
Eur. Phys. J. C (2022) 82:1061
https://doi.org/10.1140/epjc/s10052-022-11026-0

Regular Article - Theoretical Physics

Search for hidden-charm pentaquark states in three-body final
states

Jia-Ming Xie1, Xi-Zhe Ling2, Ming-Zhu Liu3,a , Li-Sheng Geng1,4,5,b

1 School of Physics, Beihang University, Beijing 100191, China
2 Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China
3 School of Space and Environment, Beihang University, Beijing 100191, China
4 Beijing Key Laboratory of Advanced Nuclear Materials and Physics, Beihang University, Beijing 100191, China
5 School of Physics and Microelectronics, Zhengzhou University, Zhengzhou 450001, Henan, China

Received: 1 May 2022 / Accepted: 12 November 2022 / Published online: 24 November 2022
© The Author(s) 2022

Abstract The three pentaquark states, Pc(4312), Pc(4440)

and Pc(4457), discovered by the LHCb Collaboration in
2019, are often interpreted as D̄(∗)�c molecules. Together
with their four D̄(∗)�∗

c partners dictated by heavy quark
spin symmetry they represent a complete multiplet of
hadronic molecules of D̄(∗)�

(∗)
c . The pentaquark states were

observed in the J/ψp invariant mass distributions of the
�b → J/ψpK decay. It is widely recognized that to
understand their nature, other discovery channels play an
important role. In this work, we investigate two three-body
decay modes of the D̄(∗)�

(∗)
c molecules. The tree-level

modes proceed via off-shell �
(∗)
c baryons, D̄(∗)�

(∗)
c →

D̄(∗)
(
�

(∗)
c → �cπ

)
→ D̄(∗)�cπ , while the triangle-loop

modes proceed through D̄∗�(∗)
c → J/ψNπ , ηcNπ via

D̄�
(∗)
c rescattering to J/ψN and ηcN . Our results indicate

that the decay widths of the Pc(4457) and D̄(∗)�∗
c states into

D̄(∗)�cπ are several MeV, as a result can be observed in
the upcoming Run 3 and Run 4 of LHC. The partial decay
widths into D̄(∗)�cπ of the Pc(4312) and Pc(4440) states
range from tens to hundreds of keV. In addition, the partial
decay widths of D̄∗�c molecules into J/ψNπ and ηcNπ

are several keV and tens of keV, respectively, and the partial
decay widths of D̄∗�∗

c molecules into J/ψNπ vary from
several keV to tens of keV. In particular, we show that the
spin-5/2 D̄∗�∗

c state can be searched for in the J/ψNπ and
D̄∗�cπ invariant mass distributions, while the latter one is
more favorable. These three-body decay modes of the pen-
taquark states are of great value to further observations of
the pentaquark states and to a better understanding of their
nature.

a e-mail: zhengmz11@buaa.edu.cn (corresponding author)
b e-mail: lisheng.geng@buaa.edu.cn

1 Introduction

The existence of hidden-charm pentaquark states was pre-
dicted about ten years ago [1–10]. In 2015, the LHCb Collab-
oration observed two pentaquark states, named as Pc(4380)

and Pc(4450), in the J/ψp invariant mass distributions of the
�b → J/ψpK decay [11]. In 2019, the LHCb Collaboration
updated their analysis with ten times more data, showing that
the original Pc(4450) state splits into two states, Pc(4440)

and Pc(4457), and in addition a new state Pc(4312) is dis-
covered [12]. The masses and decay widths of the three states
are

MPc(4312) = 4311.9 ± 0.7+6.8
−0.6 MeV

�Pc(4312) = 9.8 ± 2.7+3.7
−4.5 MeV,

MPc(4440) = 4440.3 ± 1.3+4.1
−4.7 MeV

�Pc(4440) = 20.6 ± 4.9+8.7
−10.1 MeV,

MPc(4457) = 4457.3 ± 0.6+4.1
−1.7 MeV

�Pc(4457) = 6.4 ± 2.0+5.7
−1.9 MeV. (1)

Two more pentaquark states were reported in the follow-
ing years, though only with a significance of about 3σ . A
hidden-charm pentaquark with strangeness, Pcs(4459), is
visible in the J/ψ� invariant mass spectrum [13], and a
hidden-charm pentaquark Pc(4337) was found in both the
J/ψp and J/ψ p̄ invariant mass spectrum [14]. The former
has been predicted by many studies as the SU (3)-flavor part-
ner of the pentaquark states, Pc(4312), Pc(4380), Pc(4440),
and Pc(4457) [15–19], while the latter is more difficult to
understand. It could be a χc0(1S)p bound state [20], a com-
pact multiquark state [21], a cusp effect [22], or a reflection
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effect [23]. Therefore, we will leave a study of Pcs(4459)

and Pc(4337) to a future work.
Trying to understand the nature of the pentaquark states

has led to intensive theoretical studies. In Refs. [24,25] we
have employed both an effective field theory (EFT) and the
one-boson-exchange (OBE) model to describe the three pen-
taquark states as D̄(∗)�c molecules by reproducing their
masses, which is later confirmed by many other theoreti-
cal studies [26–34]. In addition to the D̄(∗)�c channel, the
role of the D̄�c1 channel has been studied in relation with
the Pc(4457) state [35–37]. In Refs. [38,39] with the effec-
tive Lagrangian approach the authors reproduced the decay
widths of the pentaquark states in the hadronic molecular
picture. With the same approach, Wu et al. calculated the
ratios of the production rates of the pentaquark states in the
�b decays, and obtained results in agreement with the LHCb
measurements [40]. Although the molecular interpretation is
the most popular, other explanations are also available, e.g.,
hadro-charmonia [41], compact pentaquark states [21,42–
49], virtual states [50] or double triangle singularities [51].

