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We study the three-body systems of K̄ð�ÞBð�ÞB̄ð�Þ by solving the Faddeev equations in the fixed-center
approximation, where the light particle K̄ð�Þ interacts with the heavy bound states of BB̄ (B�B̄�) forming the
clusters. In terms of the very attractive K̄�B and K̄�B� subsystems, which are constrained by the observed
Bs1ð5830Þ and B�

s2ð5840Þ states in experiment, we find two deep bound states, containing the hidden-
bottom components, with masses 11002� 63 MeV and 11078� 57 MeV in the K̄�BB̄ and K̄�B�B̄�

systems, respectively. The two corresponding states with higher masses of the above systems are also
predicted. In addition, using the constrained two-body amplitudes of K̄Bð�Þ and K̄B̄ð�Þ via the hidden gauge
symmetry in the heavy-quark sector, we also find two three-body K̄BB̄ and K̄B�B̄� bound states.
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I. INTRODUCTION

With the development of experiments, a large number of
hadronic states have been reported [1], which provides an
ideal playground to deepen our understanding of the non-
perturbative quantum chromodynamics (QCD). The inter-
pretation of hadronic states is one of the most important
issues in hadronic physics (see Refs. [2–7] for reviews),
particularly for the exotic states which cannot be easily
collected as qq̄ or qqq states, e.g., the so-called XYZ states.
Recently, the exotic hadrons with the open/hidden heavy
quark components, such as Zcð3900Þ [8,9], Zbð10510Þ and
Zbð10560Þ [10], Pcð4380Þ and Pcð4450Þ [11], have been
reported and attracted great attention from the experimental
and theoretical physicists. Most of the heavy flavor meson
resonances can be interpreted as the tetraquarks [12–14]
and/or the meson-meson molecules [2,15–21]. Besides,
several heavy flavor mesons have been predicted in the
three-body systems, like ρDð�ÞD̄ð�Þ [22,23], ρB�B̄� [24],
KDD [25], KDD̄� [26,27], K̄BB̄� [26], K̄B�B� [28],
D�D�D̄ð�Þ [29], BDD (BDD̄) [30], and Dð�ÞBð�ÞB̄ð�Þ [31].
The standard method to study three-body systems refers

to the Faddeev equations [32]. Since it is very difficult to
solve exactly, one usually introduces some reasonable

approximations of the Faddeev equations, such as the
use of separable potentials and energy-independent kernels,
the widely-used Alt-Grassberger-Sandras approach [33].
Recently, a different approach to solve the Faddeev
equations was proposed to study the three-hadron systems
[34–36], which relies on the on-shell two-body scattering
amplitudes. In addition, another approximation of the
Faddeev equations, which is the so-called fixed-center
approximation (FCA), has been employed in the studies
of K̄d interaction at low energies [37–40]. In Refs. [41,42],
it is shown that the FCA is a rather good approximation,
especially for the system with one light particle and
one heavy cluster formed by the other two particles.
Nowadays, the FCA has been applied in many problems
[22–24,27,30,31,43–60] and is accepted as a reasonable
tool in the study of bound systems: such as the systems with
three mesons: ϕKK̄ [47], ηKK̄, and η0KK̄ [49], ρKK̄ [50],
ρDD̄ [23], ρD�D̄� [22], ρB�B� [24], η0KK̄ [51], πK̄K�

[52], DKK, and DKK̄ [53], KDD̄� [27], BDD and BDD̄
[30], and Dð�ÞBð�ÞBð�Þ [31]; the systems with multimesons:
multi-ρ [43], K�-multi-ρ [44], D�-multi-ρ [45], K-multi-ρ
[46]; the systems with two mesons and one baryon: NK̄K
[54], πρΔ [55]; the systems with one meson and two
baryons: K̄NN [56–59], DNN [60]. Among them, several
possible bound states with the nature of open/hidden charm
and bottom have been predicted, such as the six-quark state
K�ð4307Þwith the strange and hidden charm structure [27].
In the present work, we extend the study of Ref. [27] to

the bottom sector to investigate the possible bound states
from the K̄ð�ÞBð�ÞB̄ð�Þ systems with isospin I ¼ 1=2 using
the fixed-center approximation of the Faddeev equations.
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We take BB̄, B�B̄� as clusters (denoted as R in the
following) and K̄ð�Þ as a third particle to scatter, which
satisfies the general criteria of the FCA to the Faddeev
equations: that the mass of the third particle P3 should be
smaller than a stable cluster (such as a bound state)
composed of the two other particles P1 and P2. In
Ref. [61], a single bound state of BB̄ system with JP ¼
0þ and the three-degenerate states of B�B̄� system with
JP ¼ 0þ; 1þ; 2þ was found in isospin 0 using the coupled-
channel chiral unitary approach. In principle, the spin state
of B�B̄� cluster can be chosen as JR ¼ 0, 1, or 2. Similar to
Ref. [24], we are interested in the largest total spin of a
molecular state from the K̄ð�ÞB�B̄� systems, therefore, the
JR ¼ 2 cluster of B�B̄� is preferred. The corresponding
wave function is simple with the spins of B� and B̄�
aligned, which will relatively simplify the practical calcu-
lation. Besides, for the two-body subsystem, such as K̄�B�,
which can also produce the three spin bound states with 0þ,
1þ, and 2þ, the spin-aligned 2þ state is more bound, by
around 60 MeV, than the other spin states. Thus, the largest
spin state of K̄ð�ÞB�B̄� would produce a larger binding than
the other total spin systems. Therefore, we will investigate
the J ¼ 0 K̄BB̄, J ¼ 1 K̄�BB̄, J ¼ 2 K̄B�B̄�, and J ¼ 3

K̄�B�B̄� systems with isospin I ¼ 1=2 and study the
possibility to produce the bound states.
In the following Sec. II, we will first present the details of

the formalism employed in the FCA framework. The input
of two-body amplitudes are also calculated in the chiral
unitary approach. The predicted bound states from

K̄ð�ÞBð�ÞB̄ð�Þ are shown in Sec. III with the corresponding
discussion. Finally, a summary is given in Sec. IV.

