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We propose a chiral quark model including the ω and ρ meson contributions in addition to the π and σ
meson contributions. We show that the masses of the ground state baryons such as the nucleon, Λc and Λb

are dramatically improved in the model with the vector mesons compared with the one without them. The
study of the tetraquark Tcc is also performed in a coupled channel calculation and the resultant mass is
much closer to its experimental value than the result without vector meson contribution. This approach can
be applied to the future study of multiquark systems.
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I. INTRODUCTION

Since the proposal of the quark model, lots of people
have spent great effort to describe mesons and baryons in a
systematic way (see, e.g., Refs. [1–8]).
Existence of the chiral symmetry and its spontaneous

symmetry breaking is one of the most important features in
the low-energy region for hadrons including light quarks.
In Ref. [9], the energy scale of the spontaneous chiral
symmetry breaking (SχSB) is shown to be larger than the
confinement scale, and a chiral quark model was proposed
in which the chiral symmetry is spontaneously broken to
generate the quark mass and the pion as the Nambu-
Goldstone boson associated with the SχSB. The model
includes the pion in addition to the gluon which provides
the color force including the confining effect. In the chiral
quark model, the pseudoscalar mesons can be exchanged
between a quark and an antiquark as well as between two
quarks, which is understood as shown in Fig. 1. Since the
exchanged mesons are classified by the chiral symmetry,
such models are generally called chiral quark models.

There are several scenarios to construct a chiral quark
model. Shimizu [10] studied the quark exchange effects by
using pseudoscalar exchange and confining potential
(CON). Obukhovsky and Kusainov [11] employed scalar
and pseudoscalar exchange, one gluon exchange (OGE)
and CON to study nucleon nucleon (NN) scattering and the
baryon spectrum. Glozman and Riska [12,13] included
pseudoscalar and vector meson exchange and also CON
to study baryon spectrum. Dai et al. [14] included scalar,
pseudoscalar and vector meson exchange together with
OGE and CON to study the phase shifts of nucleon nucleon
scattering. They found that when a vectormeson is included,
the phase shift is obviously improved in the 1S0 channel.
Vijande et al. [15,16] andValcarce et al. [17] included scalar,
pseudoscalar, OGE andCON to study themeson and baryon
spectrum. They did not include the vector mesons for
avoiding the double counting. It was stressed [15,16] that
the chiral quark model beautifully reproduces the mass
spectra of mesons constructed from light and heavy quarks,
and also the nucleon-nucleon scattering phase shift.
However, it is known that spectra of baryons are hard to
be reproduced since the “σmeson” provides toomuch strong
attractive force between two quarks [17]. Actually, if the best
fitted parameters of the chiral quarkmodel shown inRef. [15]
were used, three ground states of baryons would get
extremely lower values than experimental results, i.e.,

MðexpÞ
N −MðtheoÞ

N ¼ 262 MeV, MðexpÞ
Λc

−MðtheoÞ
Λc

¼ 322MeV

and MðexpÞ
Λb

−MðtheoÞ
Λb

¼ 359 MeV.
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After the observation of Xð3872Þ in 2003, lots of exotic
states are observed experimentally and studied theoretically
(see, e.g., Refs. [18–27]). Recently, the discovered Tcc state
[28,29] provides a newopportunity to check thevalidity of the
chiral quark model. Actually, a problem similar to the one for
the above baryons happens in the study of the tetraquark Tcc:
the diquark picture of Tcc gives very deep binding energy and
the resultant mass is far below the DD� threshold energy,
δm¼MTcc

