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A new color basis system and confinement mechanism for multiquark systems are proposed according to
the string-type picture of QCD. The color string configurations in the strong coupling QCD are implemented
in the set of color basis states. The extended color Hilbert space forQQQ̄Q̄ systems includes a “hidden color”
state, which mixes with two-meson states QQ̄þQQ̄, This mixing effect leads to an attractive potential
sufficient to form a bound state.We apply a realistic Hamiltonianmodel with the new scheme to fully charmed
tetraquark states, ccc̄c̄, and find a bound and two resonant states, which could potentially correspond to the
ccc̄c̄ tetraquark candidates recently observed in experiments.
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I. INTRODUCTION

Hadron spectroscopy in the past 70 years has established a
rather simple view of hadrons that are classified into mesons
made of a constituent quark (Q) and an antiquark (Q̄), and
baryons made of three quarks (QQQ). While the majority of
the observed hadrons fall into these categories, recent experi-
ments have brought us a new kind of hadrons composed of
more than three quarks [1–8]. These exotic hadrons include
tetraquarks (QQQ̄Q̄), pentaquarks (QQQQQ̄), and dibary-
ons (QQQQQQ).
Hadrons described by quantum chromodynamics (QCD),

are strongly interacting systems of colored quarks and gluons
with a nontrivial color confinement mechanism. The string-
type confinement potential is quite popular for mesons and
baryons [9–13]. The string in the meson is simply a linear
potential between Q and Q̄. For the baryon, the string
configuration can be either a sum of two-body strings
(Δ-type), a three-body Y-type string [14,15], or their mixture
[16], which are not well-distinguished in the quark model
because they yield nearly identical mass spectra of low-lying
states [17,18]. On the other hand, in the multiquark system,

the strings may form richer topological configurations that
do not appear in the QQ̄ nor QQQ hadrons [19–24].
In studying the color confinement mechanism in multi-

quark systems, the fully heavy tetraquark, QQQ̄Q̄
(Q ¼ c, or b), is the most convenient and promising.
The heavy quarks can be safely treated in the nonrelativistic
Schrödinger equation. The QQ̄ annihilation is suppressed
due to the Okubo-Zweig-Iizuka (OZI) rule so that it can be
omitted. The dynamics of the heavy quarks were studied
very well in the quarkonium (QQ̄) spectra, where the
Hamiltonian parameters have been well-determined.
Here we pay great attention to the recently observed fully

charmed tetraquarks, ccc̄c̄ [25–30]. Experimental data show
a few resonant states. Comparison of these data with
theoretical calculations will provide us with essential infor-
mation about the confinement mechanism of multiquark
systems. There have been many theoretical studies done
[31–58], but no consensus has been reached on the structures
of the observed resonant states.
In the conventional quarkmodel (QM), the color is carried

only by the color 3 constituent quarks (Q) and the 3
antiquarks (Q̄). Then the tetraquark systems QQQ̄Q̄
are constructed based on the SU(3) color representation
yielding two independent color-singlet states, as denoted
by 3⊗ 3⊗ 3⊗ 3¼ 2× 1⊕ 4× 8⊕ 10⊕ 10⊕ 27. They
are taken for example as the two combinations of
QQ̄ −QQ̄ states (QM basis) given by1
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1Note that the choices of the two color configurations in
Eq. (1) are not unique. Any two configurations of the tetraquark
can be expressed in terms of each other, as can be proven by Fierz
transformation.
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j1i≡ jðQ1Q̄3Þ1ðQ2Q̄4Þ1i;
j10i≡ jðQ1Q̄4Þ1ðQ2Q̄3Þ1i; ð1Þ

where ðQQ̄Þ1 denotes the color singlet state ofQ and Q̄, and
the two states are independent but not orthogonal
to each other as h10j1i ¼ 1=3. The standard confinement
potential is taken as the sumof the two-body color-dependent
linear potentials [59]. The linear confinement potentials
within the nonorthogonal basis will introduce an unrealistic
long-range color-van der Waals force between the two color
singlet mesons [12,13,59–79]. In Ref. [32], they applied the
conventional quark-model Hamiltonian determined well by
the QQ̄ systems to the tetraquark systems with the complex
scaling technique. Although they found a few resonant states
in 0þþ and 2þþ channels, they come at much higher energies
than recently found ccc̄c̄ candidate,Xð6900Þ [25,27,30] and
do not correspond toXð6600Þ. We conjecture that the failure
is due to defects of the conventional confinementmechanism
when applied to multiquark systems.

