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The recently observed strange pentaquark candidate, PΛ
ψsð4338Þ0, is investigated to provide information

about its nature and substructure. To this end, its mass and width through the decay channels PΛ
ψsð4338Þ0 →

J=ψΛ and PΛ
ψsð4338Þ0 → ηcΛ are calculated by applying two- and three-point QCD sum rules,

respectively. The state is considered as a ΞcD̄ meson-baryon molecular structure with spin-parity quantum
numbers JP ¼ 1

2
−. The obtained mass, mPΛ

ψsð4338Þ0 ¼ 4338� 130 MeV, and width, ΓPΛ
ψsð4338Þ0 ¼ 10.40�

1.93 MeV, are consistent with the experimental data within the presented uncertainties. This allows us to
assign a ΞcD̄ molecular structure of JP ¼ 1

2
− for the PΛ

ψsð4338Þ0 state.

DOI: 10.1103/PhysRevD.108.074010

I. INTRODUCTION

Exotic states such as pentaquarks and tetraquarks have
become one of the focus of investigations in particle
physics since the proposal of the quark model [1].
Because their existence was not prohibited either by the
quark model or QCD, they attracted attention from the
beginning and were investigated extensively for a long
time. Finally, expectations eventuated and the announce-
ment of the first observation of such states was made
in 2003 for a tetraquark state, Xð3872Þ, by the Belle
Collaboration [2]. Later, the confirmation of this state
came from various collaborations [3–8]. In 2015 a different
member of the exotic states, namely the pentaquark state,
containing five valance quarks was announced to be
observed by the LHCb collaboration [9]. The two states,
Pcð4380Þ and Pcð4450Þ, were observed in the J=ψ þ p

decay channel [9] and later, in 2019, the analyses with a
larger data sample revealed that the previously announced
Pcð4450Þ state split into two states, Pcð4440Þ and
Pcð4454Þ, and another pick, Pcð4312Þþ, also came into
sight [10]. The reported resonance parameters for these
states were as follows [9,10]: mPcð4380Þþ ¼ 4380� 8�
29 MeV, ΓPcð4380Þþ ¼ 205� 18� 86 MeV, mPcð4440Þþ ¼
4440.3� 1.3þ4.1

−4.7 MeV, ΓPcð4440Þþ ¼ 20.6� 4.9þ8.7
−10.1 MeV,

mPcð4457Þþ ¼ 4457.3� 0.6þ4.1
−1.7 MeV, ΓPcð4457Þþ ¼ 6.4�

2.0þ5.7
−1.9 MeV, mPcð4312Þþ ¼ 4311.9� 0.7þ6.8

−0.6 MeV, and
ΓPcð4312Þþ ¼ 9.8� 2.7þ3.7

−4.5 MeV. In 2021 and 2022 there
occurred two more pentaquark states’ reports that possess
a strange quark. These two states Pcsð4459Þ [11] and
Pcð4337Þ [12] were reported to have the following
masses and widths: mPcsð4459Þ0 ¼ 4458.8� 2.9þ4.7

−1.1 MeV,

ΓPcð4459Þ0 ¼ 17.3� 6.5þ8.0
−5.7 MeV, and mPcsð4337Þþ ¼

4337þ7þ2
−4−2 MeV, ΓPcð4337Þþ ¼ 29þ26þ14

−12−14 MeV.
The experimental observations of these nonconventional

states have increased the theoretical interest in these states
and triggered extensive theoretical investigations over their
identifications and various properties. Their substructures
were still obscure, which has motivated many affords to
explain this point by assigning them either being molecules
or compact states. In Refs. [13–34] the pentaquark states
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were investigated by taking their substructure as diquark-
diquark-antiquark or diquark-triquark forms. Owing to
their proximity to the relevant meson baryon threshold
and small widths, the molecular structure has been another
commonly considered structure for the pentaquark states.
With molecular structure assumption, the properties of
these states, such as their mass spectrum and various
interactions, were investigated with the application of
different approaches including the contact-range effective
field theory [35–38], the effective Lagrangian approach
[39–43], the QCD sum rule method [44–53], one-boson
exchange potential model [54,54–65] and quasipotential
Bethe-Salpeter [66–69]. Besides, one can find other works
in Refs. [70–102] and the references therein adopting the
molecular interpretation for pentaquark states. They were
also investigated with the possibility that they were arising
from kinematical effects [103–108]. Though there exist so
many works over them, they were in need of many more to
clarify or support their still uncertain properties. On the
other hand, the possible pentaquark states other than the
observed ones and possessing strange, bottom, or charm
quarks were also quested for with their expectation to be
observed in the future [22,31,48,54,87,109–153].
Among these pentaquark states, the present work

focuses on the one that was observed very recently by
the LHCb collaboration [154] in the amplitude analyses of
B− → J=ψ p̄ decay. The measured mass and width for the
state, which was labeled as PΛ

ψsð4338Þ0, were reported as
mPΛ

ψs
¼ 4338.2� 0.7� 0.4 MeV and ΓPΛ

ψs
¼ 7.0� 1.2�

1.3 MeV, respectively with the preferred spin-parity quan-
tum numbers JP ¼ 1

2
−. Having a mass and narrow width in

consistency with meson-baryon molecular interpretation
this structural form is adopted in Refs. [85,88]. In Ref. [85],
a coupled-channel calculation was applied considering
molecular states and the results obtained for ΞcD̄ inter-
action indicated a wider peak than the observed one in the
experiment. With the constituent quark model formalism
PΛ
ψsð4338Þ0 was suggested to be a baryon-meson molecule

state with ðIÞJP ¼ ð0Þ1
2
− and mass and width mPΛ

ψsð4338Þ0 ¼
4318.1 MeV and ΓPΛ

ψsð4338Þ0 ¼0.07MeV, respectively [88].
In the Ref. [155], the light cone QCD sum rules method is
implemented to calculate the magnetic moments of the
PΛ
ψsð4338Þ0 and PΛ

