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Within the chiral unitary approach and with the constraints of heavy quark spin symmetry, we study
the coupled channel interactions of D̄ð�ÞΣð�Þ

c channels, close to whose thresholds three pentaquarklike
Pc states have been reported by the LHCb Collaboration. In the present work, we take into account the
contributions of pion exchanges via box diagrams to the interaction potentials, and therefore lift the

degeneracy in the masses of D̄�Σð�Þ
c spin multiplets. Fitting the J=ψp invariant mass distributions in

the Λ0
b → J=ψK−p decay, we find that the LHCb pentaquark states cannot be reproduced in the direct

J=ψp production in the Λ0
b decay, and can only be indirectly produced in the final state interactions of

the Λ0
b decay products, D̄ð�ÞΣð�Þ

c , which further supports the nature of these states as D̄ð�ÞΣc molecules.
Based on the fit results obtained, we study the partial decay widths/branching ratios to the other decay
channels, D̄�Λc, D̄Λc, and ηcN, and the corresponding invariant mass distributions. The resonances
with JP ¼ 1

2
−, Pcð4312Þ, Pcð4440Þ and the one of D̄�Σ�

c around 4500 MeV, have large partial decay
width into ηcN, and thus can be easily seen in the ηcN invariant mass distributions. By contrast,
the states with JP ¼ 3

2
−, Pcð4457Þ, the (predicted) narrow Pcð4380Þ, and the bound state of D̄�Σ�

c

with a mass of about 4520 MeV do not decay into ηcN. Therefore, the ηcN channel should be
studied in the future to provide further insights into the nature of these states, especially that of
Pcð4440Þ and Pcð4457Þ.
DOI: 10.1103/PhysRevD.102.056018

I. INTRODUCTION

In 2015, two pentaquarklike resonances were reported
by the LHCb Collaboration in the J=ψp mass spectrum of
the Λ0

b → J=ψK−p decay [1], referred to as Pcð4380Þþ and
Pcð4450Þþ, of which the masses and widths are

MPc1
¼ ð4380� 8� 29Þ MeV;

ΓPc1
¼ ð205� 18� 86Þ MeV;

MPc2
¼ ð4449.8� 1.7� 2.5Þ MeV;

ΓPc2
¼ ð39� 5� 19Þ MeV;

with some uncertainties about their spin-parity JP

quantum numbers [2]. Later, these two Pc states were
confirmed by a model-independent reanalysis of the
experimental data [3], and also observed in the Λ0

b →
J=ψpπ− decay [4] as suggested in Refs. [5,6]. In fact,
these pentaquarklike states with hidden charm were
predicted before the experimental findings in the early
works [7–16] using different theoretic models. In
Ref. [8], it is suggested to search for these hidden
charm molecular states in the decay channel of J=ψN,
which was later studied in more detail in Ref. [17]. The
cross sections of the J=ψN and ηcN channels are
investigated to search for signals of these Pc states in
Ref. [18], based on the interactions with their coupled
channels. Indeed, the coupled channel effects are
important for the dynamical productions of these pen-
taquarklike states [7], as concluded in Ref. [19], where
the Pc resonances are not observed in the lattice QCD
study of single channel scattering of J=ψN and ηcN.
After the discovery of the LHCb Collaboration, the

*lisheng.geng@buaa.edu.cn

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 102, 056018 (2020)

2470-0010=2020=102(5)=056018(15) 056018-1 Published by the American Physical Society

https://orcid.org/0000-0002-7247-223X
https://orcid.org/0000-0002-5626-0704
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.102.056018&domain=pdf&date_stamp=2020-09-17
https://doi.org/10.1103/PhysRevD.102.056018
https://doi.org/10.1103/PhysRevD.102.056018
https://doi.org/10.1103/PhysRevD.102.056018
https://doi.org/10.1103/PhysRevD.102.056018
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


multiquark states have attracted renewed interest, which can be seen in the recent reviews [20–31]. In 2019, the
LHCb Collaboration updated the results of Ref. [1], where three clear narrow structures are reported [32],

MPc1
¼ ð4311.9� 0.7þ6.8

−0.6Þ MeV; ΓPc1
¼ ð9.8� 2.7þ3.7

−4.5Þ MeV;

MPc2
¼ ð4440.3� 1.3þ4.1

−4.7Þ MeV; ΓPc2
¼ ð20.6� 4.9þ8.7

−10.1Þ MeV;

MPc3
¼ ð4457.3� 0.6þ4.1

−1.7Þ MeV; ΓPc3
¼ ð6.4� 2.0þ5.7

−1.9Þ MeV:

From the updated results, one can see that the original
peak of Pcð4450Þ is now split into two states of
Pcð4440Þ and Pcð4457Þ, and a fluctuation observed in
the original spectrum has given rise to a new narrow
resonance Pcð4312Þ, whereas, the broad Pcð4380Þ can
neither be confirmed nor refuted in the new spectrum
[32], where some structures around this energy region
can also be seen. Regardless, there are many theoretical
supports from QCD sum rules for the Pcð4380Þ reso-
nance [33–38].
The new findings of three Pc states have also attracted

much theoretical and experimental interest. Pcð4312Þ,
Pcð4440Þ, and Pcð4457Þ are often assumed to be
molecular states of D̄Σc with JP ¼ 1

2
−, D̄�Σc with

JP ¼ 1
2
−, and D̄�Σc with JP ¼ 3

2
−, respectively, because

of their closeness to the thresholds of the respective
channels [39–51], but there are some other assignments

for the components of D̄ð�ÞΣð�Þ
c and the spin-parity

quantum numbers [40,41,50–58]. Note that heavy quark
spin symmetry (HQSS) [59,60] predicts seven bound
states in the single channel treatment of Ref. [41],
of which some are consistent with the ones obtained
in Ref. [45] with the interactions also constrained by
HQSS. In the compact diquark model [61], Pcð4312Þ is
explained as an S-wave diquark-diquark-antiquark state
with JP ¼ 3

2
−, Pcð4440Þ, and Pcð4457Þ as P-wave states

with JP ¼ 3
2
þ and JP ¼ 5

2
þ. Moreover, starting from the

effective Lagrangians respecting chiral and heavy quark
symmetry in the Bethe-Salpeter framework [50], two
Pcð4457Þ states are predicted with spin parities of JP ¼
3
2
− and JP ¼ 1

2
− and nearly degenerate masses, and thus

there are four molecular states not just three. Similarly,
in Ref. [51] the likely existence of two peaks is proposed
for the Pcð4457Þ state with JP ¼ 1