II. STRING-TYPE QUARK CONFINEMENT
FOR MULTIQUARK SYSTEMS

Here, we propose an alternative string-type potential that
represents the property of confinement of QCD. In the new
confinement mechanism, considering the topological prop-
erties of the color strings connectingQ and Q̄ explicitly, we
introduce a new set of color basis as shown in Fig. 1, which
are composed of three independent bases.
First of all, we introduce the meson-meson basis states

by specifying the string connections as

j1⟫≡ jðQ1 → Q̄3Þ1ðQ2 → Q̄4Þ1i; ð2Þ

j10⟫≡ jðQ1 → Q̄4Þ1ðQ2 → Q̄3Þ1i; ð3Þ
where the arrow (→) represents the direction of the color
flux going from Q to Q̄. As in the strong coupling limit of
QCD, these stringlike states (ST basis) exhibit different
topological structures that can be interchanged by the
insertion of a vertex, we impose the orthogonality [74,80],

⟪10j1⟫ ¼ 0: ð4Þ

Thus the new ST basis is distinguishable from the QM basis
in Eq. (1).2 The orthogonality resolves the long-range
color-van der Waals potential concern.
In addition, we introduce a new color basis state, jhc⟫,

named “hidden color” (HC), for a confined string configu-
ration, in which all four quarks are connected in one form of
the strings (See Fig. 1). We suppose that this configuration is
independent and orthogonal both to j1⟫ and j10⟫.
In the current ST model, the three independent and

orthogonal color configurations, j1⟫, j10⟫ and jhc⟫, form
the color Hilbert space. The total wave function of the
tetraquark system is given schematically by

Ψð1; 2; 3; 4Þ ¼ ψ1j1⟫þ ψ10 j10⟫þ ψhcjhc⟫; ð5Þ

where ψ’s are the orbital, spin, and flavor parts of the wave
function. The first two meson-meson (MM) states describe
asymptotic behaviors of meson-meson scattering states,
while the HC term is confined in the range of color
confinement and does not have asymptotic amplitude. For
the identical quarks, one needs to incorporate antisymmet-
rization for the exchange of fermion in wave functions.
We introduce an explicit confinement potential for the

new scheme of color basis. The new confinement potential
is expected to properly describe the confined meson as well
as the scattering state. The confinement potential, Vconf , is
given for three color basis states, j1⟫, j10⟫ and jhc⟫, by the
following 3 × 3 matrix,

Vconf ¼

0
B@

σðr13 þ r24Þ κe−σS κ0e−σS

κe−σS σðr14 þ r23Þ −κ0e−σS

κ0e−σS −κ0e−σS σ
�
1
4
ðr13 þ r24 þ r14 þ r23Þ þ 1

2
ðr12 þ r34Þ

�

1
CA; ð6Þ

where rij is the distance between the ði; jÞ quark pair and σ
is the string tension. The diagonal potentials for the meson
and confined HC channel are chosen to go back to the
conventional quark model due to its great success in the
confined mesons and baryons.
The off-diagonal potentials describe the transitions

among the color basis with different string topologies that

can only happen with the insertion of a vertex due to the
orthogonality. Motivated by strong coupling QCD, the
string reconnection is induced by forming a color string
surrounding the area, like a Wilson loop. The transition

FIG. 1. Three color basis states: j1⟫, j10⟫, and jhc⟫ in the novel
string-type color confinement model.

