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2Institut de Ciències del Cosmos (ICCUB), Universitat de Barcelona (UB),
c. Martí i Franqués, 1, 08028 Barcelona, Spain

(Received 27 May 2026; accepted 6 August 2026; published 14 September 2026)

This work investigates dynamically generated hidden-charm baryon resonances arising from
meson-baryon interactions. Using the local hidden gauge formalism, we model the interaction via
t-channel vector meson exchange and unitarize the amplitude using the Bethe-Salpeter equation. To
address regularization issues, we propose a novel “hybrid loop function” scheme that eliminates the
unphysical poles—common artifacts in cutoff or dimensional regularization—while keeping the pre-
dictions of physical states. Consequently, the model successfully reproduces six experimentally known
hidden-charm pentaquarks as well as earlier theoretical results, and predicts new states in the S ¼ −1; I ¼ 1

sector.
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I. INTRODUCTION

The history of two-body molecular hadron states began
with the discovery of the deuteron in 1931, the first known
bound state composed of two hadrons—specifically one
proton and one neutron. Years later, with the discovery of
new hadrons, such as the pions and kaons in 1947, other
bound systems besides the deuteron were expected. In
1959, the existence of a meson baryon molecule, the
Λð1405Þ, was predicted [1] and not too much later it
was observed experimentally in 1961 [2].
With the development of the quark model in the early

1960s, it became clear that hadrons are not elementary
particles, but complex structures composed of quarks. The
quark models provided a simple way to classify hadrons
according to their quark content and successfully
described the properties of the hadrons in the SU(3)
flavor multiplets. Within this framework, the Λð1405Þ
was interpreted as an excited 3-quark (uds) state, however
its mass was systematically predicted to be too large [3,4].
This initiated a long discussion that lasted for decades
about the 3-quark or molecular nature of the Λð1405Þ
[5–9].
With the advent of effective field theories [10,11], which

build the interactions between hadrons in the low energy

regime respecting the symmetries of QCD, the use of
unitarized chiral perturbation theory [12–16] emerged as a
powerful approach to generate molecules. It is based on the
solution of the Bethe-Salpeter equation nonperturbatively
using a particular regularization scheme. Within this
molecular picture, the Λð1405Þ was found to have a
two-pole structure [17–19], opening the door to disentangle
its nature and potentially resolving the decades-long
debate. It was not until 2016 that the Particle Data
Group acknowledged that the Λð1405Þ is most likely a
hadronic molecule rather than a three-quark system [20],
although further data is needed to precisely determine its
two-pole structure (for a historical, experimental and
theoretical review see [21]).
It is clear now that more complex structures beyond the

predictions of the classical quark model exist. A new
charmonium state was discovered by Belle in 2003 [22]
and named χc1ð3872Þ [also known as Xð3872Þ]. It was
found to be narrow, with a mass right below the D0D̄�0
threshold, suggesting the relevance of this meson pair in the
Xð3872Þ dynamics. Although the Xð3872Þ is proposed to
be a dynamically generated state from hadron interactions,
its structure as a compact state (i.e. a tetraquark) or a
molecular state remains unknown. More recently, the
LHCb Collaboration observed a new candidate for a
tetraquark state, named Tccð3875Þþ, in the D0D0πþ mass
spectrum [23,24]. The novelty of this state lies in its open-
charm truly exotic structure, as it contains two charm
quarks, in contrast to the Xð3872Þ, which contains a cc̄ pair.
The mass of the Tccð3875Þþ was found to be near the
D�þD0 and D�0Dþ thresholds, around 3875 MeV,
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and its width was measured to be small, Γ ¼ 410 keV. The
closeness to the D�D channel threshold enforces the
possible molecular interpretation. Several theoretical stud-
ies have explored the nature of this structure within a
coupled-channel framework [25–28].
As an example of exotic baryons, a few pentaquark states

have been discovered in the hidden charm sector
over the past decade [29–33]: Pcc̄ð4312Þþ, Pcc̄ð4380Þþ,
Pcc̄ð4440Þþ, Pcc̄ð4457Þþ, Pcc̄sð4338Þ0, and Pcc̄sð4459Þ0.
Evidence for a structure in J=ψp and J=ψp̄ invariant mass
distributions from the decay B0

s → J=ψpp̄, having a mass
of 4337þ7þ2

−4−2 MeV and a width of 29þ26þ14
−12−14 MeV, has also

been seen [34]. To describe these exotic baryons—and also
the exotic mesons like Xð3872Þ and Tccð3875Þþ—as
hadron molecules, theoretical frameworks expanding the
SU(3) flavor symmetry to include heavy quarks in meson-
baryon interactions have been developed. In this work, we
focus on two such models. The model derived in [35–37]
employs the local hidden gauge approach (LHGA) assum-
ing SU(4) flavor symmetry [hereafter referred to as LHGA-
SU(4)], while the model derived in [38] is also based on the
LHGA, but explicitly uses baryon flavor wave functions
without assuming SU(4) symmetry (hereafter referred to
LHGA-WF). An important advantage of the LHGA-WF
model is the possibility of taking baryons with JP ¼ 3

2
þ into

consideration, whereas only JP ¼ 1=2þ baryons are con-
sidered in the LHGA-SU(4) framework. More recently,
further studies have predicted hidden charm pentaquarks
with strangeness S ¼ −2 within the LHGA-SU(4) model
[39], a sector later reanalyzed within the LHGA-WF
method [40]. Although both works predicted similar
masses of the discovered resonances, the widths
obtained in [39] were substantially larger than those found
in [40].
In this work we present an extensive study of hidden

charm pentaquarks dynamically generated from meson-
baryon interactions derived from t-channel vector meson
exchange, covering all strangeness and isospin sectors. To
this end, we employ both the LHGA-SU(4) and LHGA-WF
interaction models and compare the obtained results. The
scattering amplitude is obtained by solving the Bethe-
Salpeter coupled-channel equations within the framework
of unitarized chiral perturbation theory. The unitarization
procedure requires regularization of the meson-baryon loop
function, which is typically done using either dimensional
regularization or cutoff regularization. However, both
regularization schemes introduce unphysical structures in
the scattering amplitude, tied to the appearance of what we
refer to as “fake poles” in the complex plane, as they are
generated by repulsive interactions. We propose a new
hybrid loop function that, by combining both dimensional
regularization and cutoff regularization schemes, avoids the
unphysical issues and permits disentangling the physical
states naturally.

This work is organized as follows. In Sec. II, we describe
the two models used to compute the meson-baryon inter-
actions. We also introduce and describe the hybrid loop
function. In Sec. III A, we study the dynamically generated
states in all strangeness, S, and isospin, I, sectors using the
LHGA-SU(4) model and explore the results obtained with
the three different loop function regularization schemes:
dimensional, cutoff and hybrid. We discuss the inconven-
iences of using the dimensional and cutoff schemes and
show the advantages of the hybrid approach. In Sec. III B,
we employ the LHGA-WF interaction and the hybrid loop
function to study the same ðS; IÞ sectors and, when
applicable, we discuss the differences with respect to the
LHGA-SU(4) results. Finally, to support the reliability of
the hybrid regularization method, we compare our findings
with those predicted by other theoretical studies in
Sec. III C and with the experimentally observed pentaquark
states in Sec. III D. The conclusions of our work are
summarized in Sec. IV.

II. FORMALISM

A. LHGA-SU(4) and LHGA-WF models

The LHGA-SU(4) formalism is developed in Ref. [35],
where the interaction proceeds via the exchange of vector
mesons, as illustrated in Fig. 1. The vector-pseudoscalar-
pseudoscalar (VPP) and vector-baryon-baryon (VBB) ver-
tices are given by

LVPP ¼ igTr
��
∂μΦ½16�;Φ½16�

�
Vμ
½16�
�
; ð1Þ

LVBB ¼ g
2

X4
i;j;k;l¼1

B̄½20�
ijk γ

μ
�
V ½16�;k
μ;l Bijl

½20� þ 2V ½16�;j
μ;l Bilk

½20�
�
: ð2Þ

The constant g is the universal coupling, related to the pion
decay constant fπ and the representative mass of the light
vector mesons mV from the nonet

g ¼ mV

2fπ
: ð3Þ

The fields Φ½16� and Vμ
½16� represent the pseudoscalar and

vector meson SU(4) 16-plets, respectively, and the tensor
Bijk corresponds to the 20-plet 1

2
þ- baryon field. Their

explicit matrix elements are

FIG. 1. The t-channel of the meson-baryon interaction in the
LHGA.
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Φ½16� ¼

0
BBBBBB@

1ffiffi
2

p π0 þ 1ffiffi
3

p ηþ 1ffiffi
6

p η0 πþ Kþ D̄0

π− − 1ffiffi
2

p π0 þ 1ffiffi
3

p ηþ 1ffiffi
6

p η0 K0 D−

K− K̄0 1ffiffi
3

p ηþ
ffiffi
2
3

q
η0 D−

s

D0 Dþ Dþ
s ηc

1
CCCCCCA
; ð4Þ

Vμ
½16� ¼

0
BBBBBB@

1ffiffi
2

p ρ0 þ 1ffiffi
2

p ω ρþ K�þ D̄�0

ρ− − 1ffiffi
2

p ρ0 þ 1ffiffi
2

p ω K�0 D̄�−

K�− K̄�0 ϕ D�−
s

D�0 D�þ D�þ
s J=ψ

1
CCCCCCA

μ

: ð5Þ

½l�B121
½20� ¼ p; B122

½20� ¼ n; B132
½20� ¼ 1ffiffi

2
p Σ0 − 1ffiffi

6
p Λ;

B213
½20� ¼ 2ffiffi

6
p Λ; B231

½20� ¼ 1ffiffi
2

p Σ0 þ 1ffiffi
6

p Λ; B232
½20� ¼ Σ−;

B233
½20� ¼ Ξ−; B311

½20� ¼ Σþ; B313
½20� ¼ Ξ0;

B141
½20� ¼ −Σþþ

c ; B142
½20� ¼ 1ffiffi

2
p Σþ

c þ 1ffiffi
6

p Λc; B143
½20� ¼ 1ffiffi

2
p Ξ0þ

c − 1ffiffi
6

p Ξþ
c ;

B241
½20� ¼ 1ffiffi

2
p Σþ

c − 1ffiffi
6

p Λc; B242
½20� ¼ Σ0

c; B243
½20� ¼ 1ffiffi

2
p Ξ00

c þ 1ffiffi
6

p Ξ0
c;

B341
½20� ¼ 1ffiffi

2
p Ξ0þ

c þ 1ffiffi
6

p Ξþ
c ; B342

½20� ¼ 1ffiffi
2

p Ξ00
c − 1ffiffi

6
p Ξ0

c; B343
½20� ¼ Ωc;

B124
½20� ¼ 2ffiffi

6
p Λ0

c; B234
½20� ¼ 2ffiffi

6
p Ξ0

c; B314
½20� ¼ 2ffiffi

6
p Ξþ

c ;

B144
½20� ¼ Ξþþ

cc ; B244
½20� ¼ −Ξþ

cc; B344
½20� ¼ Ωcc:

ð6Þ

Following Refs. [35,37], the s-wave scattering kernel in
this model reads

Vij ¼ g2
X
v

Cv
ijūðpjÞγμuðpiÞ

1

t −m2
v

×

�
ðki þ kjÞμ −

k2i − k2j
m2

v
ðki − kjÞμ

�
; ð7Þ

where the subindices i and j refer to the initial and final
channels, ki (kj) is the momentum of the initial (final)
meson, t ¼ ðki − kjÞ2 ¼ ðpj − piÞ2 is the four momentum
transfer, with pi (pj) being the momentum of the initial
(final) baryon, mv is the mass of the exchanged vector
meson, and Cv

ij is the corresponding transition coefficient.
For low momentum transfers (t=m2

v → 0) the kernel sim-
plifies to

Vij ¼ −g2ūðpjÞγμuðpiÞðkj;μ þ ki;μÞ
X
v

Cv
ij

m2
v
: ð8Þ

In the summation
P

v C
v
ij=m

2
v, one may assume that all the

light vector mesons have the same mass, mV [related to the
universal coupling g in Eq. (3)]. For transitions involving

charmed vector mesons, we introduce correction factors, κc
and κcc, for D� and J=ψ , respectively, defined as [37]

κc ¼
	
mV

mD



2

≈
1

4
;