2
�, when D̄Λcð2595Þ

is taken into account for its close threshold as first
introduced and studied in Refs. [62,63]. By contrast,
using the S-matrix approach and performing a systematic
analysis of the reaction amplitudes, Fernández-Ramírez
et al. [64] explained Pcð4312Þ as a virtual state. The
molecular picture for these Pc states is contrasted with
the hadrocharmonium picture in Ref. [65]. Guo et al.
[66] suggested that the molecular nature of the Pcð4457Þ
resonance can be checked by studying its isospin break-
ing decay channel of J=ψΔ in experiments. On the other

hand, it is not so optimistic to reveal more features of
these Pc states in the present experimental results of the
Pc photoproduction in the γp → J=ψp process as dis-
cussed in Ref. [67], which proposes that the D̄Λc
channel would be essential for searching for these Pc
states in photoproduction. Using an effective Lagrangian
approach, the photoproduction of these Pc states is also
investigated in Refs. [67–69] and it is suggested that
higher precision experimental data are needed. Indeed,
there is no evidence for the three Pc resonances in the
measurement of the γp → J=ψp cross section by the
GlueX experiment [70] with not enough statistics, where
the molecular model cannot be ruled out with the upper
limits of the branching fractions of Pc → J=ψp. A
further study about the photoproduction of these penta-
quark states at the RHIC and LHC can be found in
Ref. [71], and the electroproduction in Refs. [72,73] at
these and the future EicC (Electron-Ion Collider in
China) facilities. Lately, the D0 Collaboration reported
their confirmatory evidence for these Pc states with the
data collected at the Fermilab Tevatron collider [74].
Furthermore, a different type of photoproduction reac-
tion, γp → D̄�0Λþ

c , is proposed in Ref. [75] for finding
the Pc states, which does not have the kinematic effects
of the triangle singularity as in the Λ0

b → J=ψpπ− decay
[76–78]. In addition, searching for these Pc states in the
π−p → J=ψn reaction is suggested in Ref. [79], and the
reaction π−p → D−Σþ

c is proposed in Ref. [80] to look
for the D̄Σc bound state.
Based on the mass spectrum of these Pc states, Ref. [81]

claims the existence of a narrow Pcð4380Þ in addition to the
three Pc states by fitting the J=ψp invariant mass distri-
butions as commented in Ref. [45], and predicts three other
molecular states as found in Refs. [41,45,56]. Analyzing
the J=ψp spectroscopy with the K-matrix method,
Ref. [82] assigns the Pcð4312Þ as a D̄Σc molecule,
Pcð4440Þ a S-wave compact pentaquark state, and
Pcð4457Þ as a cusp effect. In the present work, based on
the results of Ref. [45], we study the J=ψp invariant mass
distributions in the Λ0

b → J=ψpπ− decay using the chiral
unitary approach (ChUA) to describe the coupled channel
interactions. More details about this approach can be found
in the recent reviews [83–86]. In the previous work of
Ref. [45], the two D̄�Σc states, assigned as Pcð4440Þ and
Pcð4457Þ, are degenerate. Thus, we first introduce the pion
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exchange potentials [15] to split their masses to better
describe the experimental data. Indeed, the pion exchange
potentials introduced in the box diagrams are crucial for the
degeneracy breaking of the Λbð5912Þ and Λbð5920Þ states
in the B�N interactions [87], which is extended to the
interactions ofDN and D�N with their coupled channels in
Ref. [88] for reproducing the two Λc states, Λcð2595Þ and
Λcð2625Þ. In the following, we first introduce the ChUA
briefly. Next, we show our fit results with J=ψp directly
produced in the Λ0

b → J=ψpπ− decay, and then our results
with J=ψp indirectly produced in the final state inter-
actions. With the fit results obtained, we calculate the
couplings to all the coupled channels, the partial decay
widths (branching ratios), and predict the invariant mass
distributions to the other possible decay channels for these
Pc states. Finally, we conclude with a short summary.

II. FORMALISM

Following Ref. [14], the Bethe-Salpeter equation is used
for the coupled channel interactions in the isospin I ¼ 1=2
sector, with the seven coupled channels of ηcN, J=ψN,
D̄Λc, D̄Σc, D̄�Λc, D̄�Σc, and D̄�Σ�

c for spin parity
JP ¼ 1=2−, and the five channels of J=ψN, D̄�Λc, D̄�Σc,
D̄Σ�

c, and D̄�Σ�
c for JP ¼ 3=2−. In addition, there is a single

channel of D̄�Σ�
c for JP ¼ 5=2−. More details about the

interactions for other isospin sectors can be found in
Ref. [14], where there is no bound state as expected due
to the repulsive interaction potentials. The Bethe-Salpeter
equation in matrix form is adopted for evaluating the
scattering amplitudes,

T ¼ ½1 − VG�−1V; ð1Þ

where G is the loop functions with meson-baryon inter-
mediate states and the potential V respecting HQSS is given
in Tables I and II for the J ¼ 1=2, I ¼ 1=2 and J ¼ 3=2,
I ¼ 1=2 sectors, respectively. Due to the fact that Vji ¼ Vij

in ChUA, for simplicity we only show Vij for j ≥ i in
Tables I and II, where the coefficients μIi , μ

I
ij (i, j ¼ 1, 2, 3)

and λI2 are the unknown low energy constants with the
HQSS constraint. More details can be found in Ref. [14].
Note that, in the sector of J ¼ 5=2, I ¼ 1=2, there is only
one channel, D̄�Σ�

c, for which the potential is attractive and
generates a bound state [14]. Since this state can not be
coupled to the J=ψN channel as discussed in Ref. [45], we
do not consider it in the present work, and we focus on the
properties of the three Pc states in the J=ψp invariant mass
distributions.
There are seven parameters under the HQSS constraint,

which just depend on the isospin (I) and are independent of
the spin J. In the present work, we take the same constraints
as those in Ref. [14], which rely on the use of the extended
local hidden gauge approach [89–91], with the dynamics
for the interactions originating from the exchange of vector
mesons, as shown in Fig. 1. These constraints for all the
I ¼ 1=2 sectors are given by

μ1 ¼ 0; μ23 ¼ 0; λ2 ¼ μ3; μ13 ¼ −μ12;

μ2 ¼
1

4f2π
ðEM þ EM0 Þ; μ3 ¼ −

1

4f2π
ðEM þ EM0 Þ;

μ12 ¼ −
ffiffiffi
6

p m2
ρ

p2
D� −m2

D�

1

4f2π
ðEM þ EM0 Þ; ð2Þ

where fπ ¼ 93 MeV, mD� is the D� mass, EM and EM0 are
the energies of the incoming and outgoing mesons

TABLE I. Potential matrix elements Vij (Vji ¼ Vij) of Eq. (1) for the J ¼ 1=2, I ¼ 1=2 sector.

