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Abstract: The history of dark universe physics can be traced from processes in the very early universe
to the modern dominance of dark matter and energy. Here, we review the possible nontrivial role of
strong interactions in cosmological effects of new physics. In the case of ordinary QCD interaction,
the existence of new stable colored particles such as new stable quarks leads to new exotic forms of
matter, some of which can be candidates for dark matter. New QCD-like strong interactions lead to
new stable composite candidates bound by QCD-like confinement. We put special emphasis on the
effects of interaction between new stable hadrons and ordinary matter, formation of anomalous forms
of cosmic rays and exotic forms of matter, like stable fractionally charged particles. The possible
correlation of these effects with high energy neutrino and cosmic ray signatures opens the way to
study new physics of strong interactions by its indirect multi-messenger astrophysical probes.

Keywords: cosmology; particle physics; physics beyond the standard model; particle symmetry;
stable particles; dark matter; cosmic rays

1. Introduction

The modern standard model of cosmology, involving inflation, baryosynthesis and dark
matter/energy finds its basis beyond the standard model (BSM) of electroweak (EW) and strong
interactions, thus moving the physics of the universe to the dark side of the fundamental physics.
These phenomena determine the history of the cosmological evolution that resulted in the modern
structure of the universe [1–8].

BSM physics not only provides a physical basis for the standard elements of cosmological
construction, but also inevitably involves new nonstandard cosmological and astrophysical features
(see [9,10] for review and references). Here, we study such features, which may appear as signatures
for the new physics of strong interactions.

In the strong interaction of the standard model (QCD), new physics comes from colored states
with new quantum numbers. If these new charges are conserved, the lightest particle which possesses
this property is stable and can have important cosmological impact. An interesting feature of new
stable heavy quarks is their binding by chromo-Coulomb forces in heavy quark clusters with strongly
suppressed hadronic interaction, making their properties more close to the features of leptons.

BSM models can involve additional non-abelian symmetry, giving rise to new composite particles,
whose constituents are bound by QCD-like confinement. Such states may have exotic features of
multiple or fractional charge leptons.
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In the present review we discuss predictions of QCD and QCD-like models for possible new forms
of stable matter and dark matter candidates (Section 2) as well as their effects and multi-messenger
probes in the galaxy (Section 3).

2. New Physics from QCD and QCD-Like Models

2.1. General Features of New Physics of Strong Interactions in Dark Cosmology

Models adding new symmetry to the symmetry of the standard model (SM) predict new conserved
quantum numbers, which provide stability of the lightest particle that possesses them. Such a particle
can also possess QCD color and constitute new stable hadrons.

The addition of new non-abelian symmetry involves QCD-like interactions binding new QCD-like
constituents in new composite states. Such composite states do not have ordinary hadronic interaction
and look like leptons in their interaction with baryonic matter.

These new stable particles can be dark matter (DM) candidates, since even hadronic interaction
with cosmological plasma is not sufficiently strong to hinder the decoupling of gas of stable hadrons.

2.1.1. New Stable Quarks

Hadronic dark matter (HaDM) is one of the natural variants of strongly interacting dark matter
scenario. The most popular candidates, weakly interacting massive particles (WIMP), have not yet been
discovered. Moreover, strong restrictions on WIMP-nucleon scattering cross section [11] exclude some
variants of WIMP scenarios. Some scenarios of DM with strongly interacting massive particles (SIMP)
are presented in Refs. [10,12–15]. As was noted in the introduction, usually strongly self-interacting
dark matter scenarios are realized by introducing extra groups of gauge symmetry and additional
sets of fields. Here, we consider the scenario with hadronic DM, which contains a minimal set of new
fields. Namely, heavy singlet quark. This scenario is realized in the framework of grand unification
scheme (for example, E6-theory or SU(5) supersymmetric extension contain SU(2)-singlet quark). We
should note that hadronic DM is not only self-interacting; hadron-type DM particles strongly interact
with ordinary matter. Here, we give a brief description of the origin and main properties of new stable
quarks which enter the new heavy hadrons as DM particles.

In the scenario with heavy HaDM, new hadrons consist of new heavy stable quarks Q and light
standard ones, q. New quarks possess standard strong (QCD-type) interactions and, together with
standard quarks, form mesonic M = (qQ) and fermionic F1 = (qqQ), F2 = (qQQ), F3 = (QQQ)

composite states. New heavy quarks arise in the extension with singlet quarks [14], chiral-symmetric
models [15,16] and 4th generation standard model extensions [17–19]. Principal properties of new
heavy hadrons and their phenomenology were presented in Refs. [10,14,15]. It was underlined in
these works that the repulsive character of DM-nucleon interactions makes it possible to escape rigid
cosmochemical restrictions on the relative concentration of anomalous hydrogen and helium [10,16].
In this subsection, we briefly present a theoretical base of the HaDM scenario, which is constructed in
the framework of the extension with a singlet quark [14] and chiral-symmetric model [15].

The minimal Lagrangian of the extension of SM with new stable quarks is as follows:

L = LSM + LQ, (1)

where LQ describes interaction of new quarks Q with gauge bosons. In the case of singlet quark Qs

Lagrangian is defined in standard way:

LQ
s = iQ̄sγµ(∂µ − ig1qQVµ − igsttaGa

µ)Qs −MQQ̄sQs. (2)

In (2), the matrix ta = λa/2 are generators of SUC(3)-group and MQ is the mass parameter of Q.
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The chiral-symmetric extension of SM has an additional set of up and down quarks with
anti-symmetric (with respect to standard one) chiral structure:

Q = {QR = (UR, DR); UL, DL} (3)

The structure of covariant derivatives follows from this definition:

DµQR =(∂µ − ig1YQVµ −
ig2

2
τaVa

µ − ig3tiGi
µ)QR;

DµUL =(∂µ − ig1YUVµ − ig3tiGi
µ)UL,

DµDL =(∂µ − ig1YDVµ − ig3tiGi
µ)DL. (4)

In the equations in (4), the values YA (A = Q, U, D) are hypercharges of quarks’ doublets and
singlets and ti are generators of the SUC(3)-group. The gauge fields Va

µ are superheavy chiral partners
of standard gauge fields. Further, we consider some specific variant of the chiral-symmetric model
with vector-like interaction of new quarks with gauge bosons [10].

The structure of interactions in the extension with singlet quarks and in the chiral-symmetric
model has a vector nature in both cases. So, we use universal expression for the Lagrangian model of
EW interactions:

L(Qa, A, Z) = ga(cw Aµ − swZµ)Q̄aγµQa, Qa = Qs, U, D, (5)

where ga = g1qa and qa = 2/3 or qa = −1/3 for the case of up or down new quark. The definitions of
charges for quarks U and D in chiral-symmetrical scenario are standard also. These assumptions make
it possible to form neutrally coupled states with standard quarks. In the models under consideration,
vector interaction of new heavy quarks with gauge vector fields gives small contributions to
polarizations. So, the contributions of new quarks into Peskin–Takeuchi (PT) parameters S, T, U,
which describe their effects in electroweak physics, are small too. Using standard definitions of the PT
parameters and vertices in (5), by a straightforward calculation, we get for the parameters S and U
(T = 0) the following expressions:

S = −U =
ks4

w
9π

[−1
3
+ 2(1 + 2

M2
Q

M2
Z
)(1−

√
β arctan

1√
β
)]. (6)

Here, β = 4M2
Q/M2

Z − 1, k = 16(4) for the case of singlet quark model with the charge q =

2/3(−1/3), and k = 20 for the case of chiral-symmetric model. From Equation (6), it follows that for
heavy new quarks with mass MQ > 500 GeV the value of parameters S = −U < 10−2 is significantly
less than the experimental limits [20]:

S = 0.00 + 0.11(−0.10), U = 0.08± 0.11, T = 0.02 + 0.11(−0.12). (7)

Thus, the scenarios with vector-like new heavy quarks are not excluded by EW experimental
restrictions. There are, also, EW restrictions which follow from the presence of flavor-changing neutral
currents (FCNC). In the scenario under consideration, new quarks do not mix with standard quarks
and FCNC at the tree level are absent. So, there are no additional restrictions which follow from the rare
processes, such as rare decays of mesons and the mixing in the systems of neutral mesons (oscillations).

The potential of interaction of new heavy mesons and nucleons, as was shown in Ref. [10],
has repulsive character. So, new hadrons do not form coupled states with ordinary matter and this
effect excludes the formation of anomalous hydrogen and helium. Thus the scenario with hadronic DM
does not contradict rigid cosmochemical restrictions on the relative concentration of these elements [10].
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2.1.2. QCD-Like Models

For almost forty years, many efforts have been invested in developing SM extensions conjecturing
the existence of new nonperturbative BSM physics. In particular, such models can postulate that the
Higgs boson is a composite object consisting of some new fundamental constituents held together by
an analog of strong force. There are many brilliant reviews surveying different aspects of this huge
field in detail, e.g., [21–29].

In this section, we consider some particular variants of models that extend SM by introducing an
additional strong sector with heavy vector-like fermions, hyperquarks (H-quarks), charged under an
H-color gauge group [30–41]. Depending on H-quark quantum numbers, such models can encompass
scenarios with composite Higgs doublets (see, e.g., [42]) or a small mixing between fundamental Higgs
fields of SM and composite hadron-like states of new strong sector making the Higgs boson partially
composite. Models of this class leave room for the existence of DM candidates whose decays are
forbidden by accidental symmetries. Besides, H-color models comply well with electroweak precision
constraints, since H-quarks are assumed to be vector-like.

Among the simplest realizations of the scenario described are models with two or three
vector-like H-flavors confined by strong H-color force Sp(2χc̃), χc̃ > 1. The models with H-color
group SU(2) [37,43] are included as particular cases in this consideration due to isomorphism
SU(2) = Sp(2) [37,43]. The global symmetry group of the strong sector with symplectic H-color
group is larger than for the special unitary case—it is the group SU(2nF) broken spontaneously to
Sp(2nF), with nF being a number of H-flavors. Going beyond the simplest (two-flavor) model is of
interest because the phenomenology of such models is richer involving new fractionally charged states
that can be stable. We posit that the extensions of SM under consideration preserve the elementary
Higgs doublet in the set of Lagrangian field operators. This doublet mixes with H-hadrons, which
makes the physical Higgs partially composite. The same coset SU(2nF)/Sp(2nF) can be used to
construct composite two Higgs doublet model [42] or little Higgs models [44–49].