κcc ¼
	

mV

mJ=ψ



2

≈
1

9
: ð9Þ

In this way, one can factor m2
V out of the summation in

Eq. (8), which then simplifies to

Vij ¼ −Cij
1

4f2π
ūðpjÞγμuðpiÞðkj;μ þ ki;μÞ; ð10Þ

an expression that reproduces theWeinberg–Tomozawa term
of the lowest order chiral SU(3) meson-baryon Lagrangian,
but now the kernel coefficientsCij encode the information of
SU(4) flavor symmetry and its breaking introduced by the
factors κc and κcc. Working out the Dirac algebra of (10) and
retaining only the s-wave terms, one obtains
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Vij ¼ −Cij
1

4f2π
ð2 ffiffiffi

s
p

−Mi −MjÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ei þMi

2Mi

s ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ej þMj

2Mj

s
;

ð11Þ

where EiðEjÞ and MiðMjÞ are the energy and mass, respec-
tively, of the baryon in channel iðjÞ.
The LHGA-WF scheme developed in Ref. [38] also

builds the meson-baryon interaction from a t-channel
vector meson exchange, as shown in Fig. 1. The upper
VPP vertex is again given byLVPP in Eq. (1) but, in contrast
to the LHGA-SU(4) model, the lower vertex is built from

hϕjχjjgqq̄ðVÞjϕiχii; ð12Þ

where qq̄ðVÞ denotes the flavor wave function of the
exchanged vector meson and jϕχi stands for the baryon
wave function with flavor and spin degrees of freedom.
Taking into account that the diagonal transitions, which are
the most important for the model, are dominated by the
exchange of the light vector mesons, the LHGA-WF
scheme assumes the c quark to act merely as a spectator
in the transition. Consequently, the baryon wave functions
do not incorporate SU(4) symmetry: in constructing the
flavor part of the baryon wave function the heavy quark is
singled out and only the light quarks are symmetrized (or
antisymmetrized) ensuring that the spin-flavor wave func-
tion is symmetric. In this way one is effectively using SU(3)
symmetry. A complete list of the wave functions needed in
the present work can be found in Ref. [41]. It is important to
emphasize that this method naturally allows for the
inclusion of 3

2
þ baryons, since their spin-flavor structure

is explicitly incorporated in Eq. (12).
After multiplication of the meson and baryon vertices,

one obtains an expression analogous to Eq. (11), but
replacing the Cij coefficients by Dij ones. Appendixes A
and B collect the Cij and Dij kernel coefficients for all the
sectors studied in this work. Note that, up to a possible sign
tied to phase conventions of the states, the Cij and Dij

coefficients are the same, except for transitions connecting
channels with an ηc meson with channels with a D̄ or D̄s
meson. These transitions involve the exchange of a
charmed vector meson and their size is a factor

ffiffiffi
3

p
higher

in the LHGA-SU(4) model. This difference is a direct
consequence of heavy quarks being treated as spectators in
the LHGA-WF model, so that only the light u, d, s quarks
of the baryon wave functions are symmetrized. Hence,
transitions not involving the participation of the charm
quark (i.e. those that are mediated by light vector mesons)
give rise to coefficients having the same size in both
models, as only the common subjacent SU(3) symmetry
plays a role. However, when the charm quark of the initial
ηc meson ends up in the final charmed baryon it is no longer
an spectator. The symmetrization of this charm quark with
the other two in the final charmed baryon, an assumption

formally embedded in the SU(4) symmetry of the LHGA-
SU(4) model, implicitly implies the existence of three
distinct contributions in the baryon wave-function, instead
of the sole charm-unsymmetrized one of the LWGA-WF
model. Together with the required 1=

ffiffiffi
3

p
normalization

factor, the three contributions end up producing a LHGA-
SU(4) transition amplitude which is a factor

ffiffiffi
3

p
larger in

size than the LHGA-WF one.
The vector meson-baryon (VB) interactions are also

obtained from a t-channel vector meson exchange formal-
ism in the LHGA. In this case the VPP vertex of Eq. (1) is
replaced by the VVV one [37,42,43]:

LVVV ¼ igTr
�
½Vν

½16�; ∂μV ½16�;ν�Vμ
½16�
�

ð13Þ

For the baryon vertex, we use LVBB in Eq. (1) within the
LHGA-SU(4) model or Eq. (12) within the LHGA-WF
method. In both cases, one can see that the resulting
interaction kernels are equal to that obtained for PB
interactions in Eq. (11), but multiplied by a factor related
to the polarizations of the initial and final vector mes-
ons, ϵ · ϵ0.

B. Unitarized chiral perturbation theory (UChPT)

All the information about a scattering process is con-
tained in the scattering amplitude or T-matrix. The uni-
tarized T-matrix can be obtained from the meson-baryon
interaction kernel by solving the Bethe-Salpeter equation in
coupled channels, which is shown diagrammatically
in Fig. 2.
Considering the on-shell contribution of the interaction

kernel, it can be factorized and the Bethe-Salpeter equation
reduces to a set of algebraic equations [44], which, in
matrix form, reads:

T ¼ V þ VGT ⇒ T ¼ ð1 − VGÞ−1V; ð14Þ

where G is a diagonal matrix containing the loop function
for all channels k in the given sector

Gkð
ffiffiffi
s

p Þ ¼ i
Z

d4qk
ð2πÞ4

2Mk

ðP − qkÞ2 −M2
k þ iϵ

1

q2k −m2
k þ iϵ

;

ð15Þ

FIG. 2. Diagrammatic representation of the Bethe-Salpeter
equation. The gray circle corresponds to the scattering amplitude
T, the black circles represent the interaction kernel V and the
internal lines correspond to the meson-baryon propagator G.
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where Mk and mk denote the corresponding baryon and
meson masses, respectively. The real part of this last
integral diverges logarithmically, so a regularization
scheme must be employed to compute the loop function.
Different methods will be discussed in Sec. II C. The
imaginary part reads

Im ðGkð
ffiffiffi
s

p ÞÞ ¼ −
2Mk

8π

qcmffiffiffi
s

p θðs − ðMk þmkÞ2Þ; ð16Þ

where qcm is the center-of-mass momentum

qcm ¼ 1

2
ffiffiffi
s

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½s − ðMk þmkÞ2�½s − ðMk −mkÞ2�

q
: ð17Þ

The so called dynamically generated states, appear in the
T-matrix when the condition detð1 − VGÞ ¼ 0 is satisfied.
These poles usually appear in the complex plane, so the
T-matrix needs to be analytically continued to complex
energies. Close to the pole, the T-matrix can be approxi-
mated as

Tijð
ffiffiffi
s

p Þ ≈ gigjffiffiffi
s

p
−MR þ i ΓR

2

; ð18Þ

from which we can extract the mass,MR, and the width, ΓR,
of the resonance or bound state, as well as its coupling
strength to the different channels, gi.
Regarding the computation of the scattering amplitude in

VB interactions, when performing the resummation of the
loops in the Bethe-Salpeter equations, we only need to
consider the transverse vector mesons to find poles in the

T-matrix [45]. In this context, knowing that the sum over all
the polarizations of the internal vector mesons is

X
pol

ϵiϵj ¼ δij þ
qiqj
M2

V
; ð19Þ

we can neglect the term ∼q⃗2=M2
V (in line with previous low

energy approximations). Thus, the formalisms of PB and
VB interactions are equivalent, so the VB channels in each
strangeness-isospin sector are the same as the PB channels,
with the replacements

ηc → J=ψ D̄ → D̄� D̄s → D̄�
s : ð20Þ

C. Loop function regularization

In this section we discuss different methods to regularize
the real part of the integral defining the meson-baryon loop
function in Eq. (15), which diverges logarithmically. The
cutoff scheme limits the integration over the spatial
components at a given value qmax:

GCO
k ¼ 2Mk

Z
qmax q2dq

4π2
ðωk þ EkÞ
ωkEk

1

s − ðωk þ EkÞ2 þ iϵ
;

ð21Þ

where ωkðq⃗Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

k þ q⃗2
q

, Ekðq⃗Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

k þ q⃗2
q

. Within

this approach, the loop function can be evaluated analyti-
cally [46]:

GCO
k ¼ 2Mk

32π2

8<
:−

Δ
s
log

	
m2

k

M2
k



þ ν

s

2
64log

0
B@ s − Δþ ν

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ m2

k
q2max

q
−sþ Δþ ν

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ m2

k

q2max

q
1
CAþ log

0
B@ sþ Δþ ν

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ M2

k
q2max

q
−s − Δþ ν

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ M2

k

q2max

q
1
CA
3
75

þ2
Δ
s
log

0
B@1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ m2

k
q2max

q
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ M2

k

q2max

q
1
CA − 2 log

" 
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ m2

k

q2max

s ! 
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ M2

k

q2max

s !375þ log

	
m2

kM
2
k

q4max


9=
;; ð22Þ

where Δ ¼ M2
k −m2

k, and ν ¼ 2
ffiffiffi
s

p
qcm.

Alternatively, one can employ the dimensional regularization scheme

GDR
k ¼ 2Mk

ð4πÞ2
�
akðμÞ þ ln

	
M2

k

μ2



þm2

k −M2
k þ s

2s
ln

	
m2

k

M2
k



þ qcmffiffiffi

s
p ½lnðs − ðM2

k −m2
kÞ þ 2

ffiffiffi
s

p
qcmÞ

þ lnðsþ ðM2
k −m2

kÞ þ 2
ffiffiffi
s

p
qcmÞ − lnð−sþ ðM2

k −m2
kÞ þ 2

ffiffiffi
s

p
qcmÞ − lnð−s − ðM2

k −m2
kÞ þ 2

ffiffiffi
s

p
qcmÞ�

�
; ð23Þ

where akðμÞ are the subtraction constants, which determine the finite part of the integral at the regularization scale μ. In
Eqs. (22) and (23) both the cutoff and subtraction constants are free parameters that can be determined by fitting the model
to data.
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Although both schemes yield similar amplitudes close to
the energy at which the two loops are forced to be equal
(usually, the channel threshold), at further away energies
there might appear some structures which should not be
associated to any physical resonance or bound state. Recall
that poles appear when the T-matrix diverges, that is when
detð1 − VGÞ ¼ 0 or when V−1 ∼ ReG if the pole is
strongly coupled to one channel (uncoupled approach).
If the latter relation is satisfied when the potential V is
positive, the pole generated is fake in the sense that it
cannot be associated to a genuine state, since there is no
physical justification for a repulsive interaction to produce
a resonance or bound state. In Fig. 3 we show the typical
behavior of the real part of the loop function in the
dimensional (blue line) and cutoff (orange line) regulari-
zation schemes. As we can see, ReGDR may become
positive below the channel threshold, hence potentially
giving rise to fake poles in that region of energies.
Likewise, ReGCO acquires large positive values at energies
where qcm is close to qmax (where a divergence appears), a
region where fake poles in the scattering amplitude may
then appear.
Thus, in both dimensional and cutoff regularization

schemes one needs to check whether the dynamically
generated states are genuine or fake. Such a study implies
performing a quite involved analysis, and the attempts to
make a choice in a simplified, more qualitative, way may
lead to erroneous results. Some particular examples will be
presented and discussed later in this work.
In the present work we introduce an improved unitar-

ization scheme that avoids the appearance of nongenuine
poles. We propose a hybrid loop function, GHY, that
preserves only the well-behaved parts of ReGCO and
ReGDR. For a general complex value of

ffiffiffi
s

p
, it is defined

as follows:

ReGHY
k ð ffiffiffi

s
p Þ ¼

�
ReGCO

k ð ffiffiffi
s

p Þ if Re
ffiffiffi
s

p
< Mk þmk

ReGDR
k ð ffiffiffi

s
p Þ if Re

ffiffiffi
s

p
≥ Mk þmk

ImGHY
k ð ffiffiffi

s
p Þ ¼ ImGDR

k ð ffiffiffi
s

p Þ ð24Þ

with the condition that ReGCO and ReGDR match at the
channel threshold. Consequently, the subtraction constants
akðμÞ are no longer independent parameters but are con-
nected to the value of qmax via the following relation:

akðμÞ ¼
16π2

2Mk
ðGCO

k ðqmaxÞ − GDR
k ðμ; ak ¼ 0ÞÞ; ð25Þ

for a given value of the regularization scale parameter,
which we choose μ ¼ 1000 MeV.1 In this work we will
present results for qmax ¼ 600 MeV and 800 MeV (follow-
ing the values used in Refs. [16,40]) across all channels,
corresponding roughly to the mass of the exchange vector
mesons mediating the meson-baryon interaction. Because
these vector mesons do not propagate actively, they are
effectively decoupled from our effective theory.
Note that the hybrid prescription assigns to ReGHY the

negative value of ReGCO for energies below threshold,
where potential bound states might occur. For energies
above the threshold, ReGHY takes the value of ReGDR,
which is negative in an extended energy region and does
not show the divergent structure of the cutoff loop function.
As we will show in the next section, this hybrid loop
function naturally eliminates the fake poles generated when
GCO and GDR are used individually, while leaving the
physical poles almost unmodified.
Let us note that the hybrid prescription of the loop does

not satisfy a dispersion relation relating its real and
imaginary parts. In this sense, it must be viewed within
a phenomenological perspective as a practical way of
avoiding spurious structures in the scattering amplitude.