ηcN J=ψN D̄Λc D̄Σc D̄�Λc D̄�Σc D̄�Σ�
c

μ1 0 μ12
2

μ13
2

ffiffi
3

p
μ12
2

− μ13
2
ffiffi
3

p ffiffi
2
3

q
μ13

μ1
ffiffi
3

p
μ12
2

− μ13
2
ffiffi
3

p − μ12
2

5μ13
6

ffiffi
2

p
μ13
3

μ2 0 0 μ23ffiffi
3

p ffiffi
2
3

q
μ23

1
3
ð2λ2 þ μ3Þ μ23ffiffi

3
p 2ðλ2−μ3Þ

3
ffiffi
3

p 1
3

ffiffi
2
3

q
ðμ3 − λ2Þ

μ2 − 2μ23
3

ffiffi
2

p
μ23
3

1
9
ð2λ2 þ 7μ3Þ 1

9

ffiffiffi
2

p ðμ3 − λ2Þ
1
9
ðλ2 þ 8μ3Þ

TABLE II. Potential matrix elements Vij (Vji ¼ Vij) of Eq. (1)
for the J ¼ 3=2, I ¼ 1=2 sector.

J=ψN D̄�Λc D̄�Σc D̄Σ�
c D̄�Σ�

c

μ1 μ12
μ13
3

− μ13ffiffi
3

p ffiffi
5

p
μ13
3

μ2
μ23
3

− μ23ffiffi
3

p ffiffi
5

p
μ23
3

1
9
ð8λ2 þ μ3Þ λ2−μ3

3
ffiffi
3

p 1
9

ffiffiffi
5

p ðμ3 − λ2Þ
1
3
ð2λ2 þ μ3Þ 1

3

ffiffi
5
3

q
ðλ2 − μ3Þ

1
9
ð4λ2 þ 5μ3Þ
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(Mð0Þ ¼ Pð0Þ or Vð0Þ) in the PB → P0B0 (VB → V 0B0)
transition at tree level (see Fig. 1), and p2

D� comes from
the exchanged D� at tree level of some suppressed
transitions (for example, ηcN → D̄Λc), which are given by

EM ¼ sþm2
M −m2

B

2
ffiffiffi
s

p ; ð3Þ

EM0 ¼ sþm2
M0 −m2

B0

2
ffiffiffi
s

p ; ð4Þ

p2
D� ¼ m2

M þm2
M0 − 2EMEM0 ; ð5Þ

where mM (mM0 ) and mB (mB0 ) are the masses of the
incoming (outgoing) meson and baryon in a certain
channel, respectively, and s is the Mandelstam variable
of the meson-baryon system. Please note that μ23 ¼ 0

means that the D̄�Λ channel is decoupled from the

D̄ð�ÞΣð�Þ
c channels, which will lead to the fact that the Pc

states are almost entirely generated from D̄ð�ÞΣð�Þ
c channels

and have very small partial decay width to the D̄�Λ channel
(see our results later).
In addition, the propagator matrix G is a diagonal matrix

with elements of meson-baryon loop functions. Using the
dimensional regularization, they are given by1

GiðsÞ ¼
2Mi

16π2

�
aμ þ ln

M2
i

μ2
þm2

i −M2
i þ s

2s
ln

m2
i

M2
i

þ qcmiffiffiffi
s

p ½lnðs − ðM2
i −m2

i Þ þ 2qcmi
ffiffiffi
s

p Þ

þ lnðsþ ðM2
i −m2

i Þ þ 2qcmi
ffiffiffi
s

p Þ
− lnð−s − ðM2

i −m2
i Þ þ 2qcmi

ffiffiffi
s

p Þ

− lnð−sþ ðM2
i −m2

i Þ þ 2qcmi
ffiffiffi
s

p Þ�
�
; ð6Þ

wheremi,Mi are the masses of meson and baryon in the ith
channel, respectively, and qcmi is the three-momentum of
the ith channel in the center-of-mass (CM) frame, given by

qcmiðsÞ ¼
λ1=2ðs;M2

i ; m
2
i Þ

2
ffiffiffi
s

p ; ð7Þ

with the usual Källén triangle function λða; b; cÞ ¼
a2 þ b2 þ c2 − 2ðabþ acþ bcÞ. Therefore, the free
parameters are aμ and μ. Note that they are not independent

but correlated with each other, see the second term lnM2
i

μ2
in

Eq. (6), and more discussions can be found in Refs. [93,94].
Thus, in practice, we fix the value of μ at μ ¼ 1 GeV (the
so-called natural value [93]), and more discussions will be
provided later.
In Ref. [45], the multiplets of D̄�Σc and D̄�Σ�

c with
different spins J are nearly degenerate, where the two D̄�Σc
states are assigned as Pcð4440Þ and Pcð4457Þ, because of
their different widths. Thus, as discussed in the
Introduction, to break the degeneracy, we will add the
corrections of the pion exchange potentials via box dia-
grams, as done in Ref. [15]. In principle, a π exchange
interaction could be included systematically between the
channels as discussed in Refs. [14,95], i.e., the off-diagonal
potential, where, for example, such μ23 can not be zero as
shown in Eq. (2). And correspondingly, although these box
diagrams would be automatically included through such an
π exchange interaction, these single π exchanges will make
the calculation much more complicated,2 which is left for
our future work. Here the box diagrams shown in Fig. 2 can
be recognized as the first-order correction of the potential
of the D̄�Σc → D̄�Σc process, and later it will be shown to

(a) (b)

FIG. 1. Diagrams for (a) the pseudoscalar meson-baryon (PB) interaction and (b) the vector meson-baryon (VB) interaction, with the
exchange of vector mesons (V 0

ex or V 00
ex).

1A general expression for n dimensions can be found in, e.g.,
Ref. [92].

2Though the pion exchange potential has been discussed in
Ref. [14], where they found that the contributions from the pion
exchange are small compared with the vector exchange potential,
one should be careful with the singularities in the left-hand cut
when the pion exchange with large momentum transfer is taken
into account, as pointed out in Ref. [96] in the case of ρρ
interactions and further discussed for the unphysical effects in
Refs. [97,98].
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be enough for the explanation of the mass splitting between
Pcð4440Þ and Pcð4450Þ. However, as found in Ref. [15],
the pion exchange was not negligible and brought large
corrections to binding energies to all the poles when the
box diagram contributions were taken into account for all
the coupled channels. The effect of the box diagram
corrections is stronger in the charm sector [15,88] than
the one in the beauty sector [87]. To not strongly distort the
spectrum obtained in Ref. [45], which already agrees with
the LHCb data reasonably well, we limit the corrections of
the box diagram contributions only to the channels of D̄�Σc

and D̄�Σ�
c in the J ¼ 1

2
sector to break the mass degeneracy,

since there are some structures in the region around the
threshold of D̄�Σ�

c in the J=ψp invariant mass distributions
[32] and three molecular states are predicted in this region
too [41,45,81]. In principle, one can also add the box
diagram contributions to the J ¼ 3

