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In this work, we adopt the one-boson-exchange model to study the ¥.K*)(Y, = A., X,) interactions.
After considering both of the S — D wave mixing effects and the coupled channel effects, we can predict
several possible open-charm molecular pentaquarks, i.e., the single X.K* molecular states with
1(JP) =1/2(1/27), 1/2(3/27), and 3/2(1/27), the coupled A.K*/E,K* molecular states with
1/2(1/27) and 1/2(3/27), and the coupled X.K/A.K*/Z.K* molecular state with 1/2(1/27). Mean-
while, we extend our study to the ¥, K*) interactions, and our results suggest that the XK system with
1(JP) =1/2(1/27), the T K* systems with 1/2(1/27), 1/2(3/27), and 3/2(3/27), the coupled
AK*/E.K* system with 1/2(1/27), and the £, K/A . K*/Z.K* system with 1/2(1/27) can be the prime

molecular candidates.

DOI: 10.1103/PhysRevD.108.054011

I. INTRODUCTION

In the past decades, the observations of X/Y/Z/P./T..
structures have stimulated theorist’s extensive interest in
exploring the properties of exotic states. Among the
possible configurations, the hadronic molecular state,
which is composed of the color-singlet hadrons, plays an
important role in explaining the observed exotic structures.
The main reason of introducing such a configuration is that
many observed X/Y/Z/P_./T,.. structures are near some
specific mass thresholds of the hadron pairs, which leads to
answers whether these observations can be explained
under the framework of the molecular state (one can see
Refs. [1-5] for a detailed review). Thus, carrying out the
study of the hadronic molecular state has became an active
and important research field in the hadron physics. It is not
only helpful to reveal the underlying structures of these
near thresholds X/Y/Z/P_./T,. structures, but it can also
improve our knowledge of the nonperturbative behavior of
the quantum chromodynamics.

Very recently, the LHCb collaboration reported their
observations of two open heavy flavor multiquark candidates,
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T%(2900) and T%*(2900), where the superscript @ means
that their quantum numbers are both I(J*) = 1(0") [6,7]. For
the 7%0(2900), the discovered channel is D 7™, the mass and
width are 2892 + 14 £+ 15 MeV and 119 £+ 26 £+ 12 MeV,
respectively, while for the 79 *(2900), the discovered
channel, the mass, and the width are Dfz", 2921 & 17 &
19 MeV and 137 £ 32 + 14 MeV, respectively. According
to their channels, mass positions and quantum numbers,
itis easy to guess that the 7¢9(2900) and 7%+ (2900) belong
to the same isovector triplet. Furthermore, the LHCb
collaboration also determined their averaged masses and
decay widths, which are 2908 4= 11 4+ 20 MeV and 136 &+
23 £ 11 MeV, respectively.

Due to the charged property of ng(++>(2900), their
minimal valance quark components are naturally inferred
to be c5qg (¢ = u, d). Since they are very close to the D*K*
mass threshold, it is natural conjecture whether the
7% (++)(2900) states can be the isovector D*K* molecules
with J¥ = 0*. In fact, in our former work [8], we can not
only reproduce the D?;(2317) and D,;(2460) in the
S-wave DK and D*K molecular scenario but also find
that the one-boson-exchange (OBE) effective potentials are
strong enough to form loosely bound molecular states for
the D*K* systems with 7(J*) = 0(0*,17,2%) and 1(07).
Therefore, the D*K* hadronic molecular explanations for
the TZ? (++)(2900) states cannot be excluded. In addition,
there are other different theoretical explanations to the
Tffg (++)(2900) states, like the compact open-charm penta-
quark [9-11] and the D*p molecule [12].
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Besides the ng (++)(2900), another two open-charm
states X(2900) and X;(2900), which were observed by
the LHCb collaboration in the D~K™ final states of the
BT — DTD™K™ decay process [13,14], are also interest-
ing. Their spin parities J¥ are 0 and 17, respectively.
Because their mass positions are very close to the D*K* and
D, K mass thresholds, respectively, many theorists propose
the X,(2900) and X, (2900) states as the hadronic molecu-
lar states [15-25]. At present, the inner structures for the

aO (++) (2900) and X,,;(2900) are still in discussion (as
one can see in Ref. [5]).

As is well known, the light diquark in the heavy baryons

= (A,. Z.) has the same color structure 3, with the light

anthuark in the heavy meson Qg [26]. If the TaOHJr (2900)
can be assigned as the loosely bound hadronic molecular
states composed by the charmed meson and kaon, then
it is natural to conjecture whether there exist possible
open charm molecular pentaquarks counterpart of the

“0 ) (2900), which are near the thresholds of the
ACK () and X, K™, respectively. In this work, we search
for such open charm molecular partners composed by
A K™ and £,K*), which can not only enrich the family of
the exotic states, but also help us to understand the nature of

the newly 7%°""(2900).

Apart from searching for possible A,K*) and X .K*
molecular states, in this work, we also study the inter-
actions between the S-wave charmed baryon Y. = (A, Z.)
and the antistrange meson K*) by adopting the OBE model
and considering both of the S-D mixing effects and the
coupled channel effects. After solving the coupled channel
Schrodinger equations, we can search for the possible
charmed-strange molecular pentaquarks counterpart of the
X(1(2900). Our study will not only provide valuable
information to the experimental search for exotic open
charm hadronic molecular pentaquarks but also give an
indirect test of the molecular state picture for the

7% (2900) and X, ; (2900).

