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The partial decay widths and production mechanism of the three pentaquark states, PN
ψ ð4312Þ,

PN
ψ ð4440Þ, and PN

ψ ð4457Þ, discovered by the LHCb Collaboration in 2019, are still under debate. In

this work, we employ the contact-range effective field theory approach to construct the D̄ð�ÞΣð�Þ
c , D̄�Λc,

D̄Λc, J=ψp, and ηcp coupled-channel interactions to dynamically generate the multiplet of hidden-charm
pentaquark molecules by reproducing the masses and widths of PN

ψ ð4312Þ, PN
ψ ð4440Þ, and PN

ψ ð4457Þ.
Assuming that the pentaquark molecules are produced in the Λb decay via the triangle diagrams, where Λb

first decays into Dð�Þ
s Λc, then D

ð�Þ
s scatters into D̄ð�ÞK, and finally the molecules are dynamically generated

by the D̄ð�ÞΛc interactions, we calculate the branching fractions of the decays Λb → PN
ψK using the

effective Lagrangian approach. With the partial decay widths of these pentaquark molecules, we further
estimate the branching fractions of the decays Λb → ðPN

ψ → J=ψpÞK and Λb → ðPN
ψ → D̄�ΛcÞK. Our

results show that the pentaquark states PN
ψ ð4312Þ, PN

ψ ð4440Þ, and PN
ψ ð4457Þ as hadronic molecules can be

produced in the Λb decay, and on the other hand their heavy quark spin symmetry partners are invisible in
the J=ψp invariant mass distribution because of the small production rates. Our studies show that it is
possible to observe some of the pentaquark states in the Λb → D̄�ΛcK decays.

DOI: 10.1103/PhysRevD.108.114022

I. INTRODUCTION

In 2015, two pentaquark states PN
ψ ð4380Þ and PN

ψ ð4450Þ
were observed by the LHCb Collaboration in the J=ψp
invariant mass distributions of the Λb → J=ψpK decay [1].
Four years later, they updated the data sample and found
that the original PN

ψ ð4450Þ state splits into two states,
PN
ψ ð4440Þ and PN

ψ ð4457Þ, and a new state PN
ψ ð4312Þ

emerges below the D̄Σc threshold [2]. Recently the
LHCb Collaboration found the evidence for the hidden-
charm pentaquark state PN

ψ ð4337Þ in the Bs meson decay
[3], as well as the hidden-charm pentaquark states with
strangeness PΛ

ψsð4459Þ in the Ξb decay [4], the existence

of which needs to be confirmed because at present the
significance of the observation is only about 3σ. Very
recently the LHCb Collaboration reported another penta-
quark state PΛ

ψsð4338Þ in the B decay with a high sig-
nificance [5]. In this work, we only focus on the three
pentaquark states PN

ψ ð4312Þ, PN
ψ ð4440Þ, and PN

ψ ð4457Þ,
which have been extensively studied in a series of theo-
retical works. We note that although the D̄ð�ÞΣc molecular
interpretations for these pentaquark states are the most
popular [6–23], there exist other explanations, e.g., hadro-
charmonia [24], compact pentaquark states [25–31], virtual
states [32], triangle singularities [33], and cusp effects [34].
From the perspective of masses, the three pentaquark

states can be nicely arranged into the D̄ð�ÞΣð�Þ
c multiplet.

However, their widths obtained in the hadronic molecular
picture always deviate a bit from the experimental data. In
Ref. [35], we found that their partial decay widths into
three-body final states D̄ð�ÞΛcπ are only at the order of a
few hundreds of keV, which indicates that the two-body
decay modes are dominant. The chiral unitary study found
that the partial decay widths of PN

ψ → J=ψpðηcpÞ account
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for the largest portion of their total decay widths [9],
while the study based on the triangle diagrams shows
that the three PN

ψ states mainly decay into D̄ð�ÞΛc [36]. In
Refs. [11,12,37], the authors argued that the one-pion
exchange is responsible for the D̄ð�ÞΣc → D̄ð�ÞΛc inter-
actions, and therefore dominantly contributes to the
widths of the pentaquark states. From these studies, we
conclude that these three molecules mainly decay via two
modes: hidden-charm J=ψpðηcpÞ and open-charm D̄ð�ÞΛc.
Considering the upper limit of the branching fraction
BðPN

ψ → J=ψpÞ < 2% measured in the photoproduc-
tion processes [38,39], the partial decays PN

ψ → D̄ð�ÞΛc

are expected to play a dominant role. However, such small
upper limits cannot be easily reconciled with the current
LHCb data [40]. In this work, we employ the contact-range
effective field theory(EFT) approach to revisit the partial
decay widths of the hidden-charm pentaquark molecules by
studying their two- and three-body decays.
Up to now, the hidden-charm pentaquark states have

only been observed in the exclusive b decays in proton-
proton collisions. The productions of pentaquark states in
other processes have been proposed. In Refs. [41–45], the
authors claimed that the hidden-charm pentaquark states
can be produced in the J=ψ photoproduction off proton.
This process could distinguish whether these pentaquark
states are genuine states or anomalous triangle singularities.
Moreover, it is suggested that the hidden-charm pentaquark
states can be produced in the eþe− collisions [46] and
antiproton-deuteron collisions [47]. Based on Monte Carlo
simulations, the inclusive production rates of these
pentaquark states are estimated in proton-proton collisions

]48,49 ] and electron-proton collisions [50], which are
helpful for future experimental searches for the pentaquark
states. In this work, based on the LHCb data, we primarily
focus on the production mechanism of the pentaquark
states in the Λb decays.
The production mechanism of the pentaquark states in

the Λb decays can be classified into two categories. In
mechanism I, the mother particle M weakly decays into
three particles A, B, and C, and the hadronic molecule
under study can be dynamically generated via the rescatter-
ing of any two particles of A, B, and C. This mechanism
has already been applied to study the production rates of
Xð3872Þ as a D̄D� molecule via the weak decays B →
D̄D�K [51,52]. For the pentaquark states, it was proposed
that the weak decays of Λb → D̄ð�ÞΣcK and Λb → J=ψpK
can dynamically generate the hidden-charm pentaquark
molecules via the D̄ð�ÞΣc rescattering [16,53] and J=ψp
rescatterring [54], respectively, which can well describe
the experimental invariant mass distribution of J=ψp,
while their absolute production rates are not quantitatively
estimated. In particular, as pointed out in Ref. [34], the
branching fractions BrðΛb → D̄ð�ÞΣcKÞ are so tiny that the
pentaquark molecules are rather difficult to be produced via

the weak decays Λb → D̄ð�ÞΣcK. Therefore, whether these
pentaquark molecules can be produced via Mechanism I
remains unsettled.
In Mechanism II, the mother particle M weakly decays

into two states A and B, then A scatters (or decays) into C
and D, and finally the final-state interaction of B and C
dynamically generates the molecules of interest [55–59].
A typical example is that the Xð3872Þ as a D̄D� molecule

can be generated through the weak decays B → D̄ð�ÞDð�Þ
s

following Dð�Þ
s scattering into Dð�ÞK [59]. In Ref. [60], Wu

et al. proposed that Λb weakly decays into Σc and Dð�Þ
s ,

then Dð�Þ
s scatter into D̄ð�Þ and K, and the pentaquark

molecules are finally generated via the D̄ð�ÞΣc interactions.

We note that the Λb decaying into Σ
ð�Þ
c is highly suppressed

due to the fact the light quark pair transition between a
symmetric and antisymmetric spin-flavor configuration is
forbidden [61,62], which indicates that the production of
pentaquark molecules is difficult (if not impossible) via the

weak decays of Λb → Dð�Þ
s Σc.

1 In Ref. [34], the authors

select the color favorable weak decays Λb → Dð�Þ
s Λc to

produce the pentaquark molecules as well as to analyze
their mass distributions, but did not explicitly calculate
their productions rates. Following Refs. [58,59], we take
the effective Lagrangian approach to calculate the pro-
duction rates of the pentaquark molecules in Λb decays
with no free parameters, and try to answer the questions
whether the three pentaquark states PN

ψ ð4312Þ, PN
ψ ð4440Þ,

and PN
ψ ð4457Þ as hadronic molecules can be produced in

the Λb decays, as well as why their HQSS partners have not
been observed in the same decays.
This work is organized as follows. We first calculate the

two-body partial decay widths of the pentaquark molecules
obtained by the contact range EFT, and the amplitudes of
their production mechanism in Λb decays via the triangle
diagrams using the effective Lagrangian approach in Sec. II.
The results and discussions on the widths of the pentaquark
molecules and the branching fractions of the decays PN

ψ →
J=ψp and PN

ψ → D̄ð�ÞΛc, as well as the branching fractions
of theweak decaysΛb → PN

ψK,Λb → ðPN
ψ → J=ψpÞK, and

Λb → ðPN
ψ → D̄�ΛcÞK are provided in Sec. III, followed by

a short summary in the last section.