2
sector, but it is found to

be difficult to assign the one with a larger width having
J ¼ 1

2
as the Pcð4457Þ in our results.3 Note that the

assignment, JP ¼ 1
2
− for Pcð4457Þ and JP ¼ 3

2
− for

Pcð4440Þ, is also not favored in Ref. [48] where a
systematic study is performed in the framework of the
heavy hadron chiral perturbation theory. As found in
Ref. [15], for the D̄�Σc channel, the box diagram contri-
butions come from the channels of D̄Λc, D̄�Σc, and D̄�Λc,
as depicted in Fig. 2. Indeed, the contributions from these
D̄ð�ÞΛc channels are very important for the reproduction of
these Pc states as found in Ref. [48], some of which are
taken into account in Ref. [99] as well. We show the
formalism for the box diagram contributions in detail
below. Following Ref. [15], the normal box corrections
from the D̄Λc channel (as shown in the left panel of Fig. 2)
and the D̄Σ�

c contributions are

δVðD̄�Σc → D̄Λc → D̄�Σc; J ¼ 1=2Þ ¼ REL2 × FAC ×

� ∂I01
∂m2

π
þ 2I02 þ I03

�
; ð8Þ

δVðD̄�Σ�
c → D̄Σ�

c → D̄�Σ�
c; J ¼ 1=2Þ ¼ REL3 × FAC ×

∂I01
∂m2

π
; ð9Þ

and the ones stemming from the anomalous term, see the right panel of Fig. 2, are

δVanðD̄�Σc → D̄�Σc → D̄�ΣcÞ ¼ REL1 × AFAC ×
∂I01
∂m2

π
; ð10Þ

δVanðD̄�Σc → D̄�Λc → D̄�ΣcÞ ¼ REL2 × AFAC ×
∂I01
∂m2

π
; ð11Þ

δVanðD̄�Σ�
c → D̄�Σ�

c → D̄�Σ�
cÞ ¼ REL3 × AFAC ×

∂I01
∂m2

π
; ð12Þ

with the factors defined as

FAC ¼ 9

2
g2
�
mD�

mK�

�
2
�
Dþ F
2fπ

�
2

; ð13Þ

AFAC ¼ 9

8
G02

�
Dþ F
2fπ

�
2

m2
D� ; ð14Þ

FIG. 2. Box diagram contributions with the intermediate state of (left panel) D̄Λc and (right panel) D̄�ΣcðΛcÞ for the D̄�Σc channel in
the sector of JP ¼ 1

2
−.

3We have studied this alternative and found that the corresponding fit is not good close to Pcð4440Þ.
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REL1 ¼ 4

9

�
2F

Dþ F

�
2

; ð15Þ

REL2 ¼ 1

9

�
2D

Dþ F

�
2

; ð16Þ

REL3 ¼ 5

9

�
fΣ�

c

mπ

�
2

=

�
Dþ F
2fπ

�
2

¼ 16

45
; ð17Þ

whereD ¼ 0.75 and F ¼ 0.51 [100] for the two couplings of the Yukawa vertex,G0 ¼ 3m2
V

16π2f3π
withmV ≃ 780 MeV, g ¼ mV

2fπ
,

fΣ�
c
the coupling for the πΣ�

cΣ�
c vertex satisfying

fΣ�c
mπ

¼ 4
5
fπNN
mπ

¼ 4
5
DþF
2fπ

[15,101], and the expressions of I01, I
0
2, I

0
3 are given

by [87]

I01 ¼
Z

qmax d3q
ð2πÞ3

4

3
q⃗4

1

2ωMðq⃗Þ
mB

ωBðq⃗Þ
Nðq⃗Þ
Dðq⃗ÞFðq⃗Þ; ð18Þ

I02 ¼
Z

qmax d3q
ð2πÞ3 2q⃗

2
1

2ωMðq⃗Þ
mB

ωBðq⃗Þ
Nðq⃗Þ
Dðq⃗ÞFðq⃗Þ; ð19Þ

I03 ¼
Z

qmax d3q
ð2πÞ3

3

2ωMðq⃗Þ
mB

ωBðq⃗Þ
Fðq⃗Þ

EM þ EB − ωBðq⃗Þ − ωMðq⃗Þ þ iϵ
; ð20Þ

with qmax the cutoff, whose value will be discussed later, and

Nðq⃗Þ ¼ EB þ EM − ωBðq⃗Þ − ωMðq⃗Þ − 2ωπðq⃗Þ; ð21Þ

Dðq⃗Þ ¼ 2ωπðq⃗Þ½EM − ωMðq⃗Þ − ωπðq⃗Þ þ iϵ�½EB − ωBðq⃗Þ − ωπðq⃗Þ þ iϵ�
× ½EM þ EB − ωBðq⃗Þ − ωMðq⃗Þ þ iϵ�; ð22Þ

Fðq⃗Þ ¼
�

Λ2

Λ2 þ q⃗

�
2

; ð23Þ

where EM, EB are the energies for the incoming meson
and baryon, respectively, ωi ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

i þ q⃗2
p

(i ¼ M, B, π)
are the energies of the intermediate particles for a certain
meson-baryon channel in the box diagram with the pion
exchange, and Fðq⃗Þ is the monopole form factor intro-
duced in the Yukawa vertex, taking Λ ≃ 1 GeV. For more
details see Ref. [87]. At the end, we add these box
corrections to the potential of the corresponding channel,
written as

Vij ¼ Vij þ δV þ � � � þ δVan þ � � � ; ð24Þ

where the dots mean that there may be more than one
box diagram contribution.

III. RESULTS WITH J=ψp PRODUCED DIRECTLY

First, we assume that the J=ψp final state can be directly
produced in the Λ0

b decay, as shown in Fig. 3(a), and that

(a) (b)

FIG. 3. Diagrams for the Λ0
b → J=ψK−p decay. (a) Direct J=ψK−p decay at tree level. (b) Final state interactions of J=ψp.
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these Pc resonances grow up in the final state interactions,
as exhibited in Fig. 3(b). Since we have assigned the three
Pc states with spin parity as 1

2
− and 3

2
− [45], following

Ref. [102], the J=ψp invariant mass distribution in the
Λ0
b → J=ψK−p decay is given by

dΓðMinvÞ
dMinv

¼ 1

4ð2πÞ3
1

MΛb

q̃J=ψqKðjTJP¼1
2
−

J=ψp j2 þ jTJP¼3
2
−

J=ψp j2Þ;

