
 

Partial decay widths of Pcð4312Þ as a D̄Σc molecular state

Yong-Jiang Xu,1,* Chun-Yu Cui,2 Yong-Lu Liu,1 and Ming-Qiu Huang1,3,†
1Department of Physics, College of Liberal Arts and Sciences, National University of Defense Technology,

Changsha 410073, Hunan, China
2Department of Physics, Third Military Medical University (Army Medical University),

Chongqing 400038, China
3Synergetic Innovation Center for Quantum Effects and Applications, Hunan Normal University,

Changsha 410081, Hunan, China

(Received 29 July 2019; revised 24 June 2020; accepted 6 August 2020; published 25 August 2020)

In the present work, the partial decay widths of Pcð4312Þ to ηcp and J=ψp are investigated with the
QCD sum rule method under the assumption that Pcð4312Þ is a D̄Σc molecular state with JP ¼ 1

2
−. In the

analysis, the pole residue of Pcð4312Þ, one of the input parameters for the calculations of the strong
decay constants, is calculated first. With the numerical values of the strong decay constants, the partial
decay widths to ηcp and J=ψp are estimated to be ΓðPcð4312Þ → ηcpÞ ¼ 5.54þ0.75

−0.5 MeV and

ΓðPcð4312Þ → J=ψpÞ ¼ 1.67þ0.92
−0.56 MeV, respectively, which are compatible with the measured total

width of Pcð4312Þ. The results suggest that it is reasonable to assign Pcð4312Þ to be a D̄Σc molecular state
with JP ¼ 1

2
−.

DOI: 10.1103/PhysRevD.102.034028

I. INTRODUCTION

Multiquark states with quark substructures qqq̄ q̄,
qqqqq̄, and so on, are allowed both in the conventional
quark model and quantum chromodynamics (QCD), the
correct theory of the strong interaction. They provide a
good platform for studying the nonperturbative behavior of
QCD. Many physicists have focused on this topic since the
observation of Xð3872Þ in 2003 by the Belle Collaboration
[1], and there have been many theoretical and experimental
progresses on the theme in the last decade (see review
articles [2] for details).
The pentaquark states, a typical kind of multiquark

states, are the focus of research on the nonconventional
hadrons, especially after the discoveries of the Pcð4380Þ
and Pcð4450Þ states in 2015 by the LHCb Collaboration
[3]. These studies based on different assumptions about
the quark configurations of the hadrons, including meson-
baryon molecules [4–10], diquark-diquark-antiquark
pentaquarks [11–14], compact diquark-triquark penta-
quarks [15,16], the topological soliton model [17], genuine

multiquark states other than molecules [18], and kinemati-
cal effects related to the triangle singularity [19–21], etc.
Recently, a new pentaquark state Pcð4312Þ with mass

mPcð4312Þ¼4311.9�0.7þ6.8
−0.6MeV and total width ΓPcð4312Þ ¼

9.8� 2.7þ3.7
−4.5 MeV was discovered by the LHCb

Collaboration in the J=ψp invariant mass spectrum of
the Λb → J=ψpK decay [22]. Triggered by this observa-
tion, there are many theoretical investigations on the
properties of this state through different approaches,
such as QCD sum rule method [23–26], potential models
[27–31], and so on [32–37]. However, the concrete nature
and substructure of this state are not determined yet. More
experimental and theoretical investigations are necessary to
understand its properties. For example, studying its pos-
sible decay channels may provide valuable insights in this
respect.
In this paper, we study the strong decay property of

Pcð4312Þ viewed as a D̄Σc molecular state with JP ¼ 1
2

− in
the QCD sum rule method [38]. First, we calculate the
pole residue of Pcð4312Þ, one of the input parameters
when computing the strong decay constants. Then we turn
to the strong decay constants of Pcð4312Þ → ηcp and
Pcð4312Þ → J=ψp. With the above results, we give the
partial decay widths, ΓðPcð4312Þ→ηcpÞ¼5.54þ0.75

−0.5 MeV
and ΓðPcð4312Þ → J=ψpÞ ¼ 1.67þ0.92

−0.56 MeV. The basic
idea of the QCD sum rule method is that the correlation
function of interpolating currents of hadrons can be
represented in terms of hadronic parameters (the so-called
hadronic side) and calculated at quark-gluon level by
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operator product expansion (OPE) (the so-called QCD
side), and then by matching the two expressions we can
extract the physical quantities of the considered hadron.
The QCD sum rule method has extensively been used to
investigate the X, Y, Z states which are candidates for the
multiquark states; for a review, see Ref. [39]. It is reliable
for us to investigate the ground pentaquark states using this
method before more exact experiments are presented. In
fact, there are some related works about the pentaquark
states with the QCD sum rule method [14,25,40–44].
The rest of the paper is organized as follows. In Sec. II,

we give the sum rules for the pole residue of Pcð4312Þ
and the strong decay constants of Pcð4312Þ → ηcp and
Pcð4312Þ → J=ψp. Section III is devoted to the numerical
analysis, and a short summary is given in Sec. IV. In
Appendix B, the spectral densities are shown.

II. THE DERIVATION OF THE SUM RULES

In this section, the sum rules for the pole residue of
Pcð4312Þ and the strong decay constants of Pcð4312Þ →
ηcp and Pcð4312Þ → J=ψp are given.

