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Abstract In this work, we systemically investigate the
molecular states from the £ D) — A, D™ interaction with
the help of the Lagrangians with heavy quark and chiral sym-
metries in a quasipotential Bethe—Salpeter equation (qBSE)
approach. The molecular states are produced from isodou-
blet (I=1/2) X.D interaction with spin parity J* = 1/2~
and X¥.D* interaction with 1/2~ and 3/2~. Their masses
and widths are consistent with the P.(4312), P.(4440)
and P.(4457) observed at LHCb. The states, 2:5*(1/ 27),
2*D*(3/27) and X D(3/27), are also produced with the
same parameters. The isodoublet X*D* interaction with
5/27, as well as the isoquartet (I=3/2) ¥, D* interactions
with 1/27 and 3/2~, X* D* interaction with3/2~ and 5/2°,
are also attractive while very large cutoff is required to pro-
duce a molecular state. We also investigate the origin of the
widths of these molecular states in the same qBSE frame.
The AD* channel is dominant in the decays of the states,
2.D*(1/27), £.D*(3/27), X*D(3/27),and £.D(1/27).
The X*D*(1/27) state has large coupling to XD channel
while the ZJCI_)*, Z‘:fl_) and ACD* channels provide similar
contributions to the width of the 2;‘5*(3 /27) state. These
results will be helpful to understand the current LHCb exper-
imental results, and the three predicted states and the decay
pattern of these hidden-charmed molecular pentaquarks can
be checked in future experiments.

1 Introduction

The study of exotic hadrons is an important topic in under-
standing how quarks combine to a hadron. One type of the
exotic hadrons is the molecular state, which is a shallow
bound state of two and more hadrons. Though it is not so
fancy as a compact multiquark, it seems easier to be pro-
duced because its constituent hadrons are realistic. In the
side of experiment, many XYZ particles were observed near
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the threshold of charmed-anticharmed or bottom-antibottom
mesons. For example, the X (3872)/Z.(3900), Z.(4020),
Z,(10610) and Z;, (10650) are very close to the D D*, D* D*,
BB* and B*B* thresholds, respectively. It suggests that
such particles are from the interactions of the corresponding
hadrons. It also makes the molecular state picture become a
popular interpretation of the XYZ particles.

Recently, the LHCb Collaboration updated their observa-
tion of pentaquark candidates [1]. The upper one, P,(4450),
resolves into two resonances, P.(4440) and P.(4457), and
a new pentaquark, P.(4312), was observed near the >.D
threshold. The P.(4380) reported in the previous observa-
tion [2] is suspended to wait construction of new ampli-
tude model. The four pentaquarks, P.(4457), P.(4440),
P.(4380), and P.(4312), construct a good pattern for all S-
wave molecular states from X, D*, Z‘C*l_), and X, D interac-
tions, which has been predicted partly in the literature [3-6].
After the LHCb results released, many theoretical interpre-
tations in the molecular state picture were proposed [7-20].

To further confirm the molecular state interpretation of the
P, states, itis very helpful to make a prediction of more states
with the relevant interactions. The four P, states observed
at LHCb are all from the EC(*)D(*) interaction. If we only
consider the S-wave states, there should be seven possible
molecular states. The states from the XD, Z‘C*l_), and X.D*
interactions have been filled by the experimental observed
P.(4312), P.(4380), P.(4440), and P.(4457). It is interest-
ing to find out if there exist three S-wave X*D* molecular
states. In Refs. [21-23], such states has been studied in a
parameterized model, and the authors suggested the exis-
tence of three X *D* states with the observed P, states as
input.

Theoretically, a state usually exhibits different decay
behaviors in different theoretical pictures. The decay pat-
tern of the pentaquarks is another way to check their internal
structure. In the literature, the decays of the P, states have
been studied by many authors [24-26]. In Ref. [25], it was
suggested that the A.D* channel is very important in the
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decays of the P. states. The mass and the decay pattern of
a molecular state is often studied separately in the litera-
ture. If the P, states are molecular states from the Z‘C(*)D(*)
interaction, the decays to these channels can be obtained as
a coproduct after the coupled-channel effect is included. A
bound state will acquire a width, and exhibits itself as a pole
in the complex plane after adding another interaction chan-
nel below the production channel to make a coupled-channel
calculation. Hence, it is interesting to study the production of
the molecular states produced from the interaction and their
decay behaviors in the same theoretical frame.

