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We calculate the effective potentials of the ΞcD̄ð�Þ, Ξ0
cD̄ð�Þ, and Ξ�

cD̄ð�Þ system s with the chiral effective
field theory up to the next-to-leading order. We simultaneously consider the short-, intermediate-, and long-
range interactions. With the newly observed Pc spectra as inputs, we construct the quark-level contact
Lagrangians to relate the low energy constants to those of ΣcD̄ð�Þ with the help of the quark model. Our
calculation indicates there are seven bound states in the I ¼ 0 strange hidden charm ½Ξ0

cD̄ð�Þ�JðJ ¼ 1
2
; 3
2
Þ and

½Ξ�
cD̄ð�Þ�JðJ ¼ 1

2
; 3
2
; 5
2
Þ systems. Our analyses also disfavor the ΛcD̄ð�Þ bound states. However, we obtain

three new hadronic molecules in the isoscalar ½ΞcD̄ð�Þ�JðJ ¼ 1
2
; 3
2
Þ systems. The masses of ½ΞcD̄�1=2,

½ΞcD̄��1=2, and ½ΞcD̄��3=2 are predicted to be 4319.4þ2.8
−3.0 MeV, 4456.9þ3.2

−3.3 MeV, and 4463.0þ2.8
−3.0 MeV,

respectively. We also notice the one-eta-exchange influence is rather feeble. Binding solutions in the I ¼ 1

channels are nonexistent. We hope the future analyses at LHCb can seek for these new Pcss in the JψΛ final
states, especially near the thresholds of ΞcD̄ð�Þ.

DOI: 10.1103/PhysRevD.101.034018

I. INTRODUCTION

In the past decades, the renaissance of hadron physics
was witnessed. Mesons and baryons, which have the
internal configurations qq̄ and qqq respectively, have been
extensively studied with lattice QCD and various QCD
inspired models. The abundant conventional hadrons in the
Reviews of Particle Physics [1] reflect the great victory of
the quark model. Other more complicated quark configu-
rations, such as qqq̄ q̄, qq̄qqq, and qqqq̄ q̄ q̄, etc., are not
forbidden by QCD. Thus hunting for these type states is a
long standing problem for theorists and experimenters.
Xð3872Þ is the poster child that opened a new era for
hadron physics [2]. After that, more and more XYZ states
were discovered. The multiquark matter becomes one of the
hottest topics in recent years [3–8].
Very recently, the LHCb Collaboration reported the ob-

servation of three pentaquark states Pcð4312Þ, Pcð4440Þ,
and Pcð4457Þ [9]. Their masses lie several to tens MeV
below the ΣcD̄ and ΣcD̄� thresholds, thus the molecular

explanation is naturally proposed in many works [10–21].
The JP quantum numbers are undetermined yet, but the
theoretically favored ones in themolecular scenario for these
three Pcs are 1

2
−, 1

2
− and 3

2
−, respectively. Therefore, if the

forthcoming measurements for the JPs indeed meet the
predictions from the molecular pictures, which would give
more robust support for the molecular interpretations.
The XYZ and Pc states are the candidates of the hidden-

charm multiquark states with inner quark componentsQQ̄qq̄
and QQ̄qqq, respectively. As indicated in Refs. [22–24], it
seems the heavy quark core plays an important role in
stabilizing the exotic clusters. This is indeed the case in the
atomic physics. For example, the hydrogen molecule consists
of two protons and two electrons, which stably exists in the
nature. In the hadronic molecular scenario, the interaction
between two color singlets (e.g., Σc and D̄) is very similar to
that between electroneutral atoms (e.g., H and H). The
“covalent bond” in the former is attributed to the residual
strong interactions, which is equivalently described by the
pion-exchange in chiral effective theory or the meson-
exchange (e.g., π; ρ; σ;…) in the one-boson-exchangemodel.
Therefore, one could actually anticipate the existence of more
hadronic molecules in the charmed baryon-anticharmed
meson systems when the flavor symmetry group is enlarged
to SU(3).
Starting from the deuteron (an I ¼ 0 loosely bound np

molecule), one can notice that the interactions between two
heavy matter fields tend to form the bound states in the
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lowest isospin channels. Xð3872Þ is another example, which
is a good candidate of the D0D̄�0 molecule with isospin
I ¼ 0. The newly reported Pcs are widely accepted as the
ΣcD̄ð�Þ bound states with isospins I ¼ 1

2
. Some investiga-

tions on the DD� and B̄ð�ÞB̄ð�Þ systems also demonstrated
the existence of bound states in I ¼ 0 channels [25,26].
In our previous work [11], we have systematically

investigated the interactions of the ΣcD̄, ΣcD̄�, Σ�
cD̄, and

Σ�
cD̄� systems in chiral effective field theory. We simulta-

neously reproduced the newly observed threePcs as the I ¼
1
2
hidden-charmΣcD̄ andΣcD̄� molecules by introducing the

