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The exploration of exotic hadrons provides a crucial testing ground for quantum chromodynamics in its
nonperturbative regime. In this work, we perform a systematic study of the two-body strong decay
properties of single-charm molecular pentaquarks in the Y.K*) systems, where Y, = A., 2, E., and ...
Employing an effective Lagrangian approach combined with hadronic molecular wave functions derived
from the one-boson-exchange model, we compute the decay widths and branching ratios for a series of
predicted states with strangeness |S| = 1 and |S| = 2. Our calculations reveal distinctive decay patterns that
serve as fingerprints for molecular identification. The total decay widths vary dramatically, from less than
1 MeV for the narrow =K (I(J7) = 1/2(1/27)) state to several tens of MeV for broader coupled-channel
molecules like A K*/Z.K*. A key finding is the stability of the predicted branching ratios against
variations in the binding energy. The decay dynamics are dominated by light meson (particularly pion)
exchange, leading to a strong preference for final states containing a charmed baryon and a strange meson.
Furthermore, coupled-channel effects and isospin-related interference play essential roles in both the
formation and decay mechanisms of specific candidates. The results provide concrete, testable predictions

for future experimental searches at facilities such as LHCb and Belle II.
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I. INTRODUCTION

Since Gell-Mann and Zweig first proposed exotic states
beyond the conventional mesons and baryons in 1964 [1-3],
both theorists and experimentalists have devoted sustained
effort to their discovery and identification. The past two
decades, in particular, have witnessed a proliferation of new
hadron states reported by experiments (see comprehensive
reviews [4—11]). These observations have prompted a wide
array of theoretical interpretations for their internal structure,
ranging from conventional quark-model states to exotic
configurations such as compact multiquarks, hybrids, glue-
balls, and hadronic molecules.

A prime example is the spectroscopy of charmed-strange
baryons. In 2017, the LHCb Collaboration observed five
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narrow QU resonances—Q2(3000), Q2(3050), Q2(3066),
Q2(3090), and Q9(3119)—in the EfK~ mass spectrum
[12]. These findings were soon corroborated by the Belle
Collaboration, which confirmed four of the five states using
their full dataset [13]. Further refinement came in 2023, when
LHCb not only confirmed all five original states, but also
reported two new resonances, Q.(3185) and Q,.(3327) [14].

Theoretical explanations for these states are diverse.
While many studies interpret them as conventional excited
charm baryons within the quark model [15-41], alternative
exotic interpretations also exist [42-49]. Notably, the
Q2(3050) and Q2(3090) have been proposed as baryon-
meson molecular states [50-53]. Furthermore, analyses in
Refs. [54-56] suggest that three of the states may be
compact pentaquarks (sscqg) with masses near Q%(3066),
Q2(3090), and ©2(3119). In our previous work [53], we
identified a loosely bound € -like molecular state, pre-
dominantly composed of E:K with I(JF)=0(3/27),
within the one-boson-exchange (OBE) model—a state
potentially related to Q9(3119).

Distinguishing between conventional and exotic inter-
pretations for such states is a crucial and pressing challenge

Published by the American Physical Society
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in hadron spectroscopy. Decay properties can offer a
powerful diagnostic tool in this regard, as they are highly
sensitive to the underlying wave functions. For instance,
the branching fractions of excited Q¥ baryons into different
channels may be expected to differ significantly between
molecular and compact pentaquark scenarios [57-61].

In a recent study, we employed the OBE model to
investigate Y, K"*) (Y. =A,X,) interactions [62].
Incorporating both S-D wave mixing and coupled-channel
effects, we predicted several charmed molecular penta-
quarks with strangeness |S| =1, including £.K with
1(JP) =1/2(1/27), =.K* with 1/2(1/27,3/27) and
3/2(3/27), and the coupled A.K*/Z.K* molecule with
1/2(1/27). A key complication is that these predicted
molecular states can share the same masses and quantum
numbers with known charm-strange baryons EEI >, making
their unambiguous experimental identification based
solely on mass spectroscopy challenging.

