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Abstract: We investigate the mass and strong decay properties of the Q(2012) resonance using QCD sum rules, as-

suming it to be an S-wave Z(1530)K molecular pentaquark state with I(J Py=0(3/27). A unified interpolating cur-

rent is constructed, and the two-point and three-point correlation functions are calculated up to dimension-13 and di-

mension-10 condensate terms in the OPE series, respectively. The negative-parity contribution is isolated by em-

ploying parity-projected sum rules. The two-body strong decays into 29K~ and Z~K? are studied using the corres-

ponding three-point correlation functions. Our analysis yields a mass of 2.02 +0.12 GeV and a total two-body decay
width of T = O.96f8:73 MeV for the Z(1530)K molecular state. The ratio of the two-body decay branching fractions

. . =~ K0
is obtained as RZ, 1,((*

=(.85. These results are compatible with the experimental data for the €(2012) within uncer-

tainties and support its interpretation as a Z(1530)K molecular pentaquark state.
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I. INTRODUCTION

Quantum chromodynamics (QCD) is the fundament-
al theory of the strong interaction. While conventional
hadrons are well described as quark-antiquark mesons
and three-quark baryons in the quark model [1, 2], QCD
also permits the existence of exotic hadron states, such as
multiquark states, hybrid mesons, and glueballs. Detailed
discussions can be found in recent comprehensive re-
views [3—17].

In 2018, the Belle Collaboration first observed a nar-
row structure, denoted ©(2012), in the Z°K~ and = K
invariant mass spectra, providing the first experimental
evidence for this excited Q baryon [18]. Prior to this dis-
covery, the mass spectrum of the Q family had been ex-
tensively studied using various theoretical approaches
[19—37], many of which predicted a pair of negative-par-
ity excited Q- states with J* = 1/2" and J* =3/2" in the
mass region near 2 GeV. The existence of the Q(2012)
was subsequently reinforced by Belle through its observa-
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tion in weak decays of the Q. baryon, providing an inde-
pendent production channel and further consolidating its
resonance nature [38]. More recently, the ALICE Collab-
oration reported the observation of ©(2012) with a signi-
ficance of 150 in pp collisions at the LHC [39], while
the BESIII Collaboration presented evidence for a new
production mechanism of this state via the process
ete” — Q2012)Q* +c.c. with a significance of 3.50 [40,
41]. In the PDG [42], the mass and total decay width of
0Q2012) are listed as m=20124+09 MeV and
I =6.4732 MeV, respectively, and the branching fraction
ratio is given as Rggff =0.83+0.21.

The discovery of this multistrange resonance has
stimulated considerable theoretical interest, focusing on
two broad interpretive frameworks. One framework re-
gards Q(2012) as a conventional excited baryon. In par-
ticular, based on its relatively narrow width, it has been
argued that the most likely spin-parity assignment is
JP=3/2" [43-55]. The alternative picture describes
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Q(2012) as a molecular state dominated by the Z*K con-
figuration with J* = 3/27 [56—69]. Within this molecular
scenario, the generation of a J¥ =1/2" state is generally
disfavored. This interpretation is motivated by the prox-
imity of the Q(2012) mass to the Z(1530)K threshold.
Notably, both scenarios are capable of reproducing key
experimental observables, such as the mass, narrow
width, and production in Q. decays, suggesting that the
physical ©(2012) state may involve a nontrivial interplay
between compact three-quark and hadronic molecular
components [54, 70, 71]. A comprehensive overview of
the experimental and theoretical status of Q(2012) can be
found in recent reviews [67, 72].

A crucial distinction between these competing inter-
pretations arises from their predictions for decay patterns,
particularly the three-body decay channels. Conventional
three-quark models generally favor dominant two-body
K= decays, with the three-body KnE mode being
strongly suppressed. In the QCD sum rule approach with
the conventional sss configuration, the calculated mass is
in good agreement with the experimental value [43, 50],
whereas the computed two-body decay width is already
larger than the measured total width [44], implying a very
small branching ratio for the three-body decay channel. In
contrast, molecular scenarios naturally allow for sizable
contributions from the KzZ channel due to strong
meson—baryon couplings. Experimentally, early analyses
reported no evidence for such three-body decays [73].
However, subsequent measurements by the Belle Collab-
oration revisited this issue and reported the experimental
value REK =0.99+0.26+0.06 [74]. More recently, the
ALICE Collaboration reported the branching fraction for
the two-body decay channel as B[Q* — ZK] = 0.627)%] in
2025 [39]. Assuming that all (2012) decays proceed ex-
clusively via either Q(2012) - EK or Q(2012) — =nkK,
the ALICE result is consistent with the Belle measure-
ment within the uncertainties.