Λc contribution in the two-pion-exchange loop diagrams. In
this work, we extend our study to the ΞcD̄ð�Þ, Ξ0

cD̄ð�Þ, and
Ξ�
cD̄ð�Þ systems to seewhether there exist the bound states in

the lowest isospin, i.e., I ¼ 0 channels. Likewise, these
strange hidden charm molecular states might be recon-
structed in the J=ψΛ channel at the LHCb experiment. Some
investigations suggest searching for these states in the decay
modes ΛbðΞbÞ → J=ψΛKðηÞ [27–29].
Based on Ref. [11], we further study the effective

potentials of six systems, i.e., ΞcD̄ð�Þ, Ξ0
cD̄ð�Þ, and

Ξ�
cD̄ð�Þ. They all contain one strange quark. The short-range

contact interaction, long-range one-pion-exchange contri-
bution and intermediate-range two-pion-exchange diagrams
are all included in the framework of chiral effective field

theory (For the reviews of chiral effective field theory, we
refer to [30–34]). Considering the hadronic molecules are
shallowly bound states, the strange quark dynamics are
freezed in the present calculations, which contribution is
partially involved in the contact terms.We ignore the η andK
meson contributions in the loops. The low energy constants
(LECs) are well determined by fitting the Pc spectra. In this
way,we predict the possible strange hidden charmmolecular
pentaquarks.
This paper is organized as follows. In Sec. II, we give the

effective Lagrangians constructed with the chiral and heavy
quark symmetries. In Sec. III, we show the expressions of
effective potentials. In Sec. IV, we give the numerical
results and discussions. In Sec. V, we conclude this work
with a short summary. In Appendix A, we bridge the LECs

to those of Σð�Þ
c D̄ð�Þ with quark model.

II. EFFECTIVE LAGRANGIANS WITH THE
CHIRAL AND HEAVY QUARK SYMMETRIES

The effective Lagrangians can be classified as the pion
and contact interactions, respectively. We first show the
Lagrangians of the charmed baryon (anticharmed mesons)
and light pseudoscalar meson interaction. For the charmed
baryons, the matrix forms of the spin-1

2
antitriplet, spin-1

2
,

and spin-3
2
sextets in the SU(3) flavor space are expressed as

B3̄ ¼

2
64

0 Λþ
c Ξþ

c

−Λþ
c 0 Ξ0

c

−Ξþ
c −Ξ0

c 0

3
75; B6 ¼

2
6664
Σþþ
c

Σþ
cffiffi
2

p Ξ0þ
cffiffi
2

p

Σþ
cffiffi
2

p Σ0
c

Ξ00
cffiffi
2

p

Ξ0þ
cffiffi
2

p Ξ00
cffiffi
2

p Ω0
c

3
7775; B�μ

6 ¼

2
6664
Σ�þþ
c

Σ�þ
cffiffi
2

p Ξ�þ
cffiffi
2

p

Σ�þ
cffiffi
2

p Σ�0
c

Ξ�0
cffiffi
2

p

Ξ�þ
cffiffi
2

p Ξ�0
cffiffi
2

p Ω�0
c

3
7775

μ

: ð1Þ

The leading order chiral Lagrangians for the charmed baryons and light pseudoscalar mesons in the superfield notation
read [35–38]

LBφ ¼ −Tr½ψ̄μiv ·Dψμ� þ igaϵμνρσTr½ψ̄μuρvσψν� þ i
δa
2
Tr½ψ̄μσμνψ

ν� þ 1

2
Tr½B̄3̄ðiv ·DÞB3̄� þ gbTr½ψ̄μuμB3̄ þ H:c:�; ð2Þ

where Tr½� � �� denotes the trace in flavor space. The
covariant derivative Dμψ ¼ ∂μψ þ Γμψ þ ψΓT

μ . ga ≃
−1.47 and gb ≃ 1.04 are the axial couplings [39–41]. δa ¼
mΞ�

c
−mΞ0

c
is the mass splitting between Ξ�

c and Ξ0
c in this

calculation. vμ ¼ ð1; 0Þ represents the four-velocity of a
slowly moving heavy baryon. The superfields ψμ and ψ̄μ

are defined as

ψμ ¼ B�μ
6 −

1ffiffiffi
3

p ðγμ þ vμÞγ5B6;

ψ̄μ ¼ B̄�μ
6 þ 1ffiffiffi

3
p B̄6γ

5ðγμ þ vμÞ: ð3Þ

In addition, the chiral connection Γμ and axial-vector
current uμ read respectively

Γμ ≡ 1

2
½ξ†; ∂μξ�; uμ ≡ i

2
fξ†; ∂μξg; ð4Þ

where

ξ2 ¼ U ¼ exp

�
iφ
fπ

�
;

φ ¼

2
6664
π0 þ ηffiffi

3
p

ffiffiffi
2

p
πþ

ffiffiffi
2

p
Kþ

ffiffiffi
2

p
π− −π0 þ ηffiffi

3
p

ffiffiffi
2

p
K0

ffiffiffi
2

p
K0

ffiffiffi
2

p
K̄0 − 2ηffiffi

3
p

3
7775; ð5Þ

and fπ ¼ 92.4 MeV is the pion decay constant. Expanding
Eq. (2) one can get the coupling terms among B3̄, B6 and

BO WANG, LU MENG, and SHI-LIN ZHU PHYS. REV. D 101, 034018 (2020)

034018-2



B�μ
6 . The detailed forms and the corresponding axial

couplings can be found in Refs. [11,39–41].
The leading order Lagrangians that delineate the inter-

actions between the anticharmed mesons and light
Goldstones read [42,43]

LH̃φ ¼ −ih ¯̃Hv ·DH̃i − 1

8
δbh ¯̃HσμνH̃σμνi þ gh ¯̃H=uγ5H̃i;