ð25Þ
where Minv is the invariant mass of the J=ψp system, the
CM momenta are given by

q̃J=ψ ðMinvÞ ¼
λ1=2ðM2

inv; m
2
J=ψ ;M

2
pÞ

2Minv
; ð26Þ

qKðMinvÞ ¼
λ1=2ðM2

Λb
; m2

K;M
2
invÞ

2MΛb

; ð27Þ

with λða; b; cÞ the usual Källén function given in the last
section, and the transition amplitudes are given by

T
JP¼1

2
−

J=ψp ðMinvÞ ¼ C
1
2
−
GJ=ψpðM2

invÞtJ=ψp→J=ψpðMinvÞ; ð28Þ

T
JP¼3

2
−

J=ψp ðMinvÞ ¼ C
3
2
−
GJ=ψpðM2

invÞtJ=ψp→J=ψpðMinvÞpK;

ð29Þ

with GJ=ψpðM2
invÞ the loop function, and C

1
2
−
, C

3
2
−
the

constants which collect the Cabibbo-Kobayashi-Maskawa
matrix elements and the kinematic prefactors [103,104] and
also contain the free parameters in the fits, and we take the
amplitude tJ=ψp→J=ψpðMinvÞ ¼ TJ=ψN→J=ψNðMinvÞ, which
is evaluated with Eq. (1) and in the isospin basis (I ¼ 1

2
).

Note that, for the amplitude T
JP¼3

2
−

J=ψp ðMinvÞ of Eq. (29), we
have introduced an extra momentum factor for the kaon in
the P-wave as done in Refs. [105,106], and absorbed the

term for the tree level contribution from the direct decay
diagram [102] of Fig. 3(a) into the background below. To fit
the J=ψp invariant mass distribution, we need to consider
the background and we first try a low-order polynomial as
suggested in Ref. [32],

Bg ¼ aþ bsþ cs2; ð30Þ

where s is the Mandelstam variable of the two-body system
(s ¼ M2

inv) and a, b, c are free parameters. We fit the
experimental data using MINUIT [107]. To see the dynami-
cal generation of the three Pc states in our formalism, we
first take the same value for the subtraction constant aμðμ ¼
1 GeVÞ ¼ −2.09 in the loop function as in Ref. [45], see
Eq. (6), and qmax ¼ 800 MeV in the box diagram correc-
tions, see Eqs. (18)–(20), which is the central value used in
Ref. [15]. We will come back to the choice of these values
later. Therefore, the free parameters are the ones in
Eqs. (28)–(30). Our fit results are given in the left panel
of Fig. 4, where one can see that the fit in the region above
4440 MeV is bad: the peak for the Pcð4440Þ moves to
lower energy, and, more unsatisfactorily, the one for the
Pcð4457Þ state is nearly invisible. In addition, a resonance
structure shows up at around 4380 MeV. To understand the
poor fit, we choose another background as used in
Ref. [81], which is also adopted in Ref. [32],

Bg ¼ aþ bsþ cs2þ
���� gr
m2 − s − iΓ

ffiffiffi
s

p
����; ð31Þ

where a, b, c, gr, m, Γ are all free parameters for the fits.
Using this one and Eqs. (28) and (29), the fit results are
shown in the right panel of Fig. 4. Clearly the use of a
different background did not improve the description of the
data and the resulting fit is similar to the original one.
Even though we have dynamically generated three Pc

states in the coupled channel interactions, the Pcð4457Þ
state is almost invisible in the fit of the invariant mass
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FIG. 4. Invariant mass distributions of mJ=ψp in the Λ0
b → J=ψK−p decay, fitted with Eqs. (28) and (29), and using the background of

(left panel) Eq. (30) and (right panel) Eq. (31).
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distribution of J=ψp. Note that we did not include any box
diagram contributions in the JP ¼ 3

2
− sector. To understand

what happened, we plot in Fig. 5 the contributions of
Eqs. (28) and (29) to the J=ψp invariant mass distribution
separately by taking C

1
2
− ¼ C

3
2
− ¼ 1, where we can see that

the contributions from the amplitude T
JP¼3

2
−

J=ψp to the three

peaks in the JP ¼ 3
2
− sector are of the same magnitude.

Therefore, the fits for the bump around the region of

4380 MeV suppress the total T
JP¼3

2
−

J=ψp , and correspondingly,
the peak of the Pcð4457Þ disappeared with the competition
of the strong one Pcð4440Þ nearby. Since there are no other
states [except for Pcð4312Þ, Pcð4440Þ, and Pcð4457Þ]
claimed in the experimental invariant mass distribution
mJ=ψp [32], as a test, we could remove the other two
contributions in the region of 4380 and 4520 MeV in the
JP ¼ 3

2
− sector. The corresponding fit results are shown in

Fig. 6. However, even though we only take one pole
contribution in the JP ¼ 3

2
− sector, the fits in the Pcð4457Þ

region are still not good. it implies that the strength of the
JP ¼ 1

2
− sector and that of the JP ¼ 3

2
− sector are correlated,

and that the peak around 4312 MeV constrains the overall
strength, which suppresses the fit around the 4450 MeV too.
In order to solve the problem, we have performed more

fits with different options. First, we have checked that
adding more higher-order contributions to the background
of Eq. (30) does not improve the fits, as commented in

Ref. [32]. Second, for the amplitude T
JP¼1

2
−

J=ψp ðMinvÞ of
Eq. (28), the kaon can also be in a P-wave as discussed in
Ref. [104].Butwe find that this is not veryhelpful to improve
the fit. Third, we note that it does not matter whether the tree
level contribution is factored out or not, because it has been
absorbed into the background as discussed above. Thus, we
are forced to conclude that, fitted with J=ψp produced
directly in the decay process, the results could not be much
better than the one shown in Fig. 4, implying that the fits
could not describe the experimental data well. Therefore,
we try to improve our fit results by considering the J=ψp
produced indirectly in the next section.

IV. RESULTS WITH J=ψp PRODUCED
INDIRECTLY

In the former section, we could not obtain reasonable fits
with only direct J=ψp production in the Λ0

b → J=ψK−p
decay. Indeed, the direct J=ψp production is Okubo-
Zweig-Iizuka suppressed as discussed in Ref. [81].
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J=ψp , respectively.
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b →

J=ψK−p decay, fitted with Eqs. (28)–(30), but only with the
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FIG. 7. Diagrams for the Λ0
b → J=ψK−p decay with indirect

J=ψp production from the final state interactions.
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Thus, to improve the fits, we consider the indirect pro-
duction process of J=ψp from final state interactions, as
shown in Fig. 7. For this decay process, we need to replace
Eqs. (28) and (29) with

T
JP¼1

2
−

J=ψp ðMinvÞ ¼ C
1
2
−

1 GD̄Σc
ðM2

invÞTD̄Σc→J=ψNðMinvÞ
þ C

1
2
−

2 GD̄�Σc
ðM2

invÞTD̄�Σc→J=ψNðMinvÞ
þ C

1
2
−

3 GD̄�Σ�
c
ðM2

invÞTD̄�Σ�
c→J=ψNðMinvÞ;

