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Abstract The �(1405) state has strangeness S = −1
and isospin I = 0 with quantum number J P = 1/2−. It
is located just below the threshold of K̄ N . In this study,
the internal structure of the �(1405) state is investigated
based on meson-baryon molecular configuration using one-
boson-exchange (OBE) model. We take into account various
states (K− p, K 0n, K− p − K 0n, π+�−, π−�+, π0�0,
π+�− − π−�+, π+�− − π0�0 and π−�+ − π0�0 and
η�) and calculate spectroscopic parameters such as mass
and magnetic moment. Some of the predicted masses for
the states in this work are below corresponding threshold.
The predicted masses of K− p, K 0n, and K− p − K 0n
states are below K̄ N threshold whereas predicted masses
of π+�−, π−�+, π0�0, π+�− −π−�+, π+�− −π0�0,
and π−�+ − π0�0 states are below π� threshold. These
states may be bound state candidates. We obtain that all the
states of this present work have sizes larger than the con-
finement scale, (1/�QCD ∼ 1 fm). We also study compos-
iteness criterion for these states. Using compositeness crite-
rion, we calculate scattering length as and effective range re.
The results reflect that the present states of this work have
compositeness dominance, i.e., they are in molecular config-
uration. The magnetic moment results yield that the magnetic
moment is mainly dominated by the corresponding baryon
component. Our results of magnetic moments support K̄ N
molecular configuration for �(1405).

1 Prolog

The �(1405) state remains to be an interesting case despite
the fact that more than 50 years passed through its obser-
vation. Theoretically the prediction of the �(1405) was
done in the year 1959 [1] and experimental observation was
announced in 1961 [2,3]. The quark model predicted this
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state to be a conventional baryon composed of uds quark
flavours, to be more exact, first orbitally excited state of
uds. Nonetheless, �(1405) does not fit to conventional quark
model properly. Having a strange quark content should make
this state heavier than its non-strange counterparts, for exam-
ple N (1535), but the lower mass than its non-strange counter-
parts takes out this state from the framework of quark model.
The other evidence which makes this state intriguing is that,
assuming �(1520) as the spin-orbit partner of �(1405), the
mass difference between spin-orbit partners is significantly
larger compared to nucleon sector, for example N (1535) and
N (1520).

The Particle Data Group (PDG) [4] gives average mass
and width values of �(1405) state as

M = 1405.1+1.3
−0.9 MeV, � = 50.5 ± 2.0 MeV, (1)

respectively. This state is annotated as a four-star state in
PDG. After the observation of �(1405), it was first inves-
tigated in quark model as an ordinary baryon. Refs. [5,6]
obtained the mass around 1.6 GeV. Lattice QCD study on
this state yielded a mass about 1.7 GeV which is much heav-
ier than the actual mass [7]. Clearly, it can be seen that con-
ventional quark model fails to predict the mass of �(1405).
This discrepancy paved the way for other possible structures.
Since the mass of �(1405) is close to the K̄ N threshold, it
was conjectured in Ref. [1] to be a molecular-type bound state
before the introduction of the quark model. In Refs. [8,9],
chiral unitary approach was applied to �(1405) state exam-
ining the behavior of number of colors (Nc). These studies
observed that SU(3) singlet K̄ N component of the �(1405)

state survives in the large (Nc) limit. S-wave meson-nucleon
interaction is adopted in the coupled-channel Lippmann–
Schwinger equations for S = −1 sector in which �(1405)

resonance was reproduced successfully [10]. In Ref. [11],
I = 0 K̄ N interaction was investigated supporting a K̄ N
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bound state. The calculation in the MIT Bag model [12] gave
a mass of 1400 MeV for a �(1405) state in the five-quark
state. Dynamical coupled-channel approach was used in Ref.
[13]. They obtained a dominant meson-baryon component
in the �(1405) structure. The meson-baryon structure was
also investigated by using the chiral unitarity approach [13].
A dominant meson-baryon molecule component was also
found for the �(1405) structure. Ref. [14] used the same
approach in order to obtain electromagnetic mean squared
radii of the �(1405) state giving a larger size compared to
the ground state of conventional baryons. In Ref. [15], K̄ N
state was considered as a K− p bound state in a variational
treatment revealing a molecular feature. The five-body prob-
lem as q4q̄ system and traditional baryon solved for �(1405)

in a realistic quark model with a confinement potential, one
gluon exchange potential, and π , K and σ exchange poten-
tials [16]. They observed that the energy of q4q̄ state as
�(1405) was lower than that of traditional baryon state. In
Ref. [17], constituent quark model with SU(3) flavor symme-
try was applied to �(1405) which resulted �(1405) to be a
mixture of the P-wave q2s state and ground q3sq̄ state. Using
Jaffe and Wilczek’s diquark model, three negative parity �

particles were predicted within the range between 1400 and
1540 MeV [18]. The existence of �(1405) with J P = 1

2
−

as a pentaquark state was discussed. Refs. [19,20] consid-
ered �(1405) as a quasi-bound state of K̄ N . The root mean
square radius of K̄ N was obtained as 1.3 fm [19]. The studies
mentioned here have a single pole dominance.

In the past 20 years, experiments revealed some indica-
tions of distortion from a single pole [21,22]. Prior to these
experimental findings, two-pole structure was identified in
Ref. [23]. Using the data from CLAS collaboration [22],
chiral unitary approach was applied to two-pole structure
of �(1405) which gave clues about existence of two poles
[24,25]. According to recent experimental data provided by
BGOOD collaboration [26], ALICE collaboration [27], and
GlueX collaboration [28], two-pole structure was supported.
However, a comprehensive analysis [29] of the data provided
by CLAS Collaboration and recent data from J-PARC exper-
iment [30] indicated that a single resonance is sufficient to
describe the data, on the other hand, the possibility of two-
pole structure is not ruled out definitely. For example, a very
recent constituent quark model study of K̄ N finds two poles
in the isoscalar J P = 1

2
−

sector for the �(1405) state [31].
While some studies suggest two-pole structure for �(1405),
the properties and location of the second resonance remain
unclear. See the recent studies [32–35] and references therein
for further discussion.

Despite the fact that numerable studies with various mod-
els [31,36–79] are conducted for the properties of �(1405)

state, there is no agreement on the structure of the �(1405)

state and its nature remains still unclear. The aforementioned

studies adopt different possibilities such as a compact four-
quark state, a hybrid baryon, or a meson-baryon molecule.
The latter one seems to be a possible scenario based on the
data for invariant mass spectra of π±�∓, π0�0, and π−�0

[30].
Quantum chromodynamics (QCD) is the accepted theory

of the strong force. It is well known that hadronization occurs
at lower energies. The breakdown of perturbation theory in
QCD at low energies makes this an important phenomenon
for our understanding of QCD. In this respect, the exotic
states and candidates are important probes for improving our
realization of the QCD at low energy. The calculation of mass
is an important ingredient in hadron spectroscopy. It may help
to classify the particles. In addition to this, electromagnetic
properties are useful probes to determine the internal configu-
rations of the hadrons. They give valuable information about
the shape of the hadrons, charge distribution and response to
magnetic field. The obtained magnetic moment value may
be employed to delineate the distribution of quark-antiquark
pairs inside the hadron using OBE interaction potential.

