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In the present work, the strong decays of the newly observed Pcsð4338Þ as well as its high isospin
cousin Pcsð4460Þ are studied via the QCD sum rules. According to conservation of isospin, spin, and
parity, the hadronic coupling constants in four decay channels are obtained; then, the partial decay widths
are obtained. The total width of the Pcsð4338Þ coincides with the experimental data nicely, while the
predictions for the Pcsð4460Þ can be testified in the future experiment and shed light on the nature of the
Pcsð4338Þ.
DOI: 10.1103/PhysRevD.110.014008

I. INTRODUCTION

In recent years, several Pc and Pcs exotic states, such as
the Pcð4312Þ, Pcð4380Þ, Pcð4440Þ, Pcð4457Þ, Pcð4337Þ,
Pcsð4459Þ, and Pcsð4338Þ, were observed by the LHCb
Collaboration [1–5]; they are hidden-charm pentaquark
(molecule) candidates with or without strangeness.
Except for the Pcð4337Þ, the Pc and Pcs exotic states lie

near the thresholds of the Σð�Þ
c D̄ð�Þ and ΞcD̄ð�Þ pairs,

respectively, and it is natural to consider them as the
meson-baryon molecules or color singlet-singlet type pen-
taquark states. In the present study, we will focus on the
exotic Pcsð4338Þ observed in the J=ψΛ channel [5]. Its
measured Breit-Wigner mass and width are 4338.2� 0.7�
0.4 MeV and 7.0� 1.2� 1.3 MeV, respectively. The pre-
ferred spin-parity is JP ¼ 1

2
− [5]. Its discovery is in line with

observation of the P�
c ð4337Þ in the J=ψp and J=ψp̄

channels [4].
In Ref. [6], the Pcsð4338Þ is considered as the ΞcD̄

molecule via the effective field theory. In Ref. [7], the mass
and width of thePcsð4338Þ are studied by assigning it as the
meson-baryon molecule with the IJP ¼ 01

2
− based on the

constituent quark model, and partial widths of its strong
decays are obtained in details. In Ref. [8], the Pcsð4338Þ is
interpreted as the ΞcD̄ molecular state with the JP ¼ 1

2
− via

the quasipotential Bethe-Salpeter equation, and new struc-
tures are predicted. In Ref. [9], the mass and decays of the
Pcsð4338Þ are studied with the QCD sum rules by consid-
ering it as the ΞcD̄ molecule with the spin-parity JP ¼ 1

2
−.

For some other interesting works focusing on the
Pcsð4338Þ, one can consult Refs. [10–24]. Along with
the popular acceptance of the meson-baryon molecule
assignment for the Pcsð4338Þ, debates do exist about its
nature; for example, in Refs. [25,26], the Pcsð4338Þ is
assigned as the compact pentaquark state.
For our research work on the Pcsð4338Þ, we consider

that it has the definite isospin, spin, and parity IJP ¼ 01
2
−

and identify it as the ΞcD̄ hadronic molecule via the QCD
sum rules [11]. Moreover, our calculations show that there
maybe exist a high isospin cousin Pcsð4460Þ, which is
assigned as the ΞcD̄ resonant state. In Refs. [27,28], we
distinguish the isospin, spin, and parity; study the mass
spectrum of the hidden-charm pentaquark molecular states
without strangeness and with strangeness in a systematic
way; and make possible assignments of the existing
pentaquark candidates and predict many new exotic states.
If those predicted states could be observed in the future
experiment, it would testify to our interpretation of the
nature of the Pcsð4338Þ, Pcð4312Þ, Pcsð4480Þ, and
Pcsð4440Þ. In Ref. [29], we study the strong decays of
the pentaquark molecule candidate Pcð4312Þ and its higher
isospin cousin Pcð4330Þ with the QCD sum rules to
examine their nature. Now, we study the strong decays
of the Pcsð4338Þ and Pcsð4460Þ in detail to provide some
useful information for the future high-energy experiment.
This paper is arranged as follows. The QCD sum rules

for the strong decays are derived in Sec. II. The QCD sum
rules for the Λ and Σ baryons are studied in Sec. III.
Numerical calculations and discussions are presented in
Sec. IV. Section V is reserved for the conclusions.