ψsð4459Þ0 states. The PΛ
ψsð4338Þ0 state

and the other candidate pentaquark states were investigated
in Ref. [48] using QCD sum rules method and adopting the
molecular structure, and the analyses were in favor of
the PΛ

ψsð4338Þ0 state having a ΞcD̄molecular structure with
spin-parity and isospin quantum numbers JP ¼ 1

2
− and

ðI; I3Þ ¼ ð0; 0Þ, respectively. References [118,156–158]
also investigated the PΛ

ψsð4338Þ0 state in association to
the molecular form.
As already mentioned, there exist many studies devoted

to describing the nature of the pentaquark states. These
studies, performed with various approaches covering

different structures for the pentaquark states, gave results
consistent with the experimentally observed parameters.
This fact makes the subject more intriguing and open to
new investigations. Therefore it is necessary to provide
further information to support or check the proposed
alternative structures for a better identification of their
obscure substructure. Moreover, the works over these exotic
states both test our knowledge and provide support for the
improvement of our understanding of the QCD in its
nonperturbative regime. With these motivations, in the
present work, we investigate two dominant strong decays
of the recently observed pentaquark state PΛ

ψsð4338Þ0 into
J=ψΛ and ηcΛ states, sticking to a meson-baryon molecular
interpretation. To this end, we apply the QCD sum rule
method, which put forward its success with plenty of
predictions consistent with the experimental observations
[159–161]. The interpolating field for the state is chosen in
the ΞcD̄ molecular form. For completeness, first, we obtain
the mass of the state and current coupling constant using the
considered interpolating current, which are subsequently to
be used as inputs in strong coupling constant analyses.
The rest of the paper has the following organization. In

Sec. II the QCD sum rule for the mass of the considered
state is presented with the numerical calculation of the
corresponding results for the mass and current coupling
constant. Section III contains the details of the QCD
sum rules to calculate the strong coupling constants for
the PΛ

ψsð4338Þ0 → J=ψΛ decay and their numerical analy-
ses as well. Section IV presents the similar QCD sum
rule calculation and the analyses for the strong coupling
constants and the width corresponding to the
PΛ
ψsð4338Þ0 → ηcΛ channel. Last section gives a short

discussion and conclusion.

II. QCD SUM RULE FOR THE MASS
OF PΛ

ψsð4338Þ0 STATE

To better understand the substructure of the pentaquark
states, one way is the comparison of the observed properties
of these particles with the related theoretical findings. One
of the important observables is the mass of these states.
Beside the mass, the current coupling constant is also a very
important input that is needed to calculate the observables
related to the decays of the particles like their width.
The present section gives the details of QCD sum rules
calculations for the mass and current coupling of the
strange pentaquark candidate PΛ

ψsð4338Þ0. The calculations
start with the following two-point correlation function:

ΠðqÞ ¼ i
Z

d4xeiq·xh0jT fJPcs
ðxÞJ̄Pcs

ð0Þgj0i: ð1Þ

In this equation, T is the time ordering operator and JPcs

represents the interpolating current for the PΛ
ψsð4338Þ0

pentaquark state, which is denoted as Pcs in what follows.
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The current to interpolate this state is the ΞcD̄ molecular
type with spin-parity JP ¼ 1

2
−:

JPcs
¼ ϵabcdTaCγ5sbccc̄diγ5ud; ð2Þ

where C represents the charge conjugation operator, sub-
indices a, b, c, d are used to represent the color indices, and
u, d, s, c are the quark fields. To proceed in the calculations,
one follows two separate paths resulting in two correspond-
ing expressions containing the hadronic parameters on
one side and QCD fundamental parameters on the other
side. They are therefore called as the hadronic and QCD
sides, respectively. The physical parameter under quest is
obtained via a match of these two sides by means of a
dispersion relation. Both sides contain various Lorentz
structures and the matching is carried out considering
the same structures obtained in these representations.
The Borel transformation and continuum subtraction
are the final operations applied on both sides to suppress
the contributions of higher states and continuum.
For the computation of the hadronic side, a complete set

of the intermediate states with same quark content and
carrying the same quantum numbers of the considered state
is inserted inside the correlator. Treating the interpolating
currents as annihilation or creation operators, and perform-
ing the integration over four-x the correlator becomes

ΠHadðqÞ ¼ h0jJPcs
jPcsðq; sÞihPcsðq; sÞjJ̄Pcs

j0i
m2

Pcs
− q2

þ � � � ; ð3Þ

where the contributions coming from higher states and
continuum are represented by � � �, and one particle

pentaquark state with momentum q and spin s is repre-
sented by jPcsðq; sÞi. To proceed, we need the following
matrix element:

h0jηPcs
jPcsðq; sÞi ¼ λPcs

uPcs
ðq; sÞ; ð4Þ

given in terms of the Dirac spinor uPcs
ðq; sÞ and current

coupling constant λPcs
. Substituting Eq. (4) into Eq. (3) and

applying the summation over spin

X
s

uPcs
ðq; sÞūPcs

ðq; sÞ ¼ =qþmPcs
; ð5Þ

the result for the hadronic side is achieved as

ΠHadðqÞ ¼ λ2Pcs
ð=qþmPcs

Þ
m2

Pcs
− q2

þ � � � ; ð6Þ

which turns into following final form after the Borel
transformation:

Π̃HadðqÞ ¼ λ2Pcs
e−

m2
Pcs
M2 ð=qþmPcs

Þ þ � � � ; ð7Þ

where Π̃HadðqÞ denotes the Borel transformed form of the
correlator and M2 is the Borel mass parameter.
The QCD side of the calculations requires the usage of

the interpolating field explicitly in the correlator, Eq. (1).
This is followed by the possible contractions of the quark
fields via Wick’s theorem, which turns the result into the
one containing quark propagators as

ΠQCDðqÞ ¼ −i
Z

d4xeiqxϵabcϵa0b0c0 fTr½Sbb0s ðxÞγ5CSTaa0d ðxÞCγ5�Tr½Sdd0u ðxÞγ5Sd0dc ð−xÞγ5�gScc0c ðxÞ: ð8Þ

The light and heavy quark propagators necessary for further calculations have the following explicit forms [162,163]:

Sq;abðxÞ ¼ iδab
=x

2π2x4
− δab

mq

4π2x2
− δab

hq̄qi
12

þ iδab
=xmqhq̄qi

48
− δab

x2

192
hq̄gsσGqi þ iδab

x2=xmq

1152
hq̄gsσGqi

− i
gsG

αβ
ab

32π2x2
½=xσαβ þ σαβ=x� − iδab

x2=xg2s hq̄qi2
7776

; ð9Þ

and

Sc;abðxÞ ¼
i

ð2πÞ4
Z

d4ke−ik·x
�

δab
=k −mc

−
gsG

αβ
ab

4

σαβð=kþmcÞ þ ð=kþmcÞσαβ
ðk2 −m2

cÞ2
þ π2

3
hαsGG

π
iδijmc

k2 þmc=k
ðk2 −m2

cÞ4
þ � � �

�
; ð10Þ

with Gαβ
ab ¼ Gαβ

A tAab, GG ¼ Gαβ
A Gαβ

A ; a; b ¼ 1; 2; 3; A ¼ 1; 2;…; 8; and tA ¼ λA

2
where λA are the Gell-Mann matrices. The

propagator for u, d, or s quark is represented by the subindex q. The final results for this side are obtained after the Fourier
and Borel transformations as
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Π̃QCD
i ðs0;M2Þ ¼

Z
s0

ð2mcþmsÞ2
dse−

s
M2ρiðsÞ þ ΓiðM2Þ; ð11Þ

where s0 is the threshold parameter entering the calcula-
tions after the continuum subtraction application using the
quark hadron duality assumption. ρiðsÞ represents the
spectral densities that are the imaginary parts of the results
obtained as 1

π ImΠQCD
i with i corresponding to either the

result obtained from the coefficient of the Lorentz structure
=q or I. The results of such calculations contain long
expressions and, to avoid giving overwhelming expressions
in the text, the explicit results of spectral densities will not
be presented here. The quantities that we seek in this
section, namely mass and the current coupling constant
of the pentaquark state, are obtained by the match of
the coefficients of the same Lorentz structures obtained in
both the hadronic and QCD sides. These matches are
represented as

λ2Pcs
e−

m2
Pcs
M2 ¼ Π̃QCD

q ðs0;M2Þ ð12Þ

and

λ2Pcs
mPcs

e−
m2
Pcs
M2 ¼ Π̃QCD

I ðs0;M2Þ: ð13Þ

The next step is the analysis of the obtained results, for
which one may apply any of the present structures. To this
end, we choose the I structure. The input parameters
needed in the calculation of the mass and current coupling
constant are given in Table I, which are also used for the
coupling constant calculations to be given in the next
section. In addition to the given input parameters, there are
two auxiliary parameters needed in the analyses: the Borel
parameter M2 and the continuum threshold s0. Following
the standard criteria of the QCD sum rule method, their
suitable intervals are fixed. These criteria include a rela-
tively slight variation of the results with the change of these
auxiliary parameters, the dominant contribution of the
focused state compared to the higher states and continuum,
and the convergence of the operator product expansion
(OPE) used in the QCD side’s calculation. Sticking to these
criteria, we establish working regions of these parameters
from the analyses. Seeking a region, for which the higher-
order terms on OPE side contribute less compared to the
lowest ones, and the ground state dominates over the higher
ones, the working interval of the Borel parameter is
determined as

3.0 GeV2 ≤ M2 ≤ 4.0 GeV2: ð14Þ

The determination of the continuum threshold interval has a
connection to the energy of the possible excited states of the

considered pentaquark state. With this issue in mind, we fix
its interval as

23 GeV2 ≤ s0 ≤ 25 GeV2: ð15Þ

By using all the inputs as well as the working windows of
the auxiliary parameters, we depict the variation of the mass
with respect to the auxiliary parameters for the considered
structure in Fig. 1. This figure shows the mild dependence
of the mass on the variations of the auxiliary parameters in
their working windows. The residual dependence appear as
the uncertainties in the results.
The resultant values for the mass and the current

coupling constant are

mPcs
¼ 4338� 130 MeV and

λPcs
¼ ð7.24� 0.21Þ × 10−4 GeV6: ð16Þ

The result obtained for the mass has a good consistency
with the observed mass of PΛ

ψsð4338Þ0 state announced as
mPΛ

ψs
¼ 4338.2� 0.7� 0.4 MeV [154].

As is mentioned, the results obtained in this section are
necessary inputs for the next sections, which are devoted
to the strong decays of the considered pentaquark state,
namely PΛ

ψsð4338Þ0 → J=ψΛ and PΛ
ψsð4338Þ0 → ηcΛ.

