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Exotic hadrons in the heavy quark region

Introduction

o New particles (XYZ) with heavy quarks: Belle, LHC...
o These states cannot be explained by a simple quark model
(Baryons gqq, Meson qg). — Exotic hadrons

Structures of exotic hadrons. (Meson)

q ~ =
‘q o Q@ Y D QO
Q
Tetraquark 9 i
(Compact) Hadronic molecule QQg hybrid

Q: Heavy quark (¢, b)0 gq: Light quark (u, d)
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Exotic hadrons in the heavy quark region

Introduction

o New particles (XYZ) with heavy quarks: Belle, LHC...
o These states cannot be explained by a simple quark model
(Baryons gqq, Meson qg). — Exotic hadrons

Structures of exotic hadrons. (Meson)

q ~ =
‘q o Q@ Y D QO
Q
Tetraquark 9 i
(Compact) Hadronic molecule QQg hybrid

Q: Heavy quark (¢, b)0 gq: Light quark (u, d)

o Hadron molecules: Loosely bound state or resonance of two
hadrons. Candidates? X(3872), Zp...
S.K.Choi et al., PRL91 (2003) 262001, A.Bondar, et al., PRL108(2012)122001
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Hadronic molecule and w exchange potential

Introduction

o What is a driving force to form a molecules?: 7 exchange
potential

Meson-Meson Meson-Baryon

o In the heavy quark region,
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Hadronic molecule and w exchange potential

Introduction

o What is a driving force to form a molecules?: 7 exchange
potential

Meson-Meson Meson-Baryon

Heavy Quark Symmetry

o In the heavy quark region, m exchange potential is enhanced
by the Heavy Quark Symmetry.
o Meson-Meson molecules: The importance of the tensor force

in “Deuson” (= Deuteron-like two mesons bound states)
N. A. Tornquist,Z. Phys. C 61 (1994) 525

o Meson-Nucleon molecules, DN and BN.
T. D. Cohen, et al.,PRD72(2005)074010, S. Yasui and K. Sudoh,PRD80(2009)034008
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Heavy meson and Heavy Quark Symmetry

Introduction

Heavy Quark Symmetry  N.isgur, M.B.Wise,PRL66,1130

o This symmetry appears in the heavy quark mass limit
(mg — 00).
o Spin-spin interaction — 0

P*f* p** { Heavy pseudoscalar meson P(07) and

Heavy vector meson P*(17) are degenerate.

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

mg- — mg ~ 45 MeV
mp= — mp ~ 140 MeV

mk» — mk ~ 400 MeV

e The 7 exchange potential appears through PP* 7w
and P*P*7 vertices. (PP is forbidden.)

e Thanks to the degeneracy, m exchange poten-
tial is enhanced.

P
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7 exchange potential: Analogy with Deuteron

Introduction

o 7 exchange(Tensor force) generates a strong attraction.

Deuteron ~ D-N
N N D N
3S; %S1/2
- ————-——- ) - ————-——- )
T . T
N 3p; N D *Dy)» N
L e ——————— *_. _ L - *_. _
s-q ™ s-q s-q ™ s-q
3S; 2S1/2
N N D N
351 — 3Dy DN(?S1/2) — D*N(*Dy2)

o Deuteron: 3S; —3 Dy mixing
o The tensor force comes from DN — D*N and D*N — D*N

mixings.
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Purpose

o Searching for exotic baryons formed by
Heavy meson-Nucleon with @ exchange potential.

Ly e
pe - N /71-\
N — N
PN PO NN
(P™ = D™ B()

o We study bound and resonant states by solving the
coupled-channel Schrédinger equations for PN and P*N
channels.

o P = D(gq), B(bq) — Genuine exotic states!
< KN and KNN don’t exist. (KN interaction is repulsive.)
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Interactions: 7w, p and w exchange potentials

Heavy-light chiral lagrangian Rr.casalbuoni et al. PhysRept.281,145(1997)
0 Lrpn = igrTr [HpvuvsAb,Ha)

