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Abstract: We analyze the structure of excited states of new heavy hadrons in the scenario with
hadronic dark matter. Fine mass-splitting in a doublet of new mesons stipulates the existence of
charged metastable heavy mesons. We describe the structure of new meson excited states in the
framework of the heavy quark effective theory. Phenomenological consequences of fine and hyperfine
splitting are considered in the hadronic dark matter scenario and beyond.
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1. Introduction

Strongly interacting massive particles (SIMP) as dark matter (DM) candidates are the subject of
urgent discussion in literature during the last years [1–4]. The interest in SIMP as the DM candidate
increased after the appearance of a strong restriction on the weakly interacting massive particles
(WIMP) scenario [5]. Hadronic dark matter (HDM) is one of the simplest and most natural variants of
the SIMP scenario. In this scheme, DM particles are heavy hadrons which consist of new heavy quarks,
Q, and ordinary ones, q. The most developed extensions of the Standard Model (SM) with new quarks
were considered in Refs. [6] (and references therein). Some peculiar properties of new heavy mesons
and low-energy phenomenology of the HDM scenario were considered in Refs. [4,6,7]. It was shown
in these works that new quarks have vector-like interaction with gauge bosons and the HDM scenario
is not excluded by electro-weak (EW) restrictions on new physics and cosmochemical constraints on
the relative concentrations of anomalous elements. In addition, the main properties of new hadrons,
such as the value of mass, presence of metastable state for charged hadron and effect of fine splitting,
were described in these references.

In this work, we consider the scenario with stable SU(2)-singlet quark (SQ) naturally following
from the most investigated extensions of SM, such as E6 model or SU(5) supersymmetric extension
(for more details, see Refs. [4,6]). Note, these extensions have independent meaning as variants of
realization of grand unification theory. Application of this scenario to the description of DM is not
obligatory, however, it gives the simplest and most natural realization of the hadronic DM scenario.
It is declared in Ref. [8] that the existence of cald DM in the framework of traditional gravity theory
(ΛCDM) is excluded with high significance level. Further, we consider the general scenario, where new
heavy hadrons can form a subsystem of hidden sector, and a scenario with hadronic dark matter as the
limiting case. Note, dark matter interpretation of new hadrons imposes the restriction on the value of
hadron mass only, which can be used in the general analysis. The principal part of consideration does
not depend on the status of new hadrons. The presence of a singlet quark in cosmic rays should be
assumed without reference to DM, if we believe in the grand unification paradigm. The problem of the
singlet quark was widely discussed in literature for several decades. The most attention was paid to
the effect of mixing of this quark with ordinary ones to provide decay channels for the singlet quark.
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Here, we consider a scenario without mixing, then the singlet quark is absolutely stable due to baryon
charge conservation. We should note, also, that the origin of singlet quark’s mass, in contrast to masses
of standard quarks, is not described by Higgs mechanism. In the early Universe, at the temperature
above the mass M of new quark Q, these quarks were in thermodynamic equilibrium with quark-gluon
plasma due to annihilation QQ̄ → gg, qq̄ and inverse processes. At the freezing out temperature,
the rate of expansion exceeds the rate of annihilation of QQ̄-pairs, so they are frozen out. The mass of
new quarks we have defined from the data on the DM relic density using the following equality:

(σ(M)vr)
Mod = (σvr)

Exp (1)

In Equation (1), the left part of the equality is the model value of annihilation cross-section and the
right part follows from the data on the modern DM relic abundance of DM, (σvr)Exp = 2× 10−9 GeV−2.
The total cross-section of the strong channels (new quarks posses standard QCD interaction) of
annihilation QQ̄→ gg, qq̄ is calculated in [6]:

(σ(M))Mod = σ(QQ̄→ gg, qq̄) ≈ 44π

9
α2

s
M2 . (2)

Using the expression (2) and equality (1), we estimate the new quarks mass as M ≈ 10 TeV.
It defines the mass scale of new hadrons. From this estimation, it follows that the freezing out
temperature Tf ≈ M/30 ≈ 300 GeV, which is much larger than the QCD phase transition temperature,
TQCD ≈ 150 MeV. Therefore, the stage of hadronization of usual and new heavy hadrons begins much
later than the freezing out one. Note, if DM status of new quarks is not assumed, then the above
estimation gives a lower bound on mass, M > 10 TeV. After phase transition, new heavy quark Q
combines with ordinary light quark q into a new heavy Qq-hadrons. In the Universe with baryon
asymmetry, it is possible the formation of meson states (qQ̄) and baryon states (qqQ) with unit electrical
charge. Here, we consider the meson states only, while more complicated states were considered in
Ref. [6]. In Ref. [7], the scenario with asymmetry in the sector of new quarks (only antiquarks Q̄ exist)
was considered, where new heavy baryons were absent. In this work, we analyze effects of fine and
hyperfine mass-splitting in detail and consider principal consequences of these effects.