In our previous work [27], we studied the EC(*)D(*) inter-
action and focused on the molecular states which can be
related to the three pentaquarks observed at LHCb. A cal-
culation in a quasipotential Bethe—Salpeter equation (QBSE)
approach suggests that the P.(4457), P.(4440) and P.(4312)
can be explained as two X.D* molecular states with 3/2~
and 1/2~ and a ¥, D molecular state with 1/2~. An enhance-
ment was also found near the X*D threshold with 3/27.
It is naturally to extend the calculation to study all possi-
ble S-wave isodoublet (/ = 1/2) molecular states from the
Z‘f*) D™ interaction and their isoquartet (/ = 3/2) partners.
The previous calculation suggests that the coupled-channel
effect between different channels is small for the molecular
states related to the P.(4312), P.(440), and P.(4457), which
leads to very small widths if only 25*)13(*) interaction con-
sidered. The widths of those states are possible from the cou-
pling to A.D* channel as suggested in Ref. [25]. Hence, in
the current work, we will make a systemically calculation of
the Z‘C(*)D(*) — A.D™ interaction in the gBSE approach to
find out all possible S-wave molecular states and to study the
couplings of these channels in the same frame.

This work is organized as follows. After introduction, the
detail of the dynamical study of coupled-channel X D) —
AC[_)(*) interactions will be presented, which includes rele-
vant effective Lagrangians, reduction of potential kernel and
a brief introduction of the qBSE. Then, the results of shingle-
channel calculation are given in Sect. 3 to present the possible
bound states produced form the Z’C(*) D® — A.D™ interac-
tion. The coupled-channel results are presented in Sect. 4.
The bound states obtained in Sect. 3 become poles in com-
plex plane, which will be compared with the experimental
results. The poles of the molecular states from full coupled-
channel and two-channel calculations will be presented also,
which can be related to their decay widths. Finally, summary
and discussion will be given in the last section.

2 Theoretical frame
To study the bound states from the ¥ D® — A.D™ inter-

action and the couplings between different channels, we
need to construct the coupled-channel potential kernel. In

@ Springer

the current work, we adopt the one-boson-exchange model
to describe the interaction between the charmed baryon and
anticharmed meson. The exchanges by peseudoscalar P, vec-
tor V and o mesons will be considered. Hence, the effective
Lagrangians depicting the couplings of light mesons and anti-
charmed mesons or charmed baryons are required and will
be presented in the below.

2.1 Relevant Lagrangians

First, we consider the couphngs of light mesons to heavy-
light anticharmed mesons P = (D°, D~ , Dy). In terms of
heavy quark limit and chiral symmetry, the Lagrangians have
been constructed in the literature as [28-31],

Lunp =igi(H2y, Al ysHE),

Linv = —iBHLv, V" — VI HE)
+ir(AR0,, F™ (0)HD),

Lino = g(HLoHY), (1)

where the axial current is A" = %(ETGMS — SBMST) =

f’—ﬂBMIF’ + -+ with § = exp(iP/f;) and f; = 132 MeV.

Vi = 5E7(0,8) + (0"6)ET = 0. V) = igyV), /v/2, and

Fu(p) = 9,V — 0,V + [pu, pul. The P and V are the
pseudoscalar and vector matrices as

10, 1 + +
ﬁ” + 7 T K
]P) = T _\/_Enr + [ KO s
_ =0 _2n
K K —7
2w + st
St5 P K
V= - _0’ L o g0 |, 2)
p o+ 5 K
K* K*0 ¢
The HE = [Pi"y, — Paysl'5L and H = yoH yy with

v =(1,0). The P and P* satisfy the normalization relations

(0IP1Qq(07)) = /Mp and (0P} Qq(17)) = €,/ Mp-.
The Lagrangians can be further expanded as follows,
28 JMAM Sy~ oy ~ o~
'675*75[? =i fp e (_P:)pr + nggk)axpaby
£75*75*P = _fiEot,uv)»,P MT “73*)\8 Pba,

T

~ 5. <> ~
Lppy = 28y Erapu (P APy

P8P 07V,
,Bgv +
[’7575V = \/_ 77 8 'PbVab,
Bgv
[:75*75*\/ = —ZT,P*{ b Mpb

—i2V2 Agva*P*MTP (0, Vy — 3,V ) ap,
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Lppy = 2g3m7377 "Puo,
Lppey = 28smp. Py Pro, 3)

where the v is replaced by i <5)/\/Wmf with the m; y is for
the initial or final D®) meson.

The Lagrangians for the couplings between the charmed
baryon and light mesons can also be constructed in the heavy
quark limit and under chiral symmetry as,

3 _
Ls= —Eglwae“”“tr[swvsu

+iBstr[ S, ve (VY — V) SH]
+ Astr[S, F™ S, ] + Lstr[S,0 S*], “)
Lp, = ifptr[Byv, (V" — V) B3] + Lptr[B3o Bl  (5)
Lint = igatr[S* A, B3] + idge v, tr[S, Fi B3] + h.c.,
(6)

where S 25, 18 composed of Dirac spinor operators,

1
SZ[? — _ 5(7/;1, + vu)y Bab + B*ab B(t)lllz + Bab

T

- 1
SZb — \/;B(lb)/S(yM + v[,t) + B*ab = B()'u + B]Ms (7)

and the the charmed baryon matrices are defined as

I
|
>
+
o
&3]
(=)