ð6Þ

where h� � �i represents the trace in spinor space. The
covariant derivative Dμ ¼ ∂μ þ Γμ. δb is defined as
δb ¼ mD̄� −mD̄. g ≃ −0.59 stands for the axial coupling,
which can be extracted from the partial decay width of
D�þ → D0πþ [1]. The H̃ is the super-field for the anti-
charmed mesons, which reads

H̃¼ ½P̃�
μγ

μ þ iP̃γ5�
1−=v
2

; ¯̃H¼ 1−=v
2

½P̃�†
μ γμ þ iP̃†γ5�;

with P̃ ¼ ðD̄0; D−; D−
s ÞT and P̃� ¼ ðD̄�0; D�−; D�−

s ÞT ,
respectively.
The contact Lagrangians that describe the short

distance interactions between the charmed baryon sextets
and anticharmed mesons have been constructed in
Refs. [10,11] with the super-field representations, which
read

L
H̃Bð�Þ

6

¼ Dah ¯̃HH̃iTr½ψ̄μψμ�

þ iDbϵσμνρvσh ¯̃Hγργ5H̃iTr½ψ̄μψν�
þ Eah ¯̃HλiH̃iTr½ψ̄μλiψμ�
þ iEbϵσμνρvσh ¯̃Hγργ5λ

iH̃iTr½ψ̄μλiψ
ν�; ð7Þ

where Da, Db, Ea, and Eb are the LECs. They can be
determined by fitting the Pc spectra. λi denotes the Gell-
Mann matrices.
Besides, we also need the Lagrangians to depict the

contact interactions of the charmed baryon antitriplet and
anticharmed mesons. They can be analogously constructed
as follows,

LH̃B3̄
¼ D̃ah ¯̃HH̃iTr½B̄3̄B3̄� þ D̃bh ¯̃Hγργ5H̃iTr½B̄3̄γργ5B3̄�
þ Ẽah ¯̃HλiH̃iTr½B̄3̄λiB3̄�
þ Ẽbh ¯̃Hγργ5λ

iH̃iTr½B̄3̄γργ5λiB3̄�; ð8Þ

where D̃a, D̃b, Ẽa, and Ẽb are another sets of the LECs.
These LECs are different from the ones in Eq. (7), since the

B3̄ and Bð�Þ
6 are not the partner states under heavy quark

spin symmetry. But we can establish the corresponding

relationship with the Da, Db, Ea, and Eb with the help of
quark model. We show this operation in the Appendix A.

III. EXPRESSIONS OF THE
EFFECTIVE POTENTIALS

There exists a simple relation between the effective
potential and scattering amplitude in momentum space
under the Breit approximation,

VðqÞ ¼ −
MðqÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2Πimi2Πfmf
p ; ð9Þ

where mi and mf are the masses of the initial and final
states. q denotes the transferred momentum between two
scattering particles. Then the effective potential in coor-
dinate space can be easily obtained by Fourier trans-
formation, which yields

VðrÞ ¼
Z

d3q
ð2πÞ3 e

iq·rVðqÞF ðqÞ; ð10Þ

where a Gauss regulator F ðqÞ ¼ expð−q2n=Λ2nÞ is intro-
duced to suppress the high momentum contribution
[44,45]. n ¼ 2 is used in this work [46,47]. Considering
the ρ meson mass mρ is treated as the typical hard scale in
chiral effective theory, thus the cutoff Λ should be smaller
than mρ (A detailed discussion on the range of Λ can be
found in Ref. [11]). The Λ is chosen to be around 0.5 GeV
to perform fittings and give predictions [10,11,32,46].
The topological diagrams are shown in Fig. 1. There are

three types of Feynman diagrams in our calculations, i.e.,
the leading order contact interaction, one-pion-exchange
diagram, and the next-to-leading order two-pion-exchange
diagrams. The Feynman diagrams for the ΞcD̄ð�Þ (Ξ0

cD̄ð�Þ)
and Ξ�

cD̄ð�Þ systems are totally the same as the ΣcD̄ð�Þ and
Σ�
cD̄ð�Þ, respectively. In other words, one can build the

following correspondence,

Ξ0
cD̄ð�Þ½ΞcD̄ð�Þ� ⇔ ΣcD̄ð�Þ; Ξ�

cD̄ð�Þ ⇔ Σ�
cD̄ð�Þ: ð11Þ

So we do not explicitly show the detailed graphs for each
systems at each order. One can find them in Figs. 2–7
of Ref. [11].
In the following, we write down the leading order contact

potential of each system, which can be easily obtained by
expanding the Lagrangians in Eqs. (7) and (8), respectively.

V
Xi:j

Ξ0
cD̄

¼ −Da − 2GEa; ð12Þ

V
Xi:j

Ξ0
cD̄� ¼ −Da − 2GEa −

2

3
ðDb þ 2GEbÞσ · T; ð13Þ
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V
Xi:j

Ξ�
cD̄

¼ −Da − 2GEa; ð14Þ

V
Xi:j

Ξ�
cD̄� ¼ −Da − 2GEa − ðDb þ 2GEbÞσrs · T; ð15Þ

V
Xi:j

ΞcD̄
¼ 2D̃a þ 4GẼa; ð16Þ

V
Xi:j

ΞcD̄� ¼ 2D̃a þ 4GẼa þ ð2D̃b þ 4GẼbÞσ · T; ð17Þ

where G ¼ I1 · I2 − 1=12 [I1 and I2 are the isospin
operators of Ξ0

c (Ξ�
c, Ξc) and D̄ð�Þ, respectively]. The

operators σ, σrs and T are related to the spin operators
of the spin-1

2
baryon, spin-3

2
baryon, and spin-1 meson as

1
2
σ, 3

2
σrs, and −T, respectively (see Ref. [11] for details).