To investigate the molecular nature of the pentaquark
states, many other methods have been proposed. Histori-
cally, the existence of the 
 baryon indeed verified the quark
model, where the SU (3)-flavor symmetry plays an impor-
tant role. Following the same principle, among others, we
proposed that, if future experiments could discover the four
heavy quark spin symmetry (HQSS) partners of the D̄(∗)�∗

c
molecules, it would support their molecular nature [24].
Apart from HQSS, their SU (3)-flavor symmetry partners
[18,19] and heavy quark flavor symmetry partners [52,53]
have been predicted, the existence of which can also support
the molecular nature of the pentaquark states. In our previous
work [54], we showed that one can study instead the �

(∗)
cc �

(∗)
c

system, because it can be related to the D̄(∗)�
(∗)
c system via

heavy antiquark diquark symmetry (HADS). In addition, lat-
tice QCD simulations can provide valuable information to
understand the pentaquark states, but a complete simulation
of the pentaquark system with all the relevant coupled chan-
nels is complicated [55,56]. Recently, we predicted the exis-
tence of a three-body hadronic molecule �c D̄ K̄ [57], which
can be viewed as an excited state of the Pcs(4459) state. If the
�c D̄ K̄ molecule is discovered in the future, it will provide a
non-trivial check on the molecular nature of the pentaquark
states.

The decay and production mechanisms of the pentaquark
states have also attracted considerable attention, which can
offer valuable means to reveal their nature. In Ref. [58],
assuming the pentaquark states as hadronic molecules, Sakai
et al. found that the decay width of Pc(4312) → ηc p is
about three times larger than that of Pc(4312) → J/ψp, in
agreement with the results of the quark interchange model
[34]. However, if Pc(4312) is regarded as a compact pen-
taquark state, it will dominantly decay into D̄∗�c rather than

ηc p [46]. In Ref. [59], Guo et al. estimated that the branch-
ing ratio Br(Pc(4457) → J/ψ�)/Br(Pc(4457) → J/ψp)
ranges from a few percent to about 30% in the molecular
picture, which shows a larger isospin breaking in compari-
son with the decays of ordinary hadrons. As a result, exper-
imental measurements of such branching ratios are of great
value to reveal the internal structure of the pentaquark states.
In Ref. [60], Chen et al. estimated the production rates of
Pc(4312), Pc(4440) and Pc(4457) in pp collisions using the
constrained phasespace coalescence model and the parton
and hadron cascade (PACIAE) model. Their results show
that the production rates of the pentaquark states, the nucle-
uslike states, and the hadronic molecular states are of the
same order. In Ref. [61], Yang et al. estimated the production
rates of Pc’s in lepton-proton processes, where the Pc’s are
treated as hadronic molecules.

To further explore the decay mechanism of the pentaquark
states in the molecular picture, in this work we study the
three-body decays of the seven D̄(∗)�

(∗)
c pentaquark states.

The decay mechanism of the D̄(∗)�
(∗)
c molecules is similar

to that of the Tcc state recently discovered by the LHCb Col-
laboration [62,63], where the decay of Tcc in the molecular
picture proceeds via the off-shell D∗ meson [64–72]. As for
the D̄(∗)�

(∗)
c molecules, we will consider two three-body

decay modes. The tree-level modes proceed via off-shell

�
(∗)
c baryons, i.e. D̄(∗)�

(∗)
c → D̄(∗)

(
�

(∗)
c → �cπ

)
→

D̄(∗)�cπ , while the triangle-loop modes proceed through
D̄∗�(∗)

c → J/ψNπ , ηcNπ via D̄�
(∗)
c rescattering to J/ψN

or ηcN . We use the effective Lagrangian approach to estimate
the decay widths of these two modes in this work. We hope
that these decay modes can offer further insights into the
nature of the pentaquark states.

This paper is organized as follows. In Sect. 2, we introduce
the coupled-channel contact-range EFT of ηcN − J/ψN −
D̄(∗)�

(∗)
c for the pentaquark system as well as present the

decay amplitudes of the D̄(∗)�
(∗)
c molecules via tree-level

and triangle-loop diagrams using the effective Lagrangian
approach. In Sect. 3, we present the mass spectrum of
D̄(∗)�

(∗)
c , their relevant couplings and the decay widths of the

D̄(∗)�
(∗)
c molecules into D̄(∗)�cπ and J/ψ(ηc)Nπ . Finally,

this paper ends with a short summary in Sect. 4.

2 Theoretical framework

The three-body decay modes of the D̄(∗)�
(∗)
c molecules can

proceed via two types of Feynman diagrams as shown in
Figs. 1 and 2: tree-level diagrams and triangle-loop diagrams.
The binding energies of the D̄∗�(∗)

c molecules relative to
their mass thresholds are around 4–20 MeV [24,73], while
the mass thresholds of D̄π�

(∗)
c are 5 MeV less than those of

D̄∗�(∗)
c , which implies that the D̄∗�(∗)

c molecules decaying
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into D̄π�
(∗)
c via off-shell D̄∗ meson are heavily suppressed

or forbidden. The phase space of �
(∗)
c → �cπ is more

than 30 MeV, so that the tree-level decays of D̄(∗)�
(∗)
c →

D̄(∗)
(
�

(∗)
c → �cπ

)
→ D̄(∗)�cπ are allowed, as shown in

Fig. 1. The rescattering between final states D̄(∗)�cπ can
form the decay modes of the triangle-loop diagrams, which
are small due to the fact that the loop diagrams are sup-
pressed with respect to the tree-level diagrams [68], satisfy-
ing the power counting of EFT. Although the decay mode of
D̄∗ → D̄π is not allowed at tree level, their final states D̄�

(∗)
c

would couple to the J/ψN and ηcN channels according to
HQSS [58]. Therefore, considering the final-state interac-
tions, it would lead to the decay modes via the triangle-loop
mechanism as shown in Fig. 2.

