;cm/ s is the drift velocity
and m, = S3 TeV is the mass of O-helium. This means that the change of the incoming flux, caused by the motion of the
Earth along its orbit, should lead at the depth L ~ 10° cm to the corresponding change in the equilibrium underground
concentration of OHe on the timescale t4 ~ 2.5 x 102 S5 Is,

The equilibrium concentration — which is established in the matter of underground detectors at this timescale - is
given by

Nop = nf)lE) + nf,zE) - sin(a(t — to)) (120)

41



M. Khlopov Progress in Particle and Nuclear Physics 116 (2021) 103824

with w = 27 /T, T = 1yr and t, the phase. So, there is an averaged concentration given by

(1) Mo
o ey (121)
7 3205,AY2

med

and the annual modulation of concentration characterized by the amplitude

@) _ 1o

= _ " v,
% 64055412

(122)

Here Vj, is the speed of Solar System (220 km/s), V is the speed of the Earth (29.5 km/s), and ng = 3 x 10~* 53_1 cm~3
is the local density of O-helium dark matter.

6.6.2. OHe in the underground detectors

The explanation [124,278,282] of the results of the DAMA/Nal [103] and DAMA/LIBRA [104] (see Ref. [105] for the
latest review of these results) experiments is based on the idea that OHe - slowed down in the matter of detector - can
form a few keV bound state with a nucleus, in which OHe is situated beyond the nucleus. Therefore, the positive result
of these experiments is explained by annual modulation in reaction of radiative capture of OHe

A+ (*He*r077) —» [A*He™ 0 )] + ¥ (123)

by nuclei in DAMA detector.

To simplify the solution of the Schrédinger equation, the potential was approximated in Refs. [278,292] by a rectangular
potential, presented in Fig. 21. The solution of the Schrédinger equation determines the condition under which a low-
energy OHe-nucleus bound state appears in the shallow well of region IIl and the range of nuclear parameters was found
at which OHe-sodium binding energy is in the interval 2-4 keV.

The rate of radiative capture of OHe by nuclei can be calculated [278,282] with the use of the analogy with the radiative
capture of a neutron by a proton, accounting for: (i) absence of M1 transition that follows from the conservation of orbital
momentum; and (ii) suppression of E1 transition in the case of OHe. Since OHe is isoscalar, the isovector E1 transition can
take place in the OHe-nucleus system only due to the effect of isospin nonconservation, which can be measured by the
factor f = (m, — mp)/my ~ 1.4 x 1073, corresponding to the difference of mass of neutron, m,, and proton, m,, relative
to the mass of nucleon, my. In the result, the rate of OHe radiative capture by a nucleus with atomic number A and charge
Z to the energy level E in a medium with temperature T is given by

frae 3 Z, T

V=T A JamE
P p

Formation of an OHe-nucleus bound system leads to energy release of its binding energy, detected as ionization signal.
In the context of our approach, the existence of annual modulations of this signal in the range 2-6 keV and the absence
of such an effect at energies above 6 keV means that binding energy Ey, of the Na-OHe system in the DAMA experiment
should not exceed 6 keV, being in the range 2-4 keV. The amplitude of annual modulation of the ionization signal can
reproduce the result of DAMA/Nal and DAMA/LIBRA experiments for Ey, = 3 keV. Accounting for the energy resolution in
DAMA experiments [104] can explain the observed energy distribution of the signal from a monochromatic photon (with
Ene = 3keV) emitted in OHe radiative capture.

At the corresponding nuclear parameters, there is no binding of OHe with iodine and thallium [278].

It should be noted that the results of the DAMA experiment also exhibit the absence of annual modulations of the
energy of tens MeV. Energy release in this range should take place if the OHe-nucleus system comes to the deep
level inside the nucleus. This transition implies tunneling through dipole Coulomb barrier, and is suppressed below the
experimental limits.

