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Abstract We investigate the hidden-charm pentaquarks as a A, D® — Z‘C(*)D(*) hadronic molecule coupling
to a compact five-quark state. The coupling to the compact state leads to an hadron short-range interaction
generating an attraction. In addition, the one pion exchange potential (OPEP) as a long-range interaction is
introduced by the Lagrangians satisfying the chiral and heavy quark spin symmetries. The OPEP has been
known as a driving force to bind atomic nuclei, where the tensor term leading the coupled-channel effect
generates a strong attraction. The mass degeneracy of heavy hadrons due to the heavy quark spin symmetry

enhances the OPEP derived by the 7 D® D™ and nZ‘C(*) Z‘C(*) couplings. Introducing those interactions, we
consistently explain the masses and widths of the P, states reported by LHCb in 2019. The short range
interaction has a dominant role to determine the energy-level structures, while the OPEP tensor term does the
decay width.

1 Introduction

The exotic hadrons have aroused great interest in the nuclear and hadron physics. Their structures cannot be
explained by the ordinary hadron picture, a baryon as a three-quark state and a meson as a quark-antiquark
state, while the exotics have been considered to have multiquark components such as a compact multiquark,
e.g. gqqqq and gqqqq, and a hadronic moelcule being a hadron composite states, e.g. meson-mason and
meson-baryon bound states. Recently many exotic states including a c¢ component have been reported near
the hadron thresholds. For the exotic meson sector, since the discovery of X (3872) in 2003 [1], many XY Z
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states found near the D™ D™ thresholds have been investigated to understand their exotic natures theoretically
and experimentally [2,3].

As the exotic baryon states, the Large Hadron Collider beauty experiment (LHCb) collaboration observed
two hidden-charm pentaquarks, P.(4380) and P.(4450), in Ag — J/y¥ K™ p decay in 2015 [4]. This decay
process indicates the P, states have at least a five-quark content, uudcc. The observation of the P, states has
motivated a lot of theoretical works, where various exotic structures of the P. states have been discussed such

as the compact pentaquarks, Z‘C(*)l_)(*) hadornic molecules and the kinematic effects giving a non-resonant
explanation [5-7].

In 2019, a new analysis has been reported using nine times more data from the Large Hadron Collider
than the 2015 analysis [8]. The new analysis uncovers a complex structure of P.(4450) that consists of
two narrow separate peaks, P.(4440) and P.(4457). A new resonance P.(4312) is also found below the
XD threshold. For a broad P,.(4380), however, the data can be fitted equally well without the Breit-Wigner
contribution corresponding to P.(4380). To understand the structure of the observed state, more experimental
and theoretical studies are needed.

The masses (M) and widths (I") of the P, states are obtained by [4,8]

P.(4312) : M =4311.9£ 07408, ' =98 £2.7% 7
P.(4380) : M = 4380 £8+£29, I =205+ 1886,
P.(4440) : M = 44403 £ 13150 ' =20.6 £4.9%] |,
P.(4457) 1 M = 4457.3 £ 0.6711, ' = 6.4 £2.0°7 .

These P, states are reported near the hidden-charm meson-baryon thresholds. As mentioned above, P.(4312)
is found below the X D threshold. The broad resonance P.(4380) is below the X'} D threshold. The twin peak
P,(4440) and P.(4457) is obtained below the X.D* threshold. The LHCb analysis in 2019 motivated new
theoretical works (just to make some early works see [9-17] ).

In the dynamics of heavy hadrons with a single heavy quark, the heavy quark spin symmetry (HQSS) is
an essential one [3,18,19]. This symmetry appears in the heavy quark region, including charm (c), bottom
(b) and top (7) quarks. The suppression of the color magnetic interaction in the heavy quark limit (m¢gy — 0)
induces the HQSS realized as separation of the heavy quark spin and the total angular momentum of the light
degrees of freedom, called a brown much. This suppression leads the mass degeneracy of heavy hadrons with
different total angular momentum. For the case of a single heavy meson composed of a heavy quark Q and a
light antiquark (g), masses of the vector meson (S = 1) and pseudoscalar meson (S = 0) are degenerate due
to the HQSS, and these mesons belong to the same HQS multiplet. In the charmed hadrons, the approximate
mass degeneracy has been found. The mass splitting of D and D* mesons is about 140 MeV, while in the light
quark sector, the mass splittings of 7 and p, and K and K* are 630 MeV and 390 MeV, respectively, that are
larger than that of D and D*. The approximate mass degeneracy is also found in the charmed baryons X, and
X%, where the mass splitting of X, and X'* is about 65 MeV.

