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Abstract

The recent observation of two hidden-charm pentaquark states by LHCb collaborations prompted us to
investigate the exotic states close to the D̄Λc, D̄∗Λc, D̄Σc, D̄Σ∗c, D̄∗Σc and D̄∗Σ∗c thresholds. We therefore
studied the hadronic molecules that form the coupled-channel system of D̄(∗)Λc and D̄(∗)Σ

(∗)
c . As the heavy

quark spin symmetry manifests the mass degenerations of D̄ and D̄∗ mesons, and of Σc and Σ∗c baryons, the
coupled channels of D̄(∗)Σ

(∗)
c are important in these molecules. In addition, we consider the coupling to the

D̄(∗)Λc channel whose thresholds are near the D̄(∗)Σ
(∗)
c thresholds, and the coupling to the state with nonzero

orbital angular momentum mixed by the tensor force. This full coupled channel analysis of D̄(∗)Λc − D̄(∗)Σ
(∗)
c

with larger orbital angular momentum has never been performed before. By solving the coupled-channel
Schrödinger equations with the one meson exchange potentials that respected to the heavy quark spin and
chiral symmetries, we studied the hidden-charm hadronic molecules with I(JP) = 1/2(3/2±) and 1/2(5/2±).
We conclude that the JP assignment of the observed pentaquarks is 3/2+ for P+

c (4380) and 5/2− for P+
c (4450),

which is agreement with the results of the LHCb analysis. In addition, we give predictions for other JP = 3/2±

states at 4136.0, 4307.9 and 4348.7 MeV in JP = 3/2−, and 4206.7 MeV in JP = 3/2+, which can be further
investigated by means of experiment.

Keywords: Exotic baryons, Heavy baryons, Heavy mesons, Heavy quark symmetry, One meson exchange
potential

1. Introduction

In 2015, LHCb collaborations reported the two
hidden-charm pentaquarks P+

c (4380) and P+
c (4450)

in Λ0
b → J/ψK−p decay [1–3]. The reported masses

and widths are (M,Γ) = (4380±8±29, 205±18±86)
MeV and (4449.8±1.7±2.5, 39±5±19) MeV, respec-
tively, which are close to D̄Σ∗c and D̄∗Σc thresholds.
Their significances are 9 and 12 standard deviations,
respectively. The total angular momentum is 3/2 for
one state and 5/2 for the other. These states have op-
posite parity. The minimal quark content of the pen-
taquarks is cc̄uud because the states decay into J/ψp.
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In the literature there have been lively discussion
about the structure of the hidden-charm pentaquarks.
The compact pentaquark states have been discussed
by the (di)quark model [4–8] and Gürsey-Radicati
inspired formula [9]. The hadronic molecules have
been studied by the meson-baryon coupled-channel
approach [10–18] and the QCD sum rules [19, 20].
On the other hand, the threshold enhancement by
the anomalous triangle singularity is discussed in
Refs. [21–23].

Near the thresholds, resonances are expected to
have the exotic structure, like the hadronic molecule.
In the strangeness sector, Λ(1405) is considered to be
generated by the K̄N and πΣ [24–26]. In the heavy
quark sectors, X(3872) has the dominant component
of the DD̄∗ molecules [27–31]. The charged quarko-
nium states Zc(3900) [32] and Z(′)

b [33] are consid-
Preprint submitted to Elsevier November 5, 2018
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ered to be DD̄∗ [34] and B(∗)B̄∗ [35–37], respectively.
The observed pentaquarks are found just below the
D̄Σ∗c and D̄∗Σc thresholds. Therefore the D̄Σ∗c and
D̄∗Σc molecular components are expected to be dom-
inant.

Since the hadronic molecules are dynamically
generated by the hadron-hadron interaction, the
properties of the interaction are important in pro-
ducing those structures. In the literature, the SU(4)
flavor symmetric interaction has been applied to the
charm sector. This is an extension of the interaction
based on the SU(3) flavor symmetry applied to the
strangeness sector. In the hidden-charm pentaquarks,
the interactions based on the SU(4) flavor symmetry
have been used [10–12]. However, the SU(4) sym-
metry is expected to be broken because the mass of
the charm quark is much larger than those of light
quarks.