Most of the multiquark hadrons are expected to be in
molecular configuration. Molecular states composed of a
hadron pair seem to be a favorite explanation since the obser-
vations often take place near the threshold of a corresponding
pair of hadrons. In this context, we study masses, composite-
ness criterion, and magnetic moments of �(1405) as meson-
baryon molecules of K̄ N , π� and η� states using OBE
model.

In the next section, we provide the details of the model of
this work. In Sect. 2, we present the model of this work. Addi-
tionally, we introduce the potential model, compositeness cri-
terion and magnetic moment in related subsections. Section 3
is dedicated to a comprehensive analysis of the mass spectra,
compositeness criterion, and magnetic moments. Finally this
work ends with the summary in Sect. 4.

2 Formalism

2.1 Theoretical framework

Understanding the interaction between nucleons have a long
history in high energy physics. The oldest theory of nuclear
forces was proposed by Yukawa [80]. In 1935, the proposal
of Yukawa which explains the strong nuclear force generated
through the exchange of particles with finite mass, led to the
discovery of the pion. The Yukawa’s idea was the first build-
ing block of the so-called one-pion exchange theory. Follow-
ing the theory of Yukawa, one-pion and two-pion exchange
potentials were applied to nucleon-nucleon (NN ) scattering
data in the first years of 1950 [81,82]. Later, it was found
that exchange of vector bosons was needed to explain exper-
imental data. It was realized that ρ and ω contribute spin-orbit
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interaction and repulsive core at short internucleon distances
based on the (NN ) scattering [83]. These elaborations led to
the birth of OBE model.

In the OBE model, the interaction between the hadrons is
generated via exchanging mesons composed of up (u) and
down (d) quarks. Strange quarks (s) may also contribute the
interaction when the corresponding hadron consists s quark
[84–88]. The successful applications of OBE potential mod-
els stem from the following realms [89]: (i) OBE potential
models provide insightful physical mechanism for the inter-
action between nucleons. The parameters in OBE potential
models have physical meanings, and can be related to or may
be determined through other physical processes. The physi-
cal meson parameters are common to the entire interaction.
(ii) Constructing consistent electroweak currents for systems
interacting via OBE is possible. Ref. [90] obtained exchange
currents that are needed for current conservation for (NN )

interaction in which microscopic processes are known. (iii)
Using OBE in a covariant formalism excluding time order-
ing, three-body and many-body forces are spontaneously pro-
duced from the off-shell couplings of purely two-body OBE
model [91,92]. In phenomenological potentials, three-body
forces need to be independently constructed and adjusted to
the model. (iv) The OBE model is based on a limited number
of parameters and provides an accurate representation of the
(NN ) interaction.

OBE model has been an invaluable and useful tool in
describing hadron-hadron interactions. However, OBE mod-
els have their restrictions. Interactions of OBE model are
not fundamental interactions, so that their validity may not
extend to very short distances where due to asymptotic free-
dom, QCD should have correct description. This is accept-
able because in extremely short distances, the OBE poten-
tial is not expected to work. In phenomenological poten-
tials, the short-range behavior of the interaction is generally
parametrized phenomenologically through vertex form fac-
tors with proper parameters.

The study of meson-baryon molecules has garnered sig-
nificant interest in recent years due to the discovery of vari-
ous exotic hadronic states. These states, which include both
meson-meson and meson-baryon interactions, provide a rich
field for exploring the dynamics of strong interactions and
the underlying principles of QCD. Hadronic molecules have
emerged as a significant area of interest in hadron spec-
troscopy, particularly following numerous experimental dis-
coveries in the heavy quarkonium sector that defied the pre-
dictions of the traditional quark model. These discoveries
have revitalized the study of hadron structures, leading to a
deeper exploration of hadronic molecules, which are anal-
ogous to light nuclei and can be predicted with controlled
uncertainty.

Hadronic molecules can be regarded as analogs of light
nuclei, most notably the deuteron. The deuteron is a shal-

lowly bound state of the proton and neutron, and located
just below the neutron-proton continuum threshold. Further-
more, it is an extended object which has a size of ≈ 2.12 fm.
These two features, having a mass just below the correspond-
ing threshold and a sizeable spatial extension, can be used
to define hadronic molecules, see Ref. [93] for details of
hadronic molecules.

In this paper, we adopt an OBE potential model for study-
ing meson-baryon molecular states. This potential model is
called Bonn potential model [94]. The Bonn potential, which
is a sophisticated (NN ) interaction model, has been instru-
mental in advancing our understanding of nuclear forces.
Developed through the framework of OBE models, the
Bonn potential incorporates the exchange of various mesons
to describe the interaction between nucleons. This model
has undergone several refinements to enhance its precision
and applicability in different nuclear physics contexts. This
model has been also extended to describe meson-baryon
interactions, predicting strongly attractive S-wave interac-
tions in both isospin 0 and 1 states [95].

The Hamiltonian of meson-baryon molecule reads as

H =
√
P2 + m2

h1
+

√
P2 + m2

h2
+ Vhh, (2)

where mh1 and mh2 are the masses of constituents, P is the
relative momentum of two hadrons, and Vhh is the inter-
hadronic interaction potential. The dihadronic interaction
potential is given by

Vhh = VOBE + VY , (3)

where VOBE is the OBE potential and VY is screened Yukawa-
like potential. One of the key strengths of the OBE potential
model is its ability to incorporate different types of mesons,
including pseudoscalar, vector, and scalar mesons, each con-
tributing uniquely to the potential. Meson exchange mod-
els play a crucial role in understanding the (NN ) interac-
tion, which is fundamental to nuclear physics. These mod-
els describe the forces between nucleons in terms of meson
exchanges, providing insights into the underlying mecha-
nisms of nuclear forces. The OBE potential is the sum of
the one-meson-exchange terms

VOBE = Vps + Vs + Vv. (4)

In the above equation, Vps denotes the interaction potential
for the pseudoscalar meson (π, η), Vs denotes the interaction
potential for the scalar meson (σ, a0), and Vv denotes the
interaction potential for vector meson (ω, ρ). The explicit
expressions for the interaction potentials are as follow
[94]:
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Vps = 1

12

[
g2
πqq

4π

(mπ

m

)2 e−mπ ri j

ri j

(
τi · τ j

) + g2
ηqq

4π

(mη

m

)2 e−mηri j

ri j

]
(
σi · σ j

)
, (5)

Vs = −g2
σqq

4π
mσ

[
1 − 1

4

(mσ

m

)2
]
e−mσ ri j

mσ ri j

+ g2
δqq

4π
mδ

[
1 − 1

4

(mδ

m

)2
]
e−mδri j

mδri j

(
τi · τ j

)
, (6)

Vv = g2
ωqq

4π

(
e−mωri j

ri j

)

+ 1

6

g2
ρqq

4π

1

m2

(
τi · τ j

) (
σi · σ j

) (
e−mρri j

ri j

)
. (7)

Finite size effects on the OBE potential with respect to
extended structure of the hadrons can be written as

Vα

(
rh1h2

) = Vα

(
mα, rh1h2

) − Fα2Vα

(
�α1, rh1h2

)

+ Fα1Vα

(
�α2, rh1h2

)
, (8)

where α = π, η, σ, δ, ω and ρ mesons, and

�α1 = �α + ε, �α2 = �α − ε,

Fα1 = �2
α1−m2

α

�2
α2−�2

α1
, Fα2 = �2

α2 − m2
α

�2
α2 − �2

α1

. (9)

Here, the subscript α denotes mesons (π, η, σ, δ, ω and
ρ)ε/�α � 1, thus ε = 10 MeV is an appropriate choice.

