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Probing new types of P, states inspired by the interaction between an S-wave charmed
baryon and an anticharmed meson in a 7 doublet state
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Inspired by the observations of three P, states, we systematically investigate interactions between an S-wave
charmed baryon 8% = A./%./%; and an anticharmed meson 7 = D; /D3 with the one-pion-exchange potential
model and the one-boson-exchange potential model, and search for possible new types of P. states with the
structures of BT . Both S-D wave mixing and coupled channel effects are considered. Our results suggest that
in some BT systems there are ideal candidates of new types of P, states—i.e., the X.D; state with I(JF) =
1/2(1/2%), the =.Dj state with I(J*) = 1/2(3/2%), the £*D; state with 1(J) = 1/2(1/27), and the X} D; states
with I(J*) = 1/2(1/2%, 3/2+)—and we suggest that these predicted new types of P, states can be detected in the
process A) — 1(2S)prr ~. Meanwhile, we also extend our study to the interactions between an S-wave charmed
baryon and a charmed meson in a 7' doublet, and we predict a series of double-charm molecular pentaquarks.
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I. INTRODUCTION

Exploration of exotic hadronic configurations, which are
beyond conventional mesons and baryons in the unquenched
quark model, is the academic frontier of hadron physics since
these exotic hadronic states have a special position in hadron
spectroscopy. Studying exotic hadronic states can provide use-
ful hints to deepen our understanding of the nonperturbative
behavior of quantum chromodynamics (QCD). In the past
16 years, experimentalist have observed more and more char-
moniumlike XY Z states and P. states, which have stimulated
the development of investigations of exotic hadronic states
(see review papers [1-6] for more details).

In March of 2019, the LHCb Collaboration announced
new progress on pentaquarks. By revisiting the process Ag —
J/¥ pK with the combined data set collected in Run 1 plus
Run 2 [7], it was found that three resonance structures,
P.(4312), P.(4440), and P.(4457), exist in the J/v p invariant
mass spectrum. This observation shows that the P.(4450)
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structure reported by LHCb in 2015 contains two substruc-
tures P.(4440) and P.(4457) [8]. This updated result of P.
states provides strong evidence to support the molecular pen-
taquark [9-48].

When facing such new and exciting results of exploring
exotic hadronic states, we propose the question, Where are we
going? Let us review the charmoniumlike XY Z from B meson
decays. As the first reported charmoniumlike state, X (3872)
has inspired extensive discussion of the DD* molecule, which
is related to an S-wave charmed meson interacting with an
S-wave anticharmed meson. Of course, one must be curious
about other hidden-charm charmoniumlike molecular states
which are composed of an S-wave charmed meson and a
P-wave anticharmed meson. Especially, the observation of
Z(4430) directly results in the discussion of whether it can
be a D*D; or D*D/ molecule [49,50]. Later, our group carried
out a systematical calculation of molecular systems composed
of an S-wave charmed meson and a P-wave anticharmed
meson with JP =0+, 1% [51], and predicted the possible
heavy molecular states from the interaction between a pair
of excited charm-strange mesons with J* = 0" or 17 [52]
and a pair of excited charmed mesons J© = 1* or 2% [53].
The observations of charmoniumlike structures in the J/vy ¢
and J/Y¥ @ invariant mass spectra also made us combine
these experimental data with former theoretical results to
carry out further phenomenological work [54]. To date, more
and more higher charmoniumlike XY Z states from B meson
weak decays not only make the charmoniumlike XY Z family
become abundant, but also inspire interest of researchers
in studying the interaction of more highly excited charmed
mesons [1].
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FIG. 1. The observed P. states from A, baryon decays [7,8] and
charmoniumlike XY Z states from B meson decays [55-64] with the
corresponding first observation year.

When checking the production processes of P, states from
A baryon decays and XY Z states from B meson decays, there
exists a similarity. At present, LHCb has only observed few P,
states, which are closely related to the S-wave charmed meson
and S-wave anticharmed baryon (see Fig. 1). According to the
experiments behind discovered XY Z states, we have enough
reason to believe that more P, states with larger mass will
be reported by LHCb in the near future. Theorists should
pay more attention to this interesting issue and give more
suggestions for future experimental searches for P, states. In
fact, the present status of the theoretical study of P, is also
similar to that of XY Z states around 2008. Thus, it is a good
starting point to investigate how an S-wave charmed baryon
interacts with a more highly excited anticharmed meson, by
which we can provide valuable information of new types of
hidden-charm molecular pentaquarks.

In this work, we will investigate the interactions between
an S-wave ground charmed baryon 8% = A./%./X* and an
anticharmed meson in a T doublet (Dy, D3), where the four
P-wave charmed mesons have narrow widths [65]. We also
extend our work to study systems with a charmed baryon
Bg*) and an excited charmed meson D;/Dj. Here, we re-
spectively adopt the one-pion-exchange (OPE) model and the
one-boson-exchange (OBE) model, including the exchange
contributions from 7w, o, n, p, and w in the latter model,
which is similar to the study of nuclear force. In addition,
the S-D wave mixing effects and coupled channel effects
are taken into account in our calculations. We hope that
valuable information provided here can be helpful for further
experimental searches for the predicted P, states with larger
masses.

This paper is organized as follows. After this Introduction,
we present the detailed framework in Sec. II. New types of
P. states with the structures of (Y7 and A.T are given
in Secs. Il and IV, respectively. In Sec. V, we show the
numerical results for doubly charmed molecular pentaquarks.
The paper ends with a summary in Sec. VI.

II. FRAMEWORK

To answer whether or not an S-wave ground charmed

baryon 8%) = A./¥./¥} and an anticharmed meson in T

doublet (D, D;) can be bound together to form a molecular
state, we first investigate the interactions between Bg*) and
Dy /Dj. In this work, we adopt the OPE model and the OBE
model, which were developed to study the interactions be-
tween hadrons with observed XY Z charmoniumlike states and
P, states [3], to quantitatively describe the strong interactions
between B and D, /Dj.

In general, there are three typical steps for extracting
the effective potentials which depict the strong interactions
between hadrons:

(1) By the effective Lagrangians approach, we can write
out the scattering amplitudes M(hhy — hshy) of the
scattering process hjh, — hshy. Later, we list the ef-
fective Lagrangians adopted in the present work.

(2) Due to the Breit approximation, the effective potentials
in momentum space can be related to the scattering
amplitudes, i.e.,

@2.1)

where M;(ry denotes the mass of the initial (final) state.

(3) By the Fourier transformation, the effective potentials
VEe(q) can be transformed into Vg (r) in coordinate
space, i.e.,

Vi) = f

where mp and g are the mass and four-momentum
of the exchanged particle, respectively. The monopole
type form factor F(g°, m%) = (A% — m‘%)/(A2 —¢%)
[66,67] compensates for the effects from the off-shell
exchanged mesons and the more complicated struc-
ture of vertices. The cutoff A as a phenomenological
parameter reflects the intrinsic size of hadrons or the
typical hadronic scale. In addition, the introduced form
factor also regularizes the effective potentials to cure
the ultraviolet singularity.

d3q iqr 2( 2 2
(Zﬂ)3e‘1 Ve@F (q°, mp), (2.2)

We can obtain the properties for some possible bound
states by solving the Schrodinger equation with the effective
potentials.

To write out the relevant scattering amplitudes, one needs
the effective Lagrangians to describe the interactions between
B /Dy /D3 and the light scalar, pesudoscalar, or vector
mesons [68,69], i.e.,

() =)

Ly = (T, "o T, Q) +ik(T, " RouysT,2)

—iB' T (V) — P,

+ i/ (TP F (0T, ), 2.3)
Lg, = 13(B30B3) + iBp(B3v" (V, — p,)B3), 2.4

-ES = lS(S/LO'S”> - %glgllV)\KUK (S;LAUSA)
+iBs(Suva(V* — p)S*) + As(SF" (0)S,), (2.5)
Lg,s = iga(SHA,Bs) + ihre" v, (S, F B3) + He., (2.6)
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which can be constructed in heavy quark symmetry and the
chiral symmetry [68—73]. Here, v = (1, 0) is the four-velocity
under the nonrelativistic approximation. The multiplet field T
is composed of an axial-vector meson Dy = (DY, D, D )T
and a tensor meson D = (D3, D3~, D¥; Y 169]:

0 <Y 3 - v 1 v
Lo = [Dzﬁ: v = \/;Dmys (g“ -3 ="y )}

-y
=

X

Its conjugate field satisfies _ZQ)M = yOTa(Q)’”yO. Superfield

S, includes B¢ with J* = 1/2" and B; withJ” = 3/2" in the
6r flavor representation, ie., S, = —\/g(yu + vu)y586 +
B;,,- Axial current A, and vector current V), are defined
as A, = (§79,& —£3,£7)/2 and V,, = (79, +£8,£7)/2,
respectively. Here, & = exp(iP/f;) and f; = 132 MeV is
for the pion decay constant. In the above formula, vector
meson field p, and its strength tensor F,,(p) are p, =
igVV;t/‘/z and F/w(p) = 3;;/% - avpu + [p/u ovl, respec-
tively. Here, matrices 85 and Bé*) are

c “c(')

B5 = —A:r 0 g 1|,
— :j‘ — E(C) 0
s+t EOT B0

p
S+ (0
BH) : ()0 ¢
6 ﬁ c \/i 9
=0+ =)0
S Se Q(*)O
V2 V2 ¢

respectively. Additionally, matrices P and V,, have the con-
ventional form, which can be found in Ref. [30].

We pick the interaction terms which contain only one light
meson by expanding the effective Lagrangians (2.3)—(2.6);
such terms are collected in Appendix A.

We need several input parameters to obtain the numerical
results. First, the coupling constants existing in Egs. (2.3)—
(2.6 are Is = 2 = 7.30, g1 = 2+/2g4/3 = 0.94, Bsgy =
—2Bpgy = —12.00, Asgy = —2/2%;8y = —19.20GeV !,
and k = —0.59 [68], which are widely used to discuss
hadronic molecular states [14,30,33]. Here, the coupling
constant g; can be extracted from the strong decay
2 — A [65]. The coupling constant k for D\Dim
vertex is the same as the DD*m coupling constant within
the quark model [74], which is determined from the
experimental width T'(D* — D) [65]. As is well known,
information about the coupling constants g7, 8", and 1" is
very scarce at present [69]. In this work, we estimate these
coupling constants in the quark model [75], and they can
be extracted from the D™-D* interactions [30]. Thus, we
use g/ =—0.76, B"gy = —5.25, and A"gy = 3.44GeV~!
in the following numerical analysis [68,76], and the signs
for these coupling constants are fixed by the quark model.
In addition, the adopted mass values are m, = 600.00 MeV,
my = 137.27 MeV, m, = 547.85 MeV, m, = 775.49 MeV,
mg, = 782.65 MeV, my = 938.27 MeV, mp, = 2422.00 MeV,

mp; = 2463.05 MeV, my, = 2286.46 MeV, my, = 2453.54
MeV, and mys: = 2518.07 MeV [65]. In our calculation, only
the cutoff A is a free parameter, and we attempt to find bound
state solutions by varying the cutoff parameter in the range of
0.79—4.00 GeV.

