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CoBpemennass KoCMOJiOTHsi 0oOperaeT cBou (pU3NUIECKHE OCHOBAHUS BHE
pamMok cramgapTHeix Mozeneii (BCM) dbyHIaMeHTATBHBIX  B3auMOJIEHCTBHIA,
NpUBJIEKast [IJisi ONUCAHUSA CTPYKTYPbI M SBOJIONUN BceleHHOW MeXaHU3MbI
I/IHCb.HS[]_[I/H/I n 6ELpI/IOCI/IHTe3a7 a TaKXKe TUIIOTCTUYECKUX KaHAWUIATOB Ha pPOJIb
YACTHUI] CKPBITOI MAaCCHhI. B To xe Bpemsa, Jiobad rocsenoBaTebHAS
peanm3arust WHQIATMMOHHBIX KOCMOJIOTHIECKAX MOJesel ¢ 0apuoCHHTE30M U
CKPBITO} Maccoit Ha ocHOBe dusmueckux mozesneii BCM nenszbe:xxkHO COmEpKUT
MOAEJIBHO-3aBUCHUMbIE TIPDEACKA3aHUA, BBIXOJAIINE 3a PaMKHW HbBIHE CT&HﬂapHOﬁ
KOCMOJIOTHYECKON Mogesn. Ilpw 3TOM TOATBEXKA€HWE CYIIECTBOBAHUS TaKUX
IKI0TUYIECKUX O6'b€KTOB "u HBﬂeHI/Iﬁ, KaK TeMHbI€ aTOMBI, TIIEePBUYHBLIC YCDHbIC
JBIPBI U MAKPOCKOIIUYECKHE OOBEKTHI AHTHUBeIecTBa B Hameil [amakTnke
MoxkeT obecrmeunTh Kak BeIbop Mogesneit BCM, tak w omnpejenerune wux
JOTYCTUMBIX TIapaMeTpoB. KocMOMUKpODU3NTIECKHil MOAX0M K HUCCJIEeTOBAHUIO
dbyHIAMEHTATHEHON B3AMMOCBI3U MUKPO- U MAKPO- MUPA B KOMITJIEKCHOM COYETAHNN
ee pusnIeCKux, aCTPOPUINIECKAX U KOCMOJIOTHIECKUX TMPOABJICHU CITOCOOCTBYET
m3yuernio kak ¢pusnkn BCM, u ocHOBaHHON Ha Hell KApTUHBI CTPYKTYPHI U
spotonuu Beegenmoit.

Modern cosmology acquires its physical foundations Beyond the Standard Mod-
els (BSMs) of fundamental interactions, involving the mechanisms of inflation and
baryosynthesis, as well as hypothetical candidates for the role of dark matter parti-
cles, to describe the structure and evolution of the Universe. However, any consis-
tent implementation of inflationary cosmological models with baryosynthesis and
dark matter based on BSM physical models inevitably contains model-dependent
predictions that go beyond the now standard cosmological model. At the same
time, confirmation of the existence of such exotic objects and phenomena as dark
atoms, primordial black holes, or macroscopic antimatter objects in our Galaxy
can provide both the choice of BSM models and the determination of their admis-
sible parameters. The approach of cosmoparticle physics to study the fundamental
relationship of the micro- and macro-world in a proper combination of its physical,
astrophysical and cosmological manifestations explores both the BSM physics and
the picture of the structure and evolution of the Universe based on it.
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Introduction

The modern standard cosmological paradigm involves inflationary cos-
mological scenario with baryosynthesis and dark matter/energy, which imply
physics beyond the standard model (BSM) of fundamental interactions. Tt
makes the origin of the observed Universe and its structure and evolution
to be determined by the dark sector of particle physics and we need special
methods to shed light on it. The basic idea of the approach presented here
is to pay special attention to the nontrivial effects of the BSM models, which
should inevitably result in observable cosmological consequences. Such model
dependent set of model dependent predictions, accompanying BSM models,
which underlie the now standard cosmology, and leading to deviations from
the standard cosmological paradigm, maintain multimessenger cosmological
probes for new physics. Observational restrictions on such predictions put
constraints on the parameters of the BSM physics. However, observational
signatures for such exotic and nontrivial phenomena would provide the sen-
sitive probe for the BSM physics and its allowed parameters.