The expressions of the one-pion-exchange diagrams for
Ξ0
cD̄� and Ξ�

cD̄� are the same as the ΣcD̄� and Σ�
cD̄� in

Ref. [11] up to different matrix elements of I1 · I2
operator. For ΞcD̄�, the coupling between Ξc and π
vanishes since the pion does not couple to the scalar
isoscalar light diquark within Ξc because of the parity and
angular momentum conservation. Thus the one-pion-
exchange does not contribute to the effective potential
of the ΞcD̄� system.
For the two-pion-exchange diagrams, the graph (Fi:j) is

governed by the chiral connection term, thus all the systems
share one single expression, i.e.,

V
Fi:j

Sys ¼ ðI1 · I2Þ
1

f4π
JF22ðmπ; qÞ: ð18Þ

For graphs (Ti:j), (Bi:j), and (Ri:j), their analytical expres-
sions generally have the following structures,

V
Ti:j

Sys ¼ ðI1 ·I2Þ
C
Ti:j

Sys

f4π
½CTi:j

1 JT34− q2C
Ti:j

2 ðJT24þ JT33Þ�ðmπ;ω;qÞ;

ð19Þ

V
Bi:j

Sys ¼
�
1

8
−
1

3
I1 · I2

�
C
Bi:j

Sys

f4π
½CBi:j

1 JB41

− q2C
Bi:j

2 ðJB31 þ JB42Þ − q2C
Bi:j

3 JB21

þ q4C
Bi:j

4 ðJB22 þ 2JB32 þ JB43Þ�ðmπ;ω; δ; qÞ; ð20Þ

V
Ri:j

Sys ¼
�
1

8
þ 1

3
I1 · I2

�
C
Ri:j

Sys

f4π
½CRi:j

1 JR41

− q2C
Ri:j

2 ðJR31 þ JR42Þ − q2C
Ri:j

3 JR21

þ q4C
Ri:j

4 ðJR22 þ 2JR32 þ JR43Þ�ðmπ;ω; δ; qÞ; ð21Þ

where the subscript “Sys.” denotes the corresponding
system, such as Ξ0

cD̄ð�Þ and so on. The superscript
“Ti:j”, “Bi:j” and “Ri:j” represent the labels of the
Feynman diagrams. Various J functions, such as JTx , JBx
and JRx are the scalar loop functions, which are defined and

given in Refs. [10,11,26]. The coefficients C
Ti:j

i (i ¼ 1, 2)

and C
Bi:j

i ðCRi:j

i Þði ¼ 1;…; 4Þ in the square brackets are the

same as the expressions for Σð�Þ
c D̄ð�Þ [11]. According to the

correspondence in Eq. (11), one can easily get them by

matching with the results in Ref. [11]. The coefficients C
Ti:j

Sys

and C
Bi:j

SysðCRi:j

SysÞ for each system are given in Tables I and II.

.( )i jX .( )i jH .( )i jF .( )i jT .( )i jT .( )i jB .( )i jR

FIG. 1. Topological Feynman diagrams for the ΞcD̄ð�Þ, Ξ0
cD̄ð�Þ and Ξ�

cD̄ð�Þ systems. We use the thick line, thin line, and dashed line to
denote the charmed baryons, anticharmed mesons and pion, respectively. Graphs (Xi:j) and (Hi:j) stand for the leading order contact
interaction and one-pion-exchange diagram, respectively [Diagram (Hi:j) vanishes for the system containing one D̄meson]. (Fi:j), (Ti:j),
(Bi:j), and (Ri:j) represent topological structures of two-pion-exchange diagrams, respectively.

TABLE I. The coefficients C
Ti:j

Sys and C
Bi:j

Sys for the systems Ξ0
cD̄,

ΞcD̄, and Ξ�
cD̄, respectively. i ¼ 1 for Ξ0

cD̄ (ΞcD̄) and i ¼ 3 for
Ξ�
cD̄ (i is the value in the subscript of the diagram label), where

the corresponding diagrams can be found in Figs. 3 and 6 of

Ref. [11], respectively. The unlisted coefficients C
Ri:j

Sys can be

obtained with C
Ri:j

Sys ¼ C
Bi:j

Sys. Some expressions for ClabelSys are
denoted as XjY, where X and Y represent the intermediate
baryon in the loop among and beyond the heavy quark spin
multiplet, respectively.

