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Strange pentaquark molecules in QCD sum rules
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We study hidden- and open-strange pentaquark configurations in the hadronic molecular picture with
QCD sum rules. Starting from the baryon octet combined with an s3 pair, we construct 21 interpolating
currents with J = 1/2 and 3/2. In the analysis, contributions up to dimension 11 are included in the
operator product expansion, and both parity-projected spectra and the chiral-even and chiral-odd Lorentz
structures are examined. No bound-state solution is found in the J¥ = 1/2~ sector, although several
channels generate resonance masses near nearby thresholds or poorly established strange baryons. In the
JP =3/27 sector, the Z¢p and EK* currents both support a near-threshold bound-state solution around
2.2 GeV, suggesting a possible molecular configuration with channel mixing. In contrast, positive-parity
sectors are more difficult to identify the corresponding states. In addition, our results favor the spin-parity
assignments J” = 3/2 for £(2250), J© = 1/2~ for £(2455), £(2620), and £(2370), and J* = 3/2* for
E(2250). These results provide a systematic QCD sum rule study of strange pentaquark molecular

candidates in the strange sector.

DOI: 10.1103/hbtg-qny8

I. INTRODUCTION

The study of nucleon structures moving beyond the
traditional quark model, including hadronic molecular,
compact pentaquarks, and hybrid states, has emerged as
a frontier research area in hadron physics. The discovery of
J/wp resonances in 2015 by the LHCb Collaboration
presented striking evidence, named P;(4380) and
P} (4450), in AY — K=J/yp decays [1]. Further informa-
tion was reported in 2019; the LHCb Collaboration
declared the P} (4312) state and a two-peak structure of
the P} (4450) state, which is resolved into P (4440)
and P} (4457) [2].

Within the hadronic molecular picture, these P, states
are well interpreted into DX} and D*X. bound states.
Similarly, systems containing a hidden-charm quark pair
can be analogized to those with a hidden-strangeness
pair [3-5], allowing us to propose a series of partners to
the P, states in the strange sector—denoted here as KX*,
K*X, and K*X* bound states, namely, N(1875), N(2080),
and N(2270), respectively—in the strange quark sector.
The decay properties of these states have also been
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systematically investigated [6,7]. Furthermore, these states
have also been employed with success in explaining the
mechanisms of photoproduction reactions in yp — ¢p,
K*Z, KX, and K*A [8-11].

Current understanding of the baryons remains limited.
While the nucleon spectrum has been relatively well
studied, gaps persist both experimentally and theoretically
in the spectra of X, A, and especially E baryons. To fill this
blank, a naturally raised thought is that if the nucleon has its
own octet partners, these N states might contain a pair of 5§
quarks that also possess corresponding multiplet partners in
theory. These multiplet partners can provide crucial insights
for advancing our understanding of baryonic spectroscopy,
which can be further investigated in ZN and KN scattering
processes, such as KN — K= [12-18].

To explore such possible multiplet partners, one of the
most powerful and widely used tools in hadron physics-
QCD sum rules [19,20] is employed. Over the past four
decades, this approach has played a crucial role in
advancing our understanding of hadron spectroscopy [21-
36] and decays [37-46]. The basic principles and applica-
tions of QCD sum rules can be referred to in these
reviews [47-50].

In particular, for the QCD sum rules studies of hidden-
charm pentaquark states, Chen et al. investigated the exotic
hidden-charm pentaquarks P.(4380) and P .(4450) com-
posed of an anticharmed meson and a charmed baryon,
where the results indicate that P.(4380) and P.(4450) can
be interpreted as D*X,. with J¥ = 3/2~ and mixed DX} —
D*A, configurations with J¥ = 5/2% [51], respectively.
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Wang also constructed the interpolating currents within the
diquark-diquark-antiquark picture and the studies also
supported to assign P.(4380) and P.(4450) as J¥ =
3/27 and J© = 5/2% [31]. In Ref. [52], the authors studied
the scalar-diquark-scalar-diquark-antiquark type udscc for
P.,(4459), where the analysis supported assigning this
state with J” = 1/2~. Other QCD sum rules studies for
hidden-charm pentaquarks can be found in Refs. [53-59].

Thus, by following the ideas above, we systematically
construct hidden- and open-strange hadronic molecules
from the baryon octet combining with a pair of s5 quarks
and discuss the spectrum obtained from QCD sum rules.

This paper is organized as follows. In Sec. II, we briefly
introduce the framework of our theoretical model. In
Sec. III, the results of our theoretical calculations with
some discussions are presented. Finally, in Sec. IV, we give
a brief summary and conclusions.

II. FORMALISM

In this work, the pentaquark currents constructed within
the hadronic molecular picture can be interpreted at the
quark level as being formed by coupling the constituent
quarks of an octet baryon with an s5 pair. This pairing
process involves two distinct configurations: (a) The
strange and antistrange quarks form a mesonic component
within the composite system; (b) the strange quark from the
pair is incorporated into the baryonic component, while the
antistrange quark enters the mesonic component. The
corresponding quark compositions for these two configu-
rations are summarized in Table I, where we use constituent
hadrons to refer to the specific quark configurations and
ignore the isospin differences.

Note that in case (b), where the strange quark is
incorporated into the baryonic component, an £ baryon
will appear. However, the Q belongs to the baryon decuplet
and involves a spin-parity J¥ = 3/2" current. When the
baryon decuplet is systematically taken into account, the
situation becomes more interesting but also more complex,
as there are more varieties of current combinations for each
spin parity. For simplicity, the baryonic currents are
restricted with J¥ = 1/2% in this work; therefore, the Q
baryon is not under consideration. Two types of mesonic
component are examined, which are pseudoscalar octet
(JP = 0~ current) and vector octet (J* = 1~ current). In
Table I, these correspond to the particles shown in the right
and left parentheses, respectively.