In general, the loosely bound states are sensitive to the
details of the effective potentials. Because of the uncertainties
of the coupling constants g, B”, and A", we should be
cautious when studying the existence possibility of the 8T -
type hadronic molecular states with the OBE potential model.
On the other hand the 7 exchange interaction, which is clear
and widely accepted, contributes to the long-range force in the
formation of hadronic molecular states. However, the scalar
and vector meson exchange interactions are used to provide
the intermediate and short-range contributions, which are not
determined very precisely. If the m exchange interaction is
dominant and strong enough to generate a loosely bound state,
such a loosely bound state can be regarded as a relatively re-
liable candidate for a hadronic molecular state. Therefore, we
study the BT molecules within both OPE and OBE models.
In our numerical analysis, we first give the numerical results
with the OPE potential model. After that, we further take into
account other pseudoscalar meson exchange interactions and
the scalar and vector meson exchange interactions, and repeat
the numerical analysis to check the effects. By comparing the
numerical results, we can discuss which bound states are more
reliable and less dependent on models.

As is known well, the deuteron is a loosely bound state
composed of a proton and a neutron, and may be regarded
as an ideal molecular state. Here, we briefly reproduce the
binding energy E and root-mean-square radius rryms for the
deuteron via the OPE and OBE models; detailed information
on the effective potentials is provided in Ref. [77]. We sum-
marize the numerical results in Table I. A reasonable cutoff
in the study of the deuteron is estimated to be around 1.0
GeV, but varies among different scenarios [66,67]. The tensor
forces from the S-D wave mixing effects are important for
the study of the deuteron. Nevertheless, the S-wave contri-
bution plays the leading role and the D-wave correction is
subleading. There are about 95% S-wave and 5% D-wave
nucleon-nucleon (NN) in the deuteron, which is consistent
with the results from chiral effective field theory [78,79]. In
addition, the deuteron is a loosely bound state, and its typical
size should be much larger than the size of all the component
hadrons. Knowledge of the deuteron helps us to study other
molecular states.

TABLE I. Reproducing the binding energy E and root-mean-
square radius rgyms for the deuteron with four different scenarios:
(A) OPE without S-D mixing effects, (B) OPE with S-D mixing
effects, (C) OBE without S-D mixing effects, and (D) OBE with S-D
mixing effects.

Models A (GeV) E (MeV) rrvs (fm)
OPE(S-D x)

OPE(S-D V) 1.07 —2.42 3.63
OBE(S-D x) 1.17 —2.06 3.79
OBE(S-D V) 0.87 —2.56 3.58
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TABLE 1I. Flavor wave functions for the discussed 7 sys-
tems. Here, / and I3 are their isospin and the third components,
respectively.

System |1, I) Configurations
3.3) perT——
|%’%) \/IIE(*”*'T‘ +\/Z|2(*)+To
TOT 3, -1 f|2<*)+T +[|E‘*)°T°
3.-3 =0T
11,4 \/;|E§*>++T-)—\/;|Z§*>+T°)
5 -4) JHET) = Jameer)

III. NEW TYPES OF P, STATES: *D,(D3) SYSTEMS

In this section, we focus on the D (D) systems in
detail to illustrate how we search for bound states. First, we
need to construct the flavor and spin-orbital wave functions
for these discussed )T pentaquark systems. In Table II, we
summarize the flavor wave functions |/, I3) for the discussed
T T systems.

For these discussed £*'D;(D3) systems, their spin-orbital
wave functions read as

ZDICHL) = Y O G L X [Yim ).

m,m’ ,mgmy,
Ak (2541 _ S,m J.M m’
1D L)) = Z o Comy o X" [Yeom, )
m,m’ ,;msgmy,
25+1 S.m
iDLy = Y . Com L, @ 3€" Y,
m,m’ ,mgmy,
% A% 25+1 _ S,ms m’
|25D2( LJ)) - Z C m,2m’ Smg Lqu>3 g- )’
m, m’ ,mgmy,
(3.1)
J.M S,ms S,mg S, ms S, ms
where CSm JLmy> ¢ mAm” " tm2m’ %m,lm/’ and Cy, Sm,2m" are

the Clebsch-Gordan coefﬁcients. |Y7,m,) is the spherlcal har-
monics function. x1, and @, are defined as the spin wave
functions for fermions with § = 1/2 and 3/2, respectively.
e (m' =0,=£1) and " (m” =0, +£1, +2) [80] are the po-
larization vector and tensor, respectively. The explicit expres-
sions for these wave functions are

—(0,0,0, —1),
é.m” ZCImeln me n

et = L(0 +1,4,0)
\/5 9 9 b 9

3
>.m
— 2 m
Iy = E Ci o X1, €
2 amizlmy 7251

my,my

3.2)

With the above preparation, we further write out the spin-
orbit wave functions when the S-D wave mixing effects are
considered in our calculation, which becomes more com-

plicated. The general expressions corresponding to several
typical J¥ quantum numbers are

P =1/2"): Zch\ZS%/4D%>’
E:DI|ZS%/4D%/6D

1/
2

T:D3’S1 /D1 /D),
I =3/2%): E.Di|*S;/’D;/*Ds),
=.D3[*S /' D /°Ds),
Z:Di[*S1/’Dy /' Dy /D),
2:D3|*S: /D /*Ds /Dy /*Dysy),
lJP =5/2%) ECD§|6S%/4]D>%/6]D>%),

E:Dl |6S%/2D%/4D%/6D%)»
£:D3[°S; /°Ds /D3 /°Ds /°Ds),
7P =7/2%)

sz;\gs%/‘*D%/ﬁD%/gﬂ)%), (3.3)

where the notation |**!L;) is used, in which S, L, and J
denote the spin, relative angular momentum, and total angular
momentum of the corresponding systems, respectively.

Take the ¥.D; state with /(J*) = 1/2(1/2%) as an exam-
ple to illustrate how we consider the S-D wave mixing effects.
The corresponding spatial wave function |v), the kinetic term
K, and the effective potential V can be expressed as

¥) = (ZDi[S1), 20D1|41Dn>)T,

72
K= diag(—ﬂ, —— W’2>

W (KVED.ZSI>—>ED1|ZSI> (V)ZDMZS] —>le|411)1>>

(3.4)

3.5)

(V):D,\4D1)—>ZD]|SI) ):D,|41D,>—>>:D,|]D>,)

(3.6)

respectively. u = mx mp, /(ms, 4+ mp,) is the reduced mass
of the ¥.D; system. The superscripts in Eq. (3.6) represent
the corresponding scattering processes, which are presented
in Appendix B 1. By solving the coupled channel Schrédinger
equation, i.e., (K4 V) |y) = E |¢) with E the binding en-
ergy, we can obtain the properties of the bound state X.D;
with I(JP) = 1/2(1/2%) as new type of P, state. Now we can
present the numerical results for the £*)D;(D3) systems with
the OPE and OBE models, respectively.

A. T¥D;(D3) systems with the OPE model

Generally speaking, the w exchange interaction plays an
irreplaceable role in forming loosely bound molecular states.
In Table III, we present the binding energy E, root-mean-
square (RMS) radius rrvms, and probabilities for different
components for the bound states composed of £.D; and E.D}
with the OPE model. In order to check the specific roles of
the S-D wave mixing effects, we show the numerical results
without and with the S-D wave mixing effects.

As shown in Table III, these states can be bound with
several MeV binding energy when cutoffs are around 1.1 GeV,
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TABLE III. Bound state properties (binding energy E, root-mean-square radius rrms, and probabilities for different components) for the
Z[,DI(DE“) systems with the OPE model. Cutoff A, binding energy E, and root-mean-square radius rrys are in units of GeV, MeV, and fm,
respectively. The largest probability of the quantum number configuration for a bound state is indicated by bold typeface. In Tables III-VI and
VIII-XI, we use same convention when numerical results are presented: the second column group shows results without considering the S-D
wave mixing effects while the last column group shows the relevant results with the S-D wave mixing effects.

2D
1J7) A E RMS A E RMS P(zS% /4]1))%)
LA 1.04 -0.23 4.79 0.99 —-0.22 4.92 99.52/0.48
115 —3.96 1.55 1.10 —3.65 1.64 99.05/0.95
1.26 —12.69 0.93 1.21 —11.82 1.00 98.90/1.10
1(JP) A E FRMS A E FRMS P(4S%/2D%/4D3)
13N 2.22 -0.27 4.98 97.06/0.38/2.56
2.48 —3.50 1.87 92.10/0.95/6.95
2.74 —12.05 113 88.28/1.35/10.37
33N 351 -0.19 4.96 2.22 —0.28 4.68 98.33/0.39/1.28
3.67 —3.88 1.46 2.40 -3.91 1.59 95.69/1.00/3.31
3.83 —12.49 0.84 2.57 -11.97 0.97 94.01/1.39/4.60
%D}
I1(J%) A E FRMS A E TRMS P(4S% /411)%/6]])%)
139 1.12 -0.19 4.96 1.02 -0.23 491 99.11/0.12/0.77
1.24 —4.10 1.51 1.14 —3.80 1.64 98.16/0.25/1.59
135 —12.52 0.93 1.26 —12.44 0.99 97.84/0.31/1.86
I(JP) A E T'RMS A E F'RMS P(6S%/4D%/6D%)
13N 2.13 -0.30 4.88 96.59/0.89/2.51
2.38 -3.72 1.83 90.75/2.33/6.92
2.63 —12.86 L11 86.13/3.41/10.46
13N 2.94 -0.27 4.60 2.08 -0.26 4.74 98.59/0.57/0.84
3.09 -3.95 1.45 2.26 —4.05 1.55 96.36/1.47/2.16
3.24 —1227 0.85 243 —12.57 0.94 95.07/1.99/2.95

which are reasonable cutoff values. Their RMS radii are all
around a few fm, which is consistent with the typical size of a
hadronic molecular state. Thus, such loosely bound states can
be good candidates of P, states with larger masses.

In contrast, the 7 exchange interactions result in repulsive
potentials at long range for the ¥.D; states with I(J¥) =
3/2(1/27),1/2(3/2") and the =.Dj states with I(J¥) =
3/2(3/2%),1/2(5/2%), and therefore such states cannot be
bound with the OPE model if we do not consider the S-D wave
mixing effects. For the £.D; state with I1(J*) =3/2(3/2%)
and the X.Dj state with I(J©) =3/2(5/2F), the OPE po-
tentials are slightly attractive at short range. Compared to
the £.D; state with I(J©) = 3/2(3/2%), the £.D} state with
1(JP) = 3/2(5/2") is more easily bound because of stronger
OPE attractions and hadrons with heavier masses, and we
can obtain bound solutions for these two states when the
cutoffs are taken to be around 3.6 and 3.0 GeV, respectively. In
general, a loosely bound state with smaller cutoff corresponds
to more attractive force. For the X.D; state with I(J¥) =
1/2(3/2") and the E.Dj state with I(J¥) = 1/2(5/2"), these
weakly bound state solutions with the cutoff around 2.2 GeV
disappear after removing the contributions of the D-wave
channels, which implies that the S-D wave mixing effects play
an important role in generating these loosely bound states.