In the heavy flavor sector, new symmetry of heavy
quarks emerges which is called heavy quark sym-
metry [38–41]. This results from the suppression of
the spin-dependent interaction among heavy quarks.
It manifests the mass degeneracy of the states with
different total spin, e.g. degeneracies of D and D∗

mesons (∆mDD∗ ∼ 140 MeV) and Σc and Σ∗c baryons
(∆mΣcΣ∗c ∼ 65 MeV). Therefore, hadronic states
should be a coupled-channel system. In that case,
thresholds of D̄(∗)Σ

(∗)
c (D̄(∗) = D̄ or D̄∗, and Σ

(∗)
c = Σc

or Σ∗c) are close to the states we are going to study
(see also Table 1).

Moreover, we cannot ignore the D̄(∗)Λc channel.
In the strangeness sector, the Λ − Σ mixing is im-
portant in the hyperon-nucleon interaction [42]. In
the early works [11, 12, 17, 18], however, the cou-
pling to D̄(∗)Λc is not considered in the hidden-charm
pentaquarks. However, the D̄∗Λc threshold is 25
MeV below the D̄Σc threshold. Therefore, the D̄∗Λc

channel is not irrelevant in the hidden-charm meson-
baryon molecules.

The approximate mass degeneracy of heavy
hadrons changes the aspect of interactions in the
heavy quark sector. Indeed, the D̄N − D̄∗N mixing
enhances the effect of the one pion exchange poten-
tial (OPEP) in the D̄ meson-nucleon (D̄N) system,
while the KN − K∗N mixing is suppressed due to
the large mass difference between K and K∗ mesons
(∆mKK∗ ∼ 400 MeV) in the strangeness sector. In nu-

clear physics, the OPEP is the basic ingredient of the
nuclear force that binds the atomic nuclei. Specif-
ically, the tensor force mixing S -wave and D-wave
components yields the strong attraction. This mech-
anism has been suggested to have an important role
in the D̄(∗)N system in Refs. [43–50]. The coupled-
channel analysis with the mixing of S -wave and D-
wave was not performed in Refs. [11, 12]. However,
this mixing is helpful to produce the attraction in the
hidden-charm molecules.

On the basis of the above discussions, we consider
the coupled-channel systems of D̄(∗)Λc − D̄(∗)Σ

(∗)
c in-

cluding states with larger orbital angular momentum,
namely D-wave and G-wave for the negative parity
state and F-wave and H-wave for the positive parity
state, as summarized in Table 1. This full-channel
coupling has never been considered so far. The in-
teraction is obtained by the one meson exchange po-
tential that respects the heavy quark spin symmetry.
The bound and resonant states in I(JP) = 1/2(3/2±)
and 1/2(5/2±) are studied by solving the coupled-
channel Schrödinger equations. In this study, the
J/ψN channel is not considered because the coupling
to the J/ψN channel with the charmed meson ex-
change would be suppressed and the molecular state
is dominated by the D̄(∗)Λc and D̄(∗)Σ

(∗)
c channels.

This paper is organized as follows. The meson ex-
change potentials between the charmed meson and
baryon are shown in Sec. 2. The numerical results
are summarized in Sec. 3. Sec. 4 summarizes the
work as a whole.

2. Interactions

The Lagrangians satisfying the heavy quark and
chiral symmetries are employed. The Lagrangians
for a heavy meson and a light meson are given [41,
51–54] as

LπHH =gπTr
[
Hbγµγ5Aµ

baH̄a

]
, (1)

LvHH = − iβTr
[
Hbvµ(ρµ)baH̄a

]
+ iλTr

[
Hbσ

µνFµν(ρ)baH̄a

]
, (2)

LσHH =gsTr
[
HaσH̄a

]
, (3)

where the subscripts π, v and σ are for the pion, vec-
tor meson (ρ and ω) and sigma meson, respectively.
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Table 1: Various channels of the D̄(∗)Λc and D̄(∗)Σ
(∗)
c states for the given total angular momentum and parity JP and the corresponding

thresholds. In each channel, the total spin S and orbital angular momentum L is represented as 2S +1L. The thresholds as a sum of
the mass of the meson and baryon in the last row are given in the unit of MeV.

