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PJ(4459) and P.(4338) as molecular states in J /A invariant mass spectra
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Recently, the LHCb Collaboration has reported two strange hidden-charm pentaquark states named
P[;(4459) and P} (4338) in the J/wA invariant mass spectra of decays =, — J/wAK~ and
B~ — J/wAp, respectively. In this work, we perform a coupled-channel study of the interactions
E:D*,=.D* E:D,2.D*,E.D, A\,D¥,E.D, A_D,, and AJ /y in the quasipotential Bethe-Salpeter equation
approach to estimate the J/w A invariant mass spectra. With the help of effective Lagrangians, the potential
kernel can be constructed by meson exchanges to obtain the scattering amplitudes, from which the poles of
the bound states and the invariant mass spectra can be reached. The coupled-channel calculation results in
that the width of state E.D*(1/27) is about 18 MeV and that of state E.D*(3/27) is only about 1.6 MeV.
By comparison with experimental data, it indicates that the structure P$5(4459) is mainly from the
contribution from the Z.D*(1/27) state while the role of state Z.D*(3/2~) cannot be excluded. The line
shape of the structure P;}S (4338) can be reproduced roughly by a narrow molecular state from the Z.D
interaction with J” = 1/27, which is extremely close to the threshold, with a large interference effect.

Besides, an additional state Z.D(1/27) is suggested to be observed as a dip structure in the J /A invariant

mass spectrum.

DOI: 10.1103/PhysRevD.107.034029

I. INTRODUCTION

In the recent years, one of the most important experimental
progresses of the exotic hadron studies is the observation
of PJ(4450) and Pyy(4380) at LHCb in 2015 [1], which
were predicted by several theoretical groups [2-5]. Inspired
by the experimental observation, more theoretical studies
of the hidden-charm pentaquark structures emerge [6,7].
Subsequently, the P)(4450) was separated into two struc-
tures PJ(4440) and Pj(4457), and a new structure
PJ}(4312) was observed at LHCb in 2019 [8]. The obser-
vations of three states with small widths and masses close
to corresponding thresholds well illustrate the validity of
the molecular state interpretation [9-14]. Furthermore, the
theoretical studies about molecular states from nonstrange
hidden-charm systems have been extent into hidden-charm
pentaquark states with strangeness [15-23].

In 2020, the LHCb Collaboration reported a 3o strange
hidden-charm pentaquark structure Pj(4459) in the &, —
J/wAK~ decay [24]. This structure has a mass of 19 MeV
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below the Z.D* threshold and a width of 17 MeV [24],
which is consistent with the properties of a molecular state.
There are a wide variety of studies of the molecular state
interpretation of Pj) (4459) in the literature. In Ref. [25],
the authors considered the molecular state interpretation
for this state and concluded that it is either a E.D state
with 1(JP) = 0(3/27), or a E.D* state with 0(3/27). In
Ref. [26], a calculation was also performed with the QCD
sum rule, and the result supports the interpretation of
P}(4459) as a E.D* molecular state with either J* =
1/27 or 3/27. In Ref. [27], it was suggested that its two-
body strong decay behavior supports an assignment of
P(4459) as a E.D* state with I(J”) =0(3/27). In
Ref. [28], the results under the heavy quark spin symmetry
(HQSS) limits also prefer Z.D*(3/27) to E.D*(1/27) as
the candidate of Pjy,(4459).

Very recently, the LHCb Collaboration reported their
results about the B~ — J/wAp decay, which indicates a
new neutral strange hidden-charm pentaquark state named
P}(4338). It carries a mass of 4338.3 +0.7 0.4 MeV
and a width of 7.0 &= 1.2 £ 1.3 MeV [29]. Since its mass
and narrow width are in good line with the properties of
molecular state, many new researches about the Pjy(4338)
also suggest it as a molecular state [30-37]. In Ref. [35], a
pole corresponding to P;y (4338) and an additional pole
P}(4254) near the A.D, threshold were found important
to reproduce the experimental data. However, in Ref. [38],
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the sharp P} (4338) enhancement is due to the triangle
singularity in another diagram featuring a 1/2~ baryon
consistent with X.(2800). In Ref. [39], the author studied
the double thresholds distort the line shapes of the
PL(4338) resonance in depth, and pointed out that it is
misleading to depict the line shapes with Breit-Wigner
distribution.