The small mass splittings of D and D*, and X, and X lead to the approximate degeneracy of the
hidden-charm meson-baryon thresholds for the >.D, Z‘j‘D, >.D* and zx D* channels. In addition the A, D*

thresholds are also close to the Eé*)l_)(*) thresholds. The A, baryon does not belong to the HQS multiplet of
Y. and X, while the mass splitting of A, and X is not large, about 167 MeV. Hence there are six charmed
meson-baryon thresholds, A.D, A.D*, X.D, X*D, ¥.D*, and X} D*, around the reported P, states. Thus
the coupled-channel analysis for these meson-baryon channels is important to understand the dynamics around

the A, D™ — 2% D thresholds.

In this talk, we study the hidden-charm pentaquarks with coupling the A.D™) — Ef*) D™ meson-baryon
channels to the compact five-quark (5¢) states. The inclusion of the 5¢ states is inspired by the quark cluster
model calculations in Ref. [20]. The coupling to the 54 states is introduced as the short range interaction between
heavy meson and baryon as discussed in Refs. [21,22]. We also employ the one pion exchange potential (OPEP)
derived from the interaction Lagrangians of a pion and heavy hadrons, satisfying the heavy quark spin and
chiral symmetries. The OPEP has been know as the key ingredient in the nuclear force. In particular the OPEP
tensor term produces a strong attraction, while the tensor operator induces channel couplings between states
with different orbital angular momenta. By introducing the 5¢ potential and the OPEP, we solve the coupled

channel Schrédinger equations for the A.D™ — = D® channels. The channels considered in this study
are summarised in Table 1.
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Table 1 The possible channels of the A.D™) — 25*) D™ states for given J

JP Channels

1/2- AcD(S), A:D*(*S.* D), £.D(*S), £} D(*D), Z.D*(*S.,* D), £} D*(*S.* D.° D)

3/2° A:DCD), Ac:D*(*S,2D,* D), Z.D(D), ZfD(*S,* D), £.D*(*S,> D,* D),
Z:D*(*$*D.*D.°D.°G) i _ i

5/27 A.D(*D), A:D*(*D,*D.*G), £.D(*D), £:D(*D,* G), . D*(*D,* D.* G),

T*D*(6S2D*D.*DAG.0G)

The isospin is taken to be I = 1/2. 25+ L in parenthesis stands for a total spin (S) and an orbital angular momentum (L)

(a) OPEP (b) 5¢ potential
P P
P P
5q(a)

i . j ;
Y‘:/\Yc Y, Y,

Fig. 1 The a one pion exchange and b 5¢ potentials between the D™ meson and the Y, = A, Z‘C(*) baryon derived in [21,22].
i and j stand for channels of the initial and final states, respectively. & denotes a channel of the 5¢ state

2 Hadron Interaction

We consider the hidden-charm hadronic molecules composed of A, D™ and Z‘c(*) D™ coupled to the compact
five-quark state. As for the long-range hadron interaction, the OPEP is introduced, which has been known that
the tensor term of the OPEP produces a significant attraction to bind atomic nuclei. The important role of the
OPEP in the heavy hadron interactions has also been discussed, which is enhanced by the heavy quark spin
symmetry [3,19,23]. The coupling to the five-quark state induces the short-range interaction (5¢ potential)
between composite hadrons as shown in Fig. 1. The 5¢g potential plays an attractive role because of the large
masses of the five-quark state.

The OPEP is obtained as the Born term of the 7-channel diagram with the pion exchange process. The
diagram is given by the effective Lagrangians of a pion and heavy hadrons, D) mesons and A, = baryons,
satisfying the heavy quark spin and chiral symmetries.

The Lagrangians of a pion and D™ mesons are written by [3,18,24]

Lann = gy Tr [Hyyuys Al Ha). (1)

where the heavy meson field H, containing the heavy quark spin multiplet of pseudoscalar and vector fields
D, and D as

1+
2 b

H, = [D},y" — Days] 2)
H, = yoH w0, 3)

with the subscript a, b denoting the light quark flavor. The trace is taken over the gamma matrices. v* is the
four-velocity of the heavy quark inside the heavy hadron. The coupling constant gﬁ’l is determined by the

D* — D decay as g% = 0.59. AZa is the axial-vector current given by

i

Al =2 [50.5 — €9,87]. “)
P A 0 +
meo(f) o= (7))

where the pion decay constant f; = 93 MeV.
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The Lagrangians of a pion and heavy baryons A, and Z‘C(*) are written by [25,26]

3 _ .
Lavey, = 51" o tr[$,4,5.] + gatr [SuAudc]+ He, ©)

where the heavy baryon field is given by

. 1 .
Su =20 — ﬁ (Vi +vp) 52, (7
B)+H+ 1 -+
G 0 AN pe _ Few  AZew ®
c=\-al 0 ) Few T\ Lgww+ gm0 )
¢ V2 Te(w) c(p)