The use of the form factor

Fα(q2,�α) =
(

�2
α − m2

α

�2
α + q2

)n

, (10)

at each vertex in the related Feynman diagrams leads to Eq.
(8). These diagrams are related to meson exchange contri-
butions. The Vα(mα, r) term is the related potential for the
related mesons (pseudoscalar, scalar, vector). This relation
provides an expression that arises in the context of meson
exchange potentials. Specifically, it includes the interaction
terms for vector mesons, scalar mesons, and pseudoscalar
mesons. The equation describes the contributions of these
mesons to the nucleon-nucleon interaction through terms that
depend on meson properties such as masses, couplings, and
spatial configurations.

Screened Yukawa-like potential reads as

VY = −kmol

ri j
e

−c2r2
i j

2 , (11)

where kmol is the residual running coupling constant and c
represents screen fitting parameter. The screened Yukawa-
like potential is used to account for medium-range interac-
tions and incorporates a screening factor to capture effects
beyond the typical range of the OBE potential. The screened
Yukawa-like potential complements the OBE potential by
addressing effects that are not explicitly captured by single-
meson exchange contributions, such as higher-order corre-
lations or environmental factors. The molecular states are
extended objects. The idea that the two color neutral states
interact like dipoles-which are caused by an unequal distri-
bution of color charges within the hadrons-is responsible for
this extra potential. Therefore screened Yukawa-like poten-
tial incorporates the additional attractive part to the OBE
potential to form bound states.

The residual running coupling constant can be determined
by

kmol

(
M2

)
= 4π

(
11 − 2

3n f
)

ln
M2+M2

B
�2

Q

, (12)

where M = 2mh1mh2/
(
mh1 + mh2

)
,mh1 and mh2 are con-

stituent hadron masses of dihadronic system, MB = 1 GeV,
�Q is the QCD scale parameter and taken 0.413 and 0.250
GeV for light and heavy mesons, respectively. n f is the num-
ber of flavour [96,97].

The masses of hadrons and exchange mesons are taken
from PDG [4]. The coupling constants of the exchange
mesons and regularization parameters �α are same as used
in Refs. [94,95]. The parameters are listed in Table 1.

Cutoff parameters in the OBE model regulate the meson-
nucleon vertices, accounting for the extended structure of
hadrons and ensuring a finite interaction range. These cutoffs
serve several critical functions: (i) phenomenological regu-
larization in which cutoffs prevent unphysical divergences
in the integrals over high-momentum transfers in scattering
and bound-state equations. Cutoffs suppress short-range con-
tributions (high-momentum transfers) that are poorly con-
strained by experimental data or are physically irrelevant

Table 1 Parameters of Bonn potential

Mesons π η σ a0 ω ρ

g2
αNN
4π

13.6 3 7.7823 2.6713 20 0.85

�α 1.3 1.5 2.0 2.0 1.5 1.3

Mass (in MeV) 134.9 548.8 710 983 782.6 775.4
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in low-energy NN interactions. (ii) finite size of hadron:
although all phenomenological models assume the con-
stituents as point-like particles, the baryons and mesons are
not point particles; cutoff parameters mimic the suppression
of high-momentum components due to their finite size. They
approximate the finite size of nucleons and mesons, matching
observed scattering phase shifts and bound state properties.
(iii) connection to experimental data: cutoffs help fit observed
NN scattering data and reproduce experimental phase shifts
and effective ranges.

Cutoffs are typically parameterized through form factors,
(c.f. Eq. (10)). The choice of �α has a direct impact on the
strength and range of the interaction. Coupling constants are
derived from are derived from experimental data, such as NN
scattering cross sections, or are chosen to fit phase shift anal-
yses. Cutoffs reflect the non-pointike structure of mesons and
nucleons and significantly influence the off-shell behavior of
the potential.

The coupling constants of OBE potential are estimated
in the realistic potentials [94,95,98] which were used to
reproduce (NN ) phase shift data and to study properties of
deuteron. Based on the conlusions of regarding references,
we assume that

gαNN � gαhh, (13)

where gαNN is the meson-nucleon coupling constant and
gαhh is the meson-hadron coupling constant. By solving
Schrödinger equation numerically, we obtain mass spectrum
of the K̄ N , π�, and ηλ states.

The observed scaling trend of the effective coupling con-
stant of meson exchange may alter the strength of the inter-
action potential. It is evident that the precise determination
of the intensity of the individual meson exchange potential in
the hadron-meson-hadron interaction is contingent upon the
knowledge of the effective strength of the coupling constant.
It should be noted that the light exchange meson process
is unique to each hadron and can be inferred from experi-
mental data or from symmetry principles. Determining the
quantum numbers for which the interaction potential results
in a molecular bound state is the aim of the current investiga-
tion. Therefore, to determine the model parameters, we have
approximated the meson-hadron coupling constant.

2.2 Compositeness criterion

The Weinberg compositeness criterion has been a pivotal tool
in understanding the nature of hadronic states, particularly
in distinguishing between genuine quark states and those
dynamically generated by meson-baryon interactions. This
criterion, originally formulated for bound states, has been
extended to resonant states and higher partial waves, pro-

viding deeper insights into the structure of various baryonic
resonances.

The usage of scattering length and effective range theory
in describing low-energy properties of a two-body system in
high energy and nuclear physics is a well established phe-
nomena. One of the sophisticated way to identify whether
a particle is composite or not is to apply Weinberg com-
positeness criterion. In 1965, Weinberg suggested an elegant
method to investigate the possibility of deuteron to be an
elementary particle, rather than a composite bound state of
proton and neutron [99,100]. This analysis connect the field
renormalization constant Z (the probability of finding parti-
cle in a bare elementary state) with effective range expansion
parameters, scattering length as and effective range re,

as = [2(1 − Z)/(2 − Z)] R + O(Rtyp),

re = [−Z/(1 − Z)] R + O(Rtyp), (14)

where R ≡ 1/γ , γ = √
2μEB , EB is the binding energy, μ is

the reduced mass of the composite system, andO(Rtyp) is the
typical length scale of the interaction. Weinberg conjectured
that depending on the value of field renormalization constant
Z which falls in the range 0 ≤ Z ≤ 1, it can be determined
that the state becomes a pure elementary or a pure composite
state: for Z = 0 then the particle is in a pure composite state,
while for Z = 1 it becomes a purely elementary.