II. THEORETICAL FRAMEWORK

In this work, we employ the triangle diagrams to des-
cribe the productions of pentaquark molecules. We sup-

pose that the color favored weak decays Λb → ΛcD
ð�Þ−
s are

responsible for the short-range interactions because the

1In Ref. [60], the Λb → Σc transition is assumed to be propor-
tional to the Λb → Λc transition, characterized by an unknown
parameter R. By reproducing the experimental production rates of
the pentaquark molecules, R is found to be about 0.1.
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branching fractions BðΛb → ΛcD
ð�Þ−
s Þ are large among the

nonleptonic decays of Λb. Then the Dð�Þ−
s mesons scatter

into D̄ð�Þ andK mesons, and the pentaquark molecules with
spin 1=2 and 3=2 are dynamically generated via the D̄ð�ÞΛc
interactions as shown in Figs. 1 and 2, respectively, where
P1=2
ψ and P3=2

ψ denote the pentaquark molecules of spin 1=2
and 3=2, respectively. As shown in a number of pre-
vious studies [9,11,12,16,18,21,63–66] and also explicitly
shown later, there exists a complete multiplet of hidden-
charm pentaquark molecules dominantly generated by the

D̄ð�ÞΣð�Þ
c interactions. We denote the seven pentaquark

molecules as PN
ψ1; P

N
ψ2;…; PN

ψ7, following the order of
scenario A of Table I in Ref. [63]. It should be noted that
such order specifies the spin of pentaquark molecules, i.e.,
PN
ψ3 and P

N
ψ4 represent the pentaquark molecules of spin 1=2

and 3=2, respectively. In this work, we study two scenariosA
and B corresponding to different spin assignments of these
pentaquark molecules. In scenario A, PN

ψ3 and P
N
ψ4 represent

PN
ψ ð4440Þ and PN

ψ ð4457Þ, while they represent PN
ψ ð4457Þ

and PN
ψ ð4440Þ in scenario B. PN

ψ1 represents PN
ψ ð4312Þ in

both scenario A and scenario B. Considering only S-wave
D̄ð�ÞΛc interactions, the production of the pentaquark mol-
ecule of spin 5=2 is not allowed by the mechanisms shown
in either Fig. 1 or 2, which indicate that PN

ψ7 cannot be
produced in our model. Therefore, we only focus on the
productions of the remaining six pentaquarkmolecules in the
Λb decays in this work.

A. Effective Lagrangians

In this work, we adopt the effective Lagrangian approach
to calculate the triangle diagrams of Figs. 1 and 2. In the
following, we spell out the relevant Lagrangians.
First, we focus on the weak decays of Λb → ΛcD

ð�Þ−
s . At

quark level, the decays of Λb → ΛcD
ð�Þ−
s can occur via the

external W-emission mechanism shown in Fig. 3, which is
usually the largest in terms of the topological classification
of weak decays [67–69]. As shown in Ref. [59], the color

favored weak decays B → Dð�Þ
s Dð�Þ are significant to

produce the D̄�Dð�Þ molecules in B decays, which share

similar topologies to the weak decays Λb → ΛcD
ð�Þ−
s at

quark level.
The effective Hamiltonian describing the weak decays of

Λb → ΛcD
ð�Þ−
s has the following form

Heff ¼
GFffiffiffi
2

p VcbVcs½c1ðμÞO1ðμÞ þ c2ðμÞO2ðμÞ� þ H:c: ð1Þ

where GF is the Fermi constant, Vbc and Vcs are the
Cabibbo-Kobayashi-Maskawa (CKM) matrix elements,
c1;2ðμÞ are the Wilson coefficients, and O1ðμÞ and
O2ðμÞ are the four-fermion operators of ðsc̄ÞV−Aðcb̄ÞV−A
and ðc̄cÞV−Aðsb̄ÞV−A with ðq̄qÞV−A standing for q̄γμð1 −
γ5Þq [70–72]. The Wilson coefficients c1;2ðμÞ include the
short-distance quantum chromodynamics (QCD) dynamic
scaling from μ ¼ MW to μ ¼ mc.
In the naive factorization approach [73], the amplitudes

of Λb → ΛcD
ð�Þ−
s can be expressed as the products of two

current hadronic matrix elements

AðΛb → ΛcD−
s Þ ¼

GFffiffiffi
2

p VcbVcsa1hD−
s jðsc̄Þj0ihΛcjðcb̄ÞjΛbi

ð2Þ

AðΛb →ΛcD�−
s Þ ¼ GFffiffiffi

2
p VcbVcsa1hD�−

s jðsc̄Þj0ihΛcjðcb̄ÞjΛbi

ð3Þ

FIG. 1. Triangle diagrams accounting for Λb → Dð�Þ
s Λc →

P1=2
ψ K with P1=2

ψ representing one of the pentaquark molecules
of spin 1=2.

FIG. 2. Triangle diagrams accounting for Λb → Dð�Þ
s Λc →

P3=2
ψ K with P3=2

ψ denoting one of the pentaquark molecule of
spin 3=2.

FIG. 3. External W-emission accounting for Λb → Dð�Þ
s Λc at

quark level.
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where the effective Wilson coefficient a1 is expressed
as a1 ¼ c1ðμÞ þ c2ðμÞ=Nc with Nc ¼ 3 the number of
colors [72,73].
The matrix elements between a pseudoscalar meson or

vector meson and the vacuum have the following form:

hD−
s jðsc̄Þj0i ¼ ifD−

s
pμ
D−

s
; ð4Þ

hD�−
s jðsc̄Þj0i ¼ mD�−

s
fD�−

s
ϵ�μ; ð5Þ

where fD−
s
and fD�−

s
are the decay constants for D−

s and
D�−

s , respectively, and ϵ�μ denotes the polarization vector
of D�−

s .
The Λb → Λc transition form factors are parametrized as

follows [62]

hBðp0ÞjVμ−AμjBðpÞi

¼ ūðp0Þ
�
fV1 ðq2Þγμ−fV2 ðq2Þ

iσμνqν

m
þfV3 ðq2Þ

qμ

m

−
�
fA1 ðq2Þγμ−fA2 ðq2Þ

iσμνqν

m
þ fA3 ðq2Þ

qμ

m

�
γ5
�
uðpÞ ð6Þ

where σμν ¼ i
2
ðγμγν − γνγμÞ and q ¼ p − p0. As a result,

the weak decays Λb → ΛcD
ð�Þ
s can be characterized by the

following Lagrangian [70]:

LΛbΛcDs
¼ iΛ̄cðAþBγ5ÞΛbDs;

LΛbΛcD�
s
¼ Λ̄c

�
A1γμγ5þA2

p2μ

m
γ5þB1γμþB2

p2μ

m

�
ΛbD

�μ
s ;

ð7Þ

where A1, A2, B1, B2, A, and B are

A ¼ λfDs

�
ðm −m2ÞfV1 þm2

1

m
fV3

�
;

B ¼ λfDs

�
ðmþm2ÞfA1 −

m2
1

m
fA3

�
;

A1 ¼ −λfD�
s
m1

�
fA1 − fA2

m −m2

m

�
;

B1 ¼ λfD�
s
m1

�
fV1 þ fV2

mþm2

m

�
;

A2 ¼ 2λfD�
s
m1fA2 ;

B2 ¼ −2λfD�
s
m1fV2 : ð8Þ

with λ ¼ GFffiffi
2

p VcbVcsa1 and m, m1, m2 referring to the

masses of Λb, D
ð�Þ
s , and Λc, respectively. The form factors

can be expressed in a double-pole form:

fV=Ai ðq2Þ ¼ FV=A
i ð0Þ F0

1 − aφþ bφ2
ð9Þ

with φ ¼ q2=m2. The values of F0, a and b in the Λb → Λc
transition form factors are taken from Ref. [74] and shown
in Table I.
In this work, we take GF ¼ 1.166 × 10−5 GeV−2,

Vcb ¼ 0.041, Vcs ¼ 0.987, fD−
s
¼ 250 MeV, and fD�−

s
¼

272 MeV as in Refs. [62,75–77]. We note that the value
of a1 as a function of the energy scale μ differs from process
to process [78,79]. Therefore, we take the branching
fraction BðΛb → ΛcD−

s Þ ¼ ð1.10� 0.10Þ% to determine
the effective Wilson coefficient to be a1 ¼ 0.883. We note
that in Ref. [59], the effective Wilson coefficient a1 are
determined to be 0.79 and 0.81 by reproducing the
branching fractions of the decays Bþ → D̄0Dþ

s and Bþ →
D̄0D�þ

s , respectively. These values are consistent with
the value obtained from the weak decay Λb → ΛcD−

s ,
showing that the naive factorization approach works
well for the external W-emission mechanism. Due to the
nonavailability of experimental data for the branching
fraction BðΛb → ΛcD�−

s Þ, we assume that the effective
Wilson coefficient in Eq. (3) is the same as that in Eq. (2).
With the so obtained effective Wilson coefficient a1
we predict the branching fraction BðΛb →ΛcD�−

s Þ ¼
ð2.47� 0.26Þ%, consistent with the results of Refs. [62,80].
As a matter of fact, the experimental branching fraction
BðΛb → ΛcD−

s Þ helps reduce the uncertainty in the weak
vertices.
The Lagrangians describing the Dð�Þ

s mesons scattering
into D̄ð�Þ and K mesons are

LKDsD� ¼ igKDsD�D�μ½D̄s∂μK − ð∂μD̄sÞK� þ H:c:

LKD�
sD� ¼ −gKD�

sD�ϵμναβ½∂μD̄�
ν∂αD�

sβK̄

þ ∂μD�
ν∂αD̄�

sβK� þ H:c: ð10Þ

where gKDsD� and gKD�
sD� are the kaon couplings to DsD�

and D�
sD�, respectively. Unfortunately, there exists no

experimental data to determine the values of these cou-
plings. The coupling gDsD�K is estimated to be 16.6 and 10
assuming SU(3)-flavor symmetry [81] and SU(4)-flavor
symmetry [82], respectively, while the QCD sum rule
yields 5 [83,84]. In view of this large variance, we adopt
the couplings estimated by SU(4) symmetry, which are
in between those estimated utilizing SU(3) symmetry and
by the QCD sum rule, i.e., gDsD�K ¼ gD�

sDK ¼ 10 and
gD�

sD�K ¼ 7.0 GeV−1 [82].

