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Abstract This work presents an analysis of a hidden
charmed pentaquark candidate state with double strange
quark in its quark content. The investigation is performed in
two parts, which provide the mass prediction of the considered state and its partial decay widths for the Pcss → 0 J/ψ
−
and Pcss → +
c Ds channels. For the analyses, two-point
and three-point QCD sum rule methods are applied to get
the mass and the widths, respectively. The mass for this candidate state is obtained as m Pcss = 4600 ± 155 MeV with
corresponding current coupling constant λ Pcss = (0.81 ±
0.21) × 10−3 GeV6 . These results are used in the analysis of
the partial widths of this state for the decays Pcss → 0 J/ψ
−
and Pcss → +
c Ds . From these decays, the total width is
obtained as  = 12.29 ± 2.94 MeV. These results may shed
light on the future experimental searches in which such types
of states are probed and may provide information to discriminate between such possible observations.

1 Introduction
In the last few decades, the significant progress in experiments has brought new particles to light. With their quark
substructure, some of these newly observed particles differ
from conventional hadrons, which are composed of quarkantiquark (mesons) or three quarks (baryons). Quarks are
combined in color singlet states to form these hadrons,
and nature does not rule out the non-conventional hadrons,
which consist of other multiquark combinations in color singlet forms such as tetraquarks and pentaquarks. This fact
has always attracted interests toward these non-conventional
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states. They were firstly proposed by Gell–Mann [1], and
their existences and properties have been investigated thoroughly since then from different points of view using different approaches in both experiments and theory. Their first
observation was announced in 2003 by Belle Collaboration
for a tetraquark state, X (3872) [2]. This observation was
later confirmed by other collaborations such as the BABAR
Collaboration [3], CDF II Collaboration [4,5], D0 Collaboration [6], LHCb Collaboration [7], and CMS Collaboration [8]. Observation of other tetraquark states followed this
observation.
On the other hand, hidden charm pentaquark states, which
are other members of these exotic states, were firstly observed
in 2015 by the LHCb Collaboration [9] in the J/ψ p invariant
mass spectrum of the 0b → J/ψ pK − process. The resonance properties for these pentaquark states were reported
as m Pc (4380)+ = 4380 ± 8 ± 29 MeV,  Pc (4380)+ = 205 ±
18 ± 86 MeV and m Pc (4450)+ = 4449.8 ± 1.7 ± 2.5 MeV,
 Pc (4450)+ = 39 ± 5 ± 19 MeV [9]. In 2016, full amplitude analysis for 0b → J/ψ pπ − decays [10] supported
this observation. And later, in 2019, the LHCb collaboration updated the analysis with a combined data set and confirmed the previously observed states, and also observed
additional structures which became more significant with
additional data set compared to the previous analysis [11].
The resonance parameters for the additionally observed state,
Pc (4312)+ , were presented as m Pc (4312)+ = 4311.9 ±
+3.7
0.7+6.8
−0.6 MeV and  Pc (4312)+ = 9.8 ± 2.7−4.5 MeV [11]. In
this analysis, for the previously observed peak of Pc (4450)− ,
there occurred a split into two peaks with the following
mass and width: m Pc (4440)+ = 4440.3 ± 1.3+4.1
−4.7 MeV,
+8.7
 Pc (4440)+ = 20.6 ± 4.9−10.1 MeV and m Pc (4457)+ =
+5.7
4457.3±0.6+4.1
−1.7 MeV,  Pc (4457)+ = 6.4±2.0−1.9 MeV [11].
The next observation consistent with possible pentaquark
state came with a strange quark in its quark content [12],
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which was observed in the J/ψ invariant mass distribu−
tion analysis of the −
b → J/ψK decays and denoted as
Pcs (4459), with mass m Pcs (4459) = 4458.8 ± 2.9+4.7
−1.1 MeV
MeV.
Very
recently
the
LHCb
and width 17.3 ± 6.5+8.0
−5.7
Collaboration announced an evidence for a pentaquark candidate state in the Bs0 → J/ψ p p̄ decays with mass and
+2
MeV and  Pc (4337) =
width m Pc (4337) = 4337+7
−4 −2
+26 +14
29−12 −14 MeV, respectively [13].
Though the possible pentaquark states have been investigated before all these observations, with these experimental findings, they have recaptured the theoretical attentions
over themselves again, and they were extensively investigated for their different properties using various theoretical approaches. Their spectroscopy and interactions were
examined to explain their substructures and quantum numbers. Among the considered possible substructures is the
molecular interpretation suggested based on their closeness
to the meson baryon thresholds. The molecular structure was
taken into account in the one-pion-exchange model [14], in
the QCD sum rules method [15–18], in the quasipotential
Bethe-Salpeter equation approach [19,20], in the contactrange effective field theory approach [21], in the effective