B3

B=| Ltz 20 Lzo|. ®)

The explicit forms of the Lagrangians can be written as,
. 3g1 HVAK = <
i P N B, Y (B,
2 fr /M pnip i=ZQ1
Bsgv A
V¥ > B9 By,

Lppy = ————
J2mpmp iS00

R _
B 3,V -3,V Y BB

\/_ i=0,1
Lpps = so Z BiMBju,

i=0,1

gvBa

Lpipyy = ——F———
/ngin’l}}g3

LB§B§° = iEB(Iéng,

Lppp =

- <>
V”’Bg 0 . B3,

. 84 =
Lopp = —i58 " B9, PB; + He.,
2 JLVAK 5
Lppy = [———gvrie"™ 8,V > Biy 8 4By +Hec..
mgmgs ;

©))

The coupling constants involve in the above Lagrangians
should be determined to constrain the Lagrangians. In
Table 1, we list the values of these coupling constants used
in the calculation, which are cited from the literature [14,33—
35].

In the calculation, the masses of particles are chosen as
suggested values in the review of particle physics (PDG)
[32]. The mass difference from the charge is neglected, and
average mass is adopted. For example, the mass of the D
meson is chosen as (m jo +m p-) /2. The effect of such treat-
ment is negligible on the result and conclusion of this work.
For the broad o/fy(500) meson, only a range of the pole,
(400 — 550) — i (200 — 350), is provided in PDG. Here, we
adopt a mass of 500 MeV. The different choices of the mass
of o meson from 400 to 550 MeV will effect the result a
little, and can be smeared by a small variation of the cutoff.
2.2 Potential of X D® — A.D™ interaction
The potential of the ¥ D® — A.D™ interaction can
be constructed with the help of the vertices for the heavy
meson/baryon and the exchanged light meson, which can be
easily obtained from the above Lagrangians. Besides the ver-
tices, the propagators of the exchanged light mesons are also
needed, which read,

Pp(q®) = —— 7 ﬁ(q ),

w2 —g‘”+q q"/m3

Py (g7 =i q2—m§, filq

Po(q®) = 5— po—y fi@®, (10)
q*

where the form factor f;(g?) is adopted to compensate the
off-shell effect of exchanged meson. In this work, we intro-
duce four types of from factors to check the effect of the form
factor on the results, which are in forms of

A2 2
fig*) = —qu’ (11)
4
hgh = T A AT A (12)
f3(g?) = emmea /AL (13)
4 2 2\2

[q2 — (g7 +m2)/21> + A

where m, and g are the mass and momentum of the
exchanged light meson. The q,2 denotes the value of ¢2 at
the kinematical threshold. The cutoff is rewritten as a form
of A, = m 4+ a, 0.22 GeV. In the calculation we also con-
sider the propagators without a form factor, we remark it as

fol@® = 1.
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Table 1 The parameters and

coupling constants adopted in p g &v & &

our calculation. The A and Ag ; 0.9 0.59 5.9 0.56 0.76

are in the unit of GeV~!. Others ’ ' ' ’ '

are in the unit of 1 S ts 81 s Ps tp 84 A
—1.74 6.2 ~0.94 ~3.31 —Bs/2 ) g1/ 22 —is/v/3

Table2 The flavor factors for certain meson exchanges of certain inter-
action. The values in bracket are for the case of / = 3/2 if the values
are different from these of / = 1/2

s n P @ o
DWE®. - DWZW.  —13]  glgl 1zl 50l 1
D™ A, - D™ A, 0 0 0 1 2
D®A, - DO EP £ 0 5 0 0

Because six channels are considered in the current work,
it is tedious and fallible to give the explicit of 36 potential
elements for the potential of the coupled-channel interaction
and input them into the code. Instead, in this work, we input
the vertices I" and the above propagators P into the code
directly and the potential can be obtained as

Voo = il Peo(qY), Vv = filiu Py (@®). (15)

Hence, the explicit forms of the potentials are not given here.
The f7 is the flavor factor for certain meson exchange of
certain interaction. It can be derived with the Lagrangians
in Egs. (3) and (9) and the matrices in Eqs. (2) and (8). The
explicit values are listed in Table 2.

2.3 The qBSE approach

The scattering amplitude can be calculated with the help
of the potential of the interaction obtained in the above.
The Bethe—Salpeter equation is widely used to treat two-
body scattering. With a quasi potential approximation, the
4-dimensional Bethe—Salpeter equation can be reduced to a
3-dimensional equation and the unitary is kept. As our pre-
vious works [11,36—40], a spectator approximation, which
was explained explicitly in the appendices of Ref. [37], will
be adopted in this work to search the possible bound states.
A bound state from the interaction corresponds to a pole of
the scattering amplitude M.