The paper is organized as follows. In the Section 2, we consider the effect of fine and hyperfine
splitting in the spectrum of masses of standard and new heavy-light mesons. In Section 3, we take into
account some constraints on the scenario following from the cosmological data, and analyze the main
phenomenological consequences of fine and hyperfine splitting. Discussion and some conclusions are
presented in Section 4.

2. Fine and Hyperfine Structure of the Mass Spectrum of New Heavy Mesons

2.1. Fine Isotopic Structure of the Doublet (M0, M−)

New heavy mesons are composite two-quark states M = (qQ̄), where q is the light standard quark
and Q is the new (super) heavy quark. Therefore, these heavy-light mesons are near asymptotical
objects of heavy quark effective theory (HQET) [9–13]. This theory successfully describes standard
heavy-light (HL) mesons, such as K, D and B mesons. The base idea of HQET is the heavy quark
symmetry which takes place at mQ1 , mQ2 � ΛQCD [10]. In this case, the heavy degrees of freedom
split off and can be integrated out; that is, in the limit mQ → ∞, the solutions of the QCD equations
become independent on the mass and spin of the heavy quark. This effect makes it possible to establish
the relation between some characteristics of heavy-light mesons. In this work, with the help of the
HQET approach, we establish the relations between mass-splitting in a set of standard HL mesons
(D and B mesons) and new heavy mesons. These relations lead to the effects of fine and hyperfine
splitting, which can manifest itself as the existence of a metastable charged meson and luminosity of
hadronic DM.
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Firstly, we consider the mass-splitting in the doublets of new mesons, M = (M0, M−),
where neutral and charged components contain different light quarks. In the case of up quark
Q = U, quark content of neutral and charged mesons are as follows: M0 = (uŪ) and M− = (dŪ).
In the case of down quark Q = D, the contents are: M0 = (dD̄) and M+ = (uD̄). The value of
mass-splitting, ∆m = m(M−)− m(M0) is defined by differences of binding energy of these states
and the masses of light quarks, u and d. Binding energy of new heavy mesons is caused both by
strong and electro-weak interactions, while the definition of masses of light quarks is model dependent
(for example, the current-quark masses, mu = 2.3 MeV and md = 4.8 MeV [14], are much less
constituent-quark mass, Mu ≈ Md ∼ 102 MeV). It is difficult to account for all of these factors;
therefore, we use the experimental data on the mass-splitting in standard heavy-light mesons, K, D
and B. Then, with the help of the heavy quark symmetry (see, for example, Ref. [10]) we extrapolate
the values of resulting effect to the doublet of new heavy mesons. From the experimental data on the
masses of neutral and charged components of standard doublets [14], it follows:

∆mK ≈ −3.9 MeV; ∆mD ≈ +4.8 MeV; ∆mB ≈ −0.3 MeV. (3)

Using these data, one can makes the following conclusions: there is no monotonous behavior
of the value ∆m with respect to the meson mass; the value of mass-splitting is positive, ∆m > 0, for
the case of D-meson (up-type of heavy quark, c-quark) and negative, ∆m < 0, for the cases of K and
B mesons (down-type of heavy quarks, s- and b-quark); absolute value of mass-splitting is on the
order of MeV. The existence of heavy-quark symmetry makes it possible to apply these conclusions
to the case of new heavy doublet (M0, M−). The term “fine mass-splitting”, in this case, designates
the inequality ∆m � m(M), where ∆m ∼ 1 MeV and m(M) ∼ 107 MeV. From these preliminary
assumptions, one important conclusion for the hadronic DM scenario follows: new quark, which forms
the lightest neutral stable state, should be up-type quark, U (see, also, Ref. [6]). Moreover, due to the
absence of strong channels of new mesons decay, we can assume the unique weak decay channel of
charged component:

M− → M0e−ν̄e. (4)

This decay process was described in Ref. [6], where the width and lifetime was calculated
with help of effective low-energy Lagrangian of M-particles and W-boson weak interactions.
The structure of the process can be represented by one diagram with W-boson in the intermediate
state, M− → M0W− → M0e−ν̄e. The first step of decay M− → M0W− is described by effective
differential vertex M−M0W− with effective coupling G = g/(2

√
2) [6], where g is standard weak

coupling. The second step is described by standard vertex W−eν̄ with vector and axial parts.
Straightforward calculation of width of the decay 1 → 3 with the help of the standard method
leads to the following expression:

Γ(M−) ≈
G2

F
60π3 [(∆m)5 −m5

e ]. (5)

From Equation (5), one can see that the reaction has a threshold, and the condition of
destabilization (there are no stable new charged mesons) is described by inequality ∆m > me. From the
third assumption, ∆m is on the order of MeV, it follows that the value of width can be very small and
M− can be long-lived. In particular, at ∆m = 1 MeV, the lifetime τ = 1/Γ ∼ 105 s. Moreover, in the
limit ∆m→ me, the charged particle M− has an arbitrary large lifetime. The presence of a long-lived
charged partner of DM particle is one of the most specific features of the hadronic DM scenario. Note,
the possibility of existence of charged metastable heavy hadros was analyzed in [7], where its indirect
experimental evidences and signals in cosmic ray physics were considered.

The presence of metastable charged particles in the early Universe can be impacted by their
charged decay products on the parameters of cosmic microwave background (CMB) and “Big Bang”
nucleosynthesis (BBN). Possible constraints on the HDM scenario will be discussed in the next
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section, where we present the phenomenological consequences of the fine structure effect and possible
manifestation of metastable charged hadrons.

2.2. Hyperfine Structure of Excited States of New Heavy Mesons

Effect of hyperfine splitting principally differs from the fine mass-splitting, but it can be directly
described in the framework of heavy quark effective theory (HQET) [10,13]. The effect of fine splitting
is caused by the change of light quark content (q → q

′
), and heavy quark symmetry allows us to

extrapolate the main characteristics of this effect on new heavy mesons. Hyperfine splitting relates to
the mass-splitting of excited states of the mesons with the same quark content. As was shown in the
framework of HQET, this effect disappears in the limit of infinite mass of meson, when heavy quark
symmetry becomes exact. Here, we consider the hyperfine splitting effect for the case of the lowest
excited and ground states.

First of all, we briefly represent the base statements of HQET, which usually are applied to the
description of standard heavy-light (HL) mesons K, D and B (see the Refs. [10–13] and references
therein). Heavy quark symmetry is the base idea of HQET [10], which becomes exact in the limit of
infinite mass of meson, m(M) ≈ mQ → ∞. For the realistic case of finite masses of standard mesons,
this symmetry is approximate and in the framework of HQET is realized as systematic approximation
to full QCD. An account of corrections is fulfilled with the help of small parameter Λ/mQ, where
Λ is the scale of the light degree of freedom. It was shown in Refs. [12,13], that by the procedure of
integrating off the heavy quark degree of freedom, the expression for potential (Lagrangian or Greens
function) can be represented in terms of expansion on small parameter Λ/mQ. For example, full
quasi-potential is as follows [13]:

U(q, Q) = U0(q) +
1

mQ
U1(q, Q) +

1
m2

Q
U2(q, Q) + . . . , (6)

where U0(q) does not depend on some characteristics of heavy quark Q, while the rest of the terms
of expansion do. This effect has some principal aspects which are important in the description of
super-heavy mesons. The first part in Equation (6), U0(q), does not depend on mass and spin of the
heavy quark; that is, it describes the set of degenerate states. Independence on mass mQ leads to the
existence of, so called, heavy quark symmetry, which becomes exact at Λ/mQ → 0 and allows us
to extrapolate some properties of heavy-light (HL) standard mesons to the case of super-heavy new
mesons. Independence on spin orientation of heavy quark in U0(q) leads to spin-spin and spin-orbital
degenerations, which are removed by an account of the rest terms in Equation (6). Another aspect
refers to the small parameter Λ/mQ for the case of heavy quarks which leads to the hyperfine splitting
of degenerated states.

Further, we describe the effect of spin-spin and spin-orbital splitting in the HL mesons and
estimate its value for new heavy mesons with the help of HQET. The ground and the lowest excited
states of the meson system M(qQ̄) have the following quantum numbers: JP = 0− and JP = 1−.
Here, J is the full angle moment, P = (−!)L+1 is parity and L is orbital moment, which is zero, L = 0,
for the case under consideration. Then, J = 0 when spins of quarks q and Q are antiparellel; that is
~SQ = −~Sq, and J + 1 for the case of parallel spins, ~SQ = ~Sq. As was noted earlier, the dominant term
of potential (Lagrangian) does not contain the spin of the heavy quark, ~SQ, so, in this approximation,
the states 0− (pseudoscalar) and 1− (vector) are degenerated with respect to the energy level (mass).
It was explicitly shown in Ref. [13], that L1(q, Q) depends on the spin of heavy quark, ~SQ, in the form
of scalar products (~SQ · ~Sq) and (~SQ ·~L), which describe spin–spin and spin–orbital interactions. In the
case L = 0, the splitting is caused by the spin–spin interaction only. The effect of splitting and the
low-energy spectrum for the case of standard HL mesons usually are described in the quasi-potential
approach, where complicated equations are solved numerically [13]. Theoretical results are in good
agreements with experimental data on standard HL mesons; that is, heavy quark symmetry and HQET
are relevant for standard mesons, which are not too heavy. Moreover, the relations between the values
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of splitting are in accordance with heavy quark symmetry, so, this symmetry is not strongly violated.
Such effect can be illustrated by the following phenomenological relation [12]:

∆m2 = m2(1−)−m2(0−) ≈ 2mQ[m(1−)−m(0−)] ≈ Const, (7)

where we used approximate equality for HL mesons, m(1−) + m(0−) ≈ 2mQ. From the experimental
data on the masses of the mesons M = (B; D; K) [14], it follows the validity of Equation (7) with good
accuracy, ∆m2 = (0.53; 0.54; 0.55)GeV2. As it follows from the HQET (see Equation (6)), the accuracy
of Equation (7) increases with increasing of mass mQ. Therefore, we can apply this relation in order to
estimate the splitting of super-heavy mesons in ground, M, and excited, M∗, states. Using Equation (7),
the relation between mass-splitting for B and M mesons can be represented in the form:

δmM
δmB

=
m(M∗)−m(M)

m(B∗)−m(B)
≈ mb

mU
, (8)

where M and M∗ designate the mesons with quantum numbers 0− and 1−. Using the values
mb ≈ 4 GeV, δmB ≈ 45 MeV (see Ref. [14]) and our estimation mQ = 104 GeV, from Equation (8)
we get the value of mass-splitting, δmM ≈ 2 keV. Thus, from the experimental data on mass-splitting
of B-mesons and principal statements of HQET, it follows the effect of hyperfine splitting in the system
of M-mesons. Here, we should note that similar mass-splitting is discussed in Refs. [15,16], where this
splitting was introduced in phenomenological way to explain XENON1T excess [17].

Now, we briefly consider the orbitally excited states, M1 and M∗1 , with orbital moment L = 1
and parity P = (−1)2 = +1. The values of summary angular moment~j = ~L +~sq and total angular
moment~J =~j +~sQ are the following:

1) j = 1− 1
2
=

1
2

; J = j− 1
2
= 0 M(0+); J = j +

1
2
= 1 M(1+);

2) j = 1 +
1
2
=

3
2

; J = j− 1
2
= 1 M

′
(1+); J = j +

1
2
= 2 M(2+). (9)

The states M(0+), M(1+) and M
′
(1+), M(2+) are mutually degenerate in zero approximation

due to heavy quark symmetry. Really, both components in these pairs differ by the orientation of
heavy quark spin, ~SQ and the splitting of the levels is caused by the second term of expansion (see
Equation (6)). We should note that analogs of M

′
(1+) and M(2+) are the mesons B0

1 and B∗02 with
the masses m1 = 5723.5 MeV and m2 = 5743 MeV [14]. Using this data and theoretical estimations
of the masses of B-analogs of M(0+) and M(1+) [13], we can conclude that there are two doublets of
degenerate states of M-mesons with positive parity, which have the masses m(M+) ≈ mQ + 0.5 GeV
and hyperfine splitting on the order of 1 keV. The interval between these doublets for the case of
B-mesons, which is defined by the first term in Equation (6), was numerically calculated in Ref. [13],
∆m ≈ 20 MeV. In accordance with heavy quark symmetry, the same value of the interval should be
found for the case of M-mesons spectrum. The above described features of M-mesons spectrum follow
from the heavy quark symmetry and HQET estimations.

3. Phenomenological Consequences of Fine and Hyperfine Structure

Existence of excited states of new heavy hadrons in the hadronic DM scenario has some
important phenomenological consequences. Namely, recombination of excited states can lead to
the luminosity of HDM during its interaction with ordinary matter (see, for example, Ref. [18]). At last,
underground processes of excitation and recombination of hadronic DM particles, which are absorbed
by our planet, in principle, can generate some signals in detectors, for example, such as registered
by XENON1T [17]. Here, we analyze these effects and briefly describe corresponding processes,
their signals and possible constraints on the HDM scenario.



