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Abstract: We consider the structure of excited states and low-energy interaction of hadronic dark
matter with photons, leptons, and nucleons. Description of the lowest excited levels is fulfilled in
an analogy with the standard heavy-light mesons. Using the effective vertex of new heavy hadrons
interaction with W-boson, we calculate cross-section of the lepton scattering on the dark matter
particle. Analysis of strong low-energy interaction of new hadrons was carried out within the
effective meson-exchange model based on dynamical realization of SU(3)-symmetry. A cross-section
of nucleon scattering on the hadronic dark matter was also calculated using this model. The most
essential phenomenological consequences of the low-energy dark matter interaction with leptons
and nucleons are discussed.
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1. Introduction

The most popular candidates for the hidden mass particles are massive neutral particles weakly
interacting with the ordinary ones (WIMP). Measurements of WIMP-nucleon scattering cross-section [1]
exclude some models of WIMPs. Various alternative scenarios are discussed in a lot of papers,
for instance, there is a scenario with strongly interacting new heavy particles (SIMP) [2–6]. In the
scenario with the hadronic dark matter (DM), new particles consist of new heavy stable quark and
the standard one, (qQ). New quarks arise, for example, in the extension with singlet quark [4],
chiral-symmetric models [5,7] and in the Standard Model (SM) extension with the 4th generation [8–10].
Main properties of new hadrons and their low-energy phenomenology were considered in [4–6]. As it
was noted in this paper, repulsive asymptotic of the DM particles interaction with nucleons provides an
agreement with the strong cosmochemical restrictions on concentrations of anomalous hydrogen and
helium [6,7]. In this work, we consider and present theoretical basis which is used for the description
of the low-energy phenomenology of hadronic dark matter. The basis is constructed in the framework
of the SM extension with singlet quark [4] and chiral-symmetric model [5], where new quarks interact
with photon and Z-boson (not with W-boson). Some aspects of high-energy DM-phenomenology,
for instance the process of DM annihilation, were considered in review work [6]. Here, we restrict
themselves by the qualitative description of the most typical signals of the DM-annihilation process
(see Section 4).

Description of the signals generated in the processes with the DM particles participation should be
based on the knowledge about features of their interaction with the usual matter. Here, the structure of
the lowest excited states of new heavy hadrons is considered, together with the low-energy electro-weak
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and strong interactions of the hadronic DM with photons, leptons, and nucleons. To calculate
cross-section of the DM-lepton scattering, an effective Lagrangian of the DM interactions with the
gauge bosons was found in the limit of the small momentum transfer. Strong interaction of new
hadrons with nucleons is considered in the effective meson-exchange model basing on the dynamical
realization of SU(3)-symmetry. Note that use of the effective meson-exchange model is reasonable
because the heavy DM is cold and essentially non-relativistic at this time. Validity of this approach
is ensured by the fact that momentum transfer is small for the case of nucleon scattering on the cold
DM. With the model Lagrangian, for the nucleon scattering on hadronic DM particles, we derived
analytical expressions for the cross-section of the process; these cross-sections can be used in the study
of the low-energy DM phenomenology.

The paper is organized as follows. In Section 2, we consider the structure of the lowest excited states
of new heavy hadrons and possible electromagnetic transitions between them. Effective Lagrangian of
the DM interaction with W-boson is constructed in Section 3, where the cross-section of DM-electon
scattering is also calculated. In Section 4, effective Lagrangian of the DM interactions with mesons at
low energies is derived; analytical expressions for the cross-sections of the DM-nucleons scattering are
also given here. Discussion and some conclusions are represented in Section 5.

2. Structure of the Lowest States of New Hadrons

Some general characteristics of new heavy hadrons, such as mass, lifetime, and energy spectrum
of the lowest excited states, can be described analogous with the standard heavy-light mesons. Gross
hierarchy of the mass spectrum of new hadrons directly follows from their quark content: M →
(qQ), (qqQ); 2M → (QQ), (qQQ); 3M → (QQQ), where M is the mass of new heavy quark Q.
Fine structure of this hierarchy is generated by differences of light quarks masses and the binding
energies, it is defined by quantum numbers of system (qQ). Quark content and quantum numbers of
two- and three-quark heavy hadrons are represented in [4], where the main properties of new heavy
mesons were considered.