It should be also noted that there are multiple options of assigning electroweak quantum numbers
to new H-quarks charged under symplectic color gauge group. In the two-flavor case, for example,
there are two possibilities. Except for the model with vector-like H-quarks considered in this paper,
one can also build a model with one left-handed doublet and two right-handed quark singlets (e.g.,
see [21]).

Let us consider a model with the symmetry G = GSM × Sp(2χc̃), χc̃ > 1, with GSM and Sp(2χc̃)

being the SM gauge group and a symplectic hypercolor group respectively. In its field content,
the model introduces a doublet and a singlet of heavy vector-like H-quarks charged under H-color
group. Then, in the renormalizable case, the most general Lagrangian invariant under G reads

L = LSM −
1
4

Hµν
a Ha

µν + iQ̄ /DQ−mQQ̄Q + iS̄ /DS−mSS̄S + δLY, (8)

DµQ =

[
∂µ +

i
2

g1YQBµ − i
2

g2Wµ
a τa −

i
2

gc̃Hµ
a λa

]
Q, DµS =

[
∂µ + ig1YSBµ − i

2
gc̃Hµ

a λa

]
S, (9)

where Hµ
a , a = 1 . . . χc̃(2χc̃ + 1) are hypergluon fields and Hµν

a are their strength tensors; τa are the
Pauli matrices; λa, a = 1 . . . χc̃(2χc̃ + 1) are Sp(2χc̃) generators satisfying the relation

λT
a ω + ωλa = 0, (10)

where T stands for “transpose”, ω is an antisymmetric 2χc̃ × 2χc̃ matrix, ωTω = 1. Hereafter,
all underscored indices correspond to representations of the H-color group Sp(2χc̃). In the
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Lagrangian (8), the contact Yukawa couplings δLY of the H-quarks and the SM Higgs doublet H are
permitted by the symmetry G if the hypercharges YQ and YS satisfy an additional linear relation:

δLY = yL (Q̄LH ) SR + yR (Q̄RεH̄ ) SL + h.c. for
YQ

2
−YS = +

1
2

; (11)

δLY = yL (Q̄LεH̄ ) SR + yR (Q̄RH ) SL + h.c. for
YQ

2
−YS = −1

2
. (12)

It is a simple exercise to prove that the hypercolor part of the H-quark Lagrangian (8) can be
rewritten in terms of a left-handed sextet as follows:

δLH-quarks, kin = iP̄L /DPL, PL =


QL

εωQR
C

SL

−ωSR
C

 , DµPL =

[
∂µ − i

2
gc̃Hµ

a λa

]
PL, (13)

where ε = iτ2, the operation C denotes the charge conjugation. Equation (13) makes it obvious that,
in the absence of the electroweak interactions, the H-quark Lagrangian is invariant under an extension
of the chiral symmetry—a global SU(6) symmetry, dubbed the Pauli–Gürsey symmetry [50,51].
The subgroups of the SU(6) symmetry include:

• The chiral symmetry SU(3)L × SU(3)R;
• SU(4) subgroup corresponding to the two-flavor model without singlet H-quark S;
• Two-flavor chiral group SU(2)L × SU(2)R, which is a subgroup of both former subgroups.

The global symmetry is broken both explicitly and dynamically:

• Explicitly—by the electroweak and Yukawa interactions, (9) and (11), and the H-quark masses;
• Dynamically—by H-quark condensate [52,53]:

〈Q̄Q + S̄S〉 = 1
2
〈P̄LM0PR + P̄RM†

0 PL〉, PR = ωPL
C, M0 =

0 ε 0
ε 0 0
0 0 ε

 . (14)

The condensate (14) is invariant under Sp(6) ⊂ SU(6) transformations U that satisfy a condition

UTM0 + M0U = 0, (15)

i.e., the global SU(6) symmetry is broken dynamically to its Sp(6) subgroup. The mass terms of
H-quarks in (8) could break the symmetry further to Sp(4)× Sp(2):

δLH-quarks, masses = −
1
2

P̄LM′0PR + h.c., M′0 = −M′0
T =

 0 mQε 0
mQε 0 0

0 0 mSε

 . (16)

It should be noted that the model under consideration is free of the gauge anomalies and can
be easily reconciled with the electroweak precision constraints, since the H-quarks are vector-like,
i.e., their electroweak interactions are chirally symmetric.

The effective interactions of H-hadrons can be described in a linear σ-model involving
the fundamental (not composite) Higgs doublet H and constituent H-quarks as independent
degrees of freedom. The Lagrangian of the model can be broken down into four sectors—(1)
a sector of the constituent H-quarks (containing interactions of the quarks with gauge bosons),
(2) Yukawa interactions of the (pseudo)scalars with the H-quarks, (3) a sector of (pseudo)scalar
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fields (which produces their self-interactions and interactions with the Higgs boson), and (4) terms
communicating the explicit breaking of the SU(2nF) global symmetry to the effective fields:1

LLσ = LH-quarks +LY +Lscalars +LSB, (17)

LH-quarks = iP̄L /DPL, LY = −
√

2κ
(

P̄LMPR + P̄RM†PL

)
, (18)

Lscalars = DµH † · DµH + Tr Dµ M† · Dµ M−Uscalars, LSB = −ζ〈Q̄Q + S̄S〉(u + σ′). (19)

Here, κ is a coupling constant; the parameter ζ is proportional to the current mass mQ of the
H-quarks (see [57,58], for example); M is a complex antisymmetric 2nF × 2nF matrix of (pseudo)scalar
fields whose singlet component develops a v.e.v. u ∼ −〈Tr (MM0)〉; the multiplets PL, R correspond
now to the constituent H-quarks that are postulated not to interact with H-gluons but interact with the
intermediate gauge bosons in the same way as the fundamental H-quarks. The fields transform under
the global symmetry SU(2nF) as follows:

M→ UMUT, PL → UPL, PR → ŪPR, U ∈ SU(2nF), (20)

where Ū is the complex conjugate of U. These transformation laws allow one to define the covariant
derivatives of the fields PL, R and M easily (see explicit expressions in [10]).

The physical (pseudo)scalar components of the field M are listed in Table 1. They include heavier
analogs of all the light mesons of 3-flavor QCD and a set of H-baryons (H-diquarks)—singlets A and
B, and doublets A and B. The Lagrangian of H-quark–H-hadron interactions reads

LH-quarks +LY = iQ̄ /DQ + iS̄ /DS−κu (Q̄Q + S̄S)

−κQ̄
[

σ′ +
1√
3

f + i
(

η +
1√
3

η′
)

γ5 + (aa + iπaγ5) τa

]
Q−κS̄

[
σ′ − 2√

3
f + i

(
η − 2√

3
η′
)

γ5

]
S

−
√

2κ [(Q̄K ?) S + i (Q̄K ) γ5S + h.c.]−
√

2κ
[
(Q̄A )ωSC + i (Q̄B) γ5ωSC + h.c.

]
− κ√

2

(
AQ̄εωQC + iBQ̄γ5εωQC + h.c.

)
, (21)

DµQ = ∂µQ +
i
2

g1YQBµQ− i
2

g2Wa
µτaQ, DµS = ∂µS + ig1YSBµS, (22)

where K ?, K and A , B are SU(2)L doublets of H-mesons and H-baryons respectively.
The Lagrangian for the case of two-flavor model, nF = 2, is obtained by simply neglecting all terms
with the singlet H-quark S in Equation (21).

The kinetic terms of the (pseudo)scalars in the Lagrangian (19) produce interactions of the
H-hadrons with the gauge bosons:

Tscalars =
1
2 ∑

ϕ

Dµ ϕ · Dµ ϕ + ∑
Φ

(
DµΦ

)† DµΦ + Dµ Ā · Dµ A + Dµ B̄ · DµB, (23)

where ϕ = h, ha, πa, aa, σ, f , η, η′ are singlet and triplet fields, Φ = K , K ?, A , B are doublets.
The fields h and ha, a = 1, 2, 3 are components of the fundamental Higgs doublet H = 1√

2
(h +

ihaτa)
(

0
1
)
. The covariant derivatives in the Lagrangian (23) are defined as follows:

1 Although the non-invariant terms responsible for the explicit symmetry breaking can be chosen in a variety of ways [54–56],
we constrain ourselves to the most obvious tadpole-like one (as in [57,58], for example).
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Dµh = ∂µh +
1
2
(g1δa

3Bµ + g2Wa
µ)ha, Dµφ = ∂µφ, φ = σ, f , η, η′, (24)

Dµha = ∂µha −
1
2
(g1δa

3Bµ + g2Wa
µ)h−

1
2

eabc(g1δb
3Bµ − g2Wb

µ)hc, (25)

Dµ Ma = ∂µ Ma + g2eabcWb
µ Mc, M = π, a, DµZ = ∂µZ + ig1YQBµZ, Z = A, B, (26)

DµK =

[
∂µ + ig1

(
YQ

2
−YS

)
Bµ −

i
2

g2Wa
µτa
]

K , (27)

DµK ? = DµK
∣∣
K →K ? , DµA = DµK

∣∣∣∣K →A
YS→−YS

, DµB = DµK

∣∣∣∣K →B
YS→−YS

. (28)

Table 1. The lightest (pseudo)scalar H-hadrons in Sp(2χc̃) model with two and three flavors of
H-quarks (in the limit of vanishing mixings). The lower half of the table lists the states present only in
the three-flavor version of the model containing the singlet H-quark S. T is the weak isospin. G̃ denotes
hyper-G-parity of a state. B̃ is the H-baryon number. Qem is the electric charge (in units of the positron
charge e = |e|). The H-quark charges are QU

em = (YQ + 1)/2, QD
em = (YQ − 1)/2, and QS

em = YS,
which is seen from (22).