To calculate the Feynman diagrams of Figs. 1 and 2, we
have to describe the interactions related to each vertex, which
can be classified into three categories. The first category
involves the interactions between the hadronic molecules and
their constituents. In this work, the seven D̄(∗)�

(∗)
c hadronic

molecules are denoted by Pc1, Pc2, . . ., Pc7, following the
order of scenario A of Table I in Ref. [24] (see also Table II).
Here, we should note that Pc1, Pc3, and Pc5 have J = 1/2,
Pc2 and Pc4 have J = 3/2, and Pc7 has J = 5/2, respec-
tively. Their interactions with the corresponding constituents
are described by the following Lagrangians [39]:

LPc1 D̄�c
= −igPc1 D̄�c

�̄c D̄Pc1,

LPc2 D̄�∗
c

= −igPc2 D̄�∗
c
�̄∗

cμ D̄Pμ
c2,

LPc3 D̄∗�c
= gPc3 D̄∗�c

�̄cγ
5γ̃ μ D̄∗

μPc3,

LPc4 D̄∗�c
= gPc4 D̄∗�c

�̄c D̄
∗
μP

μ
c4,

LPc5 D̄∗�∗
c

= gPc5 D̄∗�∗
c
�̄∗μ

c D̄∗
μPc5,

LPc6 D̄∗�∗
c

= gPc6 D̄∗�∗
c
�̄∗

cμ D̄
∗
νγ 5γ̃ ν Pμ

c6,

LPc7 D̄∗�∗
c

= gPc7 D̄∗�∗
c
�̄∗

cμ D̄
∗
ν P

μν
c7 , (2)

where g
Pc1...c7 D̄(∗)�

(∗)
c

are the couplings, which will be deter-
mined by the EFT approach described below. γ̃ μ is defined
as γ̃ μ = (gμν − pμ pν/p2)γν , where p is the momentum of
the initial Pc states.

The second category involves the decays of the molec-
ular constituents, i.e., �

(∗)
c → �cπ and D̄∗ → D̄π . The

Lagrangians describing �
(∗)
c → �cπ read

Lπ�c�c = −i
gπ�c�c

fπ
�̄cγ

μγ5∂μ
�φπ · �τ�c,

Lπ�c�∗
c

= gπ�c�∗
c

fπ
�̄c∂

μ �φπ · �τ�∗
cμ, (3)

where the pion decay constant fπ = 132 MeV. The cou-
plings gπ�c�c and gπ�c�∗

c
can be determined by reproducing

the corresponding experimental data. With the decay widths
of �

++,+,0
c → �+

c π+,0,− and �
∗++,+,0
c → �+

c π+,0,−
being 1.89, 2.3, 1.83 MeV and 14.78, 17.2, 15.3 MeV, respec-

tively [74], we obtain the corresponding couplings gπ�c�c =
0.538, 0.554, 0.532 and gπ�c�∗

c
= 0.984, 1.043, 1.001,

consistent with other works [75,76]. In addition, we find that
the two kinds of couplings approximately satisfy the relation-
ship gπ�c�∗

c
= √

3gπ�c�c , which can be derived from the
quark model [75]. The Lagrangian describing the D∗ decay
into Dπ is

LDD∗π = −igDD∗π (D∂μπD∗†
μ − D∗

μ∂μπD†), (4)

where the coupling is determined to be gD∗+D0π+ = 16.818
by reproducing the decay width of D∗+ → D0π+ [74].
Experimentally, there exists only an upper limit � <

2.1 MeV for the D∗0 width. Thus we turn to the quark model
[77], where the strong decay width of D∗0 is estimated to be
�D∗0→D0π0 = 34.658 keV.1 With these numbers, we obtain
the coupling gD∗0D0π0 = 11.688. It is clear that the strong
couplings approximately satisfy isospin symmetry.

The last category involves the rescattering of final states,
which is described by the scattering amplitude T and
is responsible for the dynamical generation of the pen-
taquark states. It can be obtained by solving the Lippmann–
Schwinger equation

T = (1 − VG)−1V, (5)

where V is the coupled-channel potential determined by the
contact EFT approach described below, and G is the two-
body propagator. Here to avoid the ultraviolet divergence
induced by evaluating the loop function G and keep the uni-
tarity of the T matrix,2 we include a regulator of Gaussian
form F(q2, k) = e−2q2/�2

/e−2k2/�2
in the integral as

G(
√
s) = 2m1

∫
d3q

(2π)3

ω1 + ω2

2 ω1ω2

F(q2, k)

(
√
s)2 − (ω1 + ω2)2 + iε

, (6)

where
√
s is the total energy in the center-of-mass (c.m.)

frame of m1 and m2, ωi =
√
m2

i + q2 is the energy of the
particle, � is the momentum cutoff, and the c.m. momentum
k is ,

k =
√
s − (m1 + m2)2

√
s − (m1 − m2)2

2
√
s

. (7)

The dynamically generated pentaquark states correspond
to poles in the unphysical sheet, which are below the

1 We note that the lattice QCD simulation [78] gave a relatively larger
value, i.e., �D∗0→D0π0 = 53 ± 9 keV. From isospin symmetry, we
expect that the D∗0 strong decay width is smaller than the D∗+ strong
decay width because the D∗0 → D+π− decay mode is kinematically
forbidden. As a result, we do not adopt the lattice QCD result.
2 The loop function can also be regularized by other methods such
as momentum cut off scheme and dimensional regularization scheme
[1,79–82].
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(a1) (a2) (b1) (b2)

(c1) (c2) (d1) (d2)

Fig. 1 Tree-level diagrams for the decays of Pc1 → D̄�c → D̄�cπ (a), Pc2 → D̄�∗
c → D̄�cπ (b), Pc3|c4 → D̄∗�c → D̄∗�cπ (c) and

Pc5|c6|c7 → D̄∗�∗
c → D̄∗�cπ (d)

(a1) (a2) (a3)

(b1) (b2) (b3)

Fig. 2 Triangle-loop diagrams for the decays of Pc3|c4 → D̄∗�c → J/ψ(ηc)Nπ (a) and Pc5|c6|c7 → D̄∗�∗
c → J/ψNπ (b) via the rescattering

of final states

D̄(∗)�
(∗)
c mass thresholds and above the mass thresholds of

J/ψN and ηcN . The effect of scattering amplitude T pass-
ing

√
s to unphysical sheet has consequences only for the

loop functions. We denote the loop function in physical sheet
and unphysical sheet as GI (

√
s) and GI I (

√
s), respectively,

which are related by GI I (
√
s) = GI (

√
s) − 2iIm GI (

√
s)

[83,84]. The imaginary part of Eq. (6) can be derived via
Plemelj–Sokhotski formula, i.g., Im G(