At first, we consider the lightest neutral and charged pseudoscalar states (JP) = (0−) with quark
composition M0 = (uŪ) and M− = (dŪ). Analogous with ordinary heavy-light mesons, D and
B, new heavy meson M is the lightest (ground) state of two-quark systems with orbital moment
L = 0, full moment J = 0 and parity P = (−1)1+L = −1 (pseudoscalar state). The vector and scalar
M-mesons are the excited two-quark states, and furthermore we estimate the value of corresponding
mass-splitting. In the case of standard heavy-light mesons, the mass-splitting of charged and neutral
component is an order of MeV. Some argumentation was presented in [4] that the value of mass-splitting
for new mesons is the same order and ∆M = m(M−)−m(M0) > me. The last inequality follows from
the destabilization condition of the charge component that is the charged meson has the decay channel
M− → M0eν̄e. As it was evaluated in [4], due to the fine mass-splitting ∆M, the M− lifetime can be
large, τ ∼ (1–105) s (at ∆M = 1–10 MeV). Thus, the charged component of new heavy hadrons can be
metastable. This property makes it possible to detect M− or its decay products, low-energy electron
and antineutrino pair, provided that M− is generated. The process of charged component generation
in the eM0 collisions is considered in the next section, where the corresponding cross-section of eM0

scattering is calculated.
Now, we consider the hyperfine splitting of ground and excited states, δMq = m(M∗q )−m(Mq),

where M∗q is the lowest excited state of M-particle. Here, we restrict ourselves by the simplest case
of heavy mesons Mq = (qŪ). Fully analogous with the standard heavy-light mesons, Dq = (cq) and
Bq = (b̄q), we describe the ground and excited states in the terms S1

0 and S1
1 (in the classification

L2s+1
J ), or 1

2 (0
−) and 1

2 (1
+) (in the classification I(JP)). Here, L, s, J, I, and P = (−1)1+L are orbital

momentum of system, spin, full momentum, isospin and parity, respectively. The ground states 1
2 (0
−)

of usual and new mesons we will designate as Dq, Bq, and Mq, while the excited states as D∗q , B∗q ,
and M∗q . To evaluate the mass-splitting between heavy states Mq and M∗q , we use an analogy with
the splitting mechanism in standard heavy-light mesons, which was formulated in the framework of
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heavy quark effective theory. Heavy quark symmetry provides relations between masses of excited
states of B and D mesons [11]:

m(B2)−m(B1) ≈
mc

mb
(m(D2)−m(D1)), (1)

where m(Bk) and m(Dk) are the masses of Bk and Dk, mc, and mb are the masses of constituent quarks.
One can check that this relation approximately describes the splitting between first excited 1

2 (1
−) and

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

m(B∗)−m(B)
m(D∗)−m(D)

≈ mc

mb
−→ 0.32 ≈ 0.32 (0.28). (2)

In (2), we have used m(B∗) − m(B) = 45 MeV and m(D∗) − m(D) = 142 MeV (see [12]),
mc = 1.55 GeV and mb = 4.88 GeV [11]. The value in bracket follows from the data on masses
mc = 1.32 GeV and Mb = 4.74 GeV which are used in Reference [13]. In order to evaluate the
mass-splitting in the sector of new heavy mesons Mq = (qŪ), we use the relation (2) and take into
account that m(U) ≈ m(Mq) = M. Then, for the case of heavy meson with 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. (3)

Thus, there is hyperfine mass-splitting δm(M) ∼ KeV between the first excited and ground states
of new heavy mesons Mq. We should note that this evaluation of mass-splitting is in accordance with
approximate Expression [14]:

δm(M) ∼ ΛQCD
ΛQCD(M)

m(M)
. (4)

From the Expression (4), it follows that, for m(M) ∼ 104 GeV, ΛQCD = 0.218 GeV (QCD scale)
and ΛQCD(M) ∼ 0.1 GeV (M-scale), the value of mass-splitting is δm(M) ∼ 1 KeV. The hyperfine
splitting can lead to the additional mechanism of the DM cooling in the process of evolution at an early
stage through the dissipative radiation of the photons which arises as a result of recombination.