State H-Quark Current T G̃(JPC) B̃ Qem

σ Q̄Q + S̄S 0+(0++) 0 0
η i (Q̄γ5Q + S̄γ5S) 0+(0−+) 0 0
ak Q̄τkQ 1−(0++) 0 ±1, 0
πk iQ̄γ5τkQ 1−(0−+) 0 ±1, 0
A Q̄CεωQ 0 (0− ) 1 YQ
B iQ̄Cεωγ5Q 0 (0+ ) 1 YQ

f Q̄Q− 2S̄S 0+(0++) 0 0
η′ i (Q̄γ5Q− 2S̄γ5S) 0+(0−+) 0 0

K ? S̄Q 1
2 (0+ ) 0 YQ/2−YS ± 1/2

K iS̄γ5Q 1
2 (0− ) 0 YQ/2−YS ± 1/2

A S̄CωQ 1
2 (0− ) 1 YQ/2 + YS ± 1/2

B iS̄Cωγ5Q 1
2 (0+ ) 1 YQ/2 + YS ± 1/2

For simplicity, we consider only renormalizable interactions of the scalar fields—the Higgs boson
and (pseudo)scalar H-hadrons. Therefore, the corresponding potential can be written as follows:

Uscalars =
4

∑
i=0

λi Ii +
3

∑
0=i6k=0

λik Ii Ik. (29)

Here, Ii, i = 0, 1, 2, 3, 4 are the lowest dimension invariants

I0 = H †H , I1 = Tr
(

M† M
)

, I2 = Re Pf M, I3 = Im Pf M, I4 = Tr
[(

M† M
)2
]

, (30)

where Pf M is the Pfaffian of M defined as

Pf M =
1

222!
εabcd Mab Mcd for nF = 2, Pf M =

1
233!

εabcde f Mab Mcd Me f for nF = 3, (31)

with ε being the 2nF-dimensional Levi-Civita symbol (ε12...(2nF)
= +1). In the potential (29), λi2 =

λi3 = 0 for all i if nF = 3; the invariant I3 is CP odd, i.e., λ3 = 0 as well as λi3 = 0 for i = 0, 1, 2.
Besides we can always set λ22 = 0 because of the identity I2

1 − 4I2
2 − 4I2

3 − 2I4 = 0 that holds for
nF = 2. (For nF = 3, the corresponding term is nonrenormalizable and, thus, not taken into account.)
One can derive and solve tadpole equations and diagonalize the quadratic forms in the scalar potential
to obtain the mass spectrum of the (pseudo)scalar H-hadrons (see [10]). Note that the term I0 I1 leads
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to a small mixing of the Higgs field and the singlet H-meson σ′ making the Higgs boson partially
composite in this model.

If the hypercharges of H-quarks are set to zero, the Lagrangian (8) is invariant under an additional
symmetry—hyper G-parity [59,60]:

QG̃ = εωQC, SG̃ = ωSC. (32)

Since H-gluons and all SM fields are left intact by (32), the lightest G̃-odd H-hadron becomes
stable. It happens to be the neutral H-pion π0.

Besides, the numbers of doublet and singlet quarks are conserved in the model (8), because of
two global U(1) symmetry groups of the Lagrangian. This makes two H-baryon states stable—the
neutral singlet H-baryon B and the lightest state in doublet B, which carries a charge of ±1/2.

2.2. Exotic States of New Colored Objects

2.2.1. Fractons

Mixed states with nontrivial electroweak and dark QCD charges (or vice versa, dark electroweak
and ordinary QCD charges) can appear as fractionally charged colorless states (fractons), as first
proposed in [61]. It should be noted that the term “fracton” has appeared later in condensed matter
physics [62] defining the density of states on fractals. Here we use the original notion of fracton as
fractionally charged colorless state.

One can distinguish leptonic and hadronic X particles, forming correspondingly leptonic and
hadronic fractons.

Leptonic fractons are originated from a new lepton like state X-lepton with fractional
electromagnetic charge and dark QCD color. Dark QCD confinement binds it with dark QCD quarks
in a dark colorless state, which possess fractional electromagnetic charge. Created in early universe
X-leptons and their antiparticles are bound with corresponding dark QCD quarks and antiquarks to
form leptonic fractons. Similar to the case of free quarks, studied in [63], negatively charged fractons
can be bound with ordinary positively charged nuclei in stars thus protecting positively charged
fractons from their annihilation. As a result, the amount of primordial fractons cannot decrease and as
it is the case that free quarks [63] exceed by several orders of magnitude experimental constraints in
the search for fractionally charged particles in the terrestrial matter.

Hadronic fractons appear when X-quarks, having dark electroweak and ordinary QCD charges
bind with ordinary quarks in fractional charged colorless states. In baryon asymmetric universe X̄
antiquarks are bound with ordinary quarks u in fractionally charged stable meson X̄u, while X-quark
forms fractionally charged Xud baryon. If dark electromagnetic attraction can overcome ordinary
electromagnetic repulsion, in the dense baryonic matter objects X-meson and X-baryon can recombine
in charmonium-like X̄X, decaying to ordinary particles, and reduce the abundance of fractons below
the experimental upper limit.

2.2.2. Fractionally Charged States in QCD-Like Models

As it follows from the above, in the hypercolor SM extension with three doublets of additional
H-quarks and in the case of zero hypercharges, the Lagrangian contains interacting field of hypermeson
B, the lightest state in doublet, carrying fractional charges ±1/2. These new H-mesons contain singlet
H-quark, s. The problem of such hyperparticle interpretation in SU(6) extension is aggravated
by the fact that the model invariance with respect to two U(1) groups ensures of these objects
stability (simultaneously with the one for neutral singlet H-baryon B). At the same time, very strict
restrictions are imposed on the concentration of fractionally charged particles in the modern universe.
It can be said that within the framework of this SU(6) scenario, such fractionally charged particles
should either be created in some bound states (possibly, these are an analog of QCD tetraquarks),
or effectively annihilated.



Universe 2020, 6, 196 9 of 30

To describe their arising as some bound states from the very beginning, it is reasonable to try to
rewrite the Lagrangian model in such a manner that compound H-quark objects could interact with
other fields. In other words, we should construct effective vertices for the H-tetraquark interactions
with gauge bosons and other H-hadrons. Obviously, only electromagnetic interaction of these
fractionally charged components cannot explain an appearance of such multi-H-quark states at
the early stage of universe evolution. It means that, for this procedure, we need to analyze how
hyperstrong interactions of H-quarks and H-gluons can work at very high temperatures and densities
producing strongly connected systems instead of using effective σ-model construction. In other words,
we need to consider at high energy scale some hyper-QCD with analogous problems of the bound-state
description in the framework of effective Lagrangian approach, with an integration over some degrees
of freedom or introducing of hyper-vacuum v.e.v.’s for the analysis of the bound states of H-quarks
with sum rules method, for example. Then, we would come to consideration of hyper-tetraquarks
as H-quark bags, repeating procedures and approaches of orthodox QCD at other scale. It means
an investigation of the dynamics and magnitudes of H-quark and H-gluon vacuum condensates,
providing an existence of H-quark “bags” with some mass, structure and specific interactions with
fields of matter in a hot and dense universe. So, this mechanism of H-strong interaction as the basis for
the explaining of neutral H-quark states formation should be carefully considered in detail.

It can be, however, assumed that the symmetry breaking occurs and, correspondingly, fractionally
charged objects appear at an early stage of evolution, apparently at the initial stage of inflation when
their creation should be accompanied by a rapid transformation (annihilation) into “ordinary” stable
neutral carriers of DM and fields of matter. Due to the presence of vertices describing their connection
with W and Z-bosons in the σ-model framework, there is both the creation of (still massless) leptons
and standard quarks, as well as the transition of fractionally charged particles into neutral components
of the DM. Possible quick disappearing of charged stable particles in annihilation reactions can be
suggested as an alternative way to save the scenario with U(1) accident symmetries.

It also should be suggested, when the annihilation can be—before or after the hyper-QCD
symmetry breaking? In other words, when all masses are zero or when already massive fractionally
charged particles transform into the set of H-neutral mesons and ordinary quarks and leptons?
Because these variants of high-energy sector of H-fields remains unstudied yet, the question whether
some traces of the initial process exist in the modern observable universe, namely, creation and
following transformation of fractionally charged stable particles does not have an exact answer.

If we suppose that the process of intensive annihilation into neutral particles and/or states with
integer charges takes place mostly through H-strong channels where H-quarks interact via H-gluons, it
should be before these exotic H-mesons will scatter across the universe due to inflation. Early possible
initial inhomogeneities in distribution of this type of matter should effectively transform into neutral
stable objects of the orthodox DM, and in these regions of increased density (prototypes of clumps)
also should be produced photons with energies∼ MDM and streams of neutrinos and ordinary leptons
and mesons. Perhaps inflation will keep some fingerprints of active processes of creation of photons
and neutrino radiation from initial high density domains. However, the long evolution of the universe
after inflation will inevitably try to hide the total and exact history of DM clumps’ origin accompanied
with high energy photons and neutrinos.

An important channel of B-mesons connection with the SM world follows from (23)
and (24)—these fractionally charged exotic stable states have EW interactions with W-bosons and also
interact with Z-bosons and photons. It means that they participate in the standard set of reactions with
ordinary matter, i.e., they annihilate or produced with the EW cross sections ∼(102–104) pb.

There is, however, some specific feature of the scenario—two B-states with the same fractional
charges can annihilate into one charged W-boson, which decays into quarks or leptons conserving
the charge. Assuming an existence of some initial asymmetry between these exotic states, it can be
supposed that this is a source of the following asymmetry between standard quarks and, consequently,
between baryons. Certainly, then we shift the baryon asymmetry origin to an early stage of evolution
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relating the symmetry breaking possibly with initial stage of inflation and processes of the hidden
mass generation.

Besides, these stable objects (as the other stable particles in H-color model), if they were to exist,
can be produced at collider by decaying virtual vector bosons. These reactions should have small
(electroweak) cross sections manifesting itself as events with large missed energy and/or in generation
of hadronic jets with corresponding fractional charge associated with H-quarks.

It can be concluded, in the hypercolor extension, as, probably, in any extension with additional
(heavy) fermions, new types of stable particles may appear. They can arise as the QCD-like bound
states of additional quarks (mesons, baryons or diquarks) or in the framework of the extended
σ-model. Dynamics of these new objects is defined by the model gauge symmetry, but spectra of their
masses and the scale of their manifestations are unclear in advance. An example is the appearance of
fractionally charged stable objects when we extend the hypercolor symmetry from SU(4) to SU(6).
The peculiarities of such scenarios need to be considered carefully by studying the burn out kinetics
of these stable particles, scales of symmetry breaking induced by new types of vacuum condensates.
The H-color symmetry allows to analyze specific features of these extended scenarios predicting the
specific and measurable signals of new objects.