II. THEORETICAL FRAMEWORK

A. Fixed-center approximation to Faddeev equations

Under the FCA, the total elastic scattering T-matrix of
three-body systems can be simplified as the sum of two
Faddeev partitions,

TK̄ð�ÞR ¼ T1 þ T2; ð1Þ

where T1 and T2 describe the iterated interactions of the
K̄ð�Þ scattering off the cluster R with a first collision on B
(B�) and B̄ (B̄�), respectively. These interactions are
illustrated in Fig. 1 and can be expressed as the two
coupled equations,

T1 ¼ tK̄ð�ÞBð�Þ þ tK̄ð�ÞBð�ÞG0T2; ð2Þ

T2 ¼ tK̄ð�ÞB̄ð�Þ þ tK̄ð�ÞB̄ð�ÞG0T1; ð3Þ

where the two-body scattering amplitudes tK̄ð�ÞBð�Þ and
tK̄ð�ÞB̄ð�Þ denote the transition matrices for K̄ð�ÞBð�Þ and
K̄ð�ÞB̄ð�Þ elastic scattering in the isospin basis, respectively.
The loop function G0 is the Green function of the K̄ð�Þ

meson propagating in the BB̄ or B�B̄� cluster.
In isospin space, the wave function of three-body system,

combining the third particle K̄ð�Þ and the cluster R
(Bð�ÞB̄ð�Þ), can be written as

����K̄ð�ÞR; I ¼ 1

2
; Iz ¼

1

2

�
¼
����I ¼ 1

2
; Iz ¼

1

2

�
K̄ð�Þ

⊗ jI ¼ 0; Iz ¼ 0iBð�ÞB̄ð�Þ ; ð4Þ

with

FIG. 1. Diagrammatic representation of the FCA to Faddeev equations.
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jI ¼ 0; Iz ¼ 0iBð�ÞB̄ð�Þ ¼ 1ffiffiffi
2

p
�����
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2
;
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���
; ð5Þ

where the kets in the right-hand side indicate the Iz components of the particles B� and B̄� with jðIB�
z ; IB̄

�
z Þi. The

corresponding amplitude hK̄ð�ÞRjtjK̄ð�ÞRi of single scattering in the isospin basis can be written as

hK̄ð�ÞRjtjK̄ð�ÞRi¼
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4
ð3tI¼1

K̄ð�ÞBð�Þ þ tI¼0
K̄ð�ÞBð�Þ þ3tI¼1

K̄ð�ÞB̄ð�Þ þ tI¼0
K̄ð�ÞB̄ð�Þ Þ: ð6Þ

One introduces two scattering T-matrices of the left/right
collision,

tK̄ð�ÞBð�Þ ¼ 1

4
ð3tI¼1

K̄ð�ÞBð�Þ þ tI¼0
K̄ð�ÞBð�Þ Þ;

tK̄ð�ÞB̄ð�Þ ¼ 1

4
ð3tI¼1

K̄ð�ÞBð�Þ þ tI¼0
K̄ð�ÞBð�Þ Þ; ð7Þ

where the two-body amplitudes, tI¼0;1
K̄ð�ÞBð�Þ and t

I¼0;1
K̄ð�ÞB̄ð�Þ , are the

input of the FCA equations.

B. Two-body amplitudes of subsystems

In order to obtain the two-body amplitudes in Eq. (7), we
follow the calculation details in Ref. [62] and employ the
lowest order Lagragians with the local hidden gauge
symmetry in the SU(4) sector,1

Leff ¼ LPPPP þ LVVVV þ LVPP þ LVVV

¼ −
1

24f2π
h½P; ∂μP�½P; ∂μP�i

þ g2

2
hVμVνVμVν − VνVμVμVνi

− ighVμ½P; ∂μP�i þ ighVμ½Vν; ∂μVν�i; ð8Þ

where fπ denotes the pion decay constant fπ ¼ 93 MeV
and the coupling g is determined through the SU(4)
symmetry [62]. The fields of pseudoscalar mesons (P)
and vector mesons (V) are collected in the 4 × 4 matrices,

P¼

0
BBBBB@

ηffiffi
3

p þ η0ffiffi
6

p þ π0ffiffi
2

p πþ Kþ Bþ

π− ηffiffi
3

p þ η0ffiffi
6

p − π0ffiffi
2

p K0 B0

K− K̄0 − ηffiffi
3

p þ
ffiffi
2
3

q
η0 B0

s

B− B̄0 B̄0
s ηb

1
CCCCCA
;

Vμ ¼

0
BBBBB@

ωffiffi
2

p þ ρ0ffiffi
2

p ρþ K�þ B�þ

ρ− ωffiffi
2

p − ρ0ffiffi
2

p K�0 B�0

K�− K̄�0 ϕ B�0
s

B�− B̄�0 B̄�0
s ϒ

1
CCCCCA

μ

: ð9Þ

After considering the contact interactions and one-boson
exchange contributions within the coupled-channel
approach, the s-wave potentials, vK̄ð�ÞBð�Þ and vK̄ð�ÞB̄ð�Þ , are
projected, as shown in Ref. [62]. To keep the self-
consistency of the current work, we summarize all the
needed two-body potentials in the Appendix.
In the chiral unitary approach, the interaction kernels

vK̄ð�ÞBð�Þ or vK̄ð�ÞB̄ð�Þ can be resumed in the Bethe-Salpeter
equation,

t ¼ vþ vGt ¼ ð1 − vGÞ−1v; ð10Þ

where G is a diagonal matrix with the element being a two-
meson loop function for the ith particle channel,

GðsiÞ¼ i
Z

d4k
ð2πÞ4

1

k2−m2
1þ iϵ

1

ðp−kÞ2−m2
2þ iϵ

; ð11Þ

with the total four-momentum of two-meson system pμ ¼
ð ffiffiffiffi

si
p

; 0Þ and ffiffiffiffi
si

p
the center-of-mass (c.m.) energy. Using

the cutoff regularization, the loop function changes as

GðsiÞ¼
Z

kmax

0

k2dk
ð2πÞ2

ω1þω2

ω1ω2½s2i −ðω1þω2Þ2þ iϵ�; ð12Þ

1Note that the extension of the local hidden gauge approach
from the light-quark sector [63,64] to the heavy-quark sector is
possible if the heavy quarks of hadrons are just spectators and the
major contributions of the interaction is from the exchange of
light vector mesons (ρ, ω, ϕ). In this case, one can employ the
SU(4) symmetry formally in the Lagrangians [e.g., Eq. (8)] and
the actual SU(3) subgroup is used in the evaluation of the vertices.
For more discussions and the proof, one can refer to Sec. II of
Ref. [65] and Sec. II and the Appendix of Ref. [66].
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where kmax denotes as the momentum cutoff and
ωi ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 þm2

i

p
. To evaluate the amplitudes tI¼0;1

K̄Bð�Þ and

tI¼0;1
K̄�B̄ð�Þ , the momentum cutoff is chosen to be kmax ¼
1070 MeV as given in Ref. [62].
As demonstrated in Ref. [43], in the above calculation of