Here, recall that the tensor force in the effective potentials
plays a critical role in the formation of the loosely bound
deuteron.

For the .D; state with I(J*) = 3/2(1/2") and the £.D;
state with (J©) = 3/2(3/27), there do not exist bound states
with the OPE model, even if the S-D wave mixing effects are
considered.

Following the procedure discussed above, we present the
binding energy, RMS radius, and probabilities for different
components for the *D; (D) systems with the OPE model
in Table I'V.

From the numerical results in Table IV, the investigated
=*Dy state with I(J”) = 1/2(1/2") and the £*Dj states with
1(JP)=1/2(1/2%,3/2%) can be good candidates of the new
types of P. states since they have small binding energies
and suitable RMS radii under reasonable cutoffs, which is
because the m exchange interactions give strongly attractive
forces around 1.0 fm, and strongly attractive interactions at
long range can be used to generate these reasonable loosely
bound states. The attractive interactions from the 7 exchanges
contribute at short range for the T*D, state with 1(J7) =
3/2(5/2T) and the Z}Dj state with I(J*) =3/2(7/27),
which makes loosely bound state solutions possible: we find
that there exist weakly bound state solutions when the values
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TABLE IV. Bound state properties for the £7D;(D3) systems with the OPE model. Conventions are the same as Table IIL.

System I(JP) A E FRMS A E FRMS P(ZS%/4D%/6D%)
L1 0.87 —0.24 474 0.82 —0.27 4.08 99.23/0.47/0.30
0.97 -3.92 1.57 0.92 -3.78 1.66 98.57/0.89/0.54
1.07 —12.48 0.96 1.02 —-11.93 1.03 98.38/1.02/0.60
31N 3.80 —0.34 4.57 96.54/1.62/1.83
3.90 —1.50 2.55 93.12/3.15/3.73
4.00 =3.75 1.68 89.55/4.67/5.78
I1(J%) A E FRMS A E FRMS P(4S%/2D% /4]1))% /GD%)
%(%+) 1.84 —0.27 4.59 1.31 —0.24 4.89 98.24/0.44/1.19/0.14
1D, 1.98 —4.23 1.43 1.46 —3.78 1.68 95.84/1.03/2.82/0.31
2.11 —12.56 0.87 1.61 —12.53 1.01 94.53/1.35/3.72/0.40
1(J%) A E rRvs A E rRMs P(°Ss/’D; /*Ds/°Ds)
;(g*) 1.98 —0.37 4.65 95.76/0.14/0.12/3.97
222 —3.88 1.83 89.04/0.26/0.32/10.37
2.45 —12.50 1.15 83.55/0.30/0.48/15.34
33N 2.38 —0.24 4.73 1.81 ~0.26 4.95 98.75/0.18/0.05/1.02
2.53 —4.11 1.43 1.98 —3.96 1.57 96.72/0.47/0.13/2.68
2.67 —12.33 0.86 2.14 —12.55 0.95 95.61/0.63/0.17/3.59
System 1(J%) A E IRMS A E FRMS P(*Sy/'D,/°Dy)
L1 0.82 —0.29 455 0.79 —0.75 3.35 98.82/0.60/0.58
0.91 —3.64 1.63 0.88 —4.80 1.52 98.27/0.90/0.83
1.01 —12.29 0.97 0.96 —11.86 1.05 98.11/0.99/0.80
%(%+) 3.70 —0.56 3.89 95.89/1.81/2.31
3.85 —2.49 2.05 91.84/3.52/4.64
4.00 —6.33 1.36 87.92/5.13/6.95
I(JP) A E FRMS A E F'RMS P(4S%/2D%/4D%/6D%/8D%)
N 111 —0.21 4.86 0.97 —0.28 4.68 98.68/0.34/0.62/0.12/0.23
1.23 —4.16 1.48 1.09 -3.97 1.62 97.30/0.71/1.31/0.25/0.43
1.34 —12.62 0.91 1.21 —12.80 0.99 96.71/0.88/1.61/0.30/0.48
139 3.68 —0.26 4.88 97.15/0.72/0.96/0.23/0.95
3.89 —3.11 1.81 91.51/2.05/2.69/0.66/3.08
4.00 —6.29 1.32 88.66/2.68/3.50/0.87/4.29
x:D; 1(J%) A E FRMS A E FRuS P(°S; /D3 /*D; /°Ds /*Ds)
13 1.57 —0.25 4.93 97.21/0.29/0.14/2.29/0.07
1.75 —3.61 1.79 92.85/0.67/0.37/5.96/0.16
1.93 —12.09 1.07 89.90/0.87/0.52/8.49/0.22
139 3.40 —-0.27 4.76 97.81/0.59/0.15/1.39/0.06
3.65 =3.77 1.62 93.73/1.75/0.45/3.93/0.15
3.90 —12.49 0.96 90.50/2.71/0.69/5.88/0.23
1(J%) A E rRvs A E rRvs P(*S;/'D;/°D;/*Dy)
I 1.88 ~0.29 4.97 95,75/ 0.11/ 0.01/ 4.09
2.12 —3.67 1.89 88.01/0.22/ 0.14/ 11.62
2.35 —12.38 1.17 82.00/ 0.25/ 0.22/ 17.53
(1IN 2.00 -0.21 4.85 1.63 —0.24 4.81 98.86/0.14/0.02/0.98
2.14 —3.82 1.48 1.79 —4.06 1.54 97.20/0.34/0.04/2.42
2.28 —12.27 0.86 1.94 —12.70 0.93 96.35/0.45/0.05/3.15
of the cutoff parameters are taken around 2.4 and 2.0 GeV, component, and we cannot obtain bound state solutions until
respectively. Additionally, the effective potential from the we increase the cutoff parameter to be around 4.0 GeV.
exchange provides a very weak attractive force for the XD} In contrast to the above situation, the 7 exchange ef-

state with I(JF) = 1/2(5/2%) if we only consider the S-wave fective potentials are repulsive for the *D; states with
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TABLE V. Bound state properties for the ¥.D;(D3) systems with the OBE model. Conventions are the same as Table III.

=D
1J") A E FRMS A E FRMS P(’S,/'Dy)
i 0.91 —0.40 4.24 0.88 -0.22 4.98 99.61/0.39
1.01 —5.07 1.49 0.98 —4.65 1.57 99.20/0.80
1.10 —12.30 1.05 1.07 —12.28 1.07 99.04/0.96
31N 2.106 —0.48 3.27 1.96 —-1l.64 2.06 89.81/10.19
2.112 —5.63 0.79 1.97 —5.30 1.14 86.95/13.05
2.118 —12.02 0.53 1.98 —10.20 0.84 85.98/ 14.02
1(J") A E FRMS A E FRMS P(“S% /211))% /411)%)
13N 1.59 —0.26 4.99 1.24 —0.35 4.71 97.88/0.34/1.78
1.78 —4.11 1.68 1.35 -3.93 1.83 94.91/0.81/4.29
1.97 —-12.71 1.04 1.46 —12.24 1.16 92.92/1.11/5.97
16 2.02 —0.40 4.28 94.71/1.32/3.97
2\2
2.11 —4.55 1.58 86.34/3.50/10.16
2.19 —12.28 1.07 81.06/4.98/13.96
=.Dj
1(J%) A E TRMS A E TRMS P(*S;/'D;/°Dy3)
13N 0.94 —0.38 4.32 0.90 -0.37 4.38 99.21/0.11/0.68
12 : . . . . . .21/0.11/0.
1.04 —5.39 1.46 0.99 —4.39 1.62 98.53/0.21/1.26
1.14 —12.36 1.05 1.08 —11.98 1.09 98.21/0.26/1.53
3" 2.202 —0.66 2.65 1.93 —-1.01 2.76 90.84/1.95/7.21
2\2
2.208 -5.92 0.75 1.95 -5.75 1.19 85.30/3.19/11.51
2214 —-12.27 0.52 1.96 -9.21 0.96 84.13/3.48/12.40
1(J") A E FRMS A E TRMS P(°S;/*D3/°Ds)
L3N 1.65 -0.30 4.78 1.24 —-0.29 4.93 97.72/0.69/1.58
1.84 —4.21 1.66 1.35 -3.80 1.86 94.09/1.78/4.13
2.02 —12.61 1.03 1.46 -12.32 1.16 91.58/2.52/5.89
33N 2.08 —-0.22 5.02 96.24/1.64/2.12
2.18 -3.89 1.69 88.61/5.11/6.28
2.28 —12.54 1.07 83.14/7.79/9.07

I1(J")=3/2(1/2%,3/2%),1/2(5/2%) and the £}Dj states
with 1(JP) =3/2(1/2%,3/2%,5/2%),1/2(7/2%), and there
do not exist bound state solutions with the OPE model if the
contributions of the D-wave channels are not considered. The
tensor forces from the S-D wave mixing effects are essential
in the formation of these loosely bound states. There are no
bound solutions for the £}D; state with / J*)=3/2(3/2%)
with the OPE model, even if we consider the S-D wave mixing
effects.

B. X*D,(D3) systems with the OBE model

Usually, the pion exchange interaction plays a dominant
role in forming the loosely bound states at long range due to
the molecular state being a loosely bound state; the interac-
tions from other light meson exchanges, especially the vector
exchange interaction, may play an important role to modify
the bound state properties to a large extent at intermediate and
short ranges. In fact, the n exchange interaction usually plays a
minor role in generating the loosely bound states [81], and the
contribution from the o exchange always gives an attractive
force [82].

The OBE model is a little more complex, and we carry out
an analysis similar to that for OPE. For the £.D and £.D}
systems, the 7, o, 1, p, and w exchanges contribute to the total
effective potentials. In Table V, we present the corresponding
bound properties for the £.D; and E.Dj systems within the
OBE model.

As shown in Table V, we can obtain more loosely bound
states with reasonable cutoffs after considering the scalar
and vector meson exchange effective potentials. For the
¥.D state with I(J*) = 1/2(1/2") and the £.Dj state with
I(JP)=1/2(3/2%), we find loosely bound state solutions
within reasonable cutoffs for both the OPE model and the
OBE model, and the energies and radii are similar, which
means that the total effective potentials mainly come from
the m exchanges, and the scalar and vector meson exchange
effective potentials play a minor role in the formation of these
bound states when cutoff parameters A are around 0.95 GeV.
Therefore, we conclude that the ¥.D; state with I(JF) =
1/2(1/2%) and the £.D3 state with 1(J©) = 1/2(3/2") are
favored to be the better candidates of the new types of P.
states. By comparing the numerical results of the OPE model,
the cutoffs are relatively more reasonable for the loosely
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bound states in the ¥.D; system with I(J¥) = 1/2(3/2*) and
the £.D3 system with I(J*) = 1/2(5/2") within OBE model.
Here, the p and w exchange attractive forces play a significant
role in the formation of these loosely bound states with cutoffs
of about 1.65 GeV.