−MD−MD� ∼−ð130–185ÞMeV [30–35] to be
compared with−0.36� 0.04þ0.004

−0 MeV of the experimental
observation [29]. We note that the wave function of the Tcc
and the above three baryons contain a “good diquark”
constructed from two light quarks.
The problem existing in the I ¼ 0 and S ¼ 0 light diquark

channel indicates some important interactions are missing in
the chiral quark model. We notice that, in Ref. [9], the
chiral symmetry breaking scale is estimated as about
Λχ ∼ 1.2 GeV, and that the chiral quarkmodel is constructed
as an effective field theory applicable below Λχ. The
inclusion of vector meson is studied in lots of effective
models, e.g., one boson exchange model in nucleon inter-
action [36–38], the Skyrmemodel [37,39–44], in addition to
the quark models mentioned above [12–14]. Furthermore, in
the framework of the hidden local symmetry (HLS)
[37,45,46], these vector mesons are strongly related to the
spontaneous chiral symmetry breaking.
In this paper, we construct an effective field theory for

the chiral quark including the vector mesons in addition to
scalar and pseudoscalar mesons using the framework of the
HLS, to study mesons, baryons, and also exotic states. We
note that, in the HLS, the model possesses the chiral
symmetry without including the axial-vector mesons
[45,46]. We will show that the ω meson provides the

attractive force between a quark and an antiquark, while
repulsive force is generated between two quarks due to its
G parity. This property is contrasted to the one for the
colored force: the colored force gives attractive force in
both channels (although strengths are different). Thus, we
expect that the inclusion of the ω meson with changing the
colored force cures the light diquark problem in the chiral
quark model, while the success for the light mesons is kept.
We should note that, since the ωmeson is not exchanged by
mesons including a heavy quark, we only modify the
colored force in the middle and long range. Furthermore,
since the gluon and vector mesons play different roles in qq̄
and qq channels, we expect that the double counting is
avoided by adjusting coupling constants of the gluon
exchange and vector meson exchange.

II. THE QUARK MODEL WITH HIDDEN LOCAL
SYMMETRY

In this paper, we only discuss the u, d, c, b quarks for
simplicity. We leave the inclusion of the strange quark for
future work [47]. Now, the Hamiltonian of the present
model is written as

H ¼
X

i¼1

�
mi þ

p2
i

2mi

�
− TCM þ

X

j>i¼1

ðVCON
ij

þVOGE
ij þ Vσ

ij þ Vπ
ij þ Vω

ij þ Vρ
ijÞ; ð1Þ

where mi and pi are the mass and the momentum of the ith
quark, and TCM is the kinetic energy of the center of mass
of the system. VCON

ij , VOGE
ij , Vσ

ij and Vπ
ij represent the

potential of confinement, one-gluon exchange, σ and π
exchange, which are given in Refs. [15,17]. Vω

ij and V
ρ
ij are

the potential of ω and ρ exchange. They take the same form
except the isospin dependence. It is convenient to define the
common part Vv¼ω;ρ

ij as Vω
ij ¼ Vv¼ω

ij and Vρ
ij ¼ τi · τjV

v¼ρ
ij

for qq (q ¼ u, d) potential, where τi is the flavor SUð2Þ
Pauli matrices of the ith quark. The Vv

ij in the spatial
coordinate is given as

Vv
ij ¼

Λ2
v

Λ2
v −m2

v

�
g2v
4π

mv

�
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�
Λv

mv

�
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�
þ m3

v

mimj

�
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16π
þ σi · σj

6

ðfv þ gvÞ2
4π

�

×

�
YðmvrÞ −

�
Λv

mv

�
3

YðΛvrÞ
�
− Sþ · L

gvð4fv þ 3gvÞ
8π

m3
v

mimj
×

�
GðmvrÞ −

�
Λv

mv

�
3
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− Sij
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4π
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v

12mimj
×

�
HðmvrÞ −

�
Λv

mv

�
3

HðΛvrÞ
��

: ð2Þ

Here mv, Λv, gv and fv are the mass, cutoff, electric and
magnetic coupling constants of the relevant vector meson,
respectively. σi is the spin SUð2Þ Pauli matrices of the ith

quark, Sþ ¼ σiþσj
2

, Sij¼ 3ðσi · r̂ijÞðσj · r̂ijÞ−σi ·σj. YðxÞ ¼
e−x=x, HðxÞ ¼ ð1þ 3=xþ 3=x2ÞYðxÞ and GðxÞ ¼ ð1=xþ
1=x2ÞYðxÞ. The potentials of Vω and Vρ for qq̄ (q ¼ u, d) is