two-body scattering, we use the normalization of Mandl
and Shaw [67], which introduces different weight factors
for the particle fields. Therefore, one has to consider these
factors in our two-body amplitudes

t̃K̄ð�ÞBð�Þ ¼ 2mR

2mBð�Þ
tK̄ð�ÞBð�Þ ; t̃K̄ð�ÞB̄ð�Þ ¼ 2mR

2mB̄ð�Þ
tK̄ð�ÞB̄ð�Þ : ð13Þ

Here we have taken the approximations 1ffiffiffiffiffiffiffiffiffiffi
2ω

Bð�Þ
p ¼ 1ffiffiffiffiffiffiffiffiffiffi

2m
Bð�Þ

p
and 1ffiffiffiffiffiffiffiffiffiffi

2ω
B̄ð�Þ

p ¼ 1ffiffiffiffiffiffiffiffiffiffi
2m

B̄ð�Þ
p , which is suitable for heavy-bottom

particles as demonstrated in Ref. [24].

C. Total amplitude of three-body system

Finally, we obtain the total amplitude TK̄ð�ÞR of
K̄ð�ÞBð�ÞB̄ð�Þ by solving the FCA Eqs. (1)–(3),

TK̄ð�ÞR ¼ t̃K̄ð�ÞBð�Þ þ t̃K̄ð�ÞB̄ð�Þ þ 2t̃K̄ð�ÞBð�Þ t̃K̄ð�ÞB̄ð�ÞG0

1 − t̃K̄ð�ÞBð�Þ t̃K̄ð�ÞB̄ð�ÞG2
0

; ð14Þ

which is apparently a function of the total invariant mass of
the three-body system. The arguments in the two-body
amplitudes, tK̄ð�ÞBð�Þ and tK̄ð�ÞB̄ð�Þ , are s1 and s2, which are
(commonly) determined through

s1 ¼ m2
K̄ð�Þ þm2

Bð�Þ þ
m2

R þm2
Bð�Þ −m2

B̄ð�Þ

2m2
R

ðs −m2
K̄ð�Þ −m2

RÞ;

s2 ¼ m2
K̄ð�Þ þm2

B̄ð�Þ þ
m2

R þm2
B̄ð�Þ −m2

Bð�Þ

2m2
R

ðs −m2
K̄ð�Þ −m2

RÞ:

ð15Þ

Besides, in Ref. [22], another set of transformation for the
si in terms of s are proposed

s1¼
� ffiffiffi

s
p

mK̄ð�Þ þmR

�
2
�
mK̄ð�Þ þ mBð�ÞmR

ðmB� þmB̄ð�Þ Þ
�

2

−p22;

s2¼
� ffiffiffi

s
p

mK̄ð�Þ þmR

�
2
�
mK̄ð�Þ þ mB̄ð�ÞmR

ðmB� þmB̄ð�Þ Þ
�

2

−p21; ð16Þ

with the consideration of the recoil. Here the total three-
momentum of the two-particle system, p1ð2Þ, is estimated in

terms of the binding energy of Bð�Þ and B̄ð�Þ in the cluster R,

p2
2ð1Þ ≈ 2mB̄�ðB�ÞB2ð1Þ ¼

2m2
B̄�ðB�ÞmR

ðmB� þmB̄�Þ
ðmR þmK̄ −

ffiffiffi
s

p Þ
ðmR þmK̄Þ

:

ð17Þ

In the following, we will take this choice to evaluate the
uncertainties of our prediction.
The propagator of K̄ð�Þ inside the cluster, G0 in Eq. (14),

can be expressed as

G0 ¼
1

2mR

Z
d3q
ð2πÞ3

FRðq2Þ
q02 − q2 −m2

K̄ð�Þ þ iϵ
; ð18Þ

where q0 denotes the energy carried by K̄ð�Þ in the cluster
rest frame,

q0 ¼ sþm2
K̄ð�Þ −m2

R

2
ffiffiffi
s

p ; ð19Þ

and FRðq2Þ is the form factor of Bð�ÞB̄ð�Þ cluster, which is
introduced to consider the molecular dynamics by using the
Fourier transformation of the s-wave cluster R [43]

FRðq2Þ ¼
1

N

Z
fjpj;jp−qj<ΛRg

d3p
1

4ωBð�Þ ðpÞωB̄ð�Þ ðpÞ
1

mR − ωBð�Þ ðpÞ − ωB̄ð�Þ ðpÞ

×
1

4ωBð�Þ ðp − qÞωB̄ð�Þ ðp − qÞ
1

mR − ωBð�Þ ðp − qÞ − ωB̄ð�Þ ðp − qÞ ; ð20Þ

with the normalization factor N ¼ FRð0Þ and ωBð�ÞðpÞ ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

Bð�Þ þ p2
q

, ωB̄ð�Þ ðpÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

B̄ð�Þ þ p2
q

. It is worth noting

that the form factor FRðq2Þ has implicitly taken into
account the interaction of Bð�Þ and B̄ð�Þ which leads to
the binding of Bð�ÞB̄ð�Þ system. Hence, the upper integration
limit ΛR should take the same value of the momentum
cutoff as the one used to regularize the Bð�ÞB̄ð�Þ loop to get
the bound state R.

III. RESULTS AND DISCUSSION

In our numerical evaluation, the meson masses are taken
from Ref. [1] with mK� ¼ 894.3 MeV, mK ¼ 495.6 MeV,
mB ¼ 5279.3 MeV, and mB� ¼ 5324.7 MeV. As men-
tioned in Sec. II, the form factor of cluster FR is regularized
by a momentum cutoff ΛR, which takes the same value as
the one used in the regularization of the Bð�ÞB̄ð�Þ loops [61].
Generally speaking, the cutoff is a free and important
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parameter in the analysis of two-body bound states. One
has to rely on some experimental information to determine/
constrain it. In Ref. [61], the value of the cutoff is chosen as
ΛR ¼ 415 MeV, which is fixed to produce a bound state
Xð3700Þ of theDD̄ system [15]. This reasonable choice for
the B-meson sector is made to take into account that the
cutoff is independent of the heavy flavor up to the order
Oð1=mQÞ [68] with the heavy-quark mass mQ. To estimate
the errors of predicted bound states of BB̄ and B�B̄�, a
range of cutoff between 415 and 830 MeV is used in
Ref. [61]. The obtained bound states of BB̄ and B�B̄� are
rather stable while the corresponding masses are chang-
ing around 100 MeV with the cluster masses MBB̄ ¼
10526 MeV, MB�B̄� ¼ 10616 MeV for ΛR ¼ 415 MeV
and MBB̄ ¼ 10410 MeV, MB�B̄� ¼ 10500 MeV for ΛR ¼
830 MeV. The two-body amplitudes of K̄�B, K̄�B̄, K̄�B�,
K̄�B̄� in the FCA equations are evaluated with the momen-
tum cutoff kmax ¼ 1070 MeV2 [62]. Since the interactions
of K̄�B and K̄�B� are well constrained by the observed
bound states, Bs1ð5830Þ and B�

s2ð5840Þ, therefore, in the
following, we will first study the K̄�Bð�ÞB̄ð�Þ systems and
then briefly mention the results of K̄Bð�ÞB̄ð�Þ systems.
Using the momentum cutoff ΛR ¼ 415 MeV, in Fig. 2,

we present the shape of total amplitude of K̄�BB̄ system as
a function of the three-body total energy

ffiffiffi
s

p
. To further

analyze the uncertainties, as in Refs. [24,53], the two
schemes are used to share the three-body total energy into
the two subsystems. We denote the relationship between
s1;2 and s given in Eq. (15) as method A, and another given
in Eq. (16) as method B. One finds two sharp peaks atffiffiffi
s

p ¼ 11039 MeV (11060 MeV) and 11307 MeV
(11323 MeV) using method A (method B), respectively.
Both of them are below the K̄�½BB̄� threshold 11420 MeV
and can be considered as the bound states of three-body

system with hidden bottom. Such phenomena of two peaks
was also hinted in Ref. [31], where a bound state and a
broad resonance were predicted. Besides, the difference
between method A and method B is about 20 MeV, which
is consistent with the findings of Ref. [24] in the ρB�B̄�

system and Ref. [53] in the DKK̄ system.
In order to understand the dynamical reason for pro-

ducing two peaks in the shape of total amplitudes, we show
the modulus square of the amplitudes of the K̄�BB̄
three-body system, the numerator TNum ¼ t̃K̄ð�ÞBð�Þ þ
t̃K̄ð�ÞB̄ð�Þ þ 2t̃K̄ð�ÞBð�Þ t̃K̄ð�ÞB̄ð�ÞG0 and the denominator TDen ¼
1 − t̃K̄ð�ÞBð�Þ t̃K̄ð�ÞB̄ð�ÞG2

0 of Eq. (14) as a function of total
energy in Fig. 3. One can see that there are two peaks in
jTNumj2 and jTDenj2, which are produced from the bound
state of two-body amplitudes tI¼0

K̄B and tI¼1
K̄�B̄ and locates at

the same
ffiffiffi
s

p
as the pole position of two-body peaks when

transforming the
ffiffiffiffiffiffiffi
s1;2

p
to the total energy

ffiffiffi
s

p
using the

method A, as shown in the lower panel of Fig. 3. The total
amplitude of K̄�BB̄ is obtained

TK̄�BB̄ ¼ TNum

TDen
¼ 1

jTDenj2
½TRe

NumT
Re
Den þ TIm

NumT
Im
Den

− iðTRe
NumT

Im
Den − TRe

DenT
Im
NumÞ�; ð21Þ

where the superscripts Re and Im denote the real and
imaginary parts of TNum and TDen. Although the imaginary
parts TIm

Num and TIm
Den are small, one cannot ignore the

imaginary part of TK̄�BB̄ which also relates to the real parts
of TRe

Num and TRe
Den as shown in Eq. (21). This nonzero

imaginary contribution will slightly change the pole posi-
tion of the modulus square of K̄�BB̄ system, such as the
position of the lower pole varying from 11039.8 MeV to
11039 MeV and the position of the upper pole changing
from 11310 MeV to 11307 MeV. The deep bound state is
produced by the K̄�B interaction with isospin I ¼ 0 and the
bound state with higher mass is originated from the K̄�B̄
interaction with isospin I ¼ 1, as shown in the lower panel

FIG. 2. Modulus squared of the total amplitude of K̄�BB̄ system in I ¼ 1=2 with the momentum cutoff ΛR ¼ 415 MeV. The solid
(dashed) lines denote the bound states with Method A (Method B).

2We have employed the values of kmax ¼ 1055, 1085 MeV, it
does not affect the results.
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of Fig. 3. Thus, the physical picture is that the two poles
correspond to the K̄� sticking closer to B or B̄.
For the three-body system K̄�B�B̄� with spins aligned

(J ¼ 3), a similar shape of three-body amplitude with the
different cutoffs is obtained. The results for position of
peaks are summarized in Table I for the deep bound state
with two values of the cutoff, 415 MeVand 830 MeV. One
can see that the predicted bound state is quite robust
although the values of the pole position are varying by
about 100 MeV.3 Such variation is major from the cutoff
dependence of the cluster (Bð�ÞB̄ð�Þ) mass as shown in
Ref. [61]. The mass difference between method A and
method B is around 20 MeV with ΛR ¼ 415 MeV and
increases up to ∼80 MeV with ΛR ¼ 830 MeV. After
averaging over the different results, we obtain that the
mass of the deep bound state is 11002� 63 MeV for the
K̄�BB̄ system and 11078� 57 MeV for the K̄�B�B̄�
system. In the last column of Table I, the average binding
energies are also presented. Note that the binding energies
of these two systems are almost the same with EB ¼
360� 34 MeV and EB ¼ 374� 38 MeV, respectively.
This may look like a strong binding, but one must keep
in mind that the K̄�B and K̄�B� interactions are very
attractive, in fact, the produced Bs1ð5830Þ and B�

s2ð5840Þ
have the binding energies of 344 MeV and 350 MeV [62].
Considering the BB̄ (B�B̄�) cluster only has 33 (33) MeV
binding energy with Λ ¼ 415 MeV [61], we can conclude

that the K̄�Bð�ÞB̄ð�Þ three-body system is more bound than
either pair, as a consequence of the combination of two
subsystems. It is worth noting that a similar superbound
state was also predicted in the bottom sector, ρB�B̄� system
[24], using the same theoretical framework.
On the other hand, in Table II, the masses and binding

energies of the heavier bound states, e.g., shown in Fig. 2,
are summarized for the K̄�BB̄ and K̄�B�B̄� systems with
the momentum cutoff ΛR ¼ 415 and 830 MeV, respec-
tively. A similar mass difference between method A and B
as Table I is observed. After performing the average over
the masses and binding energies, the pole positions of the
heavier states in the K̄�BB̄ and K̄�B�B̄� systems are around
11264 MeVand 11339 MeV, respectively, with the binding
energy around 100 MeV.
Furthermore, we also study the K̄Bð�ÞB̄ð�Þ three-body

systems using the FCA of the Faddeev equations. The total
amplitude of the three-body interaction is determined via
Eq. (14). The corresponding inputs of the two-body ampli-
tudes, tI¼0;1