Lagrangian approach [22,23], in the constituent chiral quark
model [24] and in the chiral perturbation theory [25]. The
meson baryon molecular interpretation was also adopted in
Refs. [26–39]. Reference [40] used the dynamically constrained phase space coalescence model and the parton and
hadron cascade model and studied three kinds of possible
structures for the Pc states, which are the pentaquark state,
the nucleus-like state, and the molecular state. These states
were also considered to be compact pentaquark states. In
Refs. [38,41–58], the substructures of the pentaquark states
were treated to be diquark-diquark-antiquark forms. Another
possible substructure, diquark-triquark, was also investigated
in Refs. [38,55,59]. The possibility of their being kinematical effect was regarded in Refs. [60–65]. In Ref. [66], the
newly observed Pc (4337) was considered by developing a
model to analyze the data on Bs0 → J/ψ p p̄. Despite all
these works, both the substructure and quantum numbers of
these observed states are still not certain and they need further
investigations both theoretically and experimentally for their
clarifications. While many works were devoted to explain
the properties of the observed pentaquark states, others were
carrying the aim of offering new possible pentaquark states
with different quark contents to be observed in future experimental investigations. Among these works are the ones given
in Refs. [67–87].
There are many works devoted to the investigation of these
states. However, their properties are still not certain, and there
are ambiguities in their substructures and the quantum numbers as well. Different works suggested different interpretations for the properties of the observed pentaquark states.
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To clarify all these ambiguities, we need more investigations
on the properties of both the observed states and the new
possible ones to be observed. In these investigations, either
complementary reactions or some other decay modes can
be considered for the presently observed pentaquark states,
or the new particles that are possible to be observed can be
probed, to provide inputs to the experiments, by their spectroscopic properties or possible decay modes. The analyses
for such processes can be found in Refs. [68,69,84,88–102].
It is natural to expect observations of new pentaquark
states, with different quark contents than the observed ones,
in the near future. So far, with this expectation, some of
such states were investigated. For instance, the pentaquark
states with bottom quark were probed in Refs. [14,75,103–
107]. The pentaquark candidates with single or triple charm
quark were investigated in Ref. [76] with a molecular interpretation. With the expectation to observe the fully-heavy
pentaquark states, these types of pentaquark structures were
considered in Refs. [78,108–110]. Another possible candidate for such states is the ones including strange quarks.
The pentaquark with double strange quark was examined in
Refs. [80] with molecular interpretation using the one-bosonexchange model. In Ref. [81], the pentaquark with triple
strange quarks was considered. In Refs. [111,112] the hadroquarkonium model was used to search for the double strange
pentaquarks. The pentaquarks with triple strange quark were
analyzed in Ref. [113] in the meson-baryon molecular picture
via the one-boson exchange model. In this respect, theoretical
works involving the predictions for possible new pentaquark
states may shed light on experimental investigations. With
this motivation, in this work, we investigate a possible hidden charm pentaquark state involving double strange quarks.
To this end, we apply the QCD sum rules method [114–116]
which is among the powerful methods, and provided consistent predictions so far with the observed hadrons. In the
application of the method, the main input is the proper interpolating field for the considered state. For the present study,
we work with an interpolating field in the diquark-diquark−
antiquark form and with J P = 21 spin-parity quantum numbers. Using the two-point QCD sum rule analysis, we first
calculate the mass and current coupling constant of the candidate pentaquark state. Then we use these findings in the
calculation of the widths of its strong decays to 0 J/ψ and
−
+
c Ds .
The outline of the article is as follows: in Sect. 2 we present
the two-point QCD sum rule analysis to calculate the mass
and current coupling constant of the considered state (in what
follows it is labeled as Pcss ) and present the analyses of the
obtained results. Sections 3 and 4 are devoted to the calculation of the strong decay widths of the Pcss state to the
−
states 0 J/ψ and +
c Ds via the application of three-point
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QCD sum rules, respectively. The last section presents the
summary and conclusion.