The presence of excited states of hadronic DM particles provides the possibility of interaction of
neutral heavy component with radiation. As was estimated above, transition to the lowest excited states
of the system M0 = (uŪ) can be realized by absorption of photons in KeV range and upper. This range
is situated near the bound of X-rays (Roentgen) and γ-rays spectral band with the wavelength
λ ∼ 10−9 cm. Furthermore, we assume that the two-quark system M0 = (uŪ) has the characteristic
size an order of nucleon radius, RM ∼ 10−13 cm. Because RM � λtrans, interaction of M0 with photons
is caused by the high multi-pole expansion of the charge distribution in the system (uŪ). As a result,
the cross-section of γM0 scattering is rather small and these heavy mesons are, in fact, the dark matter.
Here, we should note that, at λtrans � RM, that is, Eγ � 10 MeV, the interaction γM0 become large
and the hidden matter can not be absolutely "dark". To analyze this aspect, we need in more detail
description of electromagnetic transitions in M-systems, which require, for instance, the building of
potential model of superheavy-light two-quark systems.

3. Interaction of New Hadrons with Standard Leptons

Low-energy interaction of new heavy hadrons with the standard leptons can be described by the
effective vertex of type Ma MbV, where Ma is M0 or M− and V = Z, W. From the quark structure of
new mesons, M = (Qq), one can see that the vertex MMZ is stipulated by Z-boson interaction with
both quarks, Q and q. Therefore, we have to take into account interference of these sub-processes at
the quark level. As was noted in the Introduction, in the scenarios under consideration, new quark
Q weakly interacts with Z-boson and does not interact with W-bosons. Thus, the vertex Ma MbW
is generated by interaction of the W-boson with the standard light quark q only. This vertex can be
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defined in the form-factor approach (for the exclusive process) or in the spectator approach (for the
inclusive process). Decay M− → M0W− → M0e−ν̄e, where M0 = (Ūu) and M− = (Ūd) was
described in References [4,5] analogous with the standard heavy-light meson decays. Using the
method of calculation in HQS approximation (see the review of Kowalski in [12]), we have derived the
width of this decay in the form [4]:

Γ(M− → M0e−ν̄e) =
G2

F∆M5|Uud|2

60π3 =
g4|Uud|2
15 · 27π3

(∆M)5

M4
W

), (5)

where g is the constant of weak interaction, Uud is the element of a Kobayashi–Maskawa (CM) matrix
and the mass splitting between charged and neutral mesons, ∆M = m(M−)−m(M0), was defined in
the previous section. Furthermore, this expression we use for the determination of effective coupling
constant in the vertex MMW. Effective Lagrangian of WMM interaction in the simplest differential
form is as follows:

Le f f (WMM) = iGWMW+µ(M̄0∂µ M− − ∂µ M̄0M−) + h.c.. (6)

Here, we should note that Lagrangian (6) leads to the vertex with the same structure in
the momentum representation as one in the form-factor approach [4]. Using Lagrangian (6),
we calculate the width Γ(M− → M0e−ν̄e) and define the effective constant GWM by matching the
result with the expression (5). Calculating the width in approximation m2

e � (∆M)2, we have the
following expression:

Γ(M− → M0e−ν̄e) ≈
g2G2

WM
15 · 24π3

(∆M)5

M4
W

. (7)

Comparison of expressions (5) and (7) gives the definition of the effective coupling constant,
G2

WM = g2|Uud|2/23 or GWM = gUud/2
√

2. We should note that the value of coupling constant GWM
is the same as the fundamental constant in W-boson interaction with quark current ūγµ(1− γ5)d.
Thus, the spectator approach at the case is valid and directly follows from the structure of sub-process
at the fundamental quark level. Then, generalization of effective Lagrangian (6) including a full set of
light quarks to the states of type Mq = (qŪ) is straightforward:

Le f f (WMM) = i
gUik

2
√

2
W+µ(M̄ui∂µ Mdk − ∂µ M̄ui Mdk) + h.c., (8)

where ui = u, c, t; dk = d, s, b; Uik are elements of CM matrix, Mui = (uiŪ), and Mdk = (dkŪ).
The structure of Lagrangian (8) describing the charge transition can be used for the description of

neutral processes too. Namely, low-energy interaction of M-particles with Z-boson can be represented
in the same form:

Le f f (ZMM) = iGZM(M̄q∂µ Mq − ∂µ M̄q Mq). (9)