ð32Þ

T
JP¼3

2
−

J=ψp ðMinvÞ ¼ ½C3
2
−

1 GD̄�Σc
ðM2

invÞTD̄�Σc→J=ψNðMinvÞ
þ C

3
2
−

2 GD̄Σ�
c
ðM2

invÞTD̄Σ�
c→J=ψNðMinvÞ

þ C
3
2
−

3 GD̄�Σ�
c
ðM2

invÞTD̄�Σ�
c→J=ψNðMinvÞ�pK;

ð33Þ

where C
1
2
−

i , C
3
2
−

j , ði; j ¼ 1; 2; 3Þ are free parameters to be
determine from the fit. Our fit results are shown in Fig. 8,
where the one in the left panel is fitted with the background
of Eq. (30) and the one in the right panel with Eq. (31).
From Fig. 8, one can see that the fit in the left panel for the
energy range of Pcð4457Þ is similar to that in the right one,
where the total χ2 and the backgrounds are not much
different. It is clear that the form of background does not
influence the fit a lot. To check the influence of the data in
the energy range of 4520MeV, we neglect the contributions

of the two D̄�Σ�
c states by removing the terms of C

1
2
−

3 , C
3
2
−

3 in
Eqs. (32) and (33), and obtain the results of Fig. 9, where
the fit results are not much different and only the peak of
Pcð4440Þ is a bit lower. It suggests that the predicted
resonance around 4520 MeV may exist but more data are
needed to draw a conclusion. On the other hand, as
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FIG. 8. Invariant mass distributions of mJ=ψp for the Λ0
b → J=ψK−p decay, fitted with Eqs. (32) and (33), and with the background of

(left panel) Eq. (30) and (right panel) Eq. (31).
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FIG. 9. Invariant mass distributions of mJ=ψp for the Λ0
b →

J=ψK−p decay, fitted with Eqs. (31)–(33), and ignoring the
contributions from the D̄�Σ�

c channel.
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discussed above, the coefficients C
1
2
−

i and C
3
2
−

j have
contained the dynamic information about the decay

vertices of Λb → K−D̄ð�ÞΣð�Þ
c , which are complex and

totally unknown in the current model as discussed in

Ref. [104]. Thus, when C
1
2
−

i , C
3
2
−

j ði; j ¼ 2; 3Þ in Eqs. (32)
and (33) are taken to be complex numbers,4 we obtain
the results of Fig. 10, which are similar to those of Fig. 8
and only the fit around the Pcð4457Þ peak becomes a bit
better, with a slightly smaller χ2. Thus, the results of

Fig. 10 imply that it is not necessary to treat C
1
2
−

i and C
3
2
−

j

as complex numbers.
One should keep in mind that, in all the fit results

above, the two parameters, aμ ¼ −2.09 [45] in the loop
functions and qmax ¼ 800 MeV [15] in the box diagram
calculations, have been fixed as discussed after Eq. (30).
To obtain even better fits, we made two more attempts.
First, based on the results of Fig. 8, we have tried to
improve the fits by fixing all the other parameters except
for the one of aμ. But the fits are not much improved,
where aμ changes less than 0.01. Second, since the
parameter aμ can be different for each channel in
principle, we allow aμ to float for the six channels of

D̄ð�ÞΣð�Þ
c in the fits under some constraints. Indeed, we

obtained better results in describing the resonance struc-
tures, as shown in Fig. 11, as expected because we

introduced more free parameters.5 Once again, the results
with two different backgrounds do not yield visible
differences in the fits (compare the left and the right
panels of Fig. 11). We would like to mention that for the
fit results of Fig. 11, the different aμ are all within �0.06
from the one obtained in Ref. [45], aμ ¼ −2.09, and thus
these differences can be treated as our theoretical
uncertainties. Besides, from the results of Fig. 11, the
aμ’s for the two D̄�Σ�

c channels have large uncertainties
because of the data fluctuated around the 4520 MeV
region, as indicted in Fig. 9. Indeed, the fits of Fig. 11
with more free aμ are just a bit better in the peak regions
than the ones of Fig. 8, where one can see that our
theoretical model is powerful with quite a few parameters
to describe the experimental data well. Thus, these results
also confirmed the ones obtained with aμ ¼ −2.09 in
Ref. [45]. Therefore, we choose our main results as
those from the dynamical reproduction of the three Pc
states with only two parameters, aμ ¼ −2.09 and
qmax ¼ 800 MeV. It should be stressed that from these
fit results, there seems to be a clear indication of a
narrow Pcð4380Þ apart from the three Pc states reported
by the LHCb Collaboration, which is also found in
Ref. [81], and there are no clear signals for the two
D̄�Σ�

c states around the region of 4520 MeV in the J=ψp
invariant mass distributions.
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FIG. 11. Invariant mass distributions of mJ=ψp for the Λ0
b → J=ψK−p decay, fitted with Eqs. (32) and (33), and using the background

of (left panel) Eq. (30) and (right panel) Eq. (31), where we allow aμ for the six channels to float in the fits.

4These assumptions mean that some interference phases
are introduced between the complex scattering amplitudes

since C
1
2
−

i ðC
3
2
−

j Þ → aþ bi≡ reiα, where r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ b2

p
and

α ¼ arctan b
a. Because C

1
2
−

i ðC
3
2
−

j Þ actually indicate the amplitudes

between Λb → K−D̄ð�ÞΣð�Þ
c , they should be complex to show the

interference between the various patterns of D̄ð�ÞΣð�Þ
c . Indeed,

they are unobservable global phases as commented in Ref. [104],
which are not essential as found in our fitting results of Fig. 10.