After partial-wave decomposition, the 3-dimensional Bethe-

Saltpeter equation after spectator quasipotential approxima-
tion can be reduced further to a 1-dimensional equation with
fixed spin-parity J ¥ as [37],

p//zdp//
(2m)3

IMIL ) =iV, )+ Z/

2

. P . P
iV PG )iML, @ p),  (16)
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where the sum extends only over nonnegative helicity A”.
Here, the reduced propagator with the spectator approxima-
tion can be written down in the center-of-mass frame with
P =(W,0)as

G = STl 2—m3)
0= — > 5
p/*—mi
8 (p)® — Ex(p")

T 2E, ()W — En(p")? — EX(p)]

(a7

Here, as required by the spectator approximation, the heav-
ier particle (remarked with A) is on shell, which satisfies
p)? = Ep(p") = \/m;} + p"2. The p|” for the lighter parti-
cle (remarked as [) is then W — Ej,(p”). Here and hereafter,
a definition p = | p| will be adopted.

The partial wave potential is defined with the potential of
the interaction obtained in the above as

P /
V)@ p) =27 / d cosf [d{,v(G)Vm(p . P)

+nd’ OV (p, p)], (18)

where n = P P; P,(—1)’ /1772 with P and J being parity
and spin for system, D® meson or X* baryon. The ini-
tial and final relative momenta are chosen as p = (0, 0, p)
and p’ = (p’sin®,0, p’ cosf). The d{k,(e) is the Wigner
d-matrix.

One may note that we make the partial wave decompo-
sition on the spin parity J”, and the explicit orbital angular
momentum L is not involved here. It is consistent with rela-
tivistic treatment adopted in the gBSE approach because the
L is not a good quantum number in a relativistic theoreti-
cal frame. With such treatment, the contributions form all
partial waves based on orbital angular momentum L related
to a certain J ¥ considered have been included already. It is
an advantage of our method because the experiment result is
usually provided with spin parity J ©. Hence, in this work, the
S-wave state means that a state can couple to two constituent
particles, the Z‘L(.*)D(*) — A.D™ here, in S wave while all
other possible higher partial waves on L are included natu-
rally.

Now we need treat an integral equation, to avoid diver-
gence, a regularization is usually introduced. For example,
a cutoff in momentum is introduced as one way to do the
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regularization in the chiral unitary approach [41], which is
related to the dimensional regularization [42]. In the gBSE
approach, we usually adopt an exponential regularization by
introducing a form factor into the propagator as

2
Go(p) = Gop) [ e~ K"/ ], (19)

where k; and m; are the momentum and mass of the lighter
one of meson and baryon. The interested reader is referred to
Ref. [37] for further information about the regularization. In
Ref. [22], the authors warned that the 7w exchange provides
excessive short-range interaction. In the current work, the
relation of the cutoff A, = m + «, 0.22 GeV with m being
the mass of the exchanged meson is also introduced into
the regularization form factor as in those for the exchanged
mesons. Such treatment will suppress the large-momentum,
i.e., the short-range contribution of the = exchange.

The one-dimensional integral equation can be easily trans-
formed into a matrix equation. The pole of scattering ampli-
tude M can be searched by variation of z to satisfy |1 —
V(2)G(z)| = 0 with z = W 4 iI"/2 equaling to the system
energy W at the real axis [37].

3 Single-channel results

The coupled-channel effect should be included into physical
scattering. However, for the X' D® — A.D™ interaction
considered in the current work, the coupled-channel effect
should be small because the experimental pentaquarks are
close to the thresholds. Our previous work [27] also supports
such judgement. Moreover, the coupled-channel effect will
make the results complex, which makes it difficult to show
the property of bound states from each channels. Here, we
will first present the results of a single-channel calculation.

3.1 Isodoublet bound states with I = 1/2

Now, we consider the isodoublet bound states from single-
channel interaction. In the current work, we have two free
parameters, cutoff parameters ¢, and «,, for the regularization
and the exchanged meson, respectively. In single-channel
calculation here, we take o = o, = « for simplification.
Since the cutoff A should be about 1 GeV, we vary « in a
range from 0.5 to 8.5 to find the bound state from each chan-
nel, which exhibits as a pole in the real axis of the complex
plane of z. The obtained binding energies E gwith the vari-
ation of the « are illustrated in Fig. 1. Here, binding energy
is defined as Ep = M;;, — W with M,; and W being the
threshold and W of the pole.