0 Loy = —iBTr [Hov*(pu)baHa] + iXTr [Hpo" Fuu(p)baHs)

Heavy meson field p(*) N
1+y _
Ho === [P2,0" = Par®], Ha=1"H°
vector pseudoscalar
Bonn model R.Machleidt et al. Phys Rept.149,1(1987)

o Lonn = igrnnNpy® Naftps

o Lown = gunNp (’y#(ﬁﬂ)ba +
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Interactions: 7, p and w exchange potentials

Heavy-light chiral lagrangian Rr.casalbuoni et al. PhysRept.281,145(1997)
0 Lrpn = ig, Tr [Hpyuv5Ah,Ha)
From D* — D7 decay
0 Loy = —iBTr [HbVN(Pu)ba ] + iATr [Hba“ Fu(p) aHa]

From leptonic and radiative decay of B
Isola et al. PRD68,114001(2003)

Heavy meson field p(*)
1+)/ * 5 O _ 010
H, = —— [P —Pa’y], H, =~"H,y
vector pseudoscalar

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

From NN data
. NN
0 Lann = igrnnNoy’ Naftpa

_ R K b
o Lown = gunnNb <7H(pu)ba + 5 Uul/a (pu)ba> N,
my

These coupling constants are fixed!
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Form factor and Cut-off parameter A

o Form factor F with cutoff A at each vertex

B A2 — mi
Rt

Q Ay is fixed to reproduce the properties of Deuteron.
(NN system with Bonn potential)

(a=m,p,w)

Fa(A,G)

Q Ap is determined by the ratios of radii of Pt N
P and N. We assume Ap/Ay = ry/rp.
— Y S — A
AD 1.35/\/\/ P T N
A = 1.29Ay
S.Yasui and K.Sudoh PRD80,034008 P(*) N
Potential Ay [MeV] Ap [MeV] Ag [MeV]
s 830 1121 1070
TPy W 846 1142 1091

Cut-off parameters are also fixed!
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P*)N Interaction

o 7 exchange potential between P*)(= D) B(*)) and N

_ 88N 17 .5 7o - T
Ven—pin = Jomut. 3 [5 FC(r) + SET(r)] TP TN

_ 8&ww Ly - 7
Vpsn_psn = Jomnf 3 [T aC(r)+STT(r)] TP - TN

S.Yasui and K.Sudoh PRD80,034008
C(r) : Central force, T(r): Tensor force

g =059 for D and B, g2yy/47 = 13.6

Ven—pn Vpsn—psn

P NP N Both Vpy_p«pn and
VP*N—P*N have
______________ Tensor Force T(r).
™ g
P N P* N
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Results of PN states (2-body)

D (*) (*)
D™ or B q

DN, BN
Exotic states (Qq + qqq)

Bound state and Resonance

Y. Yamaguchi(RCNP) O0D0D0D0D0D0D0D0OO0@KEKODOODODOOO
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Results of DN and BN with | = 0 (Qq + qqq state)
DN and BN states

o Bound and Resonant states are found near the thresholds.

176.0 — i87.4
—5/2t
148.271'5.13 o+
D NM2I1155 R 58.4 — i24.8
(2949 MeV) 3/2~ — 5/2+
B*N46 31.8 — i14.4 4 /ot
26.8 — i65.7 (6265 MeV) A 2 %3)2
1/2+ 6.9 —i0.053/2— 5.8 —143.04 o+
_ 0 0
DN 21 1/27 BN 1/2-
(2807 MeV) —4- (6219 MeV) —
—23.0
P=_ P=4+ P=_ P=4

——: Bound state
——: Resonance (E,e — ¢I'/2) Unit: MeV
Y.Y., S.Ohkoda, S.Yasui and A.Hosaka, PRD84 014032 (2011) and PRD85 054003 (2012)
o Loosely Bound states (1/27):
(r)1/2is 3.2 fm (DN) and 1.2 fm (BN).
@ BN is more bound than DN due to heavier i and small Amgg-.
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The bound state in 1(JP) = 0(1/27)

DN and BN states

o Expectation values of meson exchange potentials
o DMIN(1/27): DN(?Sy/5), D*N(?Sy/5,% D1 2)