Within a quasipotential Bethe-Salpeter equation (qBSE)

approach, possible molecular states from the Eg’*)DW
interactions were studied in our previous work [40]. The
mass of the molecular state Z.D*(3/27) is very close to
the mass of P} (4459), but its widths is narrower than the
experimental results. The results do not exclude the
possibility of two-pole structure from ZE.D* states with
1/2~ and 3/2~ and the role of either state in reproducing
the experimental invariant mass spectrum. It is worth
mentioning that our previous work also predicts other

partners of P (4459) from the 20D interaction,
including a molecular state from the Z.D interaction with
1/27 [40], which has a mass close to the P.(4338)
observed in the recent LHCb experiment [29].

In the previous work, only the EE"*)D(*) channels which
can produce bound states were considered, and the cou-
pling effects of unbound channels were not included,
especially the AJ/y channel where the strange hidden-
charm pentaquarks Pjy (4459) and Pj(4338) were
observed. In the current work, a coupled-channel calcu-
lation will be performed to estimate roles of the molecular
states in the J/wA invariant mass spectrum and their
relations to the observed structures. To obtain more
reasonable mass and width, the full coupled-channels
effects for the P,,’}S states are completely considered,

including channels E07D™, A.D”, and AJ/y. By
comparison with experimental data, the origins of the
P}(4459) and P}(4338) will be discussed.

After the introduction, Lagrangians used to construct the
potential of couple-channel interaction, the qBSE
approach, and formula of the invariant mass spectrum will
be presented in Sec. II. In Sec. III, single-channel calcu-
lation results, coupled-channel calculation results, and the
estimations of the J/ywA invariant mass spectrums will be
given and discussed, respectively. Section IV is a summary
of the whole work and some suggestions for experiment.

II. FORMALISM

We will search for the poles in the complex energy plane
within qBSE approach, and compare the results with the

J/w A invariant mass spectrum. Hence, the potential kernel
should be constructed first with effective Lagrangians to
calculate the scattering amplitudes, which are used to found
the poles and estimate the invariant mass spectra.

A. Relevant Lagrangians and potentials

In the current work, we consider all hidden-charm
channels relevant to the P{/}S, which explicitly include
E:D*, E.D*, E:D, E.D*, E.D, A.D%, E.D, A.D,, and
AJ/yw. For the former eight channels, we need the
Lagrangians under the heavy quark limit and chiral

symmetry [40-44],
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where the P = (D°, D=, D;), and the PP and V are the
pseudoscalar and vector matrices as

% + K+
P=| o =82 g0 |
K- k' - %
p‘i/gw ot K
V=1 p- % KO |- (2)

K I_(*O ¢

where the indices a, b = 1, 2, 3 are used to label the particle
elements in the matrices P, V, and vector P.

Then, the Lagrangians for the couplings between
charmed baryon and light mesons can also be given as,
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where the Dirac spinor operators with label i, j = 0, 1 are
defined as,

By, =— 1 SB; B
Ou = 3(7/;4 + U”)]/ > Ly

- 1- -
BOy = \/;Bys(yy + Uﬂ); Blﬂ

and the charmed baryon matrices are defined as
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The masses of particles involved in the calculation are
chosen as suggested central values in the Review of Particle
Physics (PDG) [45]. The mass of broad ¢ meson is chosen
as 500 MeV. The coupling constants involved are listed in
Table I.

However, for the couplings of former eight channels and
the lowest channel AJ/y, the heavy quark effective
Lagrangians are not enough for calculation. Here, we apply
effective Lagrangians under the SU(4) symmetry as [50-53],

TABLE I. The coupling constants adopted in the calculation,
which are cited from the literature [46-49]. The 4 and Ag; are in
the units of GeV~!. Others are in the units of 1.

p g gv A 9s Cs
0.9 0.59 5.9 0.56 0.76 6.2
Ps 91 As P Cp 94 A
~174 094 =331 —fs/2 ~£5/2 3¢,/(2V2) —is/\/3
_ Y9BBP 1,_, 5
Lppp ==——By"r’0,PB,
mp
Lypy = —9ppvBr*V,B,
EBB*P _ [):): (B*”B + BB*”)()”P,
mp
Lypy = —iP2EY (BB — BySy B
my
x(0,V,=09,V,),
Lppy = _gPPV(PaMP - aﬂPP>V”7
Lyyp =TV ¢ s VVFVPP,
my
Lyyy = gVVV<(a;4Vv - a,,V”)V/‘V”>, (6)

where the involved coupling constants are shown in Table II.