2A similar idea was discussed in the context of the string flip-
flop potential model [14,69,73,74,81,82].
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amplitude is given by the exponential of the minimal
surface for the two reconnecting strings, e−σS, where S
is the minimal surface of the tetraquarks.3 One sees that
transitions may occur when all the quarks get together
within the confinement region, which is characterized by
1=

ffiffiffi
σ

p
≤ 0.52 fm. In Eq. (6), new coupling parameters κ

and κ0 are introduced. As the transition of a string-antistring
pair to color octet state is

ffiffiffi
8

p
times larger than the color

singlet state, we set κ0 ¼ ffiffiffi
8

p
κ. The values of κ and κ0 are

chosen so that the transitions fall within the range from 0 to
2aσ < 0.76 GeV, which leads to κ < 0.27. In the follow-
ing, we will show that the tetraquark mass spectrum with κ
around 0.10 GeV is consistent with the experimental
results. To explore the dependence of the κ value and
the validity of the new confinement model, we further vary
κ from 0.06 GeV to 0.14 GeV.

III. APPLICATION TO FULLY CHARMED
TETRAQUARKS

Now we apply the novel confinement potential model
to the fully charmed tetraquark system ccc̄c̄. The S-wave
ccc̄c̄ systems exhibit three spin-parity combinations,
JPC ¼ 0þþ, 1þ−, and 2þþ.4

Our Hamiltonian for the ccc̄c̄ system is given by

H ¼ K þ Vconf þ VSR; ð8Þ

K ¼
X
i

p2i
2mc

−
P2
tot

8mc
; VSR ¼

X
i<j

ðTi · TjÞvij; ð9Þ

vij ¼
αs
rij

−
8παs
3m2

c

�
Λffiffiffi
π

p
�

3

e−Λ
2r2ijðsi · sjÞ; ð10Þ

where K is the kinetic energy with Ptot denoting the total
momentum of the ccc̄c̄ state and VSR represents the short-
range interactions arising from the one gluon exchange
between two quarks with a two-body potential vij. The first
and second terms in vij correspond to the spin-independent
color-Coulomb and the spin-dependent color-magnetic
interactions, respectively. For the calculation of colored
VSR contributions, here we take a possible attractive

configuration that QQ and Q̄Q̄ form color 3̄ and 3,
respectively. The values of the parameters are given in
Table I, which are fixed by the charmonium spectrum.
We solve the bound and resonant states of the ccc̄c̄

system using the complex scaling method (CSM), which
successfully reproduces the meson-meson scattering states
with the correct positions of the thresholds. The technical
details of CSM for this system are given in the previous
paper [32]. The detailed results will be provided in a
separate paper.
Our numerical solutions for the overall ccc̄c̄ spectrum

are summarized for a κ value of 0.10 GeV in Fig. 2 in
comparison with experiments and the previous theoretical
calculations [32]. We successfully identify two resonant
states with masses around 6.6 GeV and 6.9 GeV, which
agree with the experimental observations Xð6600Þ and
Xð6900Þ, respectively. In the 1þ− and 2þþ sectors, the
results for resonances are similar, which is consistent with
the heavy quark spin symmetry. Additionally, we observe a
hint of a higher state in the complex plane in spite of bad
convergence in the CSM, which is not shown in the figure.
This state needs to be checked in the future, for which the
contributions from scattering states involving the higher
orbital excitations may be significant. On the experimental
side, a higher resonance is suggested as Xð7200Þ or
Xð7000Þ in CMS [26] and ATLAS (β fitting model)
[30], respectively. Further experimental investigations,
such as the resonant position and identification of their
quantum numbers, are required to study the properties of
this resonance.
Our results show the existence of the two bound states.5

Their binding energies are similar to each other and the
mass difference arises from the difference of the scattering
thresholds, ηc-J=ψ , and J=ψ-J=ψ , respectively. The exist-
ence of the bound state below the J=ψ-J=ψ threshold
should be examined in future experiments. On the other
hand, no 0þþ bound state is found, the reason for which
will be discussed later.
To understand the dynamical origin of the bound state

and compare the novel confinement model with the
conventional one, we focus on examining the spin-aligned

TABLE I. The parameters of the Hamiltonian.

σ [GeV=fm] αs mc [GeV] Λ [GeV]

0.7222 0.5461 1.4794 1.0946

3For computational simplicity, we approximate the minimal
area S by

S ¼ 1

4
ðr213 þ r224 þ r214 þ r223Þ; ð7Þ

which agrees with the minimal surface for the square configu-
ration, but, in general, overestimates the true value.