2.2.3. Multiple Charged States in QCD and QCD-Like Models

∆-like states of new stable heavy quarks Q are stable and bound much stronger than ordinary
hadrons since their chromo-Coulomb binding energy α2

c mQ exceeds the energy of confinement Λ ∼
300 MeV at mQ > 7.5 GeV for QCD running constant αc = 0.2 [64]. If such stable states are charged,
they should avoid geochemical constraints on anomalous isotopes [10]. It was first noticed in [65] that
this problem can be solved in the case of stable quark of the 4th family, if the U quark is the lightest and
thus most stable quark in this family and the generation of baryon asymmetry simultaneously provides
generation of excess of Ū quarks. ∆−−-like (ŪŪŪ) can be effectively hidden in nuclear interacting
dark atom bound with primordial helium, as soon as it is formed in Big Bang Nucleosynthesis.

Models with new nonabelian symmetry can predict much wider class of multiple charged stable
particles. Such models can provide non-supersymmetric composite Higgs solution for the SM problems
of divergent mass of Higgs boson and of the origin of the scale of electroweak symmetry breaking.
This approach acquires special interest in the lack of positive results of the searches for supersymmetric
particles at the LHC (see, e.g., [66] for review and references).

The Walking TechniColor (WTC) model involves two techniquarks, U and D transforming under
the adjoint representation of a SU(2) technicolor gauge group [67–71]. A neutral techniquark–antiquark
state is associated with the Higgs boson. The accompanying prediction is the existence of bosonic
technibaryons UU, UD, DD, and their antiparticles. Conservation of the technibaryon number TB
leads to stability of the lightest technibaryon.

Electric charges of UU, UD and DD are given in terms of an arbitrary real number q as q + 1, q,
and q− 1, respectively [7,10,72]. Compensation of anomalies requires existence of technileptons ν′ and
ζ with charges (1− 3q)/2 and (−1− 3q)/2, respectively. If technilepton number L′ is conserved the
lightest technilepton is stable.

In the early universe sphaleron transitions provide equilibrium relationship between TB, baryon
number B, of lepton number L, and L′. Freezing out of these transitions results in a balance between
the stable techniparticle excess and the observed baryon asymmetry of the universe [10,72,73]. Stable
negatively charged techniparticles are bound in nuclear interacting dark atoms with primordial helium.

In the case of q = 1, stable double charged techniparticles are possible [7,10,72,73].
Another choice of parameter q results in a possibility of multiple −2n charged stable

techniparticles for n > 1. Possible stable multiple charged techniparticles are marked bold in
Table 2 [10].
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Table 2. List of possible integer charged techniparticles. Candidates for even charged constituents of
dark atoms are marked bold [10].

q UU(q + 1) UD(q) DD(q− 1) ν′(
1− 3q

2
) ζ(

−1− 3q
2

)

1 2 1 0 −1 −2
3 4 3 2 −4 −5
5 6 5 4 −7 −8
7 8 7 6 −10 −11

2.3. Strongly Interacting Dark Matter Candidates

2.3.1. Stable Heavy Quark Hadrons

New heavy quarks possess strong QCD-type interaction, so they can form at hadronization phase
of evolution the coupled states—new heavy mesons, (qQ̄), and fermions, (qqQ), (qQQ), (QQQ).
Classification and the main properties of these new hadrons were considered in [10] for the case of up,
U, and down, D, type of new quark Q. As was noted earlier, the lightest neutral meson appears in the
scenario with new quark of up type. In Table 3, we represent the main quantum characteristics and
quark content of new heavy mesons and fermions which contain new quarks of up type, U.

Table 3. Characteristics and quark content of new hadrons.

JP T Isotopic Content Quark Content

0− 1
2 M = (M0 M−) M0 = Ūu, M− = Ūd

1
2 1 B1 = (B++

1 B+
1 B0

1) B++
1 = Uuu, B+

1 = Uud, B0
1 = Udd

1
2

1
2 B2 = (B++

2 B+
2 ) B++

2 = UUu, B+
2 = UUd

1
2 0 (B++

3 ) B++
3 = UUU

In Table 3, the mesons M0 and baryons B+
1 , B++

2 , B++
3 are stable and the lightest of them, neutral

meson M0, can be proposed as the DM candidate. The evolution of these new heavy hadrons was
briefly considered in Ref. [10], where the process of burning out of heavy baryons was analyzed. Here,
we represent the main properties of new heavy mesons, M0 = (uŪ) and M− = (dŪ), which can lead
to the characteristic signals of the hadronic dark matter.

We have determined the mass of new mesons from the data on DM relic density with the help of
the following equality:

(σ(M)vr)
Mod = (σvr)

Exp. (33)

In Equation (33), the left part of equality is the model value of annihilation cross section and the
right part follows from the data on the modern relic concentration of DM, (σvr)Exp = 2× 10−9 GeV−2.
To calculate the model cross section σ(M), which is a function of the mass M of meson, we take into
account the fact that the freezing-out temperature Tf reez ≈ M/30 for the case of heavy DM particles
is much greater than the temperature of QCD phase transition, TQCD ≈ 0.15 GeV. So, there are no
coupled hadron states at freezing-out stage and the dynamics of this stage is defined by the process of
annihilation of new quark-antiquark pairs, QQ̄→ gg, qq̄, where g is a gluon and q is a standard quark.
The total cross section of these strong channels of annihilation was calculated in the limit of massless
quarks in the final states and presented in Ref. [10]:

(σ(M))Mod = σ(QQ̄→ gg, qq̄) ≈ 44π

9
α2

s
M2 . (34)

From the expression (34) and equality (33) the estimation of the new quarks mass follows,
M = 10 TeV, which defines mass scale of new hadrons. Electroweak channels of annihilation, QQ̄→
γγ, ZZ, W+W−, give small contribution into the total value of the annihilation cross section. It is
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known that the Sommerfeld–Gamov–Sakharov (SGS) enhancement effect can significantly modify the
value of a cross section. Such enhancement takes place at hadronization stage of evolution, when SGS
effect is caused by the light meson exchange [10]. At quark-gluon stage this effect can be caused by γ

and Z-boson exchange only. As was shown by numerical calculations [74], in this case the coefficient
of enhancement is of the order of unity, i.e., the effect is small.

The value of mass-splitting in the doublet of neutral, M0 = (uŪ), and charged, M− = (dŪ), new
heavy mesons plays an important role in HaDM description. We define the value of mass-splitting
as follows:

∆m = m(M−)−m(M0). (35)

In the case of standard heavy-light mesons the value ∆m is of the order of MeV, besides this
value is positive for the case of D-meson (up type heavy quark) and negative for the case of K- and
B-mesons (down type of heavy quark). New heavy mesons M0 and M− are just the case of heavy-light
meson, mQ � mq. From the heavy quark symmetry, a direct analogy with standard heavy-light
mesons follows, so, in the case under consideration, we can assume that ∆m is positive and ∆m ∼
MeV. Moreover, the condition of instability of the charged meson M− leads to inequality ∆m > me,
where me is the mass of electron. So, the charged partner of neutral DM particle has a unique decay
channel with very small phase space in a final state, M− → M0e−ν̄e. The expression for the width of
the charged meson is as follows [10]:

Γ(M−) =
G2

F
60π3 |Uud|2(∆m5 −m5

e ), (36)

where Uud is the element of CKM matrix, which defines the charged transition d → uW. From the
expression (36) one can see that at ∆m → me, the value of width Γ(M−) → 0, i.e., the lifetime can
be arbitrary large. For instance, at ∆m ∼ 1 MeV the lifetime τ ∼ 105 s. Thus, in the scenario with
hadronic DM, new neutral meson M0, as a DM candidate, has charged metastable partner with the
same mass, which should be taken into account in the process of co-annihilation. New heavy charged
meson appears in the process of collision of DM with ordinary matter, namely with leptons or nucleons.
The cross sections of these processes were calculated in Ref. [75], where the main signals of hadronic
DM manifestation are considered.

One more principal feature of hadronic DM scenario is the effect of hyperfine splitting of excited
states of new heavy hadrons. First of all, we should note that, in contrast to fine splitting, which is
caused by change of quark content (d→ u) and has the value of the order of MeV, hyperfine splitting
takes place for the states with the same quark content and has much smaller value (of the order of KeV).

Further, we describe the effect of hyperfine splitting of ground and excited states, δMq = m(M∗q )−
m(Mq), where M∗q is an excited state of heavy meson M. Here, we consider the simplest case of the
lowest excited states of the new mesons Mq = (qŪ). In a direct analogy with the standard heavy-light
(HL) mesons, Dq = (cq) and Bq = (b̄q), we define the ground and excited states in the terms S1

0 and S1
1

(the classification with quantum numbers L2s+1
J ), or 1

2 (0
−) and 1

2 (1
+) (the classification I(JP)). Here,

L, s, J, I and P = (−1)1+L are orbital momentum, spin, total momentum of the system, isospin and
parity. We designate the ground states 1

2 (0
−) of the HL mesons as Dq, Bq and Mq, while the excited

states—as D∗q , B∗q and M∗q . We evaluate the mass-splitting between the excited and ground states, M∗q
and Mq, in analogy with standard splitting mechanism. This possibility is provided by the heavy
quark symmetry which is the basic assumption of heavy quark effective theory (HQET). Heavy quark
symmetry leads to the relations between the masses of excited states of B and D mesons [76]:

m(B2)−m(B1) ≈
mc

mb
(m(D2)−m(D1)), (37)
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where m(Bk) and m(Dk) are masses of Bk and Dk, mc and mb are masses of constituent quarks.
This expression successfully describes the relation of splitting between the lowest excited 1

2 (1
−) and

ground states 1
2 (0
−) of B and D mesons:

m(B∗)−m(B)
m(D∗)−m(D)

≈ mc

mb
−→ 0.32 ≈ 0.32 (0.28). (38)

In (38), we used m(B∗) − m(B) = 45 MeV and m(D∗) − m(D) = 142 MeV (see [20]),
mc = 1.55 GeV and mb = 4.88 GeV [76]. The value of the relation in parentheses, (0.28), follows
from the data mc = 1.32 GeV and Mb = 4.74 GeV [77]. In order to evaluate the mass-splitting in the
doublet of new mesons Mq = (qŪ), we used the relation (37) and took into consideration the equality
m(U) ≈ m(Mq) = M. Using the value of mass M = 10 TeV, we get:

δm(M)

δm(B)
=

m(M∗)−m(M)

m(B∗)−m(B)
≈ mb

M
−→ δm(M) ≈ δm(B)

mb
M
≈ 2 KeV. (39)

Thus, we get very small mass-splitting (hyperfine splitting) δm, which is much less than the fine
splitting, δm� ∆m. This effect follows from the HQFT prediction and is caused by very large mass of
new hadrons, i.e., the hyperfine splitting is a specific property of hadronic DM.