To address this challenge, we undertake in this work a
systematic study of the two-body strong decay properties for
possible single-charm molecular pentaquarks ¥ ,.K*), com-
posed of a charmed baryon Y. = (A.,Z.,E.,2.) and an
antistrange meson (K, K*). We focus on decay modes
mediated by S-wave interactions, which can typically domi-
nate over those involving higher partial waves (P-wave,
D-wave, etc.); the latter will be addressed in future work.

Besides decay analysis, we also establish the mass

spectrum of possible Eg)f( ) molecules. We first employ
the OBE model with S-D wave mixing and coupled-channel

effects to study E@f( () interactions; the detailed OBE
potentials and numerical results for the mass spectrum are
provided in the Appendix A. Our calculations predict several
double-strange charm molecular candidates, including a
coupled E.K/Z.K*/ELK* state with I(J) =0(1/27),
coupled = K*/ELK* states with 0(1/27,3/27), and
single-channel Z.K* molecules with 0(1/27,3/27)
and 1(1/27).

With these identified molecular candidates, we next
compute their two-body strong decay widths using an
effective Lagrangian approach. The resulting decay patterns
can provide crucial information for elucidating the internal
structure of these baryonlike states, offering a means to
distinguish novel hadronic configurations from conven-
tional excitations. This study can not only enhance our
understanding of hadron spectra, but also provide concrete
predictions to guide future experimental analyses.

This paper is organized as follows. In Sec. II, we present
the formalism for calculating the two-body strong decays of
the ¥.K*) molecular pentaquarks. The numerical results
for the decay properties are detailed in Sec. III. Finally,
a summary is given in Sec. IV.

II. THEORETICAL FRAMEWORK
FOR DECAY WIDTHS

The two-body strong decays of a hadronic molecule
can be effectively described at the hadronic level by the
exchange of mesons or baryons between its constituent
hadrons. For a molecular state that is a mixture of several
coupled channels, the transition matrix element from the
initial molecular state |i) to a final two-hadron state |f/ 1)
is related to the scattering amplitudes of its constituent
channels. Specifically,

(112l TNi) =D (f12TIALBL) (A, B, i)

n

31,1 93
_ Z/%5(p—k/)<k/|T|k>l//i,Aan(k)

&k [ 2E
= zﬂ:/m MM(Aan - f1f2)

XYiA,B, (k). (1)

Here, E; is the energy of particle i, 7 is the transition
operator of A, + B, — f| + f, process through the
exchange of an intermediate hadron, and w, g (k) is the
wave function of the n th constituent channel |A,B,)
in momentum space with normalization condition
| &k|w(k)|* = (27)3. To account for the composite struc-
ture of the hadrons and to regularize the high-momentum
behavior, we introduce a Gaussian-type form factor into the
scattering amplitude at each interaction vertex [63]:

A4

F b ’A :—7
(m.q. /) 2 — P2 + A

(2)

where m and ¢ are the mass and four-momentum of the
exchanged hadron, respectively. Following previous stud-
ies [63], we adopt a cutoff value of A = 1.00 GeV.

Usually, the wave function in momentum representation
can be related to the solution of Schrodinger equation,
which is obtained from a spectrum calculation, as

vk = [ &retny() )
For example, if w(r) is expanded through Gaussian basis

2142 2l/n 1+3/2
w(r) =) c 224)

: V2l + D!

with ),;(r) being the solid harmonic function, then (k)
will be inferred as

Y ), (4)
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FIG. 1. Two-body strong decay channels for ¥.K*) molecules through the S-wave interactions. Here, a notation such as A/ B indicates
that the calculation is performed in a coupled-channel scheme including both A and B as coupled channels. A notation such as A alone
indicates a single-channel calculation restricted to channel A.
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TABLE I. Decay amplitudes for ¥,.K*) molecular states, where G, is the isospin factor: 3 for the isoscalar system and —1 for the

isovector system.
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(5)

To obtain the S-wave decay width, a partial wave
projection on the decay amplitude should be done:

M= >

My, M;. MgM;

X <JBMJBJCMJC |SM5)

x / dpYsyy, (B)MMMioc (p). (6

(LM SMg|Js M, )

where p is the three-momenta of final particles in center of
mass frame, and the following formula that represents a
rotation on the spherical harmonic function is adopted:

Y1 (0. ZYZ,,, @0.¢)D!,, (@.B.y).  (7)