The application of Weinberg criterion to deuteron can be
done in the following way. Firstly, letting Z = 0 which means
deuteron is a composite particle, Eq. (14) becomes as = R
and re = O(Rtyp). This is just a theoretical assertion and
should be confronted with the experimental data, if available.
The scattering length as and effective range re are extracted
from the experimental data. Using proton-neutron scattering
data in the deuteron channel [101], the scattering length as
and effective range re can be obtained as

as = −5.41 fm, re = 1.79 fm. (15)

The deuteron binding energy reads [102]

EB = 2.22 MeV → γ = 45.7 MeV = 0.23 fm−1. (16)

The range of forces in the deuteron is provided by the pion
mass and can be estimated

Rtyp � 1

Mπ

� 1.4 fm. (17)

This result agrees with the experimental data and reflects
that the effective range is positive and of the order of the
range corrections as required by the compositeness criterion.
Taking Z = 0, scattering length yields [93]

as = −(4.3 ± 1.4) fm (18)
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which is consistent for experimental data. The minus sign is
just the convention used in the related reference. In contrast,
if the deuteron is a pure elementary state or has a signifi-
cant probability Z (> 0.2) of being in an elementary state,
then scattering length as should be less than R, and effective
range re would be large and negative. This is clearly a con-
tradiction with the experimental data. Therefore, based on
these considerations it can be said that deuteron is composite
particle.

2.3 Magnetic moment

The study of magnetic moments in hadrons provides crit-
ical insights into the internal structure and dynamics of
these particles, governed by the principles of QCD. Mag-
netic moments are fundamental properties that reveal the
distribution of charge and magnetization within hadrons.
They are particularly useful for understanding the geometri-
cal shapes and quark-gluon organization of these particles.
This endeavour is essential for understanding the geomet-
rical shapes and quark-gluon organization within hadrons,
which can further aid in the identification and characteri-
zation of various hadronic states. In the context of meson-
baryon molecules, understanding magnetic moments can
shed light on the dynamics and binding mechanisms within
these systems.

The study of meson-baryon molecules has garnered sig-
nificant interest in recent years due to the discovery of var-
ious exotic hadronic states. These states, often interpreted
as molecular-like structures, provide a unique window into
the strong interaction dynamics that govern the behavior of
quarks and gluons. The concept of meson-baryon molecules
extends the traditional quark model by considering the bind-
ing of mesons and baryons through mechanisms such as
isospin-exchange attraction and one-boson exchange poten-
tials.

The Bonn model does not incorporate quark masses.
Therefore, for calculating magnetic moments we rely on
constituent quark model. At the quark level, the magnetic
moment operators can be written as

μ̂ =
∑
i

qi
2mi

σ̂i , (19)

where qi is the quark charge, mi is the quark mass, and σ̂i
is the Pauli spin matrix of the i-th quark, respectively. Due
to hadronic molecule picture considered in this work, it will
be useful to calculate magnetic moments in this picture. In
Fig. 1, meson-baryon molecule configuration is schematized.

Since the constituents of the molecular states are separated
from each other relatively away in molecular configuration,
the magnetic moment of the molecular pentaquark state is
closely related to the magnetic moment of the meson and

Fig. 1 Schematic diagram of meson-baryon molecule

magnetic moment of the baryon. Therefore, the magnetic
moment of the S-wave meson-baryon molecule consists of
the sum of the meson magnetic moment and the baryon mag-
netic moment [103–105]

μ̂ = μ̂M + μ̂B, (20)

where the subscripts M and B represent meson and baryon,
respectively. The magnetic moment can be extracted via cal-
culating

μ = 〈�M |μ̂M |�M 〉 + 〈�B |μ̂B |�B〉 (21)

where �M and �B denote the total wave function of the
meson and baryon, respectively. The total wave function can
be decomposed into

� = φ f lavor ⊗ χspin ⊗ ξcolor ⊗ ηspace. (22)

As a result of Fermi statistics, the total wave function should
be antisymmetric. In the meson-baryon molecular picture,
the relationship between spin and flavor is (φ f lavor ⊗ χspin)

is symmetric. This is due to the fact that color wave function
is antisymmetric and the spatial wave function is symmet-
ric in the ground state. The magnetic moment calculation
requires taking into account the symmetry requirement of
the flavor-spin wave function. The wave functions for mesons
and baryons are tabulated in Tables 2 and 3, respectively.

Obtaining magnetic moment is a straightforward calcula-
tion which includes the expectation value of the flavor wave
function and spin wave function of the related hadron. As an
example, we derive the magnetic moment formula of MB
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Table 2 The flavor wave functions φ f lavor and the spin wave functions
χspin of the S-wave mesons

Meson φ f lavor ⊗ χspin

π+ ud̄ ⊗ 1√
2
(↑↓ − ↓↑)

π0 1√
2
(uū − dd̄) ⊗ 1√

2
(↑↓ − ↓↑)

π− dū ⊗ 1√
2
(↑↓ − ↓↑)

η 1√
6
(uū + dd̄ − 2ss̄) ⊗ 1√

2
(↑↓ − ↓↑)

K 0 ds̄ ⊗ 1√
2
(↑↓ − ↓↑)

K− sū ⊗ 1√
2
(↑↓ − ↓↑)

(meson-baryon) state. Let M meson has S = 1 and spin and
flavor wave function be

φmeson = |q1q̄2〉, χmeson = | ↑↑〉. (23)

Let the B baryon has S = 3/2 and spin and flavor wave
function be

φbaryon = |q3q4q5〉, χbaryon = | ↑↑↑〉. (24)

The magnetic moment of the molecular MB state can be
decomposed as

μ = 〈φmeson ⊗ χmeson|μ̂meson|φmeson ⊗ χmeson〉
+〈φbaryon ⊗ χbaryon|μ̂baryon|φbaryon ⊗ χbaryon〉

= q1

2mq1

〈σ1〉 + q̄2

2mq̄2

〈σ2〉 + q3

2mq3

〈σ3〉 + q4

2mq4

〈σ4〉

+ q5

2mq5

〈σ5〉, (25)

where σi are the spin projection of the i-th quark. For this
case, the total magnetic moment of the state under consider-

ation turns out to be

μ = μq1 + μq̄2 + μq3 + μq4 + μq5 . (26)

By substituting constituent masses of the quarks one can
obtain magnetic moments of other states using their flavor-
spin wave function. For this purpose, we use the following
set of constituent quark masses [106]

mu = md = 0.336 GeV, ms = 0.540 GeV. (27)

3 Numerical results and discussion

In this section, we present our results in the consecutive sub-
sections as in previous section.