The excited state of hadronic DM particles can manifest itself in the processes of interaction of
neutral meson M0 with radiation. Transition to the first excited state of the meson M0 = (uŪ) can
be realized through the absorption of photons in KeV range which corresponds to the wavelength
λ ∼ 10−9 cm. If we assume that the meson M0 = (uŪ) has the size of the order of nucleon radius,
RM ∼ 10−13 cm, then RM � λtrans and interaction of M0 with photons is described by the higher terms
of multipole expansion of the charge distribution in the composite system (uŪ). So, the cross section of
γM0 scattering is small and these mesons can be interpreted as dark matter particles. At λtrans � RM,
i.e., Eγ � 10 MeV, the cross section of interaction γM0 becomes large and dark matter becomes not
absolutely “dark”.

Low-energy interaction of new heavy hadrons with the standard leptons is described in spectator
approach by the effective Lagrangian of WMM interaction in the differential form [75]:

Le f f (WMM) = iGWMUikW+µ(M̄ui∂µ Mdk − ∂µ M̄ui Mdk) + h.c., (40)

where ui = u, c, t; dk = d, s, b; Uik is corresponding element of CKM matrix, Mui = (uiŪ),
Mdk = (dkŪ), and GWM = gUud/2

√
2. The value of effective coupling constant GWM is equal to

the fundamental constant in W-boson interaction with quark. Thus, the spectator approach, which
directly follows from the structure of process at the fundamental (quark) level, is valid for the case of
low-energy interactions.

The structure of low-energy Lagrangian of Z-boson interaction Le f f (ZMM) can be represented in
analogy with Le f f (WMM) by the simplest differential expression with regard to the preservation of
flavor (qi→ qi). In contrast to (40), effective coupling GZM is caused by interactions of Z with quarks
Q and q. So, in this case, we meet the problem of an effective coupling definition.

Inelastic scattering of the low-energy leptons on the new heavy M particles is defined by the
t-channel diagram with W-boson in the intermediate state. In the limit of zero lepton mass and
mass-splitting ∆M we get the cross section in the form:

σ(l−M0 → νl M−) =
3g4|Uud|2

210πM4
W

s(1− M2

s
)2, (41)

where
√

s is full energy in the CMS. In the non-relativistic case, expression (41) can be represented in
the form:

σ(l−M0 → νl M−) =
3G2

F|Uud|2
8π

(El + W)2, (42)
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where El is the energy of lepton and W = Mv2/2 is kinetic energy of the non-relativistic M-particle.
The process of lepton scattering on M0 taking into account final states is as follows: l−M0 → νl M− →
νl M0e−ν̄e. So, in this process, the neutrino with energy Eν ∼ El appears together with e−ν̄e-pair
(with total energy E ∼ δM). For the cross section of the process νl M0 → l−M+ we get the same
expression due to neglecting lepton mass in Equation (41).

Heavy hadronic DM particles at the modern stage of evolution are non-relativistic, they have an
average velocity ∼10−3 with respect to the galaxy. From the kinematics of the heavy DM particles and
nucleon collisions it follows (see Ref. [10]) that low-energy interaction can be described by the effective
meson-exchange approach. The nucleon-meson interaction was considered in [78] on the basis of the
gauge scheme realization of symmetry U(1)× SU(3). This scheme was developed and applied to the
interaction of new heavy mesons with ordinary vector mesons [16,79]. The part of physical Lagrangian
which describes the interaction of nucleons and M-mesons with ordinary vector mesons consists of
two terms:

LNMV = LNV + LMV . (43)

In Equation (43) the first term describes interaction of nucleon with usual mesons:

LNV = gωωµ( p̄γµ p + n̄γµn) +
1
2

gρ0
µ( p̄γµ p− n̄γµn)

+
1√
2

gρ+µ p̄γµn +
1√
2

gρ−µ n̄γµ p, (44)

where gω =
√

3g/2 sin θ, g2/4π ≈ 3.4 and sin θ ≈ 0.78.
The second term in Equation (43) describes the interaction of M particles with ordinary

vector mesons:

LMV = iGωMωµ(M̄0M0
,µ − M̄0

,µ M0 + M+
,µ M− −M+M−,µ)

+
ig
2

ρ0
µ(M̄0M0

,µ − M̄0
,µ M0 + M+

,µ M− −M+M−,µ)

+
ig√

2
ρ+µ(M̄0M−,µ − M̄0

,µ M−) +
ig√

2
ρ−µ(M+M0

,µ −M+
,µ M0). (45)

In Equation (45), the coupling constant GωM = gω/3. In Ref. [10], it was shown that scalar
mesons give very small contribution into NM interaction and we omit it here. Note, the interactions
of new mesons with ordinary pseudoscalar mesons (for instance, π-mesons) are absent due to parity
conservation. This is an important property which differs new heavy hadrons from the nucleons.

Low-energy scattering of nucleons on new mesons is described by t-channel diagrams with
ordinary vector and scalar mesons in the intermediate states. The diagrams with pseudoscalar mesons
in the intermediate states are absent at the tree level, while the contribution of scalar mesons is
negligible. So, the dominant contribution is given by the vector-meson exchange (the vector mesons
being ω and ρ mesons).

Now, we consider the kinematics of elastic scattering process MN → MN, where M = (M0, M−)
and N = (p, n). For the case of non-relativistic particles, the maximal value of momentum transfer
Q2 = −q2 is Q2

max = (pk)2 ≈ 4m2
Nv2

r . So, Qmax ≈ mNvr ∼ 10−3mN , the value Qmax is much less than
the mass of the vector mesons mv (mv ∼ mN) and the meson-exchange model is relevant.

Using the expressions for the vertices from the expressions (44) and (45) we calculated the cross
section of the process Na Mb → Na Mb:

σ(Na Mb → Na Mb) =
g4m2

p

16πm4
v
(1 +

kab

sin2 θ
)2, (46)



Universe 2020, 6, 196 15 of 30

where Na = (p, n), Mb = (M0, M−), g2/4π ≈ 3.4, sin θ = 1/
√

3 and kab = ±1 for the case of proton,
p, and neutron, n. Equation (46) implies a rather large cross section, for example σ(pM0 → pM0) ≈ 0.9
barn. We should note that large cross section of NM-scattering can stipulate large interaction of
dark matter halo and galaxy at some stage of their evolution. The problem of interaction between
galaxies and dark matter halo was considered in details in Ref. [80]. Analysis of the low-energy
elastic scattering Na Mb → Na Mb reveals an important peculiarity of the NM-interaction. Using the
connection of potential and amplitude in Born approximation we show that the potential of M-nucleon
interaction at large distances (d ∼ m−1

ρ ) has repulsive character [10,16]. So, new heavy hadrons as DM
particles do not form coupled states with nucleon at low energy, i.e., at the modern stage of evolution.
This effect makes it possible to escape the problem of anomalous hydrogen and helium [10].

The processes of non-elastic scattering of type Na Mb → Nc Md, where Na = (p, n) and
Mb = (M0, M−), have kinematics which is an analog of elastic scattering kinematics. In this case,
the dominant contribution is caused by t-channel diagram with charged ρ±-meson in the intermediate
state. The structure of expression for the cross section explicitly describes the presence of threshold:

σ(Na Mb → Nc Md) =
g4m

8πvrm4
v

√
2m[Ea − ∆ab]

1/2, (47)

where Ea ≈ mav2
r /2, m(Na) = ma ≈ mb ≈ m, ∆ab is some combination of mass-splitting ∆M =

m(M+)−m(M0) and ∆m = mn −mp ≈ 1.4 MeV, which depends on the structure of the initial and
final states (see Table 2). Expression (47) can be represented in another form:

σ(Na Mb → Nc Md) =
g4m2

8πm4
v
[1− ∆ab

Ep
]1/2. (48)

From (47) it can be seen that the process of scattering has a threshold Ethr
p = ∆ab when ∆ab > 0.

In Table 4, we present the expressions for the threshold in the case of basic reactions,
namely pM0 → nM+, nM+ → pM0, nM0 → pM− and pM− → nM0.

Table 4. The threshold parameters ∆ab.

Na Mb → Nc Md ∆ab = f (∆M, ∆m) Signum ∆ab

pM0 → nM+ ∆p0 = ∆M + ∆m ∆p0 > 0 (threshold)
nM+ → pM0 ∆n+ = −∆M− ∆m ∆n+ < 0 (non-threshold)
nM0 → pM− ∆n0 = ∆M− ∆m ∆n0 > 0 (∆M > ∆m)
pM− → nM0 ∆p− = −∆M + ∆m ∆p− > 0 (∆M < ∆m)

Consider, for example, the first reaction, pM0 → nM+, where Ep ≈ mpv2
r /2. The expression for

threshold Ethr
p = ∆M+∆m ≡ ∆p0 gives the value of corresponding relative velocity vthr

r =
√

2∆p0/mp.

For the case ∆p0 = 10 MeV we get the value of velocity vthr
r = 0.1 which is significantly greater than

the DM velocity now, vr ∼ 10−3. So, this reaction is kinematically forbidden at the modern stage of
evolution. The third and fourth processes can be both threshold and non-threshold depending on
the value ∆M/∆m. The first, third and fourth processes lead to the intermediate (final) states with
unstable particles. These reactions go through two stages, for example, pM0 → nM+ → pe−ν̄e M0e−ν̄e

and nM0 → pM− → pM0e−ν̄e. We should note that the reaction nM0 → pM− → pM0e−ν̄e is the
most interesting due to presence of long-lived charge particle M−. Note, the indirect evidences of these
particles were reported in Ref. [16] (and references therein). Thus, we get an interesting phenomenology
of low-energy nucleon-DM scattering which has a specific signature.