4The meson-meson scattering states involving higher orbital
excited charmonia may modify the results of the higher ccc̄c̄
tetraquark states, which are beyond the scope of our investigation
at this stage. Then, the tetraquark states below the relevant
S-wave dicharmonium thresholds with the same JPC quantum
number appear as bound solutions. Henceforth, these tetraquark
states are denoted as “bound” states.

5It is noted that the lowest 2þþ tetraquark state can decay into
the ηc − ηc scattering state withD-wave orbital excitation through
the tensor potential. However, in the present model, this state is
found as a bound state, because the tensor force and D-wave
configurations are not included in our model. The D-wave decay
is expected to be suppressed by a factor of 1=m2

c in the tensor
force as well as the reduced overlap between the S-wave and
D-wave configurations.
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S-wave (L ¼ 0) ccc̄c̄ state with JPC ¼ 2þþ and evaluate
the impact of the chosen coupling constant κ. We summa-
rized the obtained ccc̄c̄ states with κ varying from 0 GeV to
0.14 GeV in Table II and plot the “motion” of the states in
the complex momentum plane in Fig. 3.
Our results show a bound state for κ larger than

0.08 GeV, and the binding energy increases progressively
as κ increases.6 The probabilities of the meson-meson state,
PðMMÞ, and the hidden color state, PðHCÞ, shown in
Table II, exhibit molecular characteristics of the bound
states. PðHCÞ increases as the binding energy grows. These
behaviors show that the mixing of the HC configurations is
the driving force for the formation of the bound state.
Notably, in the previous study [32], the same short-range
VSR but with the conventional confinement potential were
used and they obtained no bound states. Furthermore, the
resonances appeared at higher masses than the observed
states. The reason is that, in the conventional scheme, the
hidden color (HC) state is not independent of the mesonic
states. The mixing effect was not as pronounced as it is in
the new confinement potential, resulting in a weaker
binding effect and no appearance of bound states. This
helps explain the absence of the bound tetraquark state in
0þþ sector with κ ¼ 0.1 GeV, where the hidden color
component will couple with two meson-meson channels,
ηc-ηc, and J=ψ-J=ψ . Compared with the 2þþ sector, the
mixing effects arising from κe−σS in 0þþ are suppressed by

the extra-spin overlap factors, 1
2
for ηc-ηc and

ffiffi
3

p
2

for
J=ψ -J=ψ , leading to smaller attractive potentials in the
meson-meson channels.
For the resonances in Fig. 3, as κ increases, the resonant

states shift towards higher masses with larger decay widths
and then exhibit a bending behavior, returning toward the
real axis. The decreasing widths of the dressed tetraquarks
as the coupling increase are consistent with the curved
trajectories discussed in Refs. [83–85], which are attributed
to the strong unitarization effect.

FIG. 2. Comparison of the ccc̄c̄ tetraquark spectrum using the
novel string-type confinement mechanism with κ ¼ 0.10 GeV
(red solid line), the conventional confinement potential (green
solid-dot line) [32], and the experimental data reported by LHCb
[29], CMS [26] (noninterference results), ATLAS (A and α fitting
model) [30], respectively. The theoretical results are presented by
the mass E and the decay width Γ as EðΓÞ in units of MeV.

FIG. 3. The trajectories of the bound and resonant states with
JPC ¼ 2þþ plotted on the complex energy plane for varied κ from
0.00 GeV to 0.14 GeV. The direction of variation with increasing
κ is indicated by arrows. The origin of the complex plane is set to
the J=ψ–J=ψ threshold and μ is the reduced mass.

TABLE II. The obtained states for JPC ¼ 2þþ with κ varying
from 0.06 GeV to 0.14 GeV; the real part E and the imaginary
part Γ

2
(in units of MeV) of the bound state and two low-lying

resonances. P(MM) and P(HC) are the probability of the meson-
meson and hidden color states for the bound state, respectively.