As the effective vertexes in this case are generated by neutral currents at the quark level,
the structure of Le f f (ZMM) preserves flavor qi → qi. In contrast to (8), effective coupling GZM
is produced by interactions of Z with both quarks: Q and q. Thus, it is defined by coupling g1 sin θw

in the vertex ZUU and g2cq/4 cos θw in the standard vertex Zqq, which are different. For the rough
estimations, we can use an average value of couplings, but in the general case we meet the problem
of an effective coupling definition. We should note that the electromagnetic vertex γMM can be
represented in the form (9) for the charged M-particles only, where GγM = ±e, provided the condition
λγ > RM is fulfilled. In the case of neutral particle M0, under this condition, electromagnetic
contribution to the interaction is suppressed (see, also, Section 2). Effective Lagrangians (8) and (9)
do not describe transitions to the excited states which were considered in Section 2. These transitions
strongly complicate the structure of interaction and should be taken into account when we consider
radiation in the recombination process.



Universe 2020, 6, 84 5 of 10

Scattering of the low-energy standard leptons on the new heavy M-particles is defined by the
diagram with W-boson in the t-channel intermediate state. We describe this process with the help of
Lagrangian (6) with coupling constant GWM = gUud/2

√
2 and standard vertex Wlν̄l , where l = e, µ, τ.

In further calculation, we neglect the lepton mass and mass-splitting ∆M and get the following simple
formula for the cross-section:

σ(l−M0 → νl M−) =
3g4|Uud|2

210πM4
W

s(1− M2

s
)2, (10)

where
√

s is full energy in the center-of-mass system and M ≈ 10 TeV [6]. For the case of non-relativistic
M-particles, this expression can be rewritten in the form:

σ(l−M0 → νl M−) =
3G2

F|Uud|2
8π

(El + W)2, (11)

where El is lepton energy and W = Mv2/2 is kinetic energy of the M-particle. The full process of
lepton scattering on M0 is as follows: l−M0 → νl M− → νl M0e−ν̄e. Thus, neutrinos with energy
Eν ∼ El and an electron–antineutrino pair appear with total energy E ∼ δM in the final state. Due to
neglect of the lepton mass, for cross-section of the process νl M0 → l−M+, we get the same expression.

4. New Heavy Hadrons Interaction with Nucleons

At the modern stage of evolution, heavy DM particles are non-relativistic with an average
velocity ∼ 10−3 in co-moving frame (with respect to Galaxy). From the kinematics of the process,
it follows (see Equation (19)) that low-energy nucleon interaction with DM particles can be described
in the framework of effective meson-exchange theory. To do this, we need low-energy effective
Lagrangian, which describes the interaction of nucleons and new hadrons with mesons in the
intermediate states (meson-exchange approach). The nucleon–meson vertexes are represented in [15],
where the interactions were introduced basing on the gauge scheme U(1) × SU(3). There, U(1)
is a semi-strong interaction group corresponding to the singlet vector meson exchange; SU(3) is
a group of baryon symmetry, which introduces the octet of vector mesons. It was shown in [15]
that the gauge model of baryon–meson interactions satisfactorily describes the low-energy hadrons
phenomenology. In particular, the gauge model predicts three mass relations in vector and scalar
nonets of mesons and in an octet of baryons reasonably describes decay widths of vector mesons
and the main properties of nucleon–nucleon interactions. Moreover, the gauge approach allows us to
analyze baryon–meson interaction at low energy with a minimal set of parameters. A principal part
of the gauge baryon–meson model is considered in Reference [16], where the set of multiplets and
gauge structure are presented. The necessary part of physical Lagrangian describing the interaction of
nucleons with vector mesons has a conventional form:

LNV = gωωµ( p̄γµ p + n̄γµn) +
1
2

gρ0
µ( p̄γµ p− n̄γµn)

+
1√
2

gρ+µ p̄γµn +
1√
2

gρ−µ n̄γµ p, (12)

where gω =
√

3g/2 sin θ and θ is the angle of singlet-octet mixing in the sector of vector fields.
Thus, the gauge realization of the meson-exchange approach contains two model parameters only,
which were defined from experimental data. The model parameters fitting of vector mesons decays
and the data on ω− φ mixing give the results: g2/4π ≈ 3.4 and sin θ ≈ 0.78.

