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Abstract We extend our previous study of the interactions
of DWA, — D(*)EL(.*) within an analytic, unitary, coupled-
channel approach by including the J/vp channel and per-
forming fits to the J /v p invariant mass distributions in the
Ag — J/¥pK~ decay by the LHCb Collaboration. We take
into account the contributions of 7-channel pseudoscalar and
vector meson exchanges and u-channel baryon exchanges in
this work, and a series of bound states and resonances with
different spin-parities are dynamically generated. According
to the results, four states have a significant impact on the
physical observables, with two having a spin-parity of 1/2~
and the other two having 3/27. These states can be associ-
ated with the LHCb hidden-charm pentaquarks. We further
provide the coupling strength between each pole and differ-
ent channels, which provides some insights on how to search
for them in future experiments. Moreover, we also search for
poles in higher partial waves up to J = 7/2 and find indica-
tions for the existence of several states with larger widths.

1 Introduction

During the past decade, the LHCb collaboration has reported
the existences of several pentaquark candidates in the hidden-
charm sector, starting with the observation of two states in
the J /v p invariant mass distribution in the Ag — J/YypK~
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decay [1]. One of them is a narrow state located at 4450 MeV,
whereas the other state, P.(4380), has a width of more than
200 MeV. The latter state does not correspond to a clear peak
structure in the observable, but is required for the analysis
of the experimental data. In 2019, the LHCb collaboration
updated its results on the P, states through the collection of
a larger amount of data and improvements in data process-
ing [2]. A narrow pentaquark state P.(4312) was discov-
ered with a statistical significance of 7.3 o, and the observed
structure at 4450 MeV has been confirmed to be composed
of contributions from the two states P.(4440) and P.(4457).
Another pentaquark state P.(4337), whose significance is in
the range of 3.1 to 3.7 o, was reported by the LHCb Col-
laboration in 2021 [3]. The upgrade of the LHCb detector in
2024 [4] and the entailed increase of the data base might lead
to even more observations of such states.

The narrow width of some of these P. states hints at
the applicability of a molecular interpretation, that is, the
pentaquark state is a molecule in which a meson and a
baryon are bound. The existence of such hidden-charm bound
state has been predicted a few years before the experimen-
tal observation [5—12], and it attracted widespread attention
after the experimental discovery, especially in the D(*)Eé*)
molecule picture [13-26]. In Refs. [27-29], the authors
study the hidden-charm pentaquark states in the coupled-
channel approach by fitting experimental data, and the results
support the nature of these states as D<*>2£*’ molecules.
The widths and quantum numbers of these states are also
given. In Ref. [30], also based on a fit to experimental
data, the double triangle mechanisms with singularities are
proposed to reproduce the peak structures of P.(4312),
P.(4380) and P.(4457), then only P.(4440) is a resonance.
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The role of the triangle diagram mechanism in this con-
text was first discussed in Ref. [31]. In contrast, Ref. [32]
claims that P.(4312), P.(4380) and P,.(4440) are resonances
with D(*)EE*) constituents, while there are various possi-
bilities for the formation of P.(4457). In addition to the
hadronic molecule interpretation, there are other theoretical
hypotheses, based, e.g., on the constituent quark model [33—
45] or triangle singularities arising from the observed pro-
cess [31,46,47]. Due to the limited data base all theoretical
interpretations of the nature of the states are accompanied by
large uncertainties, precluding a firm conclusion so far. It is
also possible that the observed structure is formed by contri-
butions from multiple sources simultaneously. In combina-
tion with a reinforced experimental foundation in the form
of an enlarged data base, a more comprehensive theoretical
ansatz is still needed to give a reliable description of both the
narrow and broad states. To this end, coupled-channel frame-
works represent an especially suited tool since the spectrum
of possible P, states can be extracted from a simultaneous
analysis of multiple reaction channels once the correspond-
ing data are available. Various coupled-channel methods,
which contain different coupled channels, have been used to
investigate these P, states [48-55], and the D™ Eﬁ*) molec-
ular picture is the most favoured.