In the current calculation, we consider ten interactions,
XD with spin parity 1/27, X*D with 3/2~, X.D* with
1/27 and 3/27, X D* with 1/27,3/27, and 5/2~, A.D*

4

NL"'"I~'.','_:l-'~'~'~'l""I""I'_

S

-
)]
ShRL ALY LLLRY § LA L

o
T

Eg (MeV)
S

o
T T T T T T T T T T oA O T T T T T T T TT T T T T T T TT T
| AR R LA | LA B | AR B R | | AR R LM |

o

bbb bbb b b b dbn b Do b b edbabe b b b b Vo b Lo b s Lo D L 1y

.0 Ry fa \
L
1

o
2 AT I

SRR RRRRERRRLE LA

b

ol b b by by g g 1Y

2 3 4 5 6 7 8
ol

Fig. 1 Thebindingenergy E p with the variation of the « for isodoublet
bound states from the single-channel interaction. The thresholds M,
for the ¥ D, £ D and X* D* channels are 4320.8, 4385.3, 4462.2 and
4526.7 MeV, respectively. The f; withi = 0, 1, 2, 3, 4 means the
results without form factor for exchanged meson or with form factor
£i(¢?) in Eqs. (11-14), respectively. The horizontal lines and the bands
are the experimental mass and uncertainties observed at LHCb [1]

with 1/27 and 3/27, and A.D with 1/2~. With reasonable
parameters, no bound state can be produced from the A.D*
and A, D interactions. For other seven interactions, the bound
states are produced in the range of the o considered in the
current calculation. Here, the results with different types of
form factors for exchanged meson are presented in Fig. 1.
The results show that the different choices of the form factors
change the quantitive results but the qualitative conclusion
are not changed. Moreover, the order of the curves for dif-
ferent form factors are almost the same for the seven bound
states. It indicates that if appropriate cutoffs are adopted, the
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same conclusion can be reached with different choices of the
form factors.

The X.D bound state and two X.D* bound states can
be related to the LHCb pentaquarks. Because there is only
one S-wave bound state, the P.(4312) should be assigned
into the X D(1/27) state in the molecular state picture. Two
pentaquarks, P.(4457) and P.(4440) were observed at LHCb
near the Ecl_)* threshold, which can be related to two bound
states with 1/2~ and 3/2~ from the X, D* interaction. For
the X.D*(3/27) state, the binding energy increases to about
20 MeV at o = 2 — 3 for form factor f(p,2,3,4) and « of
about 5 for fi. For the X.D*(1/27) state, in a large range
of «, from 1 to about 6, the binding energy is smaller than
10MeV. Such results suggest we should assign the 1/27 state
as P.(4440) and the 3/27 state as P.(4457) state. Compared
with experimental results, the o should be about 3 for f(2 3 4)
and about 5 for f1. With such choice, the Ecl_)(l/ 27) state
has a binding energy about 10 MeV, which is quite consis-
tent with the experimental value. The results also suggest
that the form factor f(2 3 4) is more suitable to explain the
three LHCb pentaquarks in the molecular state picture in the
single-channel calculation.

Based on the above analysis, though the other four
bound states, X*D(3/27), £¥D*(1/27), X*D*(3/27),
EjD*(S /27), can be produced with variation of the cut-
off, the existence of the E;“D*(S/2’) should be doubted
because an « larger than 5 is required to produce such state,
which is much larger the one to produce three LHCb pen-
taquarks with the experimental masses at the same time. If
we adopt o = 3 for the form factor f(3 3 4), the binding ener-
gies of Z‘C*D*(I/Z_) and EZ,‘D*(S/Z_) states are about 5
MeV, and the Z‘g"DG /27) state should have a very small
binding energy.

3.2 Isoquartet bound states with / = 3/2

In the above, we present the isodoublet bound states. For
the same interaction with different isospins, the model and
parameters involved should be also the same. Hence, it is
straight forward to give the prediction about the isoquartet
bound states from the Eé*) D™ and A.D®™ interactions. The
possible experimental observation about such bound states is
also a good check to the molecular state interpretation of the
LHCb pentaquarks and the results in this work. Here, we
make the calculation to search isoquartet bound states in the
same model as in the isodoulet case. The results are presented
in Fig. 2.

Here, we still vary the « to search for the bound states
from the interactions as in the isodoublet case. Generally
speaking, a larger o should be adopted to produce the bound
states. If we focus on the results with f(2 3 4, which is more
suitable to reproduce the LHCb pentaquarks, the « is at least
larger than 5 to produce a bound state from the interaction

@ Springer

Eg (MeV)

Fig. 2 The binding energy E g with the variation of the « for isoquartet
bound states. The other conventions are the same as in Fig. 1

considered here. With an « smaller than 12, no bound state
can be found for the X.D(1/27), the ¥*D(3/27), and the
¥ D*(1/27) interactions. For the X, D*(1/27) interaction,
an « larger than eight is required to force the potential strong
enough to produce a bound state. For the ¥, D*(3/27) and
X :D*(3 /27) interactions, the bound states are produced at
an « of about 6GeV. The bound state from X*D*(5/27)
appears at an « of about five for f(2 3 4) and more larger for
f1. If we recall that the LHCb pentaquarks are reproduced at
an « of three for f(2 3 4) and five for f; in the isodoublet case,
it is reasonable to doubt the existence of the four bound states
shown in Fig. 2 if the assignment of three LHCb pentaquarks
are right.