With the vertices obtained from above Lagrangians, the
potential of couple-channel interaction can be constructed
easily with the help of the standard Feynman rules. Because
nine channels are involved in the current work, it is tedious

TABLE II. The coupling constants determined with SU(4)
symmetry, and gy = 16.03, gppp = 2.127, gppy = 3.25,
gpep = 0.989, gppy = 3.02, gyyp = —7.07, and gyyy = 2.298
[53]. The values are in the units of GeV.

Coupling constant Relation Values
g=:AD* %QB*BV 8.015
9= AD* _ \/%gBBV —-3.98
9= AD* - \/iigBBV —2.298
9N AD: \/ZQBBV 4.596
9p*J/yD* gvvy 2.298
9p*DJ )y gvvp =7.07
9DJfy —V2gppy —4.27
9=:AD %QB*BP 1.109
9=.AD % IBBP 0.242
9=.AD _L\/s‘gBBP —-0.242
9A.AD, 3\5/_gBBP 0.839
9Dty /yD: 9vvy 2.298
9p:D,J )y gvvp =7.07
9ID,D,J /v —V2gppy —4.27
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TABLE III. The flavor factors f; for certain meson exchanges
of certain interaction with isospin / = 0. The vertex for three
pseudoscalar mesons should be forbidden.

b3 n p [0} c
pHzl" S pwgls  =3/4  —1/12 =3/4 1/4 1
DWE, - DWE, -3/2 172 2
DWE, - DWENY  —3v2/4 —V2/4 -3V2/4 2/4

K K*
DWEL S DPIA, -1 -1
DWE, = DA, V2

D D* D, D}
DWE. - J/wA -2 -2
DWEL S J/wA V2 =2
DYA, = J/wA 1 |

and fallible to give explicit 81 potential elements and input
them into code. Instead, in this work, following the method
in Refs. [54], we input vertices I" and propagators P into the
code directly. The potential can be written as

Vpo, = fIF1F2PIP,nf(q2)v Vy = f[l—‘l;ll—‘szq/yf(qz)‘

(7)
The propagators are defined as usual as

] —g H
i g +qq2/m, (8)
q — My,

— MY g
PP.U— 2 2 P\/ -
q - —mp,

where the form factor f(g?) is adopted to compensate the
off-shell effect of exchanged meson as f(q?) =

e~ (mi=a*)* /A2 wyith m, and g being the mass and momentum
of the exchanged meson, respectively. And A, is a cutoff to
suppress the on-shell effect of exchange meson. In the
propagator of exchanged meson, we make a replacement
q* — —|q|? to remove singularities as in Ref. [55]. The £/ is
the flavor factor for certain meson exchange of certain
interaction with isospin / = 0, and the explicit values are
listed in Table III.

B. The qBSE approach

The Bethe-Salpeter equation is a four-dimensional inte-
gral equation in the Minkowski space, which is hard to
solve directly. By using spectator quasipotential approxima-
tion and partial-wave decomposition, the four-dimensional
equation can be reduced into a 1-dimensional equation with
fixed spin-parity J* as [56-58],

ivVyLp) +

A

o(p ”)ZMQ//A(P”, p). (9)

//de//

iMI (D p) =

* Vﬂ/l”(p p)

where the sum extends only over nonnegative helicity A”.
The Gy(p”) is reduced from the 4-dimensional propagator
under quasipotential approximation as Gy(p”) =
5T (p"s —m3)/(p"? —m?) with p), and m,; being the
momenta and masses of heavy or light constituent
particles. The partial wave potential is defined as,