Dark atoms and their multiple charged constituents

The last decades, the mainstream of studies of physical nature of the
cosmological dark matter was related with the WIMP miracle. The frozen
out abundance of primordial gas of Weakly Interacting Massive Particles
(WIMPs) can explain the observed density of dark matter if these particles
have masses in the range of hundreds GeV and the annihilation cross section
in the range of weak interaction. From the theoretical viewpoint the exis-
tence of WIMPs had strong motivation in supersymmetric (SUSY) models
predicting stable Lightest Supersymmetric Particles, which can play role of
WIMPs and should be accompanied with the set of supersymmetric partners
of ordinary particles, which could be detected at the LHC.

However, the results of direct dark matter searches are controversial and
there is no evidence for SUSY particles at the LHC. The latter can reflect
a very high energy scale of SUSY particles, which can be sub-Planckean,
so that supersymmetry can provide unification of all the fundamental forces
including gravity in the framework of Supergravity, but then the practical
advantage of supersymmetry to solve the problem of divergence of the Higgs
boson mass and to explain the origin of the Higgs mechanism of electroweak
symmetry breaking is lost and the solution of these problems of the Stan-
dard Model (SM) should involve some other approach (see [1] for review and
references).

Composite nature of the SM Higgs boson can solve the problem of the
divergence of its mass and of the origin of the electroweak energy scale. Such
solution involves Higgs boson constituents, which can have electromagnetic
charge and bind in exotic non-single charged states. If such states are sta-
ble they had to be produced in the early Universe and be present in the



surrounding matter. Severe upper limits on the abundance of anomalous
isotopes exclude fractionally, positively or odd negatively charged species,
but, if such states have charge —2n, they can be stable and their existence
doesn’t contradict these constraints since they can be bound with n nuclei
of primordial helium in neutral dark atoms.

In Walking TechniColor (WTC) models of composite electroweak Higgs
boson the charge of techniquarks and technileptons is not fixed and their
charge assignment is regulated by the cancellation of anomalies. Any integer
value of n is possible in this case. Techniparticles have no QCD charges
and behave like leptons. If n = 1, the —2 charged particle binds with helium
nucleus in OHe atom - a Bohr like system with leptonic massive techniparticle
core and helium nucleus on a Bohr orbit with radius of the order of the size
of a-particle. If n > 1, the —2n charged techniparticle is situated inside the
n — a-particle nucleus, being a Thomson like atom.

The nontrivial SU(2) charges of multiple charged stable constituents of
dark atoms provide their participation in the electroweak sphaleron transi-
tions, which can balance the excess of these constituents with baryon asym-
metry. It turns out that at reasonable parameters of sphaleron transitions
baryon excess is balanced with the excess of —2n particles over their posi-
tively charged antiparticles. Due to this charge asymmetry primordial abun-
dance of +2n charged particles is suppressed below the upper limits on the
abundance of the corresponding anomalous isotopes. The excess of —2n
charged stable particles, corresponding to the observed baryon asymmetry
can provide their contribution into the modern density explaining the ob-
served dark matter density by dark atoms.

The balance between the excess of even-negatively charged particles and
baryon asymmetry can also take place in the case of new stable U-quark of a
new successive family of quarks and leptons, which possess same electroweak
SU(2) charges as quarks and leptons of the three known families. Then
excessive U form —2 charged heavy quark cluster (UUU). Such clusters are
bound by chromo-Coulomb interaction and their QCD interaction is strongly
suppressed relative to ordinary hadrons bound by QCD confinement.

Dark atoms represent the minimal possible extension of the Standard
model, since this hypothesis involves only one element of BSM physics -
existence of stable multiple charged particles. The properties of dark atom
interaction with matter are determined by their nuclear interacting helium
shell. It makes this form of dark matter strongly interacting and elusive for
direct WIMP searches. Owing to their nuclear interaction with the terrestrial
matter dark atoms slow down and cannot cause detectable nuclear recoil in
the underground detectors, on which the strategy of WIMP searches is based.