ThlS paper is organized as follows. After this introduc-
tion, we introduce the relevant effective Lagrangians and
the OBE model in Sec. IL. In Sec. III, we present the OBE
effective potentials and the corresponding numerical
results. The paper ends with a summary in Sec. I'V.

II. LAGRANGIANS AND OBE MODEL

In this work, we deduce the OBE effective potentials for
the Y.K™*) systems by employing the effective Lagrangian
approach at the hadronic level. The relevant Lagrangians
describing the interactions between the heavy baryons and
light mesons are constructed in terms of the heavy quark
limit and chiral symmetry [27], i.e.,

Lp, = lp(BsoBs) + ifp(Bsv*(V, — pu)Bs), (1)

£86 = lS <‘_9/468”> - %gl SFMKDK <S/4Au8/1>

+ iﬁS<Sﬂva(VZb _p§b>sﬂ> + /1S<SMFW(/0)SD>7 (2)

L Bs = igy(S"A,Bs) + idye"* v, (S, F,B3) + He.  (3)
Here, v = (1,0) is the four velocity, p,, = igyV?},/ V2,
and F**(p) = o"p* — o*p" + [p*,p*]. A, and V), stand for
the axial current and vector current, respectively. They can
be written as

(69,6 - ¢0,&") *70 WP

t\)l»—‘ N|>—‘

(£79,& + £,6) = [P P P}

2f2
respectively. Here, & =exp(iP/f,) and f, = 132 MeV.
Bs and S,

heavy baryons multiplets with their light quarks in the 3
and 6 flavor representation, respectively. The matrices Bs,
Bg, P, and V read as

= _\/g(yﬂ +v,)7°Bs + Bg,, denote the ground

Z+
0 A:r Z++_c
B3:< + > Bo=| . ot
P + 2w +
[T T S A
T \/-—f—\/. p— \/_+ru

The effective Lagrangians describing the interactions
between the strange mesons and light mesons are con-
structed in the SU(3) symmetry [28,29], i.e.,

g
Lppy = 2—\/§<5”P(PV/4 - VﬂP>7 (4)
g v,
Lyyp = \V/VEP e /3<0MVU()(ZV/3P>, (5)

Lyvy = 2i—gﬁ <0”V”(V”VD - VDV”) > (6)

After expanding Eqgs. (1)—(6), we can further obtain

L, = 1p(B3oB3) — I5(BsoBs), (7)

Lp— 129718#%<B6may1066>

T

\/if,, (Bey> (y* + v")d,PBs) +Hc., (8)
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- ﬂS% <B6U . VB6>

VIC - aKV/{)B§> + H.c.

1
= ﬁﬁBQV

A1gv yl >
— 2T gy, (Byd (0
\/5 ;4< 677,(0;

L (Bsy,r, (0" VY = 0*VI)By), )

3f

Lyogo, = gomxgKKe — g;mg-K* - K*6  (10)

i [ cor 7 Oy
=S l(RHK — KK [ 1 - St
Lpgk 1 {( )(T 9,7 + \/5)

178 783 % l/l
+ (9,KK™* —KﬂaﬂK)(z-njL%)], (11)
‘CVKK:

%[1‘(0”1( —0,KK|(z-p" + o), (12)

lg 1743 *U 767 &
ﬁVK*K*:Z[(KMaMK - 'K Kﬂ)(f’py'f_a)v)

+ ("K*K; — K;0'K*) (- p, + w,)
+ (K; Ky — KiK3) (2 - 0'p" + 0'a?)],  (13)
KV * n
Lk = GvvrEuapd K 0"K /}(T'ﬂ +\/—§>, (14)
Lykk = Gvvp€uap(# KK + K K*™)
(7-0%° + 0%a”). (15)

Coupling constants in the above Lagrangians are esti-
mated with the quark model [27,30], [g = =2l = 7.3,

91 = (V8/3)gs = 1.0, Bsgy = —2Psgy = 12.0, Asgy =
—2v24,9y = 192 GeV™', ¢, = —3.65, and ¢ = 12.00.
Gvvp = 392/(32\/§ﬂ2f7r) [311.

With these prepared effective Lagrangians, we can easily
write down the scattering amplitudes for the B M, —
B3M, processes in the ¢ channel, where B, and B; stand
for the initial and final baryons, respectively, and M, and
M, stand for the initial and final mesons, respectively. The
corresponding effective potentials can be related to the
scattering amplitudes by the Breit approximation,

_M(BIMZ i B3M4)
4-1 /WlBll”’l1‘42}’l’l33n’lﬂ44 )

Here, m; is the mass of the interaction hadron. M (B M, —
B3;M,) denotes the scattering amplitude for the B;M, —
B3M, process by exchanging the light mesons (o, 7, 3, p,
and w). Next, we perform the Fourier transformation to
obtain the effective potentials in the coordinate space V(r),

B{M,—B3;M.
Vg (g) =

(16)

d’q
(2z)?