II. QCD SUM RULES FOR THE STRONG DECAYS
OF THE Pcsð4338Þ AND Pcsð4460Þ

In Ref. [11], the quantum numbers IJP of the exotic
pentaquark molecular states with strangeness Pcsð4338Þ
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and Pcsð4460Þ are assigned as 01
2
− and 11

2
−, respectively, and the currents JPðxÞ and JP0 ðxÞ are applied to interpolate the

Pcsð4338Þ and Pcsð4460Þ, respectively,

JPðxÞ ¼
1ffiffiffi
2

p εijk½uiTðxÞCγ5sjðxÞckðxÞc̄ðxÞiγ5dðxÞ − diTðxÞCγ5sjðxÞckðxÞc̄ðxÞiγ5uðxÞ�;

JP0 ðxÞ ¼ 1ffiffiffi
2

p εijk½uiTðxÞCγ5sjðxÞckðxÞc̄ðxÞiγ5dðxÞ þ diTðxÞCγ5sjðxÞckðxÞc̄ðxÞiγ5uðxÞ�; ð1Þ

where i2 ¼ −1, i, j, k are the color indices and the C
represents the charge conjugation matrix. It is worth
mentioning that both the currents JPðxÞ and JP0 ðxÞ are
the color-singlet–color-singlet currents, which are applied to
study the related molecular states in the framework of the
QCD sum rules. We are also interested in the argument that
the Pcsð4338Þ may be a compact pentaquark state [25,26];
furthermore, for the Pcsð4459Þ, we applied both the scalar-
diquark-scalar-diquark-antiquark type current [30] and
color-singlet–singlet currents [11,28] to interpolate this
exotic state. Similar works have been done for the
Pcð4312Þ, Pcð4440Þ, and Pcð4457Þ [27,31,32]. It will be
surely meaningful to construct some new five-quark cur-
rents to explore the possible compact pentaquark candidate
Pcsð4338Þ in our future work.

At present, we consider conservation of the IJP in the
strong decays and study the typical decay channels,

Pcsð4338Þ → ηc þ Λ;

Pcsð4338Þ → J=ψ þ Λ;

Pcsð4460Þ → ηc þ Σ;

Pcsð4460Þ → J=ψ þ Σ; ð2Þ

where the IJP of the ηc, J=ψ , Λ, and Σ are 00−, 01−, 01
2
þ,

and 11
2
þ, respectively. The interpolating currents of those

mesons and baryons are written as

JηcðxÞ ¼ c̄ðxÞiγ5cðxÞ;
JJ=ψ ;μðxÞ ¼ c̄ðxÞγμcðxÞ;

JΛðxÞ ¼
ffiffiffi
2

3

r
εijk½uiTðxÞCγαsjðxÞγ5γαdkðxÞ − diTðxÞCγαsjðxÞγ5γαukðxÞ�;

JΣðxÞ ¼ εijkuiTðxÞCγαdjðxÞγαγ5skðxÞ: ð3Þ
Now, the three-point correlation functions for those decay channels can be written as

ΠPðp; qÞ ¼ i2
Z

d4xd4yeip·xeiq·yh0jTfJηcðxÞJΛðyÞJ̄Pð0Þgj0i; ð4Þ

ΠP;μðp; qÞ ¼ i2
Z

d4xd4yeip·xeiq·yh0jTfJJ=ψ ;μðxÞJΛðyÞJ̄Pð0Þgj0i; ð5Þ

ΠP0 ðp; qÞ ¼ i2
Z

d4xd4yeip·xeiq·yh0jTfJηcðxÞJΣðyÞJ̄P0 ð0Þgj0i; ð6Þ

ΠP0;μðp; qÞ ¼ i2
Z

d4xd4yeip·xeiq·yh0jTfJJ=ψ ;μðxÞJΣðyÞJ̄P0 ð0Þgj0i; ð7Þ

where the T is the time-order operator. At the hadronic sides, a complete set of intermediate hadron states which have the
same quantum numbers IJP as the corresponding currents is inserted [33–35]. Those correlation functions are shown as
follows after the contributions of the ground states being isolated,

ΠPðp; qÞ ¼
fηcm

2
ηc

2mc
λΛλPgηΛ

ð=qþmΛÞð=p0 þmPÞ
ðm2

P − p02Þðm2
ηc − p2Þðm2

Λ − q2Þ þ � � � ; ð8Þ
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ΠP;μðp; qÞ ¼ fJ=ψmJ=ψλΛλP
−i