The process of annihilation M0M̄0 → X, where a standard light particle appears in the final
state X, has some peculiarities in HDM scenario. DM particles M0, in this scenario, are composite
and annihilation proceeds through both strong and EW channels. Note, the theory of high-energy
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interaction of M particles is unknown, however this reaction at the sub-process level, QQ̄→ qq̄, gg→
jets, can be approximately described. With the help of this approach, we estimated the value of
strong part of annihilation cross section, which is described by the formula (34). Here, we note that the
dominant products of annihilation are the pairs of stable particles, pp̄ and small fraction of e+e−, νν̄, 2γ

with total energy Etot ≈ 2M.
In this subsection, we considered the principal phenomenological consequences of the hadronic

composite DM—low-energy strong interaction, fine and hyperfine splitting of excited states.
Strong interaction of DM with ordinary matter raises the problem of the connection between galaxies
and their DM halos, which can contribute additional information to the modern understanding of
galaxy formation. Fine and hyperfine splitting in the set of new heavy mesons leads to the presence
of metastable charged hadron and luminosity of hadronic DM. The generation and possibility of
registration of heavy charged hadron in cosmic rays was briefly described. We also noted that the
effect of hyperfine splitting generates the processes of electromagnetic transition and recombination.
These processes can be launched by the interactions of new hadrons with the ordinary matter and
cosmic rays and lead to the effect of hadronic DM luminosity. Note, the problems of hyperfine splitting
and luminous DM become pressing now in view of the results of underground experiment XENON1T.

2.3.2. Dark Atoms with Primordial Helium

Natural choice of parameters of sphaleron transitions between baryons, leptons and stable
techniparticles leads in WTC model to balance between baryon symmetry and the excess of stable
−2n charged techniparticles, corresponding to the observed dark matter density at the mass of these
particles in the TeV range.

For the sequential 4th family with electroweak SU(2) charges, similar balance can be established
between the excess of stable Ū quarks and baryon asymmetry.

Stable techniparticles behave like charged multiple charged leptons. (ŪŪŪ) states are also
lepton-like, since their hadronic interaction is strongly suppressed [10,64].

Excessive negatively even charged particles bind with primordial helium as soon as it is formed
in the Big Bang Nucleosynthesis.

Double charged particles form OHe dark atoms—a very nontrivial Bohr like atomic system with
heavy lepton-like core and nuclear interacting helium shell with Bohr radius nearly equal to the size of
helium nucleus.

−2n charged techniparticles bind with n primordial helium nuclei in Thomson like XHe atoms
with heavy lepton-like particle inside a nuclear droplet of n helium nuclei.

The Dark atom model has an advantage to explain the puzzles of direct dark matter searches by
annual modulations of their low energy binding with Na nuclei. Strongly interacting shell of dark
atoms provides their slowing down in terrestrial matter making this form of dark matter elusive for
strategy of WIMP searches, involving significant nuclear recoil. However, dark atom interaction with
nuclei can provide a low energy binding and the corresponding effect experiences annual modulations.

This explanation [81] is based on 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—the 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 the 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. Qualitatively, it leads to a shallow potential
well with a low energy bound state in OHe-Na system, while such a state does not exist for heavy
nuclei like xenon. A quantitative description of OHe-nucleus interaction with self-consistent account
for the effects of nuclear and Coulomb forces is crucial to prove this explanation and such a description
can lead to nuclear physics of OHe (or XHe), which determines their physical and astrophysical effects.
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3. New Physics of Strong Interaction in the Galaxy

3.1. New Components of Cosmic Rays

3.1.1. UHECR Interaction with Dark Matter

Mutual transformations of SM particles and their bound states in numerous reactions governing by
conservation laws and known dynamics are necessarily supplemented by interactions with DM objects
in the universe. In addition to the gravitational interaction, the main role is played by electroweak
physics, ensuring the annihilation of dark matter (WIMPs) into standard particles. So, processes
in which DM candidates disappear generating fluxes of (unstable) mesons and baryons, nuclei,
leptons and photons can also be induced by strong interaction. In any case, macroscopic cross sections
of such annihilation processes are proportional to the DM density squared and provide the main set
of possible signals carrying information about the spatial distribution and dynamics of the hidden
mass. Photons, charged leptons and neutrinos can be considered as the most important carriers of
such information; their spectra are measured by space detectors and telescopes with ever increasing
accuracy and completeness. Obviously, due to lack of hopeful results from collider experiments,
our constant efforts to study the DM characteristics in the recent time inevitably reduce to different
ideas and suggestions on indirect searches of DM manifestations in astrophysical data [82–88].

Actually, all final SM particles arise either directly in the processes of annihilation (or decay) of
the DM particles or at the stage of secondary mesons (π0, π±, K etc.) decays. The search for such
signals which unambiguously produced by the hidden mass objects has been going on for a long time,
but there are no reliably confirmed signals yet. It should be noted that the DM annihilation with the
maximum cross section occurs in regions of increased DM density, i.e., in the central regions of the halo
near active galaxy nuclei (AGN), the process can be also amplified in the possible DM clumps [89–93].
In other regions of galaxies, the efficiency of annihilation signals decreases due to the low density
of DM.

Does not considering the decaying super-heavy DM, besides annihilation reactions, the presence
of hidden mass can manifest itself in reactions of high-energy particles scattering on the DM particles.
Such high-energy fluxes of cosmic rays permeate the entire universe, their composition, in addition
to the main components—protons and nuclei of various elements—includes electrons, photons,
neutrinos. Furthermore, aside from the question of how particles of such high energies are generated
and distributed across the universe [94–99], the processes of quasi-elastic and inelastic scattering
of ultra-high energy cosmic rays (UHECR) by DM particles can give important information on the
hidden mass dynamics and its spatial structures. Despite the fact that in this case the macroscopic
cross sections are proportional only to the first power of the DM density, the low probability of such
processes is partially compensated by the specificity of the signature of the final states, i.e., the unique
nature of the signals [100–106].

Obviously, intergalactic magnetic fields strongly affect the propagation of charged leptons;
therefore, information on the sources, conditions, and principles of UHECR generation is mainly
contained in neutrino and photon differential fluxes. Thus, the cosmic rays interactions with hidden
mass particles should be considered as a useful additional tool for studying DM in the universe.
Analysis of such processes should contain not only the cross sections of CR interactions with hidden
mass objects calculated in various DM scenarios, but also an assessment of how the energy distributions
and composition of UHECR can be changed due to quasi-elastic or inelastic interactions with the
DM particles.

As a testing ground for evaluating and discussing the processes of UHECR interaction with
the DM particles, we consider the above described scenario of the SM extension due to additional
fermions—hyperquarks. As we have seen, in the minimal version of the extension (SU(4)→ Sp(4)
H-color model), the DM candidates are stable neutral hyperpion (its charged unstable partners in the
triplet of hyperpions have a masses greater by≈160 MeV and the neutral stable diquark, B0 (see above,
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Section 2.1.2). Here we will assume the masses of these two different DM candidates are practically
equal; the case of an asymmetric DM, when one of the components is heavier than the other, can also
be analyzed [35]. The reason is the calculated mass difference for these components clearly depends on
the scale of renormalization and can be made nonzero. The dependence itself on the renormalization
follows from different H-quark currents corresponding to these stable objects in the scenario. As it
results from numerical analysis, the mass splitting between two components of the DM cannot be more
than (10–15) GeV for reasonable values of renormalization scale, µ = (100–1000) GeV. It, however,
means that one type of the DM components can effectively transform into another with simultaneous
production of soft leptons, neutrino and diffuse photons (see also [107] where the DM components
masses are rather different).

The reason of this soft radiation is that the dominant decay channel of secondary charged
hyperpions is the decay π̃± → π̃0π± with subsequent leptonic decay of ordinary π±. Therefore,
the signature of such a process—creation and subsequent decay of a charged hyperpion—is the
appearance of a (decaying) muon and a muonic (anti) neutrino. Appearance and decay of charged
H-pions is a characteristic feature of the scenario where additional heavy fermions form new H-hadron
states with possibilities of their transformations into each other. Higher unstable H-quark bound states
are not considered here under the assumption that their masses are sufficiently large (some interesting
results about spectra of masses in H-color extensions basing on the lattice calculations can be found
in [108,109]). Specifics of H-color dynamics in this type of models, with two DM components, is that
one of the DM candidates interacts via standard gauge bosons with the SM particles, but the other one
uses for such interactions only scalar exchanges by partly composite Higgs boson and its more heavier
partner, σ̃-meson.

Thus, the scenario under consideration represents of possible types of hidden mass components in
the SM extensions with additional fermions. Due to the presence of DM components that are different
in their nature and origin makes it possible to analyze various channels of interaction of these DM
components with cosmic rays.

Note that in the pioneering work on studying the channels of leptons scattering on the dark
matter [100,102], supersymmetry (SUSY) scenario was used as the basis, and, accordingly, neutralinos
were considered as obvious candidates for the DM particles. In this case, the main subject of analysis
was the secondary photons emitted during the scattering process. It seems to us that reactions in
which not only leptons, as a (small) part of cosmic ray flux, but also neutrinos play an active role are
very informative. Besides, we mean not only neutrino-initiated processes of quasi-elastic interaction,
but also analysis of secondary neutrinos and photons produced in such scattering events.

Masses of the DM components can be extracted from the system of five kinetic equations for
the DM density assuming the existence of freeze-out point for the annihilating DM candidates [105].
Using cross sections in all possible annihilation channels for the DM components, the system of
equations has been solved numerically. Then, we get some regions depending on the model parameters
where the DM relic density is correct (in Figures 1–3 these areas are crosshatched by vertical and
horizontal lines) with H-pions fraction that is less than 25 percents: (0.1047 ≤ Ωh2

HP + Ωh2
HB ≤ 0.1228

and Ωh2
HP/(Ωh2

HP + Ωh2
HB) ≤ 0.25). The crosshatching with oblique lines correspond to areas where

all parameters are exactly the same, but here H-pions fraction make up just over a quarter of the DM
(0.1047 ≤ Ωh2

HP + Ωh2
HB ≤ 0.1228 and 0.25 ≤ Ωh2

HP/(Ωh2
HP + Ωh2

HB) ≤ 0.4). It is understood why
B-component of DM dominates in all valid regions—this is because B0-baryons interact with the world
of ordinary particles only via H-quark and H-pion loops or through exchanges with scalar states,
but H-pions have tree level interactions with weak vector bosons, so they burn out much faster.