In order to compensate the off-shell effect of the exchanged
meson, we introduce a monopole form factor F (g2, m%) =
(A2 —m3)/(A* — %) at every interactive vertex, where A,
mg, and g are the cutoff parameter, the mass, and four-
momentum of the exchanged meson, respectively. In our
numerical calculations, we vary the cutoff value in the
range of 0.8 < A <5.0 GeV. According to the deuteron
experience [32,33], the reasonable cutoff value is taken
around 1.00 GeV. In the following discussion, the loosely
bound state with the cutoft value around 1.00 GeV can be
recommended as the prime hadronic molecular candidate.

For the A_K*) systems, the flavor wave function |7, I3)
can be expressed as [1/2,1/2) = |AfFK®*) and
11/2,=1/2) = |Af K™%, For the £ .K*) systems, their
isospin / can be taken as 1/2 or 3/2. The corresponding
flavor wave functions |1, I5) are

11
22

Ve(r) = e4"Ve(q) F* (g mg).

2
3

Z++K( )0 >_L3

ZjK<*)+>,

P_oINv_ 1 2+K<*>o>_\ﬁ (*>+>,
2’2/ B3I 3

33\ _ ‘z++1((*)+>’

22

31 1 2

2 5) = [mrrkem) \[z+1<<*>+>,
‘2 2> 31 T3l

3 1 2 1

Z =) =4 /2P KE0N ¢ |FOR ()Y
‘2 2> 31 >+\/§ ¢ >
3 3

B (*)0
‘2’ 2> >

respectively. When we consider the S — D wave mixing
effects, the spin-orbit wave functions |*T1L;) are

Y K[JP =1/27]: ]251/2>,
Y K JP =1/27]: 28)2).1*D1 o).
Y K*[ = 3/2 ] |453/2>7 |2D3/2>» |4D3/2>' (17)

The general expressions of the spin-orbit wave functions
|>S*1L,) for the Y K™ systems read as

. 125+1 E :

YCK| L C LmL 2m|YLmL>
mg,mp,
mg,mp, s

. 2541 ms  ~JM '
Y .K*:|#TIL,) E C, L. I Csong Lin Xim€ 1Y 1m, )-
S,
Here, C]M , CY™ . and Cé‘M 1. are the Clebsch-
Lmy sm,lm mg,Lmy,

Gordan coefﬁ01ents. Xim and Y, ,,, stand for the spin wave
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function and the spherical harmonics function, respectively.
€ is the polarization vector for the vector meson with
N =F \/-( el £ ie}!) and ef = €', which satisfies e, =

0,+1,i,0) and € = (0,0,0,—1).

II1. THE OBE EFFECTIVE POTENTIALS AND THE
NUMERICAL RESULTS

o

Following the above procedures, we can deduce the
concrete OBE effective potentials for the ¥, K*) systems
with different quantum configurations. After that, we adopt
the obtained OBE effective potentials to solve the coupled
channel Schrodinger equations. By doing this, we can
search for the bound state solutions. A system with the
reasonable bound state solutions can be recommended as
the good hadronic molecular candidate, where the binding
energy is taken from several MeV to several tens MeV, and
the root-mean-square (rms) radius is a few fm or larger.

A. The A K™ systems

The total OBE effective potentials for the single A K
system can be written as

VA k—AKk = lsgor 1 Y (A, my, 1)

by the spin-parity conservation, the pseudoscalar meson
(r/n) exchanges interactions are strongly suppressed,
either.

After solving the Schrodinger equation, we do not
find bound state solutions in the cutoff region 0.8 <
A <5.0 GeV. Thus, the OBE effective potentials for
the A.K system is not strong enough to bind a bound
state.

For the single S-wave A.K* systems with J© = 1/2-
and 3/27, their OBE effective potentials are the same, i.e.,

Vak—nak = lpgs(€: e Y(Aom,.r)
Ps9vy
Ty

(2 €)xin1 Y(A, mg, 7). (20)
When we consider the S — D wave mixing effects, the
operator €, -ez will be replaced by the unit matrix 7 =
(*S41L ey - €}|**'L,) in the numerical calculations,
which indicates the OBE effective potentials are the exactly
the same with those for the A.K system with 1/27. In the
cutoff region 0.8 < A <5.0 GeV, we cannot find the
bound state solutions, either.

In this work, we further perform the coupled channel
analysis on the A_K*/X_K* interactions, the corresponding
OBE effective potentials are