ðm2
P − p02Þðm2

J=ψ − p2Þðm2
Λ − q2Þ

�
−gμα þ

pαpμ

p2

�

× ð=qþmΛÞ
�
gJ=ψΛ;Vγα −

igJ=ψΛ;T
mP þmΛ

σαβpβ

�
γ5ð=p0 þmPÞ þ � � � ; ð9Þ

ΠP0 ðp; qÞ ¼ fηcm
2
ηc

2mc
λΣλP0gηΣ

ð=qþmΣÞð=p0 þmP0 Þ
ðm2

P0 − p02Þðm2
ηc − p2Þðm2

Σ − q2Þ þ � � � ; ð10Þ

ΠP0;μðp; qÞ ¼ fJ=ψmJ=ψλΣλP0
−i

ðm2
P0 − p02Þðm2

J=ψ − p2Þðm2
Σ − q2Þ

�
−gμα þ

pαpμ

p2

�

× ð=qþmΣÞ
�
gJ=ψΣ;Vγα −

igJ=ψΣ;T
mP0 þmΣ

σαβpβ

�
γ5ð=p0 þmP0 Þ þ � � � ; ð11Þ

where the gηΛ, gηΣ, gJ=ψΛ;V , gJ=ψΛ;T , gJ=ψΣ;V , and gJ=ψΣ;T are the hadronic coupling constants; the λP, λP0 , λΛ, and λΣ are the
pole residues of the Pcsð4338Þ, Pcsð4460Þ, Λ, and Σ, respectively; and the fηc and fJ=ψ are the decay constants of the
mesons ηc and J=ψ , respectively. Moreover, those constants satisfy the following definitions,

h0jJPð0ÞjPPðp0Þi ¼ λPUPðp0Þ;
h0jJP0 ð0ÞjPP0 ðp0Þi ¼ λP0UP0 ðp0Þ;

h0jJΛð0ÞjΛðqÞi ¼ λΛUΛðqÞ;
h0jJΣð0ÞjΣðqÞi ¼ λΣUΣðqÞ;

h0jJJ=ψ ;μð0ÞjJ=ψðpÞi ¼ fJ=ψmJ=ψεμ;

h0jJηcð0ÞjηcðpÞi ¼
fηcm

2
ηc

2mc
; ð12Þ

hηcðpÞΛðqÞjPPðp0Þi ¼ igηΛŪΛðqÞUPðp0Þ;

hJ=ψðpÞΛðqÞjPPðp0Þi ¼ ŪΛðqÞε�α
�
gJ=ψΛ;Vγα − i

gJ=ψΛ;T
mP þmΛ

σαβpβ

�
γ5UPðp0Þ;

hηcðpÞΣðqÞjPP0 ðp0Þi ¼ igηΣŪΣðqÞUP0 ðp0Þ;

hJ=ψðpÞΣðqÞjPP0 ðp0Þi ¼ ŪΣðqÞε�α
�
gJ=ψΣ;Vγα − i

gJ=ψΣ;T
mP0 þmΣ

σαβpβ

�
γ5UP0 ðp0Þ; ð13Þ

where the jPPi, jPP0 i, jΛi, jΣi, jηci, and jJ=ψi represent
the ground states Pcsð4338Þ, Pcsð4460Þ, Λ, Σ, ηc, and J=ψ ,
respectively; the UP, UP0 , UΛ, and UΣ are the Dirac
spinors; and the εμ stands for the polarization vector of the
J=ψ meson, and εμ satisfies the formula

P
εμε

�
α ¼

−gμα þ pμpα

p2 .

It is reasonable to suppose that the hadronic
sides ΠHðp; qÞ and QCD sides ΠQCDðp; qÞ of the
correlation functions should match with each other
[29,36,37],

Tr½ΠHðp; qÞ · Γ� ¼ Tr½ΠQCDðp; qÞ · Γ�; ð14Þ
where the Γ is any matrix in the Dirac spinor space. In the
present study, the Γ are chosen as σμν and γμ for both the
ΠPðp; qÞ and ΠP0 ðp; qÞ; when setting Γ ¼ σμν, the tensor
structure is chosen as pμqν − qμpν, and as for Γ ¼ γμ, the
structure qμ is picked out. For the correlation functions
ΠP;μðp; qÞ and ΠP0;μðp; qÞ, the Γ are chosen as γ5=z and γ5,
and then the resulting tensor structures are qμp · z and qμ,
respectively. For clarity, the chosen tensor structures are
expressed as
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1

4
Tr½ΠPðp; qÞσμν� ¼ Πaðp02; p2; q2Þiðpμqν − qμpνÞ þ � � � ;
1

4
Tr½ΠPðp; qÞiγμ� ¼ Πbðp02; p2; q2Þiqμ þ � � � ;

1

4
Tr½ΠP;μðp; qÞγ5=z� ¼ Πcðp02; p2; q2Þiqμp · zþ � � � ;
1

4
Tr½ΠP;μðp; qÞγ5� ¼ Πdðp02; p2; q2Þiqμ þ � � � ;

1

4
Tr½ΠP0 ðp; qÞσμν� ¼ Πeðp02; p2; q2Þiðpμqν − qμpνÞ þ � � � ;
1

4
Tr½ΠP0 ðp; qÞiγμ� ¼ Πfðp02; p2; q2Þiqμ þ � � � ;

1

4
Tr½ΠP0;μðp; qÞγ5=z� ¼ Πgðp02; p2; q2Þiqμp · zþ � � � ;
1

4
Tr½ΠP0;μðp; qÞγ5� ¼ Πhðp02; p2; q2Þiqμ þ � � � : ð15Þ

At the QCD sides, all the quark fields are contracted via the Wick theorem, and then the operator product expansions are
performed. For the analytical calculations of the quark fields, the integrals of the light and heavy quarks are solved in the
coordinate space and momentum space, respectively [36,37]. Since the relation p0 ¼ pþ q holds for all the two-body decay
channels considered in the present study, the p02 is set as ξp2, where the ξ is a constant relied on the particular decay channel