Here, va (@, p.y) is the Wigner D function, with @, 5, and
y being the relative Euler angles between (6', ¢') and (0, ¢).
Finally, the partial decay width is calculated as

1 p|
FSL — SL 2' 8
2J + 1322%m3 M ®

To compute the scattering amplitudes M(A, B, = f1f>),
we employ effective Lagrangians consistent with SU(3)
flavor symmetry [64]:

Lppy = iV2gppy(PO"P — & PP)V,,, )
Lyvp = %eﬂbaﬂyvva“vﬁP, (10)
Lyyy = igyyy(VF[V?, aquD’ (11)

Lppp = BBPB #y50,PB, (12)

Lpgy = _gBBVB Y= LUW@V VyB, (13)
sz

Lopp — — gle” (Bo“PD, + D,0"PB),  (14)
P
Lgpy = ig:fv [Bh 75 Du(aﬂvb - ODV”)
v
—|—l_)ﬂ v, 7’ B(0*VY — 0" VH)], (15)

where P, V, B, and D denote the pseudoscalar meson, vector
meson, octet baryon, and decuplet baryon fields, respectively.
In Egs. (9)—(14), the masses mp and my, refer to the specific

pseudoscalar and vector mesons involved in the vertex, rather
than the universal m, or m, of the exact SU(3) limit. This
serves as a phenomenological correction for the significantly
broken SU(4) flavor symmetry in the charm sector [63-65].
The coupling constants in the above Lagrangians are deter-
mined by relating them to well-established interactions such
as pnr, NNz, NNp(w), NAz, and NAp. The relevant
relations and coupling constant are summarized in the
Table IV of Appendix B.

With these preparations, we proceed to analyze the two-
body strong decays of the predicted A K*) and X K*)
molecular pentaquarks from our previous study [62]. The
specific candidates' under investigation are

(i) single £.K molecule with 7(J*) =1/2(1/27),

(i) single £.K* molecules with I(J*)=1/2(1/27,

3/27) and 3/2(3/27), and

(iii) coupled A.K*/E.K* molecule with [(JF) =

1/2(1/27).

For the charmed molecular candidates with double
strangeness (|S| = 2), a prior step is required to establish
their existence and properties. We first employ the OBE

model to investigate the mass spectrum of = _E) () systems.

The detailed derivation of the OBE effective potentials and
the numerical results for these systems are provided in the
Appendix A. Our analysis identifies several promising
double-strange molecular candidates using the same
parameter set:
(1) coupled
0(1/2),

(ii) single Z.K* molecules with I(J¥) = 0(1/27,3/27)

and 1(3/27), and

(iii) coupled ZE.K*/ELK* molecules with [(JF) =

0(1/27,3/27).

Based on parity conservation and available phase space,
we identify the relevant two-body strong decay channels,
which are presented in Fig. 1. We consider processes
mediated by the vertices in our effective Lagrangians,
which include BP - BP, BP - BV, BV — BV, and
BV — DP. The corresponding analytical expressions for
these decay amplitudes are compiled in Table 1.

E/K/Z.K*/E.K* molecule with I(J¥) =

III. NUMERICAL RESULTS
A. A,K™ and X K molecular pentaquarks

In this section, we use the previously obtained wave
functions [62] to compute the partial and total decay widths

'Here, a notation like “A,K*/<.K* coupled molecule” means
that the bound state is obtained from the coupled-channel
dynamics of the two channels A K* and X.K*; the state is
primarily composed of the first channel but with an admixture
from the second. By contrast, a notation like “X,K* molecule”
denotes a single-channel bound state existing in that channel alone.
The same convention applies to the double-strangeness systems;
eg., ELK/E.K* :/CK* indicates a three-channel coupled mol-
ecule, while E.K* is a single-channel molecule.
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FIG. 2. Two-body strong decay behavior for A,K* and £.K* molecules through the S-wave interactions, and final states with
negligible branching ratios are not shown. Here, E is the binding energy of the molecular state, which is varied by changing the cutoff
parameter A in the monopole form factor of the one-boson-exchange potential. A notation such as A/B indicates that the calculation is
performed in a coupled-channel scheme including both A and B as coupled channels. A notation such as A alone indicates a single-

channel calculation restricted to channel A.

for possible A.K*) and .K*) molecular pentaquarks. In
Fig. 2, we present the corresponding total decay widths and
branching ratios. For the £.K molecule with 1/2(1/27),
the allowed S-wave decay channels are A K, Z.7, and Z.7.
For binding energies £ > —10 MeV, the total decay width
is less than 1.00 MeV. The decay to E.x is dominant, with a
branching ratio of approximately 78%, and proceeds
primarily via K-meson exchange. The partial widths to
A.K and E,z are on the order of several tens of keV and
several hundreds of keV, respectively.