III. QCD SUM RULE TO ANALYZE THE
PΛ
ψsð4338Þ0 → J=ψΛ DECAY

The bare mass investigations of pentaquark states present
in the literature, performed to explain the properties of the
newly observed states, indicated that different assumptions
for the substructures of these states might give consistent
mass predictions with the observed ones. These necessitate
deeper investigations which serve as support for previous

TABLE I. Some input parameters used in the analyses of
mass, current coupling constants, and coupling constant of the
Pcs → J=ψΛ decay.

Parameters Values

mc 1.27� 0.02 GeV [164]
ms 93þ11

−5 MeV [164]
hq̄qið1 GeVÞ ð−0.24� 0.01Þ3 GeV3 [165]
hs̄si 0.8hq̄qi [165]
m2

0
(0.8� 0.1) GeV2 [165]

hq̄gsσGqi m2
0hq̄qi

hαsπ G2i (0.012� 0.004) GeV4 [166]
mJ=ψ ð3096.900� 0.006Þ MeV [164]
mηc ð2983.9� 0.4Þ MeV [164]
mΛ ð1115.683� 0.006Þ MeV [164]
λΛ ð0.013� 0.02Þ GeV3 [167]
fJ=ψ ð481� 36Þ MeV [168]
fηc ð320� 40Þ MeV [169]

K. AZIZI, Y. SARAC, and H. SUNDU PHYS. REV. D 108, 074010 (2023)

074010-4



findings. With this motivation, to clarify more the sub-
structure and the quantum numbers of the observed
PΛ
ψsð4338Þ0 state, in this section, we investigate the

PΛ
ψsð4338Þ0 → J=ψΛ decay and calculate its width. To

this end, the main ingredients are the strong coupling
constants entering the low energy amplitude of the
decay. To calculate these coupling constants via the
QCD sum rule method, we use the following three-point
correlation function:

Πμðp; qÞ ¼ i2
Z

d4xe−ip·x

×
Z

d4yeip
0·yh0jT fJΛðyÞJJ=ψμ ð0ÞJ̄PcsðxÞgj0i;

ð17Þ

with the interpolating currents given in Eq. (2) and

JΛ ¼ 1ffiffiffi
6

p ϵlmn
X2
i¼1

½2ðuTl CAi
1dmÞAi

2sn þ ðuTl CAi
1smÞAi

2dn

þ ðdTnCAi
1smÞAi

2ul�;
JJ=ψμ ¼ c̄lγμcl: ð18Þ

In Eq. (18) subindices, l, m, n, are used to represent the
color indices, and u, s, c stand for quark fields, A1

1 ¼ I,
A2
1 ¼ A1

2 ¼ γ5, A2
2 ¼ β, which is a mixing parameter, and C

represents the charge conjugation operator. Similar steps of
the calculation followed in the previous section also apply
here. Calculation of hadronic and QCD sides are followed
by their proper matches considering the coefficients of the
same Lorentz structures from both sides.
For the hadronic side, we insert complete sets of

hadronic states that have the same quantum numbers with
the interpolating fields. Taking the four integral results in

ΠHad
μ ðp; qÞ ¼ h0jJΛjΛðp0; s0Þih0jJJ=ψμ jJ=ψðqÞihJ=ψðqÞΛðp0; s0ÞjPcsðp; sÞihPcsðp; sÞjJ̄Pcs j0i

ðm2
Λ − p02Þðm2

J=ψ − q2Þðm2
Pcss

− p2Þ þ � � � ; ð19Þ

with � � � denoting the contribution of the higher states and
continuum; and p, p0, and q being the respective momenta
of the Pcs, Λ, and J=ψ states. The required matrix elements
for calculations have the following forms:

h0jJPcs jPcsðp; sÞi ¼ λPcs
uPcs

ðp; sÞ;
h0jJΛjΛðp0; s0Þi ¼ λΛuΛðp0; s0Þ;
h0jJJ=ψμ jJ=ψðqÞi ¼ fJ=ψmJ=ψεμ; ð20Þ

where εμ and fJ=ψ represent the polarization vector and the
decay constant of the J=ψ state, and λPcs

and λΛ are the
current coupling constants of the Pcs and Λ states,
respectively. jPcsðp; sÞi corresponds to the one-particle

pentaquark state with its spinor uPcs
and uΛ is the spinor of

Λ state. The matrix element,hJ=ψðqÞΛðp0; s0ÞjPcsðp; sÞi is
given in terms of the considered strong coupling constants,
g1 and g2, as

hJ=ψðqÞΛðp0; s0ÞjPcsðp; sÞi

¼ ε�μūΛðp0; s0Þ
�
g1γμ −

iσμα
mΛ þmPcs

qαg2

�
γ5uPcs

ðp; sÞ:

ð21Þ

Substituting the matrix elements, Eqs. (20) and (21), into
Eq. (19) using the summation over the spins of the spinors
and polarization vector given as

FIG. 1. Left: variation of the mass as function of M2 at different values of threshold parameter s0. Right: variation of the mass as
function of s0 at different values of threshold parameter M2.
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X
s

uPcs
ðp; sÞūPcs

ðp; sÞ ¼ ð=pþmPcs
Þ;

X
s0
uΛðp0; s0ÞūΛðp0; s0Þ ¼ ð=p0 þmΛÞ;

