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We study hidden-charm pentaquarks dynamically generated in meson–
baryon interactions. The corresponding scattering amplitude is unitarized
via the Bethe–Salpeter equation within an improved method, where the
meson–baryon loop function is regularized in a new hybrid scheme. This
scheme automatically avoids the generation of unphysical poles, typical
for cut-off or dimensional regularizations, while keeping the masses of the
physical poles unchanged. Moreover, this improved scheme allows us to
make new predictions in the S = −1, I = 1 sector.
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1. Introduction

The existence of pentaquark resonances Pcc̄(4312)
+, Pcc̄(4380)

+,
Pcc̄(4440)

+, Pcc̄(4457)
+, Pcc̄s(4338)

0, and Pcc̄s(4459)
0, established by the

LHCb Collaboration [1–5], has been one of the major discoveries in hadron
physics in recent years. Most of these states, except Pcc̄(4380)

+, due to its
large width Γ = 210 ± 90 MeV [1], can be understood as meson–baryon
bound states. To describe these exotic baryons as hadronic molecules, theo-
retical frameworks have been developed that seek to expand the SU(3) flavor
symmetry to include heavy quarks in meson–baryon interactions. The model
derived in [6] employs the local hidden gauge approach (LHGA) assuming
SU(4) flavor symmetry (hereafter referred to as LHGA-SU(4)), while the
model derived in [7] is also based on the LHGA but explicitly uses baryon
flavor wave functions without assuming SU(4) symmetry (hereafter referred
to as LHGA-WF).
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More recently, further studies have been carried out on hidden-charm
pentaquarks with strangeness S = −2 [8–10], and new possible states were
predicted. The authors of Refs. [8, 10] employed the LHGA-SU(4) model,
and the authors of Ref. [9] reanalyzed the same sector using the LHGA-
WF method. The main difference between the two approaches lies in the
widths of the states; those from the LHGA-WF method are narrower, which
stems clearly from the differences in the kernel coefficients. While the diag-
onal coefficients in the LHGA-SU(4) and LHGA-WF models are exactly the
same, there are some differences in the off-diagonal coefficients responsible
for available decay modes.

These double-strange molecular-type pentaquarks are dynamically gen-
erated in a very specific way via a strong non-diagonal attraction between
the two heaviest meson–baryon channels [8]. They were overlooked in earlier
similar studies, such as [11], because other research groups were discouraged
by the repulsive character of the diagonal kernel coefficients, and because
the complex structure of the resulting scattering amplitudes — dominated
by unphysical structures — obscured these physical states. This motivated
us to develop an improved unitarization scheme that avoids the appearance
of unphysical poles.

As we will show below, our new algorithm indeed leads to a much cleaner
output for the scattering amplitude, maintaining all physical poles at prac-
tically the same positions and avoiding the generation of fake poles. Fur-
thermore, our preliminary results have already allowed us to find more poles
in the S = −1, I = 1 sector, which were also overlooked in previous studies,
most probably for the same reason.

2. Formalism and an improved unitarization scheme

Our model relies on a meson–baryon interaction in S-wave, built from
the t-channel diagram shown in Fig. 1. We shall focus on the interaction
of pseudoscalar mesons with (1/2+) baryons (PB interaction). However, we
would like to stress that the model for vector meson interactions with the
same baryons (VB interaction) is very similar; thus, each state found in the
PB sector has an analog in the VB sector.

The VPP and VBB vertices in the diagram are described by effective
Lagrangians obtained using the local hidden gauge formalism and assuming
SU(4) symmetry. In the limit where the mass of the exchanged meson is
much larger than its four-momentum, the t-channel diagram of Fig. 1 reduces
to a contact term, and its S-wave expression reads

Vij(
√
s) = −Cij

1

4f2

(
2
√
s−Mi −Mj

)
NiNj , (1)
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Fig. 1. Leading-order tree-level diagram contributing to the meson–baryon inter-
action. Baryons and mesons are depicted by solid and dashed lines, respectively;
indices i, j label the different meson–baryon channels with the same spin-parity,
isospin, and flavor quantum numbers that can be connected by the exchange of
a vector meson V ∗.

where Ni and Nj are normalization factors, Ni =
√
(Ei +Mi)/2Mi, while

Mi (Ei) and Mj (Ej) are the mass (energy) of the baryon in the incoming
and outgoing channels, respectively. The coefficients Cij contain the SU(4)
Clebsch–Gordan factors encoded in the Lagrangians, as well as the ratio
between a characteristic mass of the light uncharmed vector meson and the
mass of the actual vector meson exchanged. Further details of the formalism
can be found in Ref. [12].