In this paper, we employ QCD sum rules to carry out
a systematic investigation of the mass and two-body de-
cay width of ©Q(2012), treating it as an S-wave Z(1530)K
molecular pentaquark state. Our calculations of both the
mass and two-body decay properties of ©(2012) are con-
sistent with the available experimental results, support-
ing its interpretation as a Z(1530)K molecular pentaquark
with JP =3/2". Nevertheless, a definitive conclusion re-
quires further analysis of its three-body decay channels,
which we leave for future work.

This paper is organized as follows. In Sec. II, we in-
troduce the interpolating currents and outline the QCD
sum rules analysis. Sec. III presents the numerical results
for the hadron mass and two-body strong decays. Finally,
concluding remarks are provided in Sec. IV.

II. TWO-POINT AND THREE-POINT QCD
SUM RULES

A. The Z(1530)K molecular interpolating current
with J* =3/2-
In this subsection, we construct an interpolating cur-
rent that describes a meson—baryon molecular state with

JP =3/27. The interpolating current for the K meson is
given by

Je(x) = ¢ (D)iyss"(x), (1)
whereas the current for the E(1530) (E*) baryon with
JP =3/2* is given by

1
J=(x) = \@ (25 ()Cug" (1)s°(x)

+ 5T (0)Cy,s" (g ()], 2)

where a,b,c,d are color indices, C = iy,y, is the charge-
conjugation matrix, and s and ¢ denote the strange and
light (u/d) quark fields, respectively. The current Jz- has
been widely adopted in QCD sum rules for decuplet bary-
ons [75]. The currents Jx- and J=. are obtained for ¢ = u,
whereas the currents Jzo and Jz.- are obtained for ¢ =d
in Egs. (1)—(2). Then, we can construct an S-wave Z*K
molecular pentaquark current with J” =3/2" as

1
My = \@ " [q"iyss (] 2" ()Y ()" (x)

+ (5T ()CY,s"(x))g ()] - 3)

It is worth emphasizing that alternative pentaquark
currents with the same quantum numbers but different
Dirac structures can also be constructed

L e . a c

\@e‘”" [ (iyss' 0] 26T (DCYuq" ()57 (x)

+ (5 ()Y ()" (1)) )
or
1
\/; € [q' (iyss (0] [2(57 ()CTq" (X)), (1)
+ (5T ()CT 5" ()Y, ()] ©)

A Fierz rearrangement, however, reveals that these cur-
rents are not independent but are equivalent to one anoth-
er [76]. It follows that, within this construction, Eq. (3)
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represents the unique interpolating current for the
JP =3/27 5(1530)K molecular state.

Considering the isoscalar nature of ©(2012), one can
finally construct the interpolating current that couples to
this state as

1

Ju(x) = NG

(Jzo - J- — Ja - Jgo) . (©6)

In the following analysis, we use this current to study the
mass and strong decay properties of Q(2012).

B. Two-point correlation function

The molecular interpolating current J, in Eq. (6) can
couple to both negative- and positive-parity states
through different coupling relations

017,1€7:3/27) = fru(p), (7

(O1,1Q7;3/2%) = frysuu(p), )

where f. are the coupling constants and u,(p) is the Rar-
ita-Schwinger vector-spinor. Thus, the two-point correla-
tion function induced by such a current contains informa-
tion about both states. It can be written as

I, (p>) =i / d’x e”(0|T[J,(x)J,(0)]|0)

= —gullp(P) + .., )

where I1;,(p?) is the invariant function associated with
the hadronic states with J* =3/2* [77, 78]. In general,
the interpolating current in Eq. (3) may also couple to
nonresonant Z(1530)K scattering states with J* =3/2",
potentially contaminating the invariant function I15,,(p?)
in Eq. (9) and thereby hindering the investigation of the
Z(1530)K molecular state. However, previous studies
have shown that nonresonant scattering states do not sat-

" r(de)

&

urate the multiquark QCD sum rules, and their contribu-
tions are generally negligible within the standard sum
rule treatment [79—82]. A detailed discussion of scatter-
ing states in multiquark QCD sum rules can be found in a
recent review [17].