TABLE I. Values of Fð0Þ, a, b in the Λb → Λc transition form
factors [74].

FV
1 FV

2 FV
3 FA

1 FA
2 FA

3

Fð0Þ 0.549 0.110 −0.023 0.542 0.018 −0.123
a 1.459 1.680 1.181 1.443 0.921 1.714
b 0.571 0.794 0.276 0.559 0.255 0.828
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The effective Lagrangians describing the interactions
between pentaquark molecules and their constituents
D̄ð�ÞΛc are written as

LP1=2
ψ ΛcD̄

¼ gP1=2
ψ ΛcD̄

P1=2
ψ ΛcD̄;

LP1=2
ψ ΛcD̄� ¼ gP1=2

ψ ΛcD̄�Λ̄cγ5

�
gμν −

pμpν

m2

P1=2
ψ

�
γνP1=2

ψ D�μ;

LP3=2
ψ ΛcD̄� ¼ gP3=2

ψ ΛcD̄�Λ̄cP
3=2
ψμ D�μ; ð11Þ

where gP1=2
ψ ΛcD̄

, gP1=2
ψ ΛcD̄� , and gP3=2

ψ ΛcD̄� are the couplings

of the P1=2
ψ and P3=2

ψ pentaquark molecules to their
constituents D̄ð�ÞΛc. One should note that although
these pentaquark molecules are dominantly generated

by the D̄ð�ÞΣð�Þ
c interactions [63], the D̄ð�ÞΛc and

J=ψðηcÞp coupled channels also play a relevant role
[9,11,12,37,65,85]. Below, we estimate the couplings of
the pentaquark molecules to their constituents D̄ð�ÞΛc
and J=ψðηcÞp by the contact range EFT approach, which
is widely applied to study the dynamical generation of
hadronic molecules [22,86].

B. Contact-range EFT approach

In this subsection, we introduce the contact-range EFT
approach. The scattering amplitude T is responsible for the
dynamical generation of the pentaquark molecules via the
Lippmann-Schwinger equation

Tð ffiffiffi
s

p Þ ¼ ð1 − VGð ffiffiffi
s

p ÞÞ−1V; ð12Þ

where V is the coupled-channel potential determined by the
contact-range EFT approach (see Appendix A), and Gð ffiffiffi

s
p Þ

is the two-body propagator. In this work, we consider the
following coupled channels D̄�Σ�

c − D̄�Σc− D̄Σc− D̄�Λc−
D̄Λc− J=ψp− ηcp with JP ¼ 1=2− and D̄�Σ�

c − D̄�Σc −
D̄�Λc − J=ψp with JP ¼ 3=2−. Since the mass splitting
between D̄�Σ�

c and ηcp is about 600 MeV, we take a
relativistic propagator:

Gð ffiffiffi
s

p Þ ¼ 2m1

Z
d3q
ð2πÞ3

ω1 þ ω2

2ω1ω2

Fðq2; kÞ
ð ffiffiffi

s
p Þ2 − ðω1 þ ω2Þ2 þ iε

ð13Þ

where
ffiffiffi
s

p
is the total energy in the center-of-mass (c.m.)

frame of m1 and m2, ωi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

i þ q2
p

is the energy of the
particle and the c.m. momentum k is

kð ffiffiffi
s

p Þ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s

p
2− ðm1þm2Þ2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s

p
2− ðm1−m2Þ2

p
2

ffiffiffi
s

p : ð14Þ

A regulator of Gaussian form Fðq2; kÞ ¼ e−2q
2=Λ2

=e−2k
2=Λ2

is used to regulate the loop function. We note that the loop
function can also be regularized by other methods such as
the momentum cut off scheme and dimensional regulari-
zation scheme [87–91].
The dynamically generated pentaquark molecules cor-

respond to poles on the unphysical sheet, which is defined
as [92,93],

GIIð
ffiffiffi
s

p Þ ¼ GIð
ffiffiffi
s

p Þþi
2m1

4π

kð ffiffiffi
s

p Þffiffiffi
s

p ; ð15Þ

where m1 stands for the mass of the baryon.
With the potentials obtained in Eqs. (A6) and (A7) of

Appendix A, we search for poles in the vicinity of

the D̄ð�ÞΣð�Þ
c channels, and then determine the couplings

between the pentaquark molecules and their constituents
from the residues of the corresponding poles,

gigj ¼ limffiffi
s

p
→

ffiffiffi
s0

p ð ffiffiffi
s

p
−

ffiffiffiffiffi
s0

p ÞTijð
ffiffiffi
s

p Þ; ð16Þ

where gi denotes the coupling of channel i to the dynami-
cally generated molecules and

ffiffiffiffiffi
s0

p
is the pole position.

Using the couplings gi obtained above, one can estimate
the partial decay widths of the pentaquark molecules [94]

Γi ¼ g2i
1

2π

mi

mPN
ψ

pi ð17Þ

where mi stands for the mass of the baryon of channel i,
mPN

ψ
is the mass of the pentaquark molecule (the real part of

the pole position), and pi is the momentum of the baryon
(meson) of channel i in the PN

ψ rest frame.

C. Decay amplitudes

With the above effective Lagragians, we obtain the
following decay amplitudes for Λb → P1=2

ψ K of Fig. 1

Ma
1 ¼ i3

Z
d4q
ð2πÞ4

�
gP1=2

ψ ΛcD̄� ūðp2Þγνγ5
�
gμν −

p2μp2ν

m2

P1=2
ψ

�
ð=q2 þm2ÞiðAþ Bγ5Þuðk0Þ

�

× ½−gKD�Ds
ðq1 þ p1Þα�

�
−gμα þ qμqα

m2
E

�
1

q21 −m2
1

1

q22 −m2
2

1

q2 −m2
E
;
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Mb
1 ¼ i3

Z
d4q
ð2πÞ4

�
gP1=2

ψ ΛcD̄� ūðp2Þγνγ5
�
gμν −

p2μp2ν

m2

P1=2
ψ

��
ð=q2 þm2Þ

×

��
A1γαγ5 þ A2

q2α
m

γ5 þ B1γα þ B2

q2α
m

�
uðk0Þ

�
½−gKD�D�

s
ερλητqρq

η
1�

×

�
−gμλ þ qμqλ

m2
E

��
−gατ þ qα1q

τ
1

m2
1

�
1

q21 −m2
1

1

q22 −m2
2

1

q2 −m2
E
;

Mc
1 ¼ i3

Z
d4q
ð2πÞ4

�
gP1=2

ψ ΛcD̄
ūðp2Þð=q2 þm2Þ

�
A1γαγ5 þ A2

q2α
m

γ5 þ B1γα þ B2

q2α
m

�
uðk0Þ

�

× ½−gKDD�
s
ð−qþ p1Þτ�

�
−gατ þ qα1q

τ
1

m2
1

�
1

q21 −m2
1

1

q22 −m2
2

1

q2 −m2
E
; ð18Þ

where k0, q1, q2, q, p1, and p2 refer to the momenta of Λb, D
ð�Þ
s , Λc, D̄ð�Þ, K, and P1=2

ψ , respectively, and ūðp2Þ and uðk0Þ
represent the spinors of P1=2

ψ and Λb. Similarly, we write the decay amplitudes for Λb → P3=2
ψ K of Fig. 2 as follows

Ma
3 ¼ i3

Z
d4q
ð2πÞ4 ½gP3=2

ψ ΛcD̄� ūμðp2Þ�ð=q2 þm2Þ½iðAþ Bγ5Þuðk0Þ�

× ½−gKD�Ds
ðq1 þ p1Þν�

�
−gμν þ qμqν

m2
E

�
1

q21 −m2
1

1

q22 −m2
2

1

q2 −m2
E
;

Mb
3 ¼ i3

Z
d4q
ð2πÞ4

�
gP3=2

ψ ΛcD̄� ūμðp2Þð=q2 þm2Þð−iÞ
�
A1γαγ5 þ A2

q2α
m

γ5 þ B1γα þ B2

q2α
m

�
uðk0Þ

�

× ½−gKD�D�
s
ερλητqρq

η
1�
�
−gμλ þ qμqλ

m2
E

��
−gατ þ qα1q

τ
1

m2
1

�
1

q21 −m2
1

1

q22 −m2
2

1

q2 −m2
E
: ð19Þ

With the amplitudes for the decays of Λb → P1=2
ψ K and

Λb → P3=2
ψ K given above, one can compute the corre-

sponding partial decay widths

Γ ¼ 1

2J þ 1

1

8π

jp⃗j
m2

Λb

jM̄j2 ð20Þ

where J is the total angular momentum of the initial Λb
baryon and jp⃗j is the momentum of either final state in the
rest frame of the Λb baryon.
Regarding the three-body decays of the pentaquark

molecules, we have systematically investigated two decay
modes: tree diagrams and triangle diagrams, and found that
the former can almost saturate their total three-body decay
widths [35]. In thiswork,with the newcouplings between the
pentaquark molecules and D̄ð�ÞΣð�Þ

c , we update the widths of
the three-body decays PN

ψ → D̄ð�ÞΛcπ, where these hidden-
charm pentaquark molecules decay into D̄ð�ÞΛcπ via the off-

shell Σð�Þ
c baryons decaying into Λcπ. The details for the

calculations can be found in our previous work [35].