III. RESULTS

A. PB and VB interactions within the LHGA-SU(4)
model employing GDR, GCO, and GHY

In this section, we perform a complete study of the
structures which appear in the scattering amplitude
obtained in meson-baryon interactions for all possible
values of strangeness S and isospin I in the hidden
charm sector. We present the results obtained using the
hybrid loop function of Eq. (24), and compare them with
those obtained using the cutoff one of Eq. (22) and the

FIG. 3. Typical behavior of the real part of the loop function in
the dimensional (blue line) and cutoff (orange line) regularization
schemes.

1In order to avoid using two energy scales in loop function
calculations one could naturally have chosen μ ¼ qmax; we
instead fix μ ¼ 1000 MeV to facilitate direct comparison with
existing literature, adjusting the subtraction constants to maintain
the threshold matching. We emphasize that while choosing μ ¼
qmax would alter the numerical values of the subtraction con-
stants, the physical amplitudes remain completely invariant.
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dimensional regularization one of Eq. (23). The kernel
coefficients employed in this part of the analysis are taken
from the LGHA-SU(4) model developed in [35] and listed
in Appendix A. All the scattering amplitude plots shown
for each sector are computed with qmax ¼ 600 MeV.

1. Sector S = 0; I = 1=2

We start discussing the results for the PB interaction in
the sector with strangeness 0 and isospin 1=2, where three
channels are coupled: ηcN, D̄Λc and D̄Σc. In Fig. 4
we represent

P
j jTijj for all different i channels in

different colors as functions of
ffiffiffi
s

p
within the rangeffiffiffi

s
p

∈ ½2500; 5500� MeV. The vertical black dashed lines
indicate the thresholds of the lightest and heaviest channels.
The left, middle and right panels correspond to the results
obtained employing, respectively, the GDR, GCO and GHY

prescription for the loop function.
When the GDR loop is employed, the T-matrix presents

three peaks. Two of them appear below the lightest channel
threshold and would be classified as bound states, while the
third one would correspond to a resonance, since it is
generated above the lightest channel threshold. However,
the two bound states correspond to what we call fake poles,
since they are generated by a repulsive potential, as we will
discuss below. In the case of the GCO loop, one observes
two peaks in the T-matrix but, again, as we justify below,
the one above the higher threshold is a fake one. Finally, the
T-matrix obtained with GHY leads to a single peaked
structure that corresponds to a genuine resonance.

To understand the origin of the fake poles, it is instructive
to analyze the problem within an uncoupled approach,
where structures in the T-matrix for real values of

ffiffiffi
s

p
appear when ReGk ¼ V−1

k as long as the size of ImGk is
small. In Fig. 5 we show the inverse potential with dashed
green lines for the D̄Λc and D̄Σc channels in the left and
right panels, respectively. We have omitted the figure of the
ηcN channel because the corresponding kernel coefficient
is zero (see Table XIII in Appendix A). Each panel also
shows the corresponding real part of the loop function GDR

with a solid blue line and that of GCO with a solid
orange line.
For the D̄Λc channel, we find in Fig. 5(a) two values offfiffiffi
s

p
—3087 MeV and 3779 MeV—at which ReGDR and

1=V intersect, both below the channel threshold. These
correspond to the structures found in the left panel of Fig. 4
at

ffiffiffi
s

p ¼ 3002 MeV and
ffiffiffi
s

p ¼ 3782 MeV, which couple
strongly to D̄Λc (orange line). The differences are attrib-
uted to coupled-channel effects, which shift the pole
positions obtained in the uncoupled approach. Similarly,
in Fig. 5(a), we observe that the inverse potential crosses
ReGCO of D̄Λc at two points around the spike. The two
intersections would give rise to two poles in the scattering
amplitude in the complex energy plane, although they
appear merged as one asymmetric structure in the real axis
above the D̄Σc threshold, coupling strongly to D̄Λc, as seen
in the middle panel of Fig. 4.
Now we come to the important observation: the inter-

action of the D̄Λc channel is repulsive at the points where
1=V intersects ReGDR and ReGCO. Therefore, it should not

FIG. 4. From left to right, the panels illustrate the scattering amplitude obtained with GDR, GCO, and GHY for the PB interaction in the
S ¼ 0; I ¼ 1=2 sector. All three plots share the same y-axis scale and color legend. Each line represents the sum of the moduli of the
transition amplitudes to the ith final channel. Vertical black dashed lines indicate the thresholds of the lightest and heaviest channels.

COMPREHENSIVE STUDY OF HIDDEN CHARM PENTAQUARKS … PHYS. REV. D 114, 054024 (2026)

054024-7



generate bound states or resonances. Consequently, the two
peaks below the lowest threshold in the amplitude gen-
erated by GDR or the structure above the highest threshold
obtained with GCO do not correspond to physical poles and
must be disregarded.
Once the nonphysical structures are eliminated, the only

genuine peak remaining in the amplitudes obtained either
with GDR or GCO couples strongly to the D̄Σc channel. In
an uncoupled picture, this structure is generated by the
intersection of the inverse potential with ReGDR or ReGCO

just below the channel threshold, as seen in the right panel
of Fig. 5(b).
Note that both in Figs. 5(a) and 5(b) there are also some

intersections above the channel threshold, which in prin-
ciple would give rise to resonances. However, due to the
sizable imaginary part of the loop at the crossing energy,
the poles lie far away from the real axis in the complex
plane and do not stand out as a peak of the scattering
amplitude.
The scattering amplitude obtained with GHY, presented

in the right panel of Fig. 4, naturally eliminates the artificial
structures observed with the previous regularization
schemes and only generates the physical pole, thus
substantially simplifying the analysis of the obtained
results.
The position of the pole, its width and the coupling

strengths to the different channels, obtained for the three
regularization schemes, are collected in the upper half of
Table I. The resonance has a mass of around 4300 MeV, the
differences between regularization schemes being small,
and couples predominantly to D̄Σc and substantially to
ηcN. The widths are also relatively similar for the DR and
HY schemes, 22 and 29 MeV, respectively, but its size
doubles in the case of the CO scheme. This can be
understood as follows. The poles are found in the second
Riemann sheet, which is defined by employing the follow-
ing loop function:

GII
k ð

ffiffiffi
s

p Þ ¼ Gkð
ffiffiffi
s

p Þ þ i
2Mk

4π
ffiffiffi
s

p qkð
ffiffiffi
s

p Þ; ð26Þ

if Re
ffiffiffi
s

p
> Mk þmk. In the real energy axis, the above

expression amounts to changing the sign of the momentum
qk, i.e. taking the negative prescription of the square root
defining this momentum, or, equivalently, changing the
sign of the original ImGk by adding twice its opposite
value. This is the case for the DR or HY schemes. However,
in the CO scheme, the analytical formula of Eq. (22)
makes ImGCO

k to be zero for energies larger than

TABLE I. Masses, widths and coupling strengths of the
genuine poles found in the S ¼ 0; I ¼ 1=2 sector with the three
regularization schemes, GDR, GCO, and GHY.

PB interaction (JP ¼ 1
2
−) in the ðS; IÞ ¼ ð0; 1

2
Þ sector

GDR GCO GHY

qmax (MeV) 600 600 600 800
M (MeV) 4299 4309 4283 4191
Γ (MeV) 22 57 29 54

jgij jgij jgij jgij
ηcNð3918Þ 0.89 1.08 1.16 1.77
D̄Λcð4152Þ 0.19 0.40 0.24 0.32
D̄Σcð4319Þ 2.28 3.06 2.98 4.40

VB interaction (JP ¼ 1
2
−; 3

2
−) in the ðS; IÞ ¼ ð0; 1

2
Þ sector

GDR GCO GHY

qmax (MeV) 600 600 600 800
M(MeV) 4439 4450 4422 4326
Γ (MeV) 22 61 30 55

jgij jgij jgij jgij
J=ψNð4035Þ 0.88 1.11 1.18 1.80
D̄�Λcð4293Þ 0.19 0.39 0.25 0.33
D̄�Σcð4460Þ 2.31 3.18 3.07 4.54

FIG. 5. Real part of the loop function in the dimensional (blue solid line) and cutoff (orange solid line) regularization scheme. The
inverse potential 1=Vii is also plotted. The subindex i stands for the corresponding channel: D̄Λc [panel (a)] and D̄Σc [panel (b)].
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

k þ q2max

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

k þ q2max

q
and then the prescription of

Eq. (26) transforms a zero-valued ImGCO
k into a ImGII;CO

k
with a value twice as large as that acquired by the DR or HY
schemes. This explains the wider states obtained in the CO
regularization scheme.
In Table I, we also include the results for qmax ¼ 800 MeV

for the HY scheme, as an estimate of the uncertainty in the
pole properties. With this new value of the cutoff parameter,
the mass shifts downward by approximately 90MeV, and the
width increases by about 25 MeV.
In the case of the VB interaction in this sector, we

observe the same systematics as in the PB case but the
structures are shifted to higher energies. This is expected
since the kernel coefficients are identical to those of the PB
case, with the following substitutions in this sector:
ηc → J=ψ , D̄ → D̄�. The properties of the pole computed
for qmax ¼ 600 MeV within the different regularization
schemes are collected in the bottom half of Table I, where
we also show the HY results for a cutoff value of
qmax ¼ 800 MeV. In this VB case, the states are spin-
degenerate, with JP ¼ 1=2− and JP ¼ 3=2−, since no spin-
dependent term is included in the interaction potential of
Eq. (11). Note that the mass difference of about 140 MeV
between the states found for the VB or PB interactions
corresponds, essentially, to the difference between the
thresholds D̄�Σc and D̄Σc states as they are, respectively,
the channels to which the PB and VB states couple most.

2. Sector S = − 1; I = 0

The PB interaction in the S ¼ −1; I ¼ 0 sector involves
four heavy channels: ηcΛ, D̄sΛc, D̄Ξc and D̄Ξ0

c. When
using theGHY prescription, two resonances are found in the
scattering amplitude, as can be seen in the right panel of
Fig. 6. The number of structures is larger when we use GDR

(left panel) or GCO (middle panel), and an additional study
is required to determine their origin.
This sector is particularly interesting because the

uncoupled approach fails to explain the existence
of the two bound states that appear around 3000 and
4000 MeV in the T-matrix computed with GDR or the
structure above the D̄Ξ0

c threshold in the T-matrix com-
puted with GCO, which all couple strongly to D̄SΛc
(orange line Fig. 6). In Fig. 7 we display the real parts
of the DR and CO loop functions and the inverse potential
for the relevant channels in this sector (D̄sΛc, D̄Ξc, and
D̄Ξ0

c). Indeed, for the D̄Λc case (left panel) there are no
intersections between the inverse of the potential (dashed
green line) and ReGDR (solid blue line) or ReGCO (orange
line). Consequently, the above mentioned structures are due
to the coupled-channel dynamics, as we show in the
following.
We analyze the problem by means of an effective single-

channel interaction which takes into account the coupling
to other channels [47,48]. In the case of two channels,
labeled as 1 and 2, we obtain the following expression
from Eq. (14):

FIG. 6. From left to right, the panels illustrate the scattering amplitude results obtained with GDR,GCO, and GHY for the PB interaction
in the S ¼ −1; I ¼ 0 sector. All three plots share the same y-axis scale and color legend. Each line represents the sum of the moduli of
the transition amplitudes to the ith final channel. Vertical black dashed lines indicate the thresholds of the lightest and heaviest channels.
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T11 T12

T21 T22



¼
	
V11 V12

V21 V22



þ
	
V11 V12

V21 V22


	
G1 0

0 G2


	
T11 T12

T21 T22



: ð27Þ

The solution for T11 is

T11 ¼
V11 þ V12G2ð1 − V22G2Þ−1V21

1 − ðV11 þ V12G2ð1 − V22G2Þ−1V21ÞG1

; ð28Þ

and, defining Veff
11 as

Veff
11 ¼ V11 þ V12G2ð1 − V22G2Þ−1V21; ð29Þ

we recover the one-channel type expression

T11 ¼
Veff
11

1 − Veff
11G1

: ð30Þ

We compute the effective potential for the coupled channels
D̄sΛc and D̄Ξc because their coupling coefficient is
significantly larger than the other channel couplings (see
Table XVII in Appendix A). In Fig. 8, we show the real part
of the loop function of the D̄sΛc channel employing DR
regularization (solid blue line) or the CO scheme (solid
orange line). The figure also shows the inverse of the
effective potential, obtained from the kernels involving the
D̄sΛc and D̄Ξc channels [See Eq. (29)], usingGDR (1=VDR

eff ,
dashed green line) or GCO (1=VCO

eff , dotted red line). The
two intersections between the dashed green line and
ReGDR below the D̄sΛc threshold, at around 3000 and
4000 MeV, correspond to the peaks observed in the
amplitude below the ηcΛ threshold in the left panel of
Fig. 6 and they must be considered as nonphysical, since
the effective interaction is repulsive in this energy region.
These two lines also intersect above the D̄sΛc threshold,
where the effective potential is negative. The crossing right

above the threshold is the origin of the genuine state
represented by the third peak in the left panel of Fig. 6, and
that occurring much further up in energy (beyond
5000 MeV) leaves no signature in the scattering amplitude
at real energies as the corresponding pole lies far away in
the complex plane. Moving to the results for the CO
scheme, we observe that the inverse effective potential
(dotted red line) crosses ReGCO (solid orange line) below
the D̄sΛc threshold, in a region where the potential is
negative, hence giving rise to the genuine state seen right
above the lowest threshold in the middle panel of Fig. 6.
There is also a double intersection through the spike of the

FIG. 7. Real part of the loop function in the dimensional (blue solid line) and cutoff (orange solid line) regularization scheme. The
inverse potential 1=Vii is also plotted. The subindex i stands for the corresponding channel: D̄sΛc [panel (a)], D̄Ξc [panel (b)] and D̄Ξ0

c
[panel (c)].