Bound state First resonance Second resonance

κ

E ΔE

E − Γ
2
i E − Γ

2
iP(MM) P(HC)

0.06 � � � 6524.4 − 28.6i 6900.8 − 9.5i

0.08 6179.5 −2 6550.2 − 41.0i 6912.7 − 16.6i
98.2% 1.8%

0.09 6175.0 −6 6564.9 − 47.3i 6920.8 − 18.3i
93.1% 6.9%

0.10 6166.2 −14 6582.2 − 54.2i 6928.8 − 18.7i
88.3% 11.7%

0.12 6139.8 −41 6630.6 − 50.6i 6943.7 − 16.3i
80.6% 19.4%

0.14 6106.1 −74 6655.5 − 27.5i 6955.0 − 11.8i
75.2% 24.8%

6It should be noted here that a virtual state may appear for κ
ranging from 0.06 GeV and 0.80 GeV at the negative imaginary
axis, but the virtual state is not an eigenvalue of the present
complex scaling Hamiltonian.
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IV. CONCLUSIONS

In conclusion, we have presented a new string-type
model for the color Hilbert space and color confinement
potential in multi-quark systems. The key intention is to
extend the color Hilbert space with two channels of color
singlet mesons and another hidden-color compact state.
The third state is not allowed in the conventional quark
model, where only the quarks carry the color degrees of
freedom. It is found that the couplings between the meson-
meson (MM) channels to the hidden color channel are
significant and induce a strong attraction.
We have developed a realistic Hamiltonian model for the

S-wave ccc̄c̄ tetraquark system, taking into account the
color-Coulomb and color-magnetic interactions. The tetra-
quark spectrum is obtained by solving the four-body
problem with the complex scaling method. A bound state
below the J=ψ-J=ψ threshold is found for a moderate

coupling strength among the color channels, which is not
predicted by the conventional quark model. The bound
states serve as a valuable benchmark to investigate the two
different confinement mechanisms. Additionally, we have
identified two resonant states, which may correspond to the
observed ccc̄c̄ resonant states Xð6600Þ and Xð6900Þ. By
determining the spin and parity of the observed states, we
will be able to fix the coupling parameter and draw a
complete picture of the fully charmed tetraquark states.
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and L. Zou, Nucl. Part. Phys. Proc. 312–317, 135 (2021).

QUARK CONFINEMENT FOR MULTIQUARK SYSTEMS: … PHYS. REV. D 108, L071501 (2023)

L071501-5

https://doi.org/10.1093/ptep/ptw045
https://doi.org/10.1016/j.physrep.2016.05.004
https://doi.org/10.1016/j.physrep.2016.05.004
https://doi.org/10.1007/s00601-016-1159-0
https://doi.org/10.1103/RevModPhys.90.015003
https://doi.org/10.1103/RevModPhys.90.015003
https://doi.org/10.1016/j.physrep.2020.05.001
https://doi.org/10.1016/j.physrep.2020.05.001
https://doi.org/10.1016/j.ppnp.2019.04.003
https://doi.org/10.1103/RevModPhys.90.015004
https://doi.org/10.1103/RevModPhys.94.029901
https://doi.org/10.1103/RevModPhys.94.029901
https://doi.org/10.1016/j.physrep.2023.04.003
https://doi.org/10.1016/j.physrep.2023.04.003
https://doi.org/10.1103/PhysRevD.10.2445
https://doi.org/10.1103/PhysRevD.11.395
https://doi.org/10.1103/PhysRevD.27.233
https://doi.org/10.1103/PhysRevD.27.233
https://doi.org/10.1016/0370-2693(83)91445-4
https://doi.org/10.1103/PhysRevD.31.2910
https://doi.org/10.1103/PhysRevLett.86.18
https://doi.org/10.1103/PhysRevD.65.114509
https://doi.org/10.1103/PhysRevD.34.2809
https://doi.org/10.1140/epjc/s10052-009-1050-y
https://doi.org/10.1140/epjc/s10052-009-1050-y
https://doi.org/10.1103/PhysRevD.80.054501
https://doi.org/10.1103/PhysRevD.80.054501
https://doi.org/10.1063/1.2823850
https://doi.org/10.1016/S0370-2693(01)00008-9
https://doi.org/10.1103/PhysRevD.67.114007
https://doi.org/10.1016/0375-9474(93)90253-T
https://doi.org/10.1016/0375-9474(93)90253-T
https://doi.org/10.4236/jmp.2016.78072
https://doi.org/10.4236/jmp.2016.78072
https://doi.org/10.1103/PhysRevLett.94.192001
https://doi.org/10.1103/PhysRevLett.94.192001
https://doi.org/10.1007/JHEP05(2017)013
https://doi.org/10.1007/JHEP05(2017)013
https://arXiv.org/abs/2306.07164
https://arXiv.org/abs/2306.07164
https://doi.org/10.1016/j.physletb.2020.135578
https://doi.org/10.1016/j.physletb.2020.135578
https://doi.org/10.1007/JHEP10(2018)086
https://doi.org/10.1007/JHEP10(2018)086
https://doi.org/10.1016/j.scib.2020.08.032
https://doi.org/10.1016/j.scib.2020.08.032
https://arXiv.org/abs/2304.08962
https://doi.org/10.1103/PhysRevD.104.036016
https://doi.org/10.1103/PhysRevD.104.036016
https://doi.org/10.1103/PhysRevD.106.096005
https://doi.org/10.1103/PhysRevD.106.096005
https://doi.org/10.1103/PhysRevD.102.094001
https://doi.org/10.1103/PhysRevD.102.094001
https://arXiv.org/abs/2006.11952
https://arXiv.org/abs/2006.11952
https://doi.org/10.1140/epjc/s10052-020-08650-z
https://doi.org/10.1140/epjc/s10052-020-08650-z
https://doi.org/10.1140/epjc/s10052-020-08454-1
https://doi.org/10.1140/epjc/s10052-020-08454-1
https://doi.org/10.1103/PhysRevD.102.074003
https://doi.org/10.1103/PhysRevD.102.074003
https://doi.org/10.1016/j.nuclphysbps.2021.05.035