The binding energies of the X.D; state with I(JF) =
3/2(1/2") and the X.Dj state with I1(J¥) =3/2(3/2%) are
very sensitive to the cutoffs, which differs from other states
greatly. The main reason is that the p and w exchange inter-
actions give strongly attractive forces at relatively short range
when the cutoff parameter A is around 2.2 GeV, and there are
almost no attractive forces at intermediate and long ranges.
Especially, the effective potentials related to the q>/(g> + m?)
term in momentum space have a great influence on these
bound states, and the short-range dynamics make the numeri-
cal results more sensitive to the values of the cutoffs.

In many X.D;(D3) systems, the binding energy in the
OBE model is larger than that in the OPE model with the
same cutoff parameters since the intermediate and short-range
interactions often play an essential role in the formation of
the loosely bound states. Comparing the results with and
without the S-D wave mixing effects, it is obvious that the S-D
wave mixing effects are important in the formation of several
molecular states, especially for the $.D; state with I(J) =
3/2(3/27) and the X.Dj state with 1(J) = 3/2(5/2%).

Similarly to the £.D;(D3) systems, we present the bound
properties for the £*D;(D%) systems with the OBE model in
Table VI. From Tables VI and 1V, it is obvious that the bound
state properties will change accordingly after we consider
the contributions from the scalar and vector meson exchange
effective potentials.

We can obtain loosely bound states in the £}D; system
with I1(J¥) = 1/2(1/2%) and the £*D} system with I(J¥) =
1/2(1/2%, 3/2%) with the cutoffs around 1.00 GeV by using
both the OPE model and the OBE model. Different from
the OPE case, the p and w exchange attractive forces play
an important role in the formation of the X*D, states with
I1(J")=1/2(3/2%,5/2%) and the 7D} state with I(J*) =
1/2(5/2%,7/2%), and they are loosely bound molecular states
with the OBE model, especially when we consider the
contributions of the D-wave channels. The situation of the
T*Dy states with 1(J7) =3/2(1/2%,3/2") and the T*D}
states with I(J*) = 3/2(1/2%, 3/2%) is similar to that of the
%Dy state with I(JP) = 3/2(1/2") and the £.Dj state with
1(JP) = 3/2(3/2%) qualitatively, and their properties signif-
icantly depend sensitively on the cutoff parameter, and thus
our results indicate that these bound states cannot be good
candidates of hadronic molecular states.

C. Discussion and rating for bound states

The D-wave components with small contributions does not
obviously change some bound state properties [53]. However,
for the /D (D3) states with I = 3/2 and others, their bound
state properties may change considerably after considering the
S-D wave mixing effects, which is mainly determined by the
nondiagonal matrix elements of the effective potentials [83].

The states with I = 1/2 are easier to bind as a hadronic
molecular candidate than those with I = 3/2 for the low

spin 2 T-type systems. This is not surprising since the
7 exchange effective potentials are weakly repulsive with
I = 3/2 and strongly attractive with / = 1/2 for the low spin
hidden-charm pentaquark states.

Empirically, the vector exchange interaction may be im-
portant for the formation of hadronic molecular states if
the cutoff parameter is greater than 1.5 GeV; this is due
to the introduction of the form factor F(g?, mz) = (A* —
m2)/(A? — ¢*) into the effective potential in the present
work. Of course, when the cutoff parameter is relatively
small, it is obvious that the = exchange interaction plays an
irreplaceable role in generating these loosely bound molecular
states.

As shown in Tables III-VI, we can predict a series of
possible new types of P. states with the form ZT. We
have considered four different scenarios: (A) OPE without
S-D mixing effects, (B) OPE with S-D mixing effects, (C)
OBE without S-D mixing effects, and (D) OBE with S-D
mixing effects. We notice that some bound states exist in some
scenarios but disappear in other scenarios. Shall we treat them
equally?

Many hadron molecular states have been predicted by
different theoretical groups, and we try to categorize them in
some reasonable way and give a rough indication which states
deserve experimental resources.

If a bound state can be formed both with and without D-
wave contributions, it means that the convergence of partial-
wave expansion is good and thus the results are more reliable
in our scheme. For similar reasons, the states bound within
both OPE and OBE models have smaller theoretical uncer-
tainties.

Therefore, we provide a preliminary rating scheme. If a
bound state can exist in n scenarios with reasonable cutoff
around 1.0 GeV, we rate it as an n-star state. For example,
2*Dy with I(J*) = 1/2(3/27) can be bound in scenarios (B),
(C), and (D), and thus we assign it three stars. In this rating
system, P.(4440) is a four-star state. In Table VII we present
our rating for new types of P, states in £*'D;(D3) systems.

In this rating scheme, the deuteron has only three stars
but is still in the top two among five ranks. There are many
zero-star states which cannot be bond in any scenario and are
not listed in Table VII. However, in an ideal rating scheme the
deuteron should most probably be in the top rank. The rating
scheme in this paper definitely needs efforts from particle
physicists to be improved in future.

To investigate the uncertainties of cutoff for these four-star
states within the OPE model and OBE model, in Fig. 2 we
present the A dependence of the binding energy and root-
mean-square radius for two typical states, ¥.D; with I(J*) =
1/2(1/2%) and =.D3 with I1(J¥) = 1/2(3/2F). We can see
clearly that the binding properties of these four-star states are
not significantly dependent on the cutoff A.

In comparison to those large spin states, we find that the
low spin states may be bound more tightly for the ' Dy (D3)
states with I = 1/2, which have results similar to the £*'D*)
states with I = 1/2 [30]. The observations of three resonance
structures, P.(4312), P.(4440), and P.(4457), are from the
A, baryon decays [7], and thus one can search for these
predicted new types of P, states through the A;, baryon weak
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TABLE VI. Bound state properties for the £*D;(D3) systems with the OBE model. Conventions are the same as Table I11.

System I(J?) A E FRMS A E FRMS P(zS% /4]1))% /6]1])%)
e 0.82 —0.31 4.50 0.79 —0.35 4.40 99.26/0.45/0.29
0.91 —4.68 1.52 0.88 —4.72 1.56 98.71/0.80/0.49
1.00 —12.98 1.02 0.96 —12.49 1.06 98.51/0.93/0.56
314N 1.917 -0.29 4.42 171 -0.25 4.73 93.76/2.85/3.39
1.923 —5.51 0.82 1.73 —4.11 1.43 84.65/6.96/8.39
1.929 —-12.21 0.54 1.75 —11.55 0.90 81.92/8.25/9.84
1(J%) A E rRMs A E rRMs P(*S;/°’Dy/*D; /°Dy)
13N 1.09 -0.36 4.44 1.00 —0.41 4.32 98.63/0.36/0.91/0.11
1.22 —5.06 151 1.10 —4.69 1.62 97.15/0.75/1.89/0.21
;D 1.34 —12.54 1.05 1.19 —12.08 112 96.37/0.95/ 2.42/0.26
TEN) 2.979 —0.36 3.49 2.02 —0.54 371 92.95/2.58/3.89/0.58
2.985 —5.80 0.67 2.06 —5.86 1.27 84.19/5.91/8.62/1.28
2.991 —-12.26 0.45 2.09 —13.10 0.90 80.98/7.21/10.31/1.50
1(J") A E FRMS A E IRus P(°S;/*Ds/*Ds /°Ds)
13t 1.74 -0.29 4.86 1.24 —0.38 4.61 97.00/0.15/0.10/2.75
23 /0.15/0.10/
1.92 -3.85 1.72 1.35 —4.18 1.80 92.61/0.33/0.23/6.82
2.10 —12.63 1.02 1.45 —12.36 1.18 89.80/0.42/0.33/9.45
33N 1.99 —0.38 4.36 95.62/0.79/0.19/3.40
2.10 —4.40 1.63 88.59/2.18/0.50/8.72
2.20 -12.30 1.10 83.91/3.26/0.73/12.10
System I(JP) A E FRMS A E FRMS P(ZS%/4D%/6D%)
z:Dj i 0.79 —0.40 4.16 0.79 —1.57 2.47 98.74/0.64/0.62
0.88 -5.12 1.46 0.86 —6.19 1.40 98.42/0.82/0.76
0.96 —-12.96 1.01 0.92 —12.60 1.06 98.26/0.91/0.83
(1 1.860 —0.67 2.69 1.65 —0.33 4.40 93.70/2.71/3.59
1.866 —6.33 0.77 1.67 —4.24 1.42 85.61/6.17/8.22
1.871 —12.09 0.55 1.69 —11.81 0.90 83.01/7.32/8.67
IJ%) A E TRMS A E FRMS P(4S%/2D%/4D%/6D% /8]1)%)
ED 0.93 —0.28 4.64 0.87 —0.25 4.85 98.96/0.27/0.49/0.10/0.18
1.03 —4.52 1.55 0.96 —4.12 1.66 97.84/0.58/1.03/0.20/0.35
1.13 —12.14 1.04 1.05 —12.04 1.09 97.30/0.73/1.31/0.25/0.41
ED) 2.194 —0.61 2.74 1.78 —0.24 4.77 94.09/1.40/7.84/0.46/2.21
2.200 —5.86 0.74 1.81 —4.38 1.42 84.22/3.74/4.83/1.21/6.01
2.206 —-12.22 0.50 1.84 —12.87 0.88 80.40/4.70/6.00/1.49/7.40
1(J7) A E IRms A E rRvs P(°S;/’D3/*Ds/Ds /D)
e 1.23 —0.24 4.98 1.07 —0.37 4.52 98.08/0.25/0.11/1.52/0.04
1.38 —4.37 161 1.17 —4.26 171 95.68/0.53/0.24/3.46/0.09
1.53 —12.15 1.06 1.27 —12.41 1.12 94.19/0.68/0.32/4.68/0.13
(31 2.07 -0.27 473 95.08/1.46/0.36/2.97/0.12
2.13 —4.56 1.47 85.84/4.41/1.07/8.35/0.34
2.18 -12.17 0.98 81.25/6.03/1.43/0.86/0.43
1(J*) A E FRMS A E FRMS P(’S;/'D;/°D;/*Dy)
I 1.83 -0.29 4.85 1.24 —0.36 4.71 96.65/0.13/0.05/3.17
2.00 —3.74 1.72 1.35 —4.10 1.82 91.44/0.29/0.13/8.15
2.16 —12.16 111 1.45 —12.47 1.17 88.03/0.36/0.18/11.43
33N 1.98 —0.32 4.50 96.24/0.63/0.04/3.09
2.10 —3.98 1.70 89.94/1.82/0.12/8.12
2.22 -12.19 1.10 85.31/2.86/0.17/11.66
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TABLE VII. Rating for new types of P. states in " D;(D3)
systems with (Z, J).