The interaction of new hadrons with vector mesons can be described with help of the same
gauge scheme of SU(3) symmetry dynamic realization. To do this, we should extend the doublet
of new heavy mesons M = (M0, M−) to the triplet, which is the fundamental representation of
the SU(3) group. We fulfill this extension by the including of a standard s-quark as a part of new
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mesons: M = (M0, M−, M−s ) = (Mu, Md, Ms), where M0 = Mu = (Ūu), M− = Md = (Ūd) and
M−s = Ms = (Ūs). We should note that SU(2) isotopic symmetry of nucleons consisting of u- and
d-quarks is nearly exact. The extension of the isotopic symmetry to SU(3) group is an approximation;
however, it allows us to use the symmetry of baryon octet which consists of u, d, and s quarks.
Essential violation of SU(3)-symmetry in the sector of usual hadrons is stipulated by the large value
of mass-splitting of s- and d-quarks. In the case under consideration, heavy hadrons Mq = (qŪ)

consist of new heavy (U) and standard light quarks (u, d, s), so the mass-splitting in the sector of
Mq-particles is negligible. Thus, the symmetry SU(3) is almost exact, and we can apply its dynamic
(gauge) realization with the same vector (gauge) mesons.

Effective low-energy Lagrangian of M-particles interactions with vector singlet V0
µ and octet Vµ

has conventional gauge form:

LMV = (Dµ M)†Dµ M, Dµ M = (∂µ − itV0
µ −

ig√
2

Vµ)M, (13)

where (A)† is Hermitian conjugation, Vµ = Va
µ τa/2, and t is a new model parameter. Physical Lagrangian

of M-particles interaction with vector mesons directly follows from (13):

LMV = iGωMωµ(M̄0M0
,µ − M̄0

,µ M0 + M+
,µ M− −M+M−,µ)

+ (iGωMs ωµ + iGφMs φµ)(M+
s M−,µ

s −M+,µ
s M−s )

+ (
ig
2

ρ0
µ + iGφMφµ)(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). (14)

In Equation (14), the coupling constants Ga are some functions of the model parameters t, g and
cos θ which will be determined below. To define these constants, we take into consideration quark
content of the meson φ = (ss̄) and new heavy mesons M0 = (Ūu), M− = (Ūd). From the quark
structure of corresponding vertexes, it follows that GφM = 0 and we get following relation:

GφM = t sin θ − g
2
√

3
cos θ = 0 =⇒ t =

g
2
√

3
cot θ. (15)

From the quark content of the vector mesom ω and new meson M−s = (Ūs), the equality GωMs = 0
and relation follows:

GωMs =
g

2
√

3 sin θ
(1− 3 sin2 θ) = 0 =⇒ sin θ =

1√
3

. (16)

With the help of Equations (15) and (16), we can represent the remaining coupling constants by
the expressions:

GωM =
g

2
√

3 sin θ
=

gω

3
, GφMs = −

√
3

2
g cos θ. (17)

Three-linear interactions of new heavy mesons with usual pseudoscalar mesons are absent because
the vertex ϕMM is forbidden due to parity conservation. This is an important feature differing new
hadrons from the nucleon, for which the vertex ϕNN is permitted. Thus, the interaction of nucleons
with M-particles can not be realized through the one-pion exchange at the tree level.

Scattering of ordinary nucleons on new heavy mesons at low energy is described by t-channel
diagrams with usual vector and scalar mesons in the intermediate states. As was noted above,
the diagrams with an intermediate pseudoscalar mesons (π−meson, for example) are forbidden at the
tree level by parity conservation. Such interaction can be realized by two-pion exchange due to the
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vertex MMϕϕ is permitted. However, the vertex NNϕϕ is absent, so two-pion exchange is possible in
the model at the loop level only.