Symmetry 2020, 12, 1906 6 of 12

As was shown above, fine splitting in the new mesons doublet, (M0, M−), leads to the existence
of metastable charged heavy meson M−. The presence of these particles in the early Universe can
affect on the parameters of CMB and BBN [19,20]. Here, we consider the possible constraints on the
HDM scenario which follow from cosmological data on CMB and BBN parameters. Constrains on
long-lived new particles, which were derived in [19,20], mainly stipulated by the electromagnetic
(e.m.) product of annihilation or decay, for example, χ → e+e−; γ, where χ is unstable component
of DM. The effect depends on the value of injected electromagnetic energy to the plasma and on the
fraction of unstable component of DM [19,20]. The scenario under consideration differs from this
picture due to some principal peculiarities of hadronic DM. At the beginning of the hadronization,
fractions of neutral, M0 = (uŪ), and charged, M− = (dŪ), components of new mesons are defined
by relative fraction of light quarks, u and d; that is, the fraction can be an order of unit. Later on,
this fraction exponentially decreases n−/n0 ∼ exp(−t/τ), however, the rate of decreasing is partially
compensated by its production in the process e−M0 → νe M−. The rate of the last process, in turn,
depends on the value of threshold ∆m and temperature of plasma. Effective energy density parameter
Θ, which describes the fraction of e.m. energy injected into plasma, is the relative amount of energy
released as the e.m. energy in one decay, normalized to the current total cold DM abundance (see
Ref. [19]). For the decay M− → e−M0, it can be approximately defined as ratio of mass splitting
(injected energy) and mass of DM particles, Θ ∼ ∆m/M ∼ 10−7. From the constrains on parameter Θ
in Refs. [19,20], it follows the approximate constraint on lifetime of charged particle M−, τM < 1012 s.
This upper limit corresponds to the value of mass-splitting ∆m ≈ me. This constraint, however, does
not account for the impact of charged component M− on CMB at the beginning stage of hadronization
at t < τM. At the case of large mass-splitting, ∆m ∼ 10 MeV, the lifetime τM ∼ 1 s and this impact is
small. To account for this impact in the case of mass-splitting ∆m ∼ 1 MeV, we need to modify the
above described scheme.

In the presence of excited states of new hadronic particles, transitions between these states are
accompanied by absorption and radiation of photons in the keV spectral range. It corresponds to
γ-rays with wavelength λ ∼ 10−9 cm. Assuming that characteristic size of M-mesons, RM, is not
greater than nucleon radius, that is RM ≤ 10−13 cm, we get strong inequality λtr � RM. Therefore,
interaction of such photons with neutral composite system M0 is defined by higher terms of multipole
expansion of charge distribution inside meson and is negligible. There is, however, another mechanism
of M-mesons exciting through low-energy interaction with nucleons or leptons at small momentum
transfer. Such processes can be caused by neutral transitions through the exchange of neutral light
mesons, ω, ρ0, or standard bosons γ, Z in t-channel reactions:

M0N −→ M0∗N (ω, ρ0 − exchange); M0l −→ M0∗l, (γ, Z− exchange). (10)

Kinematics of these quasi-elastic scatterings are the same as for the elastic scattering, but the
vertices are different. The vertex of MMV-interaction has a differential form, while the vertex of
MM∗V is not, because the field M∗ = M(1−) has vector character. Corresponding Lagrangians are
as follows:

L(MMV) = igsVµ(M∂µ M̄− ∂µ MM̄); L(MM∗V) = igvVµ M∗µ M, (11)

where M∗µ = Mµ(1−) is vector state and gs, gv are effective couplings, which in the general case
depend on momentum transfer as form-factor. Note, the form of the Lagrangian L(MM∗V) in (11)
is the simplest one, however, it is not unique (see Equation (15) below). The cross-section of elastic
scattering of the type NM → NM was presented in Refs. [4,21]. The expression for cross-section of
strong low-energy scattering is as follows:

σ(MN → MN) =
g4m2

N
16πm4

ρ
(1 +

kN
3
)2, (12)
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where M = (M0, M−), N = (p, n), g2/4π ≈ 3.4 and kN = ±1 for the case of p or n. In particular,
proton scattering on DM particle M0 has a rather large value of cross-section, σ(pM0 → pM0) ≈
0.9 barn. Formally, this cross-section does not account for transition M0 → M0∗ directly, because
the last reaction is accompanied by the change of mutual orientation of spins of light,~sq, and heavy,
~sQ, quark. Taking into account hyperfine mass-splitting, that is the equality of final phase spaces, we
should expect that the relation of corresponding transition probabilities to be near the same, if gs ≈ gv.
From the structure of one-meson exchange reaction, it follows that intermediate mesons interact mainly
with light quark in M-particle, while heavy quark Ū has spectator status. As a result of this interaction,
light quark can convert orientation of its spin and M(0−) transits to M(1−). Therefore, this transition
is not suppressed and can lead to consequent process of recombination, M(1−) → M(0−)γ, with
radiation of photons having energies near 2 keV.