Rating >.D, >.D; 2*D, =*Dj
e () ) G G
(3-3) (5.3).G.%)
b (%’%) 1 5 1 5 1 7

o (za 5) (57 5) (57 E)

decays reported by the LHCb Collaboration. By simple partial
wave analysis, we suggest first searching for these low spin
™D, (D3) states with I = 1/2 in the future. For these new
types of P, states with the structures of £.Dy, £.D3, £*Dy,
and E;"D;, the masses were predicted to be around 4.87, 4.91,
4.93, and 4.97 GeV, respectively.

IV. NEW TYPE OF P, STATES: A.D,(D%) SYSTEMS

In this section, we study the A.D;(D3) systems only
within the OBE model since the pion exchange interaction
is forbidden because of spin-parity conservation. In addition,
there are no tensor force in the effective potentials for the
A Dy (D3) systems (see Appendix B 2 for more details), and
therefore we do not consider the S-D wave mixing effects in
this investigation.

The interactions of the A.D;(D3%) systems are quite sim-
ple, because spin-parity conservation forbids the vertexes
A:Acm/n/p. Thus there are only @ and o exchange interac-
tions. Moreover, the w exchange potentials are repulsive while
the o exchange potentials are attractive, and thus the total
potentials are very shallow. In fact, we cannot find the bound
states for the A.D; systems with I1(JP) = 1/2(1/2%,3/2%)
and the A Dj systems with 1(J¥) = 1/2(3/2%,5/2") when
cutoffs A are tuned from 0.79 to 4.00 GeV. This is similar to
the results of the A .D™ systems; that is, A. does not combine

‘ 3D, 13%=112(1/2") I

0 5 0 5
~ I [OPE | D OBEJ|, =~
_ e . T ‘.

% 4 E > -4 \ A-E 2
. - C) . 3%
%-8 A S s %'8 ATppse. 2 ?
= Trmseel 2 é = ’ TN =
B b b O 1 12 3
990 1045 1100 1155 1210 882 924 966 1008 1050
A(MeV) A(MeV)
‘ 5D, 10"=112(312") I
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—_~ N OPE B OBE -
a4l N -E 147 o 5 4z
% 4 N E 54 . A-E E
2 \‘\ 30}-\ g A AN 30}:,
c -8 . = -8 S
&= AT s~ ) = T 2 5
B I Lo 12 i1
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FIG. 2. The cutoff A dependence of the binding energy E and
root-mean-square radius rrys for the X.D; state with I(J?) =
1/2(1/2*%) and the X.Dj state with I(J*) = 1/2(3/2*+) with the OPE
model and OBE model, respectively.

with D™ to form hidden-charm molecular pentaquarks for the
single-channel calculations [26].

Since the pion exchange interactions are allowed for the
processes A.T — ZT, we expect that the coupled channel
effects play an important role to generate the loosely bound
hidden-charm molecular states for the A.T systems. Thus,
we further briefly discuss the 8T coupled systems. In the
coupled channel analysis, the binding energy is provided
relative to the lowest-lying threshold [84].

Take the BT coupled systems with 1(J¥) = 1/2(1/2%)
as an example. The corresponding spatial wave function [v/),
the kinetic term K, and the effective potential V can be written
as

W) = (ADY), 15Dy, [E:D0), 1505, (@4.1)
VZ VZ VZ VZ )
K=diag( ——, —— +di, ——— +ds, —— +ds |
g( 20 2 T T
4.2)

(VAL»D]%A(-I_)] (VA(I_)IﬁE[DI (VALD]HE:‘D] (VA(I_)]%ZZTI_)z
(v2(D|~>A(,D| (VE(.D]HECDI (VZ(.DIHEZDI (VE‘.D1~>E;*D§
YEDI—=AD: YEDI—>TD) YED~E:D1 qyEDi—T:D; |
rvEfD§—>ACD1 (VE:D§—>E(D1 rijD§—>2[*D] (VEZ‘D}‘—HZ(”TD;

(4.3)
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FIG. 3. The cutoff A dependence of the binding energy E, root-
mean-square radius rrys, and the largest probability P (%) for the
BHT coupled systems with 1(J¥) = 1/2(1/2*,3/2%) and I1(J*) =
1/2(3/27%, 5/2"); the masses of bound states are defined relative to
the A D and A.Dj thresholds, respectively.
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respectively. The specific effective potentials for each com-
ponent are presented in Appendixes B 1 and B2. w1, uo, 13,
and 4 are the reduced masses of the A Dy, £.Dy, £*Dy, and
EjD; systems, respectively. In addition, d; are defined as d; =
my, — My, dz = m;;: — MA,, and d3 = mz; +mD; — mp, —
mp,. Then, we solve the coupled channel Schrodinger equa-
tion and try to find the corresponding bound state solutions.

In Fig. 3, we present the cutoff A dependence of the
binding energy E, root-mean-square radius rrys, and the
largest probability P (%) for the BT coupled systems with
1JP)=1/2(1/2*,3/2%)and I(JP) = 1/2(3/2*,5/2T). The
masses of bound states are defined relative to the A.D; and
A D} thresholds, respectively.

After including the coupled channel effects, the bound
solutions for the B%T coupled systems with I(J¥) =
1/2(1/2%,3/2%) and 1(J*) = 1/2(3/2%,5/2%) are obtained
when the cutoffs A vary in a reasonable range, and they
are mainly composed of the A.D; channel with probability
over 80% and the A.D3 channel with almost 70% probabil-
ity, respectively. Their RMS radii are around or larger than
1.0 fm, and the binding energies are a few MeV. Therefore,
the A.D; states with I(JP) =1/2(1/2",3/2%) and A.D;
states with 1(J*) = 1/2(3/2%, 5/2*) are possible candidates
of the new types of P, states with the coupled channel
effects.

V. DOUBLY CHARMED MOLECULAR PENTAQUARKS

In this work, we extend the obtained OBE effective poten-
tials to search for possible doubly charmed molecular pen-
taquarks composed of a charmed baryon B = A./Z./Z*
and an excited charmed meson in a T doublet (Dy, D3),
which is an interesting research topic full of opportunities and
challenges.

The effective potentials for the doubly charmed BT sys-
tems are related to those for hidden-charmed B%)T systems
via the G-parity transformation. The potentials induced by
the o, n, and p exchanges are same, while those resulting
from the 7 and w exchanges have opposite signs between the
corresponding doubly charmed and hidden-charmed systems
with the same isospin and spin-parity quantum numbers [85].

A. TDy(D3) systems

We show the numerical results for the X.D;(Dj) and
X*D(Dj) systems with the OPE model in Tables VIII and
IX, respectively.

In Table VIII, the binding energies and RMS radii are the
same for the bound states in the X.D; system with I(J*) =
3/2(1/2%) and the X.D; system with I1(JF) = 1/2(3/2%)
when we do not consider the contributions of the D-wave
channels, owing to the same product of the matrix elements

TABLE VIII. Bound state properties for the XD, (D}) systems with the OPE model. Conventions are the same as Table III.

ECDI
I(JP) A E FRMS A E F'RMS P(ZS%/4D%)
%(f) 2.62 —0.34 4.68 95.15/4.85
2.78 —3.59 1.80 85.39/14.61
2.94 —12.22 1.08 75.90/24.10
31N 1.86 —0.26 4.64 1.76 —-0.28 4.62 99.65/0.35
2.00 —4.22 1.44 1.90 -3.95 1.52 99.23/0.77
2.13 —12.56 0.87 2.04 —12.46 0.90 99.05/0.95
IJ?) A E FRMS A E TRMS P(“S% /Z]D)% /411)%)
: (g*) 1.86 —0.26 4.64 1.22 —0.24 4.96 97.51/0.59/1.90
2.00 —4.22 1.44 1.37 -3.91 1.70 93.83/1.45/4.72
2.13 —12.56 0.87 1.51 —12.25 1.07 91.85/1.89/6.26
>.D3
I1(J") A E FRMS A E FRMS P(“S% /411))% /6]1)%)
;(g*) 2.30 —0.31 4.81 95.69/0.94/3.37
2.50 —3.68 1.83 87.29/2.82/9.89
2.70 —12.83 1.09 79.66/4.52/15.82
g(g*) 2.03 -0.29 4.51 1.81 —0.20 4.99 99.42/0.08/0.50
2.17 —4.14 1.44 1.96 —3.66 1.58 98.59/0.19/1.22
2.30 —12.10 0.88 2.11 —12.04 0.93 98.18/0.25/1.56
I(J7) A E FRMS A E FRMS P(GS% /4]D)% /6ID)%)
g(g*) 1.57 —0.20 4.92 1.16 —0.32 458 97.68/0.95/1.37
1.70 —3.83 1.52 1.30 —4.05 1.66 94.95/2.06/2.99
1.83 —12.39 0.89 1.43 —12.12 1.05 93.60/2.57/3.82
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TABLE IX. Bound state properties for the XD, (D3) systems with the OPE model. Conventions are the same as Table III.