Dark atom hypothesis explains positive results of dark matter searches in
DAMA /Nal and DAMA/LIBRA experiments by annual modulation of low
energy binding of dark atoms with sodium nuclei in DAMA detector. The
idea of this explanation is based on the adjustment of the local concentration
of dark atoms in the matter of underground detectors to the cosmic dark
atom flux, which possess annual modulations due to orbital motion of Earth



around Sun. If there is a 3 keV level in the dark atom-nucleus system,
radiative transitions to this level can reproduce the observed DAMA effect.
The hypothesis on the existence of such a level implies rigorous quantum
mechanical prove, which is now under way.

Dark atom cosmological scenario leads to a Warmer than Cold Dark Mat-
ter model of Large Scale Structure formation and can lead to nontrivial role
of dark atoms in the Big Bang Nucleosynthesis, appearance of new multiple
charged heavy components of cosmic rays and dark atom effects in stars.
Thorough exploration of these aspects of dark atom astrophysics inevitably
involves development dark atom nuclear physics, which still remains the open
problem of this approach. In any case, the basic assumption of the dark atom
model is the existence of multiple charged stable particles challenging their
search at the LHC and the wide set of possible physical, astrophysical and
cosmological signatures of dark atoms and their constituents make this hy-
pothesis falsifiable and thus realistic.

Primordial nonlinear structures

Formation of gravitationally bound objects in the expanding homoge-
neous and isotropic Universe is related in the standard cosmology with growth
of initially small density fluctuations at the Matter Dominated stage. How-
ever the observational data on the homogeneity and isotropy of the Universe
at large scales doesn’t exclude existence of a strongly nonhomogeneous but
strongly subdominant forms of matter, distributed up to the largest observed
distances. One cannot also exclude strong primordial nonhomogeneities at
the scales, smaller than the scales of galaxies, at which the primordial nature
is masked by the nonlinear evolution of the cosmological structure.

The origin of such forms of primordial nonhomogeneities can be illustrated
in Axion-Like Particle (ALP) model, which can be reduced to a simple model
of a complex field ¥ = 1 exp 6 with broken global U(1) symmetry [1,2]. The
potential

V=VW+4dV

contains the term

Vo= S(0w - 2 )

that leads to spontaneous breaking of the U(1) symmetry with continuous
degeneracy of the asymmetric ground state

Voge = feXp(29> (2)

and the term
SV (0) = A*(1 — cos ) (3)

with A < f that leads to manifest breaking of the residual symmetry, leading
to a discrete set of degenerated ground states, corresponding to

Ovae = 0, 2w, 4m, ...



The term (3) can be present in the theory initially, or generated by instanton
transitions, as it is the case in the axion models. In the result of the second
step of symmetry breaking an ALP field ¢ = f0 is generated with the mass

mg = A*/f. (4)

This pattern of global U(1) symmetry breaking leads to succession of
phase transitions in the early Universe.

If the first (spontaneous) symmetry breaking takes place at the tempera-
ture T' ~ f after reheating, the correlation radius is small and the continuous
degeneracy of the asymmetric ground state is reflected in continuous change
of the phase #. Closed paths, along which the phase changes from 0 to 2w,
lead to singularities at their contraction, in which the phase is not defined
and the symmetric ground state is restored. Geometrical place for these sin-
gularities is the cosmic string - topological defect arising due to continuous
degeneracy of the asymmetric ground state. At 7'~ A < f continuous de-
generacy is changed by discrete symmetry and simultaneously string network
transforms into unstable walls-surrounded-by-strings structure of topological
defects. Though this structure is unstable, it provides initial conditions for
amplitude of ALP field, which determines the energy density of ALP field
oscillations. In that way the initial wall-surrounded -by-string structure is
reflected in the large scale correlations of the energy density of ALP field
oscillations, called archioles in the case of QCD axion [3,4]. Evolution of
these large scale correlations in their relationship with distribution of axion
stars [5] needs special studies.