FIG. 8. Effective potential constructed with the channels D̄sΛc

and D̄Ξc employing the DR loop (dashed green line) or the CO
one (dotted red line). The real part of the loop functions for the
D̄sΛc channel, ReGDR (blue line) and ReGCO (orange line), are
also shown.
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CO loop around 4400 MeV when the potential is positive,
giving rise to a nonphysical state represented by the
asymmetrical peak above the highest threshold in the
middle panel of Fig. 6. We recall that Fig. 8, which has
served us for the characterization of a single genuine state
from the DR and CO scattering amplitudes of Fig. 6,
replaces the uncoupled Figs. 7(a) and 7(b). The charac-
terization of the remaining peak is done by inspecting Fig. 7
(c), where a crossing of the inverse of the D̄Ξ0

c potential
with ReGDR or ReGCO is seen right below threshold and
corresponds to the physical state seen around that energy in
Fig. 6. The crossing higher up in energy (either with the DR
or CO loop) does not leave a visible signal in the T-matrix.
Having eliminated the nonphysical poles, both DR and CO
schemes give rise to two genuine states that are precisely
the ones that come out straightforwardly in the HY scheme.
The properties of the PB states obtained in the

S ¼ −1; I ¼ 0 sector employing a cutoff qmax ¼
600 MeV for the three regularization schemes are summa-
rized in the upper part of Table II, together with the results
computed for qmax ¼ 800 MeV in the case of the HY
scheme. All cases predict a lower energy pole, coupling
strongly to D̄Ξc and sizably to D̄sΛc. In the case of the HY
and CO regularization schemes, this pole appears at
4189 MeV and has a small width (0.29 MeV for HY

and slightly larger, 0.73 MeV, for CO). This state appears at
4265 MeV in the DR regularization scheme and, since it
lies above the threshold of the D̄sΛc channel, to which it
couples substantially, its width is much larger, amounting
to 20 MeV. The higher energy pole appears in the range
4400–4435 MeV for the different regularization schemes,
couples strongly to D̄Ξ0

c and decays mainly into ηcΛ
because of its sizable coupling to this channel. This
explains the relatively large width obtained for this state,
of the order of 20–30 MeV in the case of the HY and DR
schemes and, for the reasons explained in the previous
section, twice this value in the case of CO. Employing a
cutoff qmax ¼ 800 MeV in the HY scheme, the first and
second resonances lower their energies by about 150 and
100 MeV respectively. The higher resonance acquires a
much higher width, in spite of the loss of phase space,
because of the increased value of its coupling to the ηcΛ
channel.
Our results for the VB states in this sector follow the

same trends as the PB ones and are all gathered in the lower
half of Table II.

3. Sector S = − 1; I = 1

The PB interaction in the S ¼ −1; I ¼ 1 sector has four
coupled-channels: ηcΣ, D̄Ξc, D̄sΣc and D̄Ξ0

c. The corre-
sponding T-matrix, shown in Fig. 9, has five structures
when employing the GDR loop (left panel), three structures
in the case of GCO (middle panel) and only one for GHY

(right panel). As in previous sections, the uncoupled
approach helps in understanding the origin of the unphys-
ical states obtained in the DR and CO schemes. In Fig. 10
we represent ReGDR (solid blue line) and ReGCO (solid
orange line), together with the inverse of the potential
(dashed green line) for D̄Ξc (a), D̄sΣc (b) and D̄Ξ0

c

(c) channels. We observe two intersections of ReGDR with
the inverse potential for the D̄Ξc channel, which are tied,
after coupled channel effects, to the second and third peaks
of the T-matrix in the DR scheme that couple strongly to
D̄Ξc. These structures are then unphysical since they have
been generated by a repulsive interaction. In a totally
similar manner, the first and fourth peaks of the DR T-
matrix, which couple strongly to D̄Ξ0

c, are fake states, since
they are connected to the two intersections of ReGDR with
the positive inverse potential of the D̄Ξ0

c channel. Turning
to the CO case, we can also discard as physical states the
second and third peaks of the CO T-matrix, as they are
generated, respectively, from the crossing of the positive
D̄Ξc and D̄Ξ0

c potentials with the spike of their correspond-
ing loop functions.
The origin of the remaining peak in the DR or CO

scattering amplitudes right below the D̄Ξ0
c threshold, which

is the only one appearing in the HY regularization scheme,
cannot be understood from an uncoupled analysis based on
Fig. 10. Note that the nonzero diagonal kernel coefficients

TABLE II. Masses, widths and coupling strengths of the
genuine poles found in the S ¼ −1, I ¼ 0 sector with the three
regularization schemes, GDR, GCO, and GHY.

PB interaction (JP ¼ 1
2
−) in the ðS; IÞ ¼ ð−1; 0Þ sector

GDR GCO GHY

qmax (MeV) 600 600 600 800

M (MeV) 4265 4422 4189 4435 4189 4405 4037 4304
Γ (MeV) 20 23 0.73 62 0.29 31 ∼0 54

jgij jgij jgij jgij jgij jgij jgij jgij
ηcΛð4095Þ 0.60 0.86 0.21 1.05 0.16 1.14 0.10 1.78
D̄sΛcð4253Þ 0.93 0.15 3.24 0.25 2.38 0.20 3.29 0.24
D̄Ξcð4336Þ 3.20 0.13 5.05 0.32 3.68 0.17 4.73 0.48
D̄Ξ0

cð4444Þ 0.20 2.27 0.11 3.04 0.10 3.01 0.03 4.50

VB interaction (JP ¼ 1
2
−; 3

2
−) in the ðS; IÞ ¼ ð−1; 0Þ sector

GDR GCO GHY

qmax (MeV) 600 600 600 800

M (MeV) 4409 4563 4328 4575 4328 4544 4170 4439
Γ (MeV) 19 23 0.74 65 0.29 31 ∼0 56

jgij jgij jgij jgij jgij jgij jgij jgij
J=ψΛð4212Þ 0.60 0.85 0.20 1.08 0.15 1.15 0.01 1.81
D̄�

sΛcð4397Þ 0.89 0.15 3.40 0.26 2.44 0.20 3.38 0.24
D̄�Ξcð4477Þ 3.18 0.13 5.29 0.33 3.77 0.18 4.85 0.53
D̄�Ξ0

cð4585Þ 0.20 2.29 0.12 3.16 0.11 3.10 0.04 4.64
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(see Table XIX in Appendix A) correspond to either a
repulsive interaction or a very tiny attractive one. However,
the off-diagonal coefficient for the transition D̄sΣc → D̄Ξ0

c

is sizable and we construct the effective D̄sΣc potential
using Eq. (29) from this pair of coupled channels. Its
inverse is represented in Fig. 11, when calculated with the
GDR loop (dashed green line) or the GCO one (dotted red
line). This figure should now replace the middle and right
panels of Fig. 10. We now observe two intersections of
ReGDR with the positive branch of the corresponding
inverse effective potential, generating the two unphysical
states already found in the uncoupled analysis, and one
intersection with the negative branch of the inverse

potential right below the D̄sΣc threshold explaining the
physical peak in the DRT-matrix at that location. Similarly,
for the CO case, ReGCO intersects the inverse potential
when it is negative right below threshold, thus generating a
genuine state, and there is a double crossing at energies
around the position of the spike, where the effective
potential is positive, thus leading to a wide asymmetrical
peak in the CO T-matrix corresponding to the unphysical
structure already found in the uncoupled analysis.
Consequently, only a valid physical pole below the D̄sΣc
threshold remains for the DR and CO schemes, which is the
one directly obtained by the HY scheme without the need
of an ulterior analysis to discard unphysical structures.

FIG. 9. From left to right, the panels illustrate the scattering amplitude results obtained with GDR,GCO, and GHY for the PB interaction
in the S ¼ −1; I ¼ 1 sector. All three plots share the same y-axis scale and color legend. Each line represents the sum of the moduli of
the transition amplitudes to the ith final channel. Vertical black dashed lines indicate the thresholds of the lightest and heaviest channels.

FIG. 10. Real part of the loop function in the dimensional (blue solid line) and cutoff (orange solid line) regularization scheme. The
inverse potential 1=Vii is also plotted. The subindex i stands for the corresponding channel: D̄Ξc [panel (a)], D̄sΣc [panel (b)], and D̄Ξ0

c
[panel (c)].
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Note that this state is generated from the coupled channel
dynamics.
The results for this sector are summarized in the upper

half of Table III. The S ¼ −1, I ¼ 1 resonance appears
around 4400 MeV in all three regularization schemes, and
couples strongly to the D̄sΣc and D̄Ξ0

c channels. It also

couples significantly to ηcΣ, one of its decay channels,
giving rise to a sizable width, especially in the CO case. The
mass of the resonance decreases by about 100 MeVand its
width increases by 10 MeV when qmax ¼ 800 MeV is
employed in the HY scheme.
In the case of the VB interaction we find a completely

analogous pattern and the properties of the only remaining
physical state for the different regularization schemes are
collected in the bottom half of Table III.

4. Sector S = − 2; I = 1=2

The coupled channels of the PB interaction in the S ¼
−2; I ¼ 1=2 sector are ηcΞ, D̄sΞc, D̄sΞ0

c, and D̄Ωc. The
corresponding T-matrix with the HY prescription presents a
single structure, as seen in the right panel of Fig. 12, while
the shapes of the scattering amplitudes with the DR (left
panel) and CO schemes (middle panel) are more complex.
Notice the similarity of the amplitudes in Fig. 12 with

those shown for the S ¼ −1; I ¼ 1 sector in Fig. 9. This is
directly related to the structure of the kernel matrix (see
Tables XIX and XXI in Appendix A). The diagonal
coefficients are equal with the following correspondences:
ηcΣ → ηcΞ, D̄Ξc → D̄sΞc, D̄sΣc → D̄Ωc, D̄Ξ0

c → D̄sΞ0
c.

The off-diagonal are all small (proportional to the κc
factor), except for the

ffiffiffi
2

p
in the S ¼ −1; I ¼ 1 sector,

connecting the D̄sΣc and D̄Ξ0
c channels, and the −

ffiffiffi
2

p
in the

S ¼ −2; I ¼ 1=2 sector, connecting the corresponding
D̄Ωc and D̄sΞ0

c ones.2 Therefore, in this S ¼ −2; I ¼
1=2 sector we expect similar arguments to those used in
the S ¼ −1; I ¼ 1 one and only one physical pole should
remain in each prescription. For completeness, in the left
panel of Fig. 13 we plot the real parts of the DR and CO
loop functions (blue and orange lines, respectively) for the
D̄sΞc channel, together with the inverse of its potential. In
the right panel, we present ReGDR and ReGCO for the
D̄sΞ0

c channel, together with the inverse of the effective V11

potential, built from the D̄sΞ0
c and D̄Ωc channels

employing either the DR loop (dashed green line) or the
CO one (dotted red line). Performing a similar analysis as
for the S ¼ −1; I ¼ 1 sector, the presence of four and two
fake poles for the DR and CO cases, respectively, can be
clearly inferred from Fig. 13. Only one physical resonance
remains and it is generated from a coupled channel
mechanism between the D̄sΞ0

c and D̄Ωc channels, as
already noticed in Ref. [39]. The properties of this physical
pole are summarized in the upper half of Table IV.
Completely analogous results are obtained for VB inter-
actions and the results are presented in the bottom half of
Table IV.