2 The mass of Pcss state

where T is the time ordering operator and η Pcss is the interpolating current for the candidate pentaquark state Pcss . In
this work, we use an interpolating current in the diquarkdiquark-antiquark form with spin- 21 and negative parity. The
interpolating current has the following explicit form:
η Pcss =

(2)

The interpolating current is constructed considering the
valance quark content and the assumed quantum numbers of
the state. u, s, and c in the interpolating current correspond to
the respective quark fields, and C is the charge conjugation
matrix.
The two-point correlation function is calculated following
two paths. The first path gives its result in terms of hadronic
degrees of freedom, such as the mass and current coupling
constant of the considered state. Due to that, this side is
named as the hadronic or physical side of the calculation.
The calculation following the second path results in terms
containing QCD degrees of freedom such as masses of the
quarks, quark-gluon condensates, and QCD coupling constant, hence called as QCD side of the calculation. These
two sides are matched via dispersion relation and give us the
QCD sum rules through which we get the physical quantities
under question. On both sides, there appear various Lorentz
structures. In the match of the results, one considers one of
the appropriate Lorentz structures present on each side, and
to further improve the results, Borel transformation is applied
to both sides to suppress the contributions of higher states and
continuum.
In the calculation of the physical side, a complete set of
intermediate states, with the same quantum numbers of the
considered one, is substituted into the correlation function
treating the interpolating current as annihilation and creation
operator for the hadrons which have the same quantum numbers and quark contents of the interpolating current. Performing the integration over four-x, we obtain the correlator in this
part as
Had (q) =

0|η Pcss |Pcss (q, s)Pcss (q, s)|η̄ Pcss |0
+ ··· ,
m 2Pcss − q 2

state with momentum q and spin s. The matrix elements in
the Eq. (3) have the following form given in terms of the current coupling constant λ and Dirac spinor, u Pcss (q, s), with
spin s:
0|η Pcss |Pcss (q, s) = λu Pcss (q, s).

In this section, the mass of the candidate double strange pentaquark state is obtained. The starting point is to consider the
following two-point correlation function:

(q) = i d 4 xeiq·x 0|T {η Pcss (x)η̄ Pcss (0)}|0,
(1)

ila i jk lmn T
u j Cγ5 sk smT Cγ5 cn C c̄aT .
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(3)

where · · · is used to represent the higher states and continuum. |Pcss (q, s) represents the one-particle pentaquark

(4)

When the last equation is substituted inside Eq. (3), with the
summation over the spin

u Pcss (q, s)ū Pcss (q, s) = q + m Pcss ,
(5)
s

the result of the hadronic side turns into
Had (q) =

λ2 ( q + m Pcss )
+ ··· .
m 2Pcss − q 2

(6)

The hadronic side finally takes the following form after the
Borel transformation:
˜ Had (q) = λ2 e−


m 2P
css
M2

( q + m Pcss ) + · · · ,

(7)

where we represent the Borel transformed form of the cor˜ Had (q) and the Borel mass by M 2 . In the final
relator by 
result we have two Lorentz structures,  q and I that can be
considered in the analyses. We take into account both of these
structures and give the average value of the results obtained
from each.
What comes next is the calculation of the correlator for the
QCD side. For the calculation of this side, the interpolating
current is used explicitly inside the Eq. (1), and Wick’s theorem is applied to make the possible contractions between the
quark fields. This operation turns the correlator into the one
written in terms of the light and heavy quark propagators,
which reads as

QCD (q) = i d 4 xeiq x ila i jk lmn i  l  a  i  j  k  l  m  n 





× − Tr[Ss (x)kk γ5 C SuT j j (x)Cγ5 ]Tr[Sc (x)nn γ5 C SsT mm (x)Cγ5 ]





+Tr[Ss (x)mk γ5 C SuT j j (x)Cγ5 Ss (x)km γ5 C ScT nn (x)Cγ5 ]


×C ScT aa (−x)C.

(8)

For the calculation of this side, we use the light and heavy
quark propagators explicitly in Eq. (8) as follows:
mq
qq
x/
− δab 2 2 − δab
2
4
2π x
4π x
12
x/ m q qq
x2
− δab
qgs σ Gq
+iδab
48
192
αβ
gs G ab
x 2 x/ m q
qgs σ Gq − i
+iδab
1152
32π 2 x 2
2


x x/ gs2 qq2
,
× x/ σαβ + σαβ x/ − iδab
7776

Sq,ab (x) = iδab

(9)
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and
i
(2π )4

Sc,ab (x) =



Table 1 Some input parameters used in the analyses of mass and coupling constants


d 4 ke−ik·x

δab
k − mQ

αβ

gs G ab σαβ ( k + m Q ) + ( k + m Q )σαβ
−
4
(k 2 − m 2Q )2
+

k2 + m Q  k
π 2 αs GG
+ ···

δi j m Q 2
3
π
(k − m 2Q )4

αβ

αβ

αβ

, (10)

αβ

A and GG = G G
where G ab = G A tab
A
A with a, b =
λA

1, 2, 3 and A = 1, 2, . . . , 8 and t A = 2 where λ A is the
Gell–Mann matrices.The sub-index q is used to represent
u (s) quark. After the application of the Fourier and Borel
transformations we get
˜ QCD (s0 , M 2 ) =

i



s0
(2m c +2m s )2

dse

− s2
M

ρi (s) + i (M 2 ),

(11)

where ρi (s) are the spectral densities. We obtain the spectral
QCD
densities from the imaginary parts of the results as π1 Imi
with i representing Lorentz structures,  q or I . In order not
to overwhelm the article with long expressions we will not
present the explicit forms of ρi (s) and i (M 2 ) here and focus
on just the results obtained from them. In Eq. (11), s0 represents the threshold parameter that arises after the application of the continuum subtraction using the quark-hadron
duality assumption, and M 2 represents the Borel parameter.
To obtain the physical quantities, mass and the current coupling constant, we match the results obtained from both the
hadronic and QCD sides considering the coefficient of the
same Lorentz structure. The results for both structures are:
2 −