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

Q2 = −(PN − KN)
2 ≈ k2

N + p2
N − 2 cos θsc kN pN , (18)

where pN and kN are absolute values of nucleon’s three-momenta in the initial and final states,
respectively, and θsc is the angle of scattering. In the center-of-mass system (CMS) vMmM = vNmN ,
where vM + vN = vr is a relative velocity. In the galaxy, the rest-system (comoving system) velocity
of the DM particle v ∼ 10−3 and the velocity of non-relativistic nucleons have the same order of
magnitude, vr ∼ 10−3. Thus, we get the relations:

vN = vr/(1 +
mN
mM

) ∼ v; vM = vr/(1 +
mM
mN

) ∼ v
mN
mM

. (19)

Thus, in CMS, pN = pM ≈ mNvr and kN ≈ kM ≈ mNvr. From Equation (18), it follows that the
maximal value of momentum transfer is Q2

max = (pk)2 ≈ 4m2
Nv2

r that is Qmax ≈ mNvr ∼ 10−3mN .
Thus, the momentum transfer is much less than the mass of intermediate mesons (m ∼ mN), and the
meson-exchange model is relevant.

The process of elastic scattering of type NM→ NM is described by the t-channel diagrams with
vector v = (ω, ρ0) and scalar s = ( f0, a0

0) meson exchange. The ratio of scalar and vector contributions
into the amplitude squared is:

A2
s

A2
v
∼

g2
spg2

sM

m2
M

; gsp = kv1 ∼ 0.1mN , (20)

where gsp was defined in References [7,15] and gsM is new dimensionless coupling constant. Taking the
realistic value gsM ∼ 1, the ratio of contributions is as follows:

A2
s

A2
v
∼ 10−2 m2

N
m2

M
∼ 10−10. (21)

From this estimation, the effect of strong suppression of the scalar meson exchange contribution
follows. Using the above expressions for the model Lagrangian, we derived the expression for the
cross-section of the elastic scattering process Na Mb → Na Mb:

σ(Na Mb → Na Mb) =
g4m2

p

16πm4
v
(1 +

kab

sin2 θ
)2, (22)

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

3 and kab = ±1 for the case of p or n.
Here, we used an approximate relations mp ≈ mn, m(M0) ≈ m(M−) and mv = mρ ≈ mω . As a result,
we get a rather large value of cross-section, for example σ(pM0 → pM0) ≈ 0.9 barn, and this process
can be detected as nucleon recoil in solid detectors. However, the value of kinetic cross-section (σv) is
suppressed by the factor vr ∼ 10−3. Note that the cross-section for the nonrelativistic scattering does
not depend on the mass mM and the angle of scattering. A large cross-section of elastic scattering of
nucleon on hadronic DM can stipulate appreciable mutual exchange of momentum between DM halo
and galaxy during their evolution. The problem of the connection between galaxies and their DM halo
can play an important role in modern understanding of galaxy formation [17].

Furthermore, we consider non-elastic scattering of type Na Mb → Nc Md, where Na = (p, n)
and Mb = (M0, M−). Some of these processes have a threshold, and, because the mass splitting in
both doublets, nucleons, and new hadrons, is very small, kinematics of these processes (far from the



Universe 2020, 6, 84 8 of 10

threshold) is almost the same as the elastic scattering one. In particular, the value of momentum
transfer is defined by Equation (18) and Qmax ≈ mNvr ∼ 10−3mN . In the case under consideration,
the dominant contribution follows from the t-channel diagram with ρ± in the intermediate state.
The cross-section can be represented in a form which describes the presence or absence of
threshold explicitly:

σ(Na Mb → Nc Md) =
g4m

8πvrm4
v

√
2m[Ea − ∆ab]

1/2, (23)

where Ea ≈ mav2
r /2, m(Na) = ma ≈ mb ≈ m, ∆ab is the combination of ∆M = m(M+)−m(M0) and

∆m = mn −mp ≈ 1.4 MeV (see the Table 1). Expression (23) can be rewritten in a more simple form:

σ(Na Mb → Nc Md) =
g4m2

8πm4
v
[1− ∆ab

Ep
]1/2. (24)

From (24), it follows that the reactions have threshold Ethr
p = ∆ab when ∆ab > 0.

In Table 1, these characteristics are shown for the case of four basic reactions, pM0 → nM+,
nM+ → pM0, nM0 → pM− and pM− → nM0.