A. The pole residue

To estimate the pole residue needed when calculating the
strong decay constants, we start with the following two-
point correlation function:

ΠðpÞ ¼ i
Z

d4xeipxh0jT½JPcðxÞJ̄Pcð0Þ�j0i

¼ pΠ1ðp2Þ þ Π2ðp2Þ; ð1Þ

where JPcðxÞ is the interpolating current of Pcð4312Þ
considered as a D̄Σc molecular state with JP ¼ 1

2
− in the

present work. According to Ref. [42], JPcðxÞ can take the
form

JPcðxÞ ¼ ½c̄ðxÞiγ5dðxÞ�½ϵabcðuTaðxÞCγμubðxÞÞγμγ5ccðxÞ�;
ð2Þ

where T denotes the matrix transposition of the Dirac
spinor indices, C means charge conjugation matrix, and a,
b, c are color indices.
There are three main steps in the QCD sum rule

calculation which are as follows:
(i) Presenting the correlation function in terms of

hadronic parameters.
(ii) Calculating the correlator via OPE at the quark-

gluon level.
(iii) Matching the two expressions with the help of

quark-hadron duality and extracting the needed
quantities.

In the last step, Borel transform is introduced to suppress
the higher and continuum states’ contributions and improve
the convergence of the OPE series.
In order to express the two-point correlation function (1)

physically, we insert a complete set of relevant states with
the same quantum numbers as JPcðxÞ between the two
interpolating currents, isolate the ground-state term, and
finally get

ΠpheðpÞ ¼ λ2Pc

pþmPc

m2
Pc

− p2
þ higher resonances; ð3Þ

where mPc
is the hadronic mass, λPc

is the pole residue of
Pcð4312Þ defined as h0jJPcð0ÞjPcðp; sÞi ¼ λPc

uðp; sÞ.
On the other hand, ΠðpÞ can be calculated theoretically

via OPE method at the quark-gluon level. To this end, one
can insert the interpolating current JPcðxÞ (2) into the
correlation function (1), contract the relevant quark fields
by Wick’s theorem, and find

ΠOPEðpÞ ¼ −2iϵabcϵa0b0c0
Z

d4xeipxγμγ5S
ðcÞ
cc0 ðxÞγνγ5

× Tr½ðiγ5ÞSðdÞdd0 ðxÞðiγ5ÞSðcÞd0dð−xÞ�
× Tr½γμSðuÞbb0 ðxÞγνCSðuÞTaa0 ðxÞC�; ð4Þ

where SðcÞðxÞ and SðqÞðxÞ; q ¼ u, d are the full charm- and
up (down)-quark propagators, whose expressions are given
in Appendix A. Through dispersion relation, ΠOPEðpÞ can
be written as

ΠOPEðpÞ ¼ p
Z

∞

4m2
c

ds
ρ1ðsÞ
s − p2

þ
Z

∞

4m2
c

ds
ρ2ðsÞ
s − p2

; ð5Þ

where ρiðsÞ ¼ 1
π ImΠOPE

i ðsÞ; i ¼ 1, 2 are the spectral den-
sities. The spectral density ρ1ðsÞ is given in Appendix B.
Finally, we match the phenomenological side (3) and the

QCD representation (5) for the Lorentz structure p,

λ2Pc

m2
Pc

− p2
þ higher resonances ¼

Z
∞

4m2
c

ds
ρ1ðsÞ
s − p2

: ð6Þ

According to quark-hadron duality, the excited and con-
tinuum states’ spectral density can be approximated by the
QCD spectral density above some effective threshold sPc

0 ,
whose value will be determined in Sec. III,

λ2Pc

m2
Pc
−p2

þ
Z

∞

sPc
0

ds
ρ1ðsÞ
s−p2

þ subtractions¼
Z

∞

4m2
c

ds
ρ1ðsÞ
s−p2

:

ð7Þ

Subtracting the contributions of the excited and continuum
states, one gets

XU, CUI, LIU, and HUANG PHYS. REV. D 102, 034028 (2020)

034028-2



λ2Pc

m2
Pc

− p2
þ subtractions ¼

Z
sPc
0

4m2
c

ds
ρ1ðsÞ
s − p2

: ð8Þ

In order to eliminate the subtraction terms, it is necessary to
make a Borel transform which can also improve the con-
vergence of the OPE series and suppress the contributions
from the excited and continuum states. As a result, we have

λ2Pc
e
−
m2
Pc

M2
B ¼

Z
sPc
0

4m2
c

dsρ1ðsÞe
− s
M2
B ; ð9Þ

where M2
B is the Borel parameter. To get the sum rules for

the mass and the pole residue λPc
, we take derivative of

Eq. (9) with respect to − 1
M2

B
and divide it by the original

expression. The final result is

m2
Pc

¼
�

d
dð− 1

M2
B
Þ
Z

sPc
0

4m2
c

dsρ1ðsÞe
− s
M2
B

�
=
Z

s0

4m2
c

dsρ1ðsÞe
− s
M2
B :

ð10Þ
Substituting the obtained mass value into Eq. (9), we can
give the sum rule of the pole residue λPc

. However, in the
present case, the mass of Pcð4312Þ is given by experiment.
In order to improve the precision, we can substitute the
experimental value of the mass in Eq. (9) to obtain the sum
rule for the pole residue λPc

.