√
s) = − 2m1

8π
k√
s
, and

then the Eq. (6) in the unphysical sheet is written as

GI I (
√
s) = GI (

√
s)+ i

2m1

4π

k√
s
. (8)

To study the decays of the D̄(∗)�
(∗)
c molecules, we first

extend our single-channel contact-range EFT [24] to include
the J/ψN and ηcN channels. This can be easily achieved

by utilizing HQSS in the following way. First, we express
the spin wave function of the D̄(∗)�

(∗)
c pairs in terms of the

spins of the heavy quarks s1H and s2H and those of the light
quark(s) (often referred to as brown muck [85,86]) s1L and
s2L , where 1 and 2 denote D̄(∗) and �

(∗)
c , respectively, via

the following spin coupling formula,

|s1l , s1h, j1; s2l , s2h, j2; J 〉
= √

(2 j1 + 1)(2 j2 + 1)(2sL + 1)(2sH + 1)

×
⎛
⎝
s1l s2l sL
s1h s2h sH
j1 j2 J

⎞
⎠ |s1l , s2l , sL ; s1h, s2h, sH ; J 〉. (9)

More explicitly, for the seven D̄(∗)�
(∗)
c states, the decompo-

sitions read
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|�c D̄(1/2−)〉 = 1

2
0H ⊗ 1/2L + 1

2
√

3
1H ⊗ 1/2L

+
√

2

3
1H ⊗ 3/2L ,

|�∗
c D̄(3/2−)〉 = −1

2
0H ⊗ 3/2L + 1√

3
1H ⊗ 1/2L

+
√

5
3

2
1H ⊗ 3/2L ,

|�c D̄
∗(1/2−)〉 = 1

2
√

3
0H ⊗ 1/2L + 5

6
1H ⊗ 1/2L

−
√

2

3
1H ⊗ 3/2L ,

|�c D̄
∗(3/2−)〉 = 1√

3
0H ⊗ 3/2L − 1

3
1H ⊗ 1/2L

+
√

5

3
1H ⊗ 3/2L ,

|�∗
c D̄

∗(1/2−)〉 =
√

2

3
0H ⊗ 1/2L −

√
2

3
1H ⊗ 1/2L

−1

3
1H ⊗ 3/2L ,

|�∗
c D̄

∗(3/2−)〉 =
√

5
3

2
0H ⊗ 3/2L +

√
5

3
1H ⊗ 1/2L

−1

6
1H ⊗ 3/2L ,

|�∗
c D̄

∗(5/2−)〉 = 1H ⊗ 3/2L . (10)

In the heavy quark limit, the D̄(∗)�
(∗)
c interactions are

independent of the spin of the heavy quark, and therefor the
potentials can be parameterized by two coupling constants
describing interactions between light quarks of spin 1/2 and
3/2, respectively, i.e., F1/2 = 〈1/2L |V |1/2L 〉 and F3/2 =
〈3/2L |V |3/2L〉:

V�c D̄(1/2−) = 1

3
F1/2L + 2

3
F3/2L ,

V�∗
c D̄

(3/2−) = 1

3
F1/2L + 2

3
F3/2L ,

V�c D̄∗(1/2−) = 7

9
F1/2L + 2

9
F3/2L ,

V�c D̄∗(3/2−) = 1

9
F1/2L + 8

9
F3/2L ,

V�∗
c D̄

∗(1/2−) = 8

9
F1/2L + 1

9
F3/2L ,

V�∗
c D̄

∗(3/2−) = 5

9
F1/2L + 4

9
F3/2L ,

V�∗
c D̄

∗(5/2−) = F3/2L , (11)

which can be rewritten as a combination of Ca and Cb, i.e.
F1/2 = Ca −2Cb and F3/2 = Ca +Cb [24]. For the inelastic
potentials, one can see that there are three possible channels,
ηcN , J/ψN and J/ψ�. However, the J/ψ� channel is

suppressed due to isospin symmetry breaking. From HQSS,
the potentials between D̄(∗)�

(∗)
c and J/ψN , ηcN are only

related to the spin of the light quark 1/2, denoted by one cou-
pling: g = 〈D̄(∗)�

(∗)
c |1H ⊗1/2L 〉 = 〈D̄(∗)�

(∗)
c |0H ⊗1/2L〉.

The potentials of J/ψN → J/ψN , J/ψN → ηcN and
ηcN → ηcN are suppressed due to the Okubo–Zweig–
Iizuka (OZI) rule, which is also supported by lattice QCD
simulations [55]. In this work, we take the potentials of
VJ/ψ(ηc)N→J/ψ(ηc)N = 0. In the following, we explicitly
show the potentials for all the seven states.

For the ηcN − J/ψN − D̄�c and ηcN − J/ψN − D̄�∗
c

coupled channels, the contact-range potentials V in matrix
form read

V J=1/2
ηcN−J/ψN−D̄�c

=
⎛
⎜⎝

0 0 1
2g

0 0 1
2
√

3
g

1
2g

1
2
√

3
g Ca

⎞
⎟⎠ ,

V J=3/2
ηcN−J/ψN−D̄�∗

c
=

⎛
⎜⎝

0 0 0
0 0 1√

3
g

0 1√
3
g Ca

⎞
⎟⎠ . (12)

For the ηcN− J/ψN− D̄∗�c coupled channels, the contact-
range potentials for J = 1/2 and J = 3/2 read

V J=1/2
ηcN−J/ψN−D̄∗�c

=
⎛
⎜⎝

0 0 1
2
√

3
g

0 0 5
6g

1
2
√

3
g 5

6g Ca − 4
3Cb

⎞
⎟⎠ ,

V J=3/2
ηcN−J/ψN−D̄∗�c

=
⎛
⎝

0 0 0
0 0 − 1

3g
0 − 1

3g Ca + 2
3Cb

⎞
⎠ . (13)