System ](JP) A E FRMS A E FRMS P(ZS%/4D%/6D%)
LN 1.95 —0.34 4.79 94.52/2.57/2.91
2.13 —3.80 1.85 83.60/7.10/9.30
2.30 —-12.72 1.14 73.93/10.42/15.65
3(1 1.51 —0.20 4.93 1.41 —0.29 4.56 99.44/0.34/0.22
1.64 —3.88 1.51 1.54 —3.88 1.55 98.83/0.72/0.45
1.77 -12.62 0.89 1.67 —-12.18 0.94 98.57/0.89/0.54
1(J%) A E IRvs A E rRvs P(*S; /D3 /*D; /°Dy)
ED) 2.10 —0.35 4.62 95.68/1.57/2.42/0.33
2.32 —3.84 1.79 88.74/4.15/6.20/0.91
T:D; 2.54 —12.66 111 83.27/6.21/9.08/1.44
g(g*) 3.47 —0.21 4.84 2.40 —0.30 4.56 98.78/0.31/0.81/0.10
3.63 -3.98 1.51 2.58 —3.88 1.56 97.01/0.75/2.01/0.23
3.79 -12.55 0.83 2.76 -12.33 0.93 95.87/1.03/2.79/0.31
1(J%) A E FRMS A E FRMS P(°S;/°Ds/*Ds /°Ds)
13 1.30 —0.26 4.63 1.02 -0.22 5.00 98.10/0.28/0.08/1.55
1.42 —3.98 1.51 1.15 —3.77 1.71 95.62/0.65/0.17/3.56
1.54 —12.57 0.91 1.28 —-12.53 1.04 94.42/0.81/0.22/4.55
(31 3.80 -0.29 4.78 97.60/0.10/0.07/2.24
3.90 —0.99 3.06 95.95/0.14/0.12/3.79
4.00 —2.20 2.14 94.30/0.19/0.17/5.34
System I(JP) A E FRMS A E FRMS P(ZS%/A'D%/GD%)
TrDs LN 1.86 —0.35 4.80 94.65/2.37/2.98
2.06 -3.53 1.95 85.06/6.38/8.56
2.26 —12.10 1.20 76.58/9.66/13.76
3(1N 1.41 —0.27 4.59 1.30 -0.25 4.75 99.38/0.32/0.31
1.54 —4.29 1.44 1.43 —3.85 1.57 98.64,/0.70/0.66
1.66 —12.75 0.89 1.56 —12.40 0.94 98.33/0.87/0.80
I1(J?) A E FRMS A E FRMS P(“S% /2[D>% /4]1))% /GID)% /S]D)%)
ED) 1.90 —0.27 5.00 95.31/1.19/1.56/0.37/1.58
2.10 —3.64 1.87 85.84/3.33/4.30/1.07/5.46
2.29 -12.50 1.14 71.75/4.80/6.17/1.61/9.67
13 2.00 -0.21 4.85 1.70 -0.21 4.95 99.17/0.22/0.39/0.08/0.14
2.14 —3.82 1.48 1.86 -3.99 1.53 97.92/0.55/1.00/0.20/0.34
2.28 —12.27 0.86 2.01 —12.60 0.91 97.30/0.72/1.30/0.25/0.42
IJ") A E FRMS A E TRMS P(GS%/ZD%/“D%/GD%/SD%)
13 1.80 —0.30 4.76 96.27/1.04/0.27/2.33/0.08
2.01 -3.83 1.76 90.33/2.80/0.71/5.94/0.23
2.21 —-12.20 1.10 86.25/4.06/1.01/8.35/0.34
33N 2.94 —0.37 4.33 98.01/0.22/0.10/1.62/4.68
3.15 —3.89 1.58 95.07/0.50/0.26/4.06/0.11
3.36 —-12.10 0.95 92.88/0.68/0.37/5.91/0.16
IJ") A E TRMS A E TRMS P(8S% /4]1))% /6]])% /S]D)%)
1IN 1.10 —-0.21 4.86 0.93 —0.23 4.93 98.35/0.20/ 0.02/ 1.42
1.22 —3.64 1.57 1.05 —3.76 1.69 96.39/ 0.45/0.05/ 3.11
1.34 -12.62 0.91 1.17 —12.40 1.03 95.52/ 0.56/ 0.06/ 3.87
(1N 3.65 —0.37 4.45 97.06/0.09/0.04/2.81
3.88 -3.04 1.85 92.74/0.18/0.10/6.98
4.00 —5.77 1.39 90.66,/0.22/0.13/9.00
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TABLE X. Bound state properties for the X.D,(D3) systems with the OBE model. Conventions are the same as Table III.

XDy
1(J%) A E IRvs A E FRMS P(*S;/'D})
LA™ 1.31 —0.36 4.81 1.26 -0.32 4.97 99.20/0.80
1.48 —4.53 1.86 1.45 —4.80 1.84 98.47/1.53
1.65 —12.59 1.29 1.63 -12.95 1.29 98.69/1.31
3 1.38 —0.28 4.70 1.34 —0.24 4.90 99.82/0.18
1.59 —4.24 1.56 1.55 —4.25 1.57 99.58/0.42
1.80 —12.69 0.97 1.75 —12.48 0.99 99.47/0.53
I1(J?) A E FRMS A E TRMS P(“S% /2]1))% /4]1)%)
e 0.94 —0.39 431 0.91 —0.55 3.92 98.19/0.41/1.40
0.98 —4.72 1.55 0.96 -5.30 1.54 97.32/0.59/2.09
1.01 —11.20 1.09 1.00 -13.35 1.06 97.49/0.54/1.97
EN) 3.48 -0.28 4.87 98.96/0.17/0.87
3.79 —1.28 278 98.02/0.31/1.66
4.00 —2.48 2.07 97.39/0.41/2.20
=D
1(J%) A E TRvs A E TRus P(*S;/'D;/°D3)
13N 1.30 —0.40 4.62 1.22 -0.32 4.96 98.80,/0.24/0.96
1.47 —4.81 1.80 1.40 —4.47 1.88 97.65/0.48/1.88
1.63 —12.48 1.28 1.58 -12.22 1.31 97.87/0.44/1.69
331 1.44 -0.23 4.94 1.38 -0.29 4.67 99.66,/0.05/0.29
1.67 —4.03 1.59 1.59 —4.06 1.61 99.25/0.11/0.64
1.90 —12.34 0.97 1.80 —12.06 1.00 99.03/0.14/0.83
IJ") A E FRMS A E FRMS P((’S% /4]1))% /6]1)%)
15M 0.92 —0.45 4.11 0.89 —0.48 4.10 98.39/0.64/0.97
0.96 -5.19 1.47 0.94 —5.34 1.52 97.58/0.94/1.48
0.99 —12.33 1.04 0.98 —-13.98 1.03 97.77/0.84/1.39
33N 3.50 -0.29 4.80 98.81/0.36/0.83
3.80 -1.35 272 97.72/0.69/1.59
4.00 -2.59 2.03 96.98/0.90/2.12

for the operators A, and the isospin factors H(I) giving rise
to identical and attractive w exchange interactions. Even if
we add the contributions of the S-D wave mixing effects,
the bound state solutions are still absent for the X.D; state
with 1(JP) = 3/2(3/2") and the E.Dj state with I(J') =
3/2(5/2%) with the OPE model. From Table IX, we also
notice that although the contribution of the m exchange ef-
fective potential gives a slightly attractive force for the XD}
state with 1(J*) = 3/2(5/2") when we only consider the
contributions of the S-wave channel, and we cannot obtain
bound state solutions until we increase the cutoffs to be around
4.00 GeV.

We have shown the OPE results above. To compare the
properties of the bound states with OPE and OBE models,
we still need to present the numerical results with the OBE
model. We list the bound state properties of the X.D;(D3)
systems and the X*D(Dj}) systems with the OBE model in
Tables X and XI. The exchanges of w, o, n, p, and w are
allowed.

For the ¥.D; state with /(J©) = 1/2(3/2%) and the %.Dj
state with 7(J*) = 1/2(5/27), the effective potentials of the
o, m, n, p, and w exchanges all supply attractive forces,
and therefore we can obtain loosely bound state solutions
with reasonable cutoff values according to the experience of
the deuteron [66,67], and thus they can be regarded as good
candidates of double-charm molecular pentaquarks. For the
D, state with I(J) = 1/2(1/2%) and the D3 state with
I1(J*) =1/2(3/2%), the  exchange potentials provide repul-
sive forces in the whole range, but the total effective potentials
are strongly repulsive in the range from 0.1 to 0.4 fm and
slightly attractive in the range 0.4 < r < 1.7 fm. Our results
suggest that there exist bound state solutions with cutoffs
around 1.3 GeV as indicated in Table X, and the attractive
force that binds these states mainly comes from the p and w
exchanges. For the £.D; state with I(J*) = 3/2(3/2%) and
the X Dj state with / (JP) =3/2(5/2%), the  and p exchange
potentials are repulsive while the o, 1, and @ exchanges
provide the attractive force; nevertheless the contributions of

025201-13



WANG, CHEN, LIU, AND LIU PHYSICAL REVIEW C 101, 025201 (2020)

TABLE XI. Bound state properties for the XD, (D3) systems with the OBE model. Conventions are the same as Table III.

System [(JP) A E FRMS A E FRMS P(ZS%/4D%/6D%)
1N 1.32 —0.36 4.83 1.22 -0.33 4.97 98.27/0.95/0.78
1.49 —4.50 1.89 1.41 —4.49 1.92 96.54/1.91/1.55
1.65 —12.21 1.33 1.59 —12.15 1.36 96.81/1.80/1.39
3(L1) 1.21 -0.23 4.88 1.17 —0.28 4.71 99.66,/0.20/0.14
1.38 —4.07 1.58 1.34 —4.36 1.56 99.28/0.44/0.28
1.55 —-1231 0.98 1.50 —12.47 1.00 99.13/0.54/0.33
1(J%) A E IRvs A E FRMS P(*S; /D3 /*D; /°Dy)
ED! 1.21 —0.33 4.78 1.14 —0.42 451 98.36/0.56/0.96/0.12
1.35 —4.83 1.72 1.28 —4.72 1.77 97.06/1.01/1.72/0.22
D, 1.49 —12.84 1.20 1.42 —-12.06 1.26 97.17/0.97/1.65/0.21
EN) 1.94 —0.25 4.85 1.68 —0.25 4.90 99.47/0.15/0.35/0.04
2.35 —4.03 1.58 1.99 —4.00 1.63 98.58/0.39/0.93/0.11
2.76 —12.23 0.97 2.29 —12.07 1.01 97.97/0.55/1.33/0.15
I(JP) A E FrRMS A E FrRMS P(6S%/2D%/4D%/6D%)
EN) 0.89 —0.26 4.37 0.86 —0.53 3.93 98.23/0.25/0.07/1.45
0.93 —5.10 1.47 0.90 —4.00 1.70 97.43/0.35/0.09/2.12
0.96 —12.62 1.02 0.94 —11.81 1.10 97.52/0.32/0.09/2.07
33N 3.40 -0.29 4.83 98.60,/0.08/0.04/1.28
3.70 —1.45 2.63 97.20/0.15/0.09/2.57
4.00 —3.81 1.72 95.77/0.20/0.13/3.89
System I(J7) A E FRMS A E FRMS P(zs% /4]D)% /611»%)
LTy 1.32 -0.37 4.80 1.20 —0.34 4.96 97.88/1.00/1.11
1.49 —4.57 1.89 1.39 —4.46 1.94 95.67/2.08/2.25
1.65 —12.45 1.33 1.57 —-12.10 1.37 95.85/2.03/2.11
34N 1.16 -0.29 4.60 1.10 —0.26 4.78 99.59/0.21/0.20
1.32 —4.35 1.53 1.27 —4.36 1.56 99.13/0.44/0.43
1.47 —12.20 0.98 1.42 —12.51 1.00 98.95/0.54/0.51
1(J%) A E IRMS A E TRMS P(*S;/°D;3/*D; /°D; /*D;)
D! 1.29 —0.34 4.82 1.18 -0.33 4.90 98.09/0.54/0.74/0.16/0.48
1.46 —4.65 1.81 1.37 —4.78 1.83 96.14/1.10/1.48/0.31/0.97
1.63 —12.88 1.26 1.55 —12.47 1.30 96.37/1.07/1.42/0.29/0.86
33N 1.43 -0.27 4.70 1.33 —0.26 4.78 99.51/0.13/0.22/0.05/0.09
1.66 —4.28 1.53 1.54 —4.18 1.58 98.86/0.31/0.53/0.11/0.20
1.88 —12.39 0.96 1.74 —-12.20 0.99 98.53/0.40/0.69/0.14/0.25
X:D; 1(J%) A E IR A E IRMs P(°S; /D3 /*Ds/°Ds /D)
13h 1.10 —0.38 4.49 1.04 —0.36 4.60 98.33/0.41/0.11/1.11/0.03
1.18 —4.77 1.63 1.13 —4.65 1.70 97.00/0.73/0.20/1.99/0.07
1.25 —11.96 113 1.21 —12.08 1.17 97.07/0.70/0.19/1.96/0.07
(3% 3.50 —0.31 4.61 2.07 —0.26 4.85 99.18/0.12/0.05/0.64/0.02
3.80 -0.71 3.43 2.49 -3.83 1.66 97.66/0.32/0.13/1.84/0.05
4.00 -1.05 2.90 291 —11.45 1.03 96.48/0.46/0.19/2.79/0.08
1(J%) A E IRms A E TRMS P(°S;/'D;/°Dy/°Dy)
1IN 0.86 -0.27 4.69 0.83 —-0.47 4.06 98.36/0.19/0.02/1.42
0.90 —4.68 1.50 0.88 —5.04 1.53 97.52/0.29/0.03/2.16
0.93 —12.09 1.02 0.92 -13.93 1.01 97.67/0.26/0.03/2.04
3(1M) 3.40 —0.34 4.62 98.32/0.07/0.02/1.59
3.70 —1.66 2.48 96.62/0.13/0.05/3.20
4.00 —4.36 1.62 94.89/0.18/0.07/4.85
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TABLE XII. Ratings for predicted double-charm molecular pen-
taquarks with Dy (D3) systems (I, J).