In order to find a properly unitarized scattering amplitude, Tij , we em-
ploy the Bethe–Salpeter equation in coupled channels, which implements
a resummation of meson–baryon loops, Gl, to infinite order

Tij = Vij + VilGlTlj . (2)

By adopting the commonly employed approximation of factorizing the V
and T on-shell amplitudes out of the intermediate integrals, the above equa-
tion reduces to a simple algebraic one

T = (1− V G)−1V , (3)

where G is a diagonal matrix containing the meson–baryon loop functions

Gl(P ) = i

∫
d4q

(2π)4
2Ml

(P − q)2 −M2
l + iϵ

1

q2 −m2
l + iϵ

, (4)

with Ml and ml denoting the mass of the baryon and meson in the loop,
respectively. Here, P = p + k = (

√
s, 0) is the total four-momentum in the

center-of-mass frame, and q is the internal meson four-momentum.
The loop function in Eq. (4) diverges logarithmically and needs to be

regularized. Typically, this is done using a cut-off regularization scheme,
where the integration over the spatial components is truncated at a given
value qmax, or a dimensional regularization scheme [13]. The cut-off pa-
rameter qmax and the so-called subtraction constants [12] for dimensional
regularization are free parameters that are typically determined by fitting
the model to experimental data.
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Although both schemes yield similar results close to the threshold, as we
move further away from it, they may lead to structures in the T -matrix that
cannot be associated with any resonance or bound state. Recall that poles
appear when the T -matrix diverges, i.e. when det(1 − V G) = 0, or when
V −1 ∼ Re(G) if the pole is strongly coupled to a single channel (uncou-
pled approach). If this relation is satisfied while the potential V is positive
(repulsive), a fake pole is generated, as there is no physical justification for
a repulsive interaction to produce a resonance or bound state.

In Fig. 2, we show the typical behavior of the real part of the loop func-
tion in the dimensional (GDR) and cut-off (GCO) regularization schemes. As
observed, Re(GDR) may become positive below the channel threshold, poten-
tially giving rise to fake poles in that energy region. Likewise, Re(GCO) may
also acquire artificially large positive values and thus may generate unphysi-
cal structures. At energies where the center-of-mass momentum qcm = qmax,
Re(GCO) diverges and develops a spiked structure; Im(GCO) is also patho-
logical since at this energy it abruptly drops to zero. The reason is purely
mathematical: the divergence in the integrand of Re(GCO) moves to the
boundary and cannot be compensated by a principal-valued integration.

Fig. 2. (Color online) Typical behavior of the real part of the loop function in the
dimensional (solid blue line), cut-off (dashed orange line), and hybrid (right panel)
regularization schemes.

Consequently, for both dimensional and cut-off regularization schemes,
one must check whether each dynamically generated state is genuine or fake.
Such a study often requires a sophisticated analysis, and attempts to distin-
guish poles in a simplified, qualitative manner may be erroneous.
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The novelty of our method is a hybrid loop function, GHY, that preserves
only the well-behaved parts of GCO and GDR

Re
(
GHY

k (
√
s )

)
=

{
Re

(
GCO

k (
√
s )

)
if

√
s < Mk +mk ,

Re
(
GDR

k (
√
s )

)
if

√
s ≥ Mk +mk ,

Im
(
GHY

k (
√
s )

)
= Im

(
GDR

k (
√
s )

) (5)

subject to the condition that Re(GCO) and Re(GDR) match at the chan-
nel threshold. Consequently, the subtraction constants ak(µ) are no longer
independent parameters but are connected to the value of qmax

ak(µ) =
16π2

2Mk

[
GCOk(qmax)−GDR

k (µ, ak = 0)
]
. (6)

In this work, we fix qmax = 600 MeV and µ = 1000 MeV.

3. New results for the S = −1, I = 1 sector

As an illustrative example, we present results for the PB interactions in
the S = −1, I = 1 sector. Specifically, we shall consider the interaction of
four heavy coupled channels: ηcΣ, D̄Ξc, D̄sΣc, and D̄Ξ ′

c. The corresponding
T -matrix is shown in Fig. 3.

Fig. 3. (Color online) From left to right, the panels illustrate the scattering am-
plitude results obtained with GDR, GCO, and GHY for the PB interaction in the
S = −1, I = 1 sector. The subindex i refers to the final channel; each line repre-
sents the sum of all contributions to the ith channel. Vertical black dashed lines
indicate the thresholds of the lightest and heaviest channels.

As seen in Fig. 3, the T -matrix displays five structures when employ-
ing the GDR loop (left panel), three structures in the case of GCO (middle
panel), and only one for GHY (right panel). A detailed study of each of these
structures allows us to discard the unphysical ones; consequently, only one
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valid physical pole remains below the D̄Ξ ′
c threshold for both the DR and

CO schemes. Notably, this is the same pole obtained directly by the HY
scheme, without the need for any further analysis!

Thus, the new S = −1, I = 1 PB resonance appears around 4400 MeV
in all three regularization schemes. More details including results in the VB
sector and for meson interaction with (3/2+) baryons are in preparation.

To summarize, our preliminary results show that the hybrid loop function
method successfully eliminates unphysical artifacts in all tested strangeness
and isospin sectors. Furthermore, it has revealed the existence of new pen-
taquarks in the S = −1, I = 1 sector. We hope that our work will stimu-
late experimental searches for these new pentaquark states, the discovery of
which would significantly enrich the family of observed exotic baryons.
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