3.1 Mass spectrum of K̄ N , π�, and η� states

We obtain S-wave mass values and binding energies of I = 0
K− p, K 0n, K− p − K 0n, π+�−, π−�+, π0�0, π+�− −
π−�+, π+�− − π0�0 and π−�+ − π0�0 and η� states.
The results are listed in Table 4. The binding energy is defined
by EB = MModel − MThreshold , where MThreshold denotes
the mass of related meson-baryon threshold.

As mentioned before, the minimal quark content for
�(1405) is uds. Therefore, in theoretical ground the K− p,
K 0n, K− p−K 0n, π+�−, π−�+, π0�0, π+�− −π−�+,
π+�− − π0�0, π−�+ − π0�0, and η� states may have
the quark content for �(1405). The binding energies sug-
gest that, all the meson-baryon systems could be bound states
with respect to their thresholds. As can be seen in the Table 4,
mass of η� state is approximately 200 MeV above �(1405)

mass. According to our model, this state could not be a can-
didate for �(1405). The π� threshold is located approxi-
mately 100 MeV below the K̄ N threshold. The π� states in
this work are deeply bounded with respect to K̄ N threshold.

Table 3 The flavor wave functions φ f lavor and the spin wave functions χspin of the S-wave baryons

Baryon φ f lavor ⊗ χspin

p 1√
2

{
1√
2
(2uud − udu − duu) ⊗ 1√

6
(2 ↑↑↓ − ↑↓↑ − ↓↑↑) + 1√

2
(udu − duu) ⊗ 1√

2
(↑↓↑ − ↓↑↑)

}

n 1√
2

{
1√
2
(−2ddu + dud + udd) ⊗ 1√

6
(2 ↑↑↓ − ↑↓↑ − ↓↑↑) + 1√

2
(udd + dud) ⊗ 1√

2
(↑↓↑ − ↓↑↑)

}

�+ 1√
2

{
1√
6
(2uus − usu − suu) ⊗ 1√

6
(2 ↑↑↓ − ↑↓↑ − ↓↑↑) + 1√

2
(usu − suu) ⊗ 1√

2
(↑↓↑ − ↓↑↑)

}

�0 1√
2

{
1√
12

(2uds − usd − dsu + 2dus − sud − sdu) ⊗ 1√
6
(2 ↑↑↓ − ↑↓↑ − ↓↑↑) + 1

2 (usd + dsu − sdu − sud) ⊗ 1√
2
(↑↓↑ − ↓↑↑)

}

�− 1√
2

{
1√
6
(2dds − dsd − sdd) ⊗ 1√

6
(2 ↑↑↓ − ↑↓↑ − ↓↑↑) + 1√

2
(dsd − sdd) ⊗ 1√

2
(↑↓↑ − ↓↑↑)

}

� 1√
2

{
1
2 (usd + sud − sdu − dsu) ⊗ 1√

6
(2 ↑↑↓ − ↑↓↑ − ↓↑↑) + 1√

12
(2dsu − dsu − sud − 2dus − sdu + usd) ⊗ 1√

2
(↑↓↑ − ↓↑↑)

}
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Table 4 Mass spectrum and binding energies of possible S- wave meson-baryon states for �(1405). The results are in unit of MeV

States K− p K 0n K− p − K 0n π+�− π−�+ π0�0 π+�− − π−�+ π+�− − π0�0 π−�+ − π0�0 η�

Masses 1415.8 1420.6 1418.7 1331.9 1324.0 1322.4 1326.9 1327.3 1327 1646.1

Binding − 15.9 − 16.6 − 16.3 − 5.1 − 4.9 − 5.2 − 4.1 − 3.7 − 4.0 − 17.4

However, the dynamics in the π� and K̄ N channels may
be quite different. For the time being, there is no experimen-
tal information about the π� threshold quantities. In Fig. 2,
the locations of masses of K̄ N , π�, and η� states with
respect to K̄ N and π� thresholds are shown respectively,
where we assume isospin averaged masses, mπ = 138 MeV,
mK̄ = 496 MeV, mN = 939 MeV, and m� = 1193 MeV. It
is clear that, K− p, K 0n, and K− p − K 0n states are located
below the corresponding K̄ N threshold and π+�−, π−�+,
π0�0, π+�−−π−�+, π+�−−π0�0 and π−�+−π0�0

are located very close to π� threshold. It can be seen from
the figure that the phase space between the η� and related
K̄ N and π� thresholds are very large. Although at the quark
level, the quark content of η� could refer to the quark con-
tent of �(1405), calculated mass of η� do not support this
hypothesis.

We should note that, although the model of this present
work is not capable of investigating the two-pole structure
for the �(1405) state, in the coupled-channel approach, the
�(1405) state is attributed as a composotion of two resonance
states [23,39,107]. Furthermore, these two resonance states
have different couplings to the meson-baryon states, and
�(1405) state which is dominantly couples to the K̄ N state
is located at 1420 MeV, instead of the its nominal value 1405
MeV. The other state couples to π� channel which appears
around 1390 MeV. This difference may be an important phe-
nomena for the K̄ N system, since the position of the �(1405)

resonance is measured from the K̄ N threshold. The advent
of next-to-leading order (NLO) chiral SU(3) dynamics has
enabled the confirmation of the existence of two states, des-
ignated as �(1405) state and �(1380) state, within the speci-
fied energy range [25,52,108,109]. This conclusion has been
validated by both the next-to-next-to-leading order (NNLO)
analysis [35] and the meson-baryon scattering calculation
on the lattice [32,33]. Our mass predictions for K− p, K 0n,
K− p − K 0n states are located around 1420 MeV (Fig. 2a)
and masses of π+�−, π−�+, π0�0, π+�− − π−�+,
π+�−−π0�0 and π−�+−π0�0 states are located around
1330 MeV (Fig. 2b).

3.1.1 Two pole structure of �(1405)

The two-pole structure of the �(1405) is a prime exam-
ple of dynamically generated resonances, where the interac-
tion between mesons and baryons leads to the emergence of

these states. It is well-established that the �(1405) exhibits a
two-pole structure within the chiral unitary framework, with
one pole strongly coupled to the K̄ N channel and located
closer to 1420 MeV, and the other pole predominantly cou-
pled to the π� channel, appearing around 1390 MeV. This
distinction is critical to understanding the resonance nature
and the dynamics of the associated channels. The two-pole
nature of the �(1405) was first identified through unitarized
chiral perturbation theory, revealing two poles in the com-
plex energy plane, one near the K̄ N threshold and the other
close to the π� threshold. The higher-mass pole is predom-
inantly a K̄ N molecular state, while the lower-mass pole
is mainly a composite state of π� with a minor K̄ N com-
ponent [110,111]. The two-pole structure of the �(1405)

is a prime example of dynamically generated resonances,
where the interaction between mesons and baryons leads to
the emergence of these states. This phenomenon is distinct
from other resonances, such as the N (1440) [4], which also
exhibit multiple poles but reflect a single state with different
characteristics.