TABLE 1. Calculated channels. Note that the constituent
hadrons refer to the specific quark configurations.

N(p/ng)  N/ny) Z(p/ny) E(¢/ny)
AK*/K)  E(K*/K)

Case (a)
Case (b)

It should be mentioned that the quark-flavor scheme is
one of the commonly used scheme of n and #
mixing [60,61]. In this scheme, the assumed orthogonal
state #, are employed to incorporate a pseudoscalar current
with a pure s§ in our construction. Using the mass m
defined in the # — 5’ quark-flavor mixing scheme [60],

m%XZZM%(—MJZZ, (1)

we have obtained a mass value of m, = mg = 683 MeV.
Thus, in the following discussion, we adopt 7, to label this
pseudoscalar current and to indicate its pure strange quark
configuration.

In order to study the strange pentaquark states listed in
Table I using QCD sum rules, the first step is to construct
the corresponding currents. In our calculations, the inter-
polating currents for the constituent baryons and mesons
are as follows:

Jp =€ (ulCysdy)u,, (2)
Jn = € (ufCrsdy)s., (3)
Jer = € (uf Cyssy)uc, (4)
Jzo = € (s Cysuy)s,. (5)
Jo = Sar'sa, (6)

Jn, = SarsSas (7)

Jr = Sartug, (8)

Jk+ = Saysia, 9)

where a, b, c, and d are color indices and C is the charge
conjugation operator.

Within the hadronic molecular picture, we classify the
spin parity of the pentaquark states based on the assumption
that they are composed of constituent hadrons in an s-wave
coupling (orbital angular momentum L = 0). For a system
consisting of a baryon from the octet and a pseudoscalar
meson, the resulting spin parity is uniquely determined to
be J¥ = 1/2~. For a system composed of a baryon octet
and a vector meson, we consider both possible s-wave
molecular configurations, which yield states with spin
parity J© = 1/27 and J* = 3/2", respectively.

To construct the pentaquark currents described above, it
is necessary to introduce appropriate Lorentz structures that
endow the currents with the desired spin-parity quantum
numbers. For each case, the explicit form of the resulting
pentaquark current for the pseudoscalar meson case, after
incorporating these Lorentz structures, is given by

034030-2



STRANGE PENTAQUARK MOLECULES IN QCD SUM RULES

PHYS. REV. D 114, 034030 (2026)

Ji/2- = JjpJps (10)

where jp is the corresponding baryon current while the jp
is the pseudoscalar meson current. The vector meson case is
given by

J'1/2* = jBySyﬂj;\th (11)
Jap- = JBlvs (12)

where j), is the vector meson current.

Thus, through the construction scheme outlined above
and based on the constituent-hadron pairs listed in Table I
along with the corresponding initial spin parity, a total of 21
distinct particle states have been systematically considered
and calculated in our work.

After constructing the appropriate interpolating currents,
the next step is to calculate the two-point correlation
functions:

(g = i / e (O[Tj(x). 1 (0)]0).  (13)

M, (q?) = i / e (0[T(j, (). JE (0)]10).  (14)

Here, j(x) and j,(x) represent the interpolating currents for
states with spin parity J* = 1/2~ and J* = 3/2~, respec-
tively. The correlation functions can be decomposed into
two independent Lorentz structures:

(q%) = 411 (¢*) + (g%,

M) = (=g + 24 T () 4 T . 19

For the spin-3/2 case, we retain only the Lorentz structure
proportional to (—g,, + ¢,4,/4¢*) in Eq. (15). This struc-
ture projects out the pure spin-3/2 component, while the
spin-1/2 contaminations are contained in the other tensor
structures and are, therefore, not used in the present
analysis. Two independent QCD sum rules can be derived
for each invariant function IT; (¢?) and I1,(g?). These two
different Lorentz structure is decomposed to be a chiral-
even structure I1; and a chiral-odd structure I1,. These two
pieces have different operator product expansion (OPE)
content and probe different aspects of QCD dynamics.
Practically, I1; often depends more on the perturbative and
higher-dimension terms, while II, is dominated by low-
dimension condensates.

The correlation functions can be described at both the
quark-gluon level and the hadron level, where the former is
called QCD representation and the latter is called phenom-
enological representation. At the quark-gluon level, the
correlation functions can be represented by the OPE and

dispersion relations in the following form:

w0 ,QCD
HQCD(q2> _/ P (‘;) dS

min S = q
o 4,QCD QCD
_ %pl (S) + 52 (S) dS, (16)
Smin S = q

where s,;, is the kinematic limit and i = 1, 2 denotes the

two Lorentz structures presented in Eq. (15). p?CD(s) is the
spectral density, which is given by the imaginary part of

the correlation function:
1
pRP(s) =~ Im TP s) (17)

In this work, contributions up to dimension 11 are taken
into account in the OPE series, which can be expressed as

C! q s 2 540"
PP () = A (s) + 2" (5) + 97T (5) 4 17 (5)
- \2 3033 = 202
+pl§qq> (s) +,0§g"G >(s) +pl<_qq><g,-G >(s)
+pl§<?q><gﬁv-Gq>(s) +pl§y§02)2 (s)

+p<q§Gz><y\-éﬁ~Gq> (s) +pqu>3(s) +p§"’"q"'Gq>2(s)

i

1+ pANEG) gy plaa’deGa) oy (18)

i

For the higher-dimensional condensates in the OPE, a
nontrivial choice of factorization scheme is required
[62—65]. The possible deviations from the factorization
hypothesis are parametrized by a coefficient «, for which
k = 1 corresponds to exact vacuum saturation. A unified
parametrization of « is introduced for all factorized con-
densates according to Ref. [66]:

(q9qq) = x(gq)*.  (39393q) = *(qq)°.
(9390 - Gq) = x(qq)(qgc - Gq),
(q90 - Gqqge - Gq) = k(ggo - Gg)*. ... (19)

The vacuum saturation approximation has been shown to
be valid in the leading order of the large-N, expansion,
even though the 1/N, corrections may be quite large [66].
In this work, « is varied over the range 1-2.1 [48,49], and
the resulting uncertainty is propagated into the final results.

