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Borrowing the structures of the hydrogen atom, molecular ion, and diatomic molecule, we predict the
nature of a new type of hydrogenlike charm-pion or charm-kaon matter that could be obtained by replacing
the proton and electron in hydrogen matter with a charmed meson and a pion or a kaon, respectively. We
find that the spectra of the atom, molecular ion, and diatomic molecule can be obtained simultaneously with
the Coulomb potential for the hydrogen, the charm-pion, and the charm-kaon systems. The predicted
charm-pion matter also allows us to explore the mass shift mediated by the strong interaction. For the
charm-pion and charm-kaon systems, the strong interactions could lead to binding energy shifts. Our
calculations suggests that the binding energy shifts in charm-pion systems are in the order of several to tens
of eV. For the charm-kaon systems, the results are in the order of tens to hundreds of eV. Exploring
hydrogenlike charm-pion matter must lead to new demands for high-precision experiments.
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I. INTRODUCTION

As a representative of the precision frontier of particle
physics, the exploration of exotic hadronic matter is always
full of challenges and opportunities, which is as an effective
approach to deepen our understanding of nonperturbative
behavior of quantum chromodynamics (QCD). With the
experimental progress in observing a series of charmo-
niumlike XYZ states and several P. and P, states in the
last two decades [1-8], our knowledge of hadron spec-
troscopy has become rich. Especially recently, the LHCb,
CMS and ATLAS collaborations continue to surprise us
with the observation of Py (4338) in B~ — J/yAp [9)],
T°,(2900)° and T%(2900)"" in the B® — DDz~ and
BT - D D/zx" weak decays [10,11], and several
enhancement structures in the di-J/y invariant mass
spectrum [12,13]. Currently, we are entering new phase
of construction of “Particle Zoo 2.0”.
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Since the birth of the quark model [14—16], various types
of hadronic configurations have been proposed, including
multi-quark state, hadronic molecular state, hybrid and
glueball. Among these exotic hadronic matters, the had-
ronic molecules, as loosely bound states composed of color
singlet hadrons, have been extensively used to unravel the
properties of these observed new hadronic states [1-8],
where these hadronic molecular states are formed by strong
interaction. In fact, a positive charged hadron and a
negative charged hadron can be attracted to each other
via the Coulomb potential, which is similar to that of the
atom. These hadronic matters are expected to have much
smaller binding energies and larger sizes than the corre-
sponding bound states induced directly by the strong
interaction. Because of their special properties, the search
for such bound states would be an interesting task. The
typical examples are pion atoms, which are composed of a
pion and a nucleus [17-19]. In 2011, the SIDDHARTA
Collaboration [20,21] observed a NK system. In addition,
kaonic deuterium has been of great concern to both
experimentalists and theorists [22-29]. Although great
progress has been made on both the theoretical and
experimental sides, we should introduce new insights to
reveal new aspects of exotic hadronic matter as we stand at
a new stage in the study of exotic hadronic matter.

In this paper, we predict the existence of hydrogenlike
charm-pion matters, where we can borrow some ideas by
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FIG. 1. The atom, molecular ion, and diatomic molecule in
hydrogenous and charm-pion matters. Here, by replacing 7~ with
K~, we can obtain the corresponding charm-kaon matter.

examining the hydrogen atom, the molecular ion, and the
diatomic molecule, which are typical matter composed of
the positive charged proton and the negative charged
electron via the Coulomb potential, as shown in Fig. 1.
Taking the charmed meson D" and z~ as the counterparts
of p and e~, one gets a new kind of hydrogenlike charm-
pion matter. As shown in Fig. 1, there is a hydrogenlike
atom (HZ]), a molecular ion (Hg+ p+)» and a diatomic
molecule (H7,7,,) in charm-pion matter, which correspond
to the known hydrogenous matter. However, the proposed
hydrogenlike charm-pion matter has some unique properties
that are different from those of hydrogenous matter, which is
the reason for attracting our attention. First of all, the wave
functions of these hydrogenlike charm-pion matters are
sufficiently simple because the D' and n~ are spin-0
particles, which can give the explicitly quantitative analysis
of them. Second, because of the Pauli principle, the wave
functions of two protons or two electrons are antisymmetric.
The situation is quite different in charm-pion matter, where
the wave functions of two charmed mesons or two pions must
be symmetric. In this paper, we perform a cross-calculation
of the two systems to study how such symmetry affects the
solution. In addition, for the charm-pion matter, the strong
interaction as a perturbation contribution can lead to the
energy shift of the discussed system. Thus, the predicted
charm-pion matter can be used to study the nonperturbative
behavior of strong interaction, which could be tested by the
experimental measurement. Of course, there is also charm-
kaon matter as an extension of the focused hydrogeonlike
charm-pion matter, which will also be investigated in this

paper.