VI () = 27 / dcos 0l (0)V,(p'.p)
+ Wd{/w (Q)V,y_,l(p/,p)],

where n = PP P,(—1)’7/1=/> with P and J being parity
and spin for system, constitution 1 or 2. The initial and
final relative momenta are chosen as p = (0,0,p) and
p = (p'sin6,0,p'cosd). The d4,(0) is the Wigner
d-matrix and the integration of the amplitude is

Z/dQ|M,1',1(P"P)|2 =
V2

To solve the integral equation (9), we discretize the
momenta p, p/, and p” by the Gauss quadrature with a
weight w(p;) and have the discretized gBSE of the form
as [56]

(10)

ST oML e )P (1)

JP 2120020

N
Mik = Vik + Z V”G]M)k

(12)
=0
The propagator G is of a form
w(pj)p"}
Giog= 7’G
j>0 (2”) (p )
ip) (b)) P
G o= — 13
T Rew Z[(zn) 2w -p"2))’ (13)

where on-shell momentum p! = A'/2(W, M, M,)/2W
with A(x,y,2) =[x* = (y+2)*]x* = (y—2)*] and W
being the total energy of the system of two constituents.
We also adopt an exponential regularization by intro-
ducing a form factor into the propagator as Gy(p”) —
Go(p")le ~(p"t=m}) /Aﬁ]z with A, being a cutoff [56]. For
simply, we set the cutoff A, = A, = A and adjust the
value of A around 1 GeV. However, the key observation
channel AJ/y couples with other channels only depend
on the charmed heavy mesons like D, D, D*, D}. The
cutoff A(p p,) and A(p- p+) will be chosen at least larger
than their masses. Specific values will be mentioned later.

The poles of nine-channel scattering amplitudes with
different spin parities J” are searched by variation of z in
the complex energy plane to satisfy |1 — V(z)G(z)| = 0.
For N channels calculation, there are a total number of 2V
Riemann sheets related to unitary. In the current work, the
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treatment in Ref. [59] is adopted to search for the poles. In
such treatment, the default propagator G(z) is adopted
in energy region below the threshold and the G(z) +
ip//16x*z for region above threshold, which correspond
to the first and second Riemann sheets, respectively.

The amplitudes of AJ/y scattering can be obtained at
the same time. In the current work, The invariant mass

spectrum of AJ/y channel can be given approximately

with the scattering amplitude ./\/lj;y, A as [60,61],

dar »
aw > Cor D M0 D)P

JP A>01>0
B(W,my g, ma )XW, W,om3) /W, (14)

with W being total energy of the decay process, that is, the
mass of &, baryon or B~ meson. For simplicity, we do not
calculate the yield of initial decay process from =, baryon
or B~ meson, and a yield parameter C» for spin parity J* is
introduced to absorb all uncertainties and the information
about the yield.

ITII. RESULT AND DISCUSSION

A. Bound states from single-channel calculation

The hadronic molecular state is a bound state from the
interaction of two hadrons. The single-channel calculation
will provide the basic picture of molecular states from the
interaction considered. Here, a search for the poles from
single-channel interactions will be first performed by the
log |1 — V(z)G(z)| with the variation of real and imaginary
parts of z. The results with a cutoff A = 1.1 GeV are
presented in Fig. 1, where the abscissa corresponds to the
real part of the pole position, and the ordinate corresponds
to the imaginary part of the pole position. In this work, we
only consider the bound states which can be introduced in S
wave. However, in the calculation, higher-wave contribu-
tions for these states are included.

There are five poles found from the interactions consid-
ered in energy region from 4200 to 4550 MeV. Since only
single-channel interactions are considered, all poles are
found on the real axis of the complex energy plane. These
poles correspond to the five molecular states generated
from the single-channel interaction of Z:D with spin parity
JP =3/27,E.D* with 1/2= and 3/27, Z.D with 1/27, and
E.D with 1/27. If the cutoff increases, all poles will leave
corresponding thresholds further. Two states with 1/2~ and
3/2~ from the Z.D* interaction have almost the same mass
with single-channel calculation, about 4474 MeV, which
is a little larger than that of Pj) (4459). They only can
be distinguished after considering coupling effects and
the cutoff A also should be adjusted a little larger. The
E.D(1/27) interaction can produce an S-wave bound state
with a mass of about 4335 MeV, which is very close to
the mass of P}y (4338). The E.D interaction produces a