P Y (Aomy . (18)
Vak-ak  Vskoak
Here, we define VX,.K* = < > (21)
Vak-sk Vskosk
1 A? —m? .
Y(A. = (=mr _ ,—=Ar\ _ —Ar 19 with
Yo r) =g =) = =gy (19
. . lg4gVVP
As shown in Eq. (18), there exist the ¢ exchange and ® V) x5 i+ =5 Fi(r.6,ie; X 6‘4) (Ao, Mg, 1)
exchange interactions, which contribute in the intermediate lf ”/1
range and the sho.tt range, r@spectlvely. The o exchange 19v9 T (1,6, i€, % eZ)Y( Aos 0. 7).
provides an attractive interaction, whereas the @ exchange 6f My
interaction is repulsive. Here, the p exchange interaction is (22)
strongly suppressed as the isospin forbidden in the A, —
A, — p coupling. Since the KKz(n) coupling is forbidden
|
Vkmsie =5 lsanes - €Y (A mg.r) = L9 F (1 6. iey x e)G(Y (Am,. 1)
KT 6v2f
_ 919vvp. gVVP
Fi(r.0,iey x €)Y (A my, 1) + o ﬁsgvgx 1€2 - €5G(NY (A m,, )
BT \/— 2. 4 X 3 /
Asgvg Asgvy . +
€, -€.Gg Am,r)———"—F,(r,6,ie, xe€,)G)Y(A,m,, r
8\52”“2 GV ( p)24\/§mK*2( 2 X €)G(DY (A, m,.7)
Asgvyg
+2 ﬂsgvg)(3Z1€2 1Y (A, my, 1)+ == ylpie, - €]V2Y (A, m,, 1)
8\/_m2
Asgvg . T
————F,(r,0,ie;, x€,)Y(A,m,,r). 23
24\/§me 2( 2 4) ( w ) ( )
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Here, the value of the isospin factor G(I) is taken as
G(I=1/2)=-2, G(I=3/2)=1. The variables in

Eq. (22) are Aj=A’—q5, mly=mz—qp, m3y = m; — q;

. M2 M .
— 'C C
with gg = Aty M) And we define useful operators, i.e.,

d10
_ . no2 - i
fl(r,a,b)_;(3(a bV +S(r,a,b)rarrar>)(1, (24)

. d1loa
b . 2 _ Q% —_
.Fz(r,a,b))(3(2a bV S(r,a,b)rarrar>;(1. (25)

Here, the a-b and S(7,a,b) stand for the spin-spin
interactions and the tensor force operators, respectively.
The corresponding matrices elements can be obtained by
sandwiched between the spin-orbit wave functions as
presented in the Eq. (17), i.e.,

-2 0
, JP=1/2"
0 1
io - (€, x €)) > 1 0 0 (26)
0 -2 0], JP=3/2"
0 0 1
-2
( 0 f>’JP:1/2_
_\/j -2
S(7.0.ie;x€;)~< (0 1 2 (27)
10 1|, s°=3/2"
2-10

With these deduced effective potentials, we search for
the bound state solutions for the coupled A.K*/X.K*
systems in the cutoff range 0.8 <A <50 GeV. In
Table I, we collect the corresponding numerical results,

TABLE 1.

which include the cutoff dependence of the binding energy
E, the root-mean-square radius r,,,,, and the probabilities
P;(%) for all the discussed channels.

For the coupled A.K*/T.K* system with [(JF) =
1/2(1/27), there exist four channels, the A K*(%S;).
*D;),) channels and the X.K*(2S)/5,*D; ;) channels after
considering both the § — D wave mixing effects and the
coupled channel effects. As presented in Table I, when the
cutoff is taken as 1.56 GeV, the binding energy is
—0.14 MeV, the rms radius is 6.11 fm, and the probability
for the A.K*(S)/5) channel is 98.82%. As the cutoff A
increases to 1.62 GeV, the binding energy becomes
—11.57 MeV, the rms radius becomes 1.12 fm, and the
A.K*(3S})5) is still the dominant channel with the prob-
ability around 93.18%. From the current numerical results,
in the cutoff range around 1.60 GeV, we can obtain the
weakly bound state with the reasonable loosely bound state
solutions, and the dominant channel is the A.K*(*S;),)
with its probability over 90%. Since the cutoff value
is close to the empirical value A~ 1.00 GeV for
the deuteron [32,33], we conclude that the coupled
AK*/Z.K* systems with I(JP)=1/2(1/27) can be
recommended as a good hadronic molecular candidate.

For the coupled A.K*/T.K* system with [(JF) =
1/2(3/27), there include the A.K*(*S3,%Ds,%Ds)0)
channels and the X.K*(*S3/,%D5/5,D;3/,) channels when
we consider both the coupled channel effects and the S — D
wave mixing effects. As shown in Table I, we can obtain
loosely bound state solutions at the cutoff larger than
1.34 GeV, where the binding energy is from several to ten
MeV, and the rms radius is larger than 1.00 fm, the
dominant channel is the A K*(%S3/,) channel. As the
increasing of the cutoff value, the T K*(*S3 /2) channel
becomes more and more important, when the cutoff is
1.40 GeV, the probability of the S-wave X.K* component
turns into 27.27%. If we still adopt the experience of the
deuteron [32,33], then the coupled A K*/X.K* system

The bound state solutions (the binding energy E, the root-mean-square radius r,,,,, and the probabilities P;(%) for all the

discussed channels) for the coupled A K*/Z.K* systems with I(J*) = 1/2(1/27) and 1/2(3/27). Here, E, r,,;, and A are in units of

MeV, fm, and GeV, respectively. The dominant channels are labeled in a bold manner.