λ e

m 2P
css
M2

˜ QCD (s0 , M 2 ),
=
q

Parameters

Values

mc

1.27 ± 0.02 GeV [117]

mb

4.18+0.03
−0.02 GeV [117]

ms

93+11
−5 MeV [117]

q̄q(1GeV)

(−0.24 ± 0.01)3 GeV3 [118,119]

s̄s

0.8q̄q [118,119]

m 20

(0.8 ± 0.1) GeV2 [118,119]

qgs σ Gq
 απs

G2

m 20 q̄q
(0.012 ± 0.004) GeV4 [120,121]

m J/ψ

(3096.900 ± 0.006) MeV [117]

m Ds−

(1968.35 ± 0.07) MeV [117]

m 0

(1314.86 ± 0.20) MeV [117]

m +c

(2467.71 ± 0.23) MeV [117]

λ 0

(3.8 ± 0.2) × 10−2 GeV3 [122]

λ+c

(0.027 ± 0.008) GeV3 [123]

f J/ψ

(481 ± 36) MeV [124]

f Ds−

(240 ± 10) MeV [125]

continuum. And the last one is the convergence of the operator product expansion (OPE). To obtain the proper intervals,
we consider these criteria and get the regions for which these
criteria are satisfied. The working interval of the Borel parameter M 2 can be deduced by imposing the higher-order terms
in the OPE side to have small contributions, and the dominant contribution comes from the lowest state. We analyze
the results accordingly and deduce the interval of the Borel
parameters as:

(12)
5.0 GeV2 ≤ M 2 ≤ 7.0 GeV2 ,

and
λ2 m Pcss e

−

m 2P
css
M2

˜
=
I

QCD

(s0 , M 2 ).

(13)

In principle, for the analyses, any of the Lorentz structure can
be used. In our calculation we extract the results from both
of them and obtain the final quantities by considering their
averages. To obtain the results we need to use some input
parameters which are presented in Table 1.
This table also contains the parameters necessary for the
coupling constant calculations of the next section. Besides
the input parameters given in Table 1, the mass calculations
contain two more auxiliary parameters, which are the threshold parameter s0 and the Borel parameter M 2 . The proper
intervals of these parameters are determined from the analyses based on the standard criteria of the sum rule method.
One of the criteria is a mild dependence of the results on these
parameters. The second one is the dominance of the contribution of the considered state over the higher ones and the
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(14)

and we extract the interval for the threshold parameter, which
also has a connection to the energy of the possible excited
state, as:
24.5 GeV2 ≤ s0 ≤ 26.5 GeV2 .

(15)

With the application of these parameters and the input parameters given in Table 1, finally, we get the mass and current
coupling constant as
m Pcss = 4600 ± 155 MeV and
λ Pcss = (0.81 ± 0.21) × 10−3 GeV6 .

(16)

The results obtained here serve as input parameters for the
next sections in which we discuss the strong decays of the
−
considered state to 0 J/ψ and +
c D final states.
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3 The strong decay Pcss → 0 J/ψ
This section is devoted to the calculation of the width for
the decay Pcss → 0 J/ψ. The calculation is performed via
the three-point correlation function which has the following
form:

2
d 4 xe−i p·x
μ ( p, q) = i


0
× d 4 yei p ·y 0|T {η (y)ημJ/ψ (0)η̄ Pcss (x)}|0.
(17)
In this three-point correlation function, η Pcss still represents
the interpolating current for the candidate Pcss state, which
is given in Eq. (2). The interpolating currents of final states,
0
J/ψ
0 and J/ψ states, are represented by η and ημ , respectively, and these currents have the following forms
η = −2
0

lmn

2


543

The εμ , f J/ψ , λ Pcss , λ0 in the matrix elements correspond
to the polarization vector and the decay constant of the J/ψ
state and the current coupling constants of the Pcss and 0
states, respectively. |Pcss ( p, s) represents the one-particle
pentaquark state whose spinor is given by u Pcss and the spinor
for the 0 state is u 0 . The matrix element defining the coupling constants, g1 and g2 , is