The Jiilich-Bonn (JiiBo) model is a dynamical coupled-
channel (DCC) approach based on the meson-exchange pic-
ture that was originally constructed to describe 7 N scattering
and extract the light baryon resonance spectrum [56]. In the
last decade it has been expanded to the pion- and photon-
induced production of various other final states [57-60] and
to electroproduction reactions [61-63]. In 2017, we first
applied this model to explore the possibility of dynamically
generated states in the hidden-charm sector [64] in different
partial waves, followed by an extended study in Ref. [65]. The
coupled-channel interactions of D™ A . — D®) 22*) are stud-
ied, and in the energy range of 4.3 to 4.5 GeV, we obtain four
narrow S-wave states as well as several broad resonances
in higher partial waves. Based on their pole positions and
coupling strengths, we would associate some with D) EE*)
bound states.

In the present work, the J /v p channel, for which exper-
imental data are available, is newly added to the coupled-
channel framework, resulting in a total of six coupled chan-
nels: DA., DX, D*A., D*Y., DZ* and J/yp. This
enables us, for the first time in this approach, to match the
free model parameters to the experimental data. Although
the connection to experiment is still weak — data are avail-
able only for one of the six channels — the present study
represents an important step towards a comprehensive deter-
mination of the baryon spectrum in the hidden-charm sector.
The extension of the model to the J /v p channel can also be
regarded as preparatory work for the analysis of other reac-
tion channels that may in the future provide complementary
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Table 1 The new isospin factors used in this work

Process Exchanged particle IF(%) IF(%)
DWA. — J/YN D/D* 1 0

Ac 1 0
DWE® 5 J/yN D/D* -3 0

e -3 0

information on the P, states, like J/¥p photo- and elec-
troproduction, e.g. at GlueX [66], LHC [67] or the planned
Electron-Ion Collider in China (EicC) [68].

This work is organized as follows. In Sect. 2 we provide a
concise theoretical framework for the calculation. The results
obtained by fitting the experimental observables and the cor-
responding pole positions in various partial waves are pre-
sented and discussed in Sect. 3. Finally, a brief summary is
given in Sect. 4.

2 Theoretical framework and numerical details

The scattering equation in JiiBo DCC model that describes
the coupled-channel interactions in a certain partial wave
reads:

Tptv(p//a p,a Z) = V[LU(p//v p/a Z)
oo
+Z/ dp p*Vue(p”. . 2)
0
K
X GK(pv Z)TKU(p’ p/a Z)a (1)

where z is the center-of-mass energy, p, p’ and p” are the
three-momenta of the intermediate, initial and final states
in the center-of-mass frame, which may be on- or off-shell.
The subscripts i, v, k are channel indices, which also contain
information on spin, orbital angular momentum, total angular
momentum and isospin. The propagator (two-point function)
G« (p, z) of the intermediate channel is given by:

1
z— E(p) — we(p) +ie’

Gie(p,2) = @)

where E, (p) and w, (p) denote the on-shell energies of the
baryon and meson in channel «, respectively. More details
on the JiiBo DCC model, such as the analytic structure and
the amplitude decomposition can be found in Refs. [57,69]
and references therein.

The transition amplitude V, which describes the exchange
of a meson in a #-channel or a baryon in a u-channel process
and is iterated in Eq. (1) and can be decomposed into:

V = NFi(g9)F2(g)dF)V. 3)
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Table 2 Angular momentum structure of the coupled channels in / = % uptoJ = % here S is the total spin

JP — 1= 1+ 3+ 3= 5™ s+ 7+ 1-
= 2 2 2 2 2 2 2 2
DA¢, DX, S11 Py Pi3 D3 Dis Fis Fi7 Gi7
D*Ac (1), D*Zc (1), J/yp (1) (S =1/2) S11 Py Pi3 D3 D5 Fis Fi7 Gi7
D*Ac(2), D*S.(2), J/Yyp (D) (S = - Py Pi3 D3 D5 Fis Fiz Gy

3/2,|J = LI =1/2)
D*A.(3), D*Z.(3), J/yp(3) (S = Dy - Fi3 S13 Gis Pis Hyy Dy
3/2,1J = LI =3/2)
DX} (1) (I — L =1/2) - Py Pi3 D3 D5 Fis Fi7 Gi7
DXI () (|J — LI =3/2) Dy - Fi3 S13 Gis Pis Hyq D7
+ Doy B@* VY = 3" VH),
_ K
Lppv = gppy D’ <V” - —U””3u> ViuDe, (5)
2mD