On the phenomenological side, by inserting a com-
plete set of intermediate states, the correlation function
can be expressed as

(") = — g {(f 2 Z;_m a o ’fii—_ml: 2} ’

= = g [T (2 + 0™ ()] + .. (10)

The invariant function IT(p?) can be described by the dis-
persion relation

o [P S 24k
) =) | Sn(s_pz)dwkz:;ak(p), (n

1
where a; is the subtraction constant and o(s) = ;ImH(S)

is defined as the spectral function. From Egs. (10)—(11),
one obtains the following two spectral functions

Py (5) = [26(s —m?) + fl6(s =),

Ps) = fPmd(s —md) = fim (s =ml). (1

from which we can separate the spectral densities of the
negative- and positive-parity states as

P2 = Vsph(s) £ (s). (13)

At the quark—gluon level, the correlation function is
computed using the operator product expansion (OPE),
which is expressed in terms of quark masses and various
QCD parameters. We adopt the d-dimensional coordin-

ate-space expression for the light-quark propagator [83]:

imo g

Sij(x) - 2712 (— x2)d/2 v Amd/2(—x2)d/2-1 6~ E(J"//}‘F 12d <¢_’W>¥— 48d<g'J_/0'Gl/’>x2
iéisz)[ = > ié‘ijmx%f B 5ijx4<lzw><g2G2> 5UX4 ) .
~ 31D’ W)™+ m(sztﬁa&ﬁ)— Rddr) A D) mgnp)
(21 )uerey  T(3-1)
2 2 a a
GﬂvTij

T B3d(d + 2m (=i

167Tzl/2(_x2)d/2—1 8
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[ (d d
r <§ —2) (P —4gtty”) T (E - 1) (X yPpy” + XYy
+ 967d/2(—x2)dI2-2 + 487/2(—x2)d/2-1 8G,

d d
-Tr (5 _ 2) (Zg{“f’x‘” + gwytr)x) r (E _ 1) x“‘x”y‘r]af

+ + v,8G T

uvipotij

28 X3ﬂ-d/2(_x2)d/2—2 1927Td/2(—)€2)d/2_1

d d
—ir (5 - 1) X' xTyty? =il (E — 2) gy
96714/2(—x2)d/2-1 19274/2(—x2)d/2-2

+g2Gu Gb (TaTb)ij

v po

uvip

r(2-2)

* 28 % 3ﬂ-d/2(_x2)d/2—2

where m is the light-quark mass, i, j=1,2,3 are color in-
dices, and T* (a=1,...,8) are the Gell-Mann matrices.
The relevant abbreviations are defined as

,),,UVP = 7,/ij,v),p , g(#ﬁxff) = g#pxrr + gwrxp + gpffxu ,
g{#ﬂyﬂ'l = gﬂpyff + gyﬂ'yo + gmr),;l ,
KXy = APy + XA+ XY

G, =DbYG,,.Gs, ., = DY D)G; (15)

wvip > T uvipo uv?

where G,, is the gluon field strength, D% =5"d,—
gf**As is the covariant derivative operator in the adjoint

(68" "y = 4xTy"™ + 6xy™T — Ax"y" 7P+ 34 4‘7”’”)} , (14)

representation, and Ay is the external gauge field. These
propagators can ensure infrared (IR) safety in calcula-
tions involving the tri-gluon condensate (g3 fG?) [83].

We calculate the spectral functions pp™(s) and
PPPE(s) up to dimension 13, and the corresponding Feyn-
man diagrams are shown in Fig. 1. The results for pf**(s)
and pP*E(s) are too lengthy to present here, so we list
them in Appendix A.

According to the principle of quark-hadron duality,
the correlation function computed at the quark-gluon
level is expected to be equivalent to that at the hadronic
level. The Borel transform is then performed to suppress
contributions from highly excited states. The hadron

g

Fig. 1. The Feynman diagrams involved in our calculations for the £(1530)K molecular pentaquark state are shown. A quark line with
dots represents terms proportional to the color factor 6/ in the propagator S/(x); consequently, such diagrams effectively subsume mul-

tiple Feynman diagrams.
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masses and coupling constants are obtained as

S0
/ [ Vs (5) 200" ()]s ¢ Mids

mi(s0, Mp) = =75 (16)
/ [Vspp"™ () 20" (s)] e Mods

and

50
/ [Vspg () £ p7"(s)]e ™ Mids
S< m%/Mlzg

F2(s50, Mp) = 3 x e
M=
(17)

which are functions of the Borel parameter My and the
continuum threshold s, .

In the following analysis, we employ the same two-
point QCD sum rule approach to determine the ground-
state Z baryon mass and the corresponding coupling con-
stant fz that appears in Eq. (20).

C. Three-point correlation function

In QCD sum rules, the three-point correlation func-
tion is used to investigate the strong decay properties of
hadrons. It is defined as

IL(p}.p3.p*) = / d?xd?y e e T(x,y),

L(x,y) = 01T [J=()Tx (). (0)110), (18)

where Jz denotes the interpolating current associated
with the E baryon

J=(x) = € [sT (0)Cy,s" (0] ¥V ¢ (). (19)

The currents J= and Jz couple to the physical states
E;1/2%) and |K;07), respectively, through the following
matrix elements:

— M i
OURIR:07) = TEME_ _

mg+my

(O=[E;1/2%) = fzu(py),

(20)

The interactions among the Q*, Z, and K hadrons are de-
scribed by the effective Lagrangian [84]

LKTQ* = ng*:[(E'y,uM’yS (@,Qz) 6/1[_(+ h.c. , (21)

where y#1 = ig" %y ys.