JP Channels
3/2− D̄Λc(2D), D̄∗Λc(4S ,2 D,4 D), D̄Σc(2D), D̄Σ∗c(4S ,4 D), D̄∗Σc(4S ,2 D,4 D), D̄∗Σ∗c(4S ,2 D,4 D,6 D,6 G)
3/2+ D̄Λc(2P), D̄∗Λc(2P,4 P,4 F), D̄Σc(2P), D̄Σ∗c(4P,4 F), D̄∗Σc(2P,4 P,4 F), D̄∗Σ∗c(2P,4 P,6 P,4 F,6 F)
5/2− D̄Λc(2D), D̄∗Λc(2D,4 D,4 G), D̄Σc(2D), D̄Σ∗c(4D,4 G), D̄∗Σc(2D,4 D,4 G), D̄∗Σ∗c(6S ,2 D,4 D,6 D,4 G,6 G)
5/2+ D̄Λc(2F), D̄∗Λc(4P,2 F,4 F), D̄Σc(2F), D̄Σ∗c(4P,4 F), D̄∗Σc(4P,2 F,4 F), D̄∗Σ∗c(4P,6 P,2 F,4 F,6 F,6 H)

Thresholds (MeV)
D̄Λc(4153.5), D̄∗Λc(4295.5), D̄Σc(4320.5), D̄Σ∗c(4385.1), D̄∗Σc(4462.5), D̄∗Σ∗c(4527.1)

vµ is a four-velocity of a heavy quark. The heavy
meson field constructed by the pseudoscalar meson
P and vector meson P∗ are represented [41, 51–54]
by

Ha =
1 + v/

2

[
P∗aµγ

µ − Paγ5

]
, (4)

H̄a = γ0H†aγ0 , (5)

where the subscripts a, b are for the light flavor. The
axial vector current Aµ is given by

Aµ =
i
2

(
ξ†∂µξ − ξ∂µξ

†
)
, (6)

where ξ = exp(iπ̂/2 fπ) with the pion decay constant
fπ = 92.3 MeV. The pseudoscalar and vector meson
fields are given by

π̂ =
√

2


π0
√

2
+

η
√

6
π+ K+

π− − π0
√

2
+

η
√

6
K0

K− K̄0 − 2
√

6
η

 , (7)

ρµ = i
gV

2
ρ̂µ , (8)

ρ̂µ =
√

2


ρ0
√

2
+ ω
√

2
ρ+ K∗+

ρ− −
ρ0
√

2
+ ω
√

2
K∗ 0

K∗ − K̄∗ 0 φ


µ

, (9)

Fµν(ρ) = ∂µρν − ∂νρµ . (10)

The gauge coupling constant gV is obtained as gV =

mρ/
√

2 fπ [55].

The πPP∗ coupling constant is determined by the
strong decay of D∗ → Dπ [56]. The coupling con-
stants β and λ are fixed by the vector meson de-
cays [57]. The coupling constant for the sigma me-
son is given by gs = −g′π/2

√
6 with the 0+ → 0−π

coupling constant g′π = 3.73 [58]. These coupling
constants are summarized in Table 2.

The Lagrangians for a heavy baryon and a light
meson [53, 59] are given by

LπBB =
3
2

g1ivκεµνλκtr
[
S̄ µAνS λ

]
+ g4tr

[
S̄ µAµB3̄

]
+ H.c. ,

(11)

LvBB = − iβBtr
[
B̄3̄vµρµB3̄

]
− iβS tr

[
S̄ µvαραS µ

]
+ λS tr

[
S̄ µFµνS ν

]
+ iλIε

µνλκvµtr
[
S̄ νFλκB3̄

]
+ H.c. ,

(12)

LσBB =`Btr
[
B̄3̄σB3̄

]
+ `S tr

[
S̄ µσS µ

]
. (13)

The superfield S µ for Σ
(∗)
Q is represented by

S µ =B∗6µ +
δ
√

3

(
γµ + vµ

)
γ5B6 , (14)

S̄ µ =γ0S †µγ0 . (15)

The phase factor is chosen by δ = −1 as discussed in
Ref [59]. Heavy baryon fields are expressed by the
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Table 2: Masses of the exchanged mesons and coupling constants of the interaction Lagrangians for the heavy mesons and heavy
baryons [44, 57–59].