εαε
�
β ¼ −gαβ þ

qαqβ
m2

J=ψ

; ð22Þ

the hadronic side is achieved as

Π̃Had
μ ðp; qÞ ¼ e−

m
P2cs
M2 e−

m2
Λ

M02
fJ=ψλΛλPcs

mΛ

mJ=ψ ðmΛ þmPcs
Þðm2

J=ψ þQ2Þ ½−g1ðmΛ þmPcs
Þ2 þ g2m2

J=ψ �=ppμγ5

þ e−
m
P2cs
M2 e−

m2
Λ

M02
fJ=ψλΛλPcs

mJ=ψmΛ

ðmΛ þmPcs
Þðm2

J=ψ þQ2Þ ½g1ðmΛ þmPcs
Þ þ g2ðmΛ −mPcs

Þ�=pγμγ5

þ other structuresþ � � � : ð23Þ

Among the present Lorentz structures the ones used in the analyses are given explicitly, and the remaining ones are
represented by other structures. HereQ2 ¼ −q2. The Borel parametersM2 andM02, present in the last result, are determined
from the analyses following similar criteria given in the previous section.
As for the QCD side, the insertion of the interpolating currents given in Eqs. (2) and (18) inside the correlator in Eq. (17),

and after the possible contractions of quark fields using the Wick’s theorem, the result takes the following form in terms of
the quark propagators:

ΠQCD
μ ðp; qÞ ¼ i2

Z
d4xe−ip·x

Z
d4yeip

0·y 1ffiffiffi
6

p ϵabcϵa
0b0c0

X2
i¼1

h
Tr
�
Sbb

0
s ðy − xÞγ5CSTca0d ðy − xÞCAi

1

�
Ai
2S

ad0
u ðy − xÞ

× γ5Sd
0l

c ðxÞγμSlc0c ð−xÞ − 2Ai
2S

cb0
s ðy − xÞγ5CSTba0d ðy − xÞCAi

1S
ad0
u ðy − xÞγ5Sd0lc ðxÞγμSlc0c ð−xÞ

− Ai
2S

ca0
d ðy − xÞγ5CSTbb0s ðy − xÞCAi

1S
ad0
u ðy − xÞγ5Sd0lc ðxÞγμSlc0c ð−xÞ

i
: ð24Þ

Considering the same Lorentz structures given explicitly in
Eq. (23), we obtain the QCD side and represent the lengthy
results shortly as in the following form:

ΠQCD
μ ðp; qÞ ¼ Π1=ppμγ5 þ Π2=pγμγ5 þ other structures:

ð25Þ

To proceed in the calculations, the light and heavy quark
propagators given in Eqs. (9) and (10) are used explicitly
and the four-dimensional Fourier integrals are performed.
The imaginary parts of the obtained results constitute the
spectral densities to be used in the following relation:

Πi ¼
Z

ds
Z

ds0
ρperti ðs; s0; q2Þ þ ρnon−perti ðs; s0; q2Þ

ðs− p2Þðs0 − p02Þ ; ð26Þ

where ρiðs; s0; q2Þ ¼ 1
π Im½Πi�, and ρperti ðs; s0; q2Þ and

ρnon−perti ðs; s0; q2Þ represent the results of the perturbative
and nonperturbative parts, respectively, with i¼1;2;…;12
corresponding to all the Lorentz structures existing in the
results. The analyses in the present work are performed via
resulting matches of the hadronic and QCD sides obtained
from the structures i ¼ 1, 2, which results in two coupled
sum rules equations including both g1 and g2:

e−
m
P2cs
M2 e−

m2
Λ

M02
fJ=ψλΛλPcs

mΛ

mJ=ψðmΛ þmPcs
Þðm2

J=ψ þQ2Þ ½−g1ðmΛ þmPcs
Þ2 þ g2m2

J=ψ � ¼ Π̃1; ð27Þ

e−
m
P2cs
M2 e−

m2
Λ

M02
fJ=ψλΛλPcs

mJ=ψmΛ

ðmΛ þmPcs
Þðm2

J=ψ þQ2Þ ½g1ðmΛ þmPcs
Þ þ g2ðmΛ −mPcs

Þ� ¼ Π̃2; ð28Þ
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where the Borel transformations on the variables −p02 and −p2 have been performed, and Π̃i in the results represent the
Borel transformed Πi expressions obtained in the QCD side. Solution of these equations for g1 and g2 give

g1 ¼ e
m2
Pcs
M2 e

m2
Λ

M02
mJ=ψ ðm2

J=ψ þQ2Þ½ðmPcs
−mΛÞΠ̃1 þ Π̃2�

fJ=ψλΛλPcs
mΛðm2

Λ þm2
J=ψ −m2

Pcs
Þ ;

g2 ¼ e
m2
Pcs
M2 e

m2
Λ

M02
ðmPcs

þmΛÞðm2
J=ψ þQ2Þ½m2

J=ψ Π̃1 þ ðmPcs
þmΛÞΠ̃2�

fJ=ψλΛλPcs
mΛmJ=ψðm2

Λ þm2
J=ψ −m2

Pcs
Þ : ð29Þ

The numerical analyses of the g1 and g2 given in the
Eq. (29) require the input parameters given in Table I and
some additional auxiliary parameters such as Borel param-
eters M2, M02 and threshold parameters s0 and s00 and the
mixing parameter β present in the interpolating current of the
Λ state. The similar standard criteria of the method used for
the mass calculation in the previous section, namely weak
dependence on the auxiliary parameters, pole dominance,
and the convergence of the OPE used on the QCD side, are
applied in the determination of the auxiliary parameters of
this section as well. Taking into account their relations and
considering the possible excited resonances of the consid-
ered states, the threshold parameters are fixed as