For the chosen range of nuclear parameters, reproducing the results of DAMA/Nal and DAMA/LIBRA, the results of
Ref. [278] indicate that there are no levels in the OHe-nucleus systems for heavy nuclei. In particular, there are no such
levels in Xe, which seems to prevent direct comparison with DAMA results in the XENON100 experiment [109]. The
existence of such levels in Ge and the comparison with the results of CDMS [106-108] and CoGeNT [110] experiments
need special study. According to Ref. [278], OHe should bind with O and Ca, which is of interest for interpretation of the
signal observed in the CRESST-II experiment [307].

In thermal equilibrium, OHe capture rate is proportional to the temperature. Therefore, it looks like it is suppressed in
cryogenic detectors by a factor on the order of 1074, However, for the size of cryogenic devices (less than a few tens of
meters), OHe gas in them has the thermal velocity of the surrounding matter, and this velocity dominates in the relative
velocity of the OHe-nucleus system. This gives the suppression relative to room temperature only ~ m,/m,. Then, the
rate of OHe radiative capture in cryogenic detectors is given by Eq. (124), in which room temperature T is multiplied by
factor my/m,.

(124)
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6.7. The open problems of OHe model

The existence of heavy stable particles is one of the popular solutions for the dark matter problem. Usually they are
considered to be electrically neutral. However, dark matter can potentially be formed by stable heavy charged particles
bound in neutral atom-like states by Coulomb attraction. Analysis of the cosmological data and atomic composition of
the universe gives constraints on the particle charge, showing that only —2 (in general, —2n) charged constituents -
being trapped by primordial helium nuclei (in general by n He nuclei) in neutral O-helium states - can avoid the problem
of overproduction of the anomalous isotopes of chemical elements, which are severely constrained by observations. A
cosmological model of O-helium dark matter can even explain puzzles of direct dark matter searches.

The proposed explanation is based on the mechanism of low-energy binding of OHe with nuclei. Within the uncertainty
of nuclear physics parameters, there exists a range at which OHe binding energy with sodium is in the interval 2-4 keV.
Annual modulation in radiative capture of OHe to this bound state leads to the corresponding energy release observed as
an ionization signal in DAMA/Nal and DAMA/LIBRA experiments.

Accounting for the for high sensitivity of the numerical results to the values of nuclear parameters and for the
approximations made in the calculations, the presented results can be considered only as an illustration of the possibility
of explaining puzzles of the dark matter search in the framework of the composite dark matter scenario. An interesting
feature of this explanation is a conclusion that the ionization signal may be absent in detectors containing light
(e.g., 3He) or heavy (e.g., Xe) elements. Therefore, tests of results of the DAMA/Nal and DAMA/LIBRA experiments by
other experimental groups can become a very nontrivial task. The signal of OHe binding should be absent in xenon
detectors [109,275] and suppressed in cryogenic detectors. The specific temperature dependence of the signal should
be taken into account for the same chemical content and even the same strategy of searches for annual modulation signal
in the ANAIS [308] and COSINE-100 [309] experiments.

The present explanation contains distinct features, by which it can be distinguished from other recent approaches to
this problem (see [310] for review and references).

An inevitable consequence of the proposed explanation is the appearance of anomalous superheavy isotopes in the
matter of underground detectors, having mass roughly m, larger than ordinary isotopes of the corresponding elements.

It is interesting to note that in the framework of the presented approach, positive results of the experimental search
for WIMPs by effect of their nuclear recoil would be a signature for a multicomponent nature of dark matter. Such
OHe+WIMPs multicomponent dark matter scenarios naturally follow from the AC model [121] and can be realized in
models of Walking technicolor [293].

Stable —2 charge states (O~ ~) can be elementary, like AC-leptons or technileptons, or look like elementary as
technibaryons. The latter, composed of techniquarks, reveal their structure at much higher energy scale and should be
produced at the LHC as elementary species. The signature for AC leptons and techniparticles is unique and distinctive,
which allows their separation from other hypothetical exotic particles.

