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We investigate the exotic baryons as D) A, and D<*>z§*) molecules coupled to the compact five-
quark (5¢) states. The coupling to the 5¢ state is introduced by the contact term, where the relative
strength for the meson-baryon channels is determined by the spin structure of the 5¢ states. We
also introduce the one pion exchange potential (OPEP). Resonant and/or bound states are found
close to the hidden-charm meson-baryon thresholds. The OPEP is not strong enough to produce a
state. The states are obtained, when the 5¢ potential with the finite coupling strength is introduced.
The spectrum structure is given by the spin configuration of the 5S¢ states.
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1. Introduction

The study of the exotic hadrons has been one of the interesting topics in nuclear and hadron
physics. In 2015, the Large Hadron Collider beauty experiment (LHCDb) collaboration reported two
exotic baryons P;"(4380) and P;"(4450) in A — J/wK ™ p decay [1, 2, 3], where the masses and
widths are (M,I") = (4380+8+28,205+ 18 +86) MeV and (4449.8 £1.7+£2.5,39+5+19) MeV,
respectively. The decay process indicated that they are the hidden-charm pentaquarks with the
minimal quark content ccuud. The spin-parity J¥ of these states has not yet been determined, but
(T ( 4380),@ so) = (3/27,5 /27 gives the best fit solution, and (3/27,5/27) and (5/27,3/27)
are also acceptable. There have been various discussions for the structure of the hidden-charm
pentaquarks. The compact structure ccqgq has been studied by the quark model calculations. On
the other hand, the reported masses of P.’s being close to the DZ;* and D*Y, could indicate that
the P.’s are the hadronic molecules of DX} and D*Y.. There have also been the non-resonant
explanations of the experimental data given by the kinematical effect and cusp. These discussions
are summarized in reviews in Refs. [4, 5, 6] and references therein.

In this study, we investigate the pentaquark states as the hidden-charm molecules, D) A, and
D(*)Zﬁ*)l coupled to the compact five-quark (5¢) states. The inclusion of the 5¢ state is inspired by
the recent work discussed by the quark cluster model in Ref. [7]. Coupling to the 5¢ states is treated
as the short-range interaction between the meson and the baryon, where this interaction is described
by the contact term with the Gaussian form factor. As for the long-range interaction, the one pion
exchange potential (OPEP) is introduced, which is enhanced by the heavy quark symmetry in the
heavy flavor sector. The bound and resonant states of the meson-baryon systems are studied by
solving the coupled channel Schodinger equation.

2. Interactions

It has been well-known that the OPEP is a driving force to bind atomic nuclei. In the heavy
quark sector, the role of the OPEP would be enhanced by the heavy quark spin symmetry, where
the mass degeneracy of the heavy hadron with different spin is obtained [8, 9]. In fact, the mass
difference of D and D* mesons is small, mp. —mp ~ 140 MeV. The approximate mass degeneracy
enhances the attraction due to the mixing of the D meson and the D* meson caused by the OPEP.

The OPEP is obtained by the effective Lagrangians for heavy mesons (baryons) and the
Nambu-Goldstone boson, satisfying the heavy quark and chiral symmetries [9, 10]. From those
Lagrangians, one obtains the OPEP for channel (i, j) as

T __
Vi =

Gij [T F1Cw) + T (AT(1)] @1
with the coupling constant G;;, the spin operator .., the tensor operator T, (7), the central
function C(r) and the tensor function 7(r) defined in Ref. [11]. The channels i are given by
DA.(%S), D*A.(*S,* D), DX.(S), DX:(*D), D*X.(*S,* D), D*X:(*S,*D,°* D) for JF = 1/2.

For the 5¢ potential, we employ the contact interaction with the Gaussian form factor,

Vi = —fSSe . 2.2)

'Here, D(*) (Eg*)) stands for D and D* (X; and T¥).
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Table 1: Spectroscopic factor of the 5¢ potential for J© = 1/27. S,z (834) is the total spin of c¢ (three light
quarks gqq).