23.0 GeV2 ≤ s0 ≤ 25.0 GeV2;

1.7 GeV2 ≤ s00 ≤ 2.3 GeV2; ð30Þ

in which the interval of s0 is the same as the one used in
the previous section. At this point, we shall note that the
threshold parameter may be expected to be the same, for
instance, as in Ref. [29], given the close masses of the
particles involved. However, the analyses performed on the
considered state with the given requirements in the previous
section are effective in the final determination of these
parameters. In each distinct study, it becomes necessary to
reassess these requirements. Therefore, in the analyses of the
results, one needs to check these requirements in every
different work from scratch and obtain the a proper interval

satisfying the given requirements for identifying these
parameters. Besides, as is seen in Ref. [29], the structures
assigned for these two particles are different. While the
structure in Ref. [29] was a diquark-diquark-antiquark one,
the present work adopts a molecular one. As a result, the
discrepancy in threshold values arising from the analyses can
also be attributed to these inner quark structures assigned
to the considered states. For the Borel parameters, consid-
ering the pole dominance and convergence of the OPE lead
us to the following intervals:

3.0 GeV2 ≤ M2 ≤ 4.0 GeV2;

1.5 GeV2 ≤ M02 ≤ 2.5 GeV2: ð31Þ

M2 again spans the same interval given in the previous
section. The working interval of the last auxiliary parameter,
β, is determined from a parametric plot of the results given as
a function of cos θ with β ¼ tan θ in which the relatively
stable regions are considered to fix β intervals. These
analyses give the following intervals:

−1.0 ≤ cos θ ≤ −0.5 and 0.5 ≤ cos θ ≤ 1.0: ð32Þ

In all of these intervals for the auxiliary parameters, we
expect weak dependence of the results on these parameters.
To depict this, we provide the graphs of the strong coupling
constant g1 as functions of these auxiliary parameters in
Fig. 2 as examples: the criteria are satisfied, dependencies

FIG. 2. Left: variation of the coupling constant g1 as function ofM2 andM02 at central values of threshold parameters s0 and s00 and at
Q2 ¼ 2.5 GeV2. Right: variation of the coupling constant g1 as function of s0 and s00 at central values of Borel parameters M2 and M02

and at Q2 ¼ 2.5 GeV2.
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are mild and the uncertainties remain inside the limits
allowed by the method.
The analyses give the results reliable only for some

regions of the Q2, and therefore to get the coupling
constants’ values at Q2 ¼ −m2

J=ψ , we need to expand the
analyses to the region of interest using a proper fit function
given as

giðQ2Þ ¼ g0e
c1

Q2

m2
Pcs

þc2

	
Q2

m2
Pcs



2

: ð33Þ

The fit parameters providing a good overlap with the results
in the reliable region of the QCD sum rule results and the
values of the coupling constants obtained from the fit
functions at Q2 ¼ −m2

J=ψ are presented in Table II. The
results contain the errors arising from the uncertainties
inherited from both the input parameters and the determi-
nations of the intervals of the auxiliary parameters.
The strong coupling constants determined from the QCD

sum rules analyses are applied for the width calculation of
the decay Pcs → J=ψΛ, which is performed via the relation

Γ ¼ fðmPcs
; mJ=ψ ; mΛÞ

16πm2
Pcs

�
−
2ðm2

J=ψ − ðmΛ þmPcs
Þ2Þ

m2
J=ψ ðmΛ þmPcs

Þ2 ðg22m2
J=ψ ðm2

J=ψ þ 2ðmΛ −mPcs
Þ2Þ

þ 6g1g2m2
J=ψðmΛ −mPcs

ÞðmΛ þmPcs
Þ þ g21ð2m2

J=ψ þ ðmΛ −mPcs
Þ2ÞðmΛ þmPcs

Þ2Þ
�
: ð34Þ

The function fðx; y; zÞ in the width formula is given as

fðx; y; zÞ ¼ 1

2x

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x4 þ y4 þ z4 − 2xy − 2xy − 2yz

q
: ð35Þ

The result obtained for the width is

ΓðPcs → J=ψΛÞ ¼ ð7.22� 1.78Þ MeV ð36Þ

in a nice agreement with the experiment.

IV. QCD SUM RULE TO ANALYZE THE
PΛ
ψsð4338Þ0 → ηcΛ DECAY

This section provides the investigation of another
possible decay channel of the PΛ

ψsð4338Þ state, namely
PΛ
ψsð4338Þ0 → ηcΛ decay, and the corresponding width for

this channel. For the calculation of the corresponding

strong coupling constant, the three-point correlation
function is

Πðp; qÞ ¼ i2
Z

d4xe−ip·x

×
Z

d4yeip
0·yh0jT fJΛðyÞJηcð0ÞJ̄PcsðxÞgj0i:

ð37Þ
In addition to the interpolating currents, JPcs and JΛ

previously given, the interpolating current of ηc is needed:

Jηc ¼ c̄lγ5cl: ð38Þ
We follow similar steps with the previous section to calculate
the width of the strong decay under study in this section. The
hadronic side for this decay is obtained via insertion of
complete sets of hadronic states carrying the same quantum
numbers of the applied interpolating currents as

ΠHadðp; qÞ ¼ h0jJΛjΛðp0; s0Þih0jJηc jηcðqÞihηcðqÞΛðp0; s0ÞjPcsðp; sÞihPcsðp; sÞjJ̄Pcs j0i
ðm2

Λ − p02Þðm2
ηc − q2Þðm2

Pcss
− p2Þ þ � � � ; ð39Þ

TABLE II. Values of the fit parameters for the fit functions of coupling constants, g1, g2, and g and the coupling
constant values at Q2 ¼ −m2

J=ψ and Q2 ¼ −m2
ηc .