Similarly for the ηcN − J/ψN − D̄∗�∗
c coupled channels,

they read

V J=1/2
ηcN−J/ψN−D̄∗�∗

c
=

⎛
⎜⎜⎝

0 0
√

2
3g

0 0 −
√

2
3 g√

2
3g −

√
2

3 g Ca − 5
3Cb

⎞
⎟⎟⎠ ,

V J=3/2
ηcN−J/ψN−D̄∗�∗

c
=

⎛
⎜⎝

0 0 0

0 0
√

5
3 g

0
√

5
3 g Ca − 2

3Cb

⎞
⎟⎠ . (14)

The J = 5/2 case contains only one channel , i.e., D̄∗�∗
c (as

we have neglected the J/ψ� channel), and the correspond-
ing V reads

V J=5/2
ηcN−J/ψN−D̄∗�∗

c
=

⎛
⎝

0 0 0
0 0 0
0 0 Ca + Cb

⎞
⎠ . (15)

Using the potentials above we can search for poles gener-
ated by the coupled-channel interactions, and determine the
couplings between the molecular states and their constituents
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from the residues of the corresponding poles,

gi g j = lim√
s→√

s0

(√
s − √

s0
)
Ti j (

√
s), (16)

where gi denotes the coupling of channel i to the dynamically
generated state and

√
s0 is the pole position.

With the above Lagrangians we can obtain the ampli-
tudes of the two decay modes, which are explicitly given
in Appendix A. The partial decay widths of Pc → D̄(∗)�cπ

and Pc → J/ψ(ηc)Nπ as a function of m2
12 and m2

23 [74]
read

d� = 1

(2π)3

1

2J + 1

|M|2
32m3

Pc

dm2
12dm

2
23, (17)

with m12 the invariant mass of �cπ or J/ψ(ηc)N , and m23

the invariant mass of D̄(∗)π or J/ψ(ηc)π for the Pc →
D̄(∗)�cπ or Pc → J/ψ(ηc)Nπ decay, respectively.

3 Results and discussions

In this work, we assume that the pentaquark states are gen-
erated by the D̄(∗)�

(∗)
c , ηcN and J/ψN coupled channels,

and neglect the D̄(∗)�c contribution, which is shown to be
rather small with respect to the other three channels in the
chiral unitary approach [29,87]. As a result, there are three
unknown parameters in the contact-range potentials. Follow-
ing our previous work [24], we study two scenarios A and B.
In Scenario A, the spins of Pc(4440) and Pc(4457) are 1/2
and 3/2, respectively, while in Scenario B they are 3/2 and
1/2. For such coupled-channel systems, the mass splittings
between these channels can be up to 600 MeV. Therefore,
we choose the value of the cutoff in the Gaussian regulator
as � = 1.5 GeV [88].3 We tabulate the masses and quantum
numbers of relevant particles in Table 1.

3.1 Pole position and couplings

The three unknown parameters, Ca , Cb, and g, can in princi-
ple be determined by reproducing the masses and widths of
Pc(4440) and Pc(4457). However, we find that with only the
two inelastic channels (J/ψN and ηcN ), we cannot obtain
a satisfactory fit of the two decay widths with a single g, as
already noted in Ref. [89]. Therefore, we finetune g for each
of the Pc(4312), Pc(4440), and Pc(4457) states, and the cou-
plings of g are denoted by g1, . . . , g7, following the order of
Pc1, . . . , Pc7. For the state Pc2, we did not try to reproduce
that of the Pc(4380) state of the LHCb Collaboration [11],
because quite likely they are not the same state. In Ref. [32],

3 We have adopted a larger value � = 3 GeV to check the uncertainties
induced by the cutoff, and found that it affects little the pole couplings
to ηcN and J/ψN .

a reanalysis of the 2019 LHCb data yields a state that corre-
sponds to our Pc2, whose width is only about 20 MeV. In the
present work, we assume g2 = g1. As shown later this leads
to a total decay width for Pc2 ranging from 9 to 14 MeV,
which is equal to the sum of the three-body partial decay
widths (Pc2 → D∗−�+

c π+ and Pc2 → D̄∗0�+
c π0) and the

two-body partial width (Pc2 → J/ψp), corresponding to the
results obtained in Scenarios B and A, respectively. We note
that the total width is in reasonable agreement with that of
Ref. [89]. In Table 2, we present the values of Ca , Cb, and
g (g1, g3, and g4) in Scenario A and B by reproducing the
masses and widths of Pc(4440), and Pc(4457) and the width
of Pc(4312). One can see that the value of g1 is relatively
close to the value of g3, but is much smaller than the value of
g4, which indicates that HQSS for the inelastic channels are
heavily broken.4 Since the mass of Pc2 is close to Pc1 and
the masses of Pc5, Pc6, and Pc7 are close to Pc3, the unknown
values of g2 and g5, g6, g7 in the present work are taken to
be the same as g1 and g3, respectively.

With the parameters in Table 2, we search for poles corre-
sponding to the seven D̄(∗)�

(∗)
c molecules and determine

their couplings to the relevant channels. We present the
results obtained in Scenario A and B in Tables 3 and 4,
respectively. Compared with the mass spectra of Ref. [24],
the real part of all the poles remains similar, which reconfirms
that the D̄(∗)�

(∗)
c channels play the dominant role in dynam-

ically generating the complete HQSS multiplet of hadronic
molecules. Furthermore, the couplings of the seven states to
D̄(∗)�

(∗)
c are consistent with those of Ref. [58]. Note that

the couplings g
Pc D̄(∗)�

(∗)
c

obtained in Table 2 are in isospin
basis. From them and assuming isospin symmetry we can
derive the couplings in particle basis, e.g., g

PcD−(∗)�
++(∗)
c

=√
2
3gPc D̄(∗)�

(∗)
c

and g
Pc D̄0(∗)�

+(∗)
c

=
√

1
3gPc D̄(∗)�

(∗)
c

. With the
pole positions and couplings to their constituents determined,
we can now study the three-body decay widths of the pen-
taquark states.

