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What is the exotic hadron?

Introduction

Exotic hadron

o They have an exotic quantum number which cannot be
reached by quark model.

o Multiquark component is essential.

Pentaquark ®+ D.Diakonov et al.Z.Phys.A359,305, T.Nakanoet al.Phys.Lett.91,012002

o Observation of ©% triggered the study of exotic hadrons.

o Because O has § = +1,
it cannot be described by simple baryon. = uudds ?

Zp(10608), Zp(10653)  1.Adachi ef al.arXiv:1105.4583, Phys.Rev.Lett. 108,122001

o They have electric charge. = Not simple bb.
o bbqq?, B — B* (B* — B*) molecular state?

Multiquark system(qqqqq, qqqq,...) may form various structures.
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Multiquark system: Molecular state

Introduction
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Hadronic molecule

Compact

o Multiquark system may compose partial cluster structures
(qqq + q@) and they form hadronic molecule.

Question: [Molecular state really exists?]

To investigate meson-baryon (present talk) and
meson-meson (Ohkoda’s talk) systems, we find molecules.
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Multiquark system: Molecular state

Introduction
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Compact Hadronic molecule

o Multiquark system may compose partial cluster structures
(qqq + q@) and they form hadronic molecule.

Question: [Molecular state really exists?]

To investigate meson-baryon (present talk) and
meson-meson (Ohkoda’s talk) systems, we find molecules.

We focus on m exchange interaction to make a hadronic molecule.

14-17 May, 2012 Charm2012@Hawaii



Heavy meson and Heavy Quark Symmetry

Introduction

We consider heavy meson(D, B) and Nucleon molecular state
because D, B can be coupled with 7 due to Heavy Quark

Symmetry.
o Heavy Quark Symmetry (HQS)
This symmetry appears in the heavy quark mass limit

(mg — 00).

N.Isgur, M.B.Wise,PRL66,1130

Spin-spin interaction — 0
Heavy pseudoscalar meson P(07) and
Heavy vector meson P*(17) are degenerate.

Indeed, mass splitting between P and P* is very small.

mp+ —mp ~ 140 MeV
mB*—mB~45MeV T

mpe —mg ~400MevV | |

— This degenerate provides P P*r vertex.
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7 exchange interaction: Tensor force

Introduction

Tensor force D N

2g
5% or B N

T
2
S
Hadronic molecule? _
D N
o 7 exchange(Tensor force) mixes DN and D*N and

generates a strong attractive force.

o This mechanism is similar to Deuteron system(®S; —2 Dy).
Binding energy~2.2 MeV, Relative radii~4 fm

o Tensor force makes DN loosely bound states?
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Purpose

o Searching for exotic baryons formed by
Heavy meson-Nucleon molecule with OPEP

o)~ N

o We employ 7, p, w exchange interactions.
— comparing the result when 7 exchange is used with the
result when mpw exchange is used.

o We study bound and scattering states.

o To obtain binding energies and properties of
resonance, we solve the coupled-channel Schrodinger
equations for PN and P*N systems.
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Interactions
DN and BN states

Heavy quark effective theory r.casabuoni et al. PhysRept.281,145(1997)
© Lopn =igzTr [Hyy,vs5A}, Ha)
° Lygn = —ifTr [Hbvﬂ(pu)ba ] +iATr [Hbo'u Ful/(p)ba }

1+717'

92 [P* - a75] ) Ha = ’YoHa'YO D(*) N

vector pseudoscalar

H, =

) . 19y .
A = JTaVﬂ'a Pu = %p/u F}w(ﬂ) = 8,upl/ — OvPu
s

Bonn model R.Machleidt et al. Phys Rept.149,1(1987)

0 LanN = igxNNNyy’ Noftpg

o ~ R ~
o ['vNN = ngNNb <7M(pu)ba + 9 Uul/ay(pﬂ)ba> Na
my
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Interactions
DN and BN states