Ay AD, 2D
8 | ' 4
3 AT 0
=
= °f
£ -4
E 4|
_g | 12 -8
ol . .
S 4f
=
— OF
N
E 4t
-8 | 3/2°
4200 4250 4300 4350 4400 4450 4500 4550
Re(z) (MeV)
FIG. 1. Poles with spin parities 1/2~ (upper panel) and 3/2~

(lower panel) from the single-channel interactions. The gray lines
correspond to the thresholds of the interactions. The color box is
for the log |1 — V(z)G(z)|.

molecular state with spin parity 1/2~. The Z:D channel
produces a molecular state with spin parity 3/2~, which has
relatively weaker attraction than the other four states. Its
mass is almost at the threshold, but the binding energy will
increase with the increase of cutoff. Since there is no light
meson exchange potential as the attractive mechanism,
the rest three channels A.D?, A.D,, and AJ/y cannot be
bound in the current model even if the cutoff A is adjusted
to the largest value in reasonable range.

B. States near £.D* threshold and P} (4459)

For better understanding of the origin of the Pj)(4459),
the coupled-channel effects will be included to introduce
width to the bound states and estimate the J/ywA invariant
mass spectrum in energy region of [4360 — 4540] MeV
where the Pj(4459) was observed. As shown in the
single-channel calculation, four molecular states are pro-
duced in this energy region, including Z.D(1/27),
E.D*(1/27,3/27), and E:D(3/27). The yield parameters
Ci/»- and Cs»- are set completely free. To compare with
the experimental invariant mass spectrum, the correspond-
ing cutoff A will be adjusted to 1.14 GeV, which is a little
larger than the one in single-channel calculation, to move
the poles to the experimental peak. The cutoff A(p p ) and
Ap-pry Will be set as 2.25 and 2.4 GeV, which do not
involve in single-channel calculation. With the increase
of the cutoff A, the binding of states becomes deeper
accordingly. The estimated invariant mass spectrum is
presented in Fig. 2 and compared with the experiment [24].

In the upper panel of Fig. 2, the theoretical results with a
bin of 6 MeV are presented, and compared with the LHCb
experiment with the same bin [24]. Besides an obvious
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4450
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FIG. 2. The J/wA invariant mass spectrums with bin of 6 MeV
(upper panel) and of 1 MeV (lower panel). The green, red, and
black curves are for the total, peak, and background contribu-
tions. The blue points with error bars are the data removing the
background contribution from the LHCb experiment [24]. The
gray lines correspond to the thresholds of the interactions.

peak from the molecular states, the direct results from
the current coupled-channel calculation provide a back-
ground contributions in the J/wA invariant mass spectrum
(see green curves in Fig. 2). It is simply removed as a
unary quadratic function BK (W) = 6646.84 — 3053.5W +
350.7W? by comparing the theoretical and experimental
results in the energy region of [4360 —4390] U [4480 —
4540] MeV (see black curves in Fig. 2). After removing
such background, the results from the molecular states are
extracted, and in good line with the experimental data. To
find the best comparison with experiment with bin of
6 MeV, the contributions of two Z.D* states with spin
parity 1/2~ and 3/2~ exhibit as one peak. If we adjust bin
to a smaller value, 1 MeV, in the lower panel of Fig. 2, the
contributions from the two states are distinguishable. It
shows that the peak of Pi(4459) may be composed of a
higher narrow Z.D* state with J* =3/2~ and a lower
wider E.D* state with J© = 1/2".