If spontaneous symmetry breaking takes place at the inflationary stage,
the value of phase 6 has a fixed value 6, at e-folding, corresponding to ob-
served part of the modern Universe, and fluctuates at successive steps of
inflation in smaller scales with the amplitude 66 = H;/(2x f), where H; is
the Hubble parameter at inflation. If §, < 7 such fluctuations can lead to
6 > 7 in some regions, so that these initial conditions lead to the ground state
Ovac = 0 everywhere, except for the regions with 6 > 7w, where 0,,. = 27w. At
the phase transition at 7' ~ A < f after reheating such regions should be
separated from the surrounding part of the Universe by a topological defect
- closed domain wall with the surface mass density o ~ fAZ.

After the first crossing of 7 fluctuations can continue such crossings at
smaller scales, so that at the second phase transition the locally larger closed
wall should be surrounded by a set of smaller closed walls. Collapse of closed
walls results in formation of Primordial Black Hole (PBH) cluster [1,2].

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 corre-
sponding region, separating it from the other part of the universe. This con-
dition corresponds to the mass [2]

Ml (Tt
f

Mmax = mpl( A )2 (5)



The minimal mass follows from the condition that the gravitational radius
of BH exceeds the width of wall, and it is equal to [2]

Myl

Closed wall collapse leads to primordial gravitational wave (GW) spec-
trum, peaked at
vy =3 x 10" (A/f) Hz (7)

with energy density up to

Qaw ~ 1074(f /my) (8)

th
At f ~ 10 GeV this primordial gravitational wave background can reach
Qcw ~ 107°. For the physically reasonable values of

1 <A<10°GeV (9)
the maximum of the spectrum corresponds toci
3x107° <1y <3 x10°Hz (10)

In the range from tens to thousands of Hz, such background may be a
challenge for LIGO-VIRGO-KARGO experiment.

The account for PBH formation in clusters [1| can influence the severe
constraints, excluding PBH dominance in dark matter [6] and even open this
possibility.

Another profound signature of the primordial origin of stellar mass black
holes are gravitational wave (GV) signals from their merging, if the masses
of BH companions in the binary exceed the pair instability limit of 50M.
Then such BH binaries can be hardly prodiuced in the evolution of the first
generation stars. In this aspect detection of signals from binary BH coales-
cence with total mass 150M, in the LIGO-VIRGO GW experiment [7] may
be considered as a positive evidence for their PBH nature [8].

PBH clustering facilitates formation of BH binaries as compared with
the case of their random distribution. It should lead to repeating events of
BH coalescence and localization of the corresponding sources of GW signals
within the same PBH cluster [9]. With the growth of statistics of GW signals
and improvement of localization of their sources this feature of scenario of
PBH clustering can get experimental verification [1].

Antimatter probe for the origin of matter

Any mechanism of generation of baryon excess in baryosynthesis may be
nonhomogeneous and lead to creation of domains with antibaryon excess in
the baryon asymmetrical Universe [1,2,10,11]. To survive in the baryon sur-
rounding, antibaryon domain should be sufficiently large. Tt implies proper



Fig. 1. Fluctuations of phase 6 at the inflationary stage move its value from 6gg,
corresponding to the scale of the modern cosmological horizon, to various local
values at smaller scales. Crossing 0 and 7 leads to generation of antibaryon excess
in the corresponding regions. This original author’s figure was published in [1].

combination of nonhomogeneous baryosynthesis and inflation. The model
of spontaneous baryosynthesis [12] combines these two features and can be
reduced to the ALP field, given by Eq.(2), which has in addition to the po-
tential terms Eq.(1) and Eq.(3) a Yukawa interaction with fermions, violating
baryon and lepton number conservation. Owing to this Yukawa interaction
the field decays and generates baryon excess. The amplitude of the ALP
field acquires its vacuum expectation value f at the inflationary stage and
the phase 6 has the value 64 at the stage of inflation, corresponding to the
modern cosmological horizon. Fluctuations of § at the successive stages of
inflation change its value in some regions within the modern cosmological
horizon and may cross 6 = 0 or 6 = 7, as shown on Fig.1. Decays of ALP
field after the second phase transition lead to generation of baryon excess in
the course of § motion to its ground state. At 0 < § < m baryon excess is
generated, while in the regions with m < 6 < 27 is generated an antibaryon
excess. The average value of baryon density is proportional to fg in the
observed Universe, while local baryon and antibaryon density can be larger
or smaller, pending on the local value of #, which determines the generated
excess (see Fig.1). The measured CMB anisotropy puts constraints on the
amplitude of baryon density fluctuations at large scales, but doesn’t exclude
strong fluctuations at the galaxy scales and smaller [1,2,13].