J/ψ(q)0 ( p  , s  )|Pcss ( p, s) = ∗ν ū 0 ( p  , s  ) g1 γν

iσνα
−
q α g2 γ5 u Pcss ( p, s).
(21)
m 0 + m Pcss
When we substitute the matrix elements given in Eqs. (20)
and (21) into the Eq. (19) together with the following summation over the spins of the spinors and polarization vector

u Pcss ( p, s)ū Pcss ( p, s) = ( /p + m Pcss ),
s



(slT C Ai1 u m )Ai2 sn ,

s

i=1

ημJ/ψ = c̄l γμ cl ,

u 0 ( p  , s  )ū 0 ( p  , s  ) = ( /p  + m 0 ),
εα εβ∗ = −gαβ +

(18)

with the sub-indices, l, m, n, we represent the color indices,
and u, s, c are the quark fields, A11 = I , A21 = A12 = γ5 , and
A22 = β is an arbitrary parameter, and C is the charge conjugation operator. The parameter β is fixed from the analyses
of the results, and its working interval is to be presented. The
standard steps of the QCD sum rule are followed again, and
the physical quantities, which are the coupling constants g1
and g2 for the strong vertex, are obtained via the match of
the coefficients of the same Lorentz structures attained from
the hadronic and QCD sides.
According to the standard QCD sum rule procedure, we
first calculate the hadronic side via insertion of the complete
sets of hadronic states with the same quantum numbers of
the interpolating fields, and the four integrals are performed
to obtain the following representation

qα qβ
,
m 2J/ψ

(22)

we get the physical side as
˜ Had

μ ( p, q)
=e

−

m 2
Pcss
M2

e

−


× g1 (m 0
+e

−

m 2
Pcss
M2

e

m2 0

M 2

f J/ψ λ0 λ Pcss m 0
m J/ψ (m 0 + m Pcss )(m 2J/ψ + Q 2 )

+ m Pcss )2 + g2 m 2J/ψ  ppμ γ5

−

m2 0

M 2

f J/ψ λ0 λ Pcss
m J/ψ (m 0 + m Pcss )(m 2J/ψ + Q 2 )


× − g1 (m 0 + m Pcss ) m 3Pcss + m Pcss Q 2
+m 0 (2m 2J/ψ + m 20 + Q 2 )


+g2 m 2J/ψ (m 2Pcss + m Pcss m 0 − m 20 + Q 2 ) pμ γ5

+other structures + · · · .

(23)

Had
μ ( p, q)
0|η |0 ( p  , s  )0|ημ |J/ψ(q)J/ψ(q)0 ( p  , s  )|Pcss ( p, s)Pcss ( p, s)|η̄ Pcss |0
+ ··· ,
(m 20 − p 2 )(m 2J/ψ − q 2 )(m 2Pcss − p 2 )
0

=

J/ψ

where · · · represents the contributions coming from the
higher states and continuum, the p, p  , and q are the momenta
of the Pcss and 0 and J/ψ states, respectively. To proceed,
the matrix elements in the last result are required, and they
are represented in terms of the masses and current coupling
constants as:
0|η Pcss |Pcss ( p, s) = λ Pcss u Pcss ( p, s),
0|η |( p  , s  ) = λ0 u 0 ( p  , s  ),
0

0|ημJ/ψ |J/ψ(q) = f J/ψ m J/ψ εμ .

(20)

(19)

In Eq. (23), Q 2 = −q 2 , M 2 and M 2 are the Borel parameters which are determined from the analysis of the results
following standard criteria of the QCD sum rule method. In
this part, only the terms containing the Lorentz structures
 ppμ γ5 , pμ γ5 are given explicitly, and the result contains
more Lorentz structures than the given ones. We present
only these because we apply them directly in our further
analyses. The contributions coming from the other struc-
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tures and excited states and continuum are represented as
other structures + · · · .
After the physical side, the QCD side is calculated using
the interpolating fields given in Eqs. (2) and (18) explicitly
in the correlation function, Eq. (17). Performing the possible
contractions between the quark fields via Wick’s theorem,
the result is achieved in terms of the light and heavy quark
propagators. This part results in

OPE

2
d 4 xe−i p·x
μ ( p, p , q) = i


        
× d 4 yei p ·y klm i l a i j k l m n
×2

2 


T kj

T r [γ5 C Su



(y − x)(C Ai1 )T Sslk (y − x)]

i=1


i mm 
×A2 Ss (y − x)γ5 C ScT nn (−x)Cγμ C ScT a n (x)C


T kj
−Ai2 Ssmk (y − x)γ 5 C Su (y − x)(C Ai1 )T Sslm (y −






×γ5 C ScT nn (−x)Cγμ C ScT a n (x)C .

x)
(24)

ab (x) and S ab (x) are the
In the last equation Sqab (x) = Su(s)
c
light and heavy quark propagators given in the Eqs. (9) and
(10), respectively. This side emerges with the same Lorentz
structures as in the hadronic side. We again isolate the coefficients of the structures used in the analyses, which are  ppμ γ5 ,
pμ γ5 , and represent the QCD side as