As established in Ref. [64], coupled-channel effects are
crucial for the formation of the A.K*/X.K* coupled
molecule with 1/2(1/27), at a binding energy of approx-
imately —10 MeV, the £.K* component constitutes about
40% of the wave function. The considered decay channels
include A K, K, D¥A, DX, ="7, and 55-011. Using the
coupled-channel wave functions from Ref. [62], we find
total decay widths in the range of 30-76 MeV for
E > —10 MeV. The ECI_{ channel dominates, with a branch-
ing ratio of about 85%, due to the strong pion-exchange

mechanism. The A.K channel is secondary, with a branch-
ing ratio of ~14%, also facilitated by pion exchange after
considering the coupled-channel effects.

For the X, K* molecule with 1/2(1/27), the total decay
width is on the order of several tens of MeV for binding
energy E > —10 MeV. The dominant channels are A K*,
¥.K, and A.K, with branching ratios of approximately
42%, 38%, and 15%, respectively. Their prominence stems
from the presence of strong light meson (especially pion)
exchange diagrams. For the remaining decay modes, we
find this state exhibits a clear preference for decaying into a
charmed-strange baryon and a light meson (e.g., Z.7) rather
than a charmed-strange meson and a hyperon (e.g., DX).
The former process benefits from strange meson exchange,
while the latter involves the exchange of a nucleon or a
charmed-strange meson, leading to suppressed amplitudes.

One might naively expect that a bound state residing
predominantly in the lower threshold channel (A.K*)
would have a smaller width, since decays from a lower-
mass component are phase-space suppressed. However, the
coupled-channel dynamics in the A K* /X, K* system leads

014027-6
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to an appreciable admixture of the £,K* component in the
bound state wave function. This heavier component has
access to larger phase-space decays (e.g., X, — A.x
followed by K* decay), and the coherent sum of decay
amplitudes from the two components yields a total width
that exceeds that of the pure £.K* single-channel bound
state. This highlights the importance of coupled-channel
effects not only for binding, but also for decay properties.

For the £, K* molecule with 1/2(3/27), the total decay
width for this state is several times smaller than that of its
1/2(1/27) counterpart, amounting to several MeV for
E > —10 MeV. The dominant decay channel is A K*
(branching ratio ~53%), followed by X:K (~32%). Both
processes are enhanced by light meson (pion) exchange.
The remaining ~15% branching ratio is mainly from the
D*A channel (~13%), with the rest (< 2%) coming from
D*%, B.p, E.o, Eir and E}n channels. These channels are
mediated by heavier meson or baryon exchange (e.g., K,
K*, or nucleon) and are therefore strongly suppressed
compared to the pion-exchange-dominated modes.

For the £.K* molecule with 3/2(3/27), its two-body
strong decay width is several times smaller than the
1/2(3/27) state, remaining at the level of several MeV
for E > —10 MeV. The decay is overwhelmingly dominated
by the ;K channel, with a branching ratio of approximately
90%, again driven by efficient pion exchange. The remaining
decay channels have negligible branching fractions.

The total decay widths in Fig. 2 vary dramatically, from
less than 1 MeV to about 80 MeV. Three factors account for
this spread. First, coupled-channel effects play a crucial
role: the single-channel X K molecule has a simple wave
function and limited decay modes, leading to a very narrow
width (< 1 MeV); in contrast, the coupled A.K*/% .K*
molecule contains about 40% X.K* component, which can
decay strongly into XK via pion exchange, pushing the
total width to ~80 MeV. Second, the mass of the exchanged
meson matters: pion exchange (m, ~ 140 MeV) is much
stronger than kaon exchange (~495 MeV), so decays
dominated by pion exchange (e.g., .K* — A.K*) have
widths of several tens of MeV, while those dominated by
kaon exchange (e.g., ECI_( — Z! 1) are below 1 MeV. Third,
phase-space effects: a larger energy release in the decay
(e.g., AK*/Z . K* — Z.K) leads to a larger decay momen-
tum, further increasing the width.