Since simultaneous production of three UU pairs and their conversion in two doubly charged quark clusters UUU
is suppressed, the only possibility to test the models of composite dark matter from fourth generation in the collider
experiments is a search for the production of stable hadrons containing single U or U-like Uud and Uu/Ud.

The presented approach sheds new light on the physical nature of dark matter. Specific properties of dark atoms and
their constituents are challenging for the experimental search. The development of the quantitative description of OHe
interaction with matter confronted with the experimental data will provide the complete test of the composite dark matter
model. It challenges the search for stable doubly charged particles at accelerators and cosmic rays as direct experimental
probe for charged constituents of the dark atoms of dark matter.

Collisions of OHe in the center of Galaxy lead to excess in positron annihilation line. The excess measured by INTEGRAL
can be explained at the central density and OHe mass displayed in Fig. 23.

7. Conclusion. Towards unification of BSM physics and cosmology

The Ouroboros self-eating-snake illustrates the main problem of modern fundamental physics: The theory of the universe
is based on the predictions of particle theory, which in turn need cosmology for their test. It is displayed in Fig. 26. The paradox
of the current situation is that in spite of serious arguments in favor of BSM physics and its reflection in BSM cosmology
the experimental data of high energy physics and precision cosmology only tighten the constraints on effects of this
physics.

Except for the detection of neutrino oscillations there is no convincing experimental evidence for BSM physics.

Precision cosmology, supporting the BSM physics basis of the standard inflationary ACDM model, does not indicate
any serious deviations from this now standard cosmological paradigm.

It may be possible that future accelerator experiments will only put more stringent constraints on BSM physics, which
can be only restricted to a super high energy basis of the standard ACDM cosmology, specifying with higher accuracy its
parameters in future CMB and LSS experiments.

However, reminding the situation of the end of XIX century, when the end of fundamental physics was declared, it
looks much more probable that there is some conspiracy of BSM physics and cosmology, hiding their signatures under
the cover of Standard models’ effects [311]. It may need special efforts to reveal their existence and features. Probably
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Fig. 26. The extremes of our knowledge in the largest and smallest physical scales converge as the Ouroboros self-eating snake.

COSMOlogy PARTICLE PHYSICS

Physical scale V New physics

!

Astrophysics O

Extremes of physical knowledge converge in the
mystical Ouroboros vicious cycle of problems,
which can be resolved by methods of Cosmoparticle physics

Fig. 27. Complementarity of cosmological, astrophysical and experimental physical tests of new physics, characterized by energy scale V.

first hints to deviation from the standard cosmological scenario come from the so called “Hubble tension” - difference in
determination of the value of the modern Hubble constant from early and late cosmological data [312,313].

The expected progress in studies of precision cosmology, astroparticle physics and high energy physics and astrophysics
will definitely help to uncover this secrecy. Multimessenger cosmology of new physics will provide both additional
information on the physics of very early Universe as well as on the underlying physics. The analysis of the expected
big data on the physical, astrophysical and cosmological signatures of new physics will accomplish these studies. It will
involve technology of artificial intellect and machine learning.

We have presented some examples of possible cosmological and physical signatures of new physics and look forward
to revealing of features of BSM symmetries, supporting multicomponent dark matter candidates and nonstandard
cosmological scenarios.

Cosmological, astrophysical and experimental physical probes for new physics are complementary. This complemen-
tarity of studies of physics corresponding to a new physical scale V is displayed in Fig. 27.

The observed contours of the BSM physics and cosmology inspire a deep belief that after the Standard model the
development of cosmoparticle physics, studying fundamental relationship of cosmology and particle physics in the set of
indirect cosmological, astrophysical and microphysical effects [12,13], will lead to true history of our world based on the
true physical nature of its unknown components that correspond to 95% of the modern Universe content.
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