Fig. 1 The two-point loop diagram of the Ag — J/¥pK~ decay

where N is a kinematic normalization factor [57] and (IF) is
the isospin factor [65,70]. The values of the isospin factors
newly involved in this work are given in Table 1. The off-shell
form factors

2 2\ "
A —mex)

- 4
A%+ g2 @

Fi(q) = <
depend on the exchanged momentum ¢ and the vertex i. The
cut-offs A are process-dependent free model parameters that
are fitted to data as explained in Sect. 3. A monopole form,
ie. n = 1, is applied for the u-channel baryon exchange
processes, while for 7-channel meson exchange processes, we
use the dipole form factor with n = 2. The pseudo-potential
V of Eq. (3) is constructed from effective interactions in the
framework of time-ordered perturbation theory (TOPT). The
involved effective Lagrangians are:

‘CPPV =i\/§gppv(P3MP —8#PP)V s

Lyyp =YL e gV 0o VE P,
my
Lyyy =igvyv(V*[V", 8, V1),
Lppp = MEV”VS%PB,
mp
Lppv = —gppv B! — LUMVBV)V[,LB’
2mB
Lapp = _%(éaﬂpm + D,0"PB),
Lopy =i 222 [By,y Dy (04 VY — 9" Vi
my

where P, V, B and D denote the pseudoscalar, vector meson,
and baryon octet, respectively, and the decuplet baryons.
There are in total 15 different kinds of exchange pseudo-
potentials V. The specific expressions for all the amplitudes,
the detailed relations between coupling constants, and other
relevant theoretical formulae can be found in Ref. [65]. It
should be noted that neither #-channel meson nor #-channel
baryon exchange processes for J /Y N — J/y N exist.

As pointed out in Ref. [65], there may be multiple pos-
sibilities for a given channel to couple to a certain quantum
number J . The angular momentum structure of all chan-
nels included in the present study is given in Table 2, where
the notation for quantum numbers is the common spectro-
scopic notation, Loy 27, with L, I and J denoting the orbital
angular momentum, isospin and total angular momentum,
respectively.

In order to fit the J/¢¥p invariant mass distribution of
the Ag — J/¥pK~ decay, we consider the two-point loop
diagram as shown in Fig. 1, where the P, states can contribute
to the final state interactions. Then for the J/vp invariant
mass distribution, we have [28,71]:

ar 1 2
= G1/wak 1T 12+ T * |,
dmyyy,  4Qm)3ma, Y 1221;2 8

(6)

where J is the total angular momentum of the two-body sys-
tem and the momenta in the center-of-mass frame are:

1/2 2 2 2
W23y m3 g mp)

qi/y =

’

2myyp
1/2 2 2 2
MR, mim3yy,)

qx = , @)

2mAb
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Fig. 2 The three fit results of J/vp invariant mass distribution for the A2 — J/Y¥pK~ decay. Thick solid lines: full results. Green (orange,
olive-green) lines: contributions from J = 1/2 (3/2, 5/2). Dotted lines: background contributions. The three vertical lines are the thresholds of

DX, DX* and D* %,

with A(a, B, y) = o> + B> + y? — 2aB — 2ay — 2By the
kéllén function. Further, the transition amplitudes of Fig. 1
are given by:

1/2
T2 =3 8 G Ty,
K

3/2
K

5/2
T2 =36 Ge 1)y, di. ®
K

where k = DY, D*%,, EZ;‘ is the channel index of the
intermediate loop, g;/ are free parameters to be determined
from the fit, TKJ 7/ and G, are the coupled-channel T-
matrix and the propagator of Eq. (1). Note that there is an
integration over the momentum of the intermediate state in
Eq. (8), which is not written explicitly for simplicity, and
we only consider the total angular momentum of the J /v p
system up to J = 5/2. According to our test results, 5/2
is sufficient in this analysis, and the contribution of higher
angular momenta is completely negligible. Moreover, taking
higher angular momenta into account will bring more free
parameters, which is not supported by the current amount
of experimental data. As in Refs. [28,71,72] we include the

@ Springer

spectator kaon in Eq. (8) by an additional momentum fac-
tor gx with the correct dependence on the orbital angular
momentum in different partial waves (centrifugal barrier).