Now, we consider the constraints on hadronic DM which strongly interact with ordinary baryons.
The presence of such DM particles directly impact on the parameters of BBN and γ-spectrum of
cosmic rays (CR) in the Galaxy [22]. In this work, the constraints were derived on the relation
R = σ(cm2)/MDM(g), where σ is cross-section of DM-baryon scattering (in cm2) and MDM is the
mass of DM particle (in g). The constraints are as follows [22]:

BBN : R < 108 cm2g−1; CR : R < 5× 10−3 cm2g−1. (13)

Therefore, the second restriction is much more stringent and we compare it with model result.
In our consideration, the value of mass is MDM ≈ 104GeV ≈ 10−20/0.56 g, and cross-section σ ∼
10−24 cm2. Thus, the model relation R ≈ 5.6× 10−5 cm2g−1 does not contradict to the CR restriction.
There are more stringent constraints on the HDM scenario which follow from the observations of
interaction between DM and baryon from X-ray Quantum Calorimetry Experiments (XQC) [23].
It excludes DM with mass M = 104 GeV in the range of cross-section (10−27− 10−21) cm2, so, the model
estimation σ ∼ 10−24 cm2 falls into this range. However, we note that the model value of cross-section is
estimated in meson-exchange approach, which is valid at small momentum transfer. In Ref. [6], we have
shown that for the case of DM-nucleon non-relativistic collisions, the momentum transfer is Q2 ≈
2m2

Nv2(1− cos θ), where mN is nucleon mass and v ∼ 10−3. Therefore, for pure DM-nucleon collisions
Q2 ∼ 1 MeV2, this approach is valid. In the case of XQC measurements, Q2 ≈ 2m2

Tv2(1− cos θ),
where mT is the mass of target nuclear, mT ∼ 102mN (detector material). Thus, Q2 ∼ 104 MeV2

and the model estimation are invalid at this momentum transfer. We should modify the model of
DM–nucleon interaction for the case of large momentum transfer (see, also, the comments in the
introduction concerning DM status of new hadrons). The more proper measurements and constraints
are considered in Ref. [24] for the case of cosmic ray interaction with DM. The constrains were
developed using NFW and Moore DM density profiles and new data from the Fermi gamma ray
space telescope. Here, we use the upper constraint with Moore profile (which is more stringent):
σNx = 9.3× 10−30mx cm2GeV−1. At mx = 104 GeV, we get σ < 10−25 cm2, which excludes the model
again. Here, we note that we describe the DM–nucleon interaction in the meson-exchange approach
using the coupling constant, which was determined in low-energy hadrons interaction (g2/4π = 3.4).
Thus, the model assumption concerning the value of coupling is not justified, and from the experiment
we get the constraint on this parameter: g2/4π < 1. Here, we should note that, in spite of large value
of DM–nucleon cross-section, it is difficult to detect directly DM particles by underground detectors
(see the end of this Section). It is more perspective to register the effect of dark kinetic heating of a
neutron star (so called, neutron star capture). As was shown in Ref. [25], this method is more sensitive
than direct detection one, particularly, in the light and super-heavy mass region.

Further, we consider the processes of electron scattering on DM particles eM0 → eM0; eM0∗,
where exchange of γ or Z -boson in t-channel takes place. At low energy, the contribution of the
channel with Z-boson exchange is suppressed by the factor q2/M2

W , where q is momentum transfer,
and the channel with γ-exchange is dominant. Further, we consider this process in analogy with
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process of electron scattering on ordinary mesons. Invariant transition matrix element usually is
represented in the form:

M f i = K
e2

q2 (Ū
f
e γµUi

e)(Ū
f
MΓµUi

M), (14)

where K is the normalizing coefficient, Ue and UM are field functions of electron and M-meson. The first
term in brackets is the lepton current and the second one is the hadron current. The structure of vertex
operator in hadron current, Γµ, is defined by the type of mesons M in initial and final states. For the
case of elastic scattering of electron on spin-zero particle eM(0−)→ eM(0−), the expression for vertex
structure is well-known, Γµ = (p1 + p2)µ f+(q2). Therefore, the process is defined by one function of
momentum transfer q2, which is usually named as hadron form-factor. In the case of hadron with
spin s = 1/2 (fermion), the vertex operator contains two independent real (at q2 < 0) form-factors.
The transition of type M(0−)→ M(1−) is described in the general case by three form-factors (see, for
example, [26]):

〈M(K, e)|Γµ|M(P)〉 =ig(q2)εµνρσeν(P + K)ρ(P− K)σ

+ f (q2)eµ + a+(q2)(e · P)(P + K)µ. (15)