Heavy quark effective theory &r.casabuoni et al. PhysRept.281,145(1997)
o Lryn = ig=Tr [Hyy,vs Al Hq)
o Lyogg = —iBTr [Hbvu(pu)ba ] + iATr [Hbal‘ Fu(p )baHa]

1 _ (%
H, = +¢/ [P* Pa'75] , Hg= ’YOHa'YO D( : N
vector pseudoscalar
iy .
A 8”7r = , Fu(p) = 0,0, — 0,
fﬂ‘ Pu = \/ipu 7 (p) P, Pu
Bonn model R.Machleidt et al. Phys Rept.149,1(1987)

o LiNN = Z.g7'rNN]\7bﬂ}/5]Vaﬁ-ba
_ N K ~
0 LuNN = goNNNp (’Y”(pu)ba + 9 Uuuay(pu)ba> N,
mn

These coupling constants are not free parameter!
(D* = D, leptonic decay of B, NN data...)
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Form factor and Cut-off parameter A
DN and BN states

o Form factor at each vertex

. A% —m?2
Fa(A’Q):W

o Ay is determined to reproduce
the properties of deuteron.

o For Ap, we assume Ap/An =ryN/Tp. D
rn/rp is obtained from quark model.
= A ------
AD 1.35AN P T
A =1.29A N

S.Yasui and K.Sudoh PRD80,034008 _
D)

Table: Cutoff parameters.

Potential Ay [MeV] Ap [MeV] Ap [MeV]
T 830 1121 1070
T P, W 846 1142 1091
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DN and D*N systems

DN and BN states

We investigate J© = 1/2%, ... 7/2% states with I =0, 1.

JP ‘ channels

1/2= | DN 251/2) D*N(Qsl/% 4D1/2)

1/2% | DN(*Pyj3) D*N(*Pyj9, *Py)s)

3/27 | DN(2Dys5) D*N(*Ss)2, *Ds)s, 2Dy)s)
3/27 | DN(>Pyj5) D*N(*Pyja, *Pyja, *Fi)o)
5/27 | DN(®Ds;5) D*N (D53, *D5)2,* G5 5)
5/2% | DN(*Fs5) D*N (*Psj, 2F5)9,* Fy5)
7/27 | DN(*Gy7j3) D*N (*Dqja, 2Grp2,* G7)2)

(
(
(
(
(
(
(
7/27 | DN(?Fyj9) D*N (2Fy )9, “Frpp,* Hy o)

o Tensor force, mixing these channels with Al = 2, leads to
coupled-channel equations.
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Results of DN and BN states

D(* or B®) ‘

[Truly exotic state]

Bound state and Resonance

14-17 May, 2012 Charm2012@Hawaii
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The bound state with I(JF) =0(1/27)

DN and BN states

We found loosely bound states with I(J¥) = 0(1/27).

Table: Binding energies and relative distance in I(J) = 0(1/27) state.

DN(r) DN(mpw) BN(m) BN(mpw)
Ep [MeV]  1.60 2.13 1950  23.04
GHY? [fm] 35 3.2 1.3 1.2

o The results of mpw interaction are close to that of 7
exchange interaction.
— The 7 exchange plays an important role and
dominates this system.
o Eg(BN) > Eg(DN) because BB* strong mixing
(small AMpp~) yields a strong attraction (Tensor force).
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Results of DN and BN in I =0

DN and BN states

o We found many resonances.
o If PN — P*N mixing is ignored, bound states and
resonances vanish.

E DN E BN

A A —
176.0 — 187.4
—5/2%F
148.2 — 5.1
_ 142 —_—3/27F
D*N 113.2 — 78.9 58.4 — i24.8
(2949 MeV)| T 3/27 - 5/2t
BN 40 31.8 —i14.4 /+
26.8 — 65.7 R, _ 22232
6.9 —0.053/3~ 5.8 —i3.04 /ot
A 0 PETELI Ty 0 m———
DN 51 1/2~ BN 1/2-
(2807 MeV) —a (6219 MeV) | — mmmmm
—23.0
P=— P=+ P=- P=4

——: Bound state
——: Resonance (E.. — il'/2) Unit: MeV
Y.Y, S.Ohkoda, S.Yasui and A.Hosaka, PRD84 014032 (2011) and PRD85 054003 (2012)
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Results of DN and BN in I =0

DN and BN states

(PN -P*N mixing plays an important role!]