Our approach does not explicitly incorporate a coupled-
channel formalism capable of resolving the two poles. The
OBE model focuses on the meson-baryon molecular config-
uration and treats the K̄ N , π�, and η� states as indepen-
dent configurations. While this approach does not explicitly
resolve the two-pole structure, it provides insights into the
dominant K̄ N molecular nature of the higher pole and esti-
mates the spatial sizes and magnetic moments of the asso-
ciated states. Future extensions of our model could incorpo-
rate a coupled-channel analysis to explicitly account for the
interplay between the K̄ N and π� components and their
respective contributions to the two poles.

We focus on exploring the �(1405) within the meson-
baryon molecular configuration using the OBE model, which
provides a detailed representation of the meson-baryon inter-
action potential. Our model treats the K̄ N , π�, and η� states
as independent configurations. While it does not explicitly
incorporate coupled-channel effects or resolve the two poles,
the predicted masses and binding energies in our model
align with the higher pole, which is dominantly K̄ N like.
This supports the interpretation of the �(1405) as a molec-
ular state in the K̄ N channel. This alignment suggests that
our results predominantly describe the higher pole of the
�(1405), which is consistent with a dominant K̄ N molecular
configuration.
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Fig. 2 Mass locations of K̄ N ,
π�, and π� states with respect
to corresponding thresholds.
Blue color refers to calculated
masses whereas red color refers
to the value of threshold
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3.2 Compositeness of the K̄ N , π�, and η� states

We analyze compositeness criterion with respect to Eq. (14).
To this end, we first compute the spatial size R values of
K̄ N , π�, and η� states. This will also help us to determine
the molecular picture of the states under consideration. The
information about the size of the hadrons is an important
probe for the production yield in the heavy ion collisions
estimated by the coalescence model [112]. They found that
loosely bound extended molecules with larger size would
be formed more abundantly. We present the results in Table
5. As can be seen in the table, K− p, K 0n, K− p − K 0n,
π+�−, π−�+, π0�0, π+�− − π−�+, π+�− − π0�0

and π−�+ − π0�0 and η� states are spatially extended
objects. If the �(1405) state is dominated by the meson-
baryon configuration, then it may have a spatially larger size.
In Ref. [113], spatial distance of K̄ N was evaluated as 1.7 −
1.9 fm. Our results of K− p, K 0n, and K− p − K 0n states
agree well with this prediction. The obtained size R is bigger
than the so-called confinement scale, (1/�QCD ∼ 1 fm),
supporting the molecular nature of the states of this work.

As mentioned before, in order to distinguish between ele-
mentary and composite particles, the field renormalization
constant Z is a useful quantity, which gives the probability
of finding the elementary component in the physical state,
whereas 1 − Z gives the measure of compositeness of the
state. It was shown in the Weinberg’s milestone work that
field renormalization constant Z of a weakly bound state can
be related to the threshold parameters: the scattering length
as and the effective range re.

The universal properties are one reason why few-body
systems with a large scattering length as have attracted a
lot of attention recently. The low binding energy of the con-
stituents in the hadron implies that scattering length as is
large. The low-energy universality asserts that the related
hadron in molecular picture has properties that depend on as
but are insensitive to other details of the interactions between
the components [114]. In Ref. [115], according to the low-
energy universality, it is pointed out for the X (3872) particle
that the low-energy few-body observables for nonrelativistic
particles with short-range interactions and a large scatter-
ing length as have universal properties that are insensitive to
the details of the mechanism which generates the large scat-
tering length as . Therefore if as > 0, a shallow two-body
bound state emerges. On the other side, a shallow S-wave
bound state leads a large scattering length as compared to
the typical length scale of the interaction which implies that
the probability for the molecular picture of the related hadron
increases as scattering length as increases. Weinberg showed
that in an elementary state, the value of scattering length as
would be less than the size of the state R, whilst effective
range re would be large and negative. As a result, for any

composite system re should be positive and small rather than
negative and large.

Elementariness and compositeness can be decomposed by
defining the following relations:

as = 0, re = −∞ �⇒ purely elementary limit, Z = 1,

as = R, re = 0 �⇒ purely composite limit, Z = 0,

as ∼ Rtyp � −re �⇒ elementary dominance, Z ∼ 1,

as ∼ R � re ∼ Rtyp �⇒ composite dominance, Z ∼ 0.

(28)

It should be mentioned that for the criterion in Eq. (28) to
be used or say valid, we should remember the weak-binding
assumption: the binding energy should be sufficiently small.
The typical energy scale is given by

Etyp = k2
typ

2μ
, (29)

where ktyp is the typical (smallest) momentum scale of the
hadron-hadron interaction and μ is the reduced mass of
hadron-hadron system. For the K̄ N system, Eq. (29) reads
as

Etyp = k2
typ

2μ
∼ m2

π

μK̄ N
∼ 20 MeV. (30)

The binding energies of K− p and K 0n states are found to be
as EB = 15.9 MeV and EB = 16.6 MeV, respectively. These
binding energies are small than the typical energy scale of the
K̄ N interaction. Typical energy scales and binding energies
for π� and η� states are

Etyp ∼ 18 MeV, EB ∼ 5 MeV for π�,

Etyp ∼ 25 MeV, EB ∼ 17 MeV for η�. (31)

In Table 6, scattering length as and effective range re of the
K̄ N , π�, and η� states are presented. These are calculated
by using Eq. (14) for different values of field renormaliza-
tion constant Z . Binding energies are borrowed from Table 4.
The range correction O(Rtyp) is considered as mρ . In Figs. 3,
4 and 5 changes in the scattering length as , effective range
re, size of the hadron R and the typical length scale of the
interaction Rtyp with respect to field strength renormaliza-
tion constant Z for K̄ N , π�, and η� states can be seen,
respectively.

In the preceding subsection, the predicted masses of the
K− p, K 0n, and K− p − K 0n states were determined to be
below the threshold of the K N state. This finding indicates
that these states are potential candidates for bound states.
As can be seen in Fig. 3, the effective range re turns out to
be negative when Z � 0.1 for K− p and K 0n states whilst
it is positive when Z < 0.1. For the K− p − K 0n state,
the effective range re turns out to be negative when Z �
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Table 5 Spatial size R values of the K̄ N , π�, and η� states. The results are in unit of fm

States K− p K 0n K− p − K 0n π+�− π−�+ π0�0 π+�− − π−�+ π+�− − π0�0 π−�+ − π0�0 η�

R 1.946 1.899 1.918 5.536 5.650 5.575 6.176 6.608 6.252 1.746

Table 6 The scattering length as and effective range re of K̄ N , π�, and η� states. The values of as and re are in unit of fm

State Z = 0 Z = 0.2 Z = 0.4 Z = 0.5 Z = 0.6 Z = 0.8 Z = 1
as re as re as re as re as re as re as re

K− p 2.21 0.26 1.99 − 0.23 1.72 − 1.04 1.56 − 1.69 1.37 − 2.66 0.91 − 7.52 0.26 –

K 0n 2.16 0.26 1.94 − 0.21 1.68 − 1.01 1.53 − 1.64 1.34 − 2.59 0.89 − 7.34 0.26 –