TABLE XIII. Bound state properties for the A.D;(D3) systems.
Conventions are the same as Table III.

Rating EC'DI E(D; E:Dl ZjD; Systems A E FRMS A E FRMS
) GG GDGY GSipI=1p) G=al=1p)
*okx (3.3)
22520 13 3 e RN 096  —045 415 082  —030 463
:* (3/5:3) (3/5.3) (3:1/3) (3:2/3/5-G.3) AD, 1.00 —4.30 156 0.86 _4.40 1.52
1.04 —12.25 0.98 0.90 —12.96 0.94
U =3/2,1=1)2) (J=5/21=1/2)
the p and w exchanges cancel each other almost exactly,  AcD; 1.07 =059 373 1.09 —024 494
and thus the total effective potentials are repulsive in the 1.09 —5.03 1.31 L11 —4.24 1.42
1.10 —10.44 0.86 1.12 —12.00 0.73

whole range and dominated by the 7 exchange potentials.
In most cases of the X.D(Dj}) systems and the X*D;(D})
systems, if we take the same cutoff parameters, it is clear that
the numerical results within the OBE model are similar to
those within the OPE model except that the bindings become
deeper.

From Tables X and XI, we notice there are some similari-
ties between the X.D;(D}). For instance, in the XD, system
with 1(JP) = 1/2(1/2%,3/2") and the £*D} system with
IJP) =1/2(1/2%,3/2%,5/27), the bound states can also be
obtained with cutoff parameters of about 1.3 GeV.

Compared with the results with the OPE model in Table X,
the XD (Dj) states with the OBE model are more likely
to be bound in many of the cases from Table XI. The main
reason is that the o exchange interaction always provides
an attractive force, and the vector meson exchange effective
potential usually plays an essential role in forming the loosely
bound molecular states for many of the X¥D;(Dj}) states.

To summarize, we can predict a series of possible candi-
dates of double-charm molecular pentaquarks with the struc-
tures of )T as shown in Tables IX-XI. If we use the
same criteria as the £ T -type hidden-charm molecular pen-
taquarks, we can also present the ratings for these double-
charm molecular pentaquarks in Table XII, which provides
crucial information for further experimental search. Accord-
ing to our calculations, we find that there exist ideal candidates
of the double-charm molecular pentaquarks, such as the X.Dj
state with I(J¥) = 1/2(5/2"), the XD, states with I(J¥) =
1/2(5/2%),3/2(1/2%), and the =D states with I(J7) =
1/2(7/2%),3/2(1/2%).

B. A.D(D3) systems

We also extend our work to investigate the bound prop-
erties of the A D;(Dj) systems. Similarly to the A.D;(D})
systems, we also mainly focus on the results of the cou-
pled channel effects in forming these bound states within
the OBE model. For the A.D{(D3) systems, only the o
and w exchanges are allowed and both provide attractive
potentials. They enhance each other and lead to a strong
interaction. By solving the coupled channel Schrédinger equa-
tion, we can obtain bound solutions for the A.D; states
with 7(J*) = 1/2(1/2%,3/2%) and for the A D} states with
I(JP)=1/2(3/2%,5/2%); the corresponding numerical re-
sults are presetnted in Table XIII. Thus, we conclude that these
four states are possible candidates of double-charm molecular
pentaquarks with coupled channel effects.

VI. SUMMARY

Very recently, the LHCb Collaboration updated the ob-
servations of P. states by analyzing A) — J/y pK~. They
not only reported a new structure, P.(4312), but also found
that the P,(4450) previously reported consist of two narrow
overlapping peaks, P.(4440) and P,(4457) [7]. These P, states
can be naturally interpreted as hidden-charm molecular pen-
taquarks composed of an S-wave charmed baryon and an
S-wave anticharmed meson since the masses of the three P.
states are just below the %.D™ thresholds [30].

In this work, we try to search for possible new types of
P, states composed of an S-wave charmed baryon and an anti
charmed meson in a T doublet with the structures of BT .
In the present study, both the S-D wave mixing effects and
the coupled channel effects are taken into consideration. As
for the unknown coupling constants, we estimate them within
the quark model. Our results indicate that there exist ideal
candidates of new types of P. states: the X.D; state with
1(J") =1/2(1/27), the E.Dj state with I(J”) = 1/2(3/2%),
the 7D, state with /(J*) = 1/2(1/2%), and the £*Dj states
with 7(J*) = 1/2(1/27%, 3/2%). Moreover, the low spin 7T
states with I = 1/2 configuration can be more stable than
the I = 3/2 states with the same spin-parity configuration,
and we also find that the coupled channel effects play an
essential role for the AT systems; especially the A D states
with I(J*) = 1/2(1/2%,3/2%) and A Dj states with I(J*) =
1/2(3/2%,5/2%) disappear without considering the coupled
channel effects. Besides the above predictions, we extend our
study to the interactions between an S-wave ground charmed
baryon and a charmed meson in a 7' doublet, and can predict
the existence of double-charm molecular pentaquarks with
typical quark configuration ccqqq.

Experimental searches for these predicted new types of P,
states are an interesting research topic. Obviously, we suggest
that the A, baryon decay is an ideal process to produce
these predicted new type of P, states, which can decay into
a ground charmed baryon with a ground anticharmed meson,
and a charmonium with a light baryon if kinetically allowed,
like A.D®, THD® 5. (nSN/A (n < 2), y(nS)N/A (n <
2), xs(LP)N/A (J < 2). Experimental searches for these
possible new types of P, states can be also a crucial test of
hadronic molecular state assignments to the P, states. The
P, states are observed in the Ag — J/Y¥pr~ process by the
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LHCb Collaboration [7], and thus it would provide a sign
for the success of our work if these predicted states are
detected in the process Ag — ¥ (28)pr~ since these and P,
states have similar structures in the molecule picture. Actually,
the decay Ag — ¥ (25)pmr~ has been reported in the search
for hidden-charm pentaquark states with higher mass by the
LHCb experiment [86]. Unfortunately, no significant exotic
pentaquarks are observed due to the bin size of experimental
events being a little large. As commonly believed, a resonance
could not be identified in such rough data, especially a narrow
resonance. Thus, we hope further experiments can provide a
more precise measurement of the process Ag — Y 2S)pr~,
and the existence of more P, states with larger mass should
be revealed in the v (25)p invariant mass spectrum, especially
for the low spin "Dy (D3) with I = 1/2 states.

The possible doubly charmed molecular pentaquarks with
the structures of BT can be searched for in their possible
two-body strong decay channels

* o —
ACD( )s eIl P,

() ()
£HpH,

which helps to further explore them in experiments. These
doubly charmed molecular pentaquarks may be produced
via proton-proton collisions, and we hope experimental col-
leagues will bring us more surprises after the LHCb obser-
vations of three P. states [7]. Nevertheless, we notice that no
open-charm multiquark states have been reported up to now.
Experimental searched for these possible doubly charmed

J

molecular pentaquarks are still difficult compared with the
hidden-charm exotic hadronic states.

Since 2003, the observations of abundant charmoniumlike
XYZ states have stimulated extensive discussion of the in-
teractions between charmed mesons and anticharmed mesons
[1]. With the observation of three P, states by LHCb, search-
ing for heavy flavor pentaquarks will become a hot topic of
hadron physics; more opportunities and challenges are waiting
for us. Different from P. states composed of an S-wave
charmed baryon and an S-wave anticharmed meson [32], we
find that new types of P, states with the structures of 8T
are more abundant due to different quantum number config-
urations, and we have reason to believe that these predicted
new types of P, states can be accessible in future experiments
in the next decades.
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APPENDIX A: THE DETAILED LAGRANGIANS

The detailed effective Lagrangians for anticharmed mesons
in a T doublet and light mesons are expressed as

Lije = —ZgZDl,mD o+ 2gUDZ’WVD*“" , (A1)
Sik 2ik I 2 k N 4
LT]_']P’ = _TSMUprv DialebT a,u]Pba + f_s;wpf UUD2:;D217(11' aHPba + \/;f (Di—auD o + leMD;ZM)a)LPbaa (AZ)
b/ T
, st V2N gy o e oy
Liry = V2B"8v (v - Vi)Dy1y, DT + TV(DMDIS DYIDY,) 3 Via
— V28" gv (v - Vi )D52 D3l + 23200 gy (D52 Dt — D' D)8, Vi
iﬂ/,gv AapT ANt y* 2 Tk 2)¥”gV ,u.)»vr of "
+ 78 UP(U ’ Vhﬂ)(DlaaDZhM - D”’“DZuM) + \/g [38 (D DZbar + leD2aar)8MVbaV
+28Aapvvp (DJLW _;ZA + Dlhang;)(aquav - avaau)]’ (A3)
and those for S-wave charmed baryons and light mesons are
L5, = l3(B508B3), (A4)
Lggv = ﬁﬂBgV (Bsv - VB3), (A5)
_ _ Is .
Lo g, = ~ls(Bso Be) + Is(Bg,08:") — %(B(ma(y” +v")y°B) + Hee,, (A6)
i NE) _ 3 i}
Lgogop = lf; e 0 (B s 0P Be) + i~ fg Svee By, 0, P,y Be) + He. — i%swm (Bg, 0 PBs,), (A7)
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- A v ?~ v
Logoy = _ﬁ%wﬁv -V Bg) + ﬂff_v (BL,v- VBH)—i ;ﬁ By v (0" VY — 3" VIBg) + jg_v (B, (VY — 9" VIBY)
A
+He SJgEV (B (9" VY = 3" VE)(y, + 1))y Be) — ﬂf/gév (Bg,v - V(y" + ")y Bg), (A8)
Ly gop = — f By (p" 4 1), PBs) — f“ (B;,0"PB;) + He., (A9)
)\IgV UVAK s )"IgV LVAK 7 5
LB,@B(J)V = — ﬁ & U;L<B§V(8AVK - 8KVA)B§> +Hec. — —¢ U/J,(B6y VU(BAVK - BKVX)B?a)- (AIO)

APPENDIX B: RELEVANT SUBPOTENTIALS

For convenience, we define the following functions:
1
HUI = 1/2)Y (A, mp,r) = =Y (A, mz, 1) + gY(A,mn, r),
1
g(l = I/Z)Y(A7 my, r) = _Y(A5 mp7 r) + EY(Av my, r)y
1 1
HUI =3/2)Y (A, mp,r) = EY(A’ My, 1)+ EY(A’ my, r),
1 1
g(l = 3/2)Y(A7 my, r) = EY(A’ mp, r) + EY(Aa My, r)’

1 A% —m?
Y- =Y (A — _ _(pTMmEr _ —Ary _ 2 "E —Ar
E (A, mg, 1) 47”(6 e ™) SA ¢
respectively. Here, H(I) and G(I) are the isospin factors for the Eé*)l_)l([); ) systems, and / denotes the isospin. Additionally,
we also define several variables: A = Ipg”, B = BpB"gy, C = Isgl, D = g1k/f2, E = Bsp'gy, F = AsA'gh, G = gak/f2, and
H=1)'g.