FIG. 1. Meson exchange between qq̄ (left) and qq (right).
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obtained by performing a G-parity transformation of that in
the qq case.
We solve the Schrödinger equation of the Hamiltonian

(1) by using the Gaussian expansion method [48]. For
studying the effects of vector mesons, we keep the model
parameters of the π and σ potentials as Ref. [15]. We fit the
model parameters of vector meson potentials and color
potential to several mesons and baryons. We show best
fitted values of model parameters in Table I. Here, we
newly introduce eight parameters, i.e., mω, mρ, Λω, Λρ, gω,
gρ, fω, and fρ, with other parameters in the same naming
scheme as Ref. [15]. The vector masses mω and mρ are
taken from PDG [49]. The cutoffs Λω and Λρ of vector
mesons are not sensitive to get the result: here we take a
typical value of 7.2 fm−1. The wave functions for the
meson and the baryon can be found in [50].

III. RESULTS

We show the meson masses calculated in the present
model in Fig. 2, and baryon masses in Fig. 3.
The blue block represents the error calculated as

ErrðsysÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ErrðexpÞ2 þ ErrðtheÞ2

p
, where ErrðexpÞ is

the experimental error taken from PDG [49], while
ErrðtheÞ represents the model limitation error as we do
not include isospin breaking effects, and also ignore mixing
effects (e.g. S-D, P-F mixing between meson states). We
take ErrðtheÞ as about 40 MeV for ground state and
80 MeV for excited state of mesons and baryons. We

minimize χ2 ¼ P
iðmiðtheÞ−miðexpÞ

ErriðsysÞ Þ2 of the system, where

miðtheÞ and miðexpÞ are theoretical and experimental mass
of each particle, respectively. The total χ2 of the present
work is about 15.12. The degrees of freedom (d.o.f.) of the
present work is d:o:f: ¼ 51 − ð23 − 3Þ ¼ 31, which is
calculated in the following way: (i) we used 51 particles
(42 mesons and 9 baryons) to minimize χ2, (ii) the total
parameter of the present model is 23 but we fixed three
parameters mπ , mω and mρ as experiment values. Thus,

χ2=d:o:f: ≃ 15.12=31 ≃ 0.4877 indicate the reliability of
the present model is about 99.26%. The orange blocks for
mesons are taken from Ref. [15], the corresponding baryon
spectrum are calculated using the same parameter. The
green blocks show the predictions of mass spectra of the
present model.

TABLE I. Model parameters. The naming scheme is the same
as Ref. [15].

mu ¼ md (MeV) 303.3 mσ ðfm−1Þ 3.42
mc (MeV) 1696.0 mπ ðfm−1Þ 0.7
mb (MeV) 5039.6 mω ðfm−1Þ 3.97
ac (MeV) 364.5 mρ ðfm−1Þ 3.93
μc ðfm−1Þ 0.6 Λσ ¼ Λπ ðfm−1Þ 4.2
Δ (MeV) 100.28 Λω ¼ Λρ ðfm−1Þ 7.2
as 0.731 g2ch=ð4πÞ 0.54
α0 2.742 gω 3.841
Λ0 ðfm−1Þ 0.304 gρ 0.675
μ0 (MeV) 241.205 fω −1.416
r̂0 ðMeV · fmÞ 95.621 fρ 0.581
r̂g ðMeV · fmÞ 155.066

FIG. 2. Mass spectrum in bb̄ (first panel), cb̄ and bq̄ (second
panel), cc̄ (third panel), qc̄ (fourth panel) and qq̄ (fifth panel)
systems. The green lines show the predictions in the present
model including vector mesons, while the orange lines the ones in
the model without vector mesons.