[29], taking the decay channelPcsð4338Þ → ηc þ Λ, for example, ξ ¼ m2
Λ

m
η2c

þ 1. Following the rigorous quark-hadron duality

below the continuum thresholds [38–42], double Borel transformations are applied; then, the QCD sum rules for the
hadronic coupling constants are derived as

fηcm
2
ηcλΛλPgηΛ;a
2mcξ

1
m2

P
ξ −m2

ηc

�
exp

�
−
m2

ηc

T2
1

�
− exp

�
−
m2

P

ξT2
1

��
exp

�
−
m2

Λ
T2
2

�
þ Ca exp

�
−
m2

ηc

T2
1

−
m2

Λ
T2
2

�

¼
Z

s0ηc

4m2
c

ds
Z

s0Λ

0

du ρaðs; uÞ exp
�
−

s
T2
1

−
u
T2
2

�
; ð16Þ

fηcm
2
ηcλΛλPgηΛ;b
2mcξ

mP þmΛ
m2

P
ξ −m2

ηc

�
exp

�
−
m2

ηc

T2
1

�
− exp

�
−
m2

P

ξT2
1

��
exp

�
−
m2

Λ
T2
2

�
þ Cb exp

�
−
m2

ηc

T2
1

−
m2

Λ
T2
2

�

¼
Z

s0ηc

4m2
c

ds
Z

s0Λ

0

du ρbðs; uÞ exp
�
−

s
T2
1

−
u
T2
2

�
; ð17Þ

fJ=ψmJ=ψλΛλP
ξ

gJ=ψΛ;T=V
m2

P
ξ −m2

J=ψ

�
exp

�
−
m2

J=ψ

T2
1

�
− exp

�
−
m2

P

ξT2
1

��
exp

�
−
m2

Λ
T2
2

�
þ CJ=ψΛ;T=V exp

�
−
m2

J=ψ

T2
1

−
m2

Λ
T2
2

�

¼
Z

s0J=ψ

4m2
c

ds
Z

s0Λ

0

du ρJ=ψΛ;T=Vðs; uÞ exp
�
−

s
T2
1

−
u
T2
2

�
; ð18Þ

fηcm
2
ηcλΣλP0gηΣ;e
2mcξ

1
m2

P0
ξ −m2

ηc

�
exp

�
−
m2

ηc

T2
1

�
− exp

�
−
m2

P0

ξT2
1

��
exp

�
−
m2

Σ
T2
2

�
þ Ce exp

�
−
m2

ηc

T2
1

−
m2

Σ
T2
2

�

¼
Z

s0ηc

4m2
c

ds
Z

s0Σ

0

du ρeðs; uÞ exp
�
−

s
T2
1

−
u
T2
2

�
; ð19Þ
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fηcm
2
ηcλΣλP0gηΣ;f
2mcξ

mP0 þmΣ
m2

P0
ξ −m2

ηc

�
exp

�
−
m2

ηc

T2
1

�
− exp

�
−
m2

P0

ξT2
1

��
exp

�
−
m2

Σ
T2
2

�
þ Cf exp

�
−
m2

ηc

T2
1

−
m2

Σ
T2
2

�

¼
Z

s0ηc

4m2
c

ds
Z

s0Σ

0

du ρfðs; uÞ exp
�
−

s
T2
1

−
u
T2
2

�
; ð20Þ

fJ=ψmJ=ψλΣλP0

ξ

gJ=ψΣ;T=V
m2

P0
ξ −m2

J=ψ

�
exp

�
−
m2

J=ψ

T2
1

�
− exp

�
−
m2

P0

ξT2
1

��
exp

�
−
m2

Σ
T2
2

�
þ CJ=ψΣ;T=V exp

�
−
m2

J=ψ

T2
1

−
m2

Σ
T2
2

�

¼
Z

s0J=ψ

4m2
c

ds
Z

s0Σ

0

du ρJ=ψΣ;T=Vðs; uÞ exp
�
−

s
T2
1

−
u
T2
2

�
; ð21Þ

where

CJ=ψΛ;T ¼ ½ðmP −mΛÞCc þ Cd�
mP þmΛ

m2
P −m2

Λ −m2
J=ψ

;

ρJ=ψΛ;Tðs; uÞ ¼ ½ðmP −mΛÞρcðs; uÞ þ ρdðs; uÞ�
mP þmΛ

m2
P −m2

Λ −m2
J=ψ

;