II. THE HYDROGENLIKE CHARM-PION/KAON
MATTER PRODUCED BY THE COULOMB
INTERACTION

In the charm-pion and charm-kaon systems, the electro-
magnetic interaction is well established, which is a simple

Coulomb potential. For the systems of atom-type, the
Schrodinger equation could be solved analytically.
Explicitly, the binding energy and the root-mean-square
radius of the ground state are

V3

uela’

1
E = ——ue*a?, R=
2uea

(1)

In Eq. (1), the i, a, and e are the reduced mass, the fine
structure constant, and the charge, respectively. In addition,
the wave functions in coordination and momentum spaces
are given by

2(ueta)’/? 2 22 e2a)>/?
W(r)zi(ﬂ\/él_ﬂ) e y(p)= \;_((y(e/;a)z)—l—ﬁ)z'

(2)

With the above preparations, one could easily obtain the
binding energies of DTz~ and D"K~ with —3.456 and
—10.421 keV, respectively (see Table I). The root-mean-
square radius of the D"z~ and D™ K~ could also be obtained
by Eq. (1) with 360.6 fm and 119.6 fm, respectively.

However, for the molecular ion and diatomic molecule
systems, the calculations are much difficult. In this work,
we use the Gaussian expansion method (GEM) [30] to
solve the three- and four-body Schrodinger equations for
the molecular ion and diatomic molecule systems, respec-
tively. The corresponding Jacobi coordinates of the three-
and four-body systems are shown in Fig. 2. By considering
the symmetries in the two systems, the number of the
Jacobi coordinates of a molecular ion in Ref. [30] is
reduced from 3 to 2. The 18 Jacobi coordinates of a
diatomic molecule in Ref. [30] are reduced to 6 groups.

To make the calculations more reliable, we first use the
hydrogen molecular ion (H3) and the hydrogen diatomic
molecule (H,) to test the solutions of the three- and four-
body Schrédinger equations, respectively. As shown in
Table I, the experimental binding energies of Hj and H,
are —16.25 and —31.65 eV, respectively, which are very
close to our calculated results of —16.20 and —31.60 eV,
respectively. This gives us confidence for the following
calculations. The calculated binding energies of DTD ¥z,
D™DYK~, D™Dz z~, and DYDTK~K~ are —3.848,
—11.182, —7.517, and —21.889 keV, respectively. The
root-mean-square radii of the charm-pion molecular ion
and the diatomic molecule are roughly in the range of
430-610 fm. For charm-kaon systems, the results are about
in the range of 160-250 fm.

For two identical particles, the wave functions are sym-
metric for spin-0, but antisymmetrical for spin-%. This leads to
different treatments for hydrogen and charm-pion matters. In
order to obtain the details of the bound state solutions more
quickly, we use the following scaling trick. The Schrodinger
equation with electromagnetic interaction could be written as
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TABLE L

charm-pion and charm-kaon atoms, the decay widths are also given.

The binding energy E, root-mean-square radius R of the atom, molecular ion, and diatomic molecule type systems. For the

Hydrogen Charm-pion Charm-kaon
Experimental  Theoretical Theoretical Theoretical
Atom E (eV) -13.6 —-13.6 EQEDP (keV) —3.458 EQED (keV) —10.421
R (nm) 0.09 R (fm) 360.6 R (fm) 119.6
AECBE (eV) —44~-115 AECBE (eV) —44.7~-88.0
I (eV) 0.03 ~0.47 T (V) 0.7 ~ 10.0
Molecular ion B (eV) ~16.25 —-1620  EED (keV) —3.848 EED (keV) ~11.182
RPP (nm) 0.11 RP'D" (fm) 613.0 RP™D" (fm) 259.2
RP¢" (nm) 0.10 RP'7 (fm) 496.0 RP'K™ (fm) 197.2
AEOBE (eV) —53~-14.6 AEOBE (eV) —42.8~-872
Diatomic molecule E (eV) -31.65 -31.60 EXED (keV) —7.517 EXED (keV) —21.889
RPP (nm) 0.127 RP'D™ (fm) 574.3 RPD" (fm) 187.3
R ¢ (nm) 0.076 R™ ™ (fm) 435.4 RKK™ (fm) 2143
RP¢" (nm) 0.094 RP™™ (fm) 433.8 RPK™ (fm) 164.7
AECBE (V) —13.1~-32.0 AECBE (eV) —103.9~—-209.7
pi a
1 _ _ !
{ 2m; + Zeie] r,»} v=Ey. (3) [Z 2m; / Minin) Zele’ ; ]W By, W)
i i<j J i<j
If we normalize the mass m; with m; /m;;, andremovethewin  In the scheme, the solution depends only on the mass ratios.

the potential, the Schrodinger equation could be simplified as

Three-body system Four-body system

3 1
P 2
o @
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FIG. 2. The Jacobi coordinates of the three-body and four-body
systems.