FIG. 3. Mass spectrum of baryon system. The meaning of
colors is as in Fig. 2.
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We would like to stress that the spectra of ground-state
baryons N, Λc and Λb, which all contain a good diquark,
are dramatically improved as one can easily see from Fig. 3,
while the present model reproduces the meson spectra as
good as the original model in Ref. [15] as shown in Fig. 2.
From the values of parameters listed in Table I, this is the
consequence of the ω exchange contribution: As we stated
above, the ω meson provides the attractive force between a
quark and an antiquark and the repulsive force between two
quarks.
Here, to understand Table I we clarify the operators

included in the potentials with the sign of each contribu-
tion, which are summarized in Table II. Here we only
discuss L ¼ 0 states for simplicity, in such a case only
central force remains. The problem of deep binding energy
occurs when the good light diquark appears (I ¼ 0 and
S ¼ 0). To solve this problem, we have four possible ways
of modification to provide a repulsive force between qq:
(i) modify terms proportional to the operator “1” in all I and
S channels, (ii) modify terms to τiτj in the I ¼ 0 channel,
(iii) modify terms to σiσj in the S ¼ 0 channel, (iv) modify
terms to σiσj · τiτj in I ¼ 0 and S ¼ 0 channels. We should
note that we kept Vπ and Vσ the same as in Ref. [15], since
Ref. [15] has already given a good description of meson
spectra and also phase shift of baryon-baryon scattering.
This implies that gρ þ fρ in Vρ cannot be too big since it
generates the contribution proportional to the σiσj · τiτj
operator which is already saturated by the contribution
from Vπ , and thus way (iv) is ruled out. The modification of
way (ii) is done by Vρ (terms proportional to gρ) playing a
role similar to the one by a0 meson exchange, which is
introduced to explain the ω-ρ masses in Ref. [16]. Since a0
only gives a small modification of meson spectra, as can be
seen from the predicted mass ωð3S1Þ in Fig. 2, gρ should be
very small. As a result there remains only two ways, i.e., (i)
and (iii), which are achieved only by the inclusion of a ω
meson contribution proportional to gω and fω þ gω. Here,
let us briefly explain why the ω meson contribution can
cure the problem of deep binding of a good light diquark in
the S ¼ 0 channel. As seen in Table II, the one-gluon
exchange potential VOGE contains the σiσj operator, which

gives the attractive force in both qq̄ and qq channels, while
the σiσj term in Vω generates an attractive force in the qq̄
channel but a repulsive force in the qq channel. For the
operator 1, the change of VOGE and Vω can be compensated
by VCON, i.e., inclusion of ω together with the weakening of
color potential make the attractive force in the qq channel
smaller with keeping the force in the qq̄ channel intact. As a
conclusion, way (i) and (iii) with taking jgρj ∼ jfρj ∼ 0 is
the minimal modification to the model in Ref. [15].
We next explain a mechanism why the spectra of mesons

including a heavy quark, cc̄, qc̄ and bb̄ systems, are as
good as in Refs. [15,17] although the color potential
VOGE þ VCON, which is the only force acting in these
systems, is modified. Since the effective range of the heavy
quark sector is rather smaller than that of the light sector,
we can modify the color potential VCON