In addition, the contribution of an incoherent smooth back-
ground term is considered in Eq. (6), which compensates for
the tree level diagram of the Ag — J/Y¥pK~ decay and var-
ious other contributions which are not explicitly included in
the amplitude. Referring to Ref. [2], we adopt the polynomial
form for this background term as:

Tpg =a+bs + csz, 9)

which contains the Mandelstam variable s and free parame-
ters a, b and c, and it does not depend on J. In Refs. [27-29],
the authors have confirmed that the quality of the fit and the
extracted pole results are quite similar regardless of whether
such a background contribution contains a resonant term or
not.

The fitting of the free parameters of Egs. (8) and (9) to
the experimental data in the present work is performed in
a x2 minimization using MINUIT on the supercomputer
JURECA-DC at the Jiilich Supercomputing Center [73].
Here we provide a brief explanation of the free parame-
ters in this work. In the JiiBo model, each exchanged pro-
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Table 3 Pole positions zg [MeV], spin-parities J P and their couplings (residues) to different channels g [10~3MeV~—1/2] for the states in S;; and
D3 with [ = % For quantum numbers of the channels (1), (2), (3) see Table 2

R, JP

Fit 8D, 8hx. 8D Ac(1) 8h*A.2) 8D A.(3)
A 4312.3 —i2.4, %_ 1.1 —i0.11 —79—il.1 0.10+1:0.33 0 —0.024 +i0.21
B 4314.0 —i0.74, %7 0.16 —il.2 —2.8—i24 —0.046 +i0.16 0 —0.074 +i0.10
C 4312.9 —i2.6, %7 1.14+i0.30 —7.8—1il.2 0.091 +i0.30 0 —0.104+i0.29
8D*x.(1) 8D x.(2) 8h*%.(3) 8Dzx(1) 8Dxr(2)
—1.3+1i6.7 0 254112 0.080 —i0.078 —0.31 4+i0.88
—23+41i2.6 0 —2.4+41i3.7 0.074 +i0.035 —0.32+i0.22
—1.74+1i6.3 0 1.7+i13 0.082 —i0.078 —0.3140.73
8J/yN() 8J/YN(Q) 8J/¥N@3)
—0.042 4 i0.0014 0 (—12+il.1)- 1073
(—0.86 —i6.0) - 1073 0 (=0.67 +il.1)- 1073
—0.045 +i0.0050 0 (=1.9+il.1)- 103
Fit R, J7 gha, 8hs. 85 A1) 8D A 2) 85 (3)
A 4366.5 — i4.7, %7 0.25 —i0.0024 0.41+i0.019 —0.045 — i0.66 —0.078 —i0.59 0.73+il1.3
B 4378.7 — i4.1, %7 0.12 4 i0.55 0.060 4 10.058 —0.14 —i0.049 —0.12 —i0.041 0.24 —i0.047
C 4365.9 —i4.7, %_ 0.25 +i0.019 0.49 —i0.0019 —0.084 —i0.73 —0.12 —i0.66 0.88+il.4
8D*s.(1) 8D*3.(2) 8D*%.(3) 8Dxx(1) 8Dxx(2)
—1.64i3.3 13443 1.1—i5.8 0.15 — i0.0037 11 +i2.1
0.16 +i0.31 1.0 +i0.028 —0.19 —i0.62 (7.0+i5.9) - 1073 0.82 —il.2
—-1.6+1i3.9 1.7+ i4.6 0.97 —i6.2 0.17 — i0.027 13+il1.8
8J/YyN(1) 8J/YN(2) 8J/YyN@3)
(0.68 —i4.0) - 1073 —0.0031 4+i0.011 —0.054 +i0.19
(=5.0—i4.2)-107* (1.5+i1.2)- 1073 0.024 +i0.021
(0.56 — i4.3) - 1073 —0.0030 +i0.012 —0.051 +i0.20
Fit v, JF 8DA. 8px, 8D*Ac(1) 8D*A.(2) ED*A.(3)
A 4433.0 — 9.3, %7 1.7 —-i0.36 0.65+i0.10 0.19 +i0.38 0 0.013 +i0.0074
B 4433.4 — 3.2, %7 0.53 —i0.94 0.31 —i0.074 0.14 +i0.32 0 0.018 — i0.064
C 4438.6 —i10, %_ 1.8 +i0.11 0.71 +i0.19 0.17 +i0.39 0.016 +i0.019
8D x.(1) 8D*x.(2) 8D*x.(3) 8Dxx(1) 8Dxx(2)
—1.5+i13 0 0.22 —i0.69 (—1.1+i0.41)-1073 0.086 — i0.064
—-2.0+1i12 0 0.23 —i0.63 (=3.5+1i1.9)- 1073 0.070 — i0.042
—1.9+i12 0 0.24 —i0.51 (—1.14i0.48)-1073 0.066 — i0.023
8J/WN (1) 8J/YNQ2) 8J/¥N@3)
—0.023 +i0.23 0 0.0025 4 i0.044
—0.032 +i0.22 0 —0.0033 4 i0.041
—0.030 +:0.22 0 0.0016 +i0.043
Fit .7 8DA, 8Dx, ED*A (1) 8D*A(2) 8D*A.(3)
A 4461.4 —i9.7, %_ 0.85 4+ i0.13 0.67 +i0.084 0.27 —i0.41 0.20 — i0.44 0.27 —i0.12
B 4461.5 — i 14, %_ 0.86 + i0.0095 0.76 +i0.033 0.21 —i0.60 0.16 — i0.66 0.40 —i0.024
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Table 3 continued