S Sy | DAe D'A. DE. D DS, D%
G o0 1/2]04 06 -04 — 02 —06
Gy 1 1/2/06 -04 02 — —06 -03
Gi) 1 3/2|00 00 -08 — —05 03

The negative sign of V3¢ is assumed because of the massive compact 5¢ state giving an attrac-
tion [11]. The strength f and Gaussian range ¢ are treated as a free parameter. The range o is
fixed as & = 1 fm~2 in this study, while the energies for various strength f will be shown in Sec. 3.
The spectroscopic factor (S-factor) S; is determined by the overlap of wavefunctions of the 5¢ state
and the meson-baryon molecule as S; = ((DY,);|5g). When the spin structure of the 5¢ state is
described by the c¢ and ggq spins (S.z and S3,), the S-factor is obtained as shown in Table 1. For
JP =1 /2~ with zero orbital momentum (S—wave), there are three possible spin configurations,
() (Sce,S3¢) = (0,1/2), (i) (1,1/2) and (iii) (1,3/2). In the Table 1, one can find components
having a large S-factor, e.g. 0.6 in D*A. and D*X} in (i). We expect that these channels play an
important role to produce an attraction.

3. Numerical results

Solving the coupled channel Schidinger equation for D*) A, and D<*>z£*> with the OPEP and
the 5¢ potential, we obtain the bound and resonant states as shown in Fig. 1. We show the energies
with various coupling constant f. We obtain no state in the small f region, while the states appear as
f is increased. Therefore, the OPEP is not enough to produce any state in the hidden-charm meson-
baryon systems for J* = 1/2. The states are obtained close to the meson-baryon thresholds as f
is increased. Then, the thresholds correspond to the meson-baryon components with large S-factor
as shown in Table 1. The spectrum structure of the states is given by the S-factor is determined by
the spin structure of the compact 5¢ states.

4. Summary

We have studied the hidden-charm meson-baryon system as DA, and D(*>2§*) coupled to

the compact 5¢ states. The coupling to the 5¢ state is introduced by the Gaussian potential as
a short range force, where the relative strength for the meson-baryon channels is given by the
spectroscopic factor determined by the spin wavefunction of the 5¢ states. The Gaussian potential
plays an attractive force because of the massive 5q state, while the coupling strength and Gaussian
range are treated as a free parameter. As for a long range force, the one pion exchange potential is
introduced. We has obtained binding and resonance energies with various coupling f. No state is
obtained when we use only the OPEP. However, the states appear, when the 5¢ potential with the
finite coupling strength is introduced. The energy spectra are obtained close to the meson-baryon
thresholds corresponding to the channels with the large S-factor.
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Figure 1:

(i) (Sce,S39) = (0,1/2) (ii) (See,S39) = (1,1/2) (iii) (Sez, S3¢) = (1,3/2)
4.6 (D= ‘ 4.6 4.6
45T 1 45T PR N

___________________________________________ -—]

Ao A 2 e et
4.3 ;,:,‘;,‘;T%‘,: , e e E 43 . S o T L L S I T T E 43 .=
42 1 BTy 1 BTy .

L I -— ] L
41 . 41 . 41 .
4 . . . 4 s s s 4 s s s

0 25 50 75 100 0 25 50 75 100 0 25 50 75 100

o fy fy

Obtained binding and resonance energies (solid lines) with various coupling constants f for

JP =1/27 As for interactions, the OPEP and one of the three 5¢ potentials derived from the configuration
() (Sce,S34) = (0,1/2), (i) (1,1/2) or (iii) (1,3/2) are used. The horizontal axis shows the ratio f/ fo, where
fo is the reference value, fy ~ 6 MeV. Filled circle is the starting point where the states appear. Dashed lines
are the DX, DX}, D*Y. and D*X} thresholds. Dot-dashed lines are the DA, and D* A, thresholds.
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