[39] B.-C. Yang, L. Tang, and C.-F. Qiao, Eur. Phys. J. C 81, 324
(2021).

[40] G. Huang, J. Zhao, and P. Zhuang, Phys. Rev. D 103,
054014 (2021).

[41] C. Hughes, Proc. Sci. BEAUTY2020 (2021) 044
[arXiv:2101.08241].

[42] R. N. Faustov, V. O. Galkin, and E. M. Savchenko, Universe
7, 94 (2021).

[43] Z.-R. Liang, X.-Y. Wu, and D.-L. Yao, Phys. Rev. D 104,
034034 (2021).

[44] Q. Li, C.-H. Chang, G.-L. Wang, and T. Wang, Phys. Rev. D
104, 014018 (2021).

[45] F.-X. Liu, M.-S. Liu, X.-H. Zhong, and Q. Zhao, Phys. Rev.
D 104, 116029 (2021).

[46] Q. Zhou, D. Guo, S.-Q. Kuang, Q.-H. Yang, and L.-Y. Dai,
Phys. Rev. D 106, L111502 (2022).

[47] Z. Asadi and G. R. Boroun, Phys. Rev. D 105, 014006
(2022).

[48] G. Yang, J. Ping, and J. Segovia, Phys. Rev. D 104, 014006
(2021).

[49] H.-W. Ke, X. Han, X.-H. Liu, and Y.-L. Shi, Eur. Phys. J. C
81, 427 (2021).

[50] Z.-H. Guo and J. A. Oller, Phys. Rev. D 103, 034024 (2021).
[51] X.-K. Dong, V. Baru, F.-K. Guo, C. Hanhart, and A.

Nefediev, Phys. Rev. Lett. 126, 132001 (2021); 127,
119901(E) (2021).

[52] C. Gong, M.-C. Du, and Q. Zhao, Phys. Rev. D 106, 054011
(2022).

[53] J.-Z. Wang, D.-Y. Chen, X. Liu, and T. Matsuki, Phys. Rev.
D 103, 071503 (2021).

[54] C. Gong, M.-C. Du, Q. Zhao, X.-H. Zhong, and B. Zhou,
Phys. Lett. B 824, 136794 (2022).

[55] Z.-R. Liang and D.-L. Yao, Rev. Mex. Fis. Suppl. 3,
0308042 (2022).