Fit T 8DA, 8Dz, 8D*Ac(1) 8D*Ac2) 8D*Ac(3)

C 4464.9 —i6.8, %7 0.79 +i0.30 0.64 +i0.17 0.29 —i0.33 0.22 —i0.39 0.26 —i0.11
8D*x.(1) 8D*3.(2) 8D*3.(3) D) 8Dxr(2)
0.016 —0.055 —0.14 +i0.062 —4.1+1i6.4 0.077 +1i0.23 0.039 —i2.4
—0.041 —i0.016 —0.22 +i0.0024 —5241i7.0 0.053 4-i0.17 —0.64 —i2.9
0.036 — i0.030 —0.14 +i0.015 —4241i52 0.069 4-i0.25 0.25 —i2.3
8J/yN(1) 8J/¥N©2) 8J/¥N@3)
(=3.9+i7.2)- 1073 0.0093 —i0.021 0.13 —i0.28
(—4.1+i7.5)-1073 0.0097 —i0.022 0.14 —i0.30
(—4.5+i6.4)-1073 0.011 —70.018 0.15-i0.25

cess contains two form factors with a cut-off that is adjusted
to experimental data and is not assigned any deep physi-
cal meaning, it can be loosely interpreted as accounting for
the size of the involved hadrons. Then in principle, the cou-
plings of the first vertex in the Ag — J/YpK~ decay, the
parameters in the background term 7}, and the cut-offs in
the form factors should all be free parameters. This would
amount to a total of 76 parameters, which compared to the
total number of experimental data points (175) would result
in a highly over-parameterized model. Therefore, we adopt
the following strategy to reduce the number of free param-
eters. As discussed in Ref. [65], the contributions from u-
channel diagrams are negligible, and for the ¢-channel dia-
grams, vector meson exchange is more important than pseu-
doscalar meson exchange in generating bound states. In the
present study we find that the coupling strengths between the
newly added J /v p channel and other anticharmed meson-
charmed baryon channels are very small, and the cut-offs
related to the J/¢¥p channel have little effect on the data
description. We can confirm that the influence of cut-offs in
u-channel diagrams can indeed be ignored. For the 7-channel
processes, especially pseudoscalar meson exchange, we con-
ducted individual tests to understand the importance of each
cut-off. In addition to different initial values, we also tested
many different fitting strategies to estimate their impact. As
a result, we set all cut-off values in u-channel exchange and
some of 7-channel meson exchanges to fixed values, thereby
reducing the number of free parameters in the fitting. The
values of all involved cut-offs and whether they are fixed or
not can be found in Table 5 in Appendix A.