To evaluate the spectral density of the QCD representa-
tion, the full propagators for light quarks (u, d, and s) are
given by [63]
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Sap(¥) = (0[T[q,(x)7,(0)]0)

2 a1 (94 T g mald9)
8 x> gt A G4, . )
197 (9540 - Ga) —7322 W (k0" + o*4)
08X % A
.G a a6-G
+ e (20)

where a and b are color indices, m, is the quark mass,
* = 2*/2 with 2* being the Gell-Mann matrices, and G,
is the gluon field strength tensor. The first two terms
of the full propagator represent the perturbative contribu-
tions, while the remaining terms account for non-
perturbative effects, which are parametrized by various
condensates.

At the hadron level, the correlation functions can be
expressed in terms of hadronic observables using
dispersion relations:

[Phe(s) = A2 (¢f + M_)6(s — M2) + 22 (g — M _)5(s — M%)
= ¢ (A28(s — M) +228(s — M2))

+ (2M_5(s — M?)

= 4P} (s) + p5"(s).

~BM5(s = M3)) + -
@)

where M is the mass of the hadron and A, is the coupling
constant between the current and the hadron. After con-

Be(s) =

structing parity-projected spectral densities p
Vs, pphe( ) F pghe(s), one can obtain

pPe(s) = /s(A25(s — M%) + 22.8(s — M2))
—(2M_5(s — M?*) = 22M  8(s — M2))

P(s) = V/S(2 (s — M2) + 22.8(s — M2)

+ (BM_5(s — M?) — 1AM 8(s — M%)

=2M_J%5(s — M?2). (23)
In the present analysis, we employ the zero-width approxi-
mation; i.e., the resonance contribution to the spectral
density is represented by a 6 function. Finite-width effects
will shift the pole position; however, the mass extraction is
rather insensitive to the width variation, and the mass in the
zero-width approximation agrees with that including finite-
width effects within their uncertainties, as demonstrated
for A(1232) [67]. Furthermore, the simultaneous fit
of mass and width has been shown to be not feasible in
parity-projected sum rules [67,68], the same framework
employed here. For the pentaquark configurations con-
structed in this work, reliably determining the decay widths
is itself a challenge, as a reasonable estimate of the total
width would require more involved calculations such as
triangle-loop diagrams [6,7]. As this work focuses on the
mass spectrum, the total width is left for future studies.
After performing the Borel transformation and invoking
quark-hadron duality, the sum rules can be written as

OM L 22 e~ MM} _/‘ ds[prCD(s) QCD(S)]e_S/Mé’
Smm

(24)

from which the hadron masses of definite parity can be
extracted as

s CD CD _s/ M2
,Jo dss[VspPP(s) F pdP (s)]en M (25)
Ht = —s/M3, "

Job, dsl QCD( ) F pIP(s)]e/Mi

Here, s is the threshold parameter that separates the ground
state from higher excited states and continuum contributions.
For comparison, in numerical analysis we present both the
parity-projected results and the results obtained separately

=2M Mié (s—M i) (22) from the chiral-even and chiral-odd structures from Eq. (15).
The analytical results for the spectral densities are lengthy,
and and, thus, we showcase only the expression of pr'(1/27):
|
QD s mgs* (3G*)s* | my(5s)s®  mi{g;G*)s*  my(g;50-Gs)s®  (qq)°s’
P = T 13762560005 T 393216025 524288028 | 12088075 | 10485762 | 2457675 6144
(55)%s% | (55)(9,50 - Gs)s  (qq)(9:G0 - Gq)s | (3G°)*s  mi(qq)’s my(5s)(g5G")s  m3(5s)’s
Toladr | 1536 15367+ 314572878  768z*  98304x°  3072x*
L ms(9)*(5s) | mi(qq){9,q0 - Gq)  mi(3s){g;So-Gs)  my(giG*){g,50-Gs) _ (44)*(9;G)
19272 5127* 30727 983047° 614474
+ <g%G2> <§S>2 _ <gsqo- ) Gé]>2 _ <gs§6 ) GS>2 (26)
245767* 409674 409674
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9D () — (@q)s* | migq)s’ (9,50 Gs)s®  (qq)(53G*)s> _mi{g,50-Gs)s* my(qq)(5s)s> m3(qq)(g,G*)s
2 4915202° = 2457675 983047° 655367° 8192x° 153674 32768x°
m,(qq)(g;50 - Gs)s  my(g9,q0-Gq)(5s)s  (qq)’s | (qq)(5s)*s _3(9,G*){9,90 - Gq)s
+ 4 4 7 T 2 6 ’ (27)
7687 10247 1927 1927 131072%
Hsum(s) _ é mS<é‘1>2<gs§G ) GS> _ m§<g§G2><§s>2 m9<51q> <gSC_]0 ) GC]> <§S> m%<gsqa ) Gg>2 m%<gs§0 ) GS>2
s 28872 491527* 19272 20487* 1843274
| 1(mi{ae)?(9,q0 - Gg)  milg,q0-Gq)(5s)*  mi(3q)(5s){g,50 - Gs) (28)
s 12872 15367° 115272 '
where II*"™(s) collects terms of the correlation function [ ds p?(f)D
with vanishing imaginary part, which nevertheless produce ROPE = W <5%, (30)
nontrivial effects upon Borel transformation. We observe fsmm 5Py

that, for certain states like p#/'(1/27), the spectral density

p?CD (s) contains no perturbative term, which is consistent

with Ref. [54].

III. RESULTS AND DISCUSSION
In the numerical analysis, the following inputs are

adopted [47,63,69-71]:

—(0.24 £ 0.01)3 GeV?,
(1.15 £ 0.12)(Gq).