K− p − K 0n 2.17 0.26 1.96 − 0.22 1.70 − 1.02 1.54 − 1.66 1.35 − 2.62 0.90 − 7.41 0.26 –

π+�− 5.79 0.26 5.18 − 1.12 4.41 − 3.43 3.95 − 5.28 3.42 − 8.04 2.10 − 21.89 0.26 –

π−�+ 5.91 0.26 5.28 − 1.15 4.50 − 3.51 4.03 − 5.39 3.49 − 8.21 2.14 − 22.34 0.26 –

π0�0 5.83 0.26 5.21 − 1.13 4.44 − 3.46 3.98 − 5.31 3.44 − 8.10 2.12 − 22.04 0.26 –

π+�− − π−�+ 6.43 0.26 5.75 − 1.28 4.89 − 3.86 4.37 − 5.91 3.79 − 9.00 2.32 − 24.44 0.26 –

π+�− − π0�0 6.87 0.26 6.13 − 1.39 5.21 − 4.14 4.66 − 6.34 4.03 − 9.65 2.46 − 26.17 0.26 –

π−�+ − π0�0 6.51 0.26 5.82 − 1.30 4.95 − 3.91 4.43 − 5.99 3.83 − 9.12 2.34 − 24.75 0.26 –

η� 2.00 0.26 1.81 − 0.18 1.57 − 0.90 1.42 − 1.49 1.26 − 2.36 0.84 − 6.72 0.26 –

Fig. 3 Variations of scattering length as , effective range re, size of the state R, and length scale of interaction Rtyp with respect changes in field
strength renormalization constant Z of K̄ N states
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Fig. 4 Same as Fig. 3 but for π� states

123



Eur. Phys. J. C           (2025) 85:277 Page 13 of 19   277 

Fig. 5 Same as Fig. 3 but for η� state

0.1 whilst it is positive when Z < 0.1. For K− p, K 0n,
and K− p − K 0n states, as is compatible with the size R,
as ∼ R and the value of Z is very close 0. This may be
an indicator of the compositeness of these states, namely
K− p, K 0n, and K− p − K 0n might be molecular states.
This conclusion is in line with the Refs. [52,108,109] which
obtained compositeness Z � 0.1 for �(1405) as K̄ N state.

The predicted masses of π+�−, π−�+, π0�0, π+�− −
π−�+, π+�− −π0�0 and π−�+ −π0�0 states are found
to be lower than the π� threshold. As depicted in Fig. 4,
effective range re turns out to be positive when Z � 0.1 for
π+�−, π−�+, π0�0, π+�− − π−�+, π+�− − π0�0

and π−�+ − π0�0 states. Field strength renormalization
constant Z is close to 0. In addition, since as ∼ R � re ∼
Rtyp is satisfied for π+�−, π−�+, π0�0, π+�− −π−�+,
π+�−−π0�0 and π−�+−π0�0 states, these states might
be molecular states.

As is clear in Fig. 2, the mass location of η� state is signif-
icantly above thresholds of K̄ N and π�. This state could be
a resonance with respect to corresponding thresholds. Effec-
tive range re turns out to be positive when Z < 1 (Fig. 5).

3.3 Magnetic moments of the K̄ N , π�, and η� states

The study of magnetic moments of the conventional and
nonconventional hadrons provides valuable insights into the
inner structures and in accordance with this, into the nonper-
turbative aspects of QCD.

The spatial size of a hadron is a basic quantity which
characterizes the structure of a hadron, although it is not
directly related to the internal structure. A molecular hadron
should have a larger size than the single-hadron whose size
is estimated by the energy scale of confinement, (1/�QCD ∼
1 fm). In Table 5, the spatial sizes of the K̄ N , π�, and η�

states are presented. As is clear from the table, the sizes of
the K̄ N , π�, and η� states are larger than the confinement
scale. Therefore the subhadrons are distinct objects and it is
natural to consider the total magnetic moment as a sum of
meson magnetic moment and baryon magnetic moment. The
obtained magnetic moments are listed in Table 7. We observe
that the magnetic moment of the K− p, K 0n, K− p − K 0n,

π+�−, π−�+, π0�0, π+�− − π−�+, π+�− − π0�0,
π−�+ − π0�0, and η� states are composed mainly by the
baryons. A similar conclusion was done in Ref. [49] in the
K̄ N dynamics. The order of the magnetic moments indicates
that they are accessible in experimental measurements. A
measurement of the magnetic moment of the �(1405) state
may provide an indication for elucidating the inner structure
of this state.

We also compare our predictions with the available results.
In Ref. [107], magnetic moments of �(1405) state were
calculated by unitarized chiral perturbation theory. In the
K̄ N → γ K̄ N , magnetic moment of �(1405) was obtained
as μ = 0.44 ± 0.06μN while in the K̄ N → γπ� chan-
nel, it was obtained as μ = 0.26 ± 0.07. Our magnetic
moment result of K− p − K 0n agree well with the result
of K̄ N → γ K̄ N channel. In Ref. [61], �(1405) state was
studied in lattice QCD which supported antikaon-nucleon
molecule formation. The magnetic moment of �(1405) state
was obtained as μN = 0.58μN . In Ref. [76], a futher study
was conducted on electromagnetic properties of �(1405)

state by lattice QCD formalism. The magnetic moment was
found to be as μN = 0.63μN . Our moment result of
K− p − K 0n agree well with these predictions, supporting
the K̄ N molecular structure of �(1405) state. Our magnetic
moment predictions together with the results in the literature
are schematized in Fig. 6. As can be seen in the figure, our
prediction of magnetic moment for �(1405) as K̄ N molec-
ular state agree well with the given results in the literature
whom support K̄ N molecular configuration.

The papers mentioned here adopted molecular nature for
the �(1405) state. In addition to this, the magnetic moment of
�(1405) state was calculated in Ref. [107] using two differ-
ent sets of parameters. In the SU (6) quark model, �(1405)

can be described as P-wave excitation which give the mag-
netic moments as μ = −0.13μN and μ = −0.15μN , for
two different sets of parameters. Our results of K̄ N states
are significantly different than those of conventional pic-
ture. However, it is worth to mention that our result of the
π+�− − π0�0 state μ = −0.117μN agree with these
results.

4 Final remarks

More than 50 years passed from the observation of �(1405)

state and still it is an intriguing state with properties different
from those expected by the quark model. Due to the interest-
ing properties, such as mass and distortion of the line shape
from a Breit–Wigner form, this state is still a hot topic in
high energy physics. It may be attributed as an old boy of
multiquark states.