K̄Bð�Þ , tI¼0;1
K̄B̄ð�Þ , are evaluated using the effective

Lagrangians Eq. (8) with the local hidden gauge approach.
As given in Ref. [62], the two deep bound states, the 0ð0þÞ
state with mass around 5460 MeV of K̄B system and the
0ð1þÞ state with mass around 5665 MeV of K̄B�, are
predicted. These very attractive interactions will guarantee
that bound states in the three-body systems are produced. In
Table III, we have tabulated our findings in the K̄Bð�ÞB̄ð�Þ
systems with two cutoffs, as employed in the study of
K̄�Bð�ÞB̄ð�Þ systems. After averaging, one finds two bound
states with mass 10659� 69 MeV for the K̄BB̄ system and

FIG. 3. Upper panel: The total energy dependence of the modular square of total amplitude of K̄�BB̄ (solid lines) and the
corresponding numerator (red dashed lines) and denominator (blue dotted lines) of Eq. (13). Lower panel (c): The modulus square of
K̄�B amplitude with isospin I ¼ 0 as a function of two-body c.m. energy

ffiffiffiffiffi
s1

p
. Lower panel (d): The modulus square of K̄�B̄ amplitude

with isospin I ¼ 1 as a function of two-body c.m. energy
ffiffiffiffiffi
s2

p
.

3This variation of the mass is an acceptable situation as shown
in the ρB�B̄� system [24].
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withmass 10914� 62 MeV for the K̄B�B̄� system.We also
found that the difference of binding energy between K̄BB̄
and K̄B�B̄� systems is around 150 MeV, which originates
from the difference (∼140 MeV) of the binding energies of
the two-body subsystems K̄B and K̄B�.
Finally, we want to mention that, although the K̄BB̄ and

K̄B�B̄� systems satisfy all the criteria for a reliable
application of the FCA and produce two bound states,
one should take a critical look at the masses and the binding
energies obtained in Table III. Because the two-body
amplitudes of K̄B and K̄B� determined in Ref. [62] are
different with the ones from Refs. [69–71], where the
B�
s0ð5725Þ and Bs1ð5778Þ mesons were predicted, respec-

tively. More efforts are needed to obtain the final con-
clusion of the K̄B and K̄B� interactions in order to well
determine the masses of the KBð�ÞB̄ð�Þ bound states.

IV. SUMMARY

Wehave performed a three-body study of the K̄ð�ÞBð�ÞB̄ð�Þ
systems using the Faddeev equations in the fixed-center
approximation. The two-body subsystems BB̄ (B�B̄�) are
bound forming the clusters, which interact with a light K̄ð�Þ
meson. With the help of the observed Bs1ð5830Þ and
B�
s2ð5840Þ states, the two-body amplitudes of K̄�Bð�Þ and

K̄�B̄ð�Þ systems, used as input of the FCA equation, are well

constrained in the chiral unitary approach. As a result, we
found a deep bound state with mass 11002� 63 MeV and a
state with the higher mass 11264� 65 MeV in the K̄�BB̄
system, containing the hidden-bottom component. The
similar results of two bound states with masses 11078�
57 MeV and 11339� 60 MeV were predicted in the
K̄�B�B̄� system with spin aligned to J ¼ 3. Furthermore,
using the constrained K̄Bð�Þ and K̄B̄ð�Þ interactions by the
local hidden gauge symmetry, the two bound states with
I ¼ 1=2 are predicted in the K̄Bð�ÞB̄ð�Þ three-body systems.
We expect that the current study and Ref. [27] will arouse
interest to the study of the hadronic states with hidden
charm/bottom in the strange sector.
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TABLE I. The masses and binding energies of the deep bound states in the K̄�BB̄ and K̄�B�B̄� systems with the
different cutoff ΛR (in the units of MeV).

ΛR ¼ 415 MeV ΛR ¼ 830 MeV Average value

IðJPÞ Method A Method B Method A Method B Mass Binding energy

K̄�BB̄ 1
2
ð1−Þ 11039 11060 10917 10992 11002� 63 360� 34

K̄�B�B̄� 1
2
ð3−Þ 11108 11130 10999 11076 11078� 57 374� 38

TABLE II. The masses and binding energies of the heavier bound states in the K̄�BB̄ and K̄�B�B̄� systems with
the different cutoff ΛR (in the units of MeV).

ΛR ¼ 415 MeV ΛR ¼ 830 MeV Average value

IðJPÞ Method A Method B Method A Method B Mass Binding energy

K̄�BB̄ 1
2
ð1−Þ 11307 11323 11180 11244 11264� 65 99� 28

K̄�B�B̄� 1
2
ð3−Þ 11377 11393 11259 11325 11339� 60 114� 31

TABLE III. The masses and binding energies of the bound states in the K̄BB̄ and K̄B�B̄� systems with the
different cutoff ΛR (in the units of MeV).

ΛR ¼ 415 MeV ΛR ¼ 830 MeV Average value

IðJPÞ Method A Method B Method A Method B Mass Binding energy

K̄BB̄ 1
2
ð0−Þ 10703 10722 10568 10643 10659� 69 305� 32

K̄B�B̄� 1
2
ð2−Þ 10953 10970 10831 10902 10914� 62 140� 32
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APPENDIX: TWO-BODY POTENTIALS