mα [MeV] Meson Baryon
π 137.27 gπ = 0.59 g1 = (3/

√
8)g4 = 1.0

ρ 769.9 β = 0.9 βS = −2βB = 12.0/gV

λ = 0.59 [GeV−1] λS = −2
√

2λI = 19.2/gV [GeV−1]
ω 781.94 β = 0.9 βS = −2βB = 12.0/gV

λ = 0.59 [GeV−1] λS = −2
√

2λI = 19.2/gV [GeV−1]
σ 550.0 gs = −0.76 `S = −2`B = 7.30

3 × 3 matrix form [53, 59];

B6 =


Σ+1

Q
1
√

2
Σ0

Q
1
√

2
Ξ
′+1/2
Q

1
√

2
Σ0

Q Σ−1
Q

1
√

2
Ξ
′−1/2
Q

1
√

2
Ξ
′+1/2
Q

1
√

2
Ξ
′−1/2
Q ΩQ

 , (16)

B3̄ =


0 ΛQ Ξ

+1/2
Q

ΛQ 0 Ξ
−1/2
Q

−Ξ
+1/2
Q −Ξ

′−1/2
Q 0

 . (17)

The matrix for B∗6 is similar to B6. The field of
the B∗6 baryon is given by the Rarita-Schwinger
field [59, 60]. We use the coupling constants given
by the quark model estimation discussed in Ref. [59].

From the effective Lagrangians introduced above,
we obtain the meson exchange potentials as

V i j
π (r) = Gi j

π

[
~Oi

1 ·
~O

j
2C(r; mπ) + S

Oi
1O

j
2
(r̂)T (r; mπ)

]
,

(18)

V i j
v (r) = Gi j

v C(r; mv)

+ F i j
v

[
−2 ~Oi

1 ·
~O

j
2C(r; mv) + S

Oi
1O

j
2
(r̂)T (r; mv)

]
,

(19)

V i j
σ (r) = Gi j

σC(r; mσ) . (20)

In this study, we suppress the potential term, which
is proportional to the inverse of the heavy baryon
mass. i and j stand for the indices of the channels.
Gi j
α (α = π, ρ, ω, σ) is the constant of the (i, j) com-

ponent given by the coupling constants of the La-
grangians. Oi

1 and O j
2 are the (transition) spin oper-

ator of the heavy meson and heavy baryon vertices,
respectively [43–45, 59]. S

Oi
1O

j
2
(r̂) is the tensor oper-

ator S
Oi

1O
j
2
(r̂) = 3 ~Oi

1 · r̂ ~O
j
2 · r̂ − ~O

i
1 ·
~O

j
2. The potential

for the isovector mesons, π and ρ, is multiplied by
the isospin factor,

√
6 for D̄(∗)Λc − D̄(∗)Σ

(∗)
c and −2

for D̄(∗)Σ
(∗)
c − D̄(∗)Σ

(∗)
c with I = 1/2. The functions

C(r; mα) and T (r; mα) are given by

C(r; mα) =

∫
d3q

(2π)3

m2
α

~q 2 + m2
α

ei~q·~rFα(Λ, ~q) , (21)

S
Oi

1O
j
2
(r̂)T (r; mα)

=

∫
d3q

(2π)3

−~q 2

~q 2 + m2
α

S
Oi

1O
j
2
(q̂)ei~q·~rFα(Λ, ~q) . (22)

We introduce the standard dipole-type form fac-
tor F(Λ, ~q) for spatially extended hadrons [18, 43–
45, 59]

Fα(Λ, ~q ) =
Λ2

P − m2
α

Λ2
P + ~q 2

Λ2
B − m2

α

Λ2
B + ~q 2

, (23)

with the cutoff parameters ΛP and ΛB for the heavy
meson and the heavy baryon, respectively. In this
study, we employ the common cutoff parameter
Λ = ΛP = ΛB for simplicity, as discussed in
Refs. [18, 59]. In this study, only the cutoff Λ is a
free parameter. We determine Λ in order to repro-
duce the mass spectra of the observed pentaquarks.