[56] J.-Z. Wang and X. Liu, Phys. Rev. D 106, 054015 (2022).
[57] B.-D. Wan and C.-F. Qiao, Phys. Lett. B 817, 136339

(2021).
[58] J.-W. Zhu, X.-D. Guo, R.-Y. Zhang, W.-G. Ma, and X.-Q.

Li, arXiv:2011.07799.
[59] O.W. Greenberg and H. J. Lipkin, Nucl. Phys. A370, 349

(1981).
[60] H. Miyazawa, Phys. Rev. D 20, 2953 (1979).

[61] O.W. Greenberg and J. Hietarinta, Phys. Lett. 86B, 309
(1979).

[62] F. Lenz, J. T. Londergan, E. J. Moniz, R. Rosenfelder,
M. Stingl, and K. Yazaki, Ann. Phys. (N.Y.) 170, 65
(1986).

[63] M. Oka, Phys. Rev. D 31, 2274 (1985).
[64] M. Oka and C. J. Horowitz, Phys. Rev. D 31, 2773 (1985).
[65] Y. Koike, Nucl. Phys. A454, 509 (1986).
[66] Y. Koike, O. Morimatsu, and K. Yazaki, Nucl. Phys. A449,

635 (1986).
[67] Y. Koike and K. Yazaki, Phys. Lett. B 179, 332 (1986).
[68] K. Masutani, Nucl. Phys. A468, 593 (1987).
[69] O. Morimatsu, Nucl. Phys. A505, 655 (1989).
[70] Y. Koike, K. Shimizu, and K. Yazaki, Nucl. Phys. A513,

653 (1990).
[71] C. J. Horowitz and J. Piekarewicz, Phys. Rev. C 44, 2753

(1991).
[72] C. J. Horowitz and J. Piekarewicz, Nucl. Phys. A536, 669

(1992).
[73] Y. Koike, O. Morimatsu, and K. Yazaki, Prog. Theor. Phys.

Suppl. 137, 21 (2000).
[74] G. A. Miller, Phys. Rev. D 37, 2431 (1988).
[75] J. Vijande, A. Valcarce, and J. M. Richard, Phys. Rev. D 76,

114013 (2007).
[76] J. Vijande, A. Valcarce, and J. M. Richard, Phys. Rev. D 85,

014019 (2012).
[77] J.-M. Richard, A. Valcarce, and J. Vijande, Phys. Rev. D 95,

054019 (2017).
[78] C. Deng, J. Ping, H. Huang, and F. Wang, Phys. Rev. D 98,

014026 (2018).
[79] G. Martens, C. Greiner, S. Leupold, and U. Mosel, Phys.

Rev. D 73, 096004 (2006).
[80] D. Robson, Phys. Rev. D 35, 1018 (1987).
[81] C. Alexandrou, T. Karapiperis, and O. Morimatsu, Nucl.

Phys. A518, 723 (1990).
[82] H.-J. Pirner, Prog. Part. Nucl. Phys. 29, 33 (1992).
[83] C. Hanhart and A. Nefediev, Phys. Rev. D 106, 114003

(2022).
[84] E. van Beveren, D. V. Bugg, F. Kleefeld, and G. Rupp, Phys.

Lett. B 641, 265 (2006).
[85] P. G. Ortega, J. Segovia, D. R. Entem, and F. Fernandez,

Phys. Lett. B 827, 136998 (2022).

WANG, OKA, and JIDO PHYS. REV. D 108, L071501 (2023)