CJ=ψΛ;V ¼
�

m2
J=ψ

mP þmΛ
Cc þ Cd

�
mP þmΛ

m2
P −m2

Λ −m2
J=ψ

;

ρJ=ψΛ;Vðs; uÞ ¼
�

m2
J=ψ

mP þmΛ
ρcðs; uÞ þ ρdðs; uÞ

�
mP þmΛ

m2
P −m2

Λ −m2
J=ψ

; ð22Þ

CJ=ψΣ;T ¼ ½ðmP0 −mΣÞCg þ Ch�
mP0 þmΣ

m2
P0 −m2

Σ −m2
J=ψ

;

ρJ=ψΣ;Tðs; uÞ ¼ ½ðmP0 −mΣÞρgðs; uÞ þ ρhðs; uÞ�
mP0 þmΣ

m2
P0 −m2

Σ −m2
J=ψ

;

CJ=ψΣ;V ¼
�

m2
J=ψ

mP0 þmΣ
Cg þ Ch

�
mP0 þmΣ

m2
P0 −m2

Σ −m2
J=ψ

;

ρJ=ψΣ;Vðs; uÞ ¼
�

m2
J=ψ

mP0 þmΣ
ρgðs; uÞ þ ρhðs; uÞ

�
mP0 þmΣ

m2
P0 −m2

Σ −m2
J=ψ

; ð23Þ

the T1 and T2 are the Borel parameters; the ρZðs; uÞ are
spectral densities at the QCD sides derived from the
corresponding correlation functions ΠZðp02; p2; q2Þ;
the subscript Z stands for a; b; · · ·; h; and the CZ are the
unknown parameters determined by choosing flat Borel
platforms for the related hadronic coupling constants in the
numerical calculations.

III. QCD SUM RULES
FOR THE Λ AND Σ BARYONS

The masses of the Λ and Σ baryons can be cited from the
Particle Data Group [43]; however, in order to perform the
numerical calculations, we need the pole residues λΛ=Σ and
continuum threshold parameters s0Λ=Σ, which should be

determined by the QCD sum rules. There have been several
currents to interpolate the Λ=Σ baryons, and we choose the
Ioffe currents [44,45] and update the calculations. Then, we
write down the two-point correlation functions,

ΠΛ=ΣðqÞ ¼ i
Z

d4yeiq·yh0jTfJΛ=ΣðyÞJ̄Λ=Σð0Þgj0i: ð24Þ

A complete set of baryon states with the same quantum
numbers as the currents JΛ=ΣðyÞ are inserted into the
correlation functions, and only considering the contribu-
tions from the ground states [33–35], the hadronic sides are
acquired:
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ΠΛ=ΣðqÞ ¼ λ2Λ=Σ
=qþmΛ=Σ

m2
Λ=Σ − q2

þ � � � ;

¼ Π1
Λ=Σðq2Þ=qþ Π0

Λ=Σðq2Þ þ � � � : ð25Þ

The structures =q and 1 are chosen; therefore, the four QCD sum rules are acquired,

λ2Λ=Σ exp

�
−
m2

Λ=Σ

T2

�
¼

Z
s0Λ=Σ

0

ρ1Λ=Σ;QCDðuÞ exp
�
−

u
T2

�
du;