3. Numerical results

The total Hamiltonian is given by the sum of the
kinetic term and the meson exchange potential be-
tween the heavy meson and the heavy baryon for
the coupled-channels in Eqs. (18)-(20). The inter-
action is the heavy quark spin symmetric. However,
the breaking effect of the symmetry is given by the
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(i) I(JP) = 1/2(3/2−) (ii) I(JP) = 1/2(3/2+)
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(iii) I(JP) = 1/2(5/2−) (iv) I(JP) = 1/2(5/2+)
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Figure 1: Cutoff Λ dependence of the obtained energies E of in JP = 3/2± and 5/2± and isospin I = 1/2. The explicit values are
shown in Table 3. The black horizontal lines show the meson-baryon thresholds.

mass splittings of D̄ and D̄∗, and Σc and Σ∗c in this
calculation. By diagonalizing the Hamiltonian, we
obtain the energy of the bound and resonant states.
The wave function is expressed by the Gaussian ex-
pansion method [61]. In order to obtain a complex
energy of a resonance, the complex scaling method
is used in this study [62–65].

We study the molecular states of D̄(∗)Λ
(∗)
c − D̄(∗)Σ(∗)

with JP = 3/2±, 5/2± and isospin I = 1/2. The ob-
tained energies with various cutoffs Λ are summa-
rized in Fig. 1 and Table 3. The energy above the
D̄Λc threshold (= 4153.5 MeV) is given by the com-
plex value E = Ere − iΓ/2 with the resonance en-
ergy Ere, and the decay width Γ for the meson-baryon
scattering states considered in this analysis. The real
energy below the D̄Λc threshold gives the binding

energy by subtracting the value of the D̄Λc threshold.
Fig. 1 does not show the bound states with large bind-
ing energy because the hadronic molecular picture
is not applicable to the deeply bound state [36, 46].
Fig. 1 shows that the energy of states decreases when
the cutoff Λ increases. In large Λ regions, the deeply
bound state appears.

The cutoff parameter Λ is fixed to reproduce the
observed pentaquarks. We then focus on the narrow
resonance P+

c (4450) whose significance is 12 stan-
dard deviations. In our calculations, the state close
to the mass of P+

c (4450), 4449.8 ± 1.7 ± 2.5 MeV.
is the JP = 5/2− state with the resonance energy
4428.6 MeV in Λ = 1400. Hence, the cutoff Λ is
determined as Λ = 1400, and the JP assignment of
P+

c (4450) is JP = 5/2−. This result shows that the
5



Table 3: Obtained energies in JP = 3/2± and 5/2± with the various cutoffs Λ. The real energy gives the binding energy when the
value of D̄Λc threshold (= 4153.5 MeV) is subtracted. The complex energy is given by E = Ere − iΓ/2 with the resonance energy
Ere and the decay width Γ. Note that the decay to J/ψp is not considered in this study.

Λ [MeV] 1300 1400 1500 1600 1700 1800
JP = 3/2− 4236.9 − i0.8 4136.0 4006.3 3848.2 3660.0 3438.26

4381.3 − i11.4 4307.9 − i18.8 4242.6 − i1.4 4150.1 4035.2 3897.3
4368.5 − i64.9 4348.7 − i21.1 4312.7 − i16.0 4261.0 − i7.0 4187.7 − i0.9 4092.5

JP = 3/2+ 4223.0 − i97.9 4206.7 − i41.2 4169.3 − i5.3 4104.2 3996.7 3855.8
4363.3 − i57.0 4339.7 − i26.8 4311.8 − i6.6 4268.5 − i1.3 4193.2 − i0.1 4091.6

JP = 5/2− — 4428.6 − i89.1 4391.7 − i88.8 4338.2 − i56.2 4286.8 − i27.3 4228.3 − i7.4
JP = 5/2+ — — 4368.0 − i9.2 4305.8 − i1.9 4222.7 − i1.4 4111.1

— — — — 4398.5 − i15.0 4357.8 − i8.2

state corresponding to P+
c (4380) has J = 3/2 and

the opposite parity of P+
c (4450), namely JP = 3/2+.