The bound state of DN(1/2_)
Components V, v, V.,
(DN(S)|V|IDN(S) 00 —27 36
(DN(S)|V|D*N(S)  —2.4 —52 1.0
(DN(S)|V|D*N(D)  —352 3.4 —0.6
(D*N(S)|V|D*N(S) 0.4 07 0.1
(D*N(S)|VID*N(D) 5.0 0.6 —0.1
(D*N(D)|V|D*N(D) 37 —0.9 0.4
Total —38.6 —44 44

@ The tensor force of m exchange potential generates a strong
attraction. Especially, DN — D*N mixing is important.
@ p, w exchanges play a minor role due to the cancellation of them.
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The bound state in 1(JP) = 0(1/27)

DN and BN states

o Expectation values of meson exchange potentials
o DMIN(1/27): DN(?Sy/5), D*N(?Sy/5,% D1 2)

The bound state of DN(1/27)

Components V, v, V.,
(DN(S)|V|IDN(S) 00 —27 36
(DN(S)|V|D*N(S)  —2.4 —52 1.0
(DN(S)|V|D*N(D)  —35.2 34 —0.6
(D*N(S)|V|D*N(S) 0.4 07 0.1

N
(D*N(S)|V|D*N(D) —5.0 0.6 —0.1
(D*N(D)|VID*N(D) 3.7 —-09 04
Total —38.6 —44 4.4

@ The tensor force of m exchange potential generates a strong
attraction. Especially, DN — D*N mixing is important.

@ p, w exchanges play a minor role due to the cancellation of them.
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(PN molecule (2-body system))

P® or B N a
Qq 914

v

> Tensor force plays an important role.
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(PN molecule (2-body system)]

b oo Nog > Tensor force plays an important role.
Qq —_ 914

v

{P nuclei (Few body or many body)?)

g o There have been several works for D(B)
/'@ meson in nuclear matter and in 12C, 298Pp.
@ C. Garcia-Recio, et al., Phys. Rev. C 85 (2012) 025203.
@ S. Yasui and K. Sudoh, Phys. Rev. C 87 (2013) 015202.
@ o However, there is no study for few-body
D(B) nuclei in the literature so far.

[Tensor force yields a bound state of DNN and/or BNN?J
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Three-body system: D*JNN and B*)NN (Exotic states)
DNN and BNN

o Exotic dibaryon states (P = Qq). No gg annihilation!

o om
NZN N/E\N JP =017, 1=1/2

Method
o We study bound and resonant states.

9/13, 2013 Y. Yamaguchi(RCNP) ODO0D0D0D0D0D0D0D0O0@KEKODODODODODOO
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Three-body system: D*JNN and B*)NN (Exotic states)
DNN and BNN

o Exotic dibaryon states (P = Qq). No gg annihilation!

1 D™ 2 D&
- 7?1 >3
Ry Ry P =017, 1=1/2
N N N T2 [x
Method

o We study bound and resonant states.

o Wave functions are expressed by the Gaussian expansion
method. E. Hiyama, et al., Prog.Part.Nucl.Phys.51(2003)223

©

Resonances — Complex scaling method s.Aoyama,et.al. PTP116,1(2006)
Interactions

©

o PN int. : w exchange potential (p,w — Future Work)
o NN int.: AV8’ potential B.s. Pudiiner,et.al Phys.Rev.C56(1997)1720
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Results of PNN states (3-body)
BN (R
T / 71'\
N — N N —

DNN, BNN
Exotic dibaryon states

Bound state and Resonance

Y. Yamaguchi(RCNP) O0D0D0D0D0D0D0D0OO0@KEKODOODODOOO
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Results of D)NN and B*)NN with | = 1/2 (Exotic)

DNN and BNN

o Bound states for J° = 0~ and Resonances for J© =1 are

Y.Y., S. Yasui, and A. Hosaka, in preparation

found!
D*NN ,
111.2 — 29.3
140 MeV
DNN
() —
—5.2
0~ 1-

9/13, 2013

Y. Yamaguchi(RCNP)

Unit: MeV

<—— Resonance (JF =17)

<«—— Bound state (J¥ =07)

ODO0D0D0D0D0D0D0D0O0@KEKODODODODODOO
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Results of D)NN and B*)NN with | = 1/2 (Exotic)

DNN and BNN

o Bound states for J° = 0~ and Resonances for J© =1 are

found!