FIG. 11. Effective potential constructed with the channels D̄sΣc

and D̄Ξ0
c employing the DR loop (dashed green line) or the CO

one (dotted red line). The real part of the loop functions for the
D̄sΣc channel, ReGDR (blue line) and ReGCO (orange line), are
also shown.

TABLE III. Masses, widths and coupling strengths of the
genuine poles found in the S ¼ −1; I ¼ 1 sector with the three
regularization schemes, GDR, GCO, and GHY.

PB interaction (JP ¼ 1
2
−) in the ðS; IÞ ¼ ð−1; 1Þ sector
GDR GCO GHY

qmax (MeV) 600 600 600 800
M (MeV) 4406 4413 4386 4283
Γ (MeV) 19 55 27 37

jgij jgij jgij jgij
ηcΣð4173Þ 0.82 1.05 1.13 1.64
D̄Ξcð4336Þ 0.19 0.43 0.25 0.52
D̄sΣcð4421Þ 1.65 2.45 2.45 3.66
D̄Ξ0

cð4444Þ 1.62 1.94 1.92 2.65

VB interaction (JP ¼ 1
2
−; 3

2
−) in the ðS; IÞ ¼ ð−1; 1Þ sector

GDR GCO GHY

qmax (MeV) 600 600 600 800
M(MeV) 4549 4555 4527 4419
Γ (MeV) 20 62 28 40

jgij jgij jgij jgij
J=ψΣð4290Þ 0.82 1.08 1.14 1.67
D̄�Ξcð4477Þ 0.19 0.46 0.27 0.56
D̄�

sΣcð4564Þ 1.69 2.60 2.54 3.77
D̄�Ξ0

cð4585Þ 1.62 2.01 1.96 2.72

2The sign of the off-diagonal potential does not affect since it
appears squared in the effective interaction built from the two
coupled channels.
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5. Summary of all sectors

We end Sec. III A by collecting in Fig. 14 the positions in
the complex plane of all physical poles found with PB
interactions. We present the results obtained with three
different markers, which are related to the scheme that was
used to regularize the loop function: GHY (circles), GCO

(crosses) and GDR (squares). The poles are computed using
two different cutoff parameters, qmax ¼ 600 MeV and

qmax ¼ 800 MeV, and the results lie, respectively, in the
rightmost and leftmost end of the straight line that joins
them. The color of the line (or the color of the
marker) indicates the ðS; IÞ sector in which the pole
was found.
First, we observe the CO states (crosses) to be much

wider than those obtained for the other two regularization
schemes. This is tied to an artifact in the definition of the

FIG. 12. From left to right, the panels illustrate the scattering amplitude results obtained with GDR, GCO, and GHY for the PB
interaction in the S ¼ −2; I ¼ 1=2 sector. All three plots share the same y-axis scale and color legend. Each line represents the sum of
the moduli of the transition amplitudes to the ith final channel. Vertical black dashed lines indicate the thresholds of the lightest and
heaviest channels.

FIG. 13. (a) Real part of the loop function in the DR (blue solid line) and CO (orange solid line) regularization schemes, and the
inverse potential in the D̄sΞc channel. (b) Real part of the loop function in the DR (blue solid line) and CO (orange solid line) schemes
for the D̄sΞ0

c channel, and inverse D̄sΞ0
c − D̄Ωc effective potential built with the DR loop (dashed green line) or the CO one (dotted

red line).
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second Riemann sheet, as explained before, and the CO
width should simply be discarded. By comparing the three
types of symbols vertically within each sector for a cutoff
value of qmax ¼ 600 MeV (rightmost end of the lines), we
observe the HY prescription (circle) to produce a state with
slightly lower mass than the two other prescriptions, and

slightly wider than the DR one (square). This tendency is
accentuated for qmax ¼ 800 MeV (leftmost end of the
lines). The lightest state in the S ¼ −1; I ¼ 0 sector
(indicated with green lines in Fig. 14) deviates from this
behavior. For a given qmax value, the HY and CO pre-
scriptions predict an identical bound state, the reason being
that it is located below the thresholds of the channels to
which it couples most strongly (D̄sΛc and D̄Ξc), as shown
by the coupling strengths in Table II. Consequently,
ReGHY is effectively using ReGCO in these relevant
channels. The corresponding states obtained with the DR
scheme have a substantially higher masses, and in the case
of qmax ¼ 600 MeV even higher than the D̄sΛc threshold, a
channel that is then open for decay, thus explaining the
much higher width of this state.

B. LHGA-WF model and hybrid regularization

In this section we review the hidden charm states
dynamically generated in different strangeness and isospin
sectors, employing the LHGA-WF method for the meson-
baryon interaction and the hybrid scheme for the loop
regularization. We will show results for PB and VB
interactions in s-wave, involving JP ¼ 1=2þ baryons,
which will be compared to those in the previous section
obtained with the LHGA-SU(4) interaction model. We will
also report results for PB� and VB� interactions, involving
JP ¼ 3=2þ baryons, which can additionally be obtained
within the LHGA-WF method and lead to the appearance
of new pentaquarks.
All the figures of the scattering amplitudes that appear in

this section are obtained for qmax ¼ 600 MeV. However,
the mass, width and coupling strengths of the states will be
given for qmax ¼ 600 MeV and 800 MeV, as a measure-
ment of the theoretical uncertainty.
We start presenting the results obtained with the PB

interaction. The kernel coefficients within the LHGA-WF
method are displayed in Tables XIV, XVI, XVIII, XX,
XXII, and XXIV of Appendix A for the different strange-
ness and isospin sectors. The T-matrix amplitudes are
shown in Fig. 15 for the sectors that present structures
tied to dynamically generated states. The corresponding
pole positions, widths and coupling strengths are displayed
in the upper half of Tables V–VIII.
Upon comparing with the amplitudes on the right panel

of Figs. 4, 6, 9, and 12, obtained with the LHGA-SU(4)
model and the hybrid regularization, we immediately
observe that the LHGA-WF states appear at practically
the same energy but are much narrower. This systematics
can be easily traced back to the kernel coefficients. On the
one hand, the diagonal coefficients of Tables XIII, XV,
XVII, XIX, XXI, and XXIII, corresponding to the LWGA-
SU(4) model, are the same as those in the corresponding
tables for the LWGA-WF model. This explains why the
resonances appear at similar energies in both models, for
sectors that generate them via sizable attractive interactions

TABLE IV. Masses, widths and coupling strengths of the
genuine poles found in the S ¼ −2; I ¼ 1=2 sector with the
three regularization schemes, GDR, GCO, and GHY.

PB interaction (JP ¼ 1
2
−) in the ðS; IÞ ¼ ð−2; 1

2
Þ sector

GDR GCO GHY

qmax (MeV) 600 600 600 800
M(MeV) 4536 4544 4515 4406
Γ (MeV) 21 59 33 41

jgij jgij jgij jgij
ηcΞð4297Þ 0.82 1.02 1.12 1.66
D̄sΞcð4437Þ 0.20 0.45 0.27 0.53
D̄sΞ0

cð4545Þ 1.07 1.70 1.67 2.57
D̄Ωcð4564Þ 2.01 2.63 2.60 3.70

VB interaction (JP ¼ 1
2
−; 3

2
−) in the ðS; IÞ ¼ ð−2; 1

2
Þ sector

GDR GCO GHY

qmax (MeV) 600 600 600 800
M(MeV) 4677 4686 4654 4541
Γ (MeV) 22 65 30 44

jgij jgij jgij jgij
J=ψΞð4415Þ 0.81 1.05 1.13 1.69
D̄�

sΞcð4581Þ 0.20 0.48 0.28 0.59
D̄�

sΞ0
cð4688Þ 1.10 1.80 1.74 2.65

D̄�Ωcð4705Þ 2.02 2.72 2.66 3.80

FIG. 14. Results of the pole positions for the PB interaction.
The marker is related to the type of regularization employed for
the loop function and the color is related to the sector. Results
with qmax ¼ 600 and 800 MeVare connected by a straight line of
the same color.
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indicated by positive coefficients, such as S ¼ 0; I ¼ 1=2
and S ¼ −1; I ¼ 0. The states generated by a coupled-
channel mechanism, such as those in sectors S ¼ −1; I ¼ 1
and S ¼ −2; I ¼ 1=2, also appear at similar energies in
both models because the relevant coupled-channel coef-
ficient has the same size,

ffiffiffi
2

p
. The discrepancies in the

widths can be traced to differences in off-diagonal coef-
ficients involving the ηc meson. As argued in Sec. II A
these are a factor

ffiffiffi
3

p
smaller in size in the LHGA-WF

model compared to the LHGA-SH(4) ones. Consequently,
the LWGA-WF resonances turn out to be roughly a factor
three narrower than the LWGA-SU(4) ones, because they
couple strongly to states involving charmed mesons and
decay mostly to states having the ηc.
Analogous results are obtained for the VB interaction,

since the kernel coefficients coupling the different states are
the same as those for the PB interaction, simply replacing
the pseudoscalar mesons with the corresponding vector
ones. In this case we omit the plot of the amplitudes and just
present the properties of the poles in the bottom half of
Tables V–VIII.

FIG. 15. PB scattering amplitudes for different strange and isospin sectors within the LHGA-WF method. Vertical black dashed lines
indicate the thresholds of the lightest and heaviest channels.

TABLE V. Masses, widths and coupling strengths of the poles
found in the S ¼ 0; I ¼ 1=2 sector using LHGA-WF.

PB interaction (JP ¼ 1
2
−) in the ðS; IÞ ¼ ð0; 1=2Þ sector

qmax (MeV) 600 800

M(MeV) 4286 4211
Γ (MeV) 9 17

jgij jgij
ηcNð3918Þ 0.66 0.96
D̄Λcð4152Þ 0.08 0.11
D̄Σcð4319Þ 2.82 4.04

VB interaction (JP ¼ 1
2
−; 3

2
−) in the ðS; IÞ ¼ ð0; 1=2Þ sector

qmax (MeV) 600 800

M(MeV) 4425 4347
Γ (MeV) 10 17

jgij jgij
J=ψNð4035Þ 0.67 0.97
D̄�Λcð4293Þ 0.08 0.11
D̄�Σcð4460Þ 2.91 4.17
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Let us now focus on the states that can be generated
from meson-baryon interactions involving B� baryons
with JP ¼ 3=2þ, which are naturally included in the
LHGA-WF method. The resulting pentaquark states from
these PB� and VB� interactions differ in spin-parity assign-
ments from those arising in the PB and VB cases. The states

generated from PB� interactions in S-wave possess
JP ¼ 3=2−, while those from VB� interactions can have
spin-parities JP ¼ 1=2−; 3=2−; 5=2− and appear degenerate
in the present work, as no spin-dependent terms are
included in the interaction potential.
The kernel coefficients computed using the LHGA-WF

method are compiled in Appendix B. Following
Refs. [38,40,49], we assume that the PB� and VB� loop
functions are given by Eq. (15), which we regularize using
the hybrid scheme.
We present in Fig. 16 the PB� scattering amplitudes with

hidden charm obtained with qmax ¼ 600 MeV for
all the strangeness and isospin sectors that produce a
resonant structure. A similar plot, but shifted to higher
energies, is found in the case of the VB� interaction. The
corresponding pole properties and coupling strengths are
collected in Tables IX and X for qmax ¼ 600 MeV and
qmax ¼ 800 MeV. We focus our discussion on the states
found in the PB� interactions, as those from the VB�
interactions are analogous, just shifted to higher
energies.
The S ¼ 0; I ¼ 1=2 and S ¼ −1; I ¼ 0 sectors, each

involve a single channel, D̄Σ�
c and the D̄Ξ�, respectively.

The kernel coefficients, listed in Tables XXV and XXVII,
are attractive and identical, producing similar scattering
amplitudes profiles and a bound state, located at
M ¼ 4353 MeV in the case of S ¼ 0; I ¼ 1=2 and at
M ¼ 4480 MeV for S ¼ −1; I ¼ 0.
The other two sectors, S ¼ −1; I ¼ 1 and S ¼ −2;

I ¼ 1=2, display a three-coupled channel interaction kernel

TABLE VI. Masses, widths and coupling strengths of the poles
found in the S ¼ −1; I ¼ 0 sector using LHGA-WF.