) (B1)

1. The effective potentials involved in £*'D;(D3) systems

With the above preparation, the OBE effective potentials in the analysis of the £*'D;(D3) systems are given by

5D 5D 1 5 5 319 319
YEL=EDN () = CY, A + ~EGU)Yy A, + —DHI)| AV? + Azr ——— |Vp — —Fg(l) 2A,V? —Asro-— = W,
2 18 ar r ar ror
(B2)
. 1 1 5 3139 2 5 319
VEDZED (r) = CY, Ay + ~EGNYy Ay + =DHI)| AsV? + Agr— —— |Yp — —~FGU)| 2AsV* — Agr — — — |Vy,
2 3 orr or 9 orr or
(B3)
P 1 5 319 5 a1d
VEDZED (r) = CY, A7 + ~EGU)Yy A7 + —DHI)| AgV? + Agr — — — |Yp — —FG(I)| 2AV? — Agr — - — |Vy,
2 12 orr or 18 ar r or
(B4)

1 1 010 010
VEDZED(r) = CY, Ay + 5EGIDYy Arg + 5 DHID| AV? + Appr—~— |Yp — —Fga) 2A1V? = Apr——— V.
2 2 arr or ar r or

(B5)
In Egs. (B2)—(B5), we define several operators, i.e.,
A = €} - e2x1 11,
Ay = xilo - (i€] x &)]x1,
Ay = x1S(0, i€} x €, )1,
= XY (€}, - €2a)(€}, - €2)x3 11
As = XY(€,, - €2)x310 - (i€}, x €)1,
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TABLE XV. Matrix elements (f|9y|i) in various channels for operators O in the effective potentials.

Spin (D)) (D») (Ds) (Dy) (Ds) (De) (D7) (Ds) (Do) (Do) (D) (Do)
J=1/2 O R GV IR O B CE) B )

1=32 (/i) ©) (O S € I (U B CVE) RN () B ) B () BN € ) BN ') IR ()
J=5 N N A SO

Spin (Di3) (Da) (D1s) (Di6) (D7) (Drg) (Do) (Do) (Dar) (D) (Da3) (D)
I=12 (/%) O () o 5 O

=32 () o () o ) e () e G o () o
I=512 () O 0) (/2) 0) (V%) (1) 0) () 0)

= XY(€,, - €2,)x15(0, i€, x €, P)x1,
= Z7Q(e" - "’2)(61 €),
= Z7Q[(&" x o) (€ x )],
Ay = ZTQS(€)™ x €™, € x €, F),
A = XYZTQ(e; fm €™ (€}, - €2.)(€l, - €),
A = XYZTQE, - e[ (€™ x €™) - (€], x ew)],
A = XYZTQ(E,, - eza)s( " e™, € x ex F).

2. m+ 2.a+b ,my+ny m’ +m tm' ~
HCI‘G, X = Zm n C]mmlnn’ ‘y = Zabclaalb 4 ‘Z Zml my 1 l ’ T = Z A C2 ’ Q = X3 leml’ and S(x’y’r) =

Tmy,1my my L mly
3(7-x)(#-y) —x -y. We present the corresponding matrix elements (f|A|i) in Table XIV, which are obtained by sandwiching
these operators between the relevant spin-orbit wave functions.

2. The effective potentials involved in A.D,(D}) systems
The OBE effective potentials in the analysis of the A.D; (D;) systems can be written as

VALI=ADI (p) — DAY, A — %BYwﬂl, (B6)
YADIAD (1) — DAY, Ay — %BY,U?M, (B7)
=D B (py = 37;;(_) |:Z)1V2 Dzr%%%}YPO _ ZZL«/(E]) |:22)1V2 — Dzr%%%}lfvo, (BY)
YEDI=EDy (py = _%Cyalg% — %EQ(I)YWZ% — 5?2—7?[@4V2 + DST%%%]YH

+ Sﬁf/(;) [2D4V2 - @sr%%%]m, (B9)
VEPSED () _D:\g) [zwz - 2)7’%%33}/ + i\/(_)[zz) V- z»%lai}vm, (B10)
VEPEED ) = (ig) [@8 vyl aﬂ p3 %[Zﬂgvz - @9%%%}%, B11)
YEDISEDS (1) _%cyﬂz)lo - %Ega)ymz)m _ D27j/(§1) [z)uw + Dlzr%é%]YP4

+ E:f/(g) |:22) V2 — Dlzr%é%}/m, (B12)
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oy DH(I) 0120 FGU) 0120
YED=ED (1) = D3V 4+ Dyyr——— |V, 2D13V? — Dyyr——— |Yys, B13
(r)= 2\/3 13 r o e |Yes — 3\/6 13 re o (Ws (B13)
5G 010 S5H 129
YADI=ED (p) = — | A,V 4+ A Y6 — 2A,V? — A Y6 B14
(r)= G 2V + e g, | Y Qﬁ 2 T oy (B14)
A . 3G 0120 3H 01290
YADLI=EDy () = V36 DIV + Dor ——— Yo7 + “/_— 2D,V? — Z)2r——— Y7, (B15)
18 orr or 9 ror
. 56 3139 5[ 3139
YADI=ED () = X2 Gl D5V + Dygr——— |V H|2D5V? — Digr— —— |V, B16
(r) 2 15V°+ 168 o Y T g 15 167 g | Yo (B16)
A G d1a H d019d
(VA('D]*)Z"DZ(I') - 1)17V ~|—D]gr——— Y9 — — 2.@17V — Digr——— ng, B17)
6 ror 3 or r or
s D V3 319 1 319
PAD=EDi 1y — Y2 6l 9,0V2 4+ Dogr— — 2 ——H|2D4V? — Dygr——— |Y,10, B18
(r) = 13 19V- + 20"8 = ar Y0+ 33 19 20"8 pewl RO ( )
o o 2G 0120 2H 0120
PADIED () = _ V2 AsV? + Agr — = — |Yr1y +—[ 2A5V? = Agr ——— Vo1, (B19)
6 orr or 3 orr or
A 3% G d12a H 0190
YADLIZED (p) = —— | Dy V2 + Dypr— = — Y12 — — [ 2031 V? — Dyor— —— |V,12, B20
(r)= 6 |7 + 22r8r Sar |2 T3 21 22r8r ar |12 (B20)
R G 319 V6H 3139
YADIZED (p) = — | DV + Dyyr— —— |, [ 2D3V? — Dyyr——— |Y,13. B21
(r) NG 3 V™ + 24r8r Pl Rk + 23 24r8r a5 [FP13 (B21)
[
Here, the effective potentials in Eqgs. (B8)—(B21) are only con- m% + mzz), — m?\ — m%*
cerned with the coupled channel analysis. Of course, we need qo = — > - :
to emphasis that the relevant expressions of Appendix B 1 will (mE? + mDﬁ)
also be involved in the coupled channel analysis. Variables m% + mIZy — mf\ — m1231
q: (i=0,1,...,13)in the above OBE effective potentials are g = — 5 : -
defined as (m);t_ + le)
m},. — mj, _ M —my,
4o = | q11 _2(m2_+m1y)’
2(””2,, + mD*) c >
mzz _ mzz . m%; + mé* —mi — m123l
_ : 2= )
i 2(mx: +mp,) 2(ms: +mp,)
mi, +md —mi — m? mZZ;f m%\
_ My Dy 3. D qi3 =
q2 = 2(m2* n mD*) ) Z(mz; + I’HDI)
) ’ A =A% — qz mi. = m> — q~2 (B22)
my, + mp, — my, — mp, i i Mg E—4q-
= 2(mz: +mp,) ’ In Egs. (B8)—~(B21), we also define several operators, i.e.,
2 2
o= T Dy = X(€,, - €)x3 (@ - €},)x1,
Z(H’lZf + mD])
A Dy = X(e],, - €)x35(0, €, F)x1.
g = mD* — le ’ .Z)?, — ZX tmy ( Fmy . 0')(64 . GZ)le
2(ms; + mp;) [ (¢ i
2 ) Dy = Zx3" (6™ x 0) - (e x )] x1.
my —my
== e D = Tmls Tmy T P ,
1o 2(mAf + le) 5= 2% ( 9 € ? € r)Xl :
D = XZ(€ - &)™ " x0)-€ ,
. mg,_ +mp, —my —mIZJ; 6 (€4, - €2)X3 - [( . ) +4n]X1
7 2(mx, + mp;) Dy = XZ(€,, - €)X 'S(iey™ x 0, €, F)x1,
mk, —m3 Dy = XZ(€, - €23 (i€} x 0) - €211,
= 2(mss +mp)’ Dy = XZ(€] - )X S(i€] x 0, €2, P11,
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Do = XYZxi™ (€)™ - 0) (€}, - €2)(€}, - €)1,
Dy = XYZ(e), - éza)XTm‘[( fme 0)- (€], x €)X,
Dy = XYZ(€], - €)% (€)™ x 0, €}, x e, #) 11,
D3 = XZTQ(E, - e)[i(e)™ x &™) - €, ],

Dy = XZTQ(€, - 62)5(“;’"2 x €™, € 7),

Dis = Zxi™[i€)™ - (€] x €)]x1.

Dig = Z)(;”"‘S(zeém2 € x €.7)xi,

D7 = XZ(€), - €)x3" (€)™ - €),) x1.

Diy = XZ(€, - €)x3"" S(€™, €}, ) x1,

Dio = X(€} - €2n)X; (0 - €2,)x1,

Doy = X(€} - €21)%35(0, €20, P)x1.

Doy = XZ(€) - e2:)x3™ (€5 - €2,) X1,

Dy = XZ(e} - €2n)x3"" S (€™ €20, F) x1,

D3 = XYZ(€}, - €253 [i€}"™ - (€}, x ew)]x1.
Doy = XMZ(GM eza)x;m‘S( fma ze}n X €, F) X1

The operators Dy (k = 1,2, ..., 24) are only concerned with
the coupled channel analysis. In Table XV, we collect the
relevant numerical matrices (f|Dy|i) for these operators Dy.
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