B. The strong decay constants

In the previous subsection, the sum rule of the pole
residue of Pcð4312Þ is given. We now turn to the calcu-
lation of the strong decay constants of Pcð4312Þ → ηcp
and Pcð4312Þ → J=ψp. To this end, we begin with the
following three-point correlation functions:

Γðp; p0; qÞ ¼ i2
Z

d4xd4yeip
0xþiqy

× h0jT½JNðxÞJηcðyÞJ̄Pcð0Þ�j0i;

Γμðp; p0; qÞ ¼ i2
Z

d4xd4yeip
0xþiqy

× h0jT½JNðxÞJJ=ψμ ðyÞJ̄Pcð0Þ�j0i; ð11Þ

where p ¼ p0 þ q, JPcðxÞ is the interpolating current of
Pcð4312Þ defined in (2), JNðxÞ, JηcðxÞ and JJ=ψμ ðxÞ are the
interpolating currents of the proton, ηc and J=ψ , respec-
tively. The interpolating currents take the following form:

JNðxÞ ¼ ϵabc½uTaðxÞCγμubðxÞ�γ5γμdcðxÞ;
JηcðxÞ ¼ c̄ðxÞiγ5cðxÞ;

JJ=ψμ ðxÞ ¼ c̄ðxÞγμcðxÞ; ð12Þ
where T denotes the matrix transposition of the Dirac
spinor indices, C means charge conjugation, and a, b, c are
color indices.
Following the same procedures done above, we calculate

the three-point correlators both phenomenologically and
theoretically and extract the needed sum rules by matching
the two representations of the correlation functions.
In order to get the physical representation of the three-

point correlation functions (11), we insert complete sets of
states having the same quantum numbers as the interpolat-
ing currents into the three-point correlation functions and
define the following matrix elements:

h0jJN jNðp0Þi ¼ λNuNðp0Þ;
h0jJJ=ψμ jJ=ψðqÞi ¼ fJ=ψmJ=ψϵμðqÞ;

h0jJηc jηcðqÞi ¼
fηcm

2
ηc

2m2
c

; ð13Þ

hNðp0ÞηcðqÞjPcðpÞi ¼ igūNðp0ÞuPcðpÞ;
hNðp0ÞJ=ψðqÞjPcðpÞi ¼ ϵ�μðqÞūNðp0Þ

×

�
f1γμ − if2

σμνqν
mN þmPc

�

× γ5uPcðpÞ; ð14Þ
where fηc andmηc are the decay constant and mass of the ηc
state, mJ=ψ , fJ=ψ , and ϵμðqÞ are the mass, decay constant,
and polarization vector of the J=ψ state, λN and uNðp0Þ are
the residue and spinor of the proton, and g, f1, and f2 are
the strong decay constants, respectively. After algebraic
calculations, we reach the phenomenological side of the
sum rules as follows:

Γðp; p0; qÞ ¼
�

gλNλPc
fηcm

2
ηcðmN þmPc

Þ
2mcðm2

Pc
− p2Þðm2

ηc − q2Þðm2
N − p02Þ þ

a
ðm2

ηc − q2Þðm2
N − p02Þ

�
p0 þ � � � ; ð15Þ

Γμðp;p0;qÞ ¼
�
−

λNλPc
fJ=ψmJ=ψ

ðm2
Pc
−p2Þðm2

N −p02Þðm2
J=ψ −q2Þ

�
f1

mN þmPc

m2
J=ψ

−f2
1

mN þmPc

�
þ a1
ðm2

J=ψ −q2Þðm2
N −p02Þ

�
p 0q γ5qμ

þ
�
−

λNλPc
fJ=ψmJ=ψ

ðm2
Pc
−p2Þðm2

N −p02Þðm2
J=ψ −q2Þ

�
−f1ðmN þmPc

Þþf2
q2−p02

mN þmPc

�
þ a2
ðm2

J=ψ −q2Þðm2
N −p02Þ

�
p 0γμγ5

þ� � � ; ð16Þ
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where only the Lorentz structures p 0, p 0qγ5qμ, and p 0γμγ5 we are interested in, remained, and a, a1, and a2 are constant
parameters introduced to parametrize the transitions between the ground states and the excited states similar to Ref. [45].
On the theoretical side, by inserting the interpolating currents (2) and (13) into the three-point correlation function (11)

and contracting the quark fields, we obtain the following representation of the correlation functions:

Γðp; p0; qÞ ¼ i22ϵabcϵa0b0c0
Z

d4xd4yeip
0xþiqyγ5γ

αSðdÞcd0 ðxÞiγ5SðcÞd0dð−yÞðiγ5ÞSðcÞdc0 ðyÞγβγ5

Tr½γαSðuÞbb0 ðxÞγβCSðuÞTaa0 ðxÞC� ¼ Γðp2; p02; q2Þp0 þ � � � ; ð17Þ

Γμðp; p0; qÞ ¼ i22ϵabcϵa0b0c0
Z

d4xd4yeip
0xþiqyγ5γ

αSðdÞcd0 ðxÞiγ5SðcÞd0dð−yÞγμSðcÞdc0 ðyÞγβγ5

Tr½γαSðuÞbb0 ðxÞγβCSðuÞTaa0 ðxÞC� ¼ Γ1ðp2; p02; q2Þp0qγ5qμ þ Γ2ðp2; p02; q2Þp0γμγ5 þ � � � ; ð18Þ

where the coefficients Γðp2; p02; q2Þ, Γ1ðp2; p02; q2Þ, and Γ2ðp2; p02; q2Þ can be represented as by the dispersion relation