Table 1. 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)

Let us consider the first reaction, pM0 → nM+, where Ep ≈ mpv2
r /2, ∆M = m(M+)−m(M0)

and ∆m = mn − mp ≈ 1.4 MeV. From the threshold energy Ethr
p = ∆M + ∆m ≡ ∆p0, it follows the

value of the threshold relative velocity vthr
r =

√
2∆p0/mp. For the realistic case ∆p0 = 10 MeV, we get

rather large velocity vthr
r = 0.1, which is much greater than the DM particles’ velocity at the moment,

vr ∼ 10−3. Thus, the process is not going now and can not be registered by charged particle detectors.
The second reaction is the non-threshold one with unstable but long-lived particles in the initial
state. The third and fourth reactions can be threshold or non-threshold depending on the value of
∆M/∆m. The first, third, and fourth reactions lead to the final states with the unstable particles; they
go in two stages, for instance, pM0 → nM+ → pe−ν̄e M0e−ν̄e and nM0 → pM− → pM0e−ν̄e. Here,
we should note that the third reaction, nM0 → pM− → pM0e−ν̄e, may be the most interesting one
due to the presence of metastable charge heavy particle M−, which can be registered in atmosphere.
Note that some indirect evidence of such particles presence was reported in [7] (and references therein),
where experimental and theoretical premises of new stable hadron existence were considered. Thus,
we can have a rich low-energy phenomenology of nucleon-DM scattering with specific signature of
the final states.

The processes of M0M̄0-annihilation go through both strong and electro-weak channels with
ratio of probability an order of value (α/αs)2 ∼ 10−2. We have no the theory of high-energy strong
interaction of M-particles; however, the process of annihilation can be approximately described at
the sub-process level, namely QQ̄ → qq̄, gg → jets, where q is standard light quark and g is gluon.
Using this approach, we estimated the cross-section of annihilation and noted the peculiarity of
description of full annihilation process [5,6]. Here, we should note that the main products of this
process in the final state are the pairs of stable standard particles, mainly pp̄ and small fraction of
e+e−, νν̄, 2γ with total energy Etot ≈ 2M.
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5. Discussion

Composite particles, such as atom or hadron (meson or baryon), always have excited states
with are split in energy. The value of this splitting is defined by the corresponding interaction
(electro-magnetic or strong). We considered the main structural features and interaction properties of
new heavy hadrons proposed as dark matter candidates. Excited states of new hadrons have been
considered analogously with the standard heavy-light mesons case. We show that there exists the
hyperfine structure of excited levels which can lead to electromagnetic transitions and recombination
in the processes of new hadrons interaction with the ordinary matter and cosmic rays. Interaction
of hadronic DM with photons gives rise to the problem of separation of the terms “dark matter”
and “hidden matter”. It was noted that this problem becomes real when discussing the gamma-ray
spectrum induced by the DM inhomogeneities.

Considerating the DM interactions with the ordinary particles, leptons and protons, it is important
to analyze possible signals which are produced in these processes. To describe the hadronic DM
interaction with leptons through W-boson, the necessary effective vertex, WMM, was constructed.
The WMM vertex is caused by W-boson interaction with the standard light quark, q, only. Effective
coupling constant of WMM-interaction had been defined from the width of decay M− → M0W− →
M0e−ν̄e in the form-factor approach. Knowing this vertex, we calculated the cross-section of the lepton
scattering on new heavy hadrons. From the quark content of M-mesons, we can conclude that ZMM
vertex is generated by interaction of Z -bosons with both quarks, Q and q.

Thus, to describe the dark matter signals in hadronic processes, we have developed and analyzed
the low-energy effective model of new hadrons interaction with ordinary hadrons. The DM-nucleon
low-energy interaction is considered in the framework of meson-exchange approach and realized
as the gauge model with the SU(3)-symmetry using. In this model, we have derived analytical
expressions for the cross-sections of elastic and inelastic collisions of nucleons and new hadrons.
These results can be used for the analysis of the DM interactions with interstellar gas in the Galaxy
and with the Earth atmosphere. The most important manifestation of such processes can be the
emerging of metastable heavy charged particles, M−. They can be registered by ground detectors due
to characteristic radiation of soft leptons (when the charged heavy hadron decays into the neutral
one) or as specific EAS (Extended Air Shower) produced by heavy charged hadron. Thus, the hadron
scenario of the DM suggests considering some new aspect of connection between galaxies and their
DM halos; it can also stipulate some peculiarities of galaxy formation.

6. Data Availability

The graphic data used to support the findings of this study are available from the corresponding
author upon request.
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