To provide more explicit of the contributions from these
two ELD* states, the poles and the invariant mass spectrum
for different spin parities will be presented. The results for
spin party 1/27 is illustrated in Fig. 3. In the single-channel
calculation, where two poles are found on the real axis near
the Z/.D and E,D* thresholds, respectively. After including
the coupled-channel effect, the poles leave the real axis and
become two conjugate poles in the complex energy planes,

. ok *
D D D

10
é 0
=~ 0 -4
)
E -8
-10
-12
° LHCb data
15 | —  Total1/2
- - Pcs 1/27
Background
= 10 ]
2
5 5 ;
O =51 vv s
4400 4450 4500
Re(z) (MeV)
FIG. 3. The poles (upper panel) and the J/ywA invariant mass

spectrum (lower panel) for spin parity 1/2~. The green (full), red
(dashed), and black (dotted) curves are for the total, peak, and
background contributions. The blue points with error bars are the
data removing the background contribution from the LHCb
experiment cited from Ref. [24]. The gray lines correspond to
the thresholds of the interactions.

which indicates that the bound states acquire width. The
E.D* state with spin parity 1/2~ has a mass of 4465 MeV
and a width of 18 MeV. The structure P} (4459) peak can
even be well describe by the peak of state Z.D*(1/27),
except for the data points at about 4453 MeV. The
E!D(1/27) is a relative narrow state at about 4423 MeV
with a width of about 6 MeV. In the experimental spectrum,
there is a small dip around 4423 MeV, which can be in good
conformity with the molecular state Z.D(1/27). Unfor-
tunately, the precisions of the experiment are not high
enough to identify its existence. The calculation also
suggests to observe such state in the A D, invariant mass
spectrum.

In Fig. 4, the results for spin parity 3/2~ are presented.
The E.D* state with 3/27, as well as that with 1/27, is
produced near the threshold with a mass of 4457 MeV. The
width of the state Z.D*(3/27) equals to about 1.6 MeV,
being much smaller than that of the state with 1/27. The
peak of the state Z.D*(3/27) is so narrow that it can only
raise the events near the central value and not affect much
of the general shape of the invariant mass spectrum. The
peak with cutoff A = 1.14 falls in the middle of two highest
data points. If a little larger cutoff A = 1.18 is adopted, the
peak will move to the lower highest data point. The state
E:D(3/27) has a mass of about 4512 MeV and a width of
about 17 MeV. The low yield of the events with J© = 3/2~
indicates that high precision data are required to observe the
E:D(3/27) in J/ywA invariant mass spectrum. The decay
channels Z.D* and A.D} couple strongly with the state,
which will be good choices to search for this state.
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FIG. 4. The poles (upper panel) and J/wA invariant mass
spectrum (lower panel) for spin parity 1/27. The black (full) and
red (dashed) lines are for the peak from the coupled-channel
interactions with cutoff 1.14 and 1.18, respectively. The blue
points with error bars are the data removing the background
contribution from LHCb experiment [24]. The gray lines corre-
spond to the thresholds of the interactions.

C. State near E.D threshold and P.(4338)

The Pj(4338) was observed near the E.D threshold
in the process B~ — J/wAp. The single-channel results
suggest a bound state from the Z.D interaction, which is
close to the Pi(4338). To confirm their relation, the
invariant mass spectrum is estimated and compared with
the experiment. To match the experimental data points,

we need to introduce a parametrized background contri-

bution of a form M if /JWP = ae™(M A fy = Munin ) (M inax —

M, /,,,)d with the M., and M ;;,, being the upper and lower
limits of phase space, which interferes with the amplitude
from the Z.D interaction. Considering that the P;)(4338)
is very close to the threshold, the cutoff A is adjusted to
1.04 GeV, a little smaller than 1.1 GeV, and the cutoff
App, and A p:y will be set as 2.15 and 2.3 GeV.
The parameters for the background will be set as
(a,b,c,d) =(0.054,0.19,0.085,0.28). The yield param-
eter C/»- is set completely free. The results are shown in
the following Fig. 5 and compared with recent LHCb
experiment.

The diagram of poles shows that a very narrow molecular
state from the =D interaction with spin parity 1/2~, which
is very close to the corresponding threshold. The mass and
width of the state are about 4336.5 MeV and 0.8 MeV,
respectively. The strong coupling between the A D and
the Z.D channels provides the dominant contribution of its
width. In the J/wA invariant mass spectrum, the angle
of interference between them has reached about 34.2°.