After inserting a complete set of intermediate hadron-
ic states, the phenomenological representation of the
three-point correlation function can be written as

IL(p1, 3. P)
Ak fzu(p (K (p)E(p)IQ (P) f-,(P)
(P2 —md. +ie)(p} —mE +ie)(pt —m +ie)

+.., (22)

where the "..." denotes the contributions of higher excited
states, including those from opposite-parity states. After
the Borel transformation, the ground-state contributions
are expected to dominate the sum rules. Since both
Q*(3/27) and Z(1/2%) are treated as ground states in their
corresponding channels, contamination from opposite-
parity states is therefore suppressed and is not expected to
significantly affect the numerical results. The transition
matrix element can be derived from the effective Lag-
rangian in Eq. (21) as

(R(p)E(pIQ (p)) = i(p1iga=ry™" Y’ p3p'up).  (23)
By substituting Eq. (23) into Eq. (22), we obtain

igo-zk Ak fof-m=pop, vy
3(p? —mg. +i€)(pt —mi +ie)(p3 — m% +ie)

,(p1,p3.p") =

+....
24

Given the complexity of the full expression, we retain
only the Lorentz structure ,y*y° in Eq. (24) for the con-
venience of the subsequent analysis.

This result can equivalently be rewritten as

(p;. p3.p°)

I .
(1. mi gmslgg*sk/lkfsf—
p

3—mk +ie ) (p*—mp. +ie)(p] —mk +ie)

+.... (25)

Since p=p;+p,, we consider the soft-kaon limit
p2 — 0, in which case p? ~ p?. In this limit, the terms pro-
portional to 1/p3 become dominant in the OPE series.
Therefore, to properly construct the sum rules, we isolate
the contributions with the Lorentz structure p,y*y> pro-
portional to 1/p3. This approximation has been examined
in Ref. [85], where the results obtained in the soft-meson
limit were found to be consistent with those obtained by
treating the meson momentum as a small but finite quant-
ity. This procedure determines the coupling constant
gazk(0%) (where Q?=-p3) in a region away from the
physical pole at Q* = —mZ. The on-shell coupling is then
obtained by extrapolating from the valid QCD sum-rule
window. By equating the hadronic and OPE representa-
tions, we obtain
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|
m gmalgn*sk/lkfaf—
2_ 2 2_ 2 i PR PR
(p; —mz +ig) (p* —myg. +ie)(p* —mz +ig)

_ L pls) = ps)
= UO dss_p2+/m dss_pz}. (26)

According to quark-hadron duality, the contributions
of higher resonances and the continuum on the phe-
nomenological side are assumed to be dual to the integral
over the region above the continuum threshold sy on the
OPE side. After performing the Borel transform, the sum
rules are obtained as

2 2 2 2
Q2 + m%_( e—mm /MB _ e_mE/MB

0? m. —mk

= / dsp(s)e_s/M%f. 27)
0

1 .
gmsm?{lgg*sk/lkfaf—

To extract the value of the coupling constant at the
physical point Q* = —m%, we extrapolate go-zx(Q*) from
the working region of the QCD sum rules using an expo-
nential model [86—88]

gazk(0Y) = g1e7Y, (28)

where the parameters g; and g, are determined by fitting
the numerical results obtained from the sum rules.
The decay width for the process Q* — ZK can be de-

A
ARAL

AR
f

DDG

Fig. 2.

rived from Eq. (21) as

A(my. ,m%,m%)

1927m3,.

2

r@ -2k = Gt

X (mgy, — 2mg-mz —my +mz)”

X (mé* +2mo-mg — mi + mé), (29
where A denotes the well-known Kéllén function

Aa,b,c) = a®> +b* +c* = 2ab—2ac—2bc. (30)

At the quark—gluon level, we evaluate the three-point
correlation function using the same light-quark propagat-
ors as those given in Eq. (14). We retain the spectral
function p°PE(s) up to dimension 10, and the correspond-
ing Feynman diagrams are shown in Fig. 2. The result for
p(s) is obtained as

5(g*G*) e Smy(ss) 2 5my(qq) 2
98304r° 61447 30727
T8 (ss)? o 78Gqy g fG)
41472n% 41472n% 215 x 33 x 0
_Im(580Gs)  m(qgoGyq)
1843274 15367
_ 55m(5s)(g’G?) | 5m(Gq)g*G*)
122887 614474

p7(s) =

€3]