Further, hatching with horizontal lines denotes regions where recent DM relic abundance
is not explained by H-color candidates. Regions with vertical hatching are forbidden by
underground-experiment data from XENON collaboration.
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Thus, results of kinetic analysis of two-component dark matter can be presented in the Mσ̃ −Mπ̃

plane in Figure 1 as three allowed areas for the DM masses and other model parameters (v.e.v. u,
mixing angle θ), namely:

Region 1: Mσ̃ > 2mπ̃0 and u ≥ Mσ̃. At small angles of mixing, sθ , and large masses of H-pions it
is possible to obtain a significant fraction of H-pions.

Region 2: the same relation between Mσ̃, mπ̃0 , u but the H-pion mass is smaller, mπ̃ ≈
300–600 GeV, H-pion fraction is small here.

Region 3: Mσ̃ < 2mπ̃ . This domain is always possible and it is presented in all figures. Note,
decay σ̃→ π̃π̃ is prohibited. H-pion fraction in the DM relic can be large if the mass mπ̃0 is large and
the mixing angle is small. In Figures 2 and 3, we illustrate the regions changing for lower values of the
v.e.v. u and sin θ.

Figure 1. Numerical solution of kinetic equations system in a phase diagram in terms of Mσ̃ and mπ̃ ,
other parameters are also indicated.

Figure 2. Analogous phase diagram in terms of Mσ̃ and mπ̃ , but for much smaller u.
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Figure 3. Phase diagram in terms of Mσ̃ and mπ̃ , the same u but the mixing is smaller.

Thus, knowing tree level cross sections of DM components annihilation, from kinetics we estimate
masses of stable hypercolor particles, π̃0 and B0, B̄0 in the range 0.6–1.2 TeV. Here we consider the
case ∆MBπ̃ ≈ 0. Note, due to connection between masses of H-pions and σ̃-meson for zero h− σ̃

mixing, mass of this scalar partner of “nearly standard” Higgs boson is also constrained in some range.
Now, with the estimation of all masses in hand, we can analyze most simple process of quasi-elastic
scattering e−π̃0 → νeπ̃−[105] with a following decay of the charged H-pion.

Cross section was calculated supposing the target (DM particle) gets a small portion of projectile
energy, so W-boson in t-channel is close to its mass shell, the momentum transfer is small and the final
π̃0 is not accelerated in this process (we return to discussion of this important possibility—acceleration
of the DM objects up to TeV energies [110–116]—somewhat later). Then the secondary neutrino and
leptons from the W decay (in the channel π̃− → π̃0W− → π̃0e−ν̄e) or from dominant channel of decay
π̃− → π̃0π− → π̃0µ−ν̄µ should have energies ∼ 102 GeV or even less (see Ref. [43] for details of the
charged hyperpion decays). Then, the cross section of the process and also distributions on energy
and angle of emission for secondary neutrino were found as and the number of possible neutrino
events at IceCube produced by this reaction [105]. Indeed, the electron scattering on the DM objects
can be interesting as a source of high-energy neutrino from Weν vertex or accelerated DM particles
with masses ∼ 1 TeV, when the momentum transferred is sufficiently large.

However, the electron flux is only a small part of the cosmic ray total flux especially at energies
≥ 102 TeV. As a result, we predict a very small fluxes of secondary neutrinos and, consequently,
small probability to detect such events at IceCube [105,106].

At this moment, an important feature of H-color model emerges—we have two DM components
and the process of UHECR scattering should be considered for both types of neutral stable objects.
Moreover, H-baryons B0 are the largest part of the total DM amount, as it follows from kinetic equations
analysis. It follows from the absence of direct interaction of B0-baryons with the standard gauge bosons
and, consequently, with the SM matter. So, the burning out of this component is much slower than for
π̃0 particles.

It seems that there is a chance to introduce the B0 interaction through H-pion and/or H-quark
loops, however for the scattering channels these loops are exactly zero [105]. Thus, we need to consider
more complex tree diagrams, in particular, tree diagrams with the exchange of Higgs boson and its
partner, σ̃-meson, in t-channel give dominant non-zero contribution to the process e−B → νeW−B.
Virtual W−-bosons eventually decay to lν̄l or into light ordinary mesons. Of course, there is similar
scattering reaction with the scalar-state exchange, e−π̃0 → νeW−π̃0, whose amplitude is smaller by



Universe 2020, 6, 196 21 of 30

half as it is seen from the model Lagrangian. Here, we do not take into account small contributions
from diagrams with H-quark loops, hhZ and other multi-scalar vertices [106].

Note, diagrams of this type were recently considered and suggested for the analysis of neutrino
scattering off nucleons [117], their significant contributions were confirmed by direct calculations.
We, however, found that these diagrams present dominant tree level part of cosmic particles scattering
cross section off the DM. To calculate total width of the process with the final state B0e−νν̄ or π̃0e−νν̄,
we have used factorization method [118,119] considering independently amplitudes squared of
subprocesses with intermediate W and Z-bosons and then estimating the (negative) interference
of these contributions. The approach allows us to estimate with reasonable accuracy (no worse than
∼10% due to approximate estimation of the interference) the cross section of an “averaged” process
where the final electron and neutrinos are produced by different vertices, W → lνl and Z → νl ν̄l ,
which practically coincide for the massless leptons.

So, without using complex computer programs we get the value of total cross section and can
estimate also the possibility to detect at IceCube the neutrino signal produced by the process of electron
scattering off the DM. Again, for these reactions we do not consider those phase space regions which
correspond to acceleration of the initial DM particle (so called up-scattered dark matter). In other
words, the final H-baryon (or neutral H-pion) is slow; nearly all energy of the incident electron is
distributed between three final massless particles (electron and pair of neutrinos). Approximately,
energies of secondary neutrinos are in the interval ∼(Ee/3− Ee).

In calculations, we use two values of masses of H-baryon and σ̃-meson. Note that in the model
there is a correlation between masses of mσ̃ and mπ̃ : m2

σ̃ ≈ 3 ·m2
π̃ . This is an exact equality for zero

mixing of Higgs boson and σ̃. Here, we suppose the splitting between masses of H-baryon and π̃ is
very small. It was found that the cross section strongly depends on the mass of DM particle and grows
with the mass increasing.

Now, we should note an interesting type of the scattering processes produced by high-energy
neutrino off the DM components. Namely, there is a small probability to find in the UHECR content
electrons of very high energies, which will initiate creation of high-energy neutrino in the scattering.
Nevertheless, we calculate cross section values for high energy region despite the fact that the cosmic
electrons flux noticeably decreases for these energies; the hope is based on estimation of effective areas
for IceCube—high-energy neutrinos can be detected with a larger probability. Unfortunately, cosmic
electron motion is strongly affected by galactic magnetic fields, so their sources are hardly identified
both in direction and in intensity. Certainly, if we could separate, in all experimental data, signals
from high-energy electron scattering with specific set of final states, it would manifest itself on the
target with defined properties; and, perhaps, it would have been the DM object. Alas, such signals are
practically unobserved for the ground neutrino telescopes due to large and constant background from
the Sun neutrino and neutrinos resulting from decays of mesons and baryons produced by cosmic rays
interactions with nuclei in the Earth atmosphere. We also note that in processes with the production
of secondary neutrinos, acceleration of DM particles can occur simultaneously; such processes can
themselves be initiated by incident high-energy neutrinos [120–122]. In other words, reactions with
participation of high-energy neutrinos which can be accompanied with the DM accelerated seem as
informative and important, especially because both of these particles are, in fact, messengers from
regions of high DM density—regions near AGN or from possible DM inhomogeneities of some other
nature—and early epoch of the universe [123].

In more detail, the secondary neutrino fluxes calculated are very small in comparison with
expected neutrino fluxes from AGN which can be ∼ 105 cm−2s−1sr−1. Atmospheric neutrino
fluxes with neutrino energies ≤2 TeV are also much larger [124–127]: ∼10−10–10−9 cm−2sr−1s−1.
Namely, we get that the secondary neutrino flux resulted from the cosmic electrons scattering is
∼10−19–10−22 cm−2sr−1s−1[106]. If, however, intergalactic neutrinos with very high energy come to
the Earth (their sources can be jets from blazars), their scattering on the DM from halo can be marked
by the specific reaction: νl + DM → ν̄l + Z∗ + DM → ν̄l + νk ν̄k + DM. Of course, a virtual Z-boson
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can decay into light mesons producing a number of soft leptons, neutrino and photons, but some
correlation in energies and directions between high-energy secondary neutrinos can be detected.
Obviously, cross section of creation of secondary quarks or leptons by virtual Z-boson is resonantly
amplified when the Z-boson is near its mass shell. In any case, for this process we evaluate cross
section as ∼(20–300) pb for initial neutrino energies ∼(10–100) TeV.

Let us note some points which are important for study of the cosmic rays scattering off the DM.
We suppose that, independently of the type of the SM extension, possibility of scalar exchange in the
scattering channel results in a strong dependence of the cross section on the DM particle mass. It was
found in the H-color extension, namely, the changing (increasing) of the DM component mass of 10%
leads to the cross section growth by up to 50%. The opening of channels with scalar exchanges allows
us to consider new ways to produce secondary high-energy leptons, neutrino and photons by UHECR
scattering off the DM. Besides, these reactions can result in acceleration of the DM particles despite that
this process takes place in t-channel. Now, resonant amplifying [120] is possible only due to that part
of total amplitude which describes producing of leptons or quark pairs in virtual gauge boson decays.

3.1.2. Creation of New Components in the UHECR Sources

Cosmic rays of ultrahigh energies have a low intensity which rapidly decreases with increasing
energy; for example, at the border of atmosphere, a detector with an area of 1 m2 can detect about
100 cosmic particles per year with E ≥ 103 TeV. With such small fluxes of UHECR, the analysis of
extended air showers (EAS) generated by high-energy particles in the Earth’s atmosphere becomes an
effective method of studying them. Composition of the initial radiation changes due to creation and
decay of new particles that generate a nuclear-electromagnetic cascade. The path traversed by particles
in the atmosphere is much larger than the average range of inelastic interactions between protons and
nuclei. Secondary particles forming an EAS, can be detected at large distances, up to 103 m or even
more from the shower axis.