B. Charmed molecular pentaquarks
with strangeness |S| =2

In Fig. 3, we present the two-body strong decay proper-
ties for the predicted 2" K®) molecular pentaquarks. The
key findings are summarized as follows:

(i) ELK/E.K*/E.K* coupled molecule with I(JF)=

0(1/27): The only allowed S-wave decay channel
is E.K. For binding energies E > —10 MeV, the

(i)

(iii)

@iv)

v)

(vi)
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corresponding partial width is on the order of
several MeV.

E.K*/ZLK* coupled molecule with 1(J?)=0(1/27):
The accessible S-wave decay channels are EE./)I_(,
=ZD™, and Q.. As the binding energy varies from
0 to —10 MeV, the total decay width increases from
approximately 0.6 to 2.5 MeV. The decay is over-
whelmingly dominated by the Z.K channel, which
accounts for about 90% of the branching ratio,
followed by Z.K. The dominance of the Z.K mode
is attributed to the efficient pion-exchange mecha-
nism. The remaining three channels have negligible
branching fractions due to the larger masses of the
exchanged mesons (e.g., strange mesons or charmed
mesons).

E.K*/ZLK* coupled molecule with 1(J*)=0(3/27):
The allowed S-wave decays are Z:K, ZD*, and Q}#.
For E > —10 MeV, the total width ranges from 1.47
to 5.38 MeV. The Z;K channel is dominant, with a
branching ratio close to 98%, while the contributions
from Qn and ED* are negligible. This indicates the
pivotal role of the EXK component in the decay
dynamics. The branching ratios show little depend-
ence on the binding energy.

ELK* molecule with 1(J*) = 0(1/27): The consid-
ered decay channels include E(C/) K,2.K*,ED™, and
Q.. For E> —10 MeV, the total decay width
reaches several tens of MeV. The primary decay

* o=/

modes are E.K*, E.K, and E.K, with branching
ratios of approximately 44%, 35%, and 20%, re-
spectively. Their prominence is due to the strong
pion-exchange diagrams. The remaining channels
have partial widths of only a few to several tens of
keV, resulting in very small branching ratios. Nota-
bly, the Q.1 channel, though allowed via strange
meson (K, K*) exchange, is highly suppressed due
to the inherently small K*)K(*)y couplings.

E.K* molecule with I(J¥) = 0(3/27): The S-wave
decay channels are Z:K, Z.K*, ED*, E*D, and Q}#.
The total decay width is on the order of several MeV
for E > —10 MeV. The dominant channels are E.K*
and E}K, with branching ratios of 66% and 33%,
respectively, a consequence of the strong pion-
exchange contributions. Among the remaining
modes, ED* has the largest branching ratio.

B! K* molecule with I(J*) = 1(3/27): Although the
decay channels are similar to those of its isoscalar
counterpart, the total decay width is suppressed by a
factor of a few. This suppression arises from two
factors: first, the interaction strength mediated by
isovector mesons (7, p) is a factor of 3 smaller for the
I =1 state compared to the I =0 state; second,
there is significant destructive interference between
the p-meson and w-meson exchange amplitudes.
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FIG. 3. Two-body strong decay behavior for E(c/) K* molecules through the S-wave interactions, and final states with negligible
branching ratios are not shown. Here, E is the binding energy of the molecular state, which is varied by changing the cutoff parameter A
in the monopole form factor of the one-boson-exchange potential. A notation such as A/B indicates that the calculation is performed in a
coupled-channel scheme including both A and B as coupled channels. A notation such as A alone indicates a single-channel calculation

restricted to channel A.

For E > —10 MeV, the total width is approximately

1 MeV. Due to the surviving pion-exchange contri-
butions, the dominant channels are Z:K and E.K*,

with branching ratios of 75% and 23%, respectively.