5Note that the results of Fig. 11, especially the one in the right
panel with more parameters, are not the best fits with minimum
χ2, because there is much freedom with a lot of free parameters
and also some fluctuations in the experimental data. Furthermore,
floating all the free parameters with no constraint, even with only
one free aμ for all the channels, one can not obtain reasonable fits
due to too much freedom for the parameters, which are not
correlated much with each other, especially the one of qmax ¼
800 MeV in the box diagram contributions.
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V. COUPLINGS, PARTIAL DECAY WIDTHS, AND
PREDICTED INVARIANT MASS DISTRIBUTIONS

From the results in the last section, one can see that our
theoretical model can describe the mJ=ψp invariant mass
distributions reasonably well with only two parameters,
aμ ¼ −2.09 and qmax ¼ 800 MeV, in the theoretical model,
of course associated with some parameters for the back-
ground. Based on these results, we calculate the couplings,
the partial decay widths, and the branching ratios of these Pc

states in the sectors of JP ¼ 1
2
− and JP ¼ 3

2
−, and show the

results in Tables III and IV, respectively. Since we have
added the box diagram contributions to the channels of D̄�Σc

and D̄�Σ�
c in the JP ¼ 1

2
− sector, the poles and the couplings

in this sector are evaluated with the method described in
Ref. [15], where the position of the pole Mp and the width
Γp are taken from the peak of the square of the scattering
amplitude Tddð

ffiffiffi
s

p Þ as is usually done in experimental
analyses, and the couplings to different channels are given by

gd ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi����Γp

2
ImTddðMpÞ

����
s

; gi ¼
ImTidðMpÞ
ImTddðMpÞ

gd; ð34Þ

where the index d refers to the dominant channel and the
index i to the other coupled channels.
From Table III, one can see that the pole at ð4306.0þ

i7.0Þ MeV is dominated by the D̄Σc channel and therefore
assigned to Pcð4312Þ, whereas the one of ð4433.0þ
i11.0Þ MeV strongly couples to the D̄�Σc channel and is
therefore assigned to Pcð4440Þ. In Table IV, the pole at
ð4452.5þ i1.5Þ MeV, to which the main channel contrib-
uted is the D̄�Σc channel, is assumed to be Pcð4457Þ for its
small width. There are two other states around 4500 and
4520 MeV, respectively, which are dominated by the D̄�Σ�

c
channel6 and not degenerated now compared to the ones in
Ref. [45] due to the box diagram contributions from the
pion exchange introduced in the JP ¼ 1

2
− sector. The partial

decay widths given in Table III show that Pcð4312Þ, a D̄Σc
bound state, has a large decay width into ηcN and a not so
small one to J=ψN, similar to the bound state of D̄�Σ�

c

around 4500 MeV. By contrast, Pcð4440Þ, a D̄�Σc bound
state, decays mostly to J=ψN but not so much to ηcN. One
more thing to be noted is that all of the three bound states in
the JP ¼ 1

2
− sector have quite small partial decay widths

into D̄Λc and D̄�Λc, and thus they cannot be easily
observed in these two decay channels. See also the
invariant mass distributions to be discussed later. The
reason is that in our model now we have not included
the off-diagonal interaction between D̄ð�ÞΛc and D̄ð�ÞΣc
with the pion exchange discussed before, and we need
some improvements in the future. By contrast, some other
work suggest that D̄ð�ÞΛc channels may be the main decay
channels of Pc states. In Refs. [108–110] the large decay
width of D̄ð�ÞΛc was predicted through triangle loop
diagrams with the mechanism of single π exchange.
Yamaguchi and Santopinto [111] considered the inter-
actions between D̄ð�ÞΛc and D̄ð�ÞΣc, but the predicted mass

TABLE III. Dimensionless coupling constants of the ðI ¼ 1=2; JP ¼ 1=2−Þ poles found in this work for different
coupled channels. The imaginary part of the energies corresponds to Γ=2.

ð4306.0þ i7.0Þ MeV ηcN J=ψN D̄Λc D̄Σc D̄�Λc D̄�Σc D̄�Σ�
c

jgij 0.59 0.41 0.01 1.99 0.10 0.02 0.03
Γi 9.7 3.9 0.0 … 0.1 … …
Br 69.0% 27.6% 0.0% … 0.9% … …

ð4433.0þ i11.0Þ MeV ηcN J=ψN D̄Λc D̄Σc D̄�Λc D̄�Σc D̄�Σ�
c

jgij 0.16 0.49 0.03 0.07 0.03 2.42 0.06
Γi 0.7 6.4 0.1 0.2 0.0 … …
Br 3.4% 29.0% 0.3% 1.1% 0.2% … …

ð4500.0þ i5.5Þ MeV ηcN J=ψN D̄Λc D̄Σc D̄�Λc D̄�Σc D̄�Σ�
c

jgij 0.37 0.26 0.05 0.03 0.02 0.02 2.29
Γi 4.5 1.9 0.2 0.1 0.0 0.0 …
Br 41.2% 17.7% 1.5% 0.5% 0.3% 0.0% …

TABLE IV. Same as Table III but for JP ¼ 3=2−.

ð4374.3þ i6.9ÞMeV J=ψN D̄�Λc D̄�Σc D̄Σ�
c D̄�Σ�

c

jgij 0.73 0.18 0.19 1.94 0.30
Γi 13.5 1.1 … … …
Br 98.4% 7.7% … … …

ð4452.5þ i1.5ÞMeV J=ψN D̄�Λc D̄�Σc D̄Σ�
c D̄�Σ�

c
jgij 0.30 0.07 1.82 0.08 0.19
Γi 2.6 0.2 … 0.2 …
Br 85.9 6.9 … 8.3 …

ð4519.0þ i6.9ÞMeV J=ψN D̄�Λc D̄�Σc D̄Σ�
c D̄�Σ�

c
jgij 0.66 0.13 0.10 0.13 1.82
Γi 12.7 0.9 0.3 0.8 …
Br 92.4% 6.7% 2.5% 5.8% …

6In fact, there is another pole with JP ¼ 5
2
−, which is also

dominated by the D̄�Σ�
c channel but not discussed here.
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of resonances is too low, around 4136 MeV. In the
framework of an extended chromomagnetic model [112],
the three Pc states and also the predicted Pcð4380Þ state are
predicted to decay dominantly to D̄�Λc, whereas now our
calculations show that D̄ð�ÞΛc may exhibit weak signal of
Pc states. On the other hand, the three resonances in the
JP ¼ 3

2
− sector, the predicted Pcð4380Þ of D̄Σ�

c, Pcð4457Þ
of D̄�Σc, and another predicted Pcð4520Þ of D̄�Σ�

c, decay
mainly into J=ψN, and negligibly into other channels. One
should note that there are some theoretical uncertainties for
the results of the partial decay widths and branching ratios
in Tables III and IV, since they are evaluated with the
couplings obtained. Once again, we summarize the results
for the three Pc states reported by the LHCb Collaboration
in Table V.
Note that our results for the partial decay widths and