Y.Y., S. Yasui, and A. Hosaka, in preparation

D*NN

111.2 —29.3

Bound state —5.2 MeV

o DNN(07) locates below DN(1/27) 4+ N threshold.

9/13, 2013

Y. Yamaguchi(RCNP)
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Results of D)NN and B*)NN with | = 1/2 (Exotic)

DNN and BNN

o Bound states for J° = 0~ and Resonances for J© =1 are

found!

D*NN

Y.Y., S. Yasui, and A. Hosaka, in preparation

(D*N) + N

Resonance
111.2 — 9.3 M

~/

o DNN(07) locates below DN(1/27) + N threshold.
o DNN(17) locates below D* + NN(1%) and DN(3/27) + N

thresholds.

9/13, 2013

Y. Yamaguchi(RCNP)
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Results of D)NN and B*)NN with | = 1/2 (Exotic)

DNN and BNN

o Bound states for J° = 0~ and Resonances for J© =1 are

found! Y.Y., S. Yasui, and A. Hosaka, in preparation
~ Unit: MeV
D*N N -
111.2 — 29.3
140 MeV| B*NN
_ 46 MeV 6.8 — 0.2
DNN BNN
0 — 0
—5.2
—26.2
0~ 1~ 0~ 1~

o DNN(07) locates below DN(1/27) + N threshold.
o DNN(17) locates below D* + NN(1%) and DN(3/27) + N

thresholds.

o BNN > DNN due to large reduced mass and small. Amgg-.
9/13, 2013 Y. Yamaguchi(RCNP) 000000000 0@KEKOODODOOODO
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Results of D)NN and B*)NN with | = 1/2 (Exotic)
DNN and BNN

o Energy expectation values

The bound state of DNN(07)

DUNN | (Vonp-n)  (Vonn) (V)
Central —-2.3 —0.1 —90.5
Tensor —47.1 0.7 —-0.2

LS — — —0.03

Y.Y, S. Yasui, and A. Hosaka, in preparation
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Results of D)NN and B*)NN with | = 1/2 (Exotic)
DNN and BNN

o Energy expectation values

The bound state of DNN(07)

DUNN | (Vonp-n)  (Vonn) (V)
Central —-2.3 —0.1 —90.5
Tensor —47.1 0.7 —-0.2

LS — — —0.03

Y.Y, S. Yasui, and A. Hosaka, in preparation

o Tensor force of DN — D*N mixing component generates the
strong attraction.
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Results of D)NN and B*)NN with | = 1/2 (Exotic)

DNN and BNN

o Energy expectation values

The bound state of DNN(07)

DI NN

Central
Tensor
LS

(Vv n)  (Vonpen)  (Viw)
23 ~0.1 —0.5
—47.1 0.7 —0.2
— — —0.03

o Tensor force o
strong attrac

Y.Y, S. Yasui, and A. Hosaka, in preparation

f DN — D*N mixing component generates the
tion.

o For Vjy, central force is stronger than tensor force.

= NN(0") su
while NN(17)

9/13, 2013

bsystem dominates in the bound state,
is minor.

Y. Yamaguchi(RCNP) ODO0D0D0D0D0D0D0D0O0@KEKODODODODODOO
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Results of D)NN and B*)NN with | = 1/2 (Exotic)

DNN and BNN

o If PNN channels are switched off...

Unit: MeV
D*NN B*NN
111.2 — 79.3
;?Vl\z/irﬂ 6.8 — 0.2
140 MeV| 0
DNN —26.2
0 —
—5.2
0~ 1~ 0~ 1~
9/13, 2013 Y. Yamaguchi(RCNP) 0000000000 KEKOODOODOOO 18



Results of D)NN and B*)NN with | = 1/2 (Exotic)
DNN and BNN

o If PNN channels are switched off...

Unit: MeV

D*NNP B*NN[9

13.6 — o

e
et 358

140 MeV|
DNN

0- 1- 0- 1-

o For JP =1~ channel, the bound states survive.
= Feshbash resonance!
o The bound states of JP = 0~ vanish.
= PN — P*N mixing components are very important!