(qq
(s
(a9,0 - Gq) = m§(qq),

)=

)=

) (59,0 - Gs) = my(5s),
($*G?) = (0.88 + 0.25) GeV*,

)

2 __

0

(g3G?) = (0.045 4+ 0.013) GeV®,
m} = (0.8 £0.1) GeV?,
(

mg = (95 £5) MeV. (29)
The quark masses are given in the MS scheme, and the
condensates correspond to a common renormalization scale
u~1GeV [47,63,72]. In addition to the above QCD
parameters, the variation of the factorization-breaking
parameters in the range x = 1-2.1 around the vacuum-
saturation limit is also considered. Moreover, the masses of
the u and d quarks are neglected.

QCD sum rules involve two crucial parameters, which
are the Borel parameter M?% and the threshold parameter s,.
The selection of appropriate ranges for these two param-
eters is essential to ensure the reliability of the QCD sum
rule analysis. The determination of these two parameters is
typically guided by two main criteria. First, the conver-
gence of the OPE series must be ensured, which requires
that the contributions from the highest-dimensional con-
densates are sufficiently suppressed. In this work, to
guarantee convergence of the OPE we demand that the
contribution from the highest-dimension term remain
below 5% of the total OPE contribution, i.e.,

where p?%ix represents the contribution from the highest-
dimensional condensate considered in the OPE series.
Second, the pole contribution (PC) from the ground state
should be substantial compared to the total contribution. As
noted in Refs. [73-75], the high power of s in the spectral
density will suppress the PC value; accordingly, the pole

contribution will be required larger than 20%, i.e.,

Joo, dspfCP (s)ems/
ez, dspR(s)e /i

Smin

RPC = >20%.  (31)

Furthermore, since the hadron mass is a physical observ-
able, it should be independent of auxiliary parameters.
Consequently, a trustworthy prediction is obtained in an
optimal window where the extracted mass is minimally
sensitive to the Borel parameter M.

In practice, we gradually adjust /sy by 0.1 GeV within
the range /5y ~ (E,, + &) to find the acceptable range of
the Borel parameters, where E;;, is the two-particle thresh-
old of the constituent states. Since s is the parameter that
separates the ground state from the excited states and
continuum, the choice of ¢ should, in principle, ensure that
the extracted hadronic state corresponds to the ground state.
In the heavy-quark sector, ¢ is generally taken to be less
than or equal to 1 GeV [76-78]. However, in the strange
regime relevant to our study, RPP(PDG) [69] provides
substantially more spectroscopic information. The mass
gap between the ground states and excited states for several
baryons are compiled in Table II, where all observed mass
splittings cluster around 0.5 GeV, except for the =Z baryon
whose excitation spectrum remains incomplete.

Based on this observation, the following criterion is
adopted in our analysis: If a stable Borel window and a
corresponding hadron state can be identified with
0 <0.5 GeV, we interpret the state as the ground state
associated with the constructed current. Otherwise, the state
is regarded as an excited state contribution. The latter case
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TABLE II. Mass statistics listed on RPP(PDG) [69] of ground
states and their first excitation within the same quantum number,
where m is the mass of the ground state, my is the mass of the
lowest excited state, and §,, is the mass difference. We truncated
the numerical values to the nearest integer.

TABLE IV. Ground states of J¥ = 1/2~ within QCD sum rule
[82].

Baryon N_ A_ > =
Mass (GeV) 1.54 1.55 1.63 1.63

Particle mg (MeV) my (MeV) 6, MeV)
N 939 1440 501
A 1116 1600 484
z 1193 1660 467
= 1318

also implies that the chosen current may not be adequate for
describing the true ground state in that channel.

Through the above procedure, the variations of the pole
contribution, OPE convergence, and the mass with respect to
the Borel parameter M% are presented in the Appendix,
where Figs. 1, 3, 5, and 7 show the pole contribution and
OPE convergence, and Figs. 2, 4, 6, and 8 show the M%
dependence of the extracted masses. The numerical results
are listed in Tables III and V—XII, with all uncertainties from
the QCD parameters, Borel parameters, threshold parame-
ters, and the variation of « taken into account. We find that
the contribution from the variation of «, i.e., the uncertainty
induced by the factorization approximation for higher-
dimensional condensates, amounts to approximately 1%.

It should be noted that the phenomenological spectral
density may also receive contributions from meson-baryon
scattering states carrying the same quantum numbers as the
interpolating current [66,79,80]. Such scattering states
produce a spectral function that grows rapidly with energy,
leading to a strong dependence of the extracted mass on the
threshold parameter s,, whereas a narrow resonance pole
gives a mass weakly dependent on s, [66]. As shown in
Figs. 2, 4, 6, and 8, the extracted masses in the Borel
windows vary only weakly with s, indicating that a narrow
pole rather than scattering states dominates the spectral
function. A more rigorous treatment to further suppress
scattering-state contamination, such as the projected cor-
relation function approach [66,81], would be valuable for
confirmation.

TABLE III.

In following discussion, we will focusing on the result of
negative parity since our purpose is to investigate the
possible molecules. Meanwhile, we calculated the positive-
parity states to fill the full spectrum. In addition, to make
strong interpretation, the mass spectrum generated from
chiral-even and chiral-odd structure IT; and II, are also
provided. The discussion will follow the order of J = 1/2
baryon pseudoscalar meson system, J = 1/2 baryon vector
meson system, and J = 3/2 baryon vector meson system.

A.1/2% and 0~ to J=1/2 system

Since the currents we constructed provides only the
assumption of quark component and spin parity, that means,
for instance, K and K(1460) share same current due to the
same quark configuration and spin parity J© = 0~. Thus,
following the selection rules above, when the threshold
parameter 6 > 0.5 GeV, we consider the scenario in which
one or both of the two constituent hadrons may exist in their
excited states within the composite system.