I(JP) A E Frms ACK*(ZSI/Z) A(,'K*(4Dl/2) 2’L'I(*(ZSI/2> 2(,'I(*(A‘DI/Z)
1/2(1/2°) 1.56 ~0.14 6.11 98.82 ~0 1.14 0.04
1.58 -2.14 2.62 97.11 0.01 2.82 0.06
1.60 —-6.02 1.56 95.12 0.02 4.79 0.07
1.62 —-11.57 1.12 93.18 0.03 6.72 0.07

1(J*) A E Frms — NK*(%830)  AK*(PD3pn)  AK*(*D3pn)  EK*(US3n)  ZK*(PDspn)  ZK*(*Dy)p)
1/2(3/27) 134 -0.07 6.35 9423 0.03 0.11 4.89 0.22 0.52
1.36 -3.06 2.07 84.54 0.08 0.28 13.36 0.53 1.20
1.38 —8.93 1.18 75.92 0.12 0.42 21.07 0.76 1.71
140 -16.80 0.87 69.12 0.14 0.52 27.27 0.91 2.05
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with 1/2(3/27) can be a good hadronic molecular candi-
date; it is mainly composed by the A K*(*S; /2) channel,
followed by the £.K*(*S3/,) channel.

In addition, we find that the coupled channel effects play
an important role in forming these A, K*/X.K* bound
states with 1/2(1/27,3/27), since there do not exist bound
state solutions in the single A .K* systems.

B. The XK systems
The OBE effective potentials for the single £ K is

1
Elsga)(;)(ly(/\’ mmr)

g(1)

+ Tﬁsgvgﬂ(;ll Y(A,m,,r)

g(1)
24”’12

Vs ko =

ﬂsgvg)é)(lVZY(A, mp, r)

1
+§ﬁsgvg)(;)(1y(/\, My, T)

1
T Asgvaxrs V2Y (A my,r). (28)
Here, there exists the extra p exchange interaction in
comparison to the A.K system, and it provides the
attractive and repulsive forces for the £.K system with I =
1/2 and 3/2, respectively. Therefore, it is possible to find
the bound state solutions for the XK system with [ = 1/2
as the stronger attractive OBE effective potentials. After
solving the coupled channel Schrodinger equation, our
results show that there exist no bound state solutions for the
isoquartet X .K system. For the isodoublet X.K system, as
presented in Table II, we can obtain the reasonable loosely
bound state solutions when the cutoff A is larger than
2.00 GeV.

When we further perform the coupled £ . K/A . K*/Z.K*
analysis, we can allow the z-exchange interactions for both
of the A,K* - X.K and £.K* — X.K processes, which

TABLE II.

play a very important role in binding the deuteron.
The corresponding OBE effective potentials can be
expressed as

Vs k-z.k Vak-sk Vskozk
c _
Vs k= Vek-nks Vak-oak Vegxoax |, (29)

Vs k-s.x0 Vak-sk Vs ks
with
I gy r
T —1
6f W/meK*

ﬂlgvgvvp M~

3\/_ mg

Vakosk =— (r,6,€)U(Ay,my, 1)

—F,(r,0,6,)Y (Alvmphr)’
(30)

F,(r,0,€
VZCK*—ECK: 91971 2) g(I)Y(Az’mﬂzvﬁ

24\/2f o /Mg

919
+
T2 2f o/

Asgvgvvp
4+ [ —F,(r,6,6)G(1)Y(Ay,m 5,1
R e Falr e G)Y (A )

Asgvgvvp  [mg
+—— [ —Fs(r,6,6,)Y(Ny,m,p,7).
R Falr0. €)Y (A
(31)

Here, we define an useful function in Eq. (30), i.e.,

fl (r,a,ez)Y(Az,m,ﬂ,r)

A2 2
(cos(mr) — e=Mry = 2

o —Ar
drr 8rA ¢

UAm,r)=

The variables in the above effective potentials (30)—(31) are
My +M=M3 —M.

defined as g, = 2(My, +Mg) A2 A2 — ‘11’ ”1 =
2
qi —mz, mgl =m;—qi, 4= (M2 +MK) A =N - g5,

The bound state solutions (the binding energy E, the root-mean-square radius r,,,,, and the probabilities P;(%) for all the

discussed channels) for the single £.K and the coupled £.K/A K*/Z.K* systems with I(J?) = 1/2(1/27) and 3/2(1/27). Here, E,
T'rms» and A are in units of MeV, fm, and GeV, respectively. The dominant channels are labeled in bold.

Single channel

Coupled channel

1(J") A E Tems A E Fens  ZK(S10)  AK*(3S10) AK*(*Dypp) EK*(3S15) ZK*(*Dyp)
1/2(1/27) 2.00 -094 478 090 -0.36 6.14 98.85 0.61 0.47 0.01 0.06
220 —4.80 244 0.95 =328 3.04 97.61 1.34 0.92 0.02 0.12
240 -1096 1.68 1.00 -927 1091 96.11 2.25 1.42 0.04 0.18
260 —-1892 131 1.05 -18.44 1.42 94.60 3.18 1.92 0.06 0.24
3/2(1/27) .- - 1.28 -2.58 2.85 92.77 7.11 0.12
e e - 129 —12.82 1.23 85.78 e e 13.99 0.22
1.30 -28.46 0.80 80.03 19.67 0.30
1.31 —-48.10 0.61 75.36 24.29 0.35
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My, = my — QQ’ m%z = m -4, mf,z = m - 43
m2, = m2 — q3. After con51der1ng the S — D wave mlxing
effects, the matrix elements for the spin-spin interaction
and tensor force operators read as ¢ - €, — (1/30) and
S(#,6,€3) = (0 —/6), respectively.