AJ/\V Ach CB
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= °f
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E °  Act04
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e Pcs1/27 = -
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=
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Re(z) (MeV)
FIG. 5. The poles (upper panel) and J/wA invariant mass

spectrum (lower panel) for spin parity 1/2~. The green (full), red
(dashed), and black (dotted) curves are for the total, peak, and
background contributions. The brown points with error bars are
the data removing the background contribution from the LHCb
experiment [29]. The gray lines correspond to the thresholds of
the interactions.

Since the pole is very close to the real axis, a very narrow
peak can be produced from the square of the amplitudes
|M§;V,A,y,1 (p/’ p) |2
from the Z.D interaction is close to the threshold of the
phase space. The original narrow peak is suppressed into a
relatively wide peak by the factor A'(W, W, m3). Such a
result implies that the width of Pj(4338) determined
experimentally need more analysis. An obvious enhance-
ment can be produced from the contribution of molecular
state Z.D(1/27). Obviously, the structure Pjy,(4338) is in
line with the molecular state of Z.D(1/27). The peak from
the molecular state seems obvious wider than the exper-
imental structure. In Ref. [35], more contributions, such as
threshold cusp effects, are included. The line shape in the
no-pole model suggests the Z.D threshold cusp plays
important role in the PJ(4338) peak structure. The
inclusion of those contributions may be helpful to better
understand the sharp peak structure. It seems that more
elaborate structures like 27D~ and E2D° channels under
the uncoupled isospin representation is also helpful to
obtain a sharp peak as discussed in Ref. [39]. Besides, if
the strong coupling between A.D, and Z.D channels is
weakened, the broad bump can also become a narrow peak.
However, in the current work, there is only one adjustable
parameter A, it is impossible to weaken the coupling of
certain two channels but keep strengths of other inter-
actions unchanged.

in Eq. (14). However, the pole produced
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IV. SUMMARY

In this work, we perform a coupled-channel calculation
to study the molecular states produced from interactions
E:D*, E.D*, BiD, E.D*, E.D, A.D}, E.D, A.D,, and
AJ/w. The poles of the molecular states are searched in
complex energy plane in the qBSE approach. With the
help of effective Lagrangian, the potential kernel can be
constructed by meson exchanges. With the scattering
amplitudes obtained, the invariant mass spectra are esti-
mated and compared with the experiment. Based on the
current results, the understanding of the experimentally
observed Pj(4459) and P (4438), as well as their
partners, can be drawn as follows.

(i) The E.D* state with spin parity 1/2~ can reproduce
the general line shape of the structure Pjy,(4459) in
the J/wA invariant mass spectrum. However, the
contribution from the Z,D* state with 3/2~, which is
lower than the 1/2~ state, cannot be excluded due
to its very small width. The high-precision data is
required to understand its role in this structure.

(i) Based on the J/wA invariant mass spectrum, the
existence of Pj);(4459) suggests a dip near the Z.D
threshold in the LHCb experimental data. Such dip
is consistent with a Z.D molecular state with 1/2~
with a mass of 4423 MeV and a width of 6 MeV. The
A.Dy channel is a good place to search for this state.

(iii) The state E;D(3/27) can be produced from the
coupled channel calculation with a mass of
4512 MeV and a width of 17 MeV. However, both
experimental and theoretical results suggest that it
couples very weakly to the AJ/y channel. It is

suggested to search for such state in the channels
E.D* and A.D}.

(iv) A molecular state with a very small width can be
produced from the E.D interaction with spin parity
(1/27), which is very close to the P (4338).
Obviously, the structure Pj(4338) is in line with
the molecular state of Z.D(1/27). The phase space
suppress it into a wider peak near the threshold.
Large interference with background should be in-
troduced to reproduce a narrow peak. The Z.D
threshold cusp effect may be also important to cause
the peak [35]. In addition, the molecular state
E.D(1/27) also can be search for in the A.D;
channel.

(v) Within the current model, there is no bound state
produced from the interactions A.D¥, A.D,,
and AJ/y.

The current calculation is performed with only the
contribution of molecular states from coupled-channel
interactions and a parametrized background. Other con-
tributions, such as the cusp effects, are not included.
The initial decay processes are also parametrized as free
parameters. To better understand the roles of the molecular
states in such decays and their relations to the observed
structures, inclusion of more contributions will be helpful.
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