3.2 Decay widths of tree-level diagrams

For the decay modes of Fig. 1, we present the corresponding
partial decay widths in Table 5. The decay width of Pc(4312)

into D̄�cπ is about hundreds and tens of keV in scenarios
A and B, respectively, which accounts for 0.4% − 2% of its
total width. The decay width of Pc(4457) into D̄�cπ is up
to several MeV, while for Pc(4440) it is only tens of keV.
The partial width of Pc(4457) accounts for tens of percent
of its total width, while for Pc(4440) it accounts for less
than one percent, which indicates that the D̄�cπ mode is a
good channel to detect Pc(4457) and verify the molecular

4 The other channels such as P−wave D̄�c1 and D̄�∗
c can also con-

tribute to the decay widths of Pc4 [35,36,90], which could be partially
responsible for the large value of g4.
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Table 1 Masses and quantum numbers of relevant hadrons used in this work [73]

Hadron I (J P ) M (MeV) Hadron I (J P ) M (MeV) Hadron I (J P ) M (MeV)

�++
c 1(1/2+) 2453.97 �+

c 1(1/2+) 2452.65 �0
c 1(1/2+) 2453.75

�∗++
c 1(3/2+) 2518.41 �∗+

c 1(3/2+) 2517.4 �∗0
c 1(3/2+) 2518.48

π± 1(0−) 139.57 π0 1(0−) 134.98 �+
c 0(1/2+) 2286.46

D̄0 1
2 (0−) 1864.84 D− 1

2 (0−) 1869.66 p 1
2 (1/2+) 938.27

D̄∗0 1
2 (1−) 2006.85 D∗− 1

2 (1−) 2010.26 n 1
2 (1/2+) 939.57

J/ψ 0(1−) 3096.90 ηc 0(0−) 2983.90

Table 2 Couplings of the contact-range potentials (in units of GeV−1) for Scenario A and B obtained with a cutoff � = 1.5 GeV

Scenario � (GeV) Ca Cb g1 g3 g4

A 1.5 −52.750 5.625 7.650 6.760 12.350

B 1.5 −56.447 −5.480 7.350 4.610 18.000

Table 3 Masses of the D̄(∗)�
(∗)
c molecules as well as their couplings to D̄(∗)�

(∗)
c , J/ψN and ηcN in Scenario A for a cutoff � = 1.5 GeV. The

bold figures are the experimental values used as inputs [91]. The symbol – denotes that the Pc state does not couple to that particular channel

State Molecule J P Mass (MeV) g
Pc D̄(∗)�

(∗)
c

gPc J/ψN gPcηc N

Pc1 D̄�c (1/2)− 4309.3+4.9i 2.16 0.31 0.53

Pc2 D̄�∗
c (3/2)− 4372.2+4.8i 2.19 0.62 –

Pc3 D̄∗�c (1/2)− 4440.3+10.3i 2.60 0.83 0.29

Pc4 D̄∗�c (3/2)− 4457.3+3.2i 1.70 0.49 –

Pc5 D̄∗�∗
c (1/2)− 4502.7+14.0i 2.68 0.48 0.83

Pc6 D̄∗�∗
c (3/2)− 4510.5+7.2i 2.31 0.71 –

Pc7 D̄∗�∗
c (5/2)− 4522.8 1.49 – –

Table 4 Masses of the
D̄(∗)�

(∗)
c molecules as well as

their couplings to D̄(∗)�
(∗)
c ,

J/ψN and ηcN in Scenario B
for a cutoff � = 1.5 GeV. The
bold figures are the experimental
values used as inputs [91]. The
symbol – denotes that the Pc
state does not couple to that
particular channel

State Molecule J P Mass (MeV) g
Pc D̄(∗)�

(∗)
c

gPc J/ψN gPcηc N

Pc1 D̄�c (1/2)− 4303.1+4.9i 2.41 0.31 0.54

Pc2 D̄�∗
c (3/2)− 4366.3+3.2i 2.41 0.50 –

Pc3 D̄∗�c (1/2)− 4457.3+3.2i 1.71 0.46 0.16

Pc4 D̄∗�c (3/2)− 4440.3+10.3i 2.60 0.88 –

Pc5 D̄∗�∗
c (1/2)− 4523.7+3.7i 1.56 0.25 0.43

Pc6 D̄∗�∗
c (3/2)− 4515.9+3.0i 1.99 0.45 –

Pc7 D̄∗�∗
c (5/2)− 4501.3 2.59 – –

Table 5 Partial decay widths
(in units of MeV) of
P+
c → D(∗)−�+

c π+ and
P+
c → D̄(∗)0�+

c π0 in Scenario
A and Scenario B for a cutoff
� = 1.5 GeV

Scenario A A B B
Mode D(∗)−�+

c π+ D̄(∗)0�+
c π0 D(∗)−�+

c π+ D̄(∗)0�+
c π0

Pc1 0.034 0.141 0.004 0.037

Pc2 2.085 2.166 1.468 1.479

Pc3 0.002 0.033 0.517 1.793

Pc4 0.170 0.591 0.001 0.011

Pc5 2.508 2.219 6.906 6.280

Pc6 3.087 2.758 3.866 3.529

Pc7 2.807 2.578 1.033 0.915
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Fig. 3 Partial decay widths of P+
c3|c4 → J/ψnπ+ and P+

c3|c4 → J/ψpπ0 as a function of the cutoff �′ in the form factors (A15). The results are
represented by the blue solid lines and green dot-dashed lines, respectively, which correspond to the couplings determined for a cutoff � = 1.5 GeV

nature of Pc(4457). In addition, we predict the partial decay
widths of the other four molecules into D̄(∗)�cπ , which are
about several MeV, some of them are even up to tens of
MeV, in agreement with the results of Ref. [39]. Therefore the
Pc2,5,6,7 states can be observed in the D̄∗�cπ final states in
future experiments, especially Pc7, which is particularly dif-
ficult to be detected in the J/ψp invariant mass distribution
where only the D-wave J/ψp is allowed. One should note
that the partial decay widths of the seven D̄(∗)�

(∗)
c molecules

into D̄(∗)�cπ in Scenario A and B are of the same order of
magnitude, which indicates that the tree-level decay modes
cannot discriminate the spins of Pc(4440) and Pc(4457).

3.3 Decay widths of triangle-loop diagrams

For the triangle-loop diagrams, we have introduced a form
factor in Eq. (A15) to suppress the ultraviolet divergence.