PB interaction (JP ¼ 1
2
−) in the ðS; IÞ ¼ ð−1; 0Þ sector

qmax (MeV) 600 800

M(MeV) 4189 4409 4037 4332
Γ (MeV) ∼0 10 ∼0 17

jgij jgij jgij jgij
ηcΛð4095Þ 0.08 0.64 0.06 0.94
D̄sΛcð4253Þ 2.29 0.06 3.28 0.08
D̄Ξcð4336Þ 3.58 0.06 4.73 0.11
D̄Ξ0

cð4444Þ 0.05 2.82 0.01 4.04

VB interaction (JP ¼ 1
2
−; 3

2
−) in the ðS; IÞ ¼ ð−1; 0Þ sector

qmax (MeV) 600 800

M(MeV) 4328 4548 4171 4467
Γ (MeV) ∼0 10 ∼0 17

jgij jgij jgij jgij
J=ψΛð4212Þ 0.08 0.65 0.05 0.95
D̄�

sΛcð4397Þ 2.25 0.07 3.38 0.08
D̄�Ξcð4477Þ 3.50 0.06 4.86 0.12
D̄�Ξ0

cð4585Þ 0.04 2.92 0.01 4.17

TABLE VII. Masses, widths and coupling strengths of the
poles found in the S ¼ −1; I ¼ 1 sector using LHGA-WF.

PB interaction (JP ¼ 1
2
−) in the ðS; IÞ ¼ ð−1; 1Þ sector

qmax (MeV) 600 800

M(MeV) 4392 4313
Γ (MeV) 8 13

jgij jgij
ηcΣð4173Þ 0.62 0.90
D̄Ξcð4336Þ 0.08 0.15
D̄sΣcð4421Þ 2.25 3.32
D̄Ξ0

cð4444Þ 1.79 2.44

VB interaction (JP ¼ 1
2
−; 3

2
−) in the ðS; IÞ ¼ ð−1; 1Þ sector

qmax (MeV) 600 800

M(MeV) 4533 4451
Γ (MeV) 9 14

jgij jgij
J=ψΣð4290Þ 0.63 0.91
D̄�Ξcð4477Þ 0.09 0.16
D̄�

sΣcð4564Þ 2.34 3.43
D̄�Ξ0

cð4585Þ 1.83 2.50

TABLE VIII. Masses, widths and coupling strengths of the
poles found in the S ¼ −2; I ¼ 1=2 sector using LHGA-WF.

PB interaction (JP ¼ 1
2
−) in the ðS; IÞ ¼ ð−2; 1

2
Þ sector

qmax (MeV) 600 800

M(MeV) 4521 4441
Γ (MeV) 9 15

jgij jgij
ηcΞð4297Þ 0.62 0.91
D̄sΞcð4437Þ 0.09 0.12
D̄sΞ0

cð4545Þ 1.52 2.31
D̄Ωcð4564Þ 2.41 3.37

VB interaction (JP ¼ 1
2
−; 3

2
−) in the ðS; IÞ ¼ ð−2; 1

2
Þ sector

qmax (MeV) 600 800

M(MeV) 4661 4577
Γ (MeV) 10 15

jgij jgij
J=ψΞð4415Þ 0.63 0.92
D̄�

sΞcð4581Þ 0.09 0.15
D̄�

sΞ0
cð4688Þ 1.60 2.39

D̄�Ωcð4705Þ 2.48 3.45
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with identical coefficients, as can be seen from
Tables XXIX and XXX. The diagonal coefficients imply
a repulsive interaction or a tiny attraction, indicating that
the structure observed in Figs. 16(c) and 16(d) is tied to a
coupled-channel mechanism due the sizable nondiagonal
coefficient of value −

ffiffiffi
2

p
coupling the two higher energy

meson-baryon channels. This is completely analogous to
what has been found for the PB interactions in the same
sectors discussed in the previous LHGA-SU(4) section. As
seen in Table IX the PB� states appear at M ¼ 4461 MeV
and M ¼ 4607 MeV, for S ¼ −1; I ¼ 1 and S ¼ −2;
I ¼ 1=2, respectively, they couple strongly to the two
highest mass states, and they are very narrow, due to their
small coupling to the only open decay channel involving
the ηc meson.
The VB� interaction leads to completely analogous

results, just exchanging the role of the ηc, D̄ and D̄s

mesons by the J=ψ , D̄� and D̄�
s ones. The properties of the

resulting pentaquarks are summarized in Table X.
We conclude this section by noting that, by including the

JP ¼ 3=2þ baryons, the LHGA-WF method has provided
two new types of interactions (PB� and VB�). Unitarizing
the scattering amplitudes and regularizing the loop

functions within the GHY scheme, we have found four
hidden-charm PB� states (Table IX) and four hidden-charm
VB� states (Table X) that could not be predicted within the
LHGA-SU(4) model.

C. Comparison with other references in the literature

In this section, we compare our results within the hybrid
regularization scheme with those reported in other theo-
retical works with interactions inspired on t-channel vector-
meson exchange. In Table XI we collect the mass (M),
width (Γ) and spin-parity (JP) of all the pentaquark states
we found in Sec. III A using the LHGA-SU(4) model
[column labeled LHGA-SU(4)] and in Sec. III B using the
LHGA-WF method (column labeled LHGA-WF), obtained
with qmax ¼ 600 MeV. Notice that the JP values next to
each state defines whether it is found in PB ð1=2−Þ, VB
ð1=2−; 3=2−Þ, PB� ð3=2−Þ or VB� ð1=2−; 3=2−; 5=2−Þ
interactions. The first set of results in the LHGA-WF
column correspond to PB and VB states, while the second
set displays the PB� and VB� ones. The last column in
Table XI presents the values of M, Γ and JP from other
theoretical works.

FIG. 16. PB� scattering amplitudes for different strange and isospin sectors within the LHGA-WF method. Vertical black dashed lines
indicate the thresholds of the lightest and heaviest channels, or the single channel in cases (a) and (b).
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In the S ¼ 0; I ¼ 1=2 sector, we found a PB state
(JP ¼ 1=2−), a twice-degenerate VB state (JP ¼
1=2−; 3=2−) and, additionally within the LHGA-WF
model, a PB� state (3=2−) and a triply degenerate VB�

state (JP ¼ 1=2−; 3=2−; 5=2−). In Refs. [36,50], meson-
baryon interactions in the S ¼ 0; I ¼ 1=2 sector were
studied using UChPT and the dimensional regularization
scheme, with μ ¼ 1000 MeV, but with different subtrac-
tion constants: akðμÞ ∼ −2.3 and akðμÞ ∼ −2.1, respec-
tively. The two works also differ in the computation of
the interaction kernel: while Ref. [36] used the same
LHGA-SU(4) model as the present work, Ref. [50] com-
bined heavy quark spin and local hidden gauge symmetries
within an SU(8) spin-flavor symmetry framework. In both
cases, the PB state strongly couples to the D̄Σc channel.
Notably, our calculations using GHY find a similar state
with M ¼ 4283 MeV [LHGA-SU(4)] or M ¼ 4286 MeV
(LHGA-WF), lying between the values reported in
Refs. [36,50].

The authors of Ref. [36] also reported a state with M¼
4415MeV, degenerate in spin-parity, JP¼1=2−;3=2−,
and strongly coupled to the D̄�Σc channel. Equivalently,
Ref. [50] reported two states, since the degeneracy is
broken in their model: one with M ¼ 4453 MeV and
JP ¼ 1=2−, and another with M ¼ 4452 MeV and
JP ¼ 3=2−, both strongly coupled to the D̄�Σc channel.
The corresponding state found in our work has a mass of
4422 MeV [LHGA-SU(4)] or 4425 MeV (LHGA-WF) and
spin-parity degeneracy (JP ¼ 1=2−; 3=2−). Once again, our
result is between those reported in Refs. [36,50], lending
further support to the reliability of the GHY scheme
introduced in this work.
Finishing with the S ¼ 0; I ¼ 1=2 sector, a JP ¼ 3=2−

state at 4374 MeV, strongly coupled to D̄Σ�
c, was

also reported in Ref. [50], which is similar to our PB�
state found at 4353 MeV. Additional three very close-by
states coupling strongly to the D̄�Σ� channel, namely
4520.45 MeV ðJP ¼ 1=2−Þ, 4519.01 MeV ðJP ¼ 3=2−Þ,

TABLE IX. Masses, widths and coupling strengths of the poles
found in the PB� interaction for different charmless sectors.

PB�, ðS; IÞ ¼ ð0; 1
2
Þ

qmax (MeV) 600 800
M(MeV) 4353 4284
Γ (MeV) ∼0 ∼0

jgij jgij
D̄Σ�

cð4385Þ 3.16 4.61

PB�, ðS; IÞ ¼ ð−1; 0Þ
qmax (MeV) 600 800
M(MeV) 4480 4410
Γ (MeV) ∼0 ∼0

jgij jgij
D̄Ξ�

cð4513Þ 3.20 4.72

PB�, ðS; IÞ ¼ ð−1; 1Þ
qmax (MeV) 600 800
M(MeV) 4461 4390
Γ (MeV) 0.03 0.01

jgij jgij
ηcΣ�ð4364Þ 0.05 0.03
D̄Ξ�

cð4513Þ 2.04 2.87
D̄sΣ�

cð4486Þ 2.49 3.86

PB�, ðS; IÞ ¼ ð−2; 1
2
Þ

qmax (MeV) 600 800
M(MeV) 4607 4538
Γ (MeV) 0.12 0.02

jgij jgij
ηcΞ�ð4513Þ 0.09 0.06
D̄sΞ�

cð4614Þ 1.34 2.54
D̄Ω�

cð4660Þ 2.70 4.01

TABLE X. Masses, widths and coupling strengths of the poles
found in the VB� interaction for different charmless sectors.

VB�, ðS; IÞ ¼ ð0; 1
2
Þ

qmax (MeV) 600 800
M(MeV) 4492 4420
Γ (MeV) ∼0 ∼0

jgij jgij
D̄�Σ�

cð4526Þ 3.34 4.93

VB�, ðS; IÞ ¼ ð−1; 0Þ
qmax (MeV) 600 800
M(MeV) 4619 4546
Γ (MeV) ∼0 ∼0

jgij jgij
D̄�Ξ�

cð4654Þ 3.35 4.94

VB�, ðS; IÞ ¼ ð−1; 1Þ
qmax (MeV) 600 800
M(MeV) 4602 4528
Γ (MeV) 0.03 0.01

jgij jgij
J=ψΣ�ð4481Þ 0.04 0.03
D̄�Ξ�

cð4654Þ 2.11 2.99
D̄�

sΣ�
cð4629Þ 2.63 4.05

VB�, ðS; IÞ ¼ ð−2; 1
2
Þ

qmax (MeV) 600 800
M(MeV) 4747 4674
Γ (MeV) 0.11 0.02

jgij jgij
J=ψΞ�ð4630Þ 0.09 0.05
D̄�

sΞ�
cð4758Þ 1.47 2.67

D̄�Ω�
cð4801Þ 2.86 4.18
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and 4519.23 MeV ðJP ¼ 5=2−Þ where found in Ref. [50],
which would correspond to our spin-degenerate state VB�

state at 4492 MeV (JP ¼ 1=2−; 3=2−; 5=2−).
Proceeding to the S ¼ −1; I ¼ 0 sector, let us

start mentioning that the pioneer results of Ref. [36]
should be directly comparable to what we find with the
LHGA-SU(4) method. Two states are found with the PB
interaction and twomore (twice degenerate) with the VB one.

The minor differences found in the position and widths of
theses states with respect to those in Ref. [36] should be
simply attributed to the slight differences in the loop
prescriptions. We also display in Table XI the results of
Ref. [51], where the interaction was built imposing heavy
quark spin symmetry combined with the LHGA-WF method
to derive the unknown low energy constants. That work
reports the existence of the same ten states in this S ¼ −1;

TABLE XI. Compilation of the predicted states using the LHGA-SU(4) and LHGA-WF approaches with the hybrid loop function and
qmax ¼ 600 MeV [columns labeled as LHGA-SU(4) and LHGA-WF, respectively]. The masses (M) and widths (Γ) are in units of MeV.
The table also includes results from other theoretical works (column labeled as other works).

LHGA-SU(4) LHGA-WF Other works

ðS; IÞ M Γ JP M Γ JP M Γ JP Ref.