mΛ=Σλ
2
Λ=Σ exp

�
−
m2

Λ=Σ

T2

�
¼

Z
s0Λ=Σ

0

ρ0Λ=Σ;QCDðuÞ exp
�
−

u
T2

�
du; ð26Þ

where

ρ1Λ;QCDðuÞ ¼
u2

64π4
−
�
1

3
mshq̄qi −

1

4
mshs̄si

�
1

π2
þ hg2sGGi

1

128π4
þ
�
1

12
mshq̄gsσGqi −

1

12
mshs̄gsσGsi

�
δðuÞ
π2

−
�
2

9
hq̄qi2 − 8

9
hq̄qihs̄si

�
δðuÞ þ 1

27
hq̄qi2g2s

δðuÞ
π2

þ 37

15696
mshg2sGGihs̄si

δðuÞ
π2T2

þ
�
1

6
hq̄qihq̄gsσGqi −

2

9
hq̄qihs̄gsσGsi −

1

9
hq̄gsσGqihs̄si

�
δðuÞ
T2

; ð27Þ

ρ0Λ;QCDðuÞ ¼ −ms
u2

96π4
−
�
1

3
hq̄qi − 1

12
hs̄si

�
u
π2

þmshg2sGGi
1

384π4
þ ðhq̄gsσGqi − hs̄gsσGsiÞ

1

24π2

þ
�
4

3
mshq̄qi2 −

4

9
mshq̄qihs̄si

�
δðuÞ −mshq̄qi2g2s

δðuÞ
243π2

þ
�
1

96
hg2sGGihq̄qi −

1

288
hg2sGGihs̄si

�
δðuÞ
π2

; ð28Þ

ρ1Σ;QCDðuÞ ¼
u2

128π4
þmshs̄si

1

8π2
þ hg2sGGi

1

256π4
−mshs̄gsσGsi

δðuÞ
24π2

þ hq̄qi2 δðuÞ
3

þ
�
1

81
hq̄qi2g2s þ

1

162
hs̄si2g2s

�
δðuÞ
π2

− hq̄qihq̄gsσGqi
δðuÞ
12T2

; ð29Þ

ρ0Σ;QCDðuÞ ¼ ms
u2

64π4
− hs̄si u

8π2
−mshg2sGGi

1

256π4
þmshq̄qi2

2δðuÞ
3

þmsg2shq̄qi2
δðuÞ
162π2

þ hs̄sihg2sGGi
δðuÞ
288π2

: ð30Þ

It is straightforward to obtain the analytical expressions of
the masses of the Λ and Σ baryons,

m2
Λ=Σ ¼ − ∂

∂τ

R s0Λ=Σ
0 ρ1=0Λ=Σ;QCDðuÞ exp ð− u

T2ÞduR s0Λ=Σ
0 ρ1=0Λ=Σ;QCDðuÞ exp ð− u

T2Þdu
; ð31Þ

where τ ¼ 1
T2. The QCD sum rules in Eq. (31) are used to

reproduce the experimental values of the masses of the Λ
and Σ baryons [43].

IV. NUMERICAL RESULTS AND DISCUSSIONS

For the traditional QCD sum rules, the vacuum con-
densates are input parameters in the numerical calculations.
Their standard values are determined to be hq̄qi¼
−ð0.24�0.01GeVÞ3, hs̄si¼ð0.8�0.1Þhq̄qi, hq̄gsσGqi ¼
m2

0hq̄qi, hs̄gsσGsi ¼ m2
0hs̄si, m2

0 ¼ ð0.8� 0.1Þ GeV2, and
hαsπ GGi ¼ ð0.33 GeVÞ4 at the energy scale μ ¼ 1 GeV

[33–35,45]. The MS masses mcðmcÞ ¼ ð1.275�
0.025Þ GeV and msð2 GeVÞ ¼ ð0.095� 0.005Þ GeV are
taken from the Particle Data Group [43]. In the QCD sum
rules for the masses and hadronic coupling constants, there
are terms of the form g2shq̄qi2, which comes from the terms
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hq̄γμtaqgsDηGa
λτi, hq̄jD†

μD†
νD

†
αqii, and hq̄jDμDνDαqii rather than coming from the perturbative OðαsÞ corrections for the

four-quark condensates hq̄qi2 [46–48], where Dα ¼ ∂α − igsGα. The strong coupling constant αsðμÞ ¼ g2sðμÞ
4π appears at the

tree level, which is energy-scale dependent, and we should take account of the energy scale dependence in a consistent way.
The energy-scale dependence of the input parameters is written as

hq̄qiðμÞ ¼ hq̄qið1 GeVÞ
�
αsð1 GeVÞ

αsðμÞ
� 12

33−2nf ;

hs̄siðμÞ ¼ hs̄sið1 GeVÞ
�
αsð1 GeVÞ

αsðμÞ
� 12

33−2nf ;

hq̄gsσGqiðμÞ ¼ hq̄gsσGqið1 GeVÞ
�
αsð1 GeVÞ

αsðμÞ
� 2

33−2nf ;

hs̄gsσGsiðμÞ ¼ hs̄gsσGsið1 GeVÞ
�
αsð1 GeVÞ

αsðμÞ
� 2

33−2nf ;

mcðμÞ ¼ mcðmcÞ
�
αsðμÞ
αsðmcÞ

� 12
33−2nf ;

msðμÞ ¼ msð2 GeVÞ
�

αsðμÞ
αsð2 GeVÞ

� 12
33−2nf ;

αsðμÞ ¼
1

b0t

�
1 −

b1
b20

log t
t

þ b21ðlog2t − log t − 1Þ þ b0b2
b40t

2

�
; ð32Þ

where t ¼ log μ2

Λ2
QCD

, b0 ¼ 33−2nf
12π , b1 ¼ 153−19nf

24π2
, b2 ¼

2857−5033
9
nfþ325

27
n2f

128π3
and ΛQCD ¼ 213 MeV, 296 MeV,

339 MeV for the flavors nf ¼ 5, 4, 3, respectively
[43,49]. In the present work, for the strong decays
nf ¼ 4, for the Λ and Σ baryons, nf ¼ 3. The energy