The parameter �′ is usually estimated by the relationship
�′ = mE +α�QCD , where mE is the mass of the exchanged
particle, �QCD ∼ 200−300 MeV is the scale parameter of
quantum chromodynamics (QCD), and α is a dimensionless
parameter of order unity. Following our previous work, we
vary α from 0.5 to 1.5 [92], and then �′ varies from 2.0 to
2.2 GeV.

In Fig. 3, we plot the partial decay widths of Pc(4440) and
Pc(4457) into J/ψNπ as a function of the cutoff parameter
�′. One can see that the widths are only several keV in both
Scenario A and B, which are weakly dependent on the vari-
ations of both the couplings and the cutoff �′. The widths
in both scenarios are similar, which indicates that one can-
not discriminate the spins of Pc(4440) and Pc(4457) in the
J/ψNπ channel, consistent with our previous work [92].
The partial decay width of Pc(4457) into J/ψNπ account
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Fig. 4 Partial decay widths of P+
c3|c4 → ηcnπ+ and P+

c3|c4 → ηc pπ0 as a function of the cutoff �′ in the form factors (A15). The results are
represented by the blue solid lines and green dot-dashed lines, respectively, which correspond to the couplings determined for a cutoff � =1.5 GeV

for only 0.1 percent of its total decay width, which is much
smaller than that decaying into D̄�cπ .

Apart from decaying into J/ψNπ , Pc(4440) and Pc(4457)

can decay into ηcNπ via D̄�c rescattering to ηcN if they
have J = 1/2. It is natural to expect that the partial decay
widths of Pc(4440) and Pc(4457) into ηcNπ are larger than
those into J/ψNπ because Pc(4312) couples more to ηcN
than to J/ψN . In Fig. 4, we plot the partial decay widths of
Pc(4440) and Pc(4457) into ηcNπ as a function of the cutoff
parameter �′. They are tens of keV, which are much larger
than those into J/ψNπ in Fig. 3. However, the widths in both
Scenario A and B are similar, which also cannot discriminate
the spins of Pc(4440) and Pc(4457). On the other hand, the
branching ratios of Pc(4440) and Pc(4457) decaying into
ηcNπ , J/ψNπ , and D̄�cπ obtained in this work can be
used to test the molecular nature of Pc(4440) and Pc(4457)

if these decay channels are detected in future experiments.

We further predict the partial decay widths of Pc5, Pc6, and
Pc7 into J/ψNπ in the triangle-loop mechanism. In Fig. 5,
we plot their widths as a function of the cutoff parameter
�′. The partial decay widths of Pc5 and Pc6 in Scenario B
are several keV, while those in Scenario A are at the order
of 1 keV. The partial decay widths of Pc5 in Scenario A
and B are more different than those of Pc6 due to the larger
difference in the phase space of Pc5 into J/ψNπ as shown in
Tables 3 and 4, similar to the case of Pc3. The partial widths
of Pc7 decaying into J/ψNπ are less than 1 keV, while the
width in Scenario A is larger than that in Scenario B, similar
to the case of Pc4. The partial widths of Pc7 decaying into
J/ψNπ are much smaller than those of Pc5 and Pc6, which
are suppressed by the higher spin of Pc7, the smaller phase
space of Pc7 decaying into J/ψNπ in Scenario B, and the
smaller coupling of Pc7 to D̄∗�∗

c in Scenario A.
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Fig. 5 Partial decay widths of P+
c5|c6|c7 → J/ψnπ+ and P+

c5|c6|c7 → J/ψpπ0 as a function of the cutoff �′ of the form factor (A15). The results
are represented by the blue solid lines and green dot-dashed lines, respectively, which correspond to the couplings determined for a cutoff � =1.5
GeV
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4 Summary and discussion

Inspired by the discovery of Tcc by the LHCb Collaboration
in the DDπ three-body final state, we adopted the effective
Lagrangian approach to systematically study seven D̄(∗)�

(∗)
c

hadronic molecules decaying into three-body final states via
two modes, tree level and triangle loop. In the tree-level mode
the D̄(∗)�

(∗)
c molecules decay via subsequent decays of �c

and �∗
c into �cπ . In the triangle mode the D̄(∗)�∗

c molecules
decay into J/ψNπ and ηcNπ via a two-step process, i.e.,
first D̄∗ decays into D̄π , and then D̄�

(∗)
c rescatters into

J/ψN and ηcN . The masses and widths of the D̄(∗)�
(∗)
c

molecules and relevant couplings were determined in the
coupled-channel contact-range EFT approach.

Our results show that the partial decay widths of Pc2,
Pc(4457), Pc5, Pc6 and Pc7 into D̄(∗)�cπ , of the order of
several MeV, are much larger than those of Pc(4312) and
Pc(4440), and therefore are more accessible in future exper-
iments. The partial decay widths of Pc(4440) and Pc(4457)

into J/ψNπ and ηcNπ are only several and tens of keV,
respectively, both of which are similar in scenarios A and B.
We predicted the partial decay widths of Pc5, Pc6, and Pc7

into J/ψNπ , among which the width of Pc7 → J/ψNπ is
one order of magnitude smaller than those of Pc5 and Pc6. Our
results suggest that one should look for Pc7 in the J/ψNπ

and D̄∗�cπ invariant mass distributions, while the latter is
preferable. These three-body decay modes of the pentaquark
states are of great value to further observations of the pen-
taquark states. In addition, those partial decay widths are
helpful to test their molecular nature.