We take gﬁ = g1 = (+/8/3)gs = 1 estimated by the quark model calculation.
From the Lagrangians in Egs. (1) and (6), the OPEP in the momentum space is obtained as

v = ($484 ) L gon_mx g o = e op ©)
SO\ )3 qrmr TR gy | TR

S(lij ) and ng ) are the spin operator for mesons and baryons, respectively, which depends on the initial (i) and
final () states. The tensor operator S12(g) is defined as S12(g) = 3(S1-¢)(S2-¢) —S1-S2. Fy(q) and Fp(q)
are the form factor of the meson and baryon, respectively, introducing to take into account a finite size of the
hadron,

2 2

AL —m
F =_H 10
n) = Z5—3 (10)

where H = M, B. Ag is the cutoff parameter determined by the hadron size ry and theratio Ay /Ay =rg/rn
with the nucleon size and cutoff, ry and Ay [21,22,27]. The hadron sizes are estimated by the quark model.
We obtain the heavy hadron cutoffs as Ajw = 1.35Ay and Ay, = Ap. The nucleon cutoff is given by
Ay = 837 MeV to reproduce the deuteron binding energy when the OPEP is employed.

The coupling between the meson-baryon molecules and five-quark states leads to the short-range interac-
tion,

5 _ . 1 T
Vi —Z(l|V|a)m((X|V [/ (1D
o o

where 7, j denote the meson-baryon (M B) channel, while « the 5S¢ channel as summarized in Table 2. V is the
transition potential between the M B and 5¢ channels. qu is the eigen energy of the 5¢ channel, estimated by

the quark model calculation [21] as summarized in Table 3. The obtained qu s are several hundred MeV above
the thresholds we are interested such as X*D* ~ 4527 MeV. Thus we reduce the 5¢ potential in Eq. (11) to
the simple contact interaction,

5 _ 2
VA =—f) SEste . (12)
o

The strength f is a free parameter that is determined from the experimental data for the P. states. S} is the
spectroscopic factor obtained by the overlap of the color-flavor-spin wave functions of the M B and 5¢ states,
that is summarized in Table 4. We consider that the 5¢ potential generates an attraction. Since the masses of the

compact 5¢ states are larger than the Y, D™ threshold energies, namely Eos,q > my, + m jw, the 5¢ potential
plays an attractive role due to the level repulsion. We introduce the Gaussian form factor in the 5¢ potential.
The Gaussian parameter A should be proportional to the inverse of the distance between cqq and cq clusters
inside the compact 5¢ state. We assume that the distance is less than 1 fm, and A = 1 fm~! is employed in
this study.
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Table 2 Channels of the 5¢ states for given J

Jr Channels
1/2~ [0®1/2],[1®1/2],[1 ® 3/2]
3/2~ [0®3/2],[1®1/2],[1 ®3/2]
5/2- [1®3/2]

The spin configurations are represented by [Scz ® S3,] with the cc spin (S¢z) and the total light-quark spin (S34)

Table 3 Masses of the compact five-quark states obtained by the quark model calculations [21]

JP 0®1/2] [1®1/2] [0®3/2] [1®3/2]
1/2- 4816.2 4759.1 - 47722
3/2- - 48223 4892.5 4835.4
5/2- - - - 4940.7

Table 4 The spectroscopic factors of the 5¢ potential for given a total angular momentum J, a total cc spin Scz, and a total
light-quark spin S34

J See S3 A.D A.D* z.D =D . D* >*D*
1/2 0 1/2 0.35 0.61 ~0.35 - 0.20 —0.58

1 12 0.61 —0.35 0.20 - ~0.59 ~0.33

1 32 0.00 0.00 —0.82 - —0.47 0.33
32 0 3/2 - 0.00 — ~0.50 0.58 —0.65

1 12 - 0.71 - 0.41 —0.24 —0.53

1 3/2 - 0.00 - —0.65 —0.75 —0.17
52 1 52 - —~ - — - ~1.00

The values are taken from [21]

3 Numerical Results
Resonances of the meson-baryon systems are obtained by solving the Schrodinger equation,
(K+ V™) + V1)) w) = By () (13)

where K, V™ (r) and V>4 (r) stand for the kinetic term, the OPEP and the 5¢ potential respectively. ¥ (r) is
the wave function of the meson-baryon systems that is described by the Gaussian expansion method [28]. To
obtain the resonance energy and decay width, the complex scaling method [29-32] is applied.