ClabelSys Ti:1 Ti:2 Ti:3 Bi:1 Bi:2

Ξ0
cD̄ g2 1

4
g23

1
4
g21j 12 g22 3

8
g2g21j 34 g2g22 3

8
g2g23

ΞcD̄ g2 1
2
g24 g26j 12 g22 3

2
g2g26j 34 g2g22 3

4
g2g24

Ξ�
cD̄ g2 1

4
g25

1
4
g23j 12 g24 3

8
g2g25

3
8
g2g23j 34 g2g24
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IV. POSSIBLE MOLECULAR PENTAQUARKS
IN ΞcD̄ð�Þ, Ξ0

cD̄ð�Þ, AND Ξ�
cD̄ð�Þ SYSTEMS

In order to get the numerical results, we have to determine
the eight LECs in Eqs. (7) and (8). As in Ref. [48], we also
propose a SU(3) quarkmodel to estimate the LECs. One can
find the detailed derivations in Appendix A.
The effective potentials of some representative I ¼ 0

channels are given in Fig. 2. We notice that the leading
order contact interaction supplies a strong attractive poten-
tial for all the considered channels. This situation is the

same as those of the Σð�Þ
c D̄ð�Þ systems [11]. For the Ξ0

cD̄ and
ΞcD̄� systems, one can find the two-pion-exchange con-
tributions are also significant because of the accidental
degeneration between Ξ0

cD̄ and ΞcD̄� in the loops.
However, the behavior of the two-pion-exchange potentials
for Ξ0

cD̄ and ΣcD̄ are totally different due to the opposite
sign of the mass differences. For example, the mass
difference between ΣcD̄ and ΛcD̄� is about 28 MeV, while
that for Ξ0

cD̄ and ΞcD̄� is about −32 MeV. By solving the

Schrödinger equation, we find the bound states in the
Ξ0
cD̄ð�Þ and Ξ�

cD̄ð�Þ systems, likewise. The predicted bind-
ing energies and masses are given in Table III.
Theoretically, the existence of the bound states in the

Ξ0
cD̄ð�Þ and Ξ�

cD̄ð�Þ systems is not a surprise, because Ξ0
c and

Ξ�
c belong to the same flavor multiplets with the Σc and Σ�

c,
respectively in the SU(3) flavor symmetry [49].
Nevertheless, things become interesting when we go to
the ΞcD̄ð�Þ systems. On the one hand, no bound states are
experimentally observed near the ΛcD̄ð�Þ thresholds up to
now [9]. On the other hand, some theoretical calculations
also do not support the existence of bound states in ΛcD̄ð�Þ
systems [50,51]. As the SU(3) partner ofΛc, the interactions
of the ΞcD̄ð�Þ systems show totally different behavior at the
short range [e.g., see Figs. 2(e) and 2(f)]. The attractive
contact interaction is strong enough to form bound states.
For the ΛcD̄ð�Þ and ΞcD̄ð�Þ systems, the long-range one-

pion-exchange vanishes, thus only the contact term and two-
pion-exchange contribute to their potentials. The isospin I

TABLE II. The coefficients C
Ti:j

Sys and C
Bi:j

Sys for the systems Ξ0
cD̄�, ΞcD̄�, and Ξ�

cD̄�, respectively. i ¼ 2 for Ξ0
cD̄� (ΞcD̄�) and i ¼ 4 for

Ξ�
cD̄� (i is the value in the subscript of the diagram label), where the corresponding diagrams can be found in figures 5 and 7 of Ref. [11],

respectively. The unlisted coefficients C
Ri:j

Sys can be obtained with C
Ri:j

Sys ¼ C
Bi:j

Sys. Some expressions for ClabelSys are denoted as XjY, the
implication is the same as that in Table I.

ClabelSys Ti:1 Ti:2 Ti:3 Ti:4 Bi:1 Bi:2 Bi:3 Bi:4

Ξ0
cD̄� g2 g2 1

4
g21j 12 g22 1

4
g23

3
8
g2g21j 34 g2g22 3

8
g2g21j 34 g2g22 3

8
g2g23

3
8
g2g23

ΞcD̄� g2 g2 g26j 12 g22 1
2
g24

3
2
g2g26j 34 g2g22 3

2
g2g26j 34 g2g22 3

4
g2g24

3
4
g2g24

Ξ�
cD̄� g2 g2 1

4
g25

1
4
g23j 12 g24 3

8
g2g25

3
8
g2g25

3
32
g2g23j 3

16
g2g24

3
32
g2g23j 3

16
g2g24
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FIG. 2. The effective potentials of the Ξ0
cD̄ð�Þ, Ξ�

cD̄ð�Þ, and ΞcD̄ð�Þ systems. Their IðJPÞ are marked in each subfigure. The potentials
are obtained with the cutoff parameter Λ ¼ 0.4 GeV. For the effective potentials of the unlisted spin multiplets, their total potentials
have the similar behaviors with the lowest spin states.

SPECTRUM OF THE STRANGE HIDDEN CHARM MOLECULAR … PHYS. REV. D 101, 034018 (2020)