It is important to emphasize that we aim to search for
molecular states containing a pair of strange and antistrange
quarks (s5). Based on the S-wave spin-orbital (L —S)
coupling, where L = 0, the overall parity of the required
pentaquark state is determined to be —1. We first examine,
within the framework of QCD sum rules, whether a bound
state can be obtained for a system with spin par-
ity JP = 1/2-.

As shown in Table III, we are unable to find any bound
states in the 1/27 sector. It is crucial to emphasize that the
molecules and candidates listed in our table do not imply
that the specific current we calculated corresponds directly
to such molecular components or configurations. We
simply select nearby states to serve as possible references.
To provide a concrete example, we find that the resonance

JP =1/27 states generated from a baryon octet and a pseudoscalar meson. Where constituent

hadrons refer to the specific quark configurations, E, is the two-particle threshold of constituent hadrons, M3 is the
energy range of the Borel window, /s is the threshold parameter, M is the calculated mass, molecule implies that
the nearest possible two-particle threshold and candidate is the possible state which listed on RPP(PDG) [69].

Constituent hadrons E,, (GeV) M% (GeV?) /50 (GeV) My (GeV) Molecule Candidate
N, 1.621 1.6-2.5 2.7+0.1 2.42 +0.08 N(1440)y'

Ang 1.798 1.8-2.6 2.8+0.1 2.48 +£0.08 An(1295) e
Zn, 1.899 1.6-2.4 2.7+0.1 2.38 £0.08 >n(1295) %(2455)
2, 1.998 1.7-2.5 2.7+0.1 2.41 +£0.08 e E(2370)
AK 1.609 1.8-2.4 2.8+0.1 2.49 +0.08 AK(1460) e
K 1.683 1.8-2.4 2.7+0.1 2.42 +0.08 e e

= 1.808 1.7-2.5 2.8+0.1 2.48 +0.08 %(2455)
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energy obtained from the Nz, current calculation is near
2.4 GeV. The combination of N or N* with J¥ = 1/2* and
n or n* with J® =0~ that is closest to this energy
corresponds to the N(1440)1/2" and 5 combination.
However, based on current understanding, # and #' mixing
exists, which is also discussed in Eq. (1), and neither can be
fully explained as a pure s5 pseudoscalar meson state in
terms of quark configuration. Therefore, using a current with
a pure ss configuration to represent 77/ would be biased.
Consequently, the possible molecule combinations listed
here serve merely as a potential reference. Furthermore, there
is no direct connection between the molecules and candi-
dates in tables, and the only link between them is that both
the molecules and candidates happen to fall within the
calculated resonance mass and its error margin.

A more intriguing observation is that we find that for
both the Axy, and X7, currents, the obtained resonance
masses fall precisely near the An(1295) and Xy(1295)
thresholds, respectively. In terms of current construction,
this conversely implies that the 7(1295) is likely dominated
by an s5 structure.

Furthermore, the result for the Z#, current falls precisely
in the vicinity of £(2370), while the result for the AK
current is located near the AK(1460) two-body threshold.
Additionally, X(2455) falls within the resonance mass
range corresponding to both the Xz, and EK currents.
Although the specific numerical results of these two
currents differ, their quark configurations are both ggsss
from the perspective of quark content. We currently know
little about X(2455), and it remains a one-star resonance in
the RPP(PDG). However, our calculation results suggest
that £(2455) may contain a pentaquark component with the
qqsss configuration, and mixing may exist between the
color-singlet cluster combinations of the aforementioned
two currents. Meanwhile, the possible spin-parity assign-
ment of X(2455) is 1/2".

It is well known that baryon currents can simultaneously
project onto both positive- and negative-parity components.
Therefore, following the calculation of the negative-parity
sector J¥ = 1/27, we can likewise obtain the results for the
positive-parity part, which are listed in Table V.

It is worth mentioning that we did not introduce addi-
tional orbital angular momentum when constructing the

currents. In other words, the coupling between the two
color-singlet structures within the molecular currents we
constructed remains in the form of s-wave coupling.
However, when we project onto the P = +1 sector, we
recognize that, while the parity of the meson current
component is fixed, the baryon current simultaneously
contains both positive- and negative-parity components.
Within such a framework, a possible interpretation in the
molecular picture is that the positive-parity part calculated
here corresponds to a J© = 1/2~ baryon s wave coupled to
a J¥ =0~ pseudoscalar meson, thereby yielding a 1/2F
pentaquark current structure.

Thus, to use actual physical designation refers to a three-
quark color-singlet structure with spin parity 1/27, we
select 1 /2~ states based on the calculation within QCD sum
rule framework [82], listed in Table IV and named as N_,
A_, Z_, and E_, as the ground states to determine our
corresponding threshold values and constrain the threshold
parameter /5.

It is interesting that, when we project onto the positive-
parity sector, we find that it is extremely difficult to identify
a corresponding state for the currents we constructed. Only
N_n,, 2_n,, and Z_K find resonances at very high energy
which are above 2.7 GeV.

B.1/2* and 1~ to J=1/2 system

When it comes to the J¥ = 1/2 sector generated from a
baryon octet and a vector meson, the calculated mass of
JP =1/27 states are listed in Table VI. Still, although
resonance can be found in all cases, no bound state can
generated in this sector.

Interestingly, the scenario observed for X(2455) recurs
for X(2620). Instead, X(2620) falls within the resonance
mass range corresponding to both the Z¢ and EK* currents.
Although the specific numerical results of these two
currents differ, their quark configurations are both ggss§
from the perspective of quark content.

We also know little about £(2620), and it remains a one-
star resonance in the RPP(PDG). However, our calculation
results suggest that X(2620) may contain a pentaquark
component with the ggsss configuration, and mixing may
exist between the color-singlet cluster combinations of the

TABLEV. J? = 1/2* states generated from a baryon octet and a pseudoscalar meson. The notation is the same as

in Table III.