In Λ = 1400 MeV, the mass of the second state of
JP = 3/2+ is 4339.7 MeV, which is near the mass
of P+

c (4380), 4380±8±29 MeV. Therefore, the state
obtained with JP = 3/2+ corresponds to the observed
pentaquark P+

c (4380). On the other hand, we find
resonances other than the observed pentaquarks in
Λ = 1400 MeV. These states are new predictions
in this study. As shown in Table 3, the JP = 3/2−

state has three states, whose masses are 4136.0 MeV,
4307.9 MeV and 4348.7 MeV, respectively, and the
JP = 3/2+ state has one state with the mass, 4206.7
MeV. By contrast, the state with JP = 5/2+ is absent
in Λ = 1400 MeV.

Our results are compared with those of the ear-
lier studies on hidden-charm molecular states with
JP = 3/2−[11, 12, 14]. As summarized in Table 4,
the energies obtained in this study are slightly greater
than the results of the earlier works, where the full-
channel coupling of D̄(∗)Λc − D̄(∗)Σ

(∗)
c was not con-

sidered. In our calculation, we find that the masses
increase by tens of MeV and some of states disappear
when the D̄(∗)Λc channel or the states with large or-
bital angular momentum are ignored, as summarized
in Table 5. Specifically the JP = 5/2− state corre-
sponding to P+

c (4450) disappears when the analysis
with the full channel coupling is not performed.

Table 5: Obtained masses with full channel coupling (Full),
without D̄(∗)Λc (w/o D̄(∗)Λc) and without large orbital angular
momentum ` (w/o ` > 0 or w/o ` > 1) in Λ = 1400 MeV. The
masses with full channel coupling are given in Table 3.

JP Channels Mass [MeV]
3/2− Full 4136.0, 4307.9, 4348.7

w/o D̄(∗)Λc 4278.4, 4400.4
w/o ` > 0 4220.4, 4376.6

3/2+ Full 4206.7, 4339.7
w/o D̄(∗)Λc —
w/o ` > 1 4275.3

5/2− Full 4428.6
w/o D̄(∗)Λc —
w/o ` > 0 —

4. Summary

We studied the hidden-charm pentaquarks as
meson-baryon molecules. We took into account
the coupled channels of D̄(∗)Σ

(∗)
c whose thresholds

are close to each other owing to the heavy quark
spin symmetry. In addition, the couplings to D̄(∗)Λc

near the D̄(∗)Σ
(∗)
c thresholds, and to the states with

larger orbital angular momentum mixed by the ten-
sor force were considered. Therefore, the analysis
of the hidden-charm molecular systems involved by
the full coupled channel for D̄(∗)Λc − D̄(∗)Σ

(∗)
c , which

had not been performed in the early works. As for
the meson-baryon interaction, the meson exchange

6



Table 4: Comparison between the lowest mass of hidden-charm meson-baryon molecules with I(JP) = 1/2(3/2−) yielded by this
work and those yielded by the early works [11, 12, 14]. The masses are shown in the second column in the unit of MeV. In this
work, the value of Λ is 1400 MeV. The third column gives the channels which are considered in those works.

Ref. Mass [MeV] Channels
This work 4136.0 D̄Λc, D̄∗Λc, D̄Σc, D̄Σ∗c, D̄

∗Σc, D̄∗Σ∗c
[11] 4415 D̄∗Σc, D̄∗Σ∗c with only S -wave
[12] 4454 D̄∗Σc, D̄∗Σ∗c with only S -wave
[14] 4334.5 J/ψN, D̄∗Λc, D̄∗Σc, D̄Σ∗c, D̄

∗Σ∗c
with only S -wave

potential was obtained by the effective Lagrangians
that respects the heavy quark and chiral symmetries.
By solving the coupled-channel Schrödinger equa-
tions, we studied the bound and resonant states in
I(JP) = 1/2(3/2±) and 1/2(5/2±). The results show
that the JP assignments of P+

c (4380) and P+
c (4450)

are 3/2+ and 5/2−, respectively. We also found new
states in JP = 3/2±. In the molecular states obtained,
we found that the coupling to the D̄(∗)Λc channel
and to the state with large orbital angular momen-
tum produced the attraction. The predicted states can
be sought in future experiments by the relativistic
heavy ion collision in LHC, the production via the
hadron beam in J-PARC [66–68], the photoproduc-
tion in Jefferson Lab [69–71] and so on.
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