In Table II, we collect the bound state solutions
[the binding energy E, the root-mean-square radius r,,,,
and the probabilities P;(%) for all the discussed channels]
for the coupled . K/A.K*/Z.K* systems with I(JF) =
0,1(1/27).

For the X.K/AK*/Z.K* system with I(JF)=
1/2(1/27), there exist the X .K(S/,) channel, the
A.K*(*S12."Dy5) channels, and the E.K*(*S/,.'D; )
channels. The reasonable loosely bound state solutions
emerge at the cutoff A = 0.90 GeV, where the binding
energy is —0.36 MeV, the rms radius is 4.78 fm, and the
dominant channel is the X K (%S, /2) with the probability
P = 98.85%. When the cutoff increases to 1.05 GeV, this
bound state binds deeper, the binding energy is
—18.44 MeV, the rms radius decreases to 1.42 fm, and
the = K (S, /2) channel is still the dominant channel with its
probability around 95%. For the remaining channels, their
probabilities are very tiny. Compared to the bound state
properties in the single channel case, the cutoff is very
close to the reasonable value A ~ 1.00 GeV. Therefore, the
coupled £, K /A .K*/Z.K* system with I(JF) = 1/2(1/27)
can be the prime molecular candidate, and the coupled
channel effects play an important role for the formation of
this bound state.

For the £ .K/X.K* system with I(J7)=3/2(1/27),
there include the X.K(3S;;,) channel and the

K*(381)2.Dy ) channels. We find a weakly bound state
at the cutoff A =1.28 GeV, the binding energy is
E = -2.58 MeV, the rms radius is r,,,, = 2.85 fm, and
the dominant channel is the 2.K (25} ,) with the probability
P =92.77%. With the increasing of the cutoff value, the
2.K* channel becomes more and more important. As the
cutoff increases to 1.31 GeV, the binding energy turns into
—48.10 MeV, the rms radius decreases to 0.61 fm, and the
probability for the £.K*(%S;,,) is 24.29%. However, the
binding energy depends very sensitively on the cutoff.
Thus, we cannot draw a definite conclusion that the
2. K/Z.K* system with I(JP)=3/2(1/27) as a good
hadronic molecular candidate.

For the X.K* systems, the isospin and spin-parity
configurations 1(J¥) include 1/2(1/27), 1/2(3/27),
3/2(1/27), and 3/2(3/27) after considering the S — D
wave mixing effects. The relevant OBE effective potentials
are presented in Eq. (23). Our results indicate that there
exist the reasonable loosely bound state solutions for the
>.K* states with I(JP)=1/2(1/27), 1/2(3/27), and
3/2(1/27) in the cutoff range 0.80 < A <5.00 GeV. As
shown in Table III, for the £.K* systems with 1/2(3/27)

TABLE III. The A dependence of the obtained bound-state
solutions (the binding energy E and the root-mean-square radius
7ms) for the single X .K* systems. Here, E, r,,,,, and A are in units
of MeV, fm, and GeV, respectively.

1U7) A E  rpe IUP) A E r
1/2(1/27) 1.70 —0.50 5.32 1/2(3/27) 0.88 -0.25 6.06
2.00 —3.32 2.64 098 —3.32 2.58
230 —831 1.81 1.08 —10.72 1.59

2.60 —15.30 1.42

1.28 —-0.11 6.24 3/2(3/27)
1.31 -2.42 2.50
1.34 -7.78 1.43
1.37 -16.71 1.00

118 2327 115
3/2(1/27)

and 3/2(1/27), the binding energy around several to
several tens MeV and the rms radius around several fm
appear at the cutoff around 1.00 GeV, which is comparable
to the value in the deuteron [32,33]. Therefore, these two
states can be suggested as the good hadronic molecular
candidates. For the X.K* system with 1/2(1/27), the
loosely bound state solutions appear as the cutoff is larger
than 1.70 GeV, which is slightly far away from the
empirical value for the deuteron [32,33], in this work,
we cannot exclude that the £ .K* system with 1/2(1/27) as
a suitable molecular candidate.

In summary, our results can predict several possible open
charm molecular pentaquarks, the coupled A.K*/Z.K*
molecular states with 1(JF) =1/2(1/27,3/27), the
coupled . K/A.K*/Z.K* molecular states with I(JF) =
1/2(1/27), and the single X.K* states with I(J) =
1/2(1/27,3/27) and 3/2(1/27). And the coupled channel
effects do play the very important role in generating these
coupled channel molecular candidates.