Constituent hadrons  E,;, (GeV) M% (GeV?) VS0 (GeV) My (GeV) Molecule Candidate
N_n, 2.223 2.1-2.6 3.1+£0.1 278 £0.11  N(1535)5(1295)

A_n, 2.233 e e No state e

X_n, 2.313 2.1-2.6 324+0.1 2.79 £0.11 2(1900)n’

E_n, 2.313 e No state

A_K 2.045 e e No state

2 K 2.125 2.0-2.6 3.1+£0.1 2.76 +0.10

2_K 2.125 No state
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TABLE VL. JP = 1/2~ states generated from a baryon octet and a vector meson. The notation is the same as in
Table III.

Constituent hadrons  E,, (GeV) M3 (GeV?) /5, (GeV) My (GeV) Molecule Candidate
N¢ 1.958 2.0-2.8 3.0£0.1 2.67 £0.08 N¢(1680)

A¢ 2.135 2.0-2.6 3.0+£0.1 2.69 +0.09 A(1600)¢ ‘e
)7 2.209 1.8-2.3 2.8+£0.1 2.56 £ 0.07 e %(2620)
E¢ 2.334 1.9-2.5 29+0.1 2.62 +£0.08 e ‘e
AK* 2.007 2.0-2.6 3.0+0.1 2.70 £ 0.08 A(1810)K*

ZK* 2.081 1.9-2.5 294+0.1 2.64 +0.08 e e
EK* 2.206 2.0-2.5 2.84+0.1 2.59 £0.07 %(2620)

2¢ and EK*. The possible spin-parity assignment of
%(2620) should be J¥ = 1/27 suggested by our result.

What is more, the resonance generated by N¢), A¢, and
AK* located near the two-body threshold of N¢(1680),
A(1600)¢, and A(1810)K*, respectively, implies that these
states may interpret as such molecules.

Similarly, we can continue to discuss the situation when
we project onto the positive-parity states. We still apply the
masses listed in Table IV to determine our two-body
thresholds and constrain our threshold parameter ,/so
ranges. The calculated results for the corresponding
1/2" states generated from a baryon octet and a vector
meson are listed in Table VIL

The same situation occurs once again. For the positive-
parity sector, we either fail to obtain a corresponding
resonance or the mass of the resonance we obtain is
extremely large. Besides the X_K* current obtain a

resonance near 2.8 GeV, all other channels where reso-
nances can be obtained, we find only states with central
masses above 3.0 GeV.

C.1/2* and 1~ to J=3/2 system

As shown in Table VIII, all cases related to J* = 3/2~
states generated from a baryon octet and a vector meson are
listed. In this sector, the scenario observed for £(2455) and
%(2620) recurs for X(2250) again. X(2250) also falls
within the resonance mass range corresponding to both
the X¢ and ZK* currents. Although the specific numerical
results of these two currents differ, their quark configura-
tions are both ggsss from the perspective of quark content.
With a two-star resonance in the RPP(PDG) £(2250), our
calculation results suggest that it should contain a penta-
quark component with the ggsss configuration, and mixing
may exist between the color-singlet cluster combinations of

TABLE VIL. J” = 1/2% states generated from a baryon octet and a vector meson. The notation is the same as in
Table III.

Constituent hadrons E,, (GeV) M% (GeV?) /50 (GeV) My (GeV) Molecule Candidate
N_¢ 2.560 2.0-2.7 33+£0.1 3.00 £ 0.09 N(1895)¢

A_¢ 2.570 No state

_¢ 2.650 2.0-2.7 33+0.1 3.01 £0.10 %(1900)¢

2_¢ 2.650 e e No state o

A_K* 2.440 e e No state e

X_K* 2.520 1.9-2.5 3.1£0.1 2.82 +£0.09 2K*(1680)

=2_K* 2.520 e e No state e

TABLE VIII. J” = 3/2" states generated from a baryon octet and a vector meson. The notation is the same as in
Table III.

Constituent hadrons E,, (GeV) M% (GeV?) /30 (GeV) My (GeV) Molecule Candidate
N¢ 1.958 1.6-2.2 2.6 +0.1 2.37+£0.07 e

A¢ 2.135 2.2-2.8 3.0+0.1 2.73 £0.08 Ag(1680) .
pI) 2.209 1.7-2.1 2.6 £0.1 2.31 +£0.09 e 3(2250)
Heop 2.334 2.3-2.8 3.0£0.1 2.66 £0.11 -
AK* 2.007 1.6-2.2 25£0.1 2.23 +£0.07

XK* 2.081 2.2-2.8 3.1£0.1 2.88 +£0.08 e
EK* 2.206 1.7-2.1 2.6 +0.1 2.30£0.10 %(2250)
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TABLE IX. JP = 3/2% states generated from a baryon octet and a vector meson. The notation is the same as in

Table III.

Constituent hadrons  E,;, (GeV) M3 (GeV?) /55 (GeV) My (GeV) Molecule  Candidate
N_¢ 2.560 o e No state e
A_¢p 2.570 2.0-2.7 2.6£0.1 2.08 +0.08 A(2070)
Z_¢ 2.650 e e No state e
2_¢ 2.650 24-34 2.8 £0.1 2.24 +0.09 E(2250)
A_K* 2.440 e R No state e
Z_K* 2.520 2.0-3.0 2.5+0.1 2.00 £ 0.08 N(2040)
2_K* 2.520 e e No state x

the X¢ and EK*, while the possible spin-parity assignment
of £(2250) should be J* = 3/2~. Moreover, considering
the uncertainties in the computed masses, the EK* system
with JP = 3/2~ emerges as the only remaining candidate
that may potentially form a bound-state solution within our
calculation. A very recent result from BESIII claimed a
state found in the pK™ invariant mass of y(3686) —
pKX% channel, named X(2330), with spin-parity J =
3/27 [83], which meets our predictions from the ZK* and
2¢ currents; further cross-check should be performed.