4

DG

DG

The Feynman diagrams that contribute to the theoretical side of the three-point sum rules in the relevant structure for the two-

body strong decays of the Z(1530)K molecular pentaquark state are shown.
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III. NUMERICAL ANALYSES

A. The mass of Z(1530)K molecular pentaquark

For the numerical analyses, we adopt the values of the
QCD parameters at the renormalization scale u=1GeV
and set Aqcp = 300 MeV, as is standard in QCD sum rule
calculations [42, 76, 89—96]

m,=myg=0,m; =93.5+0.8 MeV,
(Gq) = —(0.24£0.01)* GeV?,
(55) = (0.8 £0.1)gq),
(ggorGgq) = (0.8 £0.2)(gq) GeV?,
(g°G*) = (0.48 +0.14) GeV*,

(&’ fG?) = (8.2 1){a,G*) GeV*. (32)

Here, the strange quark mass is evaluated at the renormal-
ization scale u = 2 GeV. The renormalization group equa-
tion is used to evolve m, to the working scale u =1 GeV.

We begin by examining the behavior of the spectral
function before proceeding to the mass sum rule analysis.
As illustrated in Fig. 3, the spectral density exhibits poor
positivity, becoming negative over a relatively wide re-
gion, 1 GeV? < s <4 GeV>. To remedy this unphysical be-
havior, we relax the factorization assumption by introdu-
cing a parameter k via (§gqq) = k{(Gg)* [96—98]. With
k=3.90, the spectral density exhibits sufficiently good
behavior; this value is adopted in the following analysis.
The associated uncertainty is estimated by varying x
within x = 3.90+0.30 and is included in the final error es-
timates.

In Eq. (16), the extracted hadron mass depends on
two free parameters: the Borel parameter M3 and the con-
tinuum threshold sy. Their working regions are determ-
ined by imposing the following standard criteria: (a) good
convergence of the operator product expansion, (b) a suf-
ficiently large pole contribution, and (c) good stability of
the mass sum rules.

The convergence of the OPE is quantified by requir-
ing that the contributions from high-dimensional operat-
ors be sufficiently suppressed

H12+]3(00, M123)

0,
o) | 5%, (33)

CVGE'

where II_ denotes the full OPE series of the correlation
function, while T1'?*!* represents the combined contribu-
tions from the dimension-12 and dimension-13 condens-
ates. As shown in Fig. 4, this requirement leads to a lower
bound on the Borel parameter, M2 > 1.25 GeV>.

P(s)[x10°][GeV""]

02k L L L L
0 2 4 6 8

s[GeV?]
Fig. 3. Behavior of the spectral densities under different fac-

torization assumptions. The solid lines represent the spectral
densities for « = 1, whereas the dashed lines show the corres-
ponding densities for x = 3.90.

X
]
>
(@)
1.0 1.5 2.0 25 3.0
M2[GeV?|
Fig. 4. OPE convergence for the Z(1530)K molecular

pentaquark state at « = 3.90.

To determine the optimal value of the continuum
threshold sy, we plot the my—s, curves for different val-
ues of M3 in Fig. 5. The optimal s, is chosen such that
the dependence of my on M2 is minimized in its vicinity.
To quantify this criterion, we define the function y? as
[99-102]

N ) 2
X(s0) = Z {mH(SO’MB’) - 1} , (34)

o mu(8o)
where my(so) denotes the average of the data points

N
mH(So,Mlz;,,-)

my(so) = Z N (35)

i=1

The x* as a function of s, is shown in Fig. 6, from which
the optimal value of the continuum threshold is determ-
ined by the location of the minimum, yielding s, =5.73
GeV~.

In addition, to ensure a sufficient pole contribution,
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2.15¢ 1 1
2.10f ! ]
< 2.05} ! ]
8 I
= 2.00f ;
g ] - ME=1.25GeV?
1.95} ;
! -+ M3=1.35GeV?
1.90t |
! — M3=1.44GeV?
1857 | , e . .
4.5 5.0 5.5 6.0 6.5 7.0
so[GeV?]
Fig. 5. Variation of the hadron mass with sy for the

Z(1530)K molecular pentaquark state, considering « = 3.90.

1201 ]

100 ]

80 ]

601 ]

X°[x107]

a0f ]

45 5.0 5.5 6.0 6.5 7.0
So[GeV?]

Fig. 6.
pentaquark state, with « = 3.90.