It should be noted that although the predicted partial
decay widths of Pc2, Pc5, Pc6, Pc7 are all dependent on the
adopted value for the coupling g, our qualitative conclusions
should be relatively robust, unless HQSS is broken much
strongly than naively anticipated. As a result, the present
study of three-body decay modes is expected to stimulate
future experimental searches for the known and predicted
D̄(∗)�

(∗)
c molecules.
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Appendix A: Invariant amplitudes for the tree-level and
triangle-loop processes

The tree-level amplitudes of the D̄(∗)�
(∗)
c hadronic molecules

decaying into D̄(∗)�cπ read

MPc1→D̄�cπ
= i

gPc1 D̄�c
g�c�cπ

fπ
ū(p1)p/2γ5

× 1

k/1 − m�c

u(k0), (A1)

MPc2→D̄�cπ
= i

gPc2 D̄�∗
c
g�∗

c�cπ

fπ
ū(p1)p2μ

× k/1 + m�∗
c

k2
1 − m2

�∗
c

+ im�∗
c
��∗

c

Pμν(k1)uν(k0), (A2)

MPc3→D̄∗�cπ
= i

gPc3 D̄∗�c
g�c�cπ

fπ
ū(p1)p/2γ5

× 1

k/1 − m�c

γ̃ μγ5εμ(p3)u(k0), (A3)

MPc4→D̄∗�cπ
= i

gPc4 D̄∗�c
g�c�cπ

fπ
ū(p1)p/2γ5

× 1

k/1 − m�c

εμ(p3)u
μ(k0), (A4)

MPc5→D̄∗�cπ
= i

gPc5 D̄∗�∗
c
g�∗

c�cπ

fπ
ū(p1)p2μ

× k/1 + m�∗
c

k2
1 − m2

�∗
c

+ im�∗
c
��∗

c

Pμν(k1)εν(p3)u(k0), (A5)

MPc6→D̄∗�cπ
= i

gPc6 D̄∗�∗
c
g�∗

c�cπ

fπ
ū(p1)p2μ

× k/1 + m�∗
c

k2
1 − m2

�∗
c

+ im�∗
c
��∗

c

Pμν(k1)ερ(p3)γ5γ̃
ρuν(k0),

(A6)

MPc7→D̄∗�cπ
= i

gPc7 D̄∗�∗
c
g�∗

c�cπ

fπ
ū(p1)p2μ

× k/1 + m�∗
c

k2
1 − m2

�∗
c

+ im�∗
c
��∗

c

Pμν(k1)ερ(p3)uν
ρ(k0), (A7)

where k0 and k1 denote the momenta of initial states and
intermediate states, and the momenta of �c, π , and D̄(∗) are
represented by p1, p2, and p3, respectively. ū(p1) and u(k0)

denote the final and initial spinor wave functions, respec-
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tively. Pμν(p) = gμν − 1
3γ μγ ν − γ ν pμ−γ μ pν

3m − 2pμ pν

3m2

denotes the propagator of a massive particle of spin 3/2.
The amplitudes of the D̄∗�c molecules decaying into

ηcNπ read

iM1/2 = gPc3 D̄∗�c
gD∗Dπ

∫
d4q

(2π)4 ū(p1)TD̄�c→ηcN (
√
s)

× 1

/k1 − m�c

× 1

q2 − m2
D̄

p3α

−gαβ + kα
2 k

β
2

m2
D̄∗

k2
2 − m2

D̄∗
γ̃βγ5u(k0)F(q2), (A8)

iM3/2 = gPc4 D̄∗�c
gD∗Dπ

∫
d4q

(2π)4 ū(p1)TD̄�c→ηcN (
√
s)

1

/k1 − m�c

× 1

q2 − m2
D̄

p3α

−gαβ + kα
2 k

β
2

m2
D̄∗

k2
2 − m2

D̄∗
uβ(k0)F(q2), (A9)

and the amplitudes of the D̄∗�(∗)
c molecules decaying into

J/ψNπ read

iM1/2 = gPc3 D̄∗�c
gD∗Dπ

×
∫

d4q

(2π)4 ū(p1)εμ(p2)γ
μγ5TD̄�c→J/ψN (

√
s)

1

/k1 − m�c

× 1

q2 − m2
D̄

p3α

−gαβ + kα
2 k

β
2

m2
D̄∗

k2
2 − m2

D̄∗
γ̃βγ5u(k0)F(q2), (A10)

iM3/2 = gPc4 D̄∗�c
gD∗Dπ

×
∫

d4q

(2π)4 ū(p1)εμ(p2)γ
μγ5TD̄�c→J/ψN (

√
s)

1

/k1 − m�c

× 1

q2 − m2
D̄

p3α

−gαβ + kα
2 k

β
2

m2
D̄∗

k2
2 − m2

D̄∗
uβ(k0)F(q2), (A11)

iM1/2 = gPc5 D̄∗�∗
c
gD∗Dπ

∫
d4q

(2π)4 ū(p1)TD̄�∗
c→J/ψN (

√
s)εν(p2)

× k/1 + m�∗
c

k2
1 − m2

�∗
c

+ im�∗
c
��∗

c

Pν
β(k1)

× 1

q2 − m2
D̄

p3α

−gαβ + kα
2 k

β
2

m2
D̄∗

k2
2 − m2

D̄∗
u(k0)F(q2), (A12)

iM3/2 = gPc6 D̄∗�∗
c
gD∗Dπ

∫
d4q

(2π)4 ū(p1)TD̄�∗
c→J/ψN (

√
s)εν(p2)

× k/1 + m�∗
c

k2
1 − m2

�∗
c

+ im�∗
c
��∗

c

Pνρ(k1)
1

q2 − m2
D̄

p3α

×
−gαβ + kα

2 k
β
2

m2
D̄∗

k2
2 − m2

D̄∗
γ5γ̃βuρ(k0)F(q2), (A13)

iM5/2 = gPc7 D̄∗�∗
c
gD∗Dπ

∫
d4q

(2π)4 ū(p1)TD̄�∗
c→J/ψN (

√
s)εν(p2)

× k/1 + m�∗
c

k2
1 − m2

�∗
c

+ im�∗
c
��∗

c

Pνρ(k1)
1

q2 − m2
D̄

p3α

×
−gαβ + kα

2 k
β
2

m2
D̄∗

k2
2 − m2

D̄∗
uβρ(k0)F(q2), (A14)

where q, k0, k1, k2, p1, p2 and p3 represent the momenta
of D̄, Pc, �

(∗)
c , D̄∗, N , J/ψ(ηc) and π , respectively, and

T
D̄�

(∗)
c −J/ψ(ηc)N

represent the potentials of inelastic scatter-
ing. To avoid the divergence induced by the loop function,
we have introduced a form factor of the form

F(q2) =
(

�′2 − m2
D̄

�′2 − q2

)2

. (A15)
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