III. RESULTS AND DISCUSSIONS

Because the three-body partial decay widths of the
pentaquark states PN

ψ ð4312Þ, PN
ψ ð4440Þ, and PN

ψ ð4457Þ as
hadronic molecules are less than 1MeV, we can neglect their
three-body decays and assume that their two-body decays

saturate their total widths. Therefore, we suppose that these
three pentaquark molecules are dynamically generated via
the D̄ð�ÞΣð�Þ

c , D̄ð�ÞΛc, ηcN, and J=ψN coupled-channel
potentials. In the heavy quark limit, the contact potentials
of this coupled-channel system are parametrized by seven
parameters as shown in Eqs. (A6) and (A7). In this work, we
set the potential VJ=ψðηcÞN→J=ψðηcÞN ¼ 0, resulting in six
unknown parameters. The unknown couplings of the
D̄ð�ÞΣð�Þ

c → D̄ð�ÞΣð�Þ
c potentials are well described by the

light meson saturation approach [13], which is widely
applied to study heavy hadronic molecules [18,95–97].
Therefore, we expect that the light meson saturation
approach (see theAppendixB) is also valid for the D̄ð�ÞΛc →

D̄ð�ÞΛc interaction. With the D̄ð�ÞΣð�Þ
c → D̄ð�ÞΣð�Þ

c potentials
determined in Ref. [63], we obtain the D̄ð�ÞΛc → D̄ð�ÞΛc
potentials using the lightmeson saturation approach, and then
search for poles near the D̄ð�ÞΛc threshold, but find none,
indicating that there exists no genuine states generated by the
D̄ð�ÞΛc interactions, consistent with Refs. [9,12,98]. Very
recently, Duan et al. argued that there exist the enhancements
at the D̄ð�ÞΛc thresholds induced by the triangle and box
singularities [99]. Therefore, even taking into account the
D̄ð�ÞΛc, ηcN, and J=ψN channels, the number of hidden-
charm pentaquark molecules does not change. These chan-
nelsmainly affect the imaginarypart of the pole positions, i.e.,
the widths of the pentaquark states.
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A. Widths of hidden-charm pentaquark molecules

In Table II, we tabulate the masses and quantum numbers
of relevant particles. For the cutoff in the Gaussian
regulator, we choose the value of Λ ¼ 1.5 GeV [35]. To
quantify the agreement with the experimental data, we use
the χ2 defined as

χ2 ¼
X3
i¼1

ðMi
exp −Mi

fitÞ2
diM

2
þ
X3
i¼1

ðΓi
exp − Γi

fitÞ2
diΓ

2
ð21Þ

where Mi
expðΓi

expÞ and Mi
fitðΓi

fitÞ are the masses(widths)
measured by the LHCb Collaboration and those obtained
in the contact-range EFT approach, diM and diΓ are the
uncertainties of experimental masses and widths, and the
superscripts with i¼ 1, i¼ 2, and i¼ 3 representPN

ψ ð4312Þ,
PN
ψ ð4440Þ, and PN

ψ ð4457Þ, respectively. The masses and
decay widths of the three states are [2]

MPN
ψ ð4312Þ ¼ 4311.9� 0.7þ6.8

−0.6 MeV;

ΓPN
ψ ð4312Þ ¼ 9.8� 2.7þ3.7

−4.5 MeV;

MPN
ψ ð4440Þ ¼ 4440.3� 1.3þ4.1

−4.7 MeV;

ΓPN
ψ ð4440Þ ¼ 20.6� 4.9þ8.7

−10.1 MeV;

MPN
ψ ð4457Þ ¼ 4457.3� 0.6þ4.1

−1.7 MeV;

ΓPN
ψ ð4457Þ ¼ 6.4� 2.0þ5.7

−1.9 MeV: ð22Þ

Given the fact that the light meson saturation is valid for

the D̄ð�ÞΛc → D̄ð�ÞΛc and D̄ð�ÞΣð�Þ
c → D̄ð�ÞΣð�Þ

c potentials,2

we adopt the ratio C0
a=Ca ¼ 0.216 obtained in the light

meson saturation approach. As a result, there only remain
five parameters. With the above preparations we determine
the values of the parameters Ca, Cb, C0

b, g1, and g2 as well
as the χ2 for scenario A and scenario B and show them in
Table III. In the following, we compare the fitted param-
eters (Ca, Cb, and C0

b) with those obtained in the light
meson saturation approach (see the Appendix B for
details). With the light meson saturation, we obtain the
ratio Cb=Ca ¼ 0.12, while the ratio determined in the EFT
approach (by fitting to the data) is Cb=Ca ¼ −0.12 and
Cb=Ca ¼ 0.10 for scenario A and scenario B, respectively.
It seems that the light meson saturation approach prefers
scenario B, consistent with the single-channel analysis
[13]. Moreover, the light meson saturation approach yields
C0
b=Cb ¼ 0.61, while the value determined in the EFT

approach is C0
b=Cb ¼ 0.43 for scenario A but C0

b=Cb ¼
0.95 for scenario B. One can see that they are quite different
for either scenario A or scenario B. From the perspective of
light meson saturation, only the ρ meson exchange is
considered to saturate the D̄ð�ÞΣc → D̄ð�ÞΛc interactions.
However, the one-pion exchange plays a significant role in
the D̄ð�ÞΣc → D̄ð�ÞΛc potentials [11,12,37]. Since the one-
pion exchange is not considered, the C0

b obtained in the
light meson saturation approach is not consistent with the
C0
b determined in the EFT approach for either scenario A or

scenario B.
In Table V, we present the pole positions of the hidden-

charm pentaquark molecules and the couplings to their
constituents. From the obtained pole positions of PN

ψ ð4312Þ,
PN
ψ ð4440Þ, and PN

ψ ð4457Þ, it is obvious that scenario A,

TABLE II. Masses and quantum numbers of hadrons relevant to
this work [75].

Hadron IðJPÞ M (MeV) Hadron IðJPÞ M (MeV)

p 1
2
ð1=2þÞ 938.27 n 1

2
ð1=2þÞ 939.57

Σþþ
c 1ð1=2þÞ 2453.97 Σþ

c 1ð1=2þÞ 2452.65
Σ�þþ
c 1ð3=2þÞ 2518.41 Σ�þ

c 1ð3=2þÞ 2517.4
Σ0
c 1ð1=2þÞ 2453.75 Σ�0

c 1ð3=2þÞ 2518.48
Λþ
c 0ð1=2þÞ 2286.46 Λb 0ð1=2þÞ 5619.60

π� 1ð0−Þ 139.57 π0 1ð0−Þ 134.98
K� 1=2ð0−Þ 493.677 K0 1=2ð0−Þ 497.611
D̄0 1

2
ð0−Þ 1864.84 D− 1

2
ð0−Þ 1869.66

D̄�0 1
2
ð1−Þ 2006.85 D�− 1

2
ð1−Þ 2010.26

D�
s 0ð0−Þ 1968.35 D��

s 0ð1−Þ 2112.2
J=ψ 0ð1−Þ 3096.90 ηc 0ð0−Þ 2983.90

TABLE III. Parameters Ca, Cb, C0
a, C0

b, g1, and g2 (in units of
GeV−1) determined by fitting to the masses and widths of
PN
ψ ð4312Þ, PN

ψ ð4440Þ, and PN
ψ ð4457Þ and the corresponding χ2

in scenario A and scenario B.

Scenario Ca Cb C0
a C0

b g1 g2 χ2

A −52.533 6.265 −11.366 2.669 20.360 −19.590 1.155
B −56.030 −5.418 −12.120 −5.136 58.963 28.587 2.980

TABLE IV. Two-body decay widths, three-body decay widths,
and total decay widths (in units of MeV) of hidden-charm
pentaquark molecules in scenario A and scenario B.

Scenario A

Molecule PN
ψ1 PN

ψ2 PN
ψ3 PN

ψ4 PN
ψ5 PN

ψ6

Two-body decay 7.00 5.40 17.20 1.40 19.80 15.40
Three-body decay 0.20 1.47 0.03 0.33 3.83 6.85
Total decay 7.20 6.87 17.23 1.73 23.63 22.25

Scenario B

Molecule PN
ψ1 PN

ψ2 PN
ψ3 PN

ψ4 PN
ψ5 PN

ψ6

Two-body decay 8.00 12.40 2.20 9.00 15.00 7.40
Three-body decay 0.16 1.00 0.01 2.44 13.58 9.58
Total decay 8.16 13.40 2.21 11.44 28.58 16.98

2As indicated in Ref. [13], the ratio of Ca to Cb estimated by
the light meson saturation approach is consistent with that
obtained by the contact-range EFT approach.
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yielding results consistent with the experimental data, is
better than scenario B, which is quite different from the
single-channel study [63]. Our study shows that the coupled-
channel effects can help distinguish the two possible scenar-
ios. In a similar approach but without the D̄ð�ÞΛc channels,
scenarioA is still slightly better than scenarioB [35].Wenote
in passing that the chiral unitary model [9] also prefers
scenario A. We further note that the coefficients in the
contact-range potentials of Eqs. (A6) and (A7) are derived
assuming the HQSS, while the HQSS breaking is not taken
into account. InRef. [11], it was shown that the tensor termof
the one-pion exchange potentials plays a crucial role in
describing thewidths of the pentaquark molecules, while the
D-wave potentials are neglected in this work. Therefore, we
cannot conclude which scenario is more favorable at
this stage.
Up to now, the spins of PN

ψ ð4440Þ and PN
ψ ð4457Þ are

still undetermined experimentally, which motivated many
theoretical discussions on how to determine their spins
[21,23,100]. One crucial issue is that the strength of
D̄�Σc → D̄�Σc potentials of JP ¼ 1=2− and JP ¼ 3=2−

are undetermined. We can see that the JP ¼ 1=2− D̄�Σc →
D̄�Σc potential is stronger than the JP ¼ 3=2− D̄�Σc →
D̄�Σc potential in scenario A, while their order reverses in
scenario B. In Refs. [34,37], Burns et al. proposed another
case, named as scenario C, which actually corresponds to a
special case of scenario B, where the JP ¼ 1=2− D̄�Σc →
D̄�Σc potential is not strong enough to form a bound state,
and therefore PN

ψ ð4457Þ is interpreted as a kinetic effect
rather than a genuine state. From their values of Ca and Cb
[34], the ratio Cb=Ca is determined to be around 0.5, which
implies the emergence of a large spin-spin interaction,
inconsistent with the principle of EFTs. It is no surprise that
such a large spin-spin interaction breaks the completeness
of the multiplet picture of hidden-charm pentaquark mol-
ecules [9,11,12,16,18,21,63–66]. Therefore, we strongly
recommend that lattice QCD simulations could study the
potentials of JP ¼ 1=2− D̄�Σc and JP ¼ 3=2− D̄�Σc to
address this issue.3

TABLE V. Pole positions (in units of MeV) of six hidden-charm pentaquark molecules and the couplings to their
constituents in scenario A and scenario B.