If local amplitude of the ALP phase field §; in antibaryon domain is much
smaller than 64, corresponding to the average baryon density, a low antimat-
ter density region forms, in which neither nucleosynthesis;, nor recombination
can take place. Such domains of diffused antiworld cannot take part in galaxy
formation and can appear in the intergalactic space as low density clouds of
antiproton-positron plasma [14].

Domains, originated from the value of phase amplitude §; much larger
than 6y, contain antibaryon density much higher than the average baryon
density and their rapid evolution can lead to formation of antimatter globular
cluster in our Galaxy [15]. Such cluster can be the source of antihelium



component of cosmic rays accessible to detection in AMS02 experiment [16].
In this scenario antimatter stars are localized in the region of antimatter
globular cluster and antistellar winds and products of anti-Supernova leave
this region, so that products of anti-stellar nucleosynthesis cannot stay in
this region and form dust, planetisimals and other antimatter rigid bodies,
making highly improbable formation of antimatter meteorites, which can
reach Earth [17]. Localization of antinulei, heavier than antihelium, and
their binding in antiatoms and antimolecules (with successive formation of
anti-dust, antimeteorites and other rigid antibodies) can be only possible,
if such heavy nuclei were created in the antimatter domain at Big Bang
Nucleosynthesis owing to much higher antibaryon density as compared to
the average cosmological baryon density.

As it looks like from the Fig. 1 fluctuations crossing m may lead to
the antibaryon density much higher than the average baryon density and it
can lead to formation of very dense antiquark bodies, as considered in [18].
However, to reach values above 7 the fluctuations should first reach large
values below 7, so that antibaryon domain with high density should appear
within the region of the enhanced baryon density. Moreover, fluctuations in-
side future antibaryon domain may move the phase back to values below 7,
leading finally to a nontrivial ’Chinese boxes’ structure in which antimatter
domain contains matter domains, which in their turn contain smaller anti-
matter domains etc [14]. Evolution of such structure with the account for
matter-antimatter annihilation at the borders can reduce the initial very high
antibaryon density down to the conditions similar to the average baryonic
matter evolution, which results in generation of antimatter stars and their
evolution similar to the ones of the ordinary baryonic stars. Then antihe-
lium flux from antimatter globular cluster becomes the profound signature
for macroscopic antimatter in our Galaxy.

Cosmoparticle physics of multimessenger BSM cosmology

We discussed some examples of new physics phenomena, which may be
already observed and can lead to determination with "astronomical preci-
sion" of parameters of BSM models. We considered dark atom solution for
the puzzles of direct dark matter searches and linked the existence of new
stable multiple charged constituents of dark atoms to the solution of the the
problems of the electroweak sector of the Standard model (SM) by the com-
posite nature of the electroweak Higgs boson. We link Primordial origin of
the merging BH binaries, observed in gravitational wave experiments, to the
mechanisms of PBH formation in the inflationary Universe, reflecting the
symmetry breaking pattern of the ALP models. We extended the discus-
sion of the possible forms of primordial nonhomogeneities in homogeneous
and isotropic Universe by discussion of possible existence of macroscopic anti-
matter domains in baryon asymmetrical Universe. Evolution of such domains
to the macroscopic antimatter objects can result in an antimatter globular
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Fig. 2. Cosmoparticle physics probes the scale V' of new physics by proper combi-
nation of its cosmological astrophysical and experimental physical signatures. This
original author’s figure was published in [1].

cluster in our Galaxy;, which can be the source of antihelium component of
cosmic rays accessible to the experimental detection in the AMSO02 exper-
iment. These examples of cosmological messengers of new physics can be
put in the context of cosmoparticle physics, studying the fundamental rela-
tionship of cosmology and particle physics in the proper combination of its
physical, astrophysical and cosmological signatures. Such combination can
provide the effective probe for new physics, as it is illustrated on Fig 2.
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