\E DN
176.0 — i87.4
— 5/2+
148.2 — 5.1
_ 142 —_—3 /27
D*N 113.2 — 8.9
(2949 MeV) 3/2-
26.8 — 165.7
0 1/2+
DN _1/2—
(2807 MeV) —21 Y
P=—- P=+

——: Bound state

E BN
A
58.4 — i24.8
+
.46 .52
B*N 318 — 14,4 g o+
(6265 MeV) X S
6.9 —i0.053/5~ 5.8 —i3.0y 5y
0 b e
BN 1/2-
(6219 MeV) |
—23.0
P=- P=+

——: Resonance (E.. — iI'/2) Unit: MeV
Y.Y, S.Ohkoda, S.Yasui and A.Hosaka, PRD84 014032 (2011) and PRD85 054003 (2012)
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DN and BN states

D(* or B™) ‘
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DN state + Ac, w3
DN and BN states

A

'E

D*N (2947)
A
Ac(5/21)
~140 MeV
D N (2803) Y
A
~150 MeV
TG Y
Ac(3/27)
¢ Ac(1/27)
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DN is more complex than DN.

Ac

772(:, WEE

DN, D'N

We have to consider
not only D*N

but also Ac, 71'2((3*),

Ac — DN, n¥¢c — DN...
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DN state + Ac, w3

DN and BN states

A

'E

D* N (2947)

D N (2803)

A

~140 MeV

DN is more complex than DN.

(DN, D*N|

We have to consider
not only D® N

but also Ac, WE(C*),

AC - DN, WZC — DN...
= Future work

We consider only DN — D*N.

D® N molecular state due to 7 exchange

14-17 May, 2012
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Results of DN and BN in I =0

DN and BN states

o DN state is calculated in analogy with DN.
o But V; —» -V, V, = =V, due to G-parity.

 E DN
A220.8 — i109.1
7/2—
156.0 — i375./4 1570 — 576
5/2— .0 — 7.
D142 5/2%
(2949 MeV) ,
26.0 — i44.2
0 .......
DN = 3/2—
(2807 MeV) —18.7 3/
- +
825 1/2 “s1.5 /2
P=— P=+

——: Bound state
——: Resonance (E.. — iI'/2) Unit: MeV
We found many bound states and resonances!
But deeply bound state may be coupled with A., 73, strongly.

14-17 May, 2012

W E N
87.5 — i46.87
71.3 — §102.
5/2-
BN 20.0 — 0 18 .....
U — 2U.

(6265 MeV) 5/2+
_ [0 S
BN 3/2%

(6219 MeV) 2.6 /

—127.8 35—
—145.9 1/2~ 185.0 12+
P=— P =+
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Results of DN and BN in I =1

DN and BN states

o We found a resonance only in JZ =1/27.

o Attraction is not strong because Isospin factor is small.

o 7p-in=1. ForI=0,7p 7nv =—3
\E DN BN
147.2 — 110?./52_ 50.7 — $75.5

DN B8
(2949 MeV) (6265 MeV)

pN O BN O
(2807 MeV) (6219 MeV)

P=_ P= P=— P=4

——: Bound state

——: Resonance (E,e —

14-17 May, 2012

iI'/2) Unit: MeV

Charm2012@Hawaii

16



Summary

o We investigate exotic baryons from a heavy meson and a
nucleon with respecting the Heavy Quark Symmetry.

o We Solve coupled-channel Schrédinger equations and
bound states and Resonances are found.

o 7 exchange dominates this system while vector meson
exchange plays a minor role.

o For DN state, loosely bound states and resonances are
found.

o For DN state, deeply bound states are found. They are
coupled with Ac, 7¥¢... = Future work

o Tensor force plays a crucial role to produce these molecular
states.
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