In Fig. 3, the total decay width ranges from about 1 to
30 MeV. The main reasons are as follows. First, isoscalar
counterpart interference effects are significant: for the
E'K* molecule, the p and @ exchange amplitudes
interfere destructively in the 7 = 1 system, suppressing
the width to about 1 MeV; in contrast, they interfere
constructively in the / = 0 system, leading to a larger
width even without considering coupled-channel effects.
Second, coupled-channel effects further enhance the
I =0 systems: the coupled Z.K*/E.K* molecule with
I = 0 acquires a Z.K* component, which opens additional
decay modes (e.g., E.K), increasing the width to about
30 MeV. Third, the mass of the exchanged meson plays a
similar role as in the |S| = 1 case: decays dominated by
pion exchange contribute most to the width, while those
involving K or 5 exchange are negligible. These factors

together explain the distribution of narrow and broad states
in Fig. 3.

IV. SUMMARY

The ongoing discovery of new hadronic states presents
the crucial scientific challenge of distinguishing conven-
tional hadrons from exotic configurations. In this context,
the study of strong decay properties emerges as a powerful
and essential tool for elucidating the internal structure of
these states.

In this work, we have systematically investigated the
two-body strong decay behaviors of possible Y.K(*)
molecular pentaquarks with Y. = (A., 2., E., E.) using
an effective Lagrangian approach. Within this framework,
the decay proceeds via the scattering of the molecular
constituents into two final-state hadrons through meson or
baryon exchange. The specific molecular states studied
encompass those with strangeness |S| =1, previously
predicted in our earlier work [62], and new candidates
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TABLE II.

A summary of the two-body decay properties for the possible Y. K*) molecules. Here, I" stands for the

total width and the units are MeV, respectively. The primary decay channels and their branching ratios are also
given. A notation such as A/B indicates that the calculation is performed in a coupled-channel scheme including
both A and B as coupled channels. A notation such as A alone indicates a single-channel calculation restricted to

channel A.
States 1(J7) r Primary decay
K 1/2(1/27) (0.22,0.90) EL.x(78%) ACI_((ZO%)
A K*/Z K" 1/2(1/27) (30,76) 5. K(85%) K(14%)
K 1/2(1/27) (11,40) AK*(42%) LI_((38%) AK(15%)
1/2(3/27) (2,9.80) A K*(53%) T:K(32%) D*A(13%)
3/2(3/27) (0.8,3.2) 2K (90%)
E.K/E.K*/E.K* 0(1/27) (0.97,3.9) E.K(100%)
=2.K*/8.K* 0(1/27) (0.6,2.5) 2.K(90%) 2LK(10%)
0(3/27) (1.47,5.38) ELK(98%)
=LK 0(1/27) (4.52,25) Z.K*(44%) ELK(35%) Z.K(20%)
0(3/27) (0.68,6.24) Z.K(66%) E:K(33%)
1(3/27) (0.21,1.00) EiK(75%) E.K*(23%)

with |S| = 2, identified in the present study using the OBE
model with consistent coupling constants. The full list
includes

(i) =.K molecule with 1/2(1/27),

(ii) T.K* molecules with 1/2(1/27,3/27), and
3/2(3/2),

(iii) A.K*/Z.K* coupled molecule with 1/2(1/27),

(iv) ELK/E.K*/Z.K* coupled molecule with 0(1/27),

(v) E.K*/2.K* coupled molecules with

(1/2 ,3/27), and
(vi) E.K* molecules with 0(1/27,3/27) and 1(1/27).
A comprehensive summary of their two-body strong
decay properties is presented in Table II. Our key findings
are as follows.

(1) The total decay widths for these molecular states
range from several to several tens of MeV.

(2) The corresponding branching ratios are remarkably
stable, showing minimal variation with binding
energy.

(3) The decay patterns exhibit a clear preference for
final states consisting of a charmed baryon and a
strange meson. This preference is driven by the
dominant role of light meson (particularly z and p)
exchange processes.

(4) Coupled-channel effects are shown to play an essen-
tial role, not only in the formation of several candi-
dates, but also in shaping their decay amplitudes.