Variation of y? with sy for the Z(1530)K molecular

we require

1 (s0, M)

- D7 )
T2 50%. (36)

PCE‘

Applying the above constraints yields an acceptable Borel
window of 1.25 GeV? < M2 < 1.44 GeV?2. The correspond-
ing Borel curves are displayed in Fig. 7, where the extrac-
ted mass exhibits good stability with respect to variations
in M3 within this window. As a result, we obtain the
mass and coupling constant of the Z(1530)K molecular
state as

Mz=1530k = 2.02+0.12 GeV, (37)

fo=(4.60+1.17)x107* GeV®, (38)

where the errors mainly arise from the uncertainties in the
various condensates in Eq. (32), as well as from the phe-
nomenological parameter x. The extracted mass of the
E(1530)K molecular pentaquark state is consistent with

3.0 T i T T T
1 [ 50=6.23GeV?
2.81 b i
‘o 50=5.73GeV?
261 i
s i
[0 | 1
Q 24r I ]
T i
1S ]
221 I ]
2.0} ]
18 1 L] L 1 1 1
1.0 1.5 2.0 25 3.0 3.5
Mi[GeV?E]
Fig. 7.  Variation of the hadron mass with M% for the

Z(1530)K molecular pentaquark state, considering « = 3.90.

the mass of Q(2012) reported by the PDG [42].

B. The coupling constant of =

To calculate the coupling constant of =, we perform a
mass sum rule analysis for the current in Eq. (19) and ad-
opt the same values for the QCD parameters as those in
Eq. (32). Under the following constraints

1-[6+7+8(OO M2)
CVG=|— 8 <10%,
‘ M (co,M3) |~ "
(50, M3)
PC= |————| >40%, 39
‘H_(oo,Mé) ’ (39)

the acceptable Borel window is determined to be
1.01 GeV? < M2 < 1.20 GeV>. The corresponding Borel
curves are shown in Fig. 8. As a result, we obtain the
mass and coupling constant of the E baryon as

mz = 1.38+0.06 GeV, (40)
fo=(321£0.39)x 102 GeV?, (41)
2.0 — . . : :
1.9F. 5 5 77777 50=3.08GeV? | ]
1.8F P 50=2.78GeV? | ]

2 1.7F P S §9=2.48GeV2 |

(2‘ i '

T ]

& ]

M3[GeV?]

Fig. 8. Variation of the hadron mass with M3 for the = state.
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where the obtained mass agrees well with the mass of the
E baryon with J” = 1/2* listed in the PDG [42].

C. The strong decays of Q(2012) —» Z°K~ and ZK°

To perform the three-point sum rule analyses, we ad-
opt the input parameters listed in Eq. (32) and use the
same factorization parameter, x = 3.90. For the = and K
doublets, as well as Q(2012), we use the hadronic para-
meter values from the PDG [42]:

Mogor = 2012.4+£0.9 MeV,
mz- = 1321.71£0.07 MeV,
mzo = 1314.86 £0.20 MeV ,
mgo =497.611+0.013 MeV,
mg- =493.677+0.015 MeV,
fz = 155.7MeV. (42)

As shown in Eq. (27), the coupling constant extracted
from the sum rule depends on s, and M3 in the limit
0?> — 0. Adopting the same value, sy =5.73 GeV? as in
the mass sum rule, we present the dependence of the
coupling constant on M3 at the Euclidean momentum
point Q* = m2_ in Fig. 9. We find that the sum rules yield
a stable plateau for the coupling constant at M2 =
0.71 GeV?, around which it exhibits minimal parameter
dependence.

To extract the value of the coupling constant at the
physical point Q% =-m%,, we extrapolate go-z-z0(0?)
from the QCD sum-rule working region using the expo-
nential model given in Eq. (28). As shown in Fig. 10, the
QCD sum-rule results obtained with s, =5.73 GeV* and
M2 =0.71 GeV* are well described by this model, yield-
ing the fitted parameters g, =-1.82GeV™? and g, =
0.07 GeV 2. Using these parameters, the coupling con-
stant at Q> = —m7, is obtained as

gars-po = —1.85°08 Gev 2, (43)

where the errors mainly arise from the uncertainties in the
coupling constants in Egs. (38) and (41), the various con-
densates in Eq. (32), the hadronic parameter values in Eq.
(42), and the phenomenological parameter «.

Using Eq. (29), the partial decay width of the process
Q(2012) — Z-K° can be calculated as

Q" — 2K =0.44%03) MeV. (44)

For the Q(2012) — Z°K~ decay, the dominant differ-
ence arises from the isospin mass splitting of the = and K
doublets in the final state. Possible isospin-breaking ef-

-1.6+
-1.7+
> -18
S
m-1.9f
k<
>
-2.0
-2.1
0.5 0.6 0.7 0.8 0.9 1.0 1.1
M3[GeV?]
Fig. 9. Dependence of the coupling constant gq.z-z0(Q* =

mZ_) on the Borel parameter M3 for so =5.73 GeV2.