ij þ VOGE
ij in the

middle and long range parts without changing the short
range part to maintain the main features of mesons made of
heavy quarks. In the present work we achieved this
modification by keeping the forms in Ref. [15] and just
changing the values of parameters. In Fig. 4, we show the
color potential ðVOGE þ VCONÞr2 of ϒ (left) and ω (right).
This shows that the color potential is changed slightly in
both heavy and light quark sectors when the distance is
larger than about 0.25 fm. The typical distance between two
heavy quarks such asϒð1SÞ in the present analysis is about
0.21 fm, so that the potential relevant for mesons made
from b and b̄ is not changed. Thus, we can see that, from
Fig. 2 the spectra of mesons including heavy quarks are in
reasonable agreement with experiment. On the other hand,
a typical distance between q and q̄ in mesons of the ground
state, e.g., ρð1SÞ is about 0.83 fm, so that the color
attractive force is actually weakened. The attractive force
mediated by the ωmeson between q and q̄ compensates the
weakening effect of the color force to provide good
agreement of the predictions of the present model with
experiment as can be seen in Fig. 2. For further improve-
ment of the spectrum, we might need to modify the forms
of color potential, which we leave as a future work.
Based on the above success in the meson and baryon

sectors, we now perform a coupled channel calculation of
Tcc and Tbb tetraquarks. The Tcc and Tbb have eight

TABLE II. List of operators included in the potentials for L ¼ 0
states and the sign of the contributions. The left (right) side of
slash represents qq (qq̄), respectively.

1 τiτj σiσj σiσj · τiτj

σ [15] −=−
π [15] þ=−
a0 [16] −=þ
OGE [15] −=− þ=þ
CON [15] þ=þ
ω (this work) þ=− þ=−
ρ (this work) þ=þ þ=þ

FIG. 4. Potential ðVOGE þ VCONÞr2 of ϒ (left) and ω (right).
Orange and green lines represent Ref. [15] and the present study,
respectively.

HE, HARADA, and ZOU PHYS. REV. D 108, 054025 (2023)

054025-4



channels, with six of meson-meson structure and two of
diquark-antidiquark structure. The detailed wave functions
of Tcc and Tbb can be found in Refs. [34,35]. In the
coupled channel calculation, the nonzero components of
Tcc=Tbb are as follows: ½DD��1⊗1ð39%Þ=½BB��1⊗1ð12%Þ,
½D�D�1⊗1ð39%Þ=½B�B�1⊗1ð12%Þ, ½D�D��1⊗1ð5%Þ=½B�

B��1⊗1ð32%Þ and ½ðccÞ�ðq̄q̄Þ�3̄⊗3ð17%Þ=½ðbbÞ�ðq̄q̄Þ�3̄⊗3

ð44%Þ. The subscripts 1 ⊗ 1 and 3̄ ⊗ 3 denote color
singlet-singlet and antitriplet-triplet, respectively. We find
that after channel coupling the mass of Tcc=Tbb is
4.9=88.2 MeV below the DD�=BB� threshold. This result
demonstrates a significant improvement in Tcc compared to
the previous value of 180 MeV, which was obtained in the
modelwithout vectormesons. The deep binding ofTbb is due
to the smaller distance between bb compared to cc, and feels
stronger color electric forcewhich is proportional to 1=r. The
root-mean-square (rms) distance between two quarks
included in Tcc and Tbb is given in Table III. Combining
the results for the ratios of the components with the rms
distances inTable III, we conclude thatTcc is ameson-meson
molecular state, while Tbb is a compact tetraquark state.

IV. SUMMARY

We add the vector meson exchange effects to a chiral
quark model to produce a repulsive force between two light
quarks. This effect dramatically improves the spectra of the
baryons including a good diquark, while meson spectra are
in good agreement with experiments. In addition, the
predicted mass of Tcc is much closer to its experimental
value than the result without vector mesons. This approach
can be applied to the future study of multiquark systems.

ACKNOWLEDGMENTS

B. R. He was supported in part by the National Natural
Science Foundation of China (Grants No. 11705094 and
No. 12047503), Natural Science Foundation of Jiangsu
Province, China (Grant No. BK20171027), and Natural
Science Foundation of the Higher Education Institutions of
Jiangsu Province, China (Grants No. 17KJB140011 and
No. 22KJB140012). B. S. Zou was supported by the
National Natural Science Foundation of China (NSFC)
and the Deutsche Forschungsgemeinschaft (DFG, German
Research Foundation) through the funds provided to the
Sino-German Collaborative Research Center TRR110
Symmetries and the Emergence of Structure in QCD
(NSFC Grant No. 12070131001, and DFG Project-ID
196253076-TRR 110), the NSFC (11835015, and
12047503), and the Grant of Chinese Academy of
Sciences (XDB34030000). M. Harada was supported in
part by JSPS KAKENHI Grants No. 20K03927 and
No. 23H05439.