ð0; 1=2Þ 4283 21 1=2− 4286 9 1=2− 4265 23 1=2− [36]
4422 30 1=2−; 3=2− 4425 10 1=2−; 3=2− 4415 19 1=2−; 3=2−

4353 0 3=2− 4306 15 1=2− [50]
4492 0 1=2−; 3=2−; 5=2− 4453 23 1=2−

4452 3 3=2−

4374 14 3=2−

4520 22 1=2−

4519 14 3=2−

4519 0 5=2−

ð−1; 0Þ 4189 0.3 1=2− 4189 0 1=2− 4210 6 1=2− [36]
4328 0.3 1=2−; 3=2− 4328 0 1=2−; 3=2− 4368 6 1=2−; 3=2−

4405 31 1=2− 4409 10 1=2− 4398 16 1=2−

4544 31 1=2−; 3=2− 4548 10 1=2−; 3=2− 4547 13 1=2−; 3=2−

4480 0 3=2− 4277 15 1=2− [51]
4619 0 1=2−; 3=2−; 5=2− 4430 16 1=2−

4430 15 3=2−

4437 2 1=2−

4581 5 1=2−

4581 1 3=2−

4507 2 3=2−

4651 5 1=2−

4651 3 3=2−

4651 0 5=2−

4199 0.2 1=2− [52]
4338 0.2 1=2−; 3=2−

4423 15 1=2−

4566 31 1=2−; 3=2−

4489 0 3=2−

4627 0 1=2−; 3=2−; 5=2−

ð−1; 1Þ 4386 27 1=2− 4392 8 1=2−

4527 28 1=2−; 3=2− 4533 9 1=2−; 3=2−

4461 0 3=2−

4602 0 1=2−; 3=2−; 5=2−

ð−2; 1=2Þ 4515 33 1=2− 4521 9 1=2− 4493 74 1=2− [39]
4654 30 1=2−; 3=2− 4661 10 1=2−; 3=2− 4633 80 1=2−; 3=2−

4607 0 3=2− 4535 9 1=2− [40]
4747 0 1=2−; 3=2−; 5=2− 4675 10 1=2−; 3=2−

4602 0 3=2−

4743 0 1=2−; 3=2−; 5=2−

GARCIA-GONZALES, MAGAS, and RAMOS PHYS. REV. D 114, 054024 (2026)

054024-20



I ¼ 0 sector as in the present work, but with the spin
degeneracy slightly broken due to the coupling of channels
involving pseudoscalar mesons with related channels involv-
ing vector mesons, as well as channels involving 1=2þ
baryons with related channels involving 3=2þ baryons. It
is seen that, with respect to ours, the states in Ref. [51] appear
at higher energies, which is attributed to the dimensional
regularization scheme adopted there. This is especially note-
worthy for the three lower energy states, which appear above
the threshold of a channel to which they couple substantially
(D̄sΛc or D̄�

sΛc) and therefore develop a substantial width.
The recent results of Ref. [52] where obtained with the
LHGA-WF model and a cutoff regularization scheme, using
qmax ¼ 600 MeV. It is important to mention that, to avoid the
spiked structure that appears in the range of energies explored,
the real part of the ηcΛ GCO loop was set to zero, while the
imaginary part kept the unitary expression of Eq. (16). Again,
we find a one-to-one correspondence between all PB, VB,
PB� and VB� states found, ours being slightly more bound.
The only difference worth mentioning is the width of Γ ¼
10 MeV that we find for the higher energy VB state located at
M ¼ 4548 MeV, which is notably smaller than the value of
31 MeV reported in Ref. [52] for the VB state found at
4566 MeV. The discrepancy may arise from a different
treatment of the J=ΨΛ loop with respect to the ηcΛ one in
the PB sector mentioned above. Although the state lies about

350 MeV above the J=ΨΛ threshold, it is not clear whether
the real part of the J=ΨΛ loop function was neglected, as this
is not explicitly mentioned in Ref. [52]. Calculations per-
formed within the CO scheme are nevertheless compatible
with the reported mass and width of the state.
We next compare the results in the S ¼ −2; I ¼ 1=2

sector to other works in the literature. We recall that the
existence of a dynamically generated resonance in this
sector was predicted recently in Ref. [39] employing the
LHGA-SU(4) model for the kernel-coefficients and a cutoff
regularization scheme. As emphasized there, and corrobo-
rated here, this state is generated by a coupled-channel
mechanism that had been overlooked until then. Later, the
state was also obtained in Ref. [40] within the LHGA-WF
method and a cutoff regularization scheme. The resonances
found in Ref. [39] for the PB and VB interactions are just
slightly lower in mass but twice wider than the ones found
in the present work with the LHGA-SU(4) method. This
behavior was already discussed in Sec. III A and attributed
to an anomaly developed by the cutoff loop function in the
second Riemann sheet. Our LHGA-WF states found in this
sector are very similar, in location and width, to those
reported in Ref. [40]. This resemblance is surprising, given
that one expects the cutoff method employed in Ref. [40] to
yield larger width values. Although not explicitly men-
tioned, the results in Ref. [40] might have been obtained

TABLE XII. Compilation of the predicted states using the LHGA-SU(4) and LHGA-WF approaches with the hybrid loop function
and qmax ¼ 600 MeV [columns labeled as LHGA-SU(4) and LHGA-WF, respectively]. The masses (M) and widths (Γ) are in units of
MeV. The table also includes the experimentally observed exotic states (column labeled as EXP).

LHGA-SU(4) LHGA-WF EXP

ðS; IÞ M Γ JP M Γ JP State M Γ JP Ref.

ð0; 1=2Þ 4283 21 1=2− 4286 9 1=2− Pcc̄ð4380Þþ 4380� 30 210� 90 � � � [29]
4422 30 1=2−; 3=2− 4425 10 1=2−; 3=2− Pcc̄ð4312Þþ 4312þ7

−0.9 10� 5 � � � [30]
Pcc̄ð4440Þþ 4440.3þ4

−5 20.6� 4.9þ8.7
−10.1 � � � [30]

4353 0 3=2− Pcc̄ð4457Þþ 4457.3þ4
−1.8 6.4� 2þ5.7

−1.9 � � � [30]
4492 0 1=2−; 3=2−; 5=2− Pcc̄ð4337Þþ 4337þ7þ2

−4−2 29þ26þ14
−12−14 � � � [34]

ð−1; 0Þ 4189 0.3 1=2− 4189 0 1=2− Pcc̄sð4338Þ0 4338.2� 0.8 7.0� 1.8 1=2− [32]
4328 0.3 1=2−; 3=2− 4328 0 1=2−; 3=2− Pcc̄sð4459Þ0 4458.8þ6

−3.1 17.3� 6.5þ8
−5.7 � � � [31]

4405 31 1=2− 4409 10 1=2− Pcc̄sð4459Þ0 4471.7� 4.8� 0.6 22� 13� 3 � � � [33]
4544 31 1=2−; 3=2− 4548 10 1=2−; 3=2−

4480 0 3=2−

4619 0 1=2−; 3=2−; 5=2−

ð−1; 1Þ 4386 27 1=2− 4392 8 1=2−

4527 28 1=2−; 3=2− 4533 9 1=2−; 3=2−

4461 0 3=2−

4602 0 1=2−; 3=2−; 5=2−

ð−2; 1=2Þ 4515 33 1=2− 4521 9 1=2−

4654 30 1=2−; 3=2− 4661 10 1=2−; 3=2−

4607 0 3=2−

4747 0 1=2−; 3=2−; 5=2−
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with the prescription of neglecting the real part the loop for
the lower energy channels, as in Ref. [52].
Regarding the S ¼ −1; I ¼ 1 sector, no recent theoreti-

cal studies have reported any state. The last results we were
able to find are those of 2005 in Ref. [35], where a
comprehensive study of dynamical generated pentaquark
states across various charmed and charmless sectors using
the dimensional regularization scheme was performed. A
PB state located at M ¼ 3602 MeV was found in the C ¼
0; S ¼ −1; I ¼ 1 sector, which is in clear disagreement
with our state at 4392 MeV. However, the low mass of the
state found in Ref. [35] suggests that it is most probably a
fake pole rather than a physical resonance, as can easily be
inferred from Fig. 9. We recall that, in spite of repulsive or
tiny attractive diagonal kernel coefficients that discourage
the search of resonances in this sector, a physical state
appears when the coupling between the D̄sΣc and D̄Ξ0

c
channels is considered, as the corresponding kernel coef-
ficient related to the transition D̄sΣc → D̄Ξ0

c,
ffiffiffi
2

p
, is large

enough to generate an attractive effective potential. Finding
this state is challenging in the commonly employed
regularization schemes, as in Ref. [36], since the physical
structure may go unnoticed in front of the dominant size of
the unphysical peaks, as clearly shown in the left and
middle panels of Fig. 9. We therefore conclude that
employing the hybrid loop function GHY is crucial for
identifying physical states, as it eliminates uncertainties
caused by the unphysical structures generated by the GDR

and GCO schemes.
In summary, we have shown that all the relevant states

reported in the literature are recovered within the hybrid
prescription introduced in this work. We predict new states
in the S ¼ −1; I ¼ 1 sector, never reported before, which
may have been obscured by the unphysical structures
arising in the scattering amplitude when using the GDR

and GCO schemes.

D. Comparison with experimental data

Finally, we display again our results in Table XII
together with the pentaquark states reported by the
PDG [53]: Pcc̄ð4380Þþ [29], Pcc̄ð4312Þþ, Pcc̄ð4440Þþ,
Pcc̄ð4457Þþ [30], Pcc̄sð4459Þ0 [31,33] and Pcc̄sð4338Þ0
[32], as well as the Pcc̄ð4337Þþ structure seen in J=ψp
and J=ψp̄ invariant mass distributions from the decay
B0
s → J=ψpp̄ [34]. We collected the masses and widths

of these states, but for most of them the JP assignment is
unknown. No hidden charm pentaquarks in the S ¼ −1;
I ¼ 1 and S ¼ −2; I ¼ 1=2 sectors have been discovered
yet.
A direct inspection of Table XII indicates the associa-

tions of some of the Pþ
cc̄ states with our predictions in the

S ¼ 0; I ¼ 1=2 sector. First, the Pcc̄ð4380Þþ state cannot
be identified with any of our results due to its large
width, although it must be noticed that the newer LHCb

analysis [30] was insensitive to the existence of such wide
states. The state most likely to be associated with the lower
energy pentaquark Pcc̄ð4312Þþ (with Γ ¼ 10� 5 MeV)
[30] is the PB state appearing at M ¼ 4283 MeV
(Γ ¼ 21 MeV) in the LHGA-SU(4) model or at M ¼
4286 MeV (Γ ¼ 9 MeV) in the LHGA-WF one, coupled
strongly to D̄Σc. Compared to experiment, the predicted
masses are around 30 MeV lower and the predicted widths
lie within þ2σ for the LHGA-SU(4) model and −1σ for
the LHGA-WF one. The next two states, Pcc̄ð4440Þþ
(Γ ¼ 20.6� 4.9þ8.7

−10.1 MeV) and Pcc̄ð4457Þþ (Γ ¼ 6.4�
2þ5.7
−1.9 MeV) found in [30], may correspond to the spin-
parity degenerate VB state at 4422 MeV (Γ ¼ 30 MeV) in
the LHGA-SU(4) model or at 4425 MeV (Γ ¼ 10 MeV) in
the LHGA-WF one, coupling strongly to D̄�Σc. The
slightly lower predicted masses could increase with a fine
tuning of the qmax parameter. As for their widths, the
predictions of the LHGA-WF method are compatible with
the experimental values within the uncertainties, while the
LHGA-SU(4) model does not accommodate to the nar-
rower width of the Pcc̄ð4457Þþ.
An interesting situation arises for the Pcc̄ð4337Þ state,

reported in Ref. [34] at M ¼ 4337þ7þ2
−4−2 MeV and

Γ ¼ 29þ26þ14
−12−14 MeV. Several recent Refs. [54,55] share

the opinion that a molecular interpretation of Pcc̄ð4337Þ
is unlikely since it lies about 40 MeV above the D̄�Λc
threshold. This argument is misleading, since we find two
possible ways of being interpreted as a bound meson-
baryon pair. First, the heaviest channel for the VB inter-
action in this sector is D̄�Σc, the threshold of which is at
4460 MeV, and therefore there is absolutely no problem in
generating a bound state in the range of the Pcc̄ð4337Þ.
Indeed, our VB model for qmax ¼ 800 MeV predicts a state
strongly coupled to D̄�Σc, having a mass of 4326 MeV
[LHGA-SU(4)] or 4347 MeV (LHGA-WF) and a width
comparable to the experimental value within uncertainties
in both cases. Second, the Pcc̄ð4337Þ pentaquark can also
be interpreted as a PB� state. Indeed, in the LHGA-WF
model we find a resonance at 4353 MeV with Γ ¼ 0 MeV
width, strongly coupled to D̄Σ�

c, the threshold of which is
4385 MeV. We note that the model of Ref. [50], which
combined heavy quark spin and local hidden gauge
symmetries and permits the mixing of PB, VB, PB� and
VB� states, finds a sizable coupling of this state to the
J=ψN decay channel, a fact that would explain the large
experimental width measured, albeit with substantial errors.
Similarly, the P0