0.0

Molecule ion

——————— Diatomic molecule

R —

R A S

FIG. 3. The normalized binding energy E’. Here, we define m™,
i.e., the mass of the negative charged particle, as m,;, in Eq. (4).

Since the dimensions of the masses are omitted by dividing
Mpin, the pi, rj;, Ej, and ' also could be treated as
dimensionless terms. And the practical solution could be
obtained by the relationships

E:mminazEl
3(N=1)
W T13+}) = (in@) = (i (615, ),
1)
-1

w({p1.p2, - }) = (Myina) o ' ((Mpyinax)
x{p}.p5, - }), (5)

where N is the number of the particles. In the following, we fix
My, and only change the mass ratios to get .

The numerical results are shown in Fig. 3. In the
molecular and diatomic molecule systems, the symmetries
of the hydrogen and charm-pion (kaon) the wave functions
follow different rules and lead to different binding energies.
However, this difference could be neglected. One possible
reason is that the Coulomb potential is spin-independent.
Thus whether spin—% or -0 systems, one could refer the
binding energy from Fig. 3. Although it is difficult to find
the differences between the two types of the systems, the
symmetrization or antisymmetrization is still indispensable,
otherwise we might get a nonphysical or singular solution.

III. THE MASS SHIFT MEDIATED
BY THE STRONG INTERACTION

The mass shifts are important properties for a full
understanding of the strong interactions. For example,
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we need the hadron-hadron potentials of the strong inter-
actions for D*-z~, D*-K—, D™-D*, n=-z~, and K=-K".
Here, we use one-boson-exchange (OBE) model to re-
present them. According to their symmetries, the strong
interactions could occur through the exchange of ¢ and p
mesons. For the VP'K™ yP™D" and VKK we also
consider the potential of w exchange. With the effective
Lagrangians in Refs. [31-33], we present the effective
potentials explicitly, i.e.,

+2- _ 9DDcY 1
VP = 2;1:”6 Y, + Eﬂgvgpmryp’ (6)
- _ 9pDoYKKs 1
VD+K = D12) KK Ya+_ﬁngKKp(Yp_Yw)7 (7)
meg 2
VPP = g1 pe9ppeY s + = ﬁz v(Y, +7Y,), (8
n )
VET =~ =z Ya + Y, Y s (9)
4m?2 [
-K- 94}(1(
vi = ey g v, 4, (10)
my
with

e~ mir e—Ar AZC—Ar mZG—Ar
4zr  Amr 87A 87A

In Eq. (11), the m; is the mass of the exchanged light flavor
boson. The A is the cutoff parameter, defined in a monopole
form factor F (¢, m?) = (A? — m?)/(A* — ¢?), where the ¢
is the momentum of the exchanged boson. In previous work,
the values of A are around 1 GeV [31,34]. In this work, we
extend the range of the A with 1-2 GeV to discuss how large
the binding energy shifts are. In addition, we also need the
coupling constants in Egs. (6)—(10). The coupling constants
for the interactions between the D meson and the light flavor
mesons are taken to be A = 0.9, gy = 5.8, and gpp, = 0.76
[34]. Using the central experimental widths of the p and o,
we obtain g,,, = —6.01 and g,,, = —3.52 GeV, where the
signs are determined by the quark model. In addition, using
the quark model relations, we have gxg, ~ gk z%gmp
and kKo = 2”:,_1[(,[97[7[(7'

We first study the atomic type of charm-pion and charm-
kaon systems. The numerical results are presented in
Table I. The details of the binding energy shifts
as a function of the cutoff A are shown in Fig. 4. The
energy shift of the DTz~ system is in the range of
—4.4 ~—11.5 eV, which is approximately the same as in
the pz~ system. For the D" K~ system, the energy shift is in
the range —44.7 ~ —88.0 eV, which is smaller than that of
the pK~ system [20], but still comparable.