branching ratios in Tables III and IVare compatible with the
other results obtained with different theoretical models.
Within the framework of the Bethe-Salpeter equation with
the effective interactions provided by light vector meson
exchanges from the chiral Lagrangian, where the dynamics
is analogous to ours as depicted in Fig. 1, a decay width
of Γ½Pcð4312Þ → J=ψp� ¼ 3.66 MeV is obtained in
Ref. [99], which is consistent with ours, 3.9 MeV, within
uncertainties. Using an effective Lagrangian approach, the
partial widths for Pcð4312Þ, Pcð4440Þ, Pcð4457Þ decaying
to J=ψp are found to be 5.03, 9.38, and 2.89 MeV,
respectively, with a cutoff of 1.0 GeV in Ref. [43], which
within uncertainties are consistent with ours, and where
these results for the decay fractions and productions are
further discussed in Ref. [47]. By contrast, the dominant
decay channels of Pcð4312Þ are found to be J=ψp and ηcp,
incompatible with the results of the chiral constituent quark
model [113]. As discussed in Ref. [55], the branching ratios
for the three Pc states decaying to J=ψp are no more than
2% in the molecular picture, and even in the compact
pentaquark picture the partial decay widths are quite small
too. Different results for the three Pc states decaying to
J=ψp and ηcp are also given in Ref. [114] based on the
quark interchange model. More concerns about the Pc
states’ decay into J=ψp and ηcp can be found in
Refs. [95,115].
Furthermore, to provide references for searches for these

states in other decay channels, adopting the decay pro-
cedure of Fig. 7 and based on the fit results obtained above,

we predict the invariant mass distributions in the D̄�Λc,
D̄Λc, and ηcN channels by changing the final decay
channels in the coupled channel interactions. The results
are shown in Fig. 12, where we have taken the same
background as in Fig. 8. From Fig. 12, one can see that only
Pcð4312Þ and the predicted Pcð4520Þ are clearly visible in
the ηcN decay channel, whereas Pcð4440Þ shows up as a
structure at higher energy around 4450 MeV. It is also
expected in Ref. [114] that a future experiment can search
for the Pcð4312Þ state in the ηcN channel. By contrast, it is
obvious that all the resonances both in the JP ¼ 1

2
− and

JP ¼ 3
2
− sectors cannot be seen in the D̄�Λc channel, and

the ones in the JP ¼ 1
2
− sector cannot be found in the D̄Λc

channel either. In fact, in Tables III and IV, one can see that
the partial decay widths into D̄ð�ÞΛc are nearly zero in the
JP ¼ 1

2
− sector and quite small in the JP ¼ 3

2
− sector. As we

discussed before, it is due to the fact that in our model we
miss the off-diagonal interaction between D̄ð�ÞΛc and
D̄ð�ÞΣc with the pion exchange, after making the improve-
ment on this point in the future, so the predictions about the
decay width of D̄ð�ÞΛc channels may be further improved.
In the current work, our main aims are to solve the mass
degeneracy problem and to examine the Pc states just from
the pure J=ψp final interaction or the full coupled channel
effect. Thus, the current model is enough to clarify these
problems.

VI. CONCLUSIONS

In the present work, we revisited the interactions of

D̄ð�ÞΣð�Þ
c and their coupled channels with the chiral unitary

approach and the constraints of heavy quark spin sym-
metry. By taking into account the pion exchanges in the
interaction potentials of the main channels in the JP ¼ 1

2
−

sector, which are introduced via box diagram contributions,
the degeneracy in the masses of the two D̄�Σc states with
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FIG. 12. Predicted invariant mass distributions for the channels
of D̄�Λc, D̄Λc, and ηcN.

TABLE V. Main results for the three Pc states found exper-
imentally [32] (unit, MeV).

Mass Width
Bound
channel JP Experiments (mass, width)

4306.4 14.0 D̄Σc 1=2− Pcð4312Þ: (4311.9, 9.8)
4433.0 22.0 D̄�Σc 1=2− Pcð4440Þ: (4440.3, 20.6)
4452.5 3.0 D̄�Σc 3=2− Pcð4457Þ: (4457.3, 6.4)
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spin parities of JP ¼ 1
2
− and JP ¼ 3

2
− is lifted, compared to

Ref. [45], which are assigned as Pcð4440Þ and Pcð4457Þ,
respectively, reported by the LHCb Collaboration with the
updated data of Run II. Thus, based on this new model, we
performed several fits of the J=ψp invariant mass distri-
butions in the Λ0

b → J=ψK−p decay to examine the nature
of the three Pc states.
We first fitted with the J=ψp directly produced in the Λ0

b
decay. From the fit results, we found that it is difficult
to describe the experimental data reasonably well with
the three Pc states showing up in the invariant mass
distributions, even though we tried different choices for
the background and other possible methods. Indeed, the
J=ψp direct production process in the Λ0

b decay is
Okubo-Zweig-Iizuka suppressed [81]. Thus, the J=ψp
indirect production in the final state interactions of the
Λ0
b decay products is utilized in the next fit. In this fitting

procedure, even though we only used one free parameter
for the meson-baryon loop functions, the experimental
data can be fitted well, where three Pc states appear and
one more narrow Pcð4380Þ state is predicted, as in
Refs. [41,45,56,81]. Of course, when we took more free
parameters for the loop functions, we obtained better but
qualitatively the same fit results. Upon examining the latter
fit results, it is clear that all these Pc states (also the
predicted one around 4380 MeV) are dynamically repro-
duced in the final state interactions of the Λ0

b → J=ψK−p
decay, which provides a nontrivial confirmation of their
molecular nature.
With the fit results obtained, we evaluated the partial

decay widths and the branching ratios of these Pc states to
the other decay channels. Assuming the same background
contributions as the analogous indirect productions J=ψp
in the Λ0

b decay, we predicted the invariant mass distribu-
tions for the channels of D̄�Λc, D̄Λc, and ηcN. Both in the
results of the partial decay widths and the predicted
invariant mass distributions, the Pcð4312Þ state and the

one of D̄�Σ�
c around 4500 MeV were shown to have large

partial decay widths into ηcN and clear resonance signals
were seen in the corresponding invariant mass distributions.
On the other hand, there were also some contributions for
the partial decay widths and the invariant mass distributions
from the Pcð4440Þ, a bound state of D̄�Σc. Conversely,
Pcð4457Þ (a loosely bound state of D̄�Σc) and the other two
molecules of D̄Σ�

c, D̄�Σ�
c at around 4380 and 4520 MeV,

respectively, did not decay into ηcN due to their predicted
spin parity as JP ¼ 3

2
−. Therefore, it is crucial to search for

these Pc states in the ηcN channel to distinguish between
their different structure and spin properties, especially for
the two D̄�Σc bound states, Pcð4440Þ and Pcð4457Þ. We
hope that our results can be tested by other theoretical
models and future experiments. Furthermore, we found that
these Pc states and the other predicted ones have very small
decay width to the channels of D̄�Λc and D̄Λc, because in
the current model the interaction between D̄ð�ÞΛc and
D̄ð�ÞΣc through single π exchange is still missing. In the
future, we may extend our model to recover these inter-
actions to make even full coupled channel interactions to
reveal the nature of these Pc states. It is challenging work
because as shown in Ref. [111] when the interaction
between D̄ð�ÞΛc and D̄ð�ÞΣc is considered, the predicted
mass of resonances is too low, around 4136 MeV.
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