The predicted decay widths and distinctive branching

ratios (summarized in Table II) provide a clear road map for
experimental identification. Dedicated amplitude analyses
of processes such as A, decays at LHCb or Belle II, with
focus on the identified dominant channels are strongly

encouraged. The experimental confirmation or exclusion
will significantly advance our understanding of exotic
hadron spectroscopy and offer profound insights into the
low-energy dynamics of QCD in multiquark systems.
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APPENDIX A: OBE EFFECTIVE POTENTIALS
AND MASS SPECTRUM FOR POSSIBLE E/ k()
MOLECULES

The effective Lagrangians for describing the interactions
between the heavy baryons and light meson (o, 7,7, p, @)
are constructed in the heavy quark symmetry and chiral
symmetry [66]. The relevant expressions read as

Lg, = 1p(B3oBs) + iBg(Bsv"(V,

—pu)B3),  (Al)
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‘CBﬁ = iﬁS<Sﬂva(ng
- 3 -
+ lS<SMo-Sﬂ> - Egl’gﬂyl’c”ASﬂAySﬁ%

= Pp)S") + As(S, P (p)S,)

(A2)

Lpp, = i94(S*A,Bs) + i v,(S,F,B3) + H.c.

(A3)

Here, A, and V), denote the axial and vector currents,
respectively, i.e.,

(5’5 §—&0,8")

i
f_aﬂp+...’

2f2

l\)l*-‘ l\-)l

(§70.8 +£0,8") = 55 [P.9, Pl +

with & = exp(iP/f,) and f, = 132 MeV. v = (1,0) is the

four velocity, pf, = igyV%,/V2, and F*(p) = d'p* —

+ =+
0 A7 E]
By=|-Af 0 2|,
-EF -0 0
+ o+
zzr+ . E
V2 V2
. 2+ 0 E/O
Be=| % X 35 (A4)
=+ =0
S Zc 0
o

Here, we also take the same parameters in Ref. [67],
where g; = 1 are extracted from the experimental width
of . - A, + n. The remaining coupling constants are
estimated from the nucleon-nucleon interactions with
the help of the quark model [53,66], [y = -2l = 7.3,
91=(V8/3)ga =10,  Psgv = ~2Bpgy = 12.0,
Asgy = —2V/22,9y = 19.2 GeV~'.

The flavor wave functions for the EE/)I_{ () systems can be
expressed as

and

| _ 10 =
Fp' 4[] By and S, = —\@(y,, +0,)r°Bs + By, )= 5! 2ROy 4 5UORE0),(AS)
denote the ground heavy baryons multiplets with their
light quarks in the 3 and 6 flavor representation, respec- (15)+ =
_ = 0
tively. The matrices Bz, B¢, P, and V read as L1) =—|E K )s (A6)
TABLE III. Here, A = lBg[,, B =9, C=Agy, D = ;{4, = lsgy, F = Asgy, H =4~ Y(Am,r) =7-(e™" - e‘A’) A;;/Tze"\ ,
A, = DY (Nmg,r), X%, =DyZ(Amg,r), 2§, = (E;V? +fur§}§)y(/\,ma,r), and Z’A’{m =&, V2= Fr2loyy(A,m,.r).
Processes OBE effective potentials
51:( - 51:< —AY (A mg, r) =2 (GY (A my, 1) + Y (A my,. 1) = 2Y (A my, )
ECK g EQK —zc\/%#‘; (gW(A, mplz, r) + W(A, meyi2, r) + 2W(A, m¢12, r))
2K — E.K* Dyg
‘ ‘ 1616, /;;‘;M ( 2My /)(gz/\m Mg + ZAM mr]l4)
Cg q g 14 1 14 2 14

E K- =K ~LEY(A,m,. 1) + iq—\P/%"(gY(A, m,, r)+Y(A mg,,r)=2Y(A,my,r))

+ 12F\§L;v; , (GZ(A,my, 1) + Z(A,mg,, 1) = 2Z(A, my, 1))
E"I_{* - EL'I_(* _Ay?\4m,, B'Ivvv (gyA m, + yA m, 2y/2\4m¢)
B K — 5K _Man (g z2 e ) ——Fawe _V M + %) (Gz 4+ 24 —222%