Γiðp2; p02; q2Þ ¼
Z

∞

4m2
c

ds
Z

∞

0

du
ρð3Þi ðp2; s; uÞ

ðs − q2Þðu − p02Þ ; ð19Þ

where Γiðp2; p02; q2Þ stand for Γðp2; p02; q2Þ, Γ1ðp2; p02; q2Þ, and Γ2ðp2; p02; q2Þ, and ρð3Þi ðp2; s; uÞ are the corresponding
spectral densities which are given in Appendix B.
Matching the hadronic representations (15), (16) with the QCD representations (19) for the corresponding Lorentz

structures and using the quark-hadron duality, one has

gλNλPc
fηcm

2
ηcðmN þmPc

Þ
2mcðm2

Pc
− p2Þðm2

ηc − q2Þðm2
N − p02Þ þ

a
ðm2

ηc − q2Þðm2
N − p02Þ

¼
Z

sηc

4m2
c

ds
Z

uN

0

du
ρð3Þðp2; s; uÞ

ðs − q2Þðu − p02Þ ;

−
λNλPc

fJ=ψmJ=ψ

ðm2
Pc

− p2Þðm2
J=ψ − q2Þðm2

N − p02Þ
�
f1

mN þmPc

m2
J=ψ

− f2
1

mN þmPc

�

þ a1
ðm2

J=ψ − q2Þðm2
N − p02Þ ¼

Z
sJ=ψ

4m2
c

ds
Z

uN

0

du
ρð3Þ1 ðp2; s; uÞ

ðs − q2Þðu − p02Þ ;

−
λNλPc

fJ=ψmJ=ψ

ðm2
Pc

− p2Þðm2
J=ψ − q2Þðm2

N − p02Þ
�
−f1ðmN þmPc

Þ þ f2
q2 − p02

mN þmPc

�

þ a2
ðm2

J=ψ − q2Þðm2
N − p02Þ ¼

Z
sJ=ψ

4m2
c

ds
Z

uN

0

du
ρð3Þ2 ðp2; s; uÞ

ðs − q2Þðu − p02Þ ; ð20Þ

where sηc , sJ=ψ , and uN are the threshold parameters corresponding to the ηc, J=ψ , and proton channels, respectively, whose
values will be determined in Sec. III.
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Setting p2 ¼ q2 and doing double Borel transform p2 → M2
B1

and p02 → M2
B2
, we get the following equations:

gλNλPc
ðmN þmPc

Þ fηcm
2
ηc

2mc

ðe−m2
Pc
=M2

B1 − e−m
2
ηc =M

2
B1 Þ

m2
ηc −m2

Pc

e−m
2
N=M

2
B2

þ ae−m
2
ηc =M

2
B1e−m

2
N=M

2
B2 ¼

Z
sηc

4m2
c

ds
Z

uN

0

due−s=M
2
B1eu=M

2
B2ρð3Þðs; uÞ;

− λNλPc
fJ=ψmJ=ψ

�
f1

mN þmPc

m2
J=ψ

e−m
2
Pc
=M2

B1 − e−m
2
J=ψ=M

2
B1

m2
J=ψ −m2

Pc

e−m
2
N=M

2
B2

− f2
1

mN þmPc

e−m
2
Pc
=M2

B1 − e−m
2
J=ψ=M

2
B1

m2
J=ψ −m2

Pc

e−m
2
N=M

2
B2

�
þ a1e

−m2
J=ψ=M

2
B1e−m

2
N=M

2
B2

¼
Z

sJ=ψ

4m2
c

ds
Z

uN

0

due−s=M
2
B1eu=M

2
B2ρð3Þ1 ðs; uÞ;

− λNλPc
fJ=ψmJ=ψ

�
−f1ðmN þmPc

Þ ðe
−m2

Pc
=M2

B1 − e−m
2
J=ψ=M

2
B1 Þ

m2
J=ψ −m2

Pc

e−m
2
N=M

2
B2

þ f2
mN þmPc

�
−e−m

2
Pc
=M2

B1e−m
2
N=M

2
B2 þ m2

N þm2
J=ψ

m2
J=ψ −m2

Pc

ðe−m2
Pc
=M2

B1 − e−m
2
J=ψ=M

2
B1 Þe−m2

N=M
2
B2

��

þ a2e
−m2

J=ψ=M
2
B1e−m

2
N=M

2
B2

¼
Z

sJ=ψ

4m2
c

ds
Z

uN

0

due−s=M
2
B1eu=M

2
B2ρð3Þ2 ðs; uÞ: ð21Þ

Taking derivative of the above equations with respect to −1=M2
B1

and solving related equations, we obtain the sum rules of
the strong decay constants as follows:

g ¼ 2mc

λNλPc
fηcm

2
ηcðmN þmPc

Þ e
m2

Pc
=M2

B1em
2
N=M

2
B2AðM2

B1
;M2

B2
; sηc ; uNÞ; ð22Þ

f1 ¼
mJ=ψ

λNλPc
fJ=ψðmPc

þmNÞðm2
J=ψ þm2

N −m2
Pc
Þ e

m2
Pc
=M2

B1em
2
N=M

2
B2

½ðm2
Pc

−m2
NÞA1ðM2

B1
;M2

B2
; sJψ ; uNÞ þ A2ðM2

B1
;M2

B2
; sJψ ; uNÞ�; ð23Þ

f2 ¼
mN þmPc

λNλPc
fJ=ψmJ=ψðm2

J=ψ þm2
N −m2

Pc
Þ e

m2
Pc
=M2

B1em
2
N=M

2
B2

½m2
J=ψA1ðM2

B1
;M2

B2
; sJψ ; uNÞ þ A2ðM2

B1
;M2

B2
; sJψ ; uNÞ�; ð24Þ

with

AðM2
B1
;M2

B2
; sηc ; uNÞ ¼

Z
sηc

4m2
c

ds
Z

uN

0

due−s=M
2
B1eu=M

2
B2

�
m2

ηcρ
ð3Þðs; uÞ − sρð3Þðs; uÞ − ∂ρð3Þðs; uÞ

∂ð−1=M2
B1
Þ
�
;