The projected J ¼ 0 amplitudes of K̄B and K̄B̄
interactions

(i) K̄B and ηBs couple channel with I ¼ 0

vI¼0
K̄B→K̄B¼−

1

6f2π
ð2u− t−sÞ−g2

2

�
3

m2
ρ
þ 1

m2
ω

�
ðs−uÞ;

vI¼0
K̄B→ηBs

¼−
ffiffiffi
6

p

12f2π
ðs−uÞþ2

ffiffiffi
6

p
g2

3

1

m2
K�
ðs−uÞ;

vI¼0
ηBs→ηBs

¼−
1

36f2π
ðs−2tþuÞ: ðA1Þ

(ii) K̄B and πBs couple channel with I ¼ 1

vI¼1
K̄B→K̄B ¼ g2

2

�
1

m2
ρ
−

1

m2
ω

�
ðs − uÞ;

vI¼1
K̄B→πBs

¼ −
1

12f2π
ð2s − t − uÞ þ g2ffiffiffi

2
p 1

m2
K�

ðs − uÞ;

vI¼1
ηBs→πBs

¼ 0: ðA2Þ

(iii) K̄B̄ single channel with I ¼ 0

vI¼0
K̄ B̄→K̄ B̄ ¼ g2

2

�
−

3

m2
ρ
þ 1

m2
ω

�
ðs − uÞ: ðA3Þ

(iv) K̄B̄ single channel with I ¼ 1

vI¼1
K̄ B̄→K̄ B̄ ¼ g2

2

�
1

m2
ρ
þ 1

m2
ω

�
ðs − uÞ: ðA4Þ

The projected J ¼ 1 amplitudes of K̄�B and K̄�B̄
interactions

(i) K̄�B and ωBs couple channel with I ¼ 0

vI¼0
K̄�B→K̄�B ¼ −

g2

2

�
3

m2
ρ
þ 1

m2
ω

�
ðs − uÞ;

vI¼0
K̄�B→ωBs

¼ g2
1

m2
K�

ðs − uÞ;

vI¼0
ωBs→ωBs

¼ 0: ðA5Þ

(ii) K̄�B and ρBs couple channel with I ¼ 1

vI¼1
K̄�B→K̄�B ¼ −

g2

2

�
−

1

m2
ρ
þ 1

m2
ω

�
ðs − uÞ;

vI¼1
K̄�B→ρBs

¼ g2
1

m2
K�

ðs − uÞ;

vI¼1
ωBs→ωBs

¼ 0: ðA6Þ

(iii) K̄�B̄ single channel with I ¼ 0

vI¼0
K̄�B̄→K̄�B̄ ¼ g2

2

�
2

m2
ρ
−

1

m2
ω

�
ðs − uÞ: ðA7Þ

(iv) K̄�B̄ single channel with I ¼ 1

vI¼1
K̄�B̄→K̄�B̄ ¼ −

g2

2

�
1

m2
ρ
þ 1

m2
ω

�
ðs − uÞ: ðA8Þ

The projected J ¼ 1 amplitudes of K̄B� and K̄B̄�
interactions:

(i) K̄B� and ηB�
s couple channel with I ¼ 0

vI¼0
K̄B�→K̄B� ¼ −

g2

2

�
3

m2
ρ
þ 1

m2
ω

�
ðs − uÞ;

vI¼0
K̄B�→ηB�

s
¼ −

ffiffiffi
8

3

r
g2

1

m2
K�

ðs − uÞ: ðA9Þ

(ii) K̄B� and πB�
s couple channel with I ¼ 1

vI¼1
K̄B�→K̄B� ¼ −

g2

2

�
−

1

m2
ρ
þ 1

m2
ω

�
ðs − uÞ;

vI¼1
K̄B�→πB�

s
¼ g2

2

1

m2
K�

ðs − uÞ: ðA10Þ

(iii) K̄B̄� single channel with I ¼ 0 and I ¼ 1

vI¼0
K̄B̄�→K̄B̄� ¼ g2

2

�
3

m2
ρ
−

1

m2
ω

�
ðs − uÞ;

vI¼1
K̄B̄�→K̄B̄� ¼ −

g2

2

�
1

m2
ρ
þ 1

m2
ω

�
ðs − uÞ: ðA11Þ

The projected J ¼ 2 amplitudes of K̄�B� and K̄�B̄�
interactions:

(i) K̄�B� and ωB�
s couple channel with I ¼ 0

vI¼0
K̄�B�→K̄�B� ¼ −2g2 −

g2

2

�
3

m2
ρ
þ 1

m2
ω

�
ðs − uÞ;

vI¼0
K̄�B�→ωB�

s
¼ 2g2 þ g2

1

m2
K�

ðs − uÞ: ðA12Þ

(ii) K̄�B� and ρB�
s couple channel with I ¼ 1

vI¼1
K̄�B�→K̄�B� ¼ g2

2

�
1

m2
ρ
−

1

m2
ω

�
ðs − uÞ;

vI¼1
K̄�B�→ρB�

s
¼ 2g2 þ g2

1

m2
K�

ðs − uÞ: ðA13Þ
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(iii) K̄�B̄� single channel with I ¼ 0 and I ¼ 1

vI¼0
K̄�B̄� ¼ −2g2 þ g2

2

�
−

3

m2
ρ
þ 1

m2
ω

�
ðs − uÞ;

vI¼1
K̄�B̄� ¼ 2g2 þ g2

2

�
1

m2
ρ
þ 1

m2
ω

�
ðs − uÞ: ðA14Þ

In the above two-body potentials, we have taken into
account the width of the ρ meson by using the convoluted
loop function. Besides, according to Ref. [62], we also
neglect the momentum products in the Mandelstam vari-
able u, which correspond to the p-wave contributions.

[1] M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98,
030001 (2018).

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

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

[4] A. Ali, J. S. Lange, and S. Stone, Prog. Part. Nucl. Phys. 97,
123 (2017).

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

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

[7] X. Liu, Chin. Sci. Bull. 59, 3815 (2014).
[8] M. Ablikim et al. (BESIII Collaboration), Phys. Rev. Lett.

110, 252001 (2013).
[9] Z. Q. Liu et al. (Belle Collaboration), Phys. Rev. Lett. 110,

252002 (2013).
[10] A. Bondar et al. (Belle Collaboration), Phys. Rev. Lett. 108,

122001 (2012).
[11] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 115,

072001 (2015).
[12] J. Wu, Y.-R. Liu, K. Chen, X. Liu, and S.-L. Zhu, Phys. Rev.

D 95, 034002 (2017).
[13] J. Wu, Y.-R. Liu, K. Chen, X. Liu, and S.-L. Zhu, Phys. Rev.

D 94, 094031 (2016).
[14] A. Esposito, A. L. Guerrieri, F. Piccinini, A. Pilloni,

and A. D. Polosa, Int. J. Mod. Phys. A 30, 1530002
(2015).

[15] D. Gamermann, E. Oset, D. Strottman, and M. J. Vicente
Vacas, Phys. Rev. D 76, 074016 (2007).

[16] R. Molina and E. Oset, Phys. Rev. D 80, 114013
(2009).

[17] J. M. Dias, F. Aceti, and E. Oset, Phys. Rev. D 91, 076001
(2015).

[18] C. W. Xiao, J. Nieves, and E. Oset, Phys. Rev. D 88, 056012
(2013).

[19] Z.-F. Sun, J. He, X. Liu, Z.-G. Luo, and S.-L. Zhu, Phys.
Rev. D 84, 054002 (2011).