[1] N. Isgur and G. Karl, Phys. Rev. D 18, 4187 (1978).
[2] R. K. Bhaduri, L. E. Cohler, and Y. Nogami, Nuovo

Cimento A 65, 376 (1981).
[3] N. Isgur and J. E. Paton, Phys. Rev. D 31, 2910 (1985).
[4] S. Godfrey and N. Isgur, Phys. Rev. D 32, 189 (1985).
[5] S. Capstick and N. Isgur, Phys. Rev. D 34, 2809 (1986).
[6] P. C. Vinodkumar, J. N. Pandya, V. M. Bannur, and S. B.

Khadkikar, Eur. Phys. J. A 4, 83 (1999).
[7] Y. B. Ding, X. Q. Li, and P. N. Shen, Eur. Phys. J. A 7, 107

(2000).
[8] F. Brau, C. Semay, and B. Silvestre-Brac, Phys. Rev. C 66,

055202 (2002).
[9] A. Manohar and H. Georgi, Nucl. Phys. B234, 189 (1984).

[10] K. Shimizu, Phys. Lett. 148B, 418 (1984).
[11] I. T. Obukhovsky and A. M. Kusainov, Phys. Lett. B 238,

142 (1990).
[12] L. Y. Glozman and D. O. Riska, Phys. Rep. 268, 263 (1996).
[13] L. Y. Glozman, Nucl. Phys. A663, 103 (2000).
[14] L. R. Dai, Z. Y. Zhang, Y.W. Yu, and P. Wang, Nucl. Phys.

A727, 321 (2003).

[15] J. Vijande, F. Fernandez, and A. Valcarce, J. Phys. G 31, 481
(2005).

[16] J. Vijande and A. Valcarce, Phys. Lett. B 677, 36 (2009).
[17] A. Valcarce, H. Garcilazo, F. Fernandez, and P. Gonzalez,

Rep. Prog. Phys. 68, 965 (2005).
[18] N. Brambilla, S. Eidelman, B. K. Heltsley, R. Vogt, G. T.

Bodwin, E. Eichten, A. D. Frawley, A. B. Meyer, R. E.
Mitchell, V. Papadimitriou et al., Eur. Phys. J. C 71, 1534
(2011).

[19] A. Esposito, A. L. Guerrieri, F. Piccinini, A. Pilloni,
and A. D. Polosa, Int. J. Mod. Phys. A 30, 1530002
(2015).

[20] H. X. Chen, W. Chen, X. Liu, and S. L. Zhu, Phys. Rep. 639,
1 (2016).

[21] H. X. Chen, W. Chen, X. Liu, Y. R. Liu, and S. L. Zhu, Rep.
Prog. Phys. 80, 076201 (2017).

[22] A. Esposito, A. Pilloni, and A. D. Polosa, Phys. Rep. 668, 1
(2017).

[23] F. K. Guo, C. Hanhart, U. G. Meißner, Q. Wang, Q. Zhao,
and B. S. Zou, Rev. Mod. Phys. 90, 015004 (2018).