cc̄s pentaquarks can be associated with
some of our predicted states in the S ¼ −1; I ¼ 0 sector.
The narrow Pcc̄sð4338Þ0 (Γ ¼ 7.0� 1.8 MeV) state is
closest in mass to the VB state appearing at 4328 MeV
and a negligible width in both models, strongly coupled to
the D̄sΛc, D̄�Ξc channels. The experimental width is not
reproduced. Allowing VB → PB transitions may not
increase the width substantially in this case, as argued in
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Ref. [52], but possible three body PVB channels (out of the
scope of our theoretical scheme) may provide additional
decaying sources.
Regarding the Pcc̄sð4459Þ0 pentaquark, there are at the

moment in the literature two slightly different estimations
of its mass and width, as shown in Table XII. Following
Ref. [52] this pentaquark could be associated to the PB state
found at 4405 MeV (Γ ¼ 31 MeV) or 4409 MeV
(Γ ¼ 10 MeV) within the LHGA-SU(4) or LHGA-WF
models, respectively. Reducing the qmax parameter brings
the resonance closer to the D̄Ξ0

c threshold at 4444MeVand,
due to its strong coupling to this channel, the corresponding
amplitude in the real axis develops a sizable Flatté effect
there [56]. Recall that, within a Breit-Wigner form and
close to the resonance mass, the amplitude is inversely
proportional to its width. Therefore, as soon as the
resonance mass crosses the D̄Ξ0

c threshold with the low-
ering of qmax, there is a sudden increase of the width, which
grows with energy and produces an abrupt distorsion of the
amplitude: the resonance gets apparently stuck at this
threshold and acquires a peculiar line-shape which is
narrower than the actual position of the pole would suggest
[57]. In this sense, identifying our PB state to the
Pcc̄sð4459Þ0 LHCb pentaquark located at 4458.8 MeV
[31] is rather questionable, since the model underpredicts
the mass by 13 MeV in the best of the cases. This
interpretation becomes even more unlikely if the heavier
recent mass measurement of this state by the Belle
collaboration, M ¼ 4471.7 MeV [33], is confirmed.
The alternative and more probable choice in our opinion

is to associate the Pcc̄sð4459Þ0 pentaquark to the JP ¼
3=2− PB� state with M ¼ 4480 MeV (Γ ¼ 0 MeV)
obtained within the LHGA-WF method, coupling strongly
to D̄Ξ�

c. In this case, the experimental width would
probably be associated to three-body decaying channels,
as the couplings to other two body configurations of VB
type are very small [51].
In summary, we have shown that six out of the seven

observed pentaquarks with hidden charm can be repro-
duced using the hybrid regularization scheme. In all cases,
the predictions that could be associated with experimental
states were obtained at slightly different masses, so further
parameter fitting would be necessary for a more accurate
description.

IV. CONCLUSIONS

In this work, we have done a comprehensive study of
pentaquarks in the hidden charm sector predicted by
theoretical models of the meson-baryon interaction based
on the exchange of vector mesons. By unitarizing the
scattering amplitude, we investigated the dynamically gen-
erated states arising across different strangeness and isospin
sectors. The unitarization procedure requires the regulari-
zation of the meson-baryon loop function, commonly done
using either a cutoff or a dimensional regularization scheme.

We, however, have introduced a novel hybrid loop function,
which combines both dimensional and cutoff regulariza-
tions. This approach enables a cleaner unitarization of the
scattering amplitude by avoiding the appearance of unphys-
ical poles, while keeping the properties of the genuine
dynamically generated resonances unaltered.
In Sec. III A, we reviewed the states generated employ-

ing the LHGA-SU(4) model for the meson-baryon inter-
action. We analyzed the scattering amplitudes computed
with both the cutoff and dimensional regularization meth-
ods and showed that these predict a different number of
structures. Using the uncoupled approach, we were able to
interpret the nature of some structures as unphysical since
they result from a repulsive interaction.
However, not all peaks in the T-matrix could be

explained by means of the uncoupled approach and were
found to be dynamically generated due to a strong coupling
between essentially two channels. In this cases, a more
complex analysis, based in the computation of an effective
one-channel potential, was needed to understand the nature
of these peaks. By combining both the uncoupled approach
and the results from the effective potential, we were able to
fully interpret the shape of the scattering amplitude,
identifying and discarding unphysical structures. After this
filtering, both the dimensional regularization and cutoff
approaches retained the same number of physical
resonances.
Remarkably, the hybrid scheme proposed here predicts

the same number of physical states without the appearance
of fictitious structures. A direct comparison of the masses
and widths of the generated states shows the results
from the dimensional regularization and the hybrid
schemes to be in good agreement. On the other hand,
the cutoff scheme generates states with similar masses but
with consistently larger widths, a fact that we identified
with an artifact of the cutoff loop function in the second
Riemann sheet.
In Sec. III B the LHGA-WF method was adopted to

study pentaquarks generated from PB, VB, PB� and VB�
interactions and employing the hybrid loop function. When
applicable, we compared these results with those from the
LHGA-SU(4) model under the same regularization scheme.
The predicted masses are similar but the LHGA-WF
method systematically provides reduced widths, an effect
easily traceable to differences in the kernel coefficients and
directly related to the SU(3) substructure retained in the
LHGA-WF method as opposed to the full SU(4) symmetry
of the LHGA-SU(4) approach.
In Sec. III C, we compared the generated states within

the LHGA-SU(4) and LHGA-WF models with other
theoretical works to validate the use of the hybrid loop
function. No significant discrepancies were found.
Furthermore, upon comparing in Sec. III D our results
with the experimentally observed pentaquarks in the hidden
charm sector, we conclude that the absolute majority of
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these states (six out of seven) could be assigned with the
states predicted with the LGHA-SU(4) or LHGA-WF
methods, although further parameter tuning would be
necessary for a more accurate description. The state
Pcc̄ð4380Þþ is not reproduced by any of these models
due to its large width.
In the same section, we noted that no theoretical

predictions can be found in the literature for the S ¼
−1; I ¼ 1 sector. This lack of information may stem from
the fact that other research groups were discouraged upon
noticing that the diagonal kernel coefficients lead to
repulsive interactions. Moreover, it is also possible that
the presence of unphysical structures in the scattering
amplitudes obtained with both the dimensional regulariza-
tion and cutoff schemes obscured the identification of the
genuine states. If that is the case, the hybrid loop function
proposed in this work proves to be very valuable as it
substantially simplifies the shape of the scattering ampli-
tudes by only preserving the physical poles.
In summary, by successfully eliminating unphysical

artifacts, the hybrid loop function method provides con-
sistent predictions across all possible strangeness and
isospin sectors and has revealed the existence of new
pentaquarks with S ¼ −1; I ¼ 1. We hope that the results
of this work will stimulate the search of hidden charm
pentaquarks by some experimental collaborations, such as
LHCb at CERN or Belle and Belle II at KEK.
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APPENDIX A: PB AND VB KERNEL
COEFFICIENTS USING THE LHGA-SU(4) AND

LHGA-WF MODELS

We present the kernel coefficients required in Eq. (11).
The coefficients computed within the LHGA-SU(4) model
are listed in odd Tables XIII, XV, XVII, XIX, XXI, and
XXIII (denoted as C matrices), while those obtained using
the LHGA-WF method are shown in even Tables XIV,
XVI, XVIII, XX, XXII, and XXIV (denoted asDmatrices).
The coefficients were computed for different values of
strangeness (S) and isospin (I), as indicated in the caption
of each table. The meson-baryon channels involved in the
PB interactions are listed above each matrix. The coef-
ficients of the C matrices were extracted from Ref. [35],

TABLE XIII. CS¼0;I¼1
2.

ηcN D̄Λc D̄Σc2
64 0 −

ffiffi
3
2

q
κc

ffiffi
3
2

q
κc

−1þ κcc 0

1þ κcc

3
75

TABLE XIV. DS¼0;I¼1
2.

ηcN D̄Λc D̄Σc2
64 0 1ffiffi

2
p κc

1ffiffi
2

p κc
−1þ κcc 0

1þ κcc

3
75

TABLE XV. CS¼0;I¼3
2.

D̄Σc�
−2þ kcc

�

TABLE XVI. DS¼0;I¼3
2.

D̄Σc�
−2þ kcc

�

TABLE XVII. CS¼−1;I¼0.

ηcΛ D̄sΛc D̄Ξc D̄Ξ0
c2

6664
0 κc − 1ffiffi

2
p κc −

ffiffi
3
2

q
κc

κcc
ffiffiffi
2

p
0

1þ κcc 0

1þ κcc

3
7775

TABLE XVIII. DS¼−1;I¼0.

ηcΛ D̄sΛc D̄Ξc D̄Ξ0
c2

664
0 1ffiffi

3
p κc − 1ffiffi

6
p κc

1ffiffi
2

p κc

κcc
ffiffiffi
2

p
0

1þ κcc 0

1þ κcc

3
775

TABLE XIX. CS¼−1;I¼1.

ηcΣ D̄Ξc D̄sΣc D̄Ξ0
c2

6664
0

ffiffi
3
2

q
κc −κc − 1ffiffi

2
p κc

−1þ κcc 0 0

κcc
ffiffiffi
2

p
−1þ κcc

3
7775

GARCIA-GONZALES, MAGAS, and RAMOS PHYS. REV. D 114, 054024 (2026)

054024-24



whereas the those of the D matrices were calculated
following the procedure in Ref. [38].
Recall that the kernel coefficients for the VB case are

related to those of the PB case through the following
correspondences: ηc → J=ψ , D̄ → D̄�, D̄s → D̄�

s .

APPENDIX B: PB* AND VB* KERNEL
COEFFICIENTS USING THE LHGA-WF

METHOD

We present the kernel coefficients required in Eq. (11)
for the interactions involving JP ¼ 3=2þ baryons. These
coefficients are computed using the LHGA-WF method

(described in Ref. [38]) and are shown in Tables XXV–
XXX (denoted as D matrices). The coefficients were
computed for different values of strangeness (S) and isospin
(I), as indicated in the caption of each table. The channels
involved in the PB� interactions are indicated above each
matrix.
Again, the kernel coefficients for the VB� case are

related to those for the PB� case through the following
correspondences: ηc → J=ψ , D̄ → D̄�, D̄s → D̄�

s .

TABLE XXI. CS¼−2;I¼1
2.

ηcΞ D̄sΞc D̄sΞ0
c D̄Ωc2

6664
0

ffiffi
3
2

q
κc

1ffiffi
2

p κc −κc
−1þ κcc 0 0

−1þ κcc −
ffiffiffi
2

p
κcc

3
7775

TABLE XXII. DS¼−2;I¼1
2.

ηcΞ D̄sΞc D̄sΞ0
c D̄Ωc2

664
0 1ffiffi

2
p κc − 1ffiffi

6
p κc

1ffiffi
3

p κc
−1þ κcc 0 0

−1þ κcc −
ffiffiffi
2

p
κcc

3
775

TABLE XXIII. CS¼−3;I¼0.

D̄sΩc�
−2þ κcc

�

TABLE XXIV. DS¼−3;I¼0.

D̄sΩc�
−2þ κcc

�

TABLE XXVI. DS¼0;I¼3
2.

ηcΔ D̄Σ�
c�

0 −κc
−2þ κcc

�

TABLE XXV. DS¼0;I¼1
2.

D̄Σ�
c�

1þ κcc
�

TABLE XX. DS¼−1;I¼1.

ηcΣ D̄Ξc D̄sΣc D̄Ξ0
c2

664
0 1ffiffi

2
p κc − 1ffiffi

3
p κc

1ffiffi
6

p κc
−1þ κcc 0 0

κcc −
ffiffiffi
2

p
−1þ κcc

3
775

TABLE XXVII. DS¼−1;I¼0.

D̄Ξ�
c�

1þ κcc
�

TABLE XXVIII. DS¼−1;I¼1.

ηcΣ� D̄Ξ�
c D̄sΣ�

c2
64 0 −

ffiffi
2
3

q
κc − 1ffiffi

3
p κc

−1þ κcc −
ffiffiffi
2

p
κcc

3
75

TABLE XXX. DS¼−3;I¼0.

ηcΩ D̄sΩ�
c�

0 −κc
−2þ κcc

�

TABLE XXIX. DS¼−2;I¼1
2.

ηcΞ� D̄sΞ�
c D̄Ω�

c2
64 0 −

ffiffi
2
3

q
κc − 1ffiffi

3
p κc

−1þ κcc −
ffiffiffi
2

p
κcc

3
75
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