A1ðM2
B1
;M2

B2
; sJ=ψ ; uNÞ ¼

Z
sJ=ψ

4m2
c

ds
Z

uN

0

due−s=M
2
B1eu=M

2
B2

�
m2

J=ψρ
ð3Þ
1 ðs; uÞ − sρð3Þ1 ðs; uÞ − ∂ρð3Þ1 ðs; uÞ

∂ð−1=M2
B1
Þ
�
;

A2ðM2
B1
;M2

B2
; sJ=ψ ; uNÞ ¼

Z
sJ=ψ

4m2
c

ds
Z

uN

0

due−s=M
2
B1eu=M

2
B2

�
m2

J=ψρ
ð3Þ
2 ðs; uÞ − sρð3Þ2 ðs; uÞ − ∂ρð3Þ2 ðs; uÞ

∂ð−1=M2
B1
Þ
�
: ð25Þ
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III. NUMERICAL ANALYSIS AND THE
PARTIAL DECAY WIDTHS

The QCD sum rules for the pole residue and the strong
decay constants contain some fundamental inputs which
are presented in Table I. Besides these parameters, there are
a few auxiliary parameters introduced during the calcu-
lations: the continuum thresholds and the Borel parameters.
They are not physical quantities; hence, the physical
observables should be approximately insensitive to them.
Therefore, we look for working regions of these parameters
such that the dependence of the physical quantities on these
parameters is weak. The continuum thresholds are related
to the square of the first exited states having the same
quantum numbers as the interpolating currents, while the
Borel parameters are determined by demanding that both
the contributions of the higher states and continuum are
sufficiently suppressed and the contributions coming from
higher dimensional operators are small.

We define two quantities, the ratio of the pole contri-
bution to the total contribution (RP) and the ratio of the
highest-dimensional term in the OPE series to the total OPE
series (RH), as follows:

RP≡
R sPc

0

4m2
c
dsρ1ðsÞe

− s
M2
B

R∞
4m2

c
dsρ1ðsÞe

− s
M2
B

;

RH ≡
R sPc

0

4m2
c
dsρhq̄qi

3

1 ðsÞe−
s

M2
B

R sPc
0

4m2
c
dsρ1ðsÞe

− s
M2
B

ð26Þ

TABLE I. Some input parameters needed in the calculations.

Parameter Value

hq̄qi −ð0.24� 0.01Þ3 GeV3

hgsq̄σGqi ð0.8� 0.1Þhq̄qiGeV2

hg2sGGi 0.88� 0.25 GeV4

mc 1.275þ0.025
−0.035 GeV [46]

mJ=ψ 3096.900� 0.006 MeV [46]
mN 938.272081� 0.000006 MeV [46]
mηc 2.9839� 0.5 GeV [46]
λ2N 0.0011� 0.0005 GeV6 [47]
fJ=ψ 481� 36 MeV [48]
fηc 0.387� 0.007 GeV [49]
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FIG. 1. (a) denotes the various OPE contributions as functions of M2
B with

ffiffiffiffiffiffi
sPc
0

q
¼ 4.8 GeV and (b) represents RP and RH varying

with M2
B at

ffiffiffiffiffiffi
sPc
0

q
¼ 4.8 GeV.
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3
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FIG. 2. The figure shows the dependence of the pole residue λPc

on the Borel parameter M2
B in the determined interval at three

different values of sPc
0 .
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for the two-point correlation function and similar quantities
for the three-point correlation functions.
We first analyze the pole residue λPc

. In Fig. 1(a), we
compare the various OPE contributions as functions of M2

B

with
ffiffiffiffiffiffi
sPc
0

q
¼ 4.8 GeV. From it, one can see that the quark

condensate hq̄qi, the quark-gluon mixed condensate
hgsq̄σGqi, the four-quark condensate hq̄qi2, and the
dimension-8 term hq̄qigsq̄σGqi play an important role
in the OPE series, but they have opposite sign and cancel
each other. As a result, the perturbative part still dominates
the OPE series. Indeed, the highest-dimensional term hq̄qi3
in our OPE is small relative to others. In other words, the
OPE series is under control. Figure 1(b) shows RP and RH

varying with M2
B at

ffiffiffiffiffiffi
sPc
0

q
¼ 4.8 GeV. The figure shows

that it is needed to limit M2
B from 2.4 to 2.9 GeV2 in order

to simultaneously satisfy the requirements of pole domi-
nance at the phenomenological side (the pole contribution
is bigger than the continuum contribution) and convergence
of the operator product expansion (the contribution from
the highest-dimensional term is about 30 percent of the
total OPE series).
With the obtained interval of M2

B and the experimental
value of the mass mPcð4312Þ ¼ 4311.9� 0.7þ6.8

−0.6 MeV, the
pole residue can be estimated. The result is represented
in Fig. 2, fromwhich it is obvious that the pole residue varies
weakly with the parameters sPc

0 and M2
B in the interval
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FIG. 3. The coefficients of the Lorentz structure p 0 of the correlation function Γðp; p0; qÞ, RP and RH, as functions of the Borel
parametersM2

B1
withM2

B2
¼ 0.9 GeV2 are showed in (a) and (b) respectively. (c) and (d) represent the same quantities as functions of the

Borel parameters M2
B2

with M2
B1

¼ 3.7 GeV2.
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determined above. As a result, we can reliably read the value
of the pole residue, λPc

¼ 1.91þ0.12
−0.13 × 10−3 GeV6.