μO P E ( p, q) = 1  ppμ γ5 + 2 pμ γ5
+other structures,

(25)

where the other structures term represents the contributions
coming from the other Lorentz structures. The calculations
of the coefficients i are performed using the light and the
heavy quark propagators explicitly in the Eq. (24). Then the

g1 = e
g2 = e
×

123

m 2P
css
M2

m 2P
css
M2

e

m2 0

M 2

e

m2 0

M 2

(2022) 82:543

results are transformed to momentum space, and the four
integrals are computed. Finally, after the application of the
Borel transformation, the spectral densities are obtained from
the imaginary parts of the results as ρi (s, s  , q 2 ) = π1 I m[i ]
and used in the following dispersion relation:


pert
non−pert
ρ (s, s  , q 2 ) + ρi
(s, s  , q 2 )
.
i = ds ds  i
(s − p 2 )(s  − p 2 )
(26)
The last equation represents the final form of the QCD side
pert
non−pert
of the calculation with ρi (s, s  , q 2 ) and ρi
(s, s  , q 2 )
being the perturbative and non-perturbative parts of the spectral densities, respectively, where i = 1, 2, .., 12. Again we
will not give the lengthy mathematical expressions of the
results here and focus on their analyses.
After the computation of each side, the matches of the
results coming from the coefficients of the same Lorentz
structures are used to attain the physical quantities, g1 and
g2 . From the considered structures, we obtained the following two coupled relations:
e

−

m 2
Pcss
M2

e

−

m2 0

M 2


× g1 (m 0
e

m 2
P
− css
M2

e

f J/ψ λ0 λ Pcss m 0
m J/ψ (m 0 + m Pcss )(m 2J/ψ + Q 2 )

˜ 1,
+ m Pcss )2 + g2 m 2J/ψ = 

m2 0
− 2
M

(27)


f J/ψ λ0 λ Pcss
− g1 (m 0
2
2
m J/ψ (m 0 + m Pcss )(m J/ψ + Q )

+m Pcss ) m 3Pcss + m Pcss Q 2 m 0 (2m 2J/ψ + m 20 + Q 2 )

˜ 2,
+g2 m 2J/ψ (m 2Pcss + m Pcss m 0 − m 20 + Q 2 ) = 

(28)

˜ i is used to represent the i after the Borel transforwhere 
mations. The solutions of these two relations for the g1 and
g2 have the following forms:

˜ 1 − m 0 
˜2
m J/ψ (m 2J/ψ + Q 2 ) (m 2Pcss + m Pcss m 0 − m 20 + Q 2 )
2 f J/ψ λ0 λ Pcss m 0 [m 3Pcss + m 2Pcss m 0 + m Pcss Q 2 + m 0 (m 2J/ψ + Q 2 )]

,

(m Pcss + m 0 )(m 2J/ψ + Q 2 )

˜ 1 + m 0 (m Pcss + m 0 )
˜2
[m 3Pcss + m Pcss Q 2 + m 0 (2m 2J/ψ + m 20 + Q 2 )]
2 f J/ψ λ0 λ Pcss m 0 m J/ψ [m 3Pcss + m 2Pcss m 0 + m Pcss Q 2 + m 0 (m 2J/ψ + Q 2 )]

.

(29)
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These results also require some input parameters, which
are given in Table 1 and there enters five more auxiliary
parameters into the coupling constant calculations, which are
Borel parameters M 2 and M 2 , threshold parameters s0 and
s0 and the arbitrary parameter β present in the interpolating
field of the 0 baryon. To determine their working intervals,
we seek their proper regions satisfying the standard QCD
sum rule criteria whose details are also stated in the mass
calculation part of this work. We extract the regions for the
auxiliary parameters from our analyses as

=

543

f (m Pcss , m J/ψ , m 0 )
16π m 2Pcss

2(m 2J/ψ − (m 0 + m Pcss )2 )  2 2
g2 m J/ψ (m 2J/ψ
× −
m 2J/ψ (m 0 + m Pcss )2
+2(m 0 − m Pcss )2 )
+6g1 g2 m 2J/ψ (m 0 − m Pcss )(m 0 + m Pcss )
+g12 (2m 2J/ψ

+ (m 0 − m Pcss ) )(m 0 + m Pcss )
2

2



,

(34)
where

5.0 GeV2 ≤ M 2 ≤ 7.0 GeV2 ,
1.6 GeV ≤ M
2

2

≤ 3.0 GeV ,
2

(30)

f (x, y, z) =

1
2x



x 4 + y 4 + z 4 − 2x 2 y 2 − 2x 2 z 2 − 2y 2 z 2 .

(35)
and

The corresponding width is obtained as

24.5 GeV2 ≤ s0 ≤ 26.5 GeV2 ,
2.0 GeV ≤
2

s0

(Pcss → 0 J/ψ) = 9.52 ± 2.85 MeV.