Usually, increase of the « can enhance the strength of
the interaction. The large « required here suggest that the
isoquaret interactions are much weaker than those with I =
1/2. Tt is easy to understand if we recall the flavor factors
listed in Table 2. The sign between the potentials by 7 and n
exchanges, and that between p and w exchanges is different
for I = 1/2 and 3/2 cases. It results in the cancellation of
two contributions in the isoquaret case. Such cancellation
makes the interaction with / = 3/2 too weak to produce a
bound state with a small «.

4 Coupled-channel results

It is well known that the coupled-channel effect will affect
the binding energy of the bound state. Moreover, if a lower
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channel was considered, the bound state from the channel
with higher threshold will acquire a width. In the above
single-channel calculation, six bound states are produced
[the Z‘C*B(S /27) is not well supported because a large o is
required]. Those states are from three channels, which can be
coupled to each other by light meson exchange as the single-
channel interaction. With the Lagrangians in the heavy quark
limit and chiral symmetry, a coupled-channel calculation can
be preformed for the X D™ — A, D™ interaction.

4.1 The poles from the Z‘L(.*)l_)(*) — A.D™ interaction

In single-channel calculation, the bound state is a pole at real
axis. After the coupled-channel effect are included, the pole
will leave the real axis and becomes a pole in the complex
plane as shown in Fig. 3. The poles from the X¥ D) —
A:D™ interaction with J¥ = 1/2~ and 3/2™ are presented
in the figure.

Here we take the f3 to show the coupled channel results.
The results with f(1 2 4) is qualitatively consistent with the
results with f3 if the cutoff is varies correspondingly. In
the single-channel calculation, the best value of « is found
about three to reproduce the experimental masses of three
LHCb pentaquarks. After including the coupled-channel
effect, besides the bound states have width and become reso-
nances, the masses of the resonances are also different from
the masses obtained from the single-channel calculation. If
we still adopt an « of three, the pole of the X.D(1/27) state
will move from 4311 to 4294 MeV, which is even below the
Acl_)* threshold. Hence, we adopt a smaller value « of 2.5
to give the poles from the X D® — A.D™ interaction.

16 | N - 0
; ‘ 2
- sl K
-16 | LR

Im(z) (MeV)

16-' .-_‘: t
8_

0

-8k

. N

430 435 440 445 450
Re(z) (GeV)

Fig. 3 Thelog|1—V (z)G(z)| withthe variation of z for the 25*) D™ —
A.D™ interaction with J¥ = 1/2~ and 3/2~ at @ = 2.5. The color
means the value of log |1 — V(z)G(z)| as shown in the color box. The
form factor f3 is adopted in the calculation. The full square, diamond,
and circle are for the experimental data of the P.(4312), P.(4440) and
P.(4457) at LHCbD [1]

Six poles can be found in the complex plane with their con-
jugate partners. In the case with J© = 1/27, there exist three
poles near the X.D, X.D* and X¥*D* thresholds, respec-
tively. In the case with J© = 3/27, we also have three poles
near the Z‘;"l_), X.D* and X*D* thresholds, respectively.
The pole near the ¥.D threshold is obviously related to
the P.(4312). Compared with experimental values at LHCb,
M =4311.9£0.715% and I = 9.8£2.773 I MeV, the theo-
retical pole at 4304 —4i MeV is a little lower but in the uncer-
tainties of the width [here we use the relation I" = —2 Im(z)
]. Two poles appear near the ¥.D* with 1/2~ and 3/27,
respectively. The pole in 3/27 fall in the experimental val-
ues with uncertainties quite well while the 1 /27 poleis alittle
higher in mass. Though the mass gap of these two states is
narrowed after the coupled-channel effect included, the order
of these two states still supports the assignment of two states
with 1/27 and 3/27 as P.(4440) and P.(4457), respec-
tively. The theoretical widths also support such assignment.
Hence, as the single-channel results, the coupled-channel
results support the assignment of the P.(4457), P.(4440)
and P,(4312) as molecular states X.D(1/27), X.D*(1/27)
and X.D(3/27), respectively.

It is interesting to observe a pole near the X* D threshold,
which may be related to the P,(4380) suggested in the old
LHCD article [2]. This pole is almost on the threshold, if the
physical strength of the interaction is a little weaker, it may
become a cusp on the threshold. Besides, it has a width about
40 MeV, which is much larger than three LHCb pentaquarks.
These properties of this state may be the reason why the
P.(4380) is very broad and difficult to be observed in the
invariant mass spectrum.

Near the X*D* threshold, two poles can be found with
both 1/27 and 3/27. The 1/27 poleis at4521 —2i and 3/2~
pole is at 4526 — 2i. These two poles are obviously shallower
than other poles. It indicates that the peaks corresponding of
these states may be smaller than other states.