Now, it is time to study the strong decay constants g of
the strong decay Pcð4312Þ → ηcp, f1 and f2 of the strong
decay Pcð4312Þ → J=ψp. Similar to above, we determine
first the allowed ranges of the Borel parameters M2

B1
and

M2
B2
. To this end, we show the various OPE contributions

of the Lorentz structure p 0 of the correlation function
Γðp; p0; qÞ in Fig. 3(a), RP and RH in Fig. 3(b) as functions
ofM2

B1
withM2

B2
¼ 0.9 GeV2. Figures 3(c) and 3(d) depict

the same quantities as functions ofM2
B2

atM2
B1
¼3.7GeV2.

In the case of three-point correlation functions, as stated in
Ref. [50], the contributions of the pole-continuum

transition terms may be larger than or the same order as
the pole contribution and should not be neglected. In the
present case, if we require the contribution from the pole
larger than the continuum contribution, it is impossible to
obtain suitable intervals of the Borel parameters. Therefore,
we require that the pole term accounts for 30% of the total
contribution. Besides the above requirement, the Borel
parameters are also constrained by the criterion that the
physical quantities should be independent on the Borel
parameters. Finally, the results are shown in Fig. 4, from
which we can see that the strong decay constant g varies
weakly with the Borel parameters and we can read the value
of g: g ¼ −0.419þ0.019

−0.028 . In the above analysis, we take sηc ¼
3.52 GeV2 and uN ¼ 1.7 GeV2.
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FIG. 4. (a) and (b) show the strong decay constants of the decay Pcð4312Þ → ηcp in the allowed intervals of the Borel parametersM2
B1

and M2
B2
, respectively.
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FIG. 5. (a) and (b) shows the dependence of the sum rules for the strong decay constants f1 and f2 on the Borel parameters M2
B1

and
M2

B2
, respectively.
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For the strong decay constants f1 and f2 of the decay
Pcð4312Þ → J=ψp, similar analysis can be done and
Figs. 5(a) and 5(b) exhibit the results with M2

B2
¼

0.8 GeV2 andM2
B1

¼ 3.8 GeV2, respectively, both at sJ=ψ ¼
3.62 GeV2 and uN ¼ 1.7 GeV2. From Fig. 5, we get the
values off1 andf2:f1¼−0.486þ0.076

−0.095 andf2¼−0.571þ0.077
−0.1 .

We list our values of the strong decay constants in Table II.
With all of the above parameters, the decay widths of

Pcð4312Þ → ηcp and Pcð4312Þ → J=ψp can be obtained.
Using the transition matrix elements defined in Eq. (14) and
following the standard method, one has

ΓðPcð4312Þ → ηcpÞ ¼
g2½ðmPc

þmNÞ2 −m2
ηc �

16πm3
Pc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

Pc
þm2

ηc −m2
NÞ2 − 4m2

Pc
m2

ηc

q
; ð27Þ

ΓðPcð4312Þ → J=ψpÞ ¼ ðmpc
þmNÞ2 −m2

J=ψ

16πm3
Pc
m2

J=ψðmpc
þmNÞ2

½f21ðmpc
þmNÞ2ð2m2

J=ψ þ ðmPc
−mNÞ2Þ

− 6f1f2m2
J=ψðm2

Pc
−m2

NÞ þ f22m
2
J=ψ ðm2

J=ψ þ 2ðmPc
−mNÞ2Þ�

×
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm2

Pc
þm2

N −m2
J=ψÞ2 − 4m2

Pc
m2

N

q
: ð28Þ

Substituting the values of the parameters involved in the
above formulas, we find

ΓðPcð4312Þ → ηcpÞ ¼ 5.54þ0.75
−0.5 MeV;

ΓðPcð4312Þ → J=ψpÞ ¼ 1.67þ0.92
−0.56 MeV; ð29Þ

from which one has

R≡ ΓðPcð4312Þ → ηcpÞ
ΓðPcð4312Þ → J=ψpÞ ¼ 3.32;

ΓðPcð4312Þ → ηcpÞ þ ΓðPcð4312Þ → J=ψpÞ
¼ 7.21þ1.67

−1.06 MeV: ð30Þ
In Refs. [51,52], it was predicted that R is 3 based on the

heavy quark spin symmetry. Obviously, our result is
agreement with theirs taking into account the uncertainties.
The sum of our partial decay widths is large, but still
smaller than the total width of Pcð4312Þ, ΓPcð4312Þ ¼ 9.8�
2.7þ3.7

−4.5 MeV reported by LHCb Collaboration [22].