Coupling constant g0 c1 c2 gið−m2
J=ψ Þ

g1 −1.10� 0.13 6.43 −26.13 ð−4.71� 0.52Þ × 10−5

g2 15.57� 1.86 4.43 −3.81 0.61� 0.07

Coupling constant g0 c1 c2 gð−m2
ηcÞ

g 7.71� 0.85 5.98 −6.23 0.11� 0.02

K. AZIZI, Y. SARAC, and H. SUNDU PHYS. REV. D 108, 074010 (2023)

074010-8



where � � � represent the contribution of the higher states and
continuum. p, p0, and q are the momenta of the Pcs, Λ
and ηc states, respectively. Besides the matrix elements given
in Eq. (20), we need thematrix element relevant to the ηc state
in terms of the related decay constant fηc , which is given as

h0jJηc jηcðqÞi ¼
fηcm

2
ηc

2mc
: ð40Þ

Thematrix element, hηcðqÞΛðp0; s0ÞjPcsðp; sÞi, defining this
transition is

hηcðqÞΛðp0; s0ÞjPcsðp; sÞi ¼ gūΛðp0; s0ÞuPcs
ðp; sÞ; ð41Þ

where g is the corresponding strong coupling
constant. Using the summation over the spins of the

Pcs and Λ states given in the Eq. (22), we get the
hadronic side as

Π̃Hadðp; qÞ ¼ e−
m
P2cs
M2 e−

m2
Λ

M02
gλΛλPcs

fηcm
2
ηc

2mcðm2
ηc þQ2Þ =p=p

0

þ other structuresþ � � � ; ð42Þ

where Q2¼−q2 and only the Lorentz structure used in the
analyses is presented explicitly, and other structuresþ � � �
denote the contributions coming from excited states and
the other present structures.
The QCD side is obtained after plugging in the inter-

polating currents present in the Eq. (37) and applying
contractions of quark fields using Wick’s theorem. The
result for this side is obtained as

ΠQCDðp; qÞ ¼ i2
Z

d4xe−ip·x
Z

d4yeip
0·y 1ffiffiffi

6
p ϵabcϵa

0b0c0
X2
i¼1

h
Tr
�
Sbb

0
s ðy − xÞγ5CSTca0d ðy − xÞCAi

1

�
Ai
2S

ad0
u ðy − xÞ

× γ5Sd
0l

c ðxÞγ5Slc0c ð−xÞ − 2Ai
2S

cb0
s ðy − xÞγ5CSTba0d ðy − xÞCAi

1S
ad0
u ðy − xÞγ5Sd0lc ðxÞγ5Slc0c ð−xÞ

− Ai
2S

ca0
d ðy − xÞγ5CSTbb0s ðy − xÞCAi

1S
ad0
u ðy − xÞγ5Sd0lc ðxÞγ5Slc0c ð−xÞ

i
: ð43Þ

Following the same steps in the previous section, the result
obtained for this side for the Lorentz structure =p=p0 is
matched with that of the hadronic side for the same Lorentz
structure to get the coupling constant g as

g ¼ e
m
P2cs
M2 e

m2
Λ

M02
2mcðm2

ηc þQ2Þ
λΛλPcs

fηcmηc

Π̃; ð44Þ

where we again perform the Borel transformations on
the variables −p02 and −p2, and Π̃ represents the Borel
transformed Π for the QCD side of the calculation
corresponding to the mentioned Lorentz structure, =p=p0.
In the analyses of this decay channel, we adopt the input

parameters given in Table I, and the same auxiliary
parameters M2, M02, s0, s00, and β given in the previous
section, which works also well for this channel.
To get the value of coupling constant g atQ2 ¼ −m2

ηc , we
again need a proper fit function due to the fact that, as in t
he Sec. III, the results are only reliable in some regions of
the Q2. For this purpose, we use the same form of the fit
function given in Sec. III with the fit parameters presented
in Table II, providing a good overlap for the obtained
results of the QCD sum rule in the reliable region. Note that
Table II also contains the numerical value of the coupling
constant g at Q2 ¼ −m2

ηc .
With the obtained coupling constant, the width of the

Pcs → ηcΛ decay is attained using the following width
formula:

Γ ¼ g2
fðmPcs

; mηc ; mΛÞ
8πm2

Pcs

½ðmΛ þmPcs
Þ2 −m2

ηc �; ð45Þ

with the function fðx; y; zÞ given in Sec. III. Finally the
width is obtained for this decay channel as

ΓðPcs → ηcΛÞ ¼ ð3.18� 0.74Þ MeV: ð46Þ

V. DISCUSSION AND CONCLUSION

In a recent report, the LHCb collaboration announced
the observation of a new candidate pentaquark state with
strangeness in J=ψΛ channel. The observed mass and the
width of the state were reported as m ¼ 4338.2� 0.7�
0.4 MeV and Γ¼7.0�1.2�1.34MeV, respectively [154],
with preferred spin and parity quantum numbers being
JP ¼ 1

2
−. To elucidate its inner structure and certify its

quantum numbers, further theoretical investigations are
necessary. With this purpose, in the present work, the
PΛ
ψsð4338Þ0 state was assigned a molecular ΞcD̄ structure

with spin parity JP ¼ 1
2
− and its decays to J=ψΛ and ηcΛ

states were investigated using the three-point QCD sum rule
approach. For completeness, first, the chosen interpolating
current was applied to calculate the mass and the current
coupling constant of the considered state using the two-point
QCD sum rule method. These quantities are main inputs in
the decay calculations. The obtained mass, mPcs