[20] Z.-F. Sun, X. Liu, M. Nielsen, and S.-L. Zhu, Phys. Rev. D
85, 094008 (2012).

[21] S. Ohkoda, Y. Yamaguchi, S. Yasui, K. Sudoh, and A.
Hosaka, Phys. Rev. D 86, 034019 (2012).

[22] M. Bayar, X.-L. Ren, and E. Oset, Eur. Phys. J. A 51, 61
(2015).

[23] B. Durkaya and M. Bayar, Phys. Rev. D 92, 036006
(2015).

[24] M. Bayar, P. Fernandez-Soler, Z.-F. Sun, and E. Oset,
Eur. Phys. J. A 52, 106 (2016).

[25] A. Martinez Torres, K. P. Khemchandani, and L.-S. Geng,
Phys. Rev. D 99, 076017 (2019).

[26] L. Ma, Q. Wang, and U.-G. Meißner, Chin. Phys. C 43,
014102 (2019).

[27] X.-L. Ren, B. B. Malabarba, L.-S. Geng, K. P.
Khemchandani, and A. Martínez Torres, Phys. Lett. B
785, 112 (2018).

[28] M. P. Valderrama, Phys. Rev. D 98, 014022 (2018).
[29] M. P. Valderrama, Phys. Rev. D 98, 034017 (2018).
[30] J. M. Dias, V. R. Debastiani, L. Roca, S. Sakai, and E. Oset,

Phys. Rev. D 96, 094007 (2017).
[31] J. M. Dias, L. Roca, and S. Sakai, Phys. Rev. D 97, 056019

(2018).
[32] L. D. Faddeev, Zh. Eksp. Teor. Fiz. 39, 1459 (1960)

[Sov. Phys. JETP 12, 1014 (1961)].
[33] E. O. Alt, P. Grassberger, and W. Sandhas, Nucl. Phys. B2,

167 (1967).
[34] A. Martinez Torres, K. P. Khemchandani, and E. Oset,

Phys. Rev. C 77, 042203 (2008).
[35] K. P. Khemchandani, A. Martinez Torres, and E. Oset,

Eur. Phys. J. A 37, 233 (2008).
[36] A. Martinez Torres, K. P. Khemchandani, L. S. Geng, M.

Napsuciale, and E. Oset, Phys. Rev. D 78, 074031 (2008).
[37] R. Chand and R. H. Dalitz, Ann. Phys. (N.Y.) 20, 1 (1962).
[38] R. C. Barrett and A. Deloff, Phys. Rev. C 60, 025201 (1999).
[39] A. Deloff, Phys. Rev. C 61, 024004 (2000).
[40] S. S. Kamalov, E. Oset, and A. Ramos, Nucl. Phys. A690,

494 (2001).
[41] G. Toker, A. Gal, and J. M. Eisenberg, Nucl. Phys. A362,

405 (1981).
[42] A. Gal, Int. J. Mod. Phys. A 22, 226 (2007).
[43] L. Roca and E. Oset, Phys. Rev. D 82, 054013 (2010).
[44] J. Yamagata-Sekihara, L. Roca, and E. Oset, Phys. Rev. D

82, 094017 (2010); 85, 119905(E) (2012).
[45] C. W. Xiao, M. Bayar, and E. Oset, Phys. Rev. D 86, 094019

(2012).
[46] C. W. Xiao, Phys. Rev. D 92, 054011 (2015).
[47] A. Martinez Torres, E. J. Garzon, E. Oset, and L. R. Dai,

Phys. Rev. D 83, 116002 (2011).
[48] L. Roca, Phys. Rev. D 84, 094006 (2011).
[49] W. Liang, C. W. Xiao, and E. Oset, Phys. Rev. D 88, 114024

(2013).
[50] M. Bayar, W. H. Liang, T. Uchino, and C.W. Xiao,

Eur. Phys. J. A 50, 67 (2014).

POSSIBLE BOUND STATES WITH HIDDEN BOTTOM … PHYS. REV. D 99, 094041 (2019)

094041-9

https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1103/RevModPhys.90.015003
https://doi.org/10.1103/RevModPhys.90.015003
https://doi.org/10.1103/RevModPhys.90.015004
https://doi.org/10.1016/j.ppnp.2017.08.003
https://doi.org/10.1016/j.ppnp.2017.08.003
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/10.1007/s11434-014-0407-2
https://doi.org/10.1103/PhysRevLett.110.252001
https://doi.org/10.1103/PhysRevLett.110.252001
https://doi.org/10.1103/PhysRevLett.110.252002
https://doi.org/10.1103/PhysRevLett.110.252002
https://doi.org/10.1103/PhysRevLett.108.122001
https://doi.org/10.1103/PhysRevLett.108.122001
https://doi.org/10.1103/PhysRevLett.115.072001
https://doi.org/10.1103/PhysRevLett.115.072001
https://doi.org/10.1103/PhysRevD.95.034002
https://doi.org/10.1103/PhysRevD.95.034002
https://doi.org/10.1103/PhysRevD.94.094031
https://doi.org/10.1103/PhysRevD.94.094031
https://doi.org/10.1142/S0217751X15300021
https://doi.org/10.1142/S0217751X15300021
https://doi.org/10.1103/PhysRevD.76.074016
https://doi.org/10.1103/PhysRevD.80.114013
https://doi.org/10.1103/PhysRevD.80.114013
https://doi.org/10.1103/PhysRevD.91.076001
https://doi.org/10.1103/PhysRevD.91.076001
https://doi.org/10.1103/PhysRevD.88.056012
https://doi.org/10.1103/PhysRevD.88.056012
https://doi.org/10.1103/PhysRevD.84.054002
https://doi.org/10.1103/PhysRevD.84.054002
https://doi.org/10.1103/PhysRevD.85.094008
https://doi.org/10.1103/PhysRevD.85.094008
https://doi.org/10.1103/PhysRevD.86.034019
https://doi.org/10.1140/epja/i2015-15061-8
https://doi.org/10.1140/epja/i2015-15061-8
https://doi.org/10.1103/PhysRevD.92.036006
https://doi.org/10.1103/PhysRevD.92.036006
https://doi.org/10.1140/epja/i2016-16106-2
https://doi.org/10.1103/PhysRevD.99.076017
https://doi.org/10.1088/1674-1137/43/1/014102
https://doi.org/10.1088/1674-1137/43/1/014102
https://doi.org/10.1016/j.physletb.2018.08.034
https://doi.org/10.1016/j.physletb.2018.08.034
https://doi.org/10.1103/PhysRevD.98.014022
https://doi.org/10.1103/PhysRevD.98.034017
https://doi.org/10.1103/PhysRevD.96.094007
https://doi.org/10.1103/PhysRevD.97.056019
https://doi.org/10.1103/PhysRevD.97.056019
https://doi.org/10.1016/0550-3213(67)90016-8
https://doi.org/10.1016/0550-3213(67)90016-8
https://doi.org/10.1103/PhysRevC.77.042203
https://doi.org/10.1140/epja/i2008-10625-3
https://doi.org/10.1103/PhysRevD.78.074031
https://doi.org/10.1016/0003-4916(62)90113-6
https://doi.org/10.1103/PhysRevC.60.025201
https://doi.org/10.1103/PhysRevC.61.024004
https://doi.org/10.1016/S0375-9474(00)00709-0
https://doi.org/10.1016/S0375-9474(00)00709-0
https://doi.org/10.1016/0375-9474(81)90502-9
https://doi.org/10.1016/0375-9474(81)90502-9
https://doi.org/10.1142/S0217751X07035379
https://doi.org/10.1103/PhysRevD.82.054013
https://doi.org/10.1103/PhysRevD.82.094017
https://doi.org/10.1103/PhysRevD.82.094017
https://doi.org/10.1103/PhysRevD.85.119905
https://doi.org/10.1103/PhysRevD.86.094019
https://doi.org/10.1103/PhysRevD.86.094019
https://doi.org/10.1103/PhysRevD.92.054011
https://doi.org/10.1103/PhysRevD.83.116002
https://doi.org/10.1103/PhysRevD.84.094006
https://doi.org/10.1103/PhysRevD.88.114024
https://doi.org/10.1103/PhysRevD.88.114024
https://doi.org/10.1140/epja/i2014-14067-0