Thus, to calculate the probability of electromagnetic transitions of type M(0−) → M(0−) and
M(0−)→ M(1−), we should define the form-factors of new heavy mesons. The excited state M(1−)
arises not only in the processes with neutral current, which are considered above. The charged meson
M−(0−) = (dŪ) possesses the excited charged state too, M−∗ = M−(1−). The charged states M−

and M−∗ arise in reaction with charged currents, for example, in the process of electron scattering on
neutral meson M0 = (uŪ):

e−M0 → νe M−; νe M−∗. (16)

These reactions go through the exchange of W-boson in t-channel; that is, the lepton vertex
in Equation (14) takes the form γµ(1− γ5) and the hadron vertex Γµ, in the general case, includes
an additional form-factor a−(q2)(e · P)(P − K)µ. Cross-section of the process e−M0 → νe M− was
calculated in our previous work [21] for the case of low-energy scattering:

σ(e−M0 → νe M−) =
3G2

F|Uud|2
8π

(Ee + W)2, (17)

where Ee is the energy of electron and W = Mv2/2 is kinetic energy of non-relativistic M-particle.
To estimate the cross-section of electron elastic scattering on M-meson, it can be used the

approximate analogy of this process with the scattering of electrons on the hydrogen-like atom. In the
frame-work of HQET, heavy-light composite particle M0 = (uŪ) is interpreted as heavy charged
point-like particle (U-nuclear) at rest and light charged particle, u-quark, which is smeared around the
center. For the case of electron scattering on the hydrogen atom, the expression of cross-section can be
found in the Born approximation. At small scattering angles (qa� 1), the expression for cross-section
of the process eM0 → eM0 is (e = h̄ = 1):

dσ = q4
uα2m2

e a4dΩ, (18)

where qu is the charge of up-type quark, qu = 2/3. Therefore, the value of cross-section strongly
depends on the characteristic size of M-meson, a. From (18), it follows at a ∼ (10−13 − 10−14) cm the
value of differential cross-section dσ/dΩ ∼ (1− 10−4) pb/sr.

An important characteristics of the processes of exciting and recombination of M-mesons are
fixed energy of state and the width of spectral line, which relate to the possibility of γ-rays registration.
From preliminary analysis, it follows that hadronic DM at some conditions become not absolutely
dark. To estimate the width of spectral line, we should calculate the matrix element of transition. As a
result that the theory of such processes for the case of super-heavy hadrons is not developed, we again
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turn to the analogy with standard HL mesons K, D, B. In Ref. [14], one can find experimental data on
the reactions corresponding to the process of recombination of excited states:

K0∗(1−)→ K0(0−)γ; D0∗(1−)→ D0(0−)γ; B0∗(1−)→ B0(0−)γ. (19)

The first reaction, where K0∗(1−) = K∗(892), is the most informative: Br(K∗ → K0γ) =

2.46× 10−5 and Γtot(K∗) = 47.4 MeV, that is, Γ(K∗ → K0γ) ≈ 0.7 keV. Taking into account heavy
quark symmetry, which establishes an analogy in the mechanism of reactions for the cases of K- and
M-mesons, and using approximate relation of phase spaces, K = δm/(m(K∗)−m(K0)) ∼ 10−5, we get
rough estimation of the width of transition Γ(M∗ → M0γ) ∼ 10−2 eV. From the data on the reaction
D0∗(1−)→ D0(0−)γ, it follows the upper limit Γ(M∗ → M0γ) < 10−2 keV, which does not contradict
to the previous estimation. For the third reaction, B0∗(1−) → B0(0−)γ, it is known only that this
channel is dominant. Thus, above given brief analysis leads to the presence of narrow spectral lines,
which can be registered as the manifestation of hyperfine splitting in HDM scenario.