034018-5



and spin Jl (Jl denotes the total spin of the light degrees of
freedom in Λc) of the Λc are both zero, so there are no
isospin-isospin and spin-spin interactions for the ΛcD̄ð�Þ
systems.1 Ignoring the η and K meson contributions in the
loops, one can roughly get the two-pion-exchange potential
of the ΛcD̄ð�Þ from the ΞcD̄ð�Þ expressions by setting the
matrix element hI1 · I2i to be zero. Although the two-pion-
exchange potential of the ΛcD̄ð�Þ (or say the contribution
from couple-channel effect) is attractive, the one from the
leading order D̃a term [e.g., see Eq. (8)] is repulsive. Their
contributions almost cancel each other, thus there are no
binding solutions for the ΛcD̄ð�Þ systems.
The Jl of Ξc is also zero, thus there are no spin-spin

interactions for the ΞcD̄ð�Þ systems as well. But I ¼ 1
2

for Ξc, i.e., the isospin-isospin interaction in the ΞcD̄ð�Þ
systems is the main reason that leads to the different
scenarios for the ΛcD̄ð�Þ and ΞcD̄ð�Þ systems. The leading
order isospin related Ẽa term provides a very strong
attractive potential, as well as the attractive two-pion-
exchange potential. Their contributions together yield
three bound states in the ΞcD̄ð�Þ systems (see Table III).
A recent study based on the local hidden gauge approach
also gives a similar conclusion [52].
We also tried to include the one-eta-exchange contribu-

tion for the Ξ0
cD̄� and Ξ�

cD̄� systems at the leading order,
where we use the experimental values of fη and mη as
inputs [39–41,53]. We notice the one-eta-exchange con-
tribution is marginal, which only introduces about 1% and
even much smaller than 1% corrections to the Ξ0

cD̄� and
Ξ�
cD̄� binding energies, respectively.
Additionally, we also calculate the potentials of these six

systems in the I ¼ 1 channel. However, the total potentials
are all repulsive, i.e., no bound states exist for the ΞcD̄ð�Þ,
Ξ0
cD̄ð�Þ, and Ξ�

cD̄ð�Þ systems in the isovector channels.
These I ¼ 0 molecular pentaquarks with a strange quark

can be reconstructed at the J=ψΛ final states. We hope
LHCb collaborationsmay search for these newPcss near the

ΞcD̄ð�Þ thresholds. Some discussions on theΛcD̄
ð�Þ
s , ΣcD̄

ð�Þ
s ,

Σ�
cD̄

ð�Þ
s , and Ωð�Þ

c D̄ð�Þ
s systems are given in Appendix B.

V. SUMMARY

In thiswork,we have systematically calculated the effective
potentials of ΞcD̄ð�Þ, Ξ0

cD̄ð�Þ, and Ξ�
cD̄ð�Þ systems with the

chiral effective field theory up to the next-to-leadingorder. The
contact interaction, one-pion-exchange contribution and two-
pion-exchange diagrams are considered. By fitting the newly
observed Pc spectra, we relate the LECs to those of the ΣcD̄�
systems with the quark model (see Appendix A).
As the partners of ΣcD̄ð�Þ and Σ�

cD̄ð�Þ, we also find seven
bound states in the isoscalar ½Ξ0

cD̄ð�Þ�J and ½Ξ�
cD̄ð�Þ�J

systems. The contact terms provide the attractive potentials,
which are dominant for these systems. The two-pion-
exchange interactions are important to the Ξ0

cD̄ and
ΞcD̄� systems due to the accidental degeneration of the
intermediate states in the loops.
With the estimated LECs, we also obtain three bound states

in the isoscalar ½ΞcD̄ð�Þ�J systems. This is very different from
their partners ΛcD̄ð�Þ. Our analyses do not support the
existence of anymolecular pentaquarks in theΛcD̄ð�Þ systems.
The difference betweenΛcD̄ð�Þ and ½ΞcD̄ð�Þ�J arises from the
isospin-isospin interaction, which vanishes for the ΛcD̄ð�Þ.
We considered the influence of one-eta-exchange inter-

action. Its contribution only gives rise to 1% corrections to
the magnitude of the binding energies. Thus the tiny effect
is neglected in our numerical results. Our calculation
indicates that the potentials of the I ¼ 1 channels are all
strongly repulsive and no bound states exist in these I ¼ 1
channels.
In summary, we obtain ten molecular pentaquarks Pcs in

the isoscalar ΞcD̄ð�Þ, Ξ0
cD̄ð�Þ, and Ξ�

cD̄ð�Þ systems. Their
signals can be reconstructed in the J=ψΛ final states at
LHCb experiment.

ACKNOWLEDGMENTS

B. Wang is very grateful to R. Chen, X. L. Chen and
W. Z. Deng for helpful discussions. This project is sup-
ported by the National Natural Science Foundation of
China under Grant No. 11975033.

APPENDIX A: ESTIMATING THE LECS
WITH QUARK MODEL

In this part, we estimate the eight LECs in Eqs. (7) and
(8) from the viewpoints of the quark model. We assume the

TABLE III. The predicted binding energies ΔE and masses M for the ½Ξ0
cD̄ð�Þ�J , ½Ξ�

cD̄ð�Þ�J , and ½ΞcD̄ð�Þ�J systems in I ¼ 0 channel,
where the subscript “J” denotes the total spin of the system. We correspondingly use the thresholds of Ξ0þ

c D̄ð�Þ0, Ξ�þ
c D̄ð�Þ0, and Ξþ

c D̄ð�Þ0
as the benchmarks to calculate the values in this table (in units of MeV). The state that denoted by “♯” means which may be nonexistent
at the upper limit.