scales μ are set as mηc
2

for the decay channels Pcsð4338Þ →
ηc þ Λ and Pcsð4460Þ → ηc þ Σ, μ ¼ mJ=ψ

2
for the decay

channels Pcsð4338Þ → J=ψ þ Λ and Pcsð4460Þ →
J=ψ þ Σ, and the energy scale is set as μ ¼ 1 GeV for
the QCD sum rules of the Λ and Σ baryons.
For the mass of the Pcsð4338Þ, we use the experimental

result mP ¼ 4.338 GeV [5], and for the mass of the
Pcsð4460Þ, we follow the conclusion of Ref. [11] and
set it as mP0 ¼ 4.460 GeV. From the Particle Data Group
[43], the masses of the mesons and baryons are chosen as
mηc ¼ 2.984 GeV, mJ=ψ ¼ 3.097 GeV, mΛ ¼ 1.116 GeV,
and mΣ ¼ 1.189 GeV. For the pole residues of the
Pcsð4338Þ and Pcsð4460Þ, we use the values
λP ¼ 1.43 × 10−3 GeV6 and λP0 ¼ 1.37 × 10−3 GeV6 in
Ref. [11]. For the decay constants, we take the values
fJ=ψ ¼ 0.418 GeV and fηc ¼ 0.387 GeV from the
QCD sum rules combined with lattice QCD [50]. As
for the continuum threshold parameters s0ηc and s0J=ψ ,

we choose the values
ffiffiffiffiffiffi
s0ηc

q
¼ 3.50 GeV and

ffiffiffiffiffiffiffiffiffi
s0J=ψ

q
¼

3.60 GeV [36].

For the QCD sum rules of the Λ and Σ baryons,
the masses and pole residues are phenomenologically
solved via the averages mΛ=Σ ¼ 1

2
ðm1

Λ=Σ þm0
Λ=ΣÞ and

λΛ=Σ ¼ 1
2
ðλ1Λ=Σ þ λ0Λ=ΣÞ, where the m1=0

Λ=Σ and λ1=0Λ=Σ are

derived from the spectral densities ρ1=0Λ=Σ;QCDðuÞ. The dia-

grams mΛ − T2 and λΛ − T2 are shown in Fig. 1, settingffiffiffiffiffi
s0Λ

p
¼ 1.59 GeV, the Borel window ranges from T2

min ¼
1.10 GeV2 to T2

max ¼ 1.50 GeV2 with the pole contribution
being ð43–62Þ%. The central value of the extracted mass is
1.118 GeV, which coincides with the experimental data
mΛ ¼ 1.116 GeV from the Particle Data Group [43], the
pole residue is determined as λΛ ¼ 2.87 × 10−2 GeV3.
The diagrams mΣ − T2 and λΣ − T2 are shown in Fig. 2,
setting

ffiffiffiffiffi
s0Σ

p
¼ 1.68 GeV, the Borel window ranges

from T2
min ¼ 1.15 GeV2 to T2

max ¼ 1.55 GeV2, then the
pole contribution is (41–61)%. The central value of the
extracted mass is 1.188 GeV, which coincides with
the experimental data mΣ ¼ 1.189 GeV from the Particle
Data Group [43], the pole residue is determined as λΣ ¼
2.17 × 10−2 GeV3.
For the spectral densities ρZ, Z ¼ a; b; · · ·; h, they all

contain two Borel parameters T2
1 and T2

2, namely,
ρZ ¼ ρZðT2

1; T
2
2Þ; obviously, the hadronic coupling con-

stants rely on T2
1 and T2

2, that is, g ¼ gðT2
1; T

2
2Þ. For the

QCD sum rules, the error bounds due to the Borel
parameters should be small; thus, the flat Borel platform
should be obtained to extract the physical quantities, and
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then, it is straightforward to set T2
1 ¼ T2

2 ¼ T2. Via
trial and error, the Borel platforms of each hadronic cou-
pling constants are obtained by setting the free para-
meters as Ca¼5.95×10−6GeV9, Cb¼3.86×10−5GeV10,
CJ=ψΛ;T¼1.80×10−5GeV11, CJ=ψΛ;V¼2.50×10−5GeV11,
Ce ¼ −1.23 × 10−5 GeV9 þ 4.92 × 10−7T2 GeV7, Cf ¼
−7.52 × 10−5 GeV10 þ 3.01 × 10−7T2 GeV8, CJ=ψΣ;T ¼
−2.87×10−5 GeV11þ1.18×10−7T2GeV9, and CJ=ψΣ;V ¼
−3.67 × 10−5 GeV11 − 2.93 × 10−8T2 GeV9.
To estimate the error bounds, the approximations δλP