TABLE III. Root-mean-square distance (fm) between two
quarks of Tcc and Tbb in coupled channel calculation.

rcc rq̄c rq̄ q̄ rq̄b rbb

Tcc 1.56 1.24 1.70
Tbb 0.75 0.65 0.37

QUARK MODEL WITH HIDDEN LOCAL SYMMETRY AND ITS … PHYS. REV. D 108, 054025 (2023)

054025-5

https://doi.org/10.1103/PhysRevD.18.4187
https://doi.org/10.1007/BF02827441
https://doi.org/10.1007/BF02827441
https://doi.org/10.1103/PhysRevD.31.2910
https://doi.org/10.1103/PhysRevD.32.189
https://doi.org/10.1103/PhysRevD.34.2809
https://doi.org/10.1007/s100500050206
https://doi.org/10.1103/PhysRevC.66.055202
https://doi.org/10.1103/PhysRevC.66.055202
https://doi.org/10.1016/0550-3213(84)90231-1
https://doi.org/10.1016/0370-2693(84)90729-9
https://doi.org/10.1016/0370-2693(90)91710-S
https://doi.org/10.1016/0370-2693(90)91710-S
https://doi.org/10.1016/0370-1573(95)00062-3
https://doi.org/10.1016/j.nuclphysa.2003.08.006
https://doi.org/10.1016/j.nuclphysa.2003.08.006
https://doi.org/10.1088/0954-3899/31/5/017
https://doi.org/10.1088/0954-3899/31/5/017
https://doi.org/10.1016/j.physletb.2009.05.017
https://doi.org/10.1088/0034-4885/68/5/R01
https://doi.org/10.1140/epjc/s10052-010-1534-9
https://doi.org/10.1140/epjc/s10052-010-1534-9
https://doi.org/10.1142/S0217751X15300021
https://doi.org/10.1142/S0217751X15300021
https://doi.org/10.1016/j.physrep.2016.05.004
https://doi.org/10.1016/j.physrep.2016.05.004
https://doi.org/10.1088/1361-6633/aa6420
https://doi.org/10.1088/1361-6633/aa6420
https://doi.org/10.1016/j.physrep.2016.11.002
https://doi.org/10.1016/j.physrep.2016.11.002
https://doi.org/10.1103/RevModPhys.90.015004


[24] S. L. Olsen, T. Skwarnicki, and D. Zieminska, Rev. Mod.
Phys. 90, 015003 (2018).

[25] Y. R. Liu, H. X. Chen, W. Chen, X. Liu, and S. L. Zhu, Prog.
Part. Nucl. Phys. 107, 237 (2019).

[26] N. Brambilla, S. Eidelman, C. Hanhart, A. Nefediev, C. P.
Shen, C. E. Thomas, A. Vairo, and C. Z. Yuan, Phys. Rep.
873, 1 (2020).

[27] H. X. Chen, W. Chen, X. Liu, Y. R. Liu, and S. L. Zhu, Rep.
Prog. Phys. 86, 026201 (2023).

[28] R. Aaij et al. (LHCb Collaboration), Nat. Phys. 18, 751
(2022).

[29] R. Aaij et al. (LHCb Collaboration), Nat. Commun. 13,
3351 (2022).

[30] S. Pepin, F. Stancu, M. Genovese, and J. M. Richard, Phys.
Lett. B 393, 119 (1997).

[31] J. Vijande, F. Fernandez, A. Valcarce, and B. Silvestre-Brac,
Eur. Phys. J. A 19, 383 (2004).

[32] Y. Yang, C. Deng, J. Ping, and T. Goldman, Phys. Rev. D 80,
114023 (2009).

[33] C. Deng, H. Chen, and J. Ping, Eur. Phys. J. A 56, 9 (2020).
[34] G. Yang, J. Ping, and J. Segovia, Phys. Rev. D 101, 014001

(2020).
[35] Y. Tan,W. Lu, and J. Ping, Eur. Phys. J. Plus 135, 716 (2020).