L071501-6

https://doi.org/10.1140/epjc/s10052-021-09096-7
https://doi.org/10.1140/epjc/s10052-021-09096-7
https://doi.org/10.1103/PhysRevD.103.054014
https://doi.org/10.1103/PhysRevD.103.054014
https://arXiv.org/abs/2101.08241
https://doi.org/10.3390/universe7040094
https://doi.org/10.3390/universe7040094
https://doi.org/10.1103/PhysRevD.104.034034
https://doi.org/10.1103/PhysRevD.104.034034
https://doi.org/10.1103/PhysRevD.104.014018
https://doi.org/10.1103/PhysRevD.104.014018
https://doi.org/10.1103/PhysRevD.104.116029
https://doi.org/10.1103/PhysRevD.104.116029
https://doi.org/10.1103/PhysRevD.106.L111502
https://doi.org/10.1103/PhysRevD.105.014006
https://doi.org/10.1103/PhysRevD.105.014006
https://doi.org/10.1103/PhysRevD.104.014006
https://doi.org/10.1103/PhysRevD.104.014006
https://doi.org/10.1140/epjc/s10052-021-09229-y
https://doi.org/10.1140/epjc/s10052-021-09229-y
https://doi.org/10.1103/PhysRevD.103.034024
https://doi.org/10.1103/PhysRevLett.126.132001
https://doi.org/10.1103/PhysRevLett.127.119901
https://doi.org/10.1103/PhysRevLett.127.119901
https://doi.org/10.1103/PhysRevD.106.054011
https://doi.org/10.1103/PhysRevD.106.054011
https://doi.org/10.1103/PhysRevD.103.L071503
https://doi.org/10.1103/PhysRevD.103.L071503
https://doi.org/10.1016/j.physletb.2021.136794
https://doi.org/10.31349/SuplRevMexFis.3.0308042
https://doi.org/10.31349/SuplRevMexFis.3.0308042
https://doi.org/10.1103/PhysRevD.106.054015
https://doi.org/10.1016/j.physletb.2021.136339
https://doi.org/10.1016/j.physletb.2021.136339
https://arXiv.org/abs/2011.07799
https://doi.org/10.1016/0375-9474(81)90102-0
https://doi.org/10.1016/0375-9474(81)90102-0
https://doi.org/10.1103/PhysRevD.20.2953
https://doi.org/10.1016/0370-2693(79)90845-1
https://doi.org/10.1016/0370-2693(79)90845-1
https://doi.org/10.1016/0003-4916(86)90088-6
https://doi.org/10.1016/0003-4916(86)90088-6
https://doi.org/10.1103/PhysRevD.31.2274
https://doi.org/10.1103/PhysRevD.31.2773
https://doi.org/10.1016/0375-9474(86)90102-8
https://doi.org/10.1016/0375-9474(86)90325-8
https://doi.org/10.1016/0375-9474(86)90325-8
https://doi.org/10.1016/0370-2693(86)90487-9
https://doi.org/10.1016/0375-9474(87)90184-9
https://doi.org/10.1016/0375-9474(89)90036-5
https://doi.org/10.1016/0375-9474(90)90403-9
https://doi.org/10.1016/0375-9474(90)90403-9
https://doi.org/10.1103/PhysRevC.44.2753
https://doi.org/10.1103/PhysRevC.44.2753
https://doi.org/10.1016/0375-9474(92)90118-4
https://doi.org/10.1016/0375-9474(92)90118-4
https://doi.org/10.1143/PTPS.137.21
https://doi.org/10.1143/PTPS.137.21
https://doi.org/10.1103/PhysRevD.37.2431
https://doi.org/10.1103/PhysRevD.76.114013
https://doi.org/10.1103/PhysRevD.76.114013
https://doi.org/10.1103/PhysRevD.85.014019
https://doi.org/10.1103/PhysRevD.85.014019
https://doi.org/10.1103/PhysRevD.95.054019
https://doi.org/10.1103/PhysRevD.95.054019
https://doi.org/10.1103/PhysRevD.98.014026
https://doi.org/10.1103/PhysRevD.98.014026
https://doi.org/10.1103/PhysRevD.73.096004
https://doi.org/10.1103/PhysRevD.73.096004
https://doi.org/10.1103/PhysRevD.35.1018
https://doi.org/10.1016/0375-9474(90)90188-R
https://doi.org/10.1016/0375-9474(90)90188-R
https://doi.org/10.1016/0146-6410(92)90003-K
https://doi.org/10.1103/PhysRevD.106.114003
https://doi.org/10.1103/PhysRevD.106.114003
https://doi.org/10.1016/j.physletb.2006.08.051
https://doi.org/10.1016/j.physletb.2006.08.051
https://doi.org/10.1016/j.physletb.2022.136998