3 Results and discussions
Based on the theoretical formula in the previous section, we

are able to fit the J /¢ p invariant mass distribution of the
A) — J/¢¥pK~ decay by the LHCb Collaboration [2]. We

@ Springer

Table4 Pole positions z g and spin-parities J © for the states in different
partial waves up to J = 7/2. “-” denotes that no pole is found here

JP zZg [MeV]

Fit A Fit B Fit C

17 4408.1 —i181.5  4413.8 —i182.4  4407.1 —i178.1
17 44757 -i143.6  4502.5—i140.7 44764 —i143.9
1T 43372763 43254 —i85.4  4335.1—i753
3T 4413.0-0197.0 44109 -i193.0 44133 —i196.0
3T 4387901563 - 4387.4 — i156.1
37 44080 —i168.9 44083 —il75.9  4407.0 —i167.6
37 4506.6—i136.2  4501.5—i1323  4506.5 —i133.9
3T 44116-i180.01 - 4411.6 — i179.9
3T 44004 -i100.6 43933 —il01.6  4400.9 — i100.5
3T 4467.1-01003  4457.8—i140.4 44667 —i103.2
3V ason-ilne - 4437.9 —i121.9
™ #4115-i1798 - 4408.2 — i182.2

perform several fits starting from different scenarios in the
fit parameter space. It is found that there are three sets of
results, denoted as Fit A, B and C, describing the data almost
equally well, but with different local minima in the parameter
space. Correspondingly, certain differences would appear in
the pole positions and residues. The fit results of the J/¢¥p
invariant mass distribution for the decay Ag — J/YypK~
are shown in Fig. 2. All three fits are taken into account in
the subsequent discussions since the difference in the x2 is
very small. It should be noted that regardless of the efforts
to reduce the number of free parameters as explained in the
previous section, our model is still over-parameterized due
to the limited amount of experimental data. The significance
of the x? value as a goodness-of-fit criterion is therefore also
limited. The three different fits also allow us to give a rough
estimate of the uncertainties of our results.
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In all three results in Fig. 2, four clear peak structures
can be observed in the J /v p invariant mass distribution. By
calculating the contributions of the amplitude 77/ with dif-
ferent J, which is the quantum number of the J /v p system,
to the observable, it can be found that two of the four peaks
come from J = 1/2, and the other two are from J = 3/2.
The contributions of each J and background term are also
given in Fig. 2. The importance of the J = 5/2 contribu-
tion varies among different results, since it can be replaced
to some extent by the background term. An extended data
base will likely help to determine the contributions of partial
waves with higher angular momentum in the future.

In order to clarify the nature of the four clear peak struc-
tures, we extend the 7" matrix of Eq. (1) to the complex energy
plane and search for poles on the second Riemann sheet in
various partial waves as discussed in Ref. [69]. We first search
for poles that are close to the real axis, i.e. Im(z) < 20 MeV
at this point, as their influence is more likely to be reflected
in the observables. There exist two poles in S1; and Di3,
respectively. No other structures are observed close to the
real axis in other partial waves, and all the poles obtained in
this work are with isospin 1/2. The pole positions, quantum
numbers and their couplings (residues) to the different chan-
nel are listed in Table 3. For details on pole searching and
the determination of the coupling strength between a pole
and each channel, please refer to Refs. [57,69]. It should be
pointed out that the name of the partial wave is always refer-
ring to the DA channel in this work, and the corresponding
spin parity J© can be found in Table 2.