It is worth to be mentioned that the constituent quark
model predicts that XK* and p¢ with J* = 3/2~ can form
bound states [5,84]. Meanwhile, using the one-boson-
exchange potential, bound states arising from XK* inter-
actions are investigated via a quasipotential Bethe-Salpeter
equation approach [4]. Unfortunately, in our calculations of
QCD sum rule performed with the currents we constructed,
we did not obtain corresponding bound states in XK* and
N¢ channels.

When it comes to the positive-parity sector, the results of
JP =3/2" states generated from a baryon octet and a
vector meson are listed in Table IX. Two extremes emerge this
time. We either find a deeply bound state very easily, or we fail
to find a corresponding resonance at all. For A_¢, Z_¢ and
X_K* currents, bound states with a very large binding energy
of hundreds of MeV are obtained, corresponding to
A(2070)3/2%, E(2250), and N(2040)3/2+ states listed in

RPP(PDG). The results here lead to a very interesting
interpretation, that is while these states are composed of
two color-singlet clusters, for some reason, these two color-
singlet clusters can bind unexpectedly tightly. In addition, our
calculation suggest the spin-parity assignment of Z(2250)
should be 3/27.

D. Mass splitting

Recall that the I1; and I, corresponding to the chiral-
even and chiral-odd structures in the correlation functions,
[T, contains positive and negative states with the same sign,
while I, contains them with different signs. To figure out
the possible relationship, we separately calculated the so-
called hadronic mass corresponding to the different Lorentz
structure IT; and II,. The extracted J = 1/2 spectrum
generated from a baryon octet and a pseudoscalar meson,
and the J = 1/2 spectrum generated from a baryon octet
and a vector meson, while the J = 3/2 spectrum generated
from a baryon octet and a vector meson via different
Lorentz structure IT; and I, are listed in Tables X—XII,
respectively.

To further directly shows the mass splitting, we listed the
mass differences of above three cases in Tables XIII-XV. We
found that, for the 1/2 and 3/2 cases, the directions of their
mass splittings are exactly opposite. Furthermore, for the
cases where a resonance can be found for positive parity, the
difference between the My values calculated by I, and I, is

TABLE X. J = 1/2 spectrum generated from a baryon octet and a pseudoscalar meson via different Lorentz
structure IT; and IT,. Where constituent hadrons refer to the specific quark configurations, E,;, is the two-particle
threshold of constituent hadrons, M3 is the energy range of the Borel window, /5 is the threshold parameter, and

My is the calculated mass.

Lorentz structures IT, I,

Constituent hadrons M3 (GeV?) /55 (GeV) My (GeV) M3 (GeV?) /55 (GeV) My (GeV)
Nr, 2.1-2.6 2.8 +0.1 2.44 +0.09 2.0-2.6 2.6 £0.1 2.36 +0.08
Ang 2.0-2.5 2.7+0.1 2.48 £0.08 2.0-2.6 2.7+0.1 2.38 +£0.09
Zn, 2.3-29 3.0+0.1 2.55+0.11 2.1-2.7 2.7+0.1 2.39 +0.09
Zn, 2.0-2.6 2.8 +0.1 2.54 +0.08 1.8-2.6 2.6 +0.1 2.30 +0.07
AK 2.2-2.8 2940.1 2.62 +0.08 2.2-2.8 2.8 +0.1 2.45 4+ 0.09
>K 2.0-2.7 2.8 +0.1 2.45 +0.09 2.2-2.8 2.74+0.1 2.39 +0.08
= 2.0-2.7 2.8 4+0.1 2.54 +0.08 2.0-2.6 2.74+0.1 2.38 £ 0.08
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TABLE XI. J = 1/2 spectrum generated from a baryon octet and a vector meson via different Lorentz structures
[T, and II,. The notation is the same as in Table X.

Lorentz structures I, 1L,

Constituent hadrons M3 (GeV?) /5, (GeV) My (GeV) M3 (GeV?) /55 (GeV) My (GeV)
N¢ 2.2-2.8 3.0£0.1 2.75 £0.08 2.2-2.7 2.7+0.1 2.46 +0.08
A¢ 2.3-29 3.1+0.1 291 £0.08 2.1-2.7 2.7+0.1 2.45 4+ 0.08
)7 2.6-3.0 3.1+£0.1 2.74 £0.09 2.1-2.7 2.6 £0.1 2.39 £0.07
2o 24-29 3.14+0.1 2.89 +0.08 2.0-2.6 2.6 £0.1 2.38 £0.07
AK* 2.3-29 3.1+0.1 2.88 £0.08 2329 29+£0.1 2.57 £0.09
ZK* 2.2-2.8 3.0£0.1 2.75 £0.08 2.3-2.8 2.84+0.1 2.53 +£0.08
=ZK* 2.3-29 3.1+0.1 2.87 £0.08 2.1-2.6 2.7+0.1 2.46 +0.08

TABLE XII. J = 3/2 spectrum generated from a baryon octet and a vector meson via different Lorentz structure
1, and II,. The notation is the same as in Table X.

Lorentz structures IT, I,

Constituent hadrons ~ M% (GeV?) /55 (GeV) My (GeV) M3 (GeV?) /55 (GeV) My (GeV)
N¢ 2.5-3.0 3.1+0.1 2.77 £0.09 2.0-2.6 26+0.1 2.23+£0.08
A¢ 6.0-7.0 2.6+0.1 2.05 +0.09 2.0-2.7 25+0.1 2.09 £0.09
X 2.1-2.8 29+0.1 2.63 +£0.08 2.0-2.6 2.6+0.1 2.19+£0.08
e 7.5-8.5 2.8+0.1 2.23 +£0.09 22-29 2.7+0.1 2.19+0.09
AK* 2.3-29 3.0£0.1 2.75 £0.08 1.5-2.3 23+£0.1 1.98 £ 0.07
XK* 6.0-7.0 25+£0.1 1.99 £ 0.09 2.0-2.6 25+£0.1 2.04 £0.08
EK* 2.4-3.0 32+0.1 2.83 £0.09 1.7-2.6 26+£0.1 2.15+0.09

TABLE XIII. Comparison of the calculated hadron masses My
(in GeV) for the J© = 1/2 sector generated from a baryon octet
and a pseudoscalar meson, derived from different Lorentz
structures II;, I, II_, and II,. The table includes the mass
differences I, —II_ and IT; —IL,.