≤ 2.5 GeV .
2

(31)

As for the parameter β, its interval is fixed by a parametric
plot analysis of the results. In this analysis, the results are
plotted as a function of cos θ , defining β = tan θ , and the
regions with least sensitivity to the variation of cos θ are
selected, which are obtained as
− 1.0 ≤ cos θ ≤ −0.5 and 0.5 ≤ cos θ ≤ 1.0

(32)

We use all these auxiliary parameters and input parameters
given in Table 1 to analyze our results and attain the coupling
constants for the decay channel under question. The results
obtained from these sum rule analyses are reliable in a range
of Q 2 values. Therefore, to expand it to the region of interest,
we apply a proper fit function which has the following form


gi (Q 2 ) = g0 e

2
c1 2Q
mP
css

+c2

Q2
m 2P
css

2

.

+

−
4 The strong decay Pcss → +
c Ds

To see the effects of the other channels on the total width of
the possible double strange pentaquark state, we also con−
sider its decay channel Pcss → +
c Ds in our calculation.
This analysis may shed light on the identification of the possible main decay mode. Considering the available phase space,
−
we take into account Pcss → +
c Ds decay and follow the
similar calculation strategy of the previous section to obtain
the corresponding decay width. For the three-point correlator
for this decay, we again apply the one given in Eq. (17), and
we replace the μ ( p, q) with ( p, q). And also, instead of
0
J/ψ
the interpolating fields ημ and η present in the Eq. (17),
+
−
we use the relevant interpolating fields ηc and η Ds with
the following explicit forms:

(33)

The values obtained for fit parameters g0 , c1 and c2 are given
in the Table 2.
As a final task, the coupling constants are applied to get
the width of the considered decay channel, Pcss → 0 J/ψ
with the following width formula

Had ( p, q) =

(36)

+

ηc =

abc T
u a Cγ5 sb cc ,

−

η Ds = c̄i γ5 si ,

(37)

where the sub-indices, a, b, c, i are the color indices and
u, s, c are the quark fields. The coupling constant g for
this transition is calculated following the similar steps of the
previous section. The calculation of the hadronic side results
in

−

0|ηc |c ( p  , s  )0|η Ds |Ds (q)Ds (q)c ( p  , s  )|Pcss ( p, s)Pcss ( p, s)|η̄ Pcss |0
+ ··· ,
(m 2+ − p 2 )(m 2D − − q 2 )(m 2Pcss − p 2 )
c

(38)

s

123
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Table 2 Values of the
parameters for the fit functions
of coupling constants, g1 and g2
for Pcss → 0 J/ψ decay and
−
and g for Pcss → +
c Ds decay
and their values obtained from
the fit functions at Q 2 = −m 2J/ψ
and Q 2 = −m 2D − , respectively
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Decay channel

Coupling constant

g0

c1

c2

gi (−m 2J/ψ )

Pcss → 0 J/ψ

g1

12.80

1.57

−0.91

5.21 ± 0.78

g2

7.80

1.40

4.02

9.45 ± 1.43

Decay channel

Coupling constant

g0

c1

c2

g(−m 2D − )

−
Pcss → +
c Ds

g

0.92

5.98

−8.16

0.23 ± 0.03

s

s

with the matrix elements

constant as:

+

0|ηc |c ( p  , s  ) = λ+c u +c ( p  , s  ),
−

0|η Ds |Ds (q) =

f Ds− m 2D −
s
ms + mc

g=e
(39)

Ds (q)c ( p  , s  )|Pcss ( p, s) = g ū +c ( p  , s  )u Pcss ( p, s).

˜ Had ( p, q) = e


e

−

m2 +
c
M 2

g f Ds− m 2D − λ+c λ Pcss
s

(m s + m c )(m 2D − + Q 2 )

pp



s

+other structures + · · · .

(41)

The above result presents the term with the Lorentz structures
 p  p  that is used in the analysis of this decay, and the other
terms and the contribution of the excited states are denoted
by other structures + · · · .
For the QCD side, that is obtained similarly as in the previous section, the result is

OPE ( p, p  , q) = i 2 d 4 xe−i p·x



4 i p  ·y abc i  l  a  i  j  k  l  m  n 
T r [Ssbk (y
× d ye
T aj

−x)γ5 C Su


×Sccn (y

−Sccn (y

(y − x)Cγ5 ]


− x)γ 5 C Ss

aj

(y − x)Cγ5 Su (y − x)



×γ5 C SsT ik (−x)Cγ5 C ScT a i (x)C .

(42)

The propagators present in this result are given in Eqs. (9) and
(10), and the final form of the result contains the same Lorentz
structures of the hadronic side. Taking the coefficient of the
same Lorentz structure,  p   p, from the OPE and hadronic
sides and matching them, we get the corresponding coupling

123

s

f Ds− m 2D − λ+c λ Pcss

˜
.