Scenario A

Name PN
ψ1 PN

ψ2 PN
ψ3 PN

ψ4 PN
ψ5 PN

ψ6

Molecule D̄Σc D̄Σ�
c D̄�Σc D̄�Σc D̄�Σ�

c D̄�Σ�
c

JP 1
2
− 3

2
− 1

2
− 3

2
− 1

2
− 3

2
−

Pole (MeV) 4310.6þ 3.5i 4372.8þ 2.7i 4440.6þ 8.6i 4458.4þ 0.7i 4500.0þ 9.9i 4513.2þ 7.7i
gPN

ψ Σ�
cD̄� � � � � � � � � � � � � 2.686 2.194

gPN
ψ ΣcD̄� � � � � � � 2.554 1.082 0.141 0.218

gPN
ψ Σ�

cD̄ � � � 2.133 � � � 0.179 � � � 0.237
gPN

ψ ΣcD̄ 2.089 � � � 0.254 � � � 0.139 � � �
gPN

ψΛcD̄� 0.234 0.074 0.177 0.050 0.110 0.241
gPN

ψΛcD̄ 0.014 � � � 0.158 � � � 0.207 � � �
gPN

ψ J=ψN 0.251 0.454 0.584 0.103 0.434 0.532
gPN

ψ ηcN 0.420 � � � 0.261 � � � 0.527 � � �

Scenario B

Name PN
ψ1 PN

ψ2 PN
ψ3 PN

ψ4 PN
ψ5 PN

ψ6

Molecule D̄Σc D̄Σ�
c D̄�Σc D̄�Σc D̄�Σ�

c D̄�Σ�
c

JP 1
2
− 3

2
− 1

2
− 3

2
− 1

2
− 3

2
−

Pole (MeV) 4309.9þ 4i 4365.8þ 6.2i 4458.4þ 4.5i 4441.4þ 1.1i 4521.6þ 7.5i 4522.5þ 3.7i
gPN

ψ Σ�
cD̄� � � � � � � � � � � � � 1.841 1.621

gPN
ψ ΣcD̄� � � � � � � 1.679 2.462 0.107 0.143

gPN
ψ Σ�

cD̄ � � � 2.451 � � � 0.099 � � � 0.171
gPN

ψ ΣcD̄ 2.072 � � � 0.161 � � � 0.131 � � �
gPN

ψΛcD̄� 0.392 0.090 0.247 0.159 0.232 0.223
gPN

ψΛcD̄ 0.020 � � � 0.191 � � � 0.281 � � �
gPN

ψ J=ψN 0.263 0.704 0.277 0.168 0.314 0.312
gPN

ψ ηcN 0.413 � � � 0.164 � � � 0.328 � � �

3A recent lattice QCD study shows that there exists a JP ¼
1=2−D̄�Σc bound state with a binding energy of 6 MeV [101].

YA-WEN PAN, MING-ZHU LIU, and LI-SHENG GENG PHYS. REV. D 108, 114022 (2023)

114022-8



The imaginary parts of the pole positions in Table V
specify the two-body partial decay widths of the penta-
quark molecules, which can also be calculated via the
triangle diagrams using the effective Lagrangian approach
[65,102]. From the results of Table V, we can calculate
the two-body decay widths of these pentaquark molecules
and tabulate them in Table IV. Moreover, with the newly
obtained couplings g

PN
ψ D̄ð�ÞΣð�Þ

c
, we update their three-body

decay widths as shown in Table IV. Comparing with the
results in Ref. [35], we find that the new results vary a
bit because the pole positions affect the phase space of
the three-body decays and the values of the couplings
g
PN
ψ D̄ð�ÞΣð�Þ

c
. Assuming that the two-body and three-body

decays are dominant decay channels for the pentaquark
molecules, we can obtain their total decay widths by
summing the two decay modes. Our results indicate that
the widths of PN

ψ5 and P
N
ψ6 as the D̄

�Σ�
c molecules are larger

than those of PN
ψ ð4312Þ, PN

ψ ð4440Þ, and PN
ψ ð4457Þ reported

by the LHCb Collaboration, and their three-body decay
widths account for a large proportion of their total widths.
In addition, we can see that the three-body decay widths of
PN
ψ ð4312Þ, PN

ψ ð4440Þ, and PN
ψ ð4457Þ account for only a

small proportion of their total widths, which confirms our
assumption that their total widths are almost saturated by
the two-body decays.

B. Production rates of hidden-charm
pentaquark molecules

From the values of the couplings given in Table V, one
can see that the D̄ð�ÞΣð�Þ

c channel plays a dominant role
in generating these pentaquark molecules. Yet their pro-

ductions in the Λb decay cannot proceed via the D̄ð�ÞΣð�Þ
c

interactions as discussed above. It is important to inves-
tigate the productions of hidden-charm pentaquark mole-
cules in the Λb decays via the D̄ð�ÞΛc interactions although
the couplings of the pentaquark states to D̄ð�ÞΛc are small.
With the couplings gPN

ψ D̄ð�ÞΛc
given in Table V, we employ

the effective Lagrangian approach to calculate the decays of
Λb → PN

ψK illustrated in Figs. 1 and 2.
In Table VI, we present the branching fractions of

Λb → PN
ψK in scenario A and scenario B. Our results

show that the branching factions of the three pentaquark
states discovered by the LHCb Collaboration: BðΛb →
PN
ψ ð4312ÞKÞ ¼ 35.18 × 10−6, BðΛb → PN

ψ ð4440ÞKÞ ¼
15.30 × 10−6, and BðΛb → PN

ψ ð4457ÞKÞ ¼ 0.48 × 10−6

in scenario A and BðΛb → PN
ψ ð4312ÞKÞ ¼ 98.88 × 10−6,

BðΛb → PN
ψ ð4440ÞKÞ ¼ 5.21 × 10−6, and BðΛb →

PN
ψ ð4457ÞKÞ ¼ 27.23 × 10−6 in scenario B. From the

order of magnitude of the obtained branching fractions,
we can conclude that the pentaquark molecules can be
produced via the triangle diagrams shown in Figs. 1 and 2.
The branching fractions of the decay Λb → PN

ψ ð4312ÞK
are larger than those of Λb → PN

ψ ð4440ÞK and Λb →
PN
ψ ð4457ÞK in both cases, and the branching fractions

involving PN
ψ ð4440Þ and PN

ψ ð4457Þ for JP ¼ 1=2− are
always larger than those for JP ¼ 3=2−. Such results reflect
that the branching fractions of the decays Λb → PN

ψK are
related to the couplings gPN

ψ D̄ð�ÞΛc
, especially the coupling

gPN
ψ D̄�Λc

, which shows that the D̄�Λc interactions play an
important role in producing the pentaquark molecules in
the Λb decays. Similarly, we predict the branching frac-
tions of Λb decaying into PN

ψ2, P
N
ψ5, and P

N
ψ6 plus a kaon as

shown in Table VI, the order of magnitude of which are
similar to those involving PN

ψ ð4440Þ and PN
ψ ð4457Þ.

Up to now, there exist no available experimental data for
the branching fractions of the decaysΛb → PN

ψK. TheLHCb
Collaboration measured the relevant ratios of branching
fractions for the three pentaquark states: RPN

ψ ð4312Þ ¼
ð0.30� 0.07þ0.34

−0.09Þ%, RPN
ψ ð4440Þ ¼ ð1.11� 0.33þ0.22

−0.11Þ%, and

RPN
ψ ð4457Þ ¼ ð0.53� 0.16þ0.15

−0.13Þ%, where R is defined as

RPNþ
ψ

¼ BðΛ0
b → PNþ

ψ K−Þ · BðPNþ
ψ → J=ψpÞ

BðΛ0
b → J=ψpK−Þ ð23Þ

According to RPP [75], the branching fraction of Λ0
b →

J=ψpK− is BðΛ0
b → J=ψpK−Þ ¼ 3.2þ0.6

−0.5 × 10−4, and then
weobtain the product of the branching fractions of the decays
Λb → PN

ψK and PN
ψ → J=ψp

BðΛ0
b → PN

ψ ð4312ÞþK−Þ · BðPN
ψ ð4312Þþ → J=ψpÞ ¼ 0.96þ1.13

−0.39 × 10−6;

BðΛ0
b → PN

ψ ð4440ÞþK−Þ · BðPN
ψ ð4440Þþ → J=ψpÞ ¼ 3.55þ1.43

−1.24 × 10−6;

BðΛ0
b → PN

ψ ð4457ÞþK−Þ · BðPN
ψ ð4457Þþ → J=ψpÞ ¼ 1.70þ0.77

−0.71 × 10−6: ð24Þ

TABLE VI. Branching fractions (10−6) of Λb decaying into a K
meson and a hidden-charm pentaquark molecule in scenario A
and scenario B.