MH (GCV) Hl H2 Hl - H2 HJr I H+ -1
Nn 244 236 0.08 278 242 0.36
An, 248 238 010 ... 248 ...

Py B 255 239 0.14 2779 238 0.41
B, 254 230 024 .. 241 ...
AK 2.62 245 0.17 - 249 e
K 245 239 0.06 276 242 0.34
2K 254 238 0.16 <o 248 e

TABLE XIV. Comparison of the calculated hadron masses My
(in GeV) for the J© = 1/2 sector generated from a baryon octet
and a vector meson. Notation is the same as Table XIII.

smaller than in those cases where no positive-parity resonance
is found. From a theoretical perspective, the mass splitting
itself is caused by chiral-odd terms, which are proportional to
the quark condensate (g¢) and mixed condensate (ggo - Gg)
terms [82,85], which mainly correspond to the Lorentz
structures of I',. When the difference between the M values
calculated by IT; and II, is relatively large, which often
corresponds to the mass of the I1, term being significantly
lower than the mass of II; term, it implies that the I, term
dominates the calculation. This results in an excessively large
splitting between the positive- and negative-parity states,
making it difficult for us to find the state corresponding to
positive parity within an appropriate /s, range.

TABLE XV. Comparison of the calculated hadron masses My
(in GeV) for the J¥ = 3/2 sector generated from a baryon octet
and a vector meson, derived from different Lorentz structures IT;,
IT,, IT_, and I1, . The table includes the mass differences I, —
I1_ and H] - Hz.

My (Gev) T, M, I,-T, T, T_ T,-M_ My (@Gev) 1, 1M, I,-T, M, TI_ T, -TI_
N¢ 275 246 029 300 267 033 N¢ 277 223 054 ... 237 e
A 291 245 046 -+ 2.69 . A 205 209 -0.04 208 273 —0.65
) 274 239 035 301 256 045 ) 263 219 044 - 219 e
E¢ 289 238 051 262 - B¢ 223 219 004 224 259 -035
AK* 288 257 031 270 . AK* 275 198  0.77 223 e
K 275 253 022 282 264 0.8 TK* 1.99 204 -005 200 288 —0.88
BK* 287 246 041 L. 259 . BK* 283 215  0.68 o220 e
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IV. SUMMARY AND CONCLUSIONS

In this work, we have systematically studied hidden- and
open-strange pentaquark configurations in the hadronic
molecular picture by means of QCD sum rules. A total of
21 interpolating currents with J =1/2 and 3/2 were
constructed from the baryon octet combined with an s5
pair. In the numerical analysis, we included OPE contri-
butions up to dimension 11, considered both parity-pro-
jected spectra and the separate I1; and I, structures, and
incorporated the uncertainty associated with the factoriza-
tion approximation of higher-dimensional condensates.

Our results show that no bound-state solution is found in
the JP =1/27 sector, while several channels generate
resonance masses close to nearby thresholds or to poorly
established strange baryon candidates. In the J” = 3/2~
sector, resonance solutions are obtained, but still none
support a bound-state interpretation.

In positive-parity sectors, including both J© = 1/2+ and
3/2%, it is more difficult to identify the corresponding
states of the current we contracted. A large mass splitting
was found between the positive- and negative-parity states
raised from the same current.

Few spin-parity quantum number to be suggest by our
calculation, including X(2250), X(2455), X(2620),
E(2250), and E(2370), to be JF =3/27, 1/27, 1/27,
3/2%, and 1/27, respectively. Meanwhile, these states are
very favorable to the pentaquark configuration, especially
for the X states above. For all three X states, it is found that
they may contain a pentaquark component with the ggsss
configuration, and mixing may exist between the color-
singlet cluster combinations of X+ 7,/¢ and E+ K/K*
currents. The mixing between the currents will require

further investigation in future work. This also seems to
suggest that it may be possible to search for the corre-
sponding pole structures within such coupled-channel
frameworks.

Further studies with a more complete current basis may
help clarify the nature of these states and their possible
multiplet relations in the strange sector. Alternative con-
structions may offer new possibilities for identifying such
states. For instance, in future work, we will extend the
construction of molecular currents from the baryon octet to
the baryon decuplet. In this context, we will not only cover
the range of spins from 1/2 to 5/2, but also consider the
mixing between channels for specific quantum numbers.
Future investigations into a broader range of current
structures may provide further insights into the open
questions addressed in this work, while also improving
the interpretation of the light-flavor hadron spectrum from
the perspective of QCD sum rules.
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APPENDIX: FIGURES OF THE POLE CONTRIBUTION, THE OPE CONVERGENCE, AND THE MASS
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FIG. 1. The ratio with respect to the Borel parameter M3 with different threshold parameter /¢ for I1;.
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FIG. 2. The mass with respect to the Borel parameter M3 with different threshold parameter /8o for II;.
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FIG. 3. The ratio with respect to the Borel parameter M3 with different threshold parameter /3¢ for Il,.
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FIG. 5. The ratio with respect to the Borel parameter M3 with different threshold parameter /5o for I1,.
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FIG. 6. The mass with respect to the Borel parameter M7 with different threshold parameter ,/sq for IT,.
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FIG. 7. The ratio with respect to the Borel parameter M% with different threshold parameter /8o for TI_.
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FIG. 8. The mass with respect to the Borel parameter M% with different threshold parameter /8o for TI_.
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