The four poles of Table 3 are found in all three fit results,
and their positions are relatively stable with not too much
variation. In addition, the relative coupling strength of each
channel in the three fits is roughly consistent. The first pole
at 4313 MeV has a spin-parity of 1/27. It is just below the
threshold of DX, and has a strong coupling to this chan-
nel. This is a DEC bound state. Meanwhile, because of its
mass, we would also assign this pole to the P.(4312) state.
Note that the experimental results of LHCb in 2019 did not
explicitly provide spin and parity for the three P, states. For
the second pole, there are two slightly different position, one
at 4366 MeV (Fit A, C) and the other at 4378 MeV (Fit
B), indicating that more accurate data are required to give a
better description of this energy region and fix the mass of
this state. Based on its position and coupling, we claim that
there exists a narrow DX} bound state with J* = 3/27.
The dominant channel of the other two poles are both D* %,
with one having the spin-parity of 1/27 and the other being
3/27, indicating that both states can be in S-wave. We assign
these two poles to the experimental observed P.(4440) and
P.(4457) states. In all our fit results, the third pole is always
located 25 to 30 MeV below the threshold of D* Y., that is,
it is likely to be a D* % bound state. The position of the last
pole is also below the threshold of D* Y. in Fit A and B,

but in Fit C it is 2.8 MeV above the threshold. This impedes
a classification as a bound state or resonance. If this state
is, as some people believe [25-29,53,55], a D* . bound
state, the result we obtain indicates that its binding energy
would be very small. Given the current data situation, our
model cannot discriminate between a bound state and a res-
onance. A larger amount of experimental data is required for
our model to obtain more accurate results. In Ref. [74], the
authors have studied the composition of N* or A resonances
in three different methods. This may also be used similarly in
the hidden-charm sector to explore the composition of these
generated states.

Then, we shift our focus to areas in the complex plane
that are not so close to the real axis. In the JiiBo model, a
notable feature is the ability to find poles in other partial
waves beyond the S-wave. We perform the pole searches in
all the partial waves up to J = 7/2. The positions of the
extracted poles together with corresponding quantum num-
bers are identified and listed in Table 4. These poles could be
regarded as the exotic resonances with hidden charm in S-,
P- or even higher partial waves.

It can be seen that the results of Fits A and C are quite
similar, and their poles could be basically regarded as one-to-
one correspondence. For Fit B, some poles are not obtained,
and the poles listed in the same row may not necessarily be
corresponding to the same state. This indicates that the prop-
erties or even the existence of the poles further away from
the real axis are uncertain. Note that poles with imaginary
parts greater than 200 MeV are not considered and listed
here. Nevertheless, some poles in Table 4 have relatively sta-
ble positions in all three fits, so that our conclusions for such
poles are more robust. Among these poles, the one located
at 4335 MeV with J” = 1/27% is very close to the LHCb
P.(4337) state, but its width is much larger than that from
the experiment, which is only about 29 MeV. The pole at
4387 MeV with JP = 3/2% is very stable in Fits A and C,
but not observed in Fit B. Nevertheless, we may associate it
with the broad P.(4380) state proposed in 2015 [1], where
its spin was given as 3/2 or 5/2 and its parity was not deter-
mined. Although this P.(4380) state is not included in the
updated experimental result in 2019 [2], its existence has not
been excluded either. In Refs. [57,65], we also found a state
in a similar position, but with quantum number J* = 5/2%.
In the current analysis, the position of the 5/27 state has
moved to 4400 MeV, which is not a significant change.

We regard the differences of the pole parameters in the
three different fits as a rough estimation of the uncertain-
ties of our results. A more detailed statistical analysis will
be possible once more data are available. Moreover, there
are systematic uncertainties connected to the theoretical for-
malism and improvements can be made in our model in the
future. For example, more channels, including other hidden
charm and light decay channels, as well as possible 7-channel
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scalar meson exchange processes can be included in the cou-
pled channel calculations. Further, in this work, we use SU(3)
and SU(4) flavor symmetry to relate all the involved coupling
constants as in Ref. [65], instead of using heavy quark spin
symmetry (HQSS) as in Refs. [27,29]. Due to the varying
degrees of symmetry breaking, how we establish connec-
tions between coupling parameters will inevitably have an
impact on the results, which can also be regarded as an area
for improvement in theory. However, without more experi-
mental data, the significance of the improvements that can be
made is still very limited. In particular, data not only for the
A(b) — J/ypK~ decay, but also, e.g. for the DA, and DX,
mass distributions and other observables would be helpful to
further fix the resonance properties. A such substantiated data
base would strongly reduce the uncertainties of our results,
especially those tied to the statistical data analysis.