Scenario A

Molecule PN
ψ1 PN

ψ2 PN
ψ3 PN

ψ4 PN
ψ5 PN

ψ6

BðΛb → PN
ψKÞ 35.18 1.49 15.30 0.48 6.37 9.01

Scenario B

Molecule PN
ψ1 PN

ψ2 PN
ψ3 PN

ψ4 PN
ψ5 PN

ψ6

BðΛb → PN
ψKÞ 98.88 2.27 27.23 5.21 21.69 7.43
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To compare with the experimental data, we have to obtain
the branching fractions of PN

ψ decaying into J=ψp, which
are not yet determined experimentally. We note that the
GlueX and JLab Collaborations investigated the production
rates of pentaquark states in the photoproduction process
and only gave the upper limits of BðPN

ψ → J=ψpÞ < 2.0%
[38,39], which indicates that the branching fractions of
BðΛ0

b → PNþ
ψ K−Þ are at the order of 10−4, approaching to

the values of BðΛ0
b → J=ψpK−Þ. Such large values high-

light the inconsistency between the LHCb results and the
GlueX/JLab results. Therefore, more precise experimental
data are needed to settle this issue.
Using Eq. (17), we calculate the two-body partial decay

widths of hidden-charm pentaquark molecules, and then
estimate the branching fractions of the decays PN

ψ → J=ψp.
The results are shown in Table VII, where the three-body
decay widths of the pentaquark molecules are not included.
One can see that the partial decay widths of PN

ψ → D̄ð�ÞΛc

are less than those of PN
ψ → J=ψp in scenario A, but their

order reverses in scenario B. In Ref. [103], the estimated
branching fractions of the decays PN

ψ → D̄ð�ÞΛc are much
smaller than those of the decays PN

ψ → J=ψp, consistent
with scenario A. In terms of the meson exchange theory, the
branching fractions of the decays PN

ψ → D̄ð�ÞΛc are larger
than those of the decays PN

ψ → J=ψp, where the heavy
meson [D̄ð�Þ] exchange and the light meson [πðρÞ]
exchange are responsible for the D̄ð�ÞΣð�Þ

c → J=ψp and

D̄ð�ÞΣð�Þ
c → D̄ð�ÞΛc interactions, respectively [65]. It is

obvious that the transitions D̄ð�ÞΣð�Þ
c → J=ψp are heavily

suppressed, resulting in the small partial decay widths of
PN
ψ → J=ψp in the same theoretical framework [65]. We

note that the meson exchange theory has been tested for
light mesons exchanges, but remains to be verified for
heavy meson exchanges, especially when both heavy and
light mesons can be exchanged. The meson exchange
theory dictates that charmed mesons are responsible for
the very short range interaction, but they cannot adequately
describe such short-range interactions because one gluon
exchange may play a role. In Ref. [104], the authors found
that the strength of the short range potential provided by the
one gluon exchange is much stronger than that provided by
the heavy meson exchange. In the present work, the hidden-
charm meson-baryon potentials are provided by the con-
tact-range EFT constrained by HQSS with the low-energy
constants determined by fitting to data, which are plausible
but the underlying mechanism needs to be clarified.
With the obtained branching fractions BðΛb → PN

ψKÞ in
Table VI and BðPN

ψ → J=ψpÞ in Table VII, we further
calculate the branching fractions B½Λb → ðPN

ψ → J=ψpÞK�
for scenario A and scenario B as shown Table VIII. Our
results show that the branching fractions for PN

ψ ð4312Þ and
PN
ψ ð4440Þ are of the same order as their experimental

counterparts, but the branching fraction for PN
ψ ð4457Þ is

smaller by one order of magnitude. For scenario B, the
branching fractions for PN

ψ ð4440Þ and PN
ψ ð4457Þ are of

the same order as their experimental counterparts, but the
branching fraction for PN

ψ ð4312Þ is larger by one order of
magnitude. We can see that our model cannot simulta-
neously describe the branching fractions of these three

TABLE VII. Two-body partial decay widths (in units of MeV) of hidden-charm pentaquark molecules as well as
their branching fractions in scenario A and scenario B.

Scenario A

Molecule PN
ψ1 PN

ψ2 PN
ψ3 PN

ψ4 PN
ψ5 PN

ψ6

Γ2ðΣcD̄�Þ � � � � � � � � � � � � 0.50 (2.52%) 1.38 (8.87%)
Γ3ðΣ�

cD̄Þ � � � � � � � � � 1.14(73.23%) � � � 2.62 (16.87%)
Γ4ðΣcD̄Þ � � � � � � 2.87 (16.59%) � � � 1.04 (5.29%) � � �
Γ5ðΛcD̄�Þ 0.83 (11.71%) 0.19 (3.48%) 1.44 (8.33%) 0.12 (7.82%) 0.65 (3.32%) 3.24 (20.81%)
Γ6ðΛcD̄Þ 0.01 (0.14%) � � � 1.60 (9.22%) � � � 2.98 (15.14%) � � �
Γ7ðJ=ψNÞ 1.43 (20.22%) 5.16 (96.52%) 9.29 (53.64%) 0.29 (18.95%) 5.46 (27.73%) 8.31 (53.45%)
Γ8ðηcNÞ 4.81 (67.93%) � � � 2.12 (12.23%) � � � 9.06 (45.98%) � � �

Scenario B

Molecule PN
ψ1 PN

ψ2 PN
ψ3 PN

ψ4 PN
ψ5 PN

ψ6

Γ2ðΣcD̄�Þ � � � � � � � � � � � � 0.36 (2.17%) 0.64 (8.30%)
Γ3ðΣ�

cD̄Þ � � � � � � � � � 0.31 (13.63%) � � � 1.41 (18.19%)
Γ4ðΣcD̄Þ � � � � � � 1.23 (12.88%) � � � 0.98 (5.92%) � � �
Γ5ðΛcD̄�Þ 2.27 (26.71%) 0.26 (2.10%) 2.97 (30.92%) 1.17 (52.05%) 3.05 (18.48%) 2.82 (36.37%)
Γ6ðΛcD̄Þ 0.02 (0.23%) � � � 2.40 (25.03%) � � � 5.65 (34.18%) � � �
Γ7ðJ=ψNÞ 1.57 (18.45%) 12.28 (97.90%) 2.13 (22.26%) 0.77 (34.33%) 2.92 (17.67%) 2.88 (37.14%)
Γ8ðηcNÞ 4.65 (54.61%) � � � 0.85 (8.86%) � � � 3.57 (21.58%) � � �
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pentaquark states. In Ref. [103], the ChUA estimated
the couplings gPN

ψ D̄ð�ÞΛc
and the branching fractions

BðPN
ψ → J=ψpÞ, which actually corresponds to scenario

A of our results. Using the values estimated by ChUA
we recalculate the branching fractions B½Λb → ðPN

ψ →
J=ψpÞK� as shown in Table VIII. The branching fractions
for PN

ψ ð4312Þ and PN
ψ ð4457Þ are of the same order as their

experimental counterparts, but the branching fraction for
PN
ψ ð4440Þ is smaller by one order of magnitude. Obviously,

the branching fractions for PN
ψ ð4312Þ, PN

ψ ð4440Þ, and
PN
ψ ð4457Þ in our model are related to the couplings of

the pentaquark molecules to D̄ð�ÞΛc and J=ψp. Neverthe-
less, the production mechanism of these three pentaquark
states via the triangle diagrams shown in Figs. 1 and 2 is
capable of qualitatively reproducing the experimental data,
which further corroborates the hadronic molecular picture
of these pentaquark states.
In Table VIII, we show the branching fractions for the

HQSS partners of PN
ψ ð4312Þ, PN

ψ ð4440Þ, and PN
ψ ð4457Þ,

where only the two-body decay modes contribute to the
branching fractions of the decays PN

ψ → J=ψp. As shown in
Table IV, the three-body decay widths of PN

ψ2, P
N
ψ5, and P

N
ψ6

are up to several MeV. If taking into account the three-body
decay widths, the branching fractions of PN

ψ2, P
N
ψ5, and PN

ψ6

decaying into J=ψp become BðPN
ψ2 → J=ψpÞ ¼ 75%,

BðPN
ψ5 → J=ψpÞ ¼ 23%, and BðPN

ψ6 → J=ψpÞ ¼ 37% in
scenario A and BðPN

ψ2→J=ψpÞ¼91%, BðPN
ψ5 → J=ψpÞ ¼

10%, and BðPN
ψ6 → J=ψpÞ ¼ 17% in scenario B. As result,

the corresponding branching fractions of the decays Λb →
ðPN

ψ → J=ψpÞK reduce to B½Λb → ðPN
ψ2 → J=ψpÞK� ¼

1.11 × 10−6, B½Λb → ðPN
ψ5 → J=ψpÞK� ¼ 1.47× 10−6 and

B½Λb → ðPN
ψ6 → J=ψpÞK� ¼ 3.37 × 10−6 in scenario A

and B½Λb → ðPN
ψ2 → J=ψpÞK� ¼ 2.08 × 10−6, B½Λb →

ðPN
ψ5 → J=ψpÞK� ¼ 2.22 × 10−6 and B½Λb → ðPN

ψ6 →

J=ψpÞK� ¼ 1.26 × 10−6 in scenario B. We can see that

the branching fractions of thepentaquark statesPN
ψ2,P

N
ψ5, and

PN
ψ6 as hadronic molecules are smaller than those of

PN
ψ ð4312Þ and sum of PN

ψ ð4440Þ and PN
ψ ð4457Þ in scenario

A and scenario B, which is consistent with the fact that these
three HQSS partners have not been seen in the LHCb data
sample of 2019.
These hidden-charm pentaquark molecules can be seen

in the Jψp invariant mass distribution, and one can also
expect to see them in the D̄�Λc invariant mass distribution.
Therefore, with the same approach we calculate the
branching fractions of the decays Λb → ðPN