9/13, 2013 Y. Yamaguchi(RCNP) ODO0D0D0D0D0D0D0D0O0@KEKODODODODODOO
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Results of PQNN states (mg — o0)

Py
/N
N — NN

Pg)NN (mpa — Mpy = 0)

Bound state and Resonance

9/13, 2013 Y. Yamaguchi(RCNP) 000D0D0O0D0O0OD0@KEKODOOODOOO 19



Results of Pg’NN with mq — co (Exotic)

o Bound states for J° =0~ and 1~ are found.

0 PYYNN
0- 1-
—38.5 MeV

9/13, 2013 Y. Yamaguchi(RCNP) O0D0D0D0D0D0D0D0OO0@KEKODOODODOOO
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Results of Pg’NN with mq — co (Exotic)

o Bound states for JF =0~ and 1~ are found.

0 PSYNN
0o~ 1-
—38.5 MeV

[Degenerate states!]

9/13, 2013 Y. Yamaguchi(RCNP) O0D0D0D0D0D0D0D0OO0@KEKODOODODOOO
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Results of Pg’NN with mq — co (Exotic)

o Bound states for J° =0~ and 1~ are found.

DNN: E(17)— E(07) = 116.4 MeV
BNN : E(17) — E(07) = 33.0 MeV
% 112 —i9.3
E, . —li’ll\.
% =
o0 \
5
=
=
L BNG/2)+N
DNN 6.8 — 0.2 1 BNN PG'NN
0 P15 Bid T Ee
5.2 \DN@/27)+N Brd Py +d
07N\ BNQ2O)+N
Dtd ™ .
—26.2 o= PoN(1/27, 3/27)+N
~ " TEEs 07, 1m
c b
mqg — oo

We also find the degenerate state for PS)N with E, = —34.1 MeV.

S. Yasui, K. Sudoh, YY, S. Ohkoda, A. Hosaka and T. Hyodo, arXiv:1304.5293 [hep-ph]
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Spin degeneracy

o In the heavy quark limit (mg — o0), the heavy quark spin sg
is separated from the total spin of the brown muck jj.
J=sq+
J : Total angular momentum, sg : Heavy quark spin, j; : Brown muck spin
o The spin degenerate states appear in a system with single
heavy quark.

W. Roberts and M. Pervin, Int. J. Mod. Phys. A 23, 2817 (2008)
S. Yasui, K. Sudoh, YY, S. Ohkoda, A. Hosaka and T. Hyodo, arXiv:1304.5293 [hep-ph]

Brown muck

NN o Doublet
Juy J=ji—1/2,ji+1/2 (j #0)
sqQ = 3/2‘\ q o Singlet J=1/2 (j; =0)
Q. N/

Light spin-complex: [gNN];,

9/13, 2013 Y. Yamaguchi(RCNP) O0D0D0D0D0D0D0D0OO0@KEKODOODODOOO
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Spin degeneracy in P*)N states (mq — o0)

PN basis
1/27 1 [PN(2S12)), |P*N(2Sy2)), |P*N(* Dy 2))

Ko V3C V6T
H1/2* = \/§C KO - 2C —\/ET
V6T —V2T Ky+C-2T

3/27 1 |PN(®Ds)2)), [P*N(*S32)), [P*N(*Ds/2)), [P*N(*Ds/2))

K, V3T  —V3T 3C

o V3T Ky+C 2T T
27| —VBT 2T  Ky+C T
V3C T -T Ky-2C

S. Yasui, K. Sudoh, YY, S. Ohkoda, A. Hosaka and T. Hyodo, arXiv:1304.5293 [hep-ph]
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Spin degeneracy in P*)N states (mq — o0)

Spin-complex basis
1/27  [[Ng(*S0)1@)1/2: [[NG(S1)] @)1/ [[Ng( D1)] @)1/

Ko V3C V6T
H1/27 = \/§C K0—2C —\/ET
V6T —V2T Ky+C-2T
3/27 1 [[Ng(351)]Q)3/2, [[Ng(3D1)] Q)32 [ [Ng(* D2)] Q) 32, [[Ng(3 D2)] Q)32