Possible luminosity of dark (hidden) matter was intensively discussed in literature last
year [15,16,18] (and references therein). The most attention was given to the excess signals which
were registered by underground experiment XENON1T [17]. Further, we briefly consider possibility of
underground luminosity effect in the HDM scenario. First of all, we note that due to large cross-section
of low-energy elastic MN-scattering, σ ∼ (0.1− 1) b, free path of M-particles, λ = 1/(σn), is small.
The value of λ at the lower layer of atmosphere is an order of 103 m, and 0.1 − 1 cm in ground,
which excludes the direct detection of DM particles by underground detectors. Initial kinetic energy
of HDM particles Wk ∼ 104 keV, where we have used the value of mass m(M) ≈ 10 TeV and
averaged velocity v ≈ 3× 10−3. As was shown in Ref. [21], the value of momentum transfer is very
small in the process of collision of nucleon and M-particle due to strong inequality m(N) � m(M).
Therefore, M-particles reach the Earth’s surface with nearly initial energy and enter to the process
of fast underground thermalization. Due to repulsive character of NM-interaction potential the
M-particles do not create coupled states with ordinary matter and drift to the center of Earth under
gravitation. Dynamics of this process are not investigated, however, the presence of M-particles can
manifest themselves as a result of excitation and recombination. As was shown above, energy scale of
these processes is in the keV range, namely Eγ ≈ 2 kev for the case of M(0−) → M(1−) transitions.
Here, we should note that this estimation depends on the value of mass, m(M), and the accuracy of
HQET predictions. Moreover, the mechanism of underground excitation is unknown, the most natural
one is the interaction of neutrino with M-particles. To do more precise estimations, we should revise
the cross-section of heavy quark annihilation at the freeze-out stage of evolution, directly calculate
1/mQ corrections to the spectrum of excited states in the frame-work of HQET and consider processes
of exciting and recombination of new heavy mesons in more detail.

Now, we consider a possible manifestation of keV-signal, which is caused by hyperfine splitting,
in the spectrum of X-rays from the galaxy clusters. In Refs. [27,28], it was reported about emission line
at E ≈ 3.5 keV in a spectrum of galaxy center and galaxy clusters. The nature and origin of 3.5-keV
lines are the subject of considerable discussion so far (see, for instance, Refs. [29,30]). The simplest
explanation of this line origin follows from the decay of dark matter candidates with mass (m ≈ 7 keV)
into two final photons, χ→ 2γ. In another scenario, the excited partner χ

′
of DM particle χ is assumed

mass-degenerated with the mass-splitting ∆m ∼ 3 keV. The dark excited state then decays, χ
′ → χγ

by the emission of monoenergetic photons with energy Eγ ∼ ∆m [15]. Dark matter origin of this line
is subjected to intensive discussion and criticism, see, for example, Ref. [30] where the evidence for
the 3.5-keV feature in clusters was reconsidered. Here, we should note that the existence in nature of
superheavy-light mesons inevitably (in the framework of HQET) leads to hyperfine mass-splitting of
ground and excited levels. Transitions between these states generate emission of photons with energy
3.5 keV when the mass of new heavy mesons m(M) ≈ 6 TeV. This estimation in the framework of HQET
follows from Equation (8) without refering to DM hypothesis. This hypothesis together with relic
density fixes the mass near 10 TeV, however, this value can be modified by account of the additional
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factors, for instance, coannihilation process. Moreover, as was noted in the introduction, the reference
to DM is not obligatory, because new heavy quarks, such as singlet quark, hence heavy mesons,
are predicted in the framework of the grand unification paradigm which generates an important class
of SM extensions.

4. Discussion and Conclusions

Description of new particle interaction with usual matter and prediction of corresponding signals
are the main purpose of the hidden matter study. Last time, luminosity of hidden sector and hyperfine
splitting of spectrum are under considerable discussion. Here, we have considered the main theoretical
and phenomenological consequences of the compositeness of new heavy hadrons. Composite particles
usually have excited states with the spectrum which is defined by the nature and interactions of their
components. The spectrum of excited states of new heavy hadrons was studied in full analogy with
standard heavy-light mesons in the framework of HQET. We show that there are fine and hyperfine
structures in the spectrum of states of new heavy hadrons. The existence of metastable charged
heavy mesons is a consequence of fine mass-splitting (∼MeV) in the doublet of new heavy mesons
M = (M0, M−). Hyperfine mass-splitting (∼ keV) of the ground and the lowest excited states follows
from the heavy quark symmetry which is the basic idea of HQET. We have noticed, in this work, that
effects of fine and hyperfine splitting do not depend on possible interpretation of new heavy hadrons
as the DM candidates. This effect and its phenomenological manifestation always take place in the
scenarios with heavy hadrons.

Principal phenomenological consequences of the fine and hyperfine splittings are briefly analyzed,
in particular, manifestation of a metastable charged hadron and the luminosity of the hadronic hidden
sector. The possibility of direct and indirect registration of heavy charged hadron in cosmic rays
was considered. We show that the existence of the hyperfine structure leads to electromagnetic
transitions and recombination. These processes are caused by the interactions of new hadrons
with the ordinary matter and cosmic rays, and result in the effect of luminosity of the hadronic
hidden sector. Note, the problem of luminous dark matter becomes actual in view of the results of
XMM-Newton observations and underground experiment XENON1T. We have derived the restrictions
on the parameters of new hadrons, which follow from the known cosmological constraints on the DM
signals. These restrictions can be used in the forthcoming study of the particles physics beyond SM
and their cosmological manifestation.
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