λP
¼

δλP0
λP0

¼ δλΛ
λΛ

¼ δλΣ
λΣ

¼ δfJ=ψ
fJ=ψ

¼ δfηc
fηc

are applied [37,51,52]; more-

over, the error bounds due to the parameters CZ are not
considered, and under such considerations, the g − T2

graphs are shown in Figs. 3–6, and their numerical results
are extracted as

gηΛ;a ¼ 0.184þ0.048
−0.048 ; T2 ¼ 5.5–6.5 GeV2;

gηΛ;b ¼ 0.181þ0.054
−0.054 ; T2 ¼ 5.5–6.5 GeV2;

gJ=ψΛ;T ¼ 0.135þ0.042
−0.042 ; T2 ¼ 5.5–6.5 GeV2;

gJ=ψΛ;V ¼ 0.371þ0.107
−0.107 ; T2 ¼ 6.0–7.0 GeV2;

gηΣ;e ¼ 0.577þ0.096
−0.096 ; T2 ¼ 5.5–6.5 GeV2;

gηΣ;f ¼ 0.577þ0.106
−0.106 ; T2 ¼ 6.0–7.0 GeV2;

gJ=ψΣ;T ¼ 1.012þ0.215
−0.215 ; T2 ¼ 6.0–7.0 GeV2;

gJ=ψΣ;V ¼ 0.129þ0.314
−0.324 ; T2 ¼ 6.0–7.0 GeV2: ð33Þ

Based on the hadronic coupling constants, we obtain the
corresponding partial decay widths directly,
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0.8 1.0 1.2 1.4 1.6 1.8

T
2
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FIG. 2. The numerical results of the mass (left) and pole residue (right) of the Σ baryon.
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FIG. 1. The numerical results of the mass (left) and pole residue (right) of the Λ baryon.
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FIG. 3. The gηΛ;a − T2 (left) and gηΛ;b − T2 (right) curves, where the region among the two short vertical lines of each graph represents
the Borel platforms.
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FIG. 4. The gJ=ψΛ;T − T2 (left) and gJ=ψΛ;V − T2 (right) curves, where the region among the two short vertical lines of each graph
represents the Borel platforms.

5.0 5.5 6.0 6.5 7.0

-1.0

-0.4

0.2

0.8

1.4

2.0

Central Value

Error bounds

5.5 6.0 6.5 7.0 7.5

-1.0

-0.4

0.2

0.8

1.4

2.0

Central Value

Error bounds

FIG. 5. The gηΣ;e − T2 (Left) and gηΣ;f − T2 (right) curves, where the region among the two short vertical lines of each graph
represents the Borel platforms.
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ΓaðPcsð4338Þ → ηcΛÞ ¼ 0.95þ0.50
−0.50 MeV;

ΓbðPcsð4338Þ → ηcΛÞ ¼ 0.92þ0.55
−0.55 MeV;

ΓðPcsð4338Þ → J=ψΛÞ ¼ 5.21þ8.00
−5.21 MeV;

ΓeðPcsð4460Þ → ηcΣÞ ¼ 11.04þ3.67
−3.67 MeV;

ΓfðPcsð4460Þ → ηcΣÞ ¼ 11.04þ4.06
−4.06 MeV;

ΓðPcsð4460Þ → J=ψΣÞ ¼ 14.76þ22.71
−14.76 MeV; ð34Þ

where the Γa in Eq. (34) is due to the hadronic coupling
constants gηΛ;a in Eq. (16), the Γb in Eq. (34) is due to the
hadronic coupling constants gηΛ;b in Eq. (17), the Γe in
Eq. (34) is due to the hadronic coupling constants gηΣ;e in
Eq. (19), the Γf in Eq. (34) is due to the hadronic coupling
constants gηΣ;f in Eq. (20). Taking the average value
1
2
ðΓa þ ΓbÞ, the width of the Pcsð4338Þ is then 6.15 MeV,

and it is in good agreement with experimental data [5];
moreover, the ratio of the partial decay widths is

ΓðPcsð4338Þ → ηcΛÞ
ΓðPcsð4338Þ → J=ψΛÞ ¼ 0.18: ð35Þ

As for the Pcsð4460Þ is the high isospin cousin of the
Pcsð4338Þ, we take the average value 1

2
ðΓe þ ΓfÞ, the width

of this resonance state is then 25.80 MeV, the ratio of its
partial decay widths,

ΓðPcsð4460Þ → ηcΣÞ
ΓðPcsð4460Þ → J=ψΣÞ ¼ 0.48: ð36Þ

V. CONCLUSIONS

In the present work, the hadronic coupling constants in
the two-body strong decays of the Pcsð4338Þ and Pcsð4460Þ
are studied via the QCD sum rules. The numerical results
show that the theoretical calculations are in good agreement
with the experimental data for the width of the Pcsð4338Þ
and the ratio of the partial decay widths is waiting for more
experimental data to testify, it will in return judge our
interpretation of the physical nature of the exotic pentaquark
candidate Pcsð4338Þ. The hadronic decay widths for the
predicted state Pcsð4460Þ are also obtained, which will
present additional information for the possible observation
of this state in the future experiment.
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