[51] A. Martínez Torres and K. P. Khemchandani, Phys. Rev. D
94, 076007 (2016).

[52] X. Zhang, J.-J. Xie, and X. Chen, Phys. Rev. D 95, 056014
(2017).

[53] V. R. Debastiani, J. M. Dias, and E. Oset, Phys. Rev. D 96,
016014 (2017).

[54] J.-J. Xie, A. Martinez Torres, and E. Oset, Phys. Rev. D 83,
065207 (2011).

[55] J.-J. Xie, A. Martinez Torres, E. Oset, and P. Gonzalez,
Phys. Rev. C 83, 055204 (2011).

[56] M. Bayar, J. Yamagata-Sekihara, and E. Oset, Phys. Rev. C
84, 015209 (2011).

[57] M. Bayar and E. Oset, Nucl. Phys. A883, 57 (2012).
[58] M. Bayar and E. Oset, Phys. Rev. C 88, 044003 (2013).
[59] T. Sekihara, E. Oset, and A. Ramos, Prog. Theor. Exp. Phys.

2016, 123D03 (2016).
[60] M. Bayar, C. W. Xiao, T. Hyodo, A. Dote, M. Oka, and E.

Oset, Phys. Rev. C 86, 044004 (2012).
[61] A. Ozpineci, C. W. Xiao, and E. Oset, Phys. Rev. D 88,

034018 (2013).

[62] Z.-F. Sun, J.-J. Xie, and E. Oset, Phys. Rev. D 97, 094031
(2018).

[63] G. Ecker, J. Gasser, H. Leutwyler, A. Pich, and E. de Rafael,
Phys. Lett. B 223, 425 (1989).

[64] H. Nagahiro, L. Roca, A. Hosaka, and E. Oset, Phys. Rev. D
79, 014015 (2009).

[65] S. Sakai, L. Roca, and E. Oset, Phys. Rev. D 96, 054023
(2017).

[66] W.-H. Liang, J. M. Dias, V. R. Debastiani, and E. Oset,
Nucl. Phys. B930, 524 (2018).

[67] F. Mandl and G. Shaw, Quantum Field Theory (Wiley-
Interscience, New York, 1984).

[68] J. Nieves and M. P. Valderrama, Phys. Rev. D 84, 056015
(2011).

[69] F.-K. Guo, P.-N. Shen, H.-C. Chiang, R.-G. Ping, and B.-S.
Zou, Phys. Lett. B 641, 278 (2006).

[70] F.-K. Guo, P.-N. Shen, and H.-C. Chiang, Phys. Lett. B 647,
133 (2007).

[71] A. Faessler, T. Gutsche, V. E. Lyubovitskij, and Y.-L. Ma,
Phys. Rev. D 77, 114013 (2008).

XIU-LEI REN and ZHI-FENG SUN PHYS. REV. D 99, 094041 (2019)

094041-10

https://doi.org/10.1103/PhysRevD.94.076007
https://doi.org/10.1103/PhysRevD.94.076007
https://doi.org/10.1103/PhysRevD.95.056014
https://doi.org/10.1103/PhysRevD.95.056014
https://doi.org/10.1103/PhysRevD.96.016014
https://doi.org/10.1103/PhysRevD.96.016014
https://doi.org/10.1103/PhysRevC.83.065207
https://doi.org/10.1103/PhysRevC.83.065207
https://doi.org/10.1103/PhysRevC.83.055204
https://doi.org/10.1103/PhysRevC.84.015209
https://doi.org/10.1103/PhysRevC.84.015209
https://doi.org/10.1016/j.nuclphysa.2012.04.005
https://doi.org/10.1103/PhysRevC.88.044003
https://doi.org/10.1093/ptep/ptw166
https://doi.org/10.1093/ptep/ptw166
https://doi.org/10.1103/PhysRevC.86.044004
https://doi.org/10.1103/PhysRevD.88.034018
https://doi.org/10.1103/PhysRevD.88.034018
https://doi.org/10.1103/PhysRevD.97.094031
https://doi.org/10.1103/PhysRevD.97.094031
https://doi.org/10.1016/0370-2693(89)91627-4
https://doi.org/10.1103/PhysRevD.79.014015
https://doi.org/10.1103/PhysRevD.79.014015
https://doi.org/10.1103/PhysRevD.96.054023
https://doi.org/10.1103/PhysRevD.96.054023
https://doi.org/10.1016/j.nuclphysb.2018.03.008
https://doi.org/10.1103/PhysRevD.84.056015
https://doi.org/10.1103/PhysRevD.84.056015
https://doi.org/10.1016/j.physletb.2006.08.064
https://doi.org/10.1016/j.physletb.2007.01.050
https://doi.org/10.1016/j.physletb.2007.01.050
https://doi.org/10.1103/PhysRevD.77.114013