4.2 The widths of the molecular states

From the above results, we can find that the widths of the P,
states can be well reproduced in our model. It is interesting
to give the widths from each channel to show the strength
of the coupling between the molecular state and the corre-
sponding channel. In the current work, the pole of a molecular
in the complex plane can be obtained by a coupled-channel
calculation. Usually, the width of a state can be obtained as
I' = —2Im(z) where the z is the position of the pole, that
is, the width can be related to the imaginary part of the pole.
In Table 3, we list the poles of the molecular states for full
coupled-channel calculation and two-channel calculation.
From the analysis in Secti. 4.1, one can find that the
coupled-channel effects between different channels will
effect the position of the poles but not very far. We can still
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Table 3 The positions and branching ratios of the molecular states. The
“CC” means the full coupled-channel calculaiton. The “pole” means
mass of corresponding threshold subtracted by the position of a pole,

M;; — z, in the unit of MeV and Br= z]:r?r’n for i channel in the unit
of %. The «, is the cutoff in the exponential regularization in Eq. (19).
The explicit explanation can be found in the text

ar CC x.D* >*.D x.D A.D* AcD Sum

pole pole Br pole Br pole Br pole Br  pole Br ) Im; Izmlcni
>*.D*(1/27)
1.5 1.2+1.0i 1.8401 17 2140.1i 17 12403 50 17401 17 19400 0 06 167
20 3.0+ 1.6i 37402 18 39402 18 29405 45 46402 18 374+00i 0 1.1 145
2.5 55423 61403 19 6.64+03 19 53407 44 64+03i 19 64400 0 1.6 144
30 7.443.1i 88404 18 90404 18 71+1.0i 45 84404 10 92+00i 0 22 141
*.D*(3/27)
20 0.0+42i 03407 28 05407 28 12400 0 00+09 36 1.1+02 8 25 168
25 0.0+58i 1.04+12i 32 1.14+08 22 23400i 0 00+15 41 23402 5 3.7 158
30 0.0+6.8i 1.741.7i 37 1.6+10i 22 34400i 0 00+1.7 37 34402 4 46 148
35 0.0+75i 22421 41 204+1.1i 22 42401 2 00415 29 44403 6 5.1 147
x.D*(1/27)
1.0 35+1.9 - - 30400i 0 29403 20 33+12 8 30+00i 0 1.5 127
20 82+4.8i - - 87402 5 80+05 12 91+33 8 87+01i 2 41 117
30 13.8+88 - - 152409 11 141408 9 1554+63i 74 162+05 6 85 104
40 17741471 - - 232421 15 190415 11 215494 66 22.14+12i 9 142 104
>.D*(3/27)
1.0 2.7 +1.0i - - 18403 19 1.6+400i 0 14+10i 63 1.6+03 19 1.6 63
1.5 3.5423i - - 21404 13 20400 0 09+24i 75 17+04i 13 32 72
20 3.443.6i - - 21404 9 21401 2 00435 78 1.6+05 11 45 80
2.5 28442 - - 21404 12 20401 3 00424 71 14+05 15 34 81
3.0 2.6+45i - - 20404 13 20+01i 3 00420 65 14406i 19 3.1 69
Z*D(3/27)
2.5 0.0+19 - - - - 04+0i 0 0.0+16i 100 0.4+0i 0 16 119
3.0 0.0+24i - - - - 0.6+0i 0 00419 100 0.6+ 0i 0 19 126
35 0.0+28i - - - - 09+40i 0 00422 100 0.9 +0i 0o 22 127
40 0.0+ 30i - - - - 1.0+40i 0 0.0425i 100 1.0 +0i 0 25 120
».D(1/27)
1.0 3.7+2.0i - - - - - - 34421 88 21+03 13 24 83
1.5 8.1+2.9i - - - - - - 61+30i 8 33+04i 12 34 85
20 114440 - - - - - - 94+40i 8  46+05 11 45 89
25 1784460 - - - - - - 13.6+49i 87 59407 13 56 82
30 23.6+48 - - - - - - 184+5.1i 8  7.14+08 14 59 81

identify the main contribution of a molecular state from its
mass. Here, we remark the states with their main origin, for
example, for the state near X¥* D* thresholds with 1/27, we
adopt a notation as X*D*(1/27). In Table 3, the results
for six states X*D*(1/27) X*D*(3/27), X.D*(1/27),
¥.D*(3/27), £¥D(3/27) and ¥.D(1/27), which can be
produced with an « in a reasonable region where the LHCb
pentaquarks can be reproduced, are presented in order. The
positions of the these states with the full coupled-channel
calculation are listed in second column in Table 3. Here, to
emphasize the binding energy, we replace the real part of the

@ Springer

pole by the binding energy, that is, z — My, — z with My
being the mass of the threshold.