On the other hand, the strong decay behavior is also an
important property. The decay widths could be calculated

T T T T 0
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FIG. 4. The energy shift of the atom (left), the molecular ion
(top right), and the diatomic molecule (bottom right) in the
charm-pion and charm-kaon systems. The dashed dotted and
solid dotted lines correspond to the results for the charm-pion and
charm-kaon systems. For the charm-pion and charm-kaon atoms,
we also show their decay widths.

using the following approach. If two particles AB form a
bound state and are written as [AB], the decay amplitude
could also be calculated by the scattering process with

1 A /Zm[AB] ( )

M[AB]—»CD:/(ZJT>’;/2 \/—\/—WAB
X/VI/AAB->CD(I),P)(13 !, (12)

where M p_cp(p,p’) is the scattering amplitude. Then
the decay width is

p
F[AB]—>CD = 3 2 / |M[AB]—>CD|2dQ- (13)
B]

In Egs. (12)—(13), the p’ and p is the momentum of A and
C, respectively. y45(p’) is the wave function of the bound
state [AB] in momentum space. The D"z~ and D"K~
systems have sufficiently simple decay modes. The D°z°
and D°K® are the main strong decay channels for D*z~
and DTK~, respectively. So we need the amplitudes of

Dtr~ - D% and D*K~ —» D°K", i.e.,
. 3 —lg 00 + i 110110
ZMD+ﬂ_—>D()ﬂ0 = [l‘ gmrp(pg’ + p?,())} W
X [<iV2Bgymp| F2 (g%, A2, m3),
—igoo + i 9
IMpig-_pogo = [_i3 \/EgKKp<p(I)(* + P(}(O)] - 7 - mzmﬂ
p

X [—i\fzﬁgva]fz(f’ A?, m/%) (14)
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We find that the phase spaces are extremely small, with
the initial masses only a few MeV above the thresholds.
Thus, the two states are expected to be very narrow. As
shown in Table 4 and Fig. 4, the widths of D"z~ and D" K~
are predicted to be of the order of ~0.1 eV and ~1 eV.
Such widths are so narrow when we compare the results
with the commonly strong decays. With the binding energy
shifts and widths, we could calculate the scattering lengths
with [35]

app- = (0.067 ~0.175) + (0.0002 ~ 0.0036)i fm,
aprx- = (0.074 ~ 0.145) + (0.0006 ~ 0.0083)i fm. (15)

For the energy shifts or widths, the numerical results of
DT K~ are much larger than DV 7z~ using the same cutoff A.
This can be explained qualitatively by the root-mean-
square radii of the two systems. According to Eq. (1),
the root-mean-square radii are inversely proportional to the
reduced mass. So we could get the root-mean-square radius
relation with Rp+g- < Rp+,-. Since the strong interaction
is the typical short-range force, the system with a small
root-mean-square radius can have larger strong inter-
actions. In this way, it is not difficult to understand the
large numerical differences between charm-pion and
charm-kaon matters as shown in Fig. 4 and Table I.

For the molecular ion and the diatomic molecule, the
strong interactions also increase the binding energy shifts. In
the H7,, . and HgiD+ systems, the shifts are —=5.3 ~ —14.6
and —42.8 ~ —87.2 eV, respectively. Such results are similar
to the atomic scheme. For Hf * . and H5' X" the obtained
energy shifts are —13.1 ~ —32.0 and —103.9 ~ —209.7 eV,
respectively, which are about as twice large as the results in
the atomic or molecular ion situation.

IV. SUMMARY

It is fascinating to explore new forms of matter, which
never cease to surprises us. Ordinary atoms make up our
visible world, but we need to explore other kinds of
atoms to reveal the essence of nature more deeply. The

charm-pion and charm-kaon atoms or ions have many
special properties that the ordinary atoms do not have. The
ratios of the constituent masses of such structures are very
different from those of ordinary atoms, and the systems
composed of bosons and fermions would behave differ-
ently because of the statistics. It is also very interesting to
study the couplings of electromagnetic and strong inter-
actions in the formation of this new type of matter.

Following the conventional hydrogen matter, we study
charm-pion and charm-kaon states with configurations of
atom, molecular ion, and diatomic molecule. We discuss
the binding energies and present the strong decay widths.
The energy shifts due to the strong interaction are in the
range of several to tens of eV for charm-pion systems, and
are tens to hundreds of eV for the charm-kaon systems. In
this work, the effect of the strong interaction is small, but
important for us to understand its behavior.

In recent years, a number of high energy physics
collaborations have produced many exciting results in
hadrons physics. Such observations greatly advance our
understanding of hadron structures and strong interactions.
Although we predict the existence of a new types of
hydrogenlike charm-pion or charm-kaon matter, it is still
a challenge to search for such exotic matter experimentally.
However, we believe that the great experimental challenges
would inspire the experimentalists to improve the precision
and break the detection limit in the future.
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