(43)

˜ is the result obtained for the QCD side after the Borel

transformation. The input parameters necessary for this calculation are also given in Table 1, and the auxiliary parameters, M 2 and s0 , are taken as in the previous section. The M 2
is set from the analyses as:
3.0 GeV2 ≤ M 2 ≤ 4.0 GeV2 ,

(44)

and s0 is determined as
7.6 GeV2 ≤ s0 ≤ 8.4 GeV2 ,

(45)

based on the standard criteria of the QCD sum rule method.
The use of all the results with the mentioned input parameters leads to a coupling constant analysis that is again reliable
in a region of Q 2 values, which necessitates a proper fit function as in the previous section. Here we apply the fit function
with the same form as that of the Sect. 3. The results for the
fit parameters and the coupling constant obtained with the
adopted fit function at Q 2 = −m 2D − for this decay mode are
s
also presented in Table 2.
For this decay channel, the width of the decay is obtained
using the following formula in terms of the coupling constant
g:
=

g 2 f (m Pcss , m Ds− , m +c )
8πm 2Pcss

[(m Pcss + m +c )2 − m 2D − )],
s

(46)

where the f (m Pcss , m Ds− , m +c ) is obtained from Eq. (35).
The width for this channel is obtained as
−
(Pcss → +
c Ds ) = 2.77 ± 0.72 MeV.



− x)γ5 C SsT im (−x)Cγ5 C ScT a i (x)C
T bm 

(m s + m c )(m 2D − + Q 2 )

(40)

Substitution of these matrix elements into the Eq. (38) and
using the summation over the spins of the spinors using
Eq. (22) just by replacement of 0 by +
c gives the physical
side as
m 2
Pcss
M2

e

m2 +
c
M 2

s

,

where f Ds− and λ+c in these matrix elements are the decay
constant of the Ds− meson and residue of the +
c state, respectively. To define the coupling constant g of the decay we use

−

m 2P
css
M2

(47)

As is seen from the present result, the width for the
−
Pcss → +
c Ds channel is very small compared to the
0
Pcss →  J/ψ.

5 Summary and conclusion
The number of pentaquark candidate states is growing due
to the improved analyses and the experimental techniques.
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Looking at the particle history, it is natural to expect such
new pentaquark states with different quark substructures.
Besides the state including a single strange quark Pcs (4459)0
observed by the LHCb Collaboration [12] in the J/ψ
−
invariant mass distribution of the −
b → J/ψK decay,
the pentaquark states with double or triple strange quark content may exist and to be observed. By this expectation, in this
work, we considered a possible pentaquark state with double strange quark. To analyze various properties of such a
possible state, we applied the QCD sum rule method and
used an interpolating current in the form of diquark-diquark−
antiquark with spin-parity quantum numbers J P = 21 . The
QCD sum rule method was widely used in various analyses
in literature and gave reliable predictions consistent with the
experimental observations and the predictions of the other
approaches.
In the first part, we calculated the mass for this state
via two-point QCD sum rule. In the analyses we considered both of the present Lorentz structures and extracted
average values for both the mass and current coupling constant of the state, which are m Pcss = 4600 ± 155 MeV and
λ Pcss = (0.81 ± 0.21) × 10−3 GeV6 , respectively. Although
the reported uncertainty for the mass well remains under the
limits allowed by the method, it leaves a small energy range
between the mass of the Pcss and masses of the constituent
particles considering all the uncertainties.
The investigations in the literature for the presently
observed pentaquark states indicate that the spectroscopic
analyses may not be enough to fix the properties of such
states. Therefore, we also expanded our analyses with the
inclusion of the decay width computations for the strong
decays of the considered state, Pcss → 0 J/ψ and Pcss →
−
+
c Ds . To obtain the corresponding widths, we need the
coupling constants, g1 and g2 for former decay and g for
the later one, defining these transitions, and they were calculated using three-point QCD sum rule approach at Q 2 =
−m 2J/ψ and Q 2 = −m 2D − , respectively. Then these results
s
were applied to get the corresponding widths as (Pcss →
−
0 J/ψ) = 9.52 ± 2.85 MeV and (Pcss → +
c Ds ) =
2.77 ± 0.72 MeV.
For this pentaquark state one can also consider Pcss →
−
+
c Ds decay mode, however considering the masses of particles at final state, it is clear that the available phase space is
−
smaller for this mode compared to the Pcss → +
c Ds channel. Due to this, the decay width for this mode is expected
to be even smaller. As a result, the total width is predicted
−
to be  = (Pcss → 0 J/ψ) + (Pcss → +
c Ds ) =
0
12.29 ± 2.94 MeV with Pcss →  J/ψ being dominant
decay mode.
The result of mass and obtained widths may shed light
on the future observations of such states in J/ψ invariant mass. In the future, the experimentally observed such

Page 9 of 11

543

states may be compared with the obtained results to provide
insights into the explanation of their sub-structures and possible quantum numbers.
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