Standard picture of EAS production is based mostly on physics of high-energy protons (or light
nuclei from cosmic rays) interaction with nuclei in atmosphere; then, secondary nucleons, pions, kaons,
hyperons, leptons and photons are born. In the initial act of EAS generation leading secondary particle
keeps about ∼50% of its initial energy, so is able to interact several times in the atmosphere. At high
energies, ≥100 TeV, a significant part of unstable secondary particles (π- and K-mesons) do not decay
on the path of the order of one path of the inelastic nuclear interaction, they again interact with the
nuclei, forming new decaying charged and neutral mesons which produce (decaying with lifetime
∼2 × 10−6 s) muons, neutrinos and photons.

Of course, along with a shower of nuclear-active particles, it develops an electron–photon cascade
in the atmosphere due to fast decays of neutral pions into two gammas. So, an electron–photon
component of the shower arises and evolves. Then, photons produce electron–positron pairs interacting
with the medium, and these charged leptons again give high-energy photons due to bremsstrahlung on
the nuclei. Obviously, the multiplication of particles in these showers is defined by energy dissipation
processes for every type of interaction between mesons, nucleons and nuclei or mesons decays.
These interactions have been studied with all necessary detail. The passage of an EAS through
the atmosphere is also accompanied by optical radiation: Cherenkov and ionization radiation. So,
this standard picture of the emergence and development of EAS generated by high-energy protons or
nuclei must be supplemented since EAS can also be generated by high-energy neutrinos and, possibly,
by high-energy accelerated neutral DM particles [128–130].

Neutrinos generate electromagnetic and hadronic showers due to deep inelastic (or quasi-elastic)
scattering off nucleons in case of charged or neutral current interaction. Note that in the last case
there arise some special contributions providing interactions of B0 component with standard fermions
through scalar exchanges. These diagrams, which are called as “trident” [105,106,117]), are especially
important for the cosmic rays (electrons, neutrino, protons) interaction not only with nucleons but



Universe 2020, 6, 196 23 of 30

with the DM objects, in particular, for various multi-component DM models with scalar interaction of
the DM with gauge bosons currents.

It is important to note that the showers generated by neutrinos and nucleons can be
effectively discriminated due to small cross section of neutrino interaction with nuclei in atmosphere
(this argument can also be used for separation of possible showers producing by high-energy neutral
heavy DM particle [131,132]). As a result, EAS induced by neutral particles begins its development
deeply in atmosphere (where the density increases significantly) in comparison with EAS generated
by cosmic protons. Produced by galactic neutrinos EAS are highly inclined, despite this, there is a set
of parameters (Cherenkov light, depth of shower maximum in the atmosphere, duration of the shower
in dependence on the altitude and, correspondingly, density) allowing to separate neutrino showers
from proton ones [128,131,133]. These characteristics of EAS can also be used to mark EAS which are
produced by boosted DM particles.

Remind, the possibility to accelerate light DM particles in the scattering of high-energy cosmic
rays off the DM was supposed and numerically analyzed in [110–116,129,130,134]. This possibility to
boost the DM was also confirmed for heavy DM objects with mass ∼1 TeV, more exactly, we have
considered and approximately calculated scattering of protons of high energy, up to 200 TeV on the
DM particles from halo, in the region of most large DM density—near AGN [135]. In other words,
we consider interaction of protons from blazar’s jets with heavy DM particles. In the framework of the
H-color scenario, in this interaction of protons with two DM components a significant part of protons
energy can be transferred due to charged current to heavy H-pion and to both DM component in the
trident type diagrams involving scalar exchange.

For initial protons with energy 200 TeV cross section of the scattering process where final
charged H-pion is produced with energies (40–50) TeV is ∼(10–15) pb. This charged H-pion decays
predominantly as π̃± → π̃oπ± with the width Γ→ 3× 10−15 GeV. So, we get also secondary muon
(which again decays) and muonic antineutrino.

In fact, in this deep inelastic reaction the main charged component of UHECR (protons)
originated from blazar jet disappear transforming finally into flux of high energy neutrino and leptons.
More exactly, our estimations demonstrates that∼(10–25)% of the proton energy is transferred to heavy
neutral component of the DM with cross section ≈(10–100) pb. In the scattering channel described
by “trident” diagrams total cross section is of the same order but there appear additional neutrinos,
for example, generated in the resonant decay of intermediate Z-boson.

Despite the cross section not being large, it is an example of accelerating even heavy DM particles
up to significant energies. Most importantly, this boosted neutral particle, as light neutrino, will
pass away from the DM halo moving in the constant direction because it interacts with the matter
very slowly. So, this rare process when the charge component of cosmic rays can be ruined in the
deep inelastic reaction and as a result neutral DM particle moves like a neutrino towards the Earth.
Remind that above considered high-energy electron scattering off the DM can also accelerate the DM
but in quasi-elastic process high energy neutrino are generated with more probability.

Thus, from this brief description of some processes of scattering of high-energy cosmic ray
particles off the DM we can conclude that these reactions can enrich the cosmic rays composition with
boosted heavy neutral DM particles [136]. At energies of these projectiles ∼(10–100) TeV cross sections
of their interactions with nucleons and nuclei, ∼(10−34–10−37) cm2, are compared with cross sections
of neutrino-nucleons scattering. In this deep-inelastic process nucleons or nuclei are transformed a
multiparticle final states consisting of charged leptons, photons and neutrino. Additional neutrinos
are generated by the charged H-pion decay and in the processes with resonant decay of Z-boson. So,
the accelerated neutral DM components can produce rare events - specific types of EAS. Certainly,
these EAS in the atmosphere should be separated in some manner from other types of showers.

It is known that as usually cosmic rays generate a shower of secondary particles which are mainly
muons, electrons and photons. They go to ground detectors and can be fixed as measured signals
registering also due to fluorescence and Cherenkov light, and radio emission generated by charged
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component, electrons, in atmosphere of the Earth. It seems, such type of shower is similar to neutrino
induced shower and its initial point also should be deeply in atmosphere, however, the neutral DM
particle can not disappear from the EAS composition and will interact with the ground detector
producing some radiation from secondary electrons or from excited nuclei in the detector. The DM
showers, as they generated by intergalactic DM objects which were accelerated by UHECR or AGN
jets from halo of other galaxies, or DM particles boosted from halo of our galaxy by intergalactic
UHECR do not have to be mostly inclined or nearly horizontal. It is supposed, these accelerated
DM components and EAS produced by them should be distributed more or less isotropic. May be,
the EAS axis can be connected with direction to some blazar, as it was found for some very high-energy
neutrino events at IceCube.

So, we can conclude that EAS from heavy DM particles are distinguished from EAS generated
by protons or neutrino because in the former event the shower contains in his composition neutral
stable object up to the final moment when this fast DM particle scattered on nucleon in the detector
(see also [137] and references therein). To the contrary, in composition of EAS which was induced
by neutrino or protons (or light nuclei), there is no any heavy stable particles, only leptons, photons
and neutrino are detected as final states. Note also that interaction of DM components with nucleons
in detector should have specific signature: the scattering in charged current channel is accompanied
with creation and following decay of charged H-pion, so, the event can be seen due to charged
lepton bremsstrahlung. We hope that observing and measuring the characteristics new types of EAS
containing heavy neutral stable particles will be possible at modern complex LHAASO [138], in other
words, the DM candidates can manifest itself in a specific types of EAS.

Ionization of dark atoms by high energy cosmic rays or in supernova explosions can lead to
formation of an anomalous cosmic ray flux of stable multiple charged leptons. The search for such
component and the possibility to discriminate the corresponding air-showers are challenges for
LHAASO experiments.

3.2. Multimessenger Probes for New Physics Effects

As was noted above, UHECR can result in specific interactions with DM particles, which are
concentrated in halo with the largest density near AGN, giving some special signatures. First, in the
scattering processes the target (slow heavy stable DM component) can receive a significant portion of
energy of initial projectile. So, the DM particle can be effectively accelerated mostly in the direction
close to the projectile direction. However, in the two-component DM scenario considered, if the
interaction is provided by charged current with the W-exchange neutral H-pion component transforms
into charged H-pion decaying with generation of lepton and neutrinos from π± and muon decays.
This charged H-pion, in fact, decays in flight, so it is possible to estimate energies of final particles and
their angles of emission. Indeed, these reactions are rare because of small density of DM, especially if
we consider the intergalactic UHECR scattering off the DM halo of our galaxy.

Although secondary neutrinos (prompt neutrino from Zνν̄ vertex, neutrino from π̃± decay and
neutrinos from decaying mesons generated by initial proton) are emitted and scattered at different
angles, there is non-zero probability to detect neutrino from this reaction at IceCube together with
observation of specific shower associated with the DM component at LHAASO, for example. Certainly,
the probability of such events which are separated by definite interval of time (its magnitude is defined
by energies and velocities of the neutrino and DM particle) is evaluated as very small. However,
if such twin event would be detected, it could be an important manifestation of the UHECR interaction
with the DM. More precisely, measuring the characteristics of such an event—the delay time between
signals (registration of a high-energy neutrino and a shower of particles), the energy release of the
EAS, its composition, as well as the establishment of the fact of interaction of neutral object (heavy DM
particle) with the substance of the detector (for example, by low-energy radiation)—could improve
our understanding of the DM nature and the features of its interaction with neutrinos, leptons and
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nucleons. These probes can shed light on the possible hadronic and hadron-like particles of dark
matter and their spectroscopy.

4. Conclusions

Over recent decades, the mainstream of BSM physics has been concentrated on the search for
direct and indirect effects of supersymmetry (SUSY). SUSY partners of SM particles with masses in
the range of several hundred GeV–1 TeV were expected to be found at the LHC. The lightest stable
neutral SUSY particle could nicely implement the WIMP miracle and was considered as the preferable
candidate the cosmological dark matter.

However, SUSY particles were not found up to now at the LHC. The results of direct underground
WIMP searches are controversial and the positive result of DM searches by DAMA/NaI and
DAMA/LIBRA experiments can hardly be interpreted in the terms of WIMPs.

It is reasonable to extend the field of studies of the new physics and, in particular, to consider
non-SUSY BSM models. New stable color particles can provide candidates for dark matter with
hadronic interaction, while new BSM nonabelian symmetry can increase the list of WIMP-like dark
matter candidates.

We have presented in this review various nontrivial features of new physics of strong interaction
and their possible physical, astrophysical and cosmological signatures. Experimental probes for
these signature will shed new light on possible role of various forms of strong interaction in the
dark universe.
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