The study of the strong decay behaviors is very helpful to
the search of these predicted open flavor molecular
pentaquarks. According to the conservation of the quantum
numbers and the limit of the phase space, we collect the
important strong decay channels as follows, i.e.,

ZCK/ACK*/ZCK*[1/2(1/2 )] - {DSN,ACK},
AK*JZK(1/2(1/27)) = {D{'N. A K. 5K},
AK*[EK[1/2(3/27)] = {DiN},
> K*[1/2(1/
> K*[1/2(3/2
> K*[3/2(1/

)] = {DV'N. A K™ 2 K},
7)] = {DiN.AK*, Z(K},
)] = {DjA. X.K}.

~

2
2
C. The predictions of the possible

Y K" molecular states

In this work, we further extend our study to the A K
and £.K™ systems, the corresponding OBE effective
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TABLE IV. The A dependence of the obtained bound-state solutions (the binding energy E and the root-mean-square radius r,,,,) for
the single Y.K*) systems. Here, E, r,,,, and A are in units of MeV, fm, and GeV, respectively.

Systems A E T rms Systems A E T rims Systems A E T pims
AK[1/2(1/27)] > K[1/2(1/27)] 130 -0.54 555 X.K*[3/2(1/27)] 440 —-0.10 6.58
AK[1/2(1/27)] .35 =321 297 4.60 —040 543
AK*[1/2(3/27)] 140 =792 1.99 480 —-0.84 434
>.K[3/2(1/27)] 145 —-14.56 1.52 5.00 —-147 347
z.K*[1/2(1/27)] 085 —-037 542 X K*[1/2(3/27)] 096 040 564 X K*[3/2(3/27)] 150 —0.75 4.49
090 -349 235 1.02  -326 2.66 1.70 —-446 2.11
095 -956 154 1.08 =990 1.69 1.90 -11.09 142
1.00 —-18.11 1.20 1.14  -21.21 1.25 2.10 -20.62 1.09

potentials can be related to those for the A K*) and X K*)
systems by the G-parity rule [34], i.e.,

VBle—’B3M4 = (_I)GEVB|M2—>33M4’ (32)
where G stands for the G parity for the exchanged meson
in the B;M, — B;M, process, notations M; and M,
correspond to the antimesons and mesons, respectively.
Therefore, the effective potentials from the w and =
exchanges are in complete contrast between the Y K*)
and the Y K™ systems.

In the following, we also perform the single channel
analysis and the coupled channel analysis on the Y.K(*)
systems. We summary the corresponding numerical results
in Tables IV and V, respectively.

As shown in Table IV, we collect the bound state
properties for the single ¥,K*) systems. In the cutoff region
0.80 < A <5.00 GeV, we can obtain five loosely bound
states, the £.K bound state with I(J7)=1/2(1/27),
the T K* states with I(JP) =1/2(1/27), 1/2(3/27),
3/2(1/27),and 3/2(3/27). Among these five bound states,
we cannot recommend the £, K* state with 3/2(1/27) as a

TABLE V. The bound state solutions (the binding energy E, the root-mean-square radius r,,,, and the probabilities P;(%) for all the
discussed channels) for the coupled Y, K™ systems. Here, E, r,,,, and A are in units of MeV, fm, and GeV, respectively. The dominant

channels are labeled in a bold manner.

I(JP) A E Vrms ACI_(*(ZSI/Z) AL'I_(*(4D1/2) ZL'I_(*(zsl/Z) Z(,'I_(*(“DI/Z)
1/2(1/27) 1.38 -0.90 2.98 81.97 0.18 16.99 0.86
1.40 —-4.77 1.21 66.23 0.34 31.86 1.57
1.42 -9.42 0.88 56.07 0.45 41.46 2.02
1.44 —14.44 0.75 49.04 0.53 48.10 2.33

1(J") A E Fems  NK*(S30)  AK*(*D3pn)  AK*(*D3pp)  ZK*(*S30)  ZK*(*D3pn)  ZK*(*Dspo)
1/2(3/27) 1.38 -2.71 1.51 40.22 0.27 2.16 48.94 0.46 7.96
1.39 -8.95 0.86 28.77 0.32 2.53 58.55 0.53 9.29
140 —-1588 0.72 23.23 0.34 2.69 63.27 0.56 9.90
141  -=2320 0.66 19.83 0.36 2.77 66.19 0.58 10.27

1(J7) A E Trms 2. K(S)) AK*(%S)0) AK*(*Dy ) . K*(3S12) 2K (*Dy)2)
1/2(1/2_) 0.87 -0.34 6.18 98.57 0.90 0.40 0.04 0.09
0.91 -3.71 2.85 97.15 1.90 0.68 0.07 0.19
0.95 —-11.61 1.70 95.52 3.15 0.92 0.09 0.32
0.99 -25.39 1.21 93.90 4.47 1.09 0.08 0.46

1(J*) A E Frms 2.K(S1)) AK*(%S1)2) AK*(*Dy ) 2K (%S1)) 2K (*Dy)n)
3/2(1/2_) 3.80 -0.54 5.47 9943 0.28 0.29
4.00 —-2.67 3.12 99.00 0.50 0.50
4.20 -6.91 2.00 98.42 0.82 0.76
4.40 —14.02 1.43 97.68 1.23 1.09
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good hadronic molecular candidate, as the cutoff value is too
far away from the empirical value A ~ 1.00 GeV. For the
remaining four bound states, we conclude that they can be
prime hadronic molecular candidates when we take the same
cutoff criterion in the deuteron.