-z [Gev?]
N
'\,

9q
|
N
o
\
\

1 0 1 2 3
Q*[GeV?]

Fig. 10.

gar=-go With Q2. The dotted points represent the QCD sum-

rule results for gg.z-zo at so=5.73 GeV? and M3 =0.71 GeV2.

The solid line shows the fit to the QCD sum-rule results using

(color online) Variation of the coupling constant

the model in Eq. (28), extrapolated to the physical pole

2 _ 2
Q= —mz,.

fects in the interpolating current and the OPE, such as
those induced by m, # my, are neglected because of their
small numerical impact. Following the same procedure,
we obtain the fitted parameters g, = 1.85GeV™> and
22=0.07GeV™? in the extrapolation model. With these
values, the coupling constant at Q° = —m%_ and the cor-

responding partial decay width are determined to be
garzok- = 1887035 GeV 2, (45)
[Q" — 2°K7) = 0.5279% MeV . (46)

As a result, the total two-body decay width of the
=*K molecular pentaquark state is

[(Q" — ZK) =0.96"07) MeV. (47)

This value agrees with the theoretical predictions of the
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effective Lagrangian approach in Refs. [58, 61, 62]. Since
three-body decays are neglected, it is also roughly con-
sistent with the results reported by ALICE [39]. The
branching-fraction ratio for the two-body decays is ob-
tained as

=g _ BlQQ012) 5 E°K’]  [(Q - EK)
=K B1Q2012) » E°K-]  T(Q — Z°K-)

~0.85,
(48)

which agrees well with the experimental data compiled
by the PDG [42].

IV. CONCLUSION AND DISCUSSION

In this work, we have investigated the recently ob-
served Q(2012) as a Z(1530)K molecular pentaquark state
within the framework of QCD sum rules. We construct
the unique molecular interpolating current with
I(J?)=0(3/27) and calculate the correlation functions by
employing parity-projected sum rules to separate the pos-
itive- and negative-parity contributions. We calculate the
two-point correlation function to investigate the hadron

mass and the three-point correlation function to study the
two-body strong decay properties of the Z(1530)K
pentaquark state.

Our QCD sum rule analyses yield a mass of 2.02+
0.12GeV for the Z(1530)K molecular pentaquark state
and a total two-body decay width of I'(Q*— EK)=
0.96*07 MeV. The branching fraction ratio of the two-
body decay channels is obtained as RE,X =0.85. These
results are in agreement with the experimental data for
Q(2012) within uncertainties, supporting its interpreta-
tion as a Z(1530)K molecular pentaquark state. These cal-
culations are expected to provide further insight into the
internal structure of Q(2012) in the future.

APPENDIX A: THE SPECTRAL DENSITIES FOR
THE NEGATIVE-PARITY Z(1530)K MOLECULAR
STATE

The explicit expressions for the spectral densities
py " (s) and pP*"(s) are presented in Eqs. (A1) and (A2),
respectively.

OPE $ 31(ssYmys®  13(gg)m,s®  61(g*G*s®>  251{GgoGq)m,s®* (35goGs)m,s® g*{Gq)’s’
br () = 1572864078 * 73728076 921607 21233664078 36864070 614476 4147275
83g2(5s)2s?  (Gq)*s* T(5s)’s*  {(Gq)(5s)s* 23(g’G)s* 35(g’G*WGq)m,s  329(g*G*)(5s)mys
6220807 46087t 115207* © 360r*  5308416x°  1105927° 58982476
(99Xq80Gq)s  37(qq){580Gs)s 49(ss)(GgoGg)s  143(5s)580Gs)s (Gq)(580Gsym’
46087+ 460874 691274 276481* 864714
B 91(55)(§g0'Gs)mf 2405(g>G*W(5g0Gsym, 985(g’G*¥GgoGq)ym N (55’ m, B 13{gq)*(5s)m,
691274 5308416m° 5308416m° 9672 9672
_ 58%aq)*(3sym,  58%Gq)(5s)’ms  11g°(5sY’my;  gXGq)’m, 11(g°G*}gq)m,
115274 129674 194474 2592 245760
113(g°G)(5sym,  11g%(g°G* N Gq)*  (§2G*Naq)*  11{g*G*)(5s)*  41(g*G*)(5s)*
14745675 - 22394887 - 691274 92167 89579526
11(g°G*X(qq)(5s) | 193(ggoGq)(580Gs) 5(qgoGq)*  3(580Gs)’  5(g’G*)qq)(q8orGq)s(s)
1382474 2764814 2764814 1024n* 276483

_58%a9)*(55)°6(s)  5g%aq)*s(s)  11g(GgorGa)(5s)’m,d(s)  11g7(qq)*(qgoGaym,6(s)