In this paper, we have studied �(1405) state consider-
ing OBE model and predicted masses, compositeness and
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Table 7 Magnetic moments of the K̄ N , π�, and η� states. The results are in unit of nuclear magneton μN

States K− p K 0n K− p − K 0n π+�− π−�+ π0�0 π+�− − π−�+ π+�− − π0�0 π−�+ − π0�0 η�

Magnetic moment 2.792 − 1.861 0.465 − 1.047 2.674 0.813 0.814 − 0.117 1.744 − 0.579

Fig. 6 Comparison of our magnetic moment predictions with those in the literature. Our results are in blue color whereas red colors are from
literature

magnetic moments of K̄ N , π�, and η� states which may
resemble �(1405) state at quark level. We assume a meson-
baryon molecular configuration for the �(1405) state. The
exploration of meson-baryon molecules provides valuable
insights into the nature of strong interactions and the for-
mation of exotic hadronic states. Theoretical predictions and
experimental findings continue to advance our understanding
of these complex systems, paving the way for future discov-
eries in the field of hadronic physics. OBE potentials sig-
nificantly impact nucleon-nucleon scattering observables by
providing a framework that incorporates meson exchanges,
symmetry considerations, and effective coupling constants.
These models can fit experimental data well, especially when
accounting for nucleon correlations and renormalization con-
ditions. We highlight our results as follows:

• The mass spectrum of various candidate states, includ-
ing their binding energies relative to the corresponding
thresholds are analyzed.

• The predicted masses of K̄ N and π� states are below
related thresholds. The binding energies are at the order
of 15 MeV for K̄ N states and 5 MeV for π� states.
These states are bound state candidates with respect to
related thresholds. Masses of K̄ N states are consistent
with the experimental data. The predicted mass of η�

state is significantly higher than K̄ N and π� thresholds.
This state might be a resonance.

• We provide detailed mass predictions that align with
the higher-pole structure of the �(1405) observed in
coupled-channel analyses, offering additional evidence
for the dominance.

• The coupled-channel analysis of �(1405) generates a
two-pole configuration. The first pole appears around
1420 MeV and called higher pole and the second pole
appears around 1390 MeV which is called lower pole.
It should be noted that, the pole position is not a direct
observable. The mass values of the K̄ N states have been
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determined to be approximately 1420 MeV, while those
of the π� states have been found to be around 1320 MeV.

• We demonstrate that the spatial size of the K N , π�,
and η� and related states is significantly larger than the
confinement scale, supporting their molecular interpre-
tations. The spatial size R values of the K̄ N , π�, and
η� states are larger than the energy scale of confine-
ment, (1/�QCD ∼ 1 fm). The definition of a hadronic
molecule gives sizes larger than 1 fm. The spatial sizes
of these states are systematically compared to the con-
finement scale. Looking the spatial sizes of K̄ N , π�,
and η� states, which are at the order of 1.9 fm, 5 fm, and
1.7 fm, respectively; it can be said that these states are
hadronic molecules.

• The Weinberg compositeness criterion states that for any
composite system effective range re should be positive
and small rather than negative and large. In addition to
this, the field strength renormalization constant Z should
be around Z ∼ 0 for the composite dominance. Effec-
tive range re of the K̄ N states turns out to be small and
positive when Z � 0.1. In the case of π� states, the turn-
ing point is around Z � 0.1 and for η� state Z � 0.1.
Looking Table 6, one can see that the scattering length
as values for Z < 0.2 agree well with the R values pre-
sented in Table 5. Furthermore, the compositeness crite-
rion as ∼ R � re ∼ Rtyp given in Eq. (28) is fulfilled for
all states. This justifies the use of the weak-binding rela-
tion to study the compositeness of these states. In addi-
tion, the magnitude of the spatial range of the states of this
work is larger than the estimated interaction range Rtyp.
In Ref. [113], compositeness elaboration of �(1405) and
�(1380) states was conducted in the the leading order
Weinberg-Tomozawa chiral models. The results indicate
that the K̄ N component is the dominant one in �(1405).
In the case of �(1380), the largest meson-baryon com-
ponent is π�, although the elemantarity also plays a sig-
nificant role.

• The compositeness criterion, employing the Weinberg
framework to quantitatively assess the molecular nature
of the states. The compositeness analysis reveals that
these states have a dominant molecular component, with
field renormalization constant Z , in agreement with
experimental observations and chiral SU(3) dynamics.

• The study of meson-baryon scattering lengths and effec-
tive ranges is crucial for understanding the low-energy
interactions in hadronic physics. These parameters pro-
vide insights into the nature of the forces between mesons
and baryons, which are fundamental constituents of mat-
ter. The research on meson-baryon scattering lengths
and effective ranges encompasses a range of theoreti-
cal approaches, including lattice QCD, potential models,
and chiral perturbation theory. These studies collectively
enhance our understanding of low-energy hadronic inter-

actions, providing valuable parameters that describe the
nature of meson-baryon forces.

• The magnetic moments are calculated within the meson-
baryon molecular picture using the constituent quark
model. These predictions provide valuable informa-
tions for future experimental validation. Electromagnetic
properties are experimentally testable predictions that
can be measured in future studies, offering a direct means
of validating the molecular nature of the state.

• The exploration of magnetic moments in exotic hadrons
not only enhances our understanding of their internal
structures but also aids in the development of more accu-
rate theoretical models. The spatial sizes of the K̄ N ,
π�, and η� states make enable to use the ansatz for the
magnetic moment: magnetic moment of meson-baryon
molecule is the sum of the meson magnetic moment
and the baryon magnetic moment. Using this ansatz,
we have computed the magnetic moments. The order of
the magnetic moments are accessible in the experiments.
The magnetic moment results scatter between (−1.8) −
(+2.7) μN . Comparing our results with the available
ones in the literature, our result of the K− p−K 0n molec-
ular state is compatible with the magnetic moment results
of the studies which support K̄ N molecule configura-
tion. It should be mentioned that, the mesons are in the
meson-baryon configurations are pseudoscalar mesons.
Therefore they have zero magnetic moments and do not
contribute to the total magnetic moment in meson-baryon
molecular state. The total magnetic moment of meson-
baryon configuration of this model stems from the domi-
nation of baryon magnetic moment in the meson-baryon
configuration.

• These magnetic moments, along with other electromag-
netic properties, are essential for decoding the inner struc-
ture of pentaquarks. Experimental measurements of these
properties will be crucial in validating theoretical models
and enhancing our understanding of the strong interac-
tion in QCD. These studies suggest that the magnetic
moments of pentaquark molecular states are crucial for
understanding their internal structure and distinguishing
between different theoretical models.

• Considering the mass values obtained, it can be seen that
masses of K− p, K 0n, K− p − K 0n, π+�−, π−�+,
π0�0, π+�−−π−�+, π+�−−π0�0, π−�+−π0�0

are below K̄ N and π� thresholds except η� state. We
observe that all the states of this present work fulfill com-
positeness criterion. Taking into account the magnetic
moment values, magnetic moment of K− p − K 0n state
agree well with the magnetic moments of the molecular
K̄ N assignment of �(1405) state.

We hope that the present analysis on �(1405) mass, spa-
tial size, scattering length and effective range give a good
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guideline for forthcoming experiments and lattice QCD cal-
culations. The acquisition of additional experimental data
will be instrumental in further elucidating these properties
and refining our understanding of hadronic physics.
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