When we consider the coupled channel analysis, we
find four weakly bound states by varying the cutoff from
0.80 to 5.00 GeV as shown in Table V. For the A K* /X .K*
coupled bound state with I(J¥)=1/2(1/27) and the
>.K/A.K*/E.K* coupled bound state with I(JF)=
1/2(1/27), we can obtain the reasonable loosely bound
state properties at the cutoff taken around 1.00 GeV, the
dominant channels are the A.K*(*S;,) and Z.K(*S;),)
channels, respectively. Thus, these two coupled bound states
can be prime hadronic molecular candidates, which are
mainly composed by the A K* and Z.K states, respectively.

Compared to the bound states solutions for the single
A.K* and T K systems with 1/2(1/27), we also find that
the coupled channel effects play an important role in
generating the A.K* state with 1/2(1/27). However, it
contributes very little for the £ K state with 1/2(1/27).
Thus, the X .K/A.K*/Z.K* coupled bound state with
1(J?) =1/2(1/27) predicted here is not a new bound

|

1/2(1/2-
AK* /T K [1/2(1)2-

T K*[1/2(3/2-
2 K*[3/2(3/2

IV. SUMMARY

The study of the exotic states is an important and interesting
issue in the hadron physics. Searching for the hadronic
molecular states can not only enrich the family of the
exotic states, but also help us to understand the essential
hadron-hadron interactions. Very recently, the LHCb col-
laboration observed two open heavy flavor multiquarks
TZ?HH. Their near threshold behavior inspires the isovector
D*K* molecular explanations to them. In our former
paper, we found the D*K* state with I(J”) = 1(0") can
be possible molecular candidate by adopting the OBE
effective potentials [8].

In this work, we extend our study on the interactions
between the S-wave charmed baryon Y, = (A., .) and the
strange meson K*) by using the OBE model, and we
consider both of the § — D wave mixing effects and the
coupled channel effects. As shown in Fig. 1, our results
indicate the single £.K* states with 1(J*) = 1/2(1/27),
1/2(3/27), and 3/2(1/27) can be good open charm

- {A.K, E(C,>7r},

state but has a close relation with the single X K molecule
with 1/2(1/27).

For the A.K*/X.K* coupled system with I(JF) =
1/2(3/27), its dominant channel is the X .K*(*S5/,). As
shown in Table V, its size is much smaller than those
coupled channel bound states mainly made up by the
lowest system. As the dominant channel is the £.K*(*S35),
this bound state has a close relation to the X, K* molecule
with 1/2(3/27).

For the X.K/E.K* coupled system with I(JF) =
3/2(1/27), we can obtain the bound state solution as
the cutoff reaches up to 3.80 GeV. Obviously, the cutoff
applied here is deviated from the reasonable value
1.00 GeV. It cannot be a good molecular candidate.

All in all, our results can predict five Y.K™) type
hadronic molecular candidates, the coupled A K*/Z K*
molecule with 1/2(1/27), the £.K/A.K*/Z.K* molecule
with 1/2(1/27), the X .K* molecules with 1/2(1/27,
3/27), and 3/2(3/27), where the coupled channel effects
play a vital role in binding the coupled A K*/X.K* state
with 1/2(1/27). Their important two-body strong decay
channels are summarized as follows, i.e.,

- {AK.2.K.DA, D2, B 7, BV},

— {AK*5:K,D*A, D*S.B.p, B0, Eimt, Zin},

K[1/2(1/27)]
[1/2(1/27)]
2 K [1/2(1/27)] = {A K, 5.k, DYA, DU V7, 2y, Bop. B 00},
[1/2(3/27)]
3/2(3/27)] —» {ZiK,D*%, E.p, Ein}.

|
molecular candidates. When we further consider the
coupled channel effects, we can predict another three
prime open charm molecular candidates, i.e., the coupled
AK*/Z.K* molecular states with 1/2(1/27) and
1/2(3/27), and the coupled X£.K/A.K*/Z.K* molecular
state with 1/2(1/27), where the dominant channels

Y K" type molecules YK type molecules
=K =K
AK o AK
=K K
AK
I0N=12(1/2) 123/2) 3202)  12(/7)  12Q2)  32(3/2)
FIG. 1. A summary of the predicted ¥.K*) and Y.K* molecu-

lar candidates. Here, the red and blue lines label the molecular
candidates predicted by the single channel analysis and the
coupled channel analysis. respectively.
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correspond to the A.K*(3Si), AK*(*S35), and
2 K(?S)3), respectively. And the coupled channel effects
play the essential role in binding these three coupled
channel molecular candidates.

As a byproduct, we further study the ¥, K*) interactions
in the same model. As shown in Fig. 1, we can predict the
existences of the Y.K*) type hadronic molecular states,
i.e., the X.K molecule with 1(J*) = 1/2(1/27), the Z.K*
molecules with 1/2(1/27),1/2(3/27),and 3/2(3/27), the
coupled A.K*/E.K* molecule with 1/2(1/27), and the
*.K/A.K*/E K* molecule with 1/2(1/27). We expect the

experimentalists to search for these predicted open charm
molecular pentaquarks.
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