In third to twelfth columns, we present the results from the
two-channel calculation. In such calculation, we only keep
the coupling between main channel and another channel to
study the effect of this channel on the bound state from the
main channel. Again, we take the X*D*(1/27) given first
in Table 3 as example. For this case, the EC*D* is the main
channel. The X*D*(1/27) state is mainly produced from
this interaction. If only X'* D* channel is considered, the pole
is at the real axis. After another channel, such as X,.D*, is
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added, the pole will move to complex plane. Especially, the
imaginary part or width of this state is from the X. D* channel
totally in such two-channel calculation. In Table 3, the results
for two-channel calculation from main channel and one of
the X, D*, E;“D, >.D, A.D*, and A.D channels are given
from third to twelfth columns in order. Here, we introduce the
branching ratio Br to present the importance of corresponding
channel. Itis defined as the imaginary part of the each channel
divided by the sum of the imaginary parts of all channels,
that is, Br = hﬁ;i . The results with different values of «;
are presented to show the stability of the branching ratios.
One can find that the sum of the imaginary parts of every
channels, listed in the thirteenth column, deviates from the
full coupled-channel result, which is shown in the last column

Im . .
as 3= Icnf, .Itis from the couplings between the channels except

the main channel X* D*. Such deviation is small in all cases.
Hence, the branching ratio here should be seen as the first
order approximation if the pole of the molecular state is not
far away from the threshold of the its main origin.

Two X*D* states can decay into five channels consid-
ered in this work. In the full coupled-channel calculation,
the real and imaginary parts of the pole increase with the
increase of «,. Such behavior can be also found in the two-
channel results. However, the branching ratio of each channel
is not sensitive to the variation of the parameter. The XD is
the most important decay channel of the Ej‘D*(l /27) state
with a branching about 50%, and the X D*, Z‘C*D and A.D*
channels also have considerable contributions with branching
ratios a little smaller than 20%. The A.D channel has little
effect on the decay width of the E;“[_)*(I/Z_) state (here
and hereafter the 0.0/ does not means forbidding but a very
small width in the current precision). For the 2;‘[)*(3 /27)
state, the X, D*, Ejl_) and A.D* channels provide consid-
erable widths with branching ratios about 20-30%, while its
couplings to the X.D and A.D channels are very small.

There exist two states near the X,D* threshold in our
model, which can be related to the experimental P.(4440)
and P.(4457). The channel above the X.D* channel, here
Eg“D* channel, does not provide the width, that is, the the
pole near the X.D* threshold from the two-channel calcu-
lation with X* D* channel is still on the real axis. It reflects
that a state X' D* can not decay to X*D* which is beyond
its mass. Hence, there are only four channels listed. For both
¥, D* states, the AD* channel is dominant, with branch-
ing ratio about 70%. Other channels only have branching
ratios smaller than 20%. The dominance of the A.D* is
also found in the Z‘;‘D(S/Z‘) and Z‘CD(I/Z_) states, where
fewer channels are opened in the models considered in the
current work. The branching ratio of the X* D(3/27) state to
the A.D channel is 100% while the A,.D channel provides
about 90% contribution to the ECD(I /27) state.

5 Summary and discussion

In this work, the Z’C(*) D™ — A.D®™ interaction is studied in
the qBSE approach with the help of the Lagrangians in heavy
quark limit and with chiral symmetry. The single-channel
calculation shows that three LHCb pentaquarks, P.(4312),
P.(4440), and P.(4457) can be well reproduced from the
¥.D interaction with spin parity J© = 1/27 and X.D*
interaction with 1/27 and 3/27, respectively. It is further
supported by the coupled-channel calculation, where the
bound states become poles in the complex plane, and acquire
widths in the uncertainties of the experimental values. Our
results also suggest that the P,(4440) and P.(4457) should
have large branching ratios in the A.D* channel, and this
channel is also very important in the decay of the P.(4312).
The P.(4380), which is suggested by the first LHCb experi-
ment and suspended in the updated results, can be related to
the X7 D state with 3/27. This state is on the X* D threshold
and has a large width from AD* channel. It may be only a
cusp on the threshold. If so, the peak in the invariant mass
spectrum of this state will be broad and difficult to be distin-
guished in experiment.

Other possible molecular states from the Eé*)D(*) —
A.D™ interaction are also predicted in the same model.
three X*D* states can be produced with appropriate o
adopted. However, very large « are required to produce the
state with 5/27. Such results are consistent with the Scenario
A of Ref. [23], where the binding energy of the state with
5/27 is the smallest. If we adopt a value of o« which can repro-
duce three LHCb pentaquark, only two states, X* D* with
1/27 and 3/27 are suggested by our results. The decay pat-
terns of this two states are also studied in the coupled-channel
calculation. The X D channel is found important to the state
with 1/27 and three channels, >.D*, ¥*D, and A,.D have
considerable contributions to the state with 3/27. The iso-
quaret molecular states with I = 3/2 are also studied in the
same model. The results suggest that the interaction is very
weak. Only three states, X.D(1/27), £*D*(3/27), and
X.D(5/27) can be produced but very large « are required.
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