System ½Ξ0
cD̄�1

2
½Ξ0

cD̄��1
2

½Ξ0
cD̄��3

2
½Ξ�

cD̄�3
2

½Ξ�
cD̄��1

2
½Ξ�

cD̄��3
2

½Ξ�
cD̄��#5

2

½ΞcD̄�1
2

½ΞcD̄��1
2

½ΞcD̄��3
2

ΔE −18.5þ6.4
−6.8 −15.6þ6.4

−7.2 −2.0þ1.8
−3.3 −7.5þ4.2

−5.3 −17.0þ6.7
−7.5 −8.0þ4.5

−5.6 −0.7þ0.7
−2.2 −13.3þ2.8

−3.0 −17.8þ3.2
−3.3 −11.8þ2.8

−3.0
M 4423.7þ6.4

−6.8 4568.7þ6.4
−7.2 4582.3þ1.8

−3.3 4502.9þ4.2
−5.3 4635.4þ6.7

−7.5 4644.4þ4.5
−5.6 4651.7þ0.7

−2.2 4319.4þ2.8
−3.0 4456.9þ3.2

−3.3 4463.0þ2.8
−3.0

1At the leading order of the heavy quark expansion, the spin-
spin interaction between Λc and D̄� are represented by their light
degrees of freedom, i.e., JlΛc

· JlD̄� . Its matrix element vanishes for
the ΛcD̄� system.
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short-range contact interaction stems from some heavy
particle exchanges, which is analogous to the resonance
saturation model [54]. However, we do not specify the
exchange particles (such as ρ, ω, f0, etc..) as in the one-
boson-exchange scheme, because their contributions are
partially mimicked by the two-pion-exchange diagrams.
Rather than calculating the contact potential at the hadron
level, we construct the quark-level Lagrangians to depict
the short-range interaction by borrowing some concepts
from the quark-hadron duality and quark model. Generally,
one can formulate the quark-level Lagrangians as follows,

L ¼ gsq̄Sqþ gaq̄γμγ5Aμq; ðA1Þ

where q ¼ ðu; d; sÞ, gs and ga are two independent cou-
pling constants. The S and Aμ are two fictitious fields,
which create (annihilate) the scalar and axial-vector spu-
rions respectively. We assume the S and Aμ are flavor
octets and have the similar matrix form as that in the second
term of Eq. (5). They are introduced to produce the central
potential and spin-spin interaction between two quarks,
respectively.
With the quark-level Lagrangians, the ΣcD̄� effective

potential can be expressed as

VQ:L:
ΣcD̄� ¼ hΣcD̄�jLjΣcD̄�i ¼ −

g2s
6m2

S

−
g2s
m2

S

ðI1 · I2Þ

þ g2a
9m2

A

σ · Tþ 2g2a
3m2

A

ðσ · TÞðI1 · I2Þ; ðA2Þ

where the superscript “Q.L.” is the abbreviation of quark
level. We take the SU(3) flavor symmetry and ignore the
mass differences in the S andAμ multiplets, respectively. In
addition, the assumption that q2 ≪ m2

Sðm2
AÞ is used. Thus

if we know the square of the “charge-to-mass ratios” g2s=m2
S

and g2a=m2
A, we could obtain the potentials of the other

systems that contain the light quarks. The contact potential
of the ΣcD̄� in the I ¼ 1

2
channel is given as [11]

VΣcD̄� ¼ −D1 −
2

3
D2ðσ · TÞ: ðA3Þ

By fitting the Pc spectra with the cutoff Λ ¼ 0.4 GeV, we
get D1 ¼ 63.1 GeV−2, D2 ¼ 6.5 GeV−2. Defining C1 ¼
g2s=m2

S, C2 ¼ g2a=m2
A, and comparing Eq. (A2) and

Eq. (A3), one easily gets

C1 ¼ −
6

5
D1; C2 ¼

6

5
D2: ðA4Þ

Following the same procedure, we can also calculate the
Ξ0
cD̄� contact potential with the quark-level Lagrangians,

which yield

VQ:L:
Ξ0
cD̄� ¼

�
1

12
− ðI1 · I2Þ

��
C1 −

2

3
C2σ · T

�
: ðA5Þ

Matching Eq. (13) and Eq. (A5), one can obtain the LECs
in Eq. (7) under the SU(3) symmetry, which read

Da ¼ 0; Db ¼ 0; Ea ¼
1

2
C1; Eb ¼ −

1

2
C2:

ðA6Þ

Similarly, one can also calculate the contact potential of
ΞcD̄� at the quark level with the Lagrangians in Eq. (A1),

VQ:L:
ΞcD̄� ¼

�
1

12
− ðI1 · I2Þ

�
C1: ðA7Þ

A match between Eq. (17) and Eq. (A7) gives

D̃a ¼ 0; D̃b ¼ 0; Ẽa ¼ −
1

4
C1; Ẽb ¼ 0;

ðA8Þ

where D̃b ¼ Ẽb ¼ 0 is the consequence of Jl ¼ 0 for the
light diquark in Ξc, i.e., the spin-spin interaction vanishes
for the B3̄ baryons.
Because the exchange particles we considered in

Eq. (A1) are only octets, thus the final results show that
the LECs Da, Db, and D̃a are all zero. Their values
should be contributed by the singlets exchange. We could
estimate the Da, Db, and D̃a by replacing the octets in S
and A with the nonet. An alternative way is to expand
the Gell-Mann matrices in Eqs. (7) and (8) with
λ0 ¼

ffiffiffiffiffiffiffiffi
2=3

p
diagf1; 1; 1g. The extra λ0 terms can be

matched to the Da, Db, and D̃a terms. The relations read

Da ¼
2

3
Ea; Db ¼

2

3
Eb; D̃a ¼

2

3
D̃a: ðA9Þ

We attempt to include the influences of Da, Db, and D̃a
on the numerical results in the SU(3) case. Considering the
masses of the singlets are heavier than those of the octets,
we adopt the half values in Eq. (A9) as their limits to give a
conservative estimation. Finally, the values of these LECs
are given in Table IV.