IV. CONCLUSION

In the present work, the partial decay widths of
Pcð4312Þ → ηcp and Pcð4312Þ → J=ψp are studied via
the method of QCD sum rule. As a starting point of our
investigation, we assume the Pcð4312Þ as a D̄Σc molecular
state with JP ¼ 1

2

−, which is reflected in the molecule-type
interpolating current (2).
The pole residue λPc

of Pcð4312Þ is an important
parameter, which can be used as input parameter in the
analyses of the electromagnetic properties and strong
decays of Pcð4312Þ. Therefore, we firstly calculate the

pole residue λPc
by using two-point correlation function

and get λPc
¼ 1.91þ0.12

−0.13 × 10−3 GeV6. Then the strong
decay constants are given by using three-point correlation
functions and their values are g ¼ −0.419þ0.019

−0.028 , f1 ¼
−0.486þ0.076

−0.095 , and f2 ¼ −0.571þ0.077
−0.1 . With the numerical

values of the strong decay constants, the partial decay
widths to ηcp and J=ψp are estimated to be ΓðPcð4312Þ →
ηcpÞ ¼ 5.54þ0.75

−0.5 MeV and ΓðPcð4312Þ → J=ψpÞ ¼
1.67þ0.92

−0.56 MeV, which are compatible with the total
width of Pcð4312Þ measured by LHCb Collaboration:
ΓPcð4312Þ ¼ 9.8� 2.7þ3.7

−4.5 MeV. We also give the ratio R
of the decay width of Pcð4312Þ → ηcp to that of
Pcð4312Þ → J=ψp, R ¼ 3.32, which is agreement with
the values of Refs. [51,52]. In summary, it is reasonable to
assign Pcð4312Þ to be a D̄Σc molecular state with JP ¼ 1

2

−.
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APPENDIX A: THE QUARK PROPAGATORS

The full quark propagators are

SqijðxÞ ¼
i=x

2π2x4
δij −

mq

4π2x2
δij −

hq̄qi
12

δij þ i
hq̄qi
48

mq=xδij

−
x2

192
hgsq̄σGqiδij þ i

x2=x
1152

mqhgsq̄σGqiδij

− i
gstaijG

a
μν

32π2x2
ð=xσμν þ σμν=xÞ þ � � � ðA1Þ

TABLE II. Values of the strong decay constants.

Strong decay constant Value

g −0.419þ0.019
−0.028

f1 −0.486þ0.076
−0.095

f2 −0.571þ0.077
−0.1
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for light quark, and

SQijðxÞ ¼ i
Z

d4k
ð2πÞ4 e

−ikx
�
=kþmQ

k2 −m2
Q
δij −

gstaijG
a
μν

4

σμνð=kþmQÞ þ ð=kþmQÞσμν
ðk2 −m2

QÞ2
þ hg2sGGi

12
δijmQ

k2 þmQ=k

ðk2 −m2
QÞ4

þ � � �
�

ðA2Þ

for heavy quark. In these expressions, ta ¼ λa

2
and λa are the Gell-Mann matrices, gs is the strong interaction coupling

constant, and i, j are color indices.

APPENDIX B: THE SPECTRAL DENSITIES

In this Appendix, the spectral densities are given.
First, up to dimension-9 and αs order, the spectral density ρ1ðsÞ is