13996873 83980873

2073673

3110473

_ 13g%49)*(5g0Gsym,8(s)  17g%(g°G*1Gq)*8(s)  11g7(qq)(5s)°5(s)  118°(Gq)*(55)6(s)

3110473 1194393673

29167 5832rx

_ 78%q@@)*(55)°6(s) _ 13(4q)GgoGq)(Ssymd(s) (GgorGq)(ss)’m(s) 19(Gg)*(580Gsym,d(s)

11664r 967

288n 288n

_ I'Kqq)(5s)(580Gsymd(s) (£°G*Xqq)(55)5(s) _(g'G*)@q)*5(s) N (8'G*XagrGqym,é(s)

864 921673

2764873 4915273

133(82G*) (5s)m,8(s)  T3(g2G*)35)(3520G )5 (s) ~ 5g4(5s)*6(s) B 13g%(55)*(580°G s)m,5(s)

5308416x° 5529673

27993673 124416n3

~ 318%(g>G*){(55)%6(s) ~ 13g%(55)*6(s)  13(35)*(5g0°G s)m,(s) ~ (&2 G*){(5s5)*6(s) UGG K580 Gs)m,6(s)

119439367° 23328

864

1382473 17694727

(AT)
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P (s) =

3m,s° (5s)s* (Gq)s*

7(ggoGq)s’

47(5g0Gs)s’

THg*G*ymys®  23(5g0Gsym>s*

573440078 4915276 11059276
(@@y°ms®  (5sYmys®  13(gq)(3s)ms’

921607°

2764807
13g%gq)*mss®  Tg*(3s)’mss? 199G mys?

884736078 3686416

7687 1287% 76874

25(@GNA9)S | TUSCANEs)s  (5s)'s

16588876
17(9)5s)%s _ T4aq)*(5s)s _ g455)'s

99532876 2123366478

44236876 44236876 216m%

21672

864> 116647

_ 8Xag)*(ss)s  5¢(qq)’s N 78*(qq)(5s)*s N (8'GXaq)s N 67(g°G*)(5s)s N 341(g*G*XqgorGq)s

259274 38887+
1067{g*G*){580Gs)s

38887*

614476

24883276 53084167°

29(55)(5g0Gsym,s _ 85(qq)5grGsimys  41(Gg)gagoGaym,s

5308416m°
3 149(5s){ggoGqym,s

172874
5(g*G*)g*(Gq)’ m,

23047
149(¢>G*)(gq)(5s)m,

460874
HgG*Xaqy'm,  g4GgoGq)(ss)

69127
8%(qq)’ (580 Gs)

74649675
5(GgoGa)(3s)’

2764874
(qq)GgoGq)(ss)

(g9)*(5g0G's)

69127 5184
5{gq)(5s5)(5g0Gs)

34567
(ggoGa)’m,

14472
3ggoGq){5goGsym;

288712
PG ) gXa9)GeorGa)

5762 121%

307274 2567 B

26542087°

155527

5<g3G3><EJgUGq)_29<g202>2<53> AU GCHE (S5’ my  25(8GX(Ss)’m,  gX(35)*(50Gs)

29491278 53084167°

5971968n°

276487 345674

_(35)(5g0Gs)  3(5g0Gs)’m, L 14&°G*)(580Gs) (8°G*)g%(qq)’5(s)

19272 102474

2949127°

13996873

_(8°G7)8(a9)*(55)6(s) . 5(8°G*)4q)(580Gs)md(s)  17(g*G*)(qq){GgoGqym,5(s)

6998473 691273

27648x3

5(¢°G*XGgorGa)(ssym(s)  17(¢°G*XGq)*(5s) _5(&°G*)(qq)(55)°6(s)  g(&°G*)(qq)’ms6(s)

691273 103687

2592n 149299273

X9’ (Ssymb(s)  gXGq)*(5s)’mb(s)  gXGq)(5s)’md(s)  (Gg)(580Gs)’5(s)

486m 2592x

972n

1927

_ $99X(q80Gq)(580Gs)(s) | (G8orGgx5sKsgrGs)ss) (80 Gq)*(55)5(s)

384n 967

7681

(&G’ )(qq)(ss)mi6(s)  10m(Gq)*(5s)’m,6(s)  Tm(Gq)(5s)’m,6(s) (g°G*)g*(55)°5(s)

1382473 27

54 93312n3
11(g*G*)(5s)(5g0Gsym,S(s)  (8°G*)(55)°6(s) g G )(Fs)’m,6(s)  (g°G*)(5s)’m,6(s)
+ - +

2764873 5184n

29859847

A2
1382473 (A2)
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