Firstly we determine the free parameter f in Eq. (12). By tuning the parameter as f = 480 MeV, we obtain
resonances whose masses and widths are consistent with those of P.(4312), P.(4440) and P.(4457) reported
by the LHCb collaboration. The total angular momentum and parity of those P,’s are assigned as J* = 1/27,
3/27 and 1/27 for P.(4312), P.(4440) and P.(4457), respectively. _

Using f = 480 MeV, we also obtain resonances near the Y.D™ thresholds in addition to the state
corresponding to the P.’s, as shown in Fig.2. Below the X*D threshold, the resonance for J P =327 is
obtained, and the mass, being 4350 MeV, is close to the one of P.(4380). However the broad width of P.(4380)
that is more than 200 MeV is not explained by this calculation with the narrow width. Further theoretical and
experimental studies are necessary to understand the nature of P.(4380).

Furthermore three resonances are found below the X D* threshold. The masses (J Py are obtained as 4521
MeV (JP =1/27),4511 MeV (J¥ =3/27) and 4468 MeV (JF = 5/27).

To examine the role of the interactions, we compare the results with and without the OPEP tensor term.
The results near the X D* and X7 D* thresholds are shown in Fig. 3. From this figure, we find the following
interesting observations.

(1) The 5¢ potential plays a dominant role to generate the attraction determining the energy level.
(2) The OPEP tensor term produces the attraction, and has a significant role in the decay widths.

In Fig. 3, switching off the OPEP tensor force does not change the order of the energy level. It indicates
that the 5¢ potential predominates the energy-level structure of the meson-baryon resonances. The level order
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Mev] EXP f = 480 MeV
4550
4521:1/2~ .
fffffffffffffffffffffffff &1 D
4527
45001- 4511:3/2~ 1
4468:5/2"
4457 .
--------- = = b |zp

4450} I 4 4462

4400 1
”””” sag0 | ED
4385
4350]- m 4350:3/2" 1
77777777777777777777777777777777777777777 s.D
LD N
4300} {4321

"]

Fig. 2 Experimental data in LHCb (EXP) and our prediction with f = 480 MeV [22]. The centers of the boxes are located at the
central values of pentaquark masses, while their lengths correspond to the widths (except for the broad P.(4380)). The horizontal
dashed lines show the meson-baryon thresholds

[MeV]

4550 - -
without T with T

2:1’)* ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 1/2T,,_ ,,,,,,,,,,,,,,,,,
3/2— | ]

4500 s
5/27 —

) without T with T .
2:cD* """ 1/2_— """" [t
4450 |- -
3/2 —
4400

Fig. 3 Comparison between the results with and without the OPEP tensor force near the >.D* and Z‘:D* thresholds [22]

is determined by the spectroscopic factor in the 5¢ potential given by the color-flavor-spin structure of the
compact 5¢ states.

The role of the OPEP tensor force is enhanced by the coupled-channel effect. The tensor force produces
the attraction because it contributes to the energy in the second order perturbation. In Fig. 3 we find that the
attractive force due to the tensor force increases as the total angular momentum J becomes larger. The results
in Fig. 3 also show the important role of the tensor force in the decay widths. The very narrow widths are
obtained without the tensor force. Thanks to the tensor operator and the heavy quark spin symmetry, many
meson-baryon channels can couple to the resonances. The coupling to the channels below the resonances is
important to produces the width, that is enhanced by the coupled-channel effect.

4 Summary

We investigate the masses and decay widths of hidden-charm pentaquarks The candidates of pentaquarks were
reported by the LHCD collaboration as the P, states. We consider the coupling the open-charm meson-baryon
channels to a compact five-quark (gggcc) core. As for the hadron interaction, the OPEP as the long range force,
and the 5¢ potential as the short range one are employed. The OPEP is obtained the interaction Lagrangians
satisfying the heavy quark and chiral symmetries, and the significant role of the tensor term has been known
in the nuclear force. The 5¢ potential is introduced as the contact interaction derived from the coupling the
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Y.D™ channels to the 5¢ states. The color-flavor-spin structures of the 5¢ state are taken into account as the
spectroscopic factor. For the three P, states reported by LHCb, both the masses and widths we obtained are in
reasonable agreement with the experimental results. The quantum numbers J for the P. states are obtained
as JP = 1/27 for P.(4312), J¥ = 3/2~ for P.(4440), and J* = 1/2~ for P.(4457). Below the X*D
threshold, we find a resonance for J* = 3 /27 . The mass is consistent with the one of the broad P.(4380),
while the decay width is very narrow. Moreover, three resonances for J P =1/2=,3/27,5/2" are found
below the X7* D* threshold. The role of the interaction is studied. We find that the 5¢ potential plays a major
role in determining of the ordering of the resonances, while the OPEP tensor force does in producing the decay
widths.
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