ρ1ðsÞ ¼ ρ01ðsÞ þ ρhq̄qi1 ðsÞ þ ρhg
2
sGGi

1 ðsÞ þ ρhgsq̄σGqi1 ðsÞ þ ρhq̄qi
2

1 ðsÞ þ ρhq̄qihg
2
sGGi

1 ðsÞ þ ρhq̄qihgsq̄σGqi1 ðsÞ þ ρhq̄qi
3

1 ðsÞ; ðB1Þ

with

ρ01ðsÞ ¼ −
1

20480π8

Z
amax

amin

da
a4

Z
1−a

bmin

db
b4

ð1 − a − bÞ3ððaþ bÞm2
c − absÞ5; ðB2Þ

ρhq̄qi1 ðsÞ ¼ hq̄qi
256π6

mc

Z
amax

amin

da
a3

Z
1−a

bmin

db
b2

ð1 − a − bÞ2ððaþ bÞm2
c − absÞ3; ðB3Þ

ρhg
2
sGGi

1 ðsÞ ¼ −
hg2sGGi
24576π8

m2
c

Z
amax

amin

da
a4

Z
1−a

bmin

db
b4

ða3 þ b3Þð1 − a − bÞ3ððaþ bÞm2
c − absÞ2

−
hg2sGGi
16384π8

Z
amax

amin

da
a3

Z
1−a

bmin

db
b3

ð2aþ bÞð1 − a − bÞ2ððaþ bÞm2
c − absÞ3; ðB4Þ

ρhgsq̄σGqi1 ðsÞ ¼ 3hgsq̄σGqi
512π6

mc

Z
amax

amin

da
a

Z
1−a

bmin

db
b2

ð1 − a − bÞððaþ bÞm2
c − absÞ2

−
3hgsq̄σGqi

512π6
mc

Z
amax

amin

da
a

Z
1−a

bmin

db
b3

ð1 − a − bÞ2ððaþ bÞm2
c − absÞ2; ðB5Þ

ρhq̄qi
2

1 ðsÞ ¼ hq̄qi2
64π4

Z
amax

amin

da
a

Z
1−a

bmin

db
b
ððaþ bÞm2

c − absÞ2; ðB6Þ

ρhq̄qihg
2
sGGi

1 ðsÞ ¼ hq̄qihg2sGGi
3072π6

m3
c

Z
amax

amin

da
a2

Z
1−a

bmin

db
b3

ða3 þ b3Þð1 − a − bÞ2

þ hq̄qihg2sGGi
1024π6

mc

Z
amax

amin

da
Z

1−a

bmin

db
b3

ð1 − a − bÞ2ððaþ bÞm2
c − absÞ

þ hq̄qihg2sGGi
1024π6

mc

Z
amax

amin

da
a

Z
1−a

bmin

db
b
ð1 − a − bÞððaþ bÞm2

c − absÞ; ðB7Þ

ρhq̄qihgsq̄σGqi1 ðsÞ ¼ −
hq̄qihgsq̄σGqi

128π4

Z
amax

amin

da
a

Z
1−a

bmin

dbððaþ bÞm2
c − absÞ

þ hq̄qihgsq̄σGqi
64π4

Z
amax

amin

daðm2
c − að1 − aÞsÞ; ðB8Þ
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ρhq̄qi
3

1 ðsÞ ¼ −
hq̄qi3
24π2

mc

Z
amax

amin

daa; ðB9Þ

where amax ¼
1þ

ffiffiffiffiffiffiffiffiffi
1−4m2

c
s

q
2

, amin ¼
1−

ffiffiffiffiffiffiffiffiffi
1−4m2

c
s

q
2

, and bmin ¼ am2
c

as−m2
c
.

Up to dimension-8 and αs order, the explicit expressions of the spectral densities ρð3Þðs; uÞ, ρð3Þ1 ðs; uÞ, and ρð3Þ2 ðs; uÞ are

ρð3Þðs; uÞ ¼ u2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4m2

cÞ
p
2048π6

þ hq̄qimcu
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4m2

cÞ
p
192π4

þ hg2sGGi
su2ð3m2

c − sÞ
18432π6M4

B1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4m2

cÞ
p þ hg2sGGi

u2ðm2
c þ sÞ

12288π6M2
B1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4m2

cÞ
p

þ hg2sGGi
m2

cuð34sþ 3uÞ
24576π6s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4m2

cÞ
p þ hg2sGGi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4m2Þ

p
ðsþ 2uÞ

4096π6s

þ hgsq̄Gqi
mcu

384π4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4m2

cÞ
p þ hq̄qi2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4m2

cÞ
p

δðuÞ
48π2

þ hg2sGGihq̄qi
suð3m2

c − sÞ
6912π4M4

B1
mc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4m2

cÞ
p þ hg2sGGihq̄qi

uðs − 2m2
cÞ

2304π4M2
B1
mc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4m2

cÞ
p

− hg2sGGihq̄qi
mc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4m2

cÞ
p

δðuÞ
4608π4s

− hq̄qihgsq̄Gqi
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4m2

cÞ
p

δðuÞ
192π2M2

B2

þ hq̄qihgsq̄Gqi
m2

cδðuÞ
36π2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4m2

cÞ
p þ hq̄qihgsq̄Gqi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4m2

cÞ
p

δðuÞ
96π2s

; ðB10Þ

ρð3Þ1 ðs; uÞ ¼ u2ðsþ 2m2
cÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4m2

cÞ
p

6144π6s2
− hg2sGGi

u2ðs − 3m2
cÞ

36864π6M4
B1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4m2

cÞ
p

þ hg2sGGi
m2

cu2

36864π6M2
B1
s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4m2

cÞ
p þ hg2sGGi

19m2
cu

73728π6s
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4m2

cÞ
p

þ hg2sGGi
ðsþ 2m2

cÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4m2

cÞ
p

12288π6s2
þ hq̄qihgsq̄Gqi

ðsþ 2m2
cÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4m2

cÞ
p

δðuÞ
864π2M2

B2
s2

þ hq̄qihgsq̄Gqi
m2

cδðuÞ
144π2s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4m2

cÞ
p ; ðB11Þ

and
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ρð3Þ2 ðs; uÞ ¼ −
u2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4m2

cÞ
p

ð2m2
c þ sÞ

6144π6s
− hq̄qimcu

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4m2

cÞ
p
192π4s

þ hg2sGGi
su2ðs − 3mc2cÞ

36864π6M4
B1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4m2

cÞ
p þ hg2sGGi

u2ð5m2
c − 2sÞ

36864π6M2
B1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4m2Þ

p

þ hg2sGGi
m2

cuðu − 38sÞ
147456π6s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4m2

cÞ
p − hg2sGGi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4m2

cÞ
p

ð2m2
c þ sÞ

12288π6s

þ hgsq̄Gqi
mcuðm2

c − sÞ
576π4s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4m2Þ

p þ hg2sGGihq̄qi
suðs − 3m2

cÞ
6912π4M4

B1
mc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4m2

cÞ
p

þ hg2sGGihq̄qi
uð10m2

c − 3sÞ
6912π4M2

B1
mc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4m2

cÞ
p þ hg2sGGihq̄qi

mc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4m2

cÞ
p

δðuÞ
4608π4s

− hq̄qihgsq̄Gqi
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4m2

cÞ
p

ð2m2
c þ sÞδðuÞ

864π2M2
B2
s

− hq̄qihgsq̄Gqi
m2

cδðuÞ
144π2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sðs − 4m2

cÞ
p ; ðB12Þ

where δðuÞ is the Dirac δ-function.
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