ψ → D̄�ΛcÞK
and the results are shown in Table IX. We can see that the
branching fractions of the pentaquark molecules in the
decays Λb → ðPN

ψ → J=ψpÞK and Λb → ðPN
ψ → D̄�ΛcÞK

are similar except for PN
ψ2. The branching fraction B½Λb →

ðPN
ψ2 → D̄�ΛcÞK� is smaller than the branching fraction

B½Λb → ðPN
ψ2 → J=ψpÞK� by two order of magnitude. We

encourage experimental searches for these pentaquark
states in the D̄�Λc invariant mass distributions of the Λb
decays.

IV. SUMMARY AND OUTLOOK

The three pentaquark states PN
ψ ð4312Þ, PN

ψ ð4440Þ, and
PN
ψ ð4457Þ can be nicely arranged into a complete multiplet

of D̄ð�ÞΣð�Þ
c hadronic molecules, while their partial decay

widths and production rates in the Λb decay remain
undetermined. In this work, we employed the contact-
range effective field theory approach to dynamically gen-

erate the pentaquark molecules via the D̄ð�ÞΣð�Þ
c , D̄ð�ÞΛc,

J=ψp, and ηcp coupled-channel interactions, where the six
relevant unknown parameters were determined by fitting to
the experimental data. With the obtained pole positions, we
estimated the couplings of the pentaquark molecules to
their constituents J=ψp and D̄�Λc, and then calculated the
productions rates of these molecules in the Λb decays via
the triangle diagrams, where the Λb baryon weakly decays

into ΛcD
ð�Þ
s , then the Dð�Þ

s mesons scatter into D̄ð�ÞK, and
finally the pentaquark molecules are dynamically generated
by the D̄�Λc interactions. In this work, with no extra

TABLE IX. Branching fractions(10−6) of the decays Λb →
ðPN

ψ → D̄�ΛcÞK in scenario A and scenario B.

Scenario A

Molecule PN
ψ1 PN

ψ2 PN
ψ3 PN

ψ4 PN
ψ5 PN

ψ6

Ours 4.12 0.05 1.27 0.00 0.21 1.87

Scenario B

Molecule PN
ψ1 PN

ψ2 PN
ψ3 PN

ψ4 PN
ψ5 PN

ψ6

Ours 26.41 0.05 8.42 2.71 4.01 2.70

TABLE VIII. Branching fractions (10−6) of the decays Λb →
ðPN

ψ → J=ψpÞK in scenario A and scenario B.

Scenario A

Molecule PN
ψ1 PN

ψ2 PN
ψ3 PN

ψ4 PN
ψ5 PN

ψ6

Ours 7.11 1.44 8.21 0.09 1.77 4.82
ChUA [103] 1.82 8.62 0.13 0.83 0.04 2.36
LHCb [2] 0.96 � � � 3.55 1.70 � � � � � �

Scenario B

Molecule PN
ψ1 PN

ψ2 PN
ψ3 PN

ψ4 PN
ψ5 PN

ψ6

Ours 18.24 2.22 6.06 1.79 3.83 2.76
ChUA [103] � � � � � � � � � � � � � � � � � �
LHCb [2] 0.96 � � � 1.70 3.55 � � � � � �
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parameters (except those contained in the contact range
EFT approach and determined by their masses and widths)
we took the effective Lagrangian approach to calculate
the triangle diagrams and their production rates in the Λb
decays.
Our results showed that the masses of the three penta-

quark states are well described either in scenario A or
scenario B, which confirmed our previous conclusion that
we cannot determine the favorable scenario in terms of their
masses alone. However, we found that scenario A is more
favored than scenario B once their widths are taken into
account. Moreover, our results showed that their couplings
to D̄ð�ÞΛc are smaller than those to J=ψp in scenario A, but
larger in scenario B. For the branching fractions of the
decays Λb → PN

ψK, that of the PN
ψ ð4312Þ is the largest

and those of PN
ψ ð4440Þ and PN

ψ ð4457Þ with J ¼ 1=2 are
always larger than those with J ¼ 3=2 in both scenario A
and scenario B. Moreover, we predicted the following
branching fractions:B½Λb→PN

ψ2K�¼ ð1–2Þ×10−6,B½Λb→
PN
ψ5K�¼ ð6–22Þ×10−6, and B½Λb→PN

ψ6K�¼ ð7–9Þ×10−6,
respectively.
With the couplings between the molecules and their

constituents determined, we estimated the branching
fractions BðPN

ψ → J=ψpÞ, and then obtained the branching
fraction B½Λb → ðPN

ψ → J=ψpÞK�. Our results showed that
such branching fractions for PN

ψ ð4312Þ and PN
ψ ð4440Þ are

consistent with the experimental data, while that for
PN
ψ ð4457Þ is larger than the experimental data in scenario

A. For scenario B, the branching fractions for PN
ψ ð4440Þ

and PN
ψ ð4457Þ are consistent with the experimental data,

while that for PN
ψ ð4312Þ is larger than the experimental

data. Given the complicated nature of these decays and the
various physical processes involved, we deem the agree-
ments with the existing data acceptable. Therefore, we
conclude that the three pentaquark states as hidden-charm
meson-baryon molecules can be dynamically generated via
the D̄ð�ÞΛc interactions in the Λb decay, which further
corroborated the molecular interpretations of the penta-
quark states. Moreover, the branching fractions of the
HQSS partners of PN

ψ ð4312Þ, PN
ψ ð4440Þ, and PN

ψ ð4457Þ
are estimated to be the order of 10−6, smaller than that of

PN
ψ ð4312Þ and the sum of those of PN

ψ ð4440Þ and
PN
ψ ð4457Þ. Therefore, we can attribute the nonobservation

of the other HQSS partners in the decay Λb → ðPN
ψ →

J=ψpÞK to their small production rates. As a by-product,
we further predicted the production rates of the pentaquark
molecules in the decays Λb → ðPN

ψ → D̄�ΛcÞK.
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APPENDIX A: CONTACT-RANGE POTENTIALS

To systematically generate the complete multiplet of
hidden-charm pentaquark molecules, we take into account

the D̄ð�ÞΛc channels in the D̄ð�ÞΣð�Þ
c coupled-channel

systems, where the HQSS plays an important role. First,

we express the spin wave function of the D̄ð�ÞΣð�Þ
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 mucks

[105,106]) s1l and s2l, where 1 and 2 denote D̄ð�Þ and Σð�Þ
c ,

respectively, via the following spin coupling formula,

js1l;s1h;j1;s2l;s2h;j2;Ji

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2j1þ1Þð2j2þ1Þð2sLþ1Þð2sHþ1Þ

p
0
B@

s1l s2l sL
s1h s2h sH
j1 j2 J

1
CA

× js1l;s2l;sL;s1h;s2h;sH;Ji: ðA1Þ

The total light quark spin sL and heavy quark spin sH are
given by sL ¼ s1l ⊗ s2l and sH ¼ s1H ⊗ s2H, respectively.
More explicitly, for the D̄ð�ÞΣc states, the decomposi-

tions read

jΣcD̄ð1=2−Þi ¼ 1

2
0H ⊗ 1=2L þ 1

2
ffiffiffi
3

p 1H ⊗ 1=2L þ
ffiffiffi
2

3

r
1H ⊗ 3=2L;

jΣ�
cD̄ð3=2−Þi ¼ −

1

2
0H ⊗ 3=2L þ 1ffiffiffi

3
p 1H ⊗ 1=2L þ

ffiffi
5
3

q
2

1H ⊗ 3=2L;

jΣcD̄�ð1=2−Þi ¼ 1

2
ffiffiffi
3

p 0H ⊗ 1=2L þ 5

6
1H ⊗ 1=2L −

ffiffiffi
2

p

3
1H ⊗ 3=2L;

jΣcD̄�ð3=2−Þi ¼ 1ffiffiffi
3

p 0H ⊗ 3=2L −
1

3
1H ⊗ 1=2L þ

ffiffiffi
5

p

3
1H ⊗ 3=2L;
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jΣ�
cD̄�ð1=2−Þi ¼

ffiffiffi
2

3

r
0H ⊗ 1=2L −

ffiffiffi
2

p

3
1H ⊗ 1=2L −

1

3
1H ⊗ 3=2L;

jΣ�
cD̄�ð3=2−Þi ¼

ffiffi
5
3

q
2

0H ⊗ 3=2L þ
ffiffiffi
5

p

3
1H ⊗ 1=2L −

1

6
1H ⊗ 3=2L: ðA2Þ

The total light quark spin 1=2L of the D̄ð�ÞΣð�Þ
c system is

given by the coupling of the light quark spins, 1=21l ⊗ 12l.
Since the light quark spin of Λc is 0, the total light quark
spin 1=20L of the D̄ð�ÞΛc system is given by 1=21l ⊗ 02l.
The decompositions of the D̄ð�ÞΛc states are written as

jD̄ΛcðJP ¼ 1=2−Þi ¼ −
1

2
0H ⊗ 1=20L þ

ffiffiffi
3

p

2
1H ⊗ 1=20L;

jD̄�ΛcðJP ¼ 1=2−Þi ¼
ffiffiffi
3

p

2
0H ⊗ 1=20L þ 1

2
1H ⊗ 1=20L;

jD̄�ΛcðJP ¼ 3=2−Þi ¼ 1H ⊗ 1=20L: ðA3Þ

In the heavy quark limit, the D̄ð�ÞΣð�Þ
c → D̄ð�ÞΣð�Þ

c inter-
actions are independent of the spin of the heavy quark, and
therefore the potentials can be parametrized by two
coupling constants describing the interactions between
light quarks of spin 1=2 and 3=2, respectively, i.e., F1=2 ¼
h1=2LjVj1=2Li and F3=2 ¼ h3=2LjVj3=2Li:

VΣcD̄ð1=2−Þ ¼
1

3
F1=2L þ 2

3
F3=2L;

VΣ�
cD̄ð3=2−Þ ¼

1

3
F1=2L þ 2

3
F3=2L;

VΣcD̄� ð1=2−Þ ¼ 7

9
F1=2L þ 2

9
F3=2L;

VΣcD̄� ð3=2−Þ ¼ 1

9
F1=2L þ 8

9
F3=2L;

VΣ�
cD̄� ð1=2−Þ ¼ 8

9
F1=2L þ 1

9
F3=2L;

VΣ�
cD̄� ð3=2−Þ ¼ 5

9
F1=2L þ 4

9
F3=2L: ðA4Þ

which can be rewritten as a combination of Ca and Cb, i.e.,
F1=2 ¼ Ca − 2Cb and F3=2 ¼ Ca þ Cb [63].
In the heavy quark limit, the D̄ð�ÞΛc → D̄ð�ÞΛc inter-

actions are parametrized by one coupling constant, i.e.,
F0
1=2L ¼ h1=20LjVj1=20Li:

VD̄Λc
ð1=2−Þ ¼ VD̄�Λc

ð1=2−Þ ¼ VD̄�Λc
ð3=2−Þ ¼ F0

1=2L;

ðA5Þ

where the parameter F0
1=2L can be rewritten as C0

a.
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 simu-
lations [107]. In this work, we set VJ=ψðηcÞN→J=ψðηcÞN ¼ 0.
In the heavy quark limit, the D̄ð�ÞΣð�Þ

c → J=ψðηcÞN
and D̄ð�ÞΣð�Þ

c → J=ψΔ potentials are allowed, while the

D̄ð�ÞΣð�Þ
c → J=ψΔ potentials are suppressed due to isospin

symmetry breaking. FromHQSS, the D̄ð�ÞΣð�Þ
c → J=ψðηcÞN

interactions are only related to the spin of the light quark 1=2,

denoted by one coupling: g2 ¼ hD̄ð�ÞΣð�Þ
c j1H ⊗ 1=2Li ¼

hD̄ð�ÞΣð�Þ
c j0H ⊗ 1=2Li. Similarly, we can express the

D̄ð�ÞΛc → J=ψðηcÞN interactions by another parameter:
g1 ¼ hD̄ð�ÞΛcj1H ⊗ 1=2Li ¼ hD̄ð�ÞΛcj0H ⊗ 1=2Li. As for
the D̄ð�ÞΣð�Þ

c → D̄ð�ÞΛc interactions, they are dependent on
only one coupling constant in the heavy quark limit.

Therefore, we parametrize the D̄ð�ÞΣð�Þ
c → D̄ð�ÞΛc potential

by one coupling: C0
b ¼ hD̄ð�ÞΣð�Þ

c jD̄ð�ÞΛci.
In the heavy quark limit, the contact-range potentials of

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

tem with JP ¼ 1=2− can be expressed as

VJ¼1=2 ¼

0
BBBBBBBBBBBBBBBBBB@

Ca − 5
3
Cb −

ffiffi
2

p
3
Cb −

ffiffi
2
3

q
Cb

ffiffi
2
3

q
C0
b

ffiffiffi
2

p
C0
b −

ffiffi
2

p
3
g2

ffiffi
2
3

q
g2

−
ffiffi
2

p
3
Cb Ca − 4

3
Cb

2ffiffi
3

p Cb − 2ffiffi
3

p C0
b C0

b
5
6
g2

1

2
ffiffi
3

p g2

−
ffiffi
2
3

q
Cb

2ffiffi
3

p Cb Ca C0
b 0 1

2
ffiffi
3

p g2 1
2
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and the contact potentials of D̄�Σ�
c − D̄�Σc − D̄Σ�

c − D̄�Λc − J=ψN system with JP ¼ 3=2− are written as

VJ¼3=2 ¼

0
BBBBBBBBBBBB@

Ca − 2
3
Cb −

ffiffi
5

p
3
Cb

ffiffi
5
3

q
Cb

ffiffi
5
3

q
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b

ffiffi
5

p
3
g2

−
ffiffi
5

p
3
Cb Ca þ 2

3
Cb

1ffiffi
3

p Cb
1ffiffi
3

p C0
b − 1

3
g2ffiffi

5
3

q
Cb

1ffiffi
3

p Cb Ca −C0
b

1ffiffi
3

p g2ffiffi
5
3

q
C0
b

1ffiffi
3

p C0
b −C0

b C0
a g1ffiffi

5
p
3
g2 − 1

3
g2

1ffiffi
3

p g2 g1 0

1
CCCCCCCCCCCCA

ðA7Þ

APPENDIX B: LIGHT MESON SATURATION

Following Ref. [95], we expect the EFT couplings
CaðC0

aÞ and CbðC0
bÞ to be saturated by scalar and vector

meson exchanges

Csatð0Þ
a ðΛ ∼mσ; mVÞ ∝ CS

a þ CV
a ; ðB1Þ

Csatð0Þ
b ðΛ ∼mσ; mVÞ ∝ CV

b : ðB2Þ

The value of the saturated couplings is expected to be
proportional to the light mesonM potentialVMðq⃗Þ at jq⃗j ¼ 0
once we have removed the Dirac-delta term [95]. According
to the one-boson exchange (OBE) model, the σ and ρðωÞ
exchanges are responsible for the D̄ð�ÞΣð�Þ

c → D̄ð�ÞΣð�Þ
c

potentials, while σ,ω exchanges and ρ exchange are allowed

for the D̄ð�ÞΛc → D̄ð�ÞΛc potentials and D̄ð�ÞΣð�Þ
c → D̄ð�ÞΛc

potentials due to isospin symmetry. This gives us [13]

CsatðσÞ
a ðΛ ∼mσÞ ∝ −

gσ1gσ2
m2

σ
; ðB3Þ

CsatðVÞ
a ðΛ ∼mρÞ ∝

gV1gV2
m2

V
ð1þ τ⃗1 · T⃗2Þ; ðB4Þ

CsatðVÞ
b ðΛ ∼mρÞ ∝

fV1fV2
6M2

ð1þ τ⃗1 · T⃗2Þ; ðB5Þ

CsatðσÞ0
a ðΛ ∼mσÞ ∝ −

gσ1gσ3
m2

σ
; ðB6Þ

CsatðVÞ0
a ðΛ ∼mωÞ ∝

gV1gV3
m2

V
; ðB7Þ

CsatðVÞ0
b ðΛ ∼mρÞ ∝

fV1fV3
6M2

ðτ⃗1 · ⃗t2Þ; ðB8Þ

where V ¼ ρ, ω and we have made the simplification that
mρ ¼ mω ¼ mV . The proportionality constant is unknown
and depends on the details of the renormalization process. In
this work, we assume that these proportionality constants are
the same. The gσ1 , gσ2 , and gσ3 denote the couplings of the

D̄ð�Þ mesons, Σð�Þ
c baryons, and Λc baryon to the sigma

meson, and gv1, gv2, and gv3 (fv1, fv2, and fv3) denote the
electric-type (magnetic-type) couplings between the D̄ð�Þ

mesons, Σð�Þ
c baryons, and Λc baryon and a light vector

meson. M is a mass scale to render fv dimensionless.
Following Refs. [13,108], we tabulate the values of these
couplings in Table X. The τ⃗1 · T⃗2 and τ⃗1 · ⃗t2 are the isospin

factors of D̄ð�ÞΣð�Þ
c → D̄ð�ÞΣð�Þ

c potentials and D̄ð�ÞΣð�Þ
c →

D̄ð�ÞΛc potentials,which are τ⃗1 · T⃗2 ¼ −2 and τ⃗1 · ⃗t2 ¼ −
ffiffiffi
3

p
for the total isospin I ¼ 1=2.

TABLE X. Couplings of the light mesons of the OBE model
(σ, ρ, ω) to the heavy-meson and heavy-baryon. For the
magnetic-type coupling of the ρ and ω vector mesons we
have used the decomposition fV ¼ κVgV , with V ¼ ρ, ω. M ¼
940 MeV refers to the mass scale involved in the magnetic-type
couplings [13,108].

Coupling P=P� Coupling ΣQ=Σ�
Q Coupling ΛQ

gσ1 3.4 gσ2 6.8 gσ3 3.4
gv1 2.6 gv2 5.8 gv3 2.9
κv1 2.3 κv2 1.7 κv3 1.2
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