[36] Michael J. Moravcsik, Rep. Prog. Phys. 35, 587 (1972).
[37] U. G. Meissner, Phys. Rep. 161, 213 (1988).
[38] R. Machleidt, Int. J. Mod. Phys. E 26, 1730005 (2017).
[39] W. Broniowski and M. K. Banerjee, Phys. Lett. 158B, 335

(1985).
[40] T. Fujiwara, Y. Igarashi, A. Kobayashi, H. Otsu, T. Sato, and

S. Sawada, Prog. Theor. Phys. 74, 128 (1985).
[41] Y. Igarashi, M. Johmura, A. Kobayashi, H. Otsu, T. Sato,

and S. Sawada, Nucl. Phys. B259, 721 (1985).
[42] W. Broniowski and M. K. Banerjee, Phys. Rev. D 34, 849

(1986).
[43] U. G. Meissner and I. Zahed, Phys. Rev. Lett. 56, 1035

(1986).
[44] M. C. Birse, Phys. Rev. D 33, 1934 (1986).
[45] M. Bando, T. Kugo, and K. Yamawaki, Phys. Rep. 164, 217

(1988).
[46] M. Harada and K. Yamawaki, Phys. Rep. 381, 1 (2003).
[47] B. R. He, M. Harada, and B. S. Zou, arXiv:2307.16280.
[48] E. Hiyama, Y. Kino, and M. Kamimura, Prog. Part. Nucl.

Phys. 51, 223 (2003).
[49] R. L. Workman et al. (Particle Data Group), Prog. Theor.

Exp. Phys. 2022, 083C01 (2022).
[50] C. Amsler, Lect. Notes Phys. 949, 1 (2018).

HE, HARADA, and ZOU PHYS. REV. D 108, 054025 (2023)

054025-6

https://doi.org/10.1103/RevModPhys.90.015003
https://doi.org/10.1103/RevModPhys.90.015003
https://doi.org/10.1016/j.ppnp.2019.04.003
https://doi.org/10.1016/j.ppnp.2019.04.003
https://doi.org/10.1016/j.physrep.2020.05.001
https://doi.org/10.1016/j.physrep.2020.05.001
https://doi.org/10.1088/1361-6633/aca3b6
https://doi.org/10.1088/1361-6633/aca3b6
https://doi.org/10.1038/s41567-022-01614-y
https://doi.org/10.1038/s41567-022-01614-y
https://doi.org/10.1038/s41467-022-30206-w
https://doi.org/10.1038/s41467-022-30206-w
https://doi.org/10.1016/S0370-2693(96)01597-3
https://doi.org/10.1016/S0370-2693(96)01597-3
https://doi.org/10.1140/epja/i2003-10128-9
https://doi.org/10.1103/PhysRevD.80.114023
https://doi.org/10.1103/PhysRevD.80.114023
https://doi.org/10.1140/epja/s10050-019-00012-y
https://doi.org/10.1103/PhysRevD.101.014001
https://doi.org/10.1103/PhysRevD.101.014001
https://doi.org/10.1140/epjp/s13360-020-00741-w
https://doi.org/10.1088/0034-4885/35/2/303
https://doi.org/10.1016/0370-1573(88)90090-7
https://doi.org/10.1142/S0218301317300053
https://doi.org/10.1016/0370-2693(85)91194-3
https://doi.org/10.1016/0370-2693(85)91194-3
https://doi.org/10.1143/PTP.74.128
https://doi.org/10.1016/0550-3213(85)90010-0
https://doi.org/10.1103/PhysRevD.34.849
https://doi.org/10.1103/PhysRevD.34.849
https://doi.org/10.1103/PhysRevLett.56.1035
https://doi.org/10.1103/PhysRevLett.56.1035
https://doi.org/10.1103/PhysRevD.33.1934
https://doi.org/10.1016/0370-1573(88)90019-1
https://doi.org/10.1016/0370-1573(88)90019-1
https://doi.org/10.1016/S0370-1573(03)00139-X
https://arXiv.org/abs/2307.16280
https://doi.org/10.1016/S0146-6410(03)90015-9
https://doi.org/10.1016/S0146-6410(03)90015-9
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1007/978-3-319-98527-5