IGW /\74 My 3 Nogmypy V2 \/W 4M—/ \/M_k 2 /\24-”1,124 Aoy Mg Nogmyoy
= K* > 5 K* Dgyy Cg 34 34 34
“CK - HCK 4\/5\‘;‘":_1’( (gZAM My34 + ZAM mrn4) + 4\/_‘1/\/‘;‘/ (ng%mM + Z;\S4sma)34 + 225\34””4134)
=/ x =/ R*
EK" — HCK -1 Ey/\ m, \/_I‘f/g‘_/w’ (gZZXL M3y 1 Zﬁ/‘\t4 my,44) BQVV‘ (gy?ém + y?\4m )

F F
12\3‘_/1\1/,}/ (gXA m, + X - 2‘)(‘;1\4m¢) - 6\/@;\;‘/ (gzﬁi,mﬂu + Z;‘\li,mwu - zzf\li,m@u)
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FIG. 4. The bound state solutions (the binding energy E, the root-mean-square radius r,,,,, and the probabilities P) for all the discussed
channels of the coupled E.K/E.K*/E.K* systems with I(J¥) = 0(1/27), E.K*/E.K* systems with I(J”) = 0(1/27) and 0(3/27),

B! K* systems with I(J7) = 0(1/27), 0(3/27) and 1(3/27).

1 (1) + T (5)— —(1,%)0
1,0) = — (|5 )=y — BP0 (AT
11,0) ﬁ( ) ), (A7)
1,-1) = [E" g - (A8)

After considering the S — D wave mixing effects, the
spin-orbit wave functions for the involved systems can be
constructed as

2K(JP =1/27): *S1/2),
BVR (P = 1/27):PS10), [*D o),
EEOK*(]P =3/27): |4S3/2>, 2D3/2>, |4D3/2>-

Using the same procedures, we can deduce the OBE
effective potentials for the EE-/)K () systems, as collected in
Table III. Firstly, according to the Lagrangian, under the
Breit approximation, we can obtain the OBE effective

potential in momentum space,

(A9)

M(ab — cd)

JI2MIT2M,

Here, a, b denote the initial-state particles, ¢, d denote the
final-state particles, M is the scattering amplitude, and M,
and M s are the masses of the initial and final particles,

vi-ed(q) = -

(A10)

respectively. The scattering process ab — cd mainly
exchanges mesons such as o, 7z, 3, p, and @. Furthermore,
through Fourier transformation, we can obtain the effective
potential in coordinate space,

&3 .
virellr) = [ S e F ). (AL

(27)*

Here, we introduce a form factor at each interaction vertex
to account for the off-shell effects of the exchanged bosons.
The form factor is taken to be of the monopole type,
F(g?,m2) = (N> —m2)/(A* = ¢*). And A, mg, and ¢
denote the cutoff, the mass, and the four-momentum of
the exchanged boson, respectively. A reasonable value for
the cutoff is taken to be around 1.00 GeV [68,69].

We next vary the cutoff value in the reasonable region
A ~1.00 GeV to search for loosely bound states solutions.
After solving the coupled channel Schrédinger equations
using the Gaussian expansion method to compute the mass

—

spectrum, we can predict possible :91‘( () molecular
candidates, where their binding energies E vary several
to several tens MeV and the root-mean-square radius 7,
are around or larger than 1.00 fm. In Fig. 4 we show plots of
the root-mean-square radius £ and the S-wave branching
ratio of the system with the binding energy E. In summary,
our calculations suggest the following systems as possible
molecular candidates: the 0(1/27) state in the coupled

014027-11



TANG, HUO, HUANG, and CHEN PHYS. REV. D 114, 014027 (2026)

B/ K/Z.K*/E.K* channels, and our results show that the coupled channel effects play an important role in the formative to
the system; the 0(1/27) and 0(3/27) states in the E.K* /E.K* systems, where coupled-channel effects also are found to be
insignificant; the 0(1/27), 0(3/27), and 1(3/27) states in the single-channel Z.K* system.

APPENDIX B: COUPLING CONSTANTS

TABLE IV. The coupling constants adopted in our calculations. Here, we take gyy, = 3.25, fyn, = 19.82, gyn, = 0.989,
9ANz = 213, gAN/) = 1603, gvvp = —707, gppy = 302, gvyy = 230, and Appy = 1.15 [64]

Coupling constant Coefficient Coupling constant Coefficient Coupling constant Coefficient
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