4 Summary and outlook

To summarize our findings, the interactions of D™ A, —
D™ Eg*) — J/¥p have been studied in the Jiilich-Bonn
dynamical coupled-channel model. Afterincluding the J /vy p
channel, we are able to fit the experimental observables via
the two-point loop diagram of the Ag — J/YpK™ decay. A
series of bound states and resonances with different spin and
parity can be dynamically generated in the coupled-channel
formalism. We find two narrow states with J* = 1/2~ and
two with J¥ = 3/2~ associated with the peak structures of
the J/vp invariant mass distribution. Based on their posi-
tions, we can associate them with the hidden-charm pen-
taquark states P, reported by the LHCb Collaboration. The
other properties of these states, such as the coupling strengths
to different channels, are also provided in the analysis. In
addition, we have searched for poles that are not so close
to the real axis in the complex planes in different partial
waves. It turns out that the uncertainty of these poles with
larger widths, whether regarding its properties or existence,
is larger than that of the four narrow S-wave poles. Once
there is a significant increase in the data basis for the various
processes of the hidden-charm sector in the experiment, such
as provided by the Upgrade II of LHCb, we will be able to
obtain a more solid conclusion on these pentaquark states.
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Appendix A Cut-off values

As with the applied strategy in previous work, we take one
cut-off for each process, rather than for each vertex. For the
cut-offs in u-channel diagrams, whether the exchanged par-
ticle is charmed baryon A, ., or doubly charmed baryon
Ecc, we always fix their values to 3 GeV as previously. The
contribution of the u-channel diagrams is very small, and this
value can hardly affect our results. In Table 5, we list all the
t-channel processes with the exchanged particle considered
in the present work, and their corresponding cut-off values in
all three sets of fit results are also provided. And the specific
expressions of different types of potentials can be found in
the Appendix of Ref. [65].
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Table 5 The values of cut-offs in form factors for all the considered 7-channel processes. “Ex” is the exchanged particle. “Ty” denotes the types
of potentials as defined in the Appendix of Ref. [65]. “**” indicates that it is not a free parameter in the fit

Process Ex Ty A [MeV]
Fit A Fit B Fit C
DA. — DA, 1) 1 1459 2528 834
DA, — DY, P 1 2893 2926 2893
DA, — D*A. w 4 2990 2043 2868
DA. — D*%. b 3 800 800 800%
0 4 2149 2200 2149
DAc — J/YN D 3 2000%* 2000% 2000%*
D* 4 2000% 2000% 2000%*
DA. — DX} 0 6 1877 1718 1877
DY. — DX, P 1 2818 2654 2823
o 1 2990 2754 3000
DX. — D*A, ps 3 800 800 800%
0 4 1634 1704 1634
DY, — D*%, T 3 800* 800 800%
n 3 1500% 3000% 1508
n 3 1500% 30007 1150
0 4 1660 1680 1660
w 4 1375 1432 1369
DY. — J/UN D 3 2000%* 2000% 2000%*
D* 4 2000%* 2000% 2000%*
DY, — DX* 0 6 1636 1560 1636
w 6 981 913 988
D*A, — D*A. w 8 2933 2783 2960
D*A, — D*%, ps 9 800 800 800%
0 8 2452 2193 2452
D*Ae — J/YN D 9 2000% 2000% 2000%
D* 8 2000% 2000% 2000%
D*A. — DX} b4 11 800* 800% 800%*
0 12 1454 1506 1454
D*Y. — D*%, T 9 800 800%* 843
n 9 3000% 3000% 1389
n 9 3000% 3000% 1637
P 8 2600 2577 2515
w 8 800 876 1163
D*Y. — JJYN D 9 2000% 2000% 2000%
D* 8 2000% 2000% 2000%
D*¥.— DX} ps 11 800* 800 800*
n 11 3000% 800 3000
n 11 3000% 800* 2359
P 12 1669 1705 1669
w 12 1780 1870 1787
J/YN — DT¥ D 11 2000%* 2000%* 2000%
D* 12 2000%* 2000% 2000%
DY} — DT o 14 1664 1645 1669
14 1597 1755 1593
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