TABLE IV. The values of the LECs in Eqs. (7) and (8)
estimated with quark model (in units of GeV−2).

Da Db Ea Eb

0� 12.6 0� 1.3 −37.9 −3.9

D̃a D̃b Ẽa Ẽb
0� 3.2 0 18.9 0
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APPENDIX B: SOME DISCUSSIONS ON THE
ΛcD̄

ð�Þ
s , ΣcD̄

ð�Þ
s , Σ�

cD̄
ð�Þ
s , AND Ωð�Þ

c D̄ð�Þ
s SYSTEMS

In addition to the ΞcD̄ð�Þ, Ξ0
cD̄ð�Þ, and Ξ�

cD̄ð�Þ systems we
presented above, the strange hidden charm configuration

can also be the ΛcD̄
ð�Þ
s , ΣcD̄

ð�Þ
s , and Σ�

cD̄
ð�Þ
s systems, even

the three strange systems Ωð�Þ
c D̄ð�Þ

s . In this appendix, we
discuss the possibility of the existence of bound states in
these systems. There are ten systems by unfolding the
different combinations. We first list their leading order
contact potentials in the following,

VΛcD̄s
¼ 2D̃a −

4

3
Ẽa; ðB1Þ

VΛcD̄�
s
¼ 2D̃a −

4

3
Ẽa þ

�
2D̃b −

4

3
Ẽb

�
σ · T; ðB2Þ

VΣcD̄s
¼ −Da þ

2

3
Ea; ðB3Þ

VΣcD̄�
s
¼ −Da þ

2

3
Ea þ

2

3

�
−Db þ

2

3
Eb

�
σ · T; ðB4Þ

VΣ�
cD̄s

¼ −Da þ
2

3
Ea; ðB5Þ

VΣ�
cD̄�

s
¼ −Da þ

2

3
Ea þ

�
−Db þ

2

3
Eb

�
σrs · T; ðB6Þ

VΩcD̄s
¼ −Da −

4

3
Ea; ðB7Þ

VΩcD̄�
s
¼ −Da −

4

3
Ea þ

2

3

�
−Db −

4

3
Eb

�
σ · T; ðB8Þ

VΩ�
cD̄s

¼ −Da −
4

3
Ea; ðB9Þ

VΩ�
cD̄�

s
¼ −Da −

4

3
Ea þ

�
−Db −

4

3
Eb

�
σrs · T: ðB10Þ

Yet, there does not exist the one-pion-exchange potential
for these systems at the leading order. The exchange

particle can only be the η meson for the ΣcD̄
ð�Þ
s , Σ�

cD̄
ð�Þ
s ,

and Ωð�Þ
c D̄ð�Þ

s systems. In the previous sections, we notice
that the influence of one-eta-exchange is rather feeble. So
the leading order contribution is dominantly from the
contact terms.
The situation becomes intractable to the next-to-leading

order. On the one hand, since the exchanged particles in the
loops are the kaon and ηmeson, their masses are about four
times larger than the pion mass. The large mass of kaon and
η meson would make the loop diagram contribution being
immoderately enhanced, which breaks the convergence of
chiral expansion. In other words, the prediction is not stable
any more in this case. This is why we did not consider the
kaon and η meson exchange for the ΞcD̄ð�Þ, Ξ0

cD̄ð�Þ, and
Ξ�
cD̄ð�Þ systems in the loop diagrams. On the other hand, we

obtained the cutoff Λ ≃ 0.4 GeV by fitting the newly
observed Pc states. The kaon and η meson masses are
obviously larger than the cutoff, thus the kaon and η meson
contributions can be regarded as being integrated out and
packaged into the LECs. Therefore, we do not try to
explicitly calculate the two-kaon- and two-eta-exchange
contributions for these systems. Alternatively, we focus on
the contact interaction to conservatively investigate the
behavior of their potentials.
Using the estimated LECs in Table IV, the potentials of

the ΛcD̄
ð�Þ
s , ΣcD̄

ð�Þ
s , and Σ�

cD̄
ð�Þ
s systems are attractive, but

the attractions are too weak to form the bound states. We
also tried to add half value to the LECs, but no binding

solutions are found yet. The potentials of the Ωð�Þ
c D̄ð�Þ

s

systems are all repulsive, thus there also are no bound

states in the Ωð�Þ
c D̄ð�Þ

s systems. The investigation on the
ΞcD̄ð�Þ, Ξ0

cD̄ð�Þ, and Ξ�
cD̄ð�Þ systems shows that the strong

attractive potentials are provided by the isospin-isospin
interactions in the leading contact terms. However, for the

ΛcD̄
ð�Þ
s , ΣcD̄

ð�Þ
s , Σ�

cD̄
ð�Þ
s , and Ωð�Þ

c D̄ð�Þ
s systems, there does

not exist the isospin-isospin interactions, thus our study
indicates it is hard to form the bound states in these
systems.
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