K, V3T  —V3T 3C

o V3T Ky+C 2T T
27| —VBT 2T  Ky+C T
V3C T -T Ky-2C

S. Yasui, K. Sudoh, YY, S. Ohkoda, A. Hosaka and T. Hyodo, arXiv:1304.5293 [hep-ph]
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Spin degeneracy in P*)N states (mq — o0)

Spin-complex basis

1/27 : [[Ng(*S0)1Q)1/2, [[Ng(* 1)1 Q)12, [[Ng(* D1)] Q)12

Ko—3C| 0 0
Hls/g,: 0 Ko+ C — 22T
0 —2V2T Ky +C-2T

3/27 1 [[Na(*$1)]Q)3/2, [[Ng(* D)1 Q)3 /2, [ING(* D2)]Q)32, [N (> D2)1 Q)32

Ko+ C —2V2T 0 0

HSC —2V2T Ky +C-2T 0 0

3/2 0 0 K, — 3C 0
0 0 0 Ky + C+2T

S. Yasui, K. Sudoh, YY, S. Ohkoda, A. Hosaka and T. Hyodo, arXiv:1304.5293 [hep-ph]
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Spin degeneracy in P*)N states (mq — o0)

Spin-complex basis

1/27 : |[Ng(*S0)]@)1/2, [INa(*S1)]Q)1/2, [INa(*D1)]Q)1/2

Ko—3C| 0 0
Hyf = 0 Ko+ C —2V/2T

0 —2V2T Ky +C-2T

3/27 :[[Na(*$1)1Q)3/2, [INa(*D1)]Q)3/2,|[Ng(* D2)] Q) 3/2, [[Ng(* D2)] Q)32

Ko+ C —2V/2T 0 0

HSC  _ —212T Ky +C-2T 0 0

3/2 0 0 K, — 3C 0
0 0 0 Ko+ C+2T

S. Yasui, K. Sudoh, YY, S. Ohkoda, A. Hosaka and T. Hyodo, arXiv:1304.5293 [hep-ph]
o PXIN (2-body):
Ep = —34.1 MeV for JP =1/27 and 3/2~ (with jF = 1%).

9/13, 2013 Y. Yamaguchi(RCNP) ODO0D0D0D0D0D0D0D0O0@KEKODODODODODOO
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(mq — o0)

. . *
Spin degeneracy in PNN states
,,,,,,,,,,,,,,, D'NN
"""" Dryd DNN: E(17) — E(07) = 116.4 MeV
_ BNN : E(17) — E(0~) = 33.0 MeV
o [DNG2O+N
o _
< g s
g B*+d
5
2 BNB/2)+N
0 DNN 6.8 —i0.2°1" BNN PSYNN
52 \DN(1/2)+N Brd P +d
07\ . _BN@/20)+N
Dd T
—26.2 b‘—*~~‘,‘,‘_‘\\}f@g\7rgyg-, 3/27)+N
~ "T85 0,1
¢ b Q
mg — oo

9/13, 2013

PCINN (3-body)
[qNN]j]’
_];P =1/2%

o Spin singlet state doesn’t appear in this case, because

ji cannot be zero.
PN, P NNN, PENNNNN...

PCINN, PCINNNN, P)NNNNNN... (Even N's) j; # 0

Y. Yamaguchi(RCNP)
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Summary

9/13, 2013

o

We have investigated exotic baryons formed by P*)N and
PG)NN with respecting the Heavy Quark Symmetry.

The 7 exchange potential was employed between a heavy
meson P(*) and a nucleon N.

We have found many bound states and resonances in P*)N
(2-body system).

For the DNN and BNN states (3-body system), we have
found the bound states with JP = 0~ and resonances with
JP=1"for I =1)2.

Tensor force of PN — P*N mixing component plays a
crucial role to produce a strong attraction.

The degenerate states of PS)NN with JP =0~ and 1-, and
jT =1/2% is found in the heavy quark limit.

Y. Yamaguchi(RCNP) O0D0D0D0D0D0D0D0OO0