¼ 4338�
130 MeV, is in good consistency with the observed one.
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Our prediction for the mass is also consistent with the mass
predictions based on the molecular assumption present in the
literature, such as m ¼ 4327.4 MeV [84], m¼4341.0MeV
[88], m ¼ 4336.34 MeV, m ¼ 4329.11.34 MeV [87], and
m ¼ 4.34þ0.07

−0.07 GeV [48].
As stated, the predicted mass and the current coupling

constant comprise the main input parameters for the width
calculations of the PΛ

ψsð4338Þ0→J=ψΛ and PΛ
ψsð4338Þ0 →

ηcΛ channels, which are taken into account as dominant
decay channels of the considered state. To compute the
widths of these channels, we first calculated the relevant
strong coupling constants and subsequently used them
to get the corresponding widths. The resultant widths
are obtained as ΓðPcs → J=ψΛÞ ¼ ð7.22� 1.78Þ MeV
and ΓðPcs → ηcΛÞ ¼ ð3.18� 0.74Þ MeV whose total, Γ ¼
ΓðPcs → J=ψΛÞ þ ΓðPcs → ηcΛÞ ¼ ð10.40� 1.93Þ MeV,
also agrees with the experimentally observed width within
the presented uncertainties.
Within the existing literature, numerous works have

investigated the decays of observed pentaquark states. In
order to elucidate the internal structures of the observed
pentaquark states, the width calculations of various tran-
sition channels are necessary for either comparing the result
with experimental findings or potentially uncovering new
channels for further investigations. J=ψΛ is the channel
that the observation of PΛ

ψsð4338Þ0 was reported. However,
the width of this particular pentaquark state also receives
contributions from other channel, ηcΛ, that was considered
in the present study. This is the case for different penta-
quark states. If we consider theoretical studies present in
the literature on the observed pentaquark states, for
instance, with spin-parity quantum numbers JP ¼ 1

2
−, as

in our case, the widths were obtained for their decays using
different form factor sets in Ref. [170] as Pcð4312Þ →
J=ψp ¼ 0.001 MeV, Pcð4312Þ→ηcp¼0.01MeV,
Pcð4312Þ → J=ψp ¼ 0.1 MeV, Pcð4312Þ → ηcp ¼
0.4 MeV for Pcð4312Þ state, Pcð4440Þ → J=ψp ¼
0.03 MeV, Pcð4440Þ → ηcp ¼ 3−4 MeV, Pcð4440Þ →
J=ψp ¼ 0.6 MeV, Pcð4440Þ → ηcp ¼ 0.07 MeV for
Pcð4440Þ, and Pcð4457Þ → J=ψp ¼ 0.02 MeV,
Pcð4457Þ → ηcp ¼ 2−4 MeV, Pcð4457Þ → J=ψp ¼
0.2 MeV, Pcð4457Þ → ηcp ¼ 0.02 MeV for Pcð4457Þ.

In Ref. [89] the following predictions were obtained:
Pcð4312Þ → J=ψp ¼ 0.17−0.04þ0.04 MeV, Pcð4312Þ → ηcp ¼
0.085−0.016þ0.018 MeV. In Ref. [171] the widths were attained as
Pcð4312Þ → J=ψp ¼ 0.32� 0.08 MeV, Pcð4312Þ →
ηcp ¼ 0.89� 0.25 MeV, Pcð4440Þ → J=ψp ¼ 2.92�
0.55 MeV, Pcð4440Þ → ηcp ¼ 0.15� 0.03 MeV,
Pcð4457Þ → J=ψp ¼ 0.45� 0.13 MeV, Pcð4457Þ →
ηcp ¼ 0.02� 0.01 MeV. In Ref. [53] the width predictions
were given as Pcð4312Þ → J=ψp ¼ 1.67þ0.92

−0.56 MeV,
Pcð4312Þ → ηcp ¼ 5.54þ0.75

−0.5 MeV. The widths of same
transitions were obtained in Ref. [90] as Pcð4312Þ →
J=ψp ¼ 0.0448þ0.0197ðþ0.0309Þ

−0.0161ð−0.0287Þ MeV, Pcð4312Þ → ηcp ¼
0.0892þ0.0392ðþ0.0615Þ

−0.0321ð−0.0571Þ MeV. And also the transitions to

these final states, for possible spin-parity JP ¼ 3
2
− case,

were also considered in Ref. [170] with the following
findings: Pcð4440Þ → J=ψp ¼ 0.02 MeV, Pcð4440Þ →
ηcp ¼ 8−5 MeV, Pcð4440Þ → J=ψp ¼ 1.8 MeV,
Pcð4440Þ → ηcp ¼ 0.008 MeV for Pcð4440Þ,
Pcð4457Þ → J=ψp ¼ 0.01 MeV, Pcð4457Þ → ηcp ¼
6−5 MeV, Pcð4457Þ → J=ψp ¼ 0.6 MeV, Pcð4457Þ →
ηcp ¼ 0.003 MeV for Pcð4457Þ. As is seen, in some cases,
the widths for the channels involving J=ψ in the final state
have dominant contributions, while in others, the widths
of channels involving ηc state are large. The width result
obtained for the PΛ

ψsð4338Þ0 → ηcΛ decay channel in this
work indicated that this channel has a significant contri-
bution to the total width, though it is smaller than that
of PΛ

ψsð4338Þ0 → J=ψΛ decay channel that the state
PΛ
ψsð4338Þ0 was observed.
The results obtained for the mass and the total width of

PΛ
ψsð4338Þ0 are consistent with the experimental findings

within the presented uncertainties and favor the ΞcD̄
molecular nature of the PΛ

ψsð4338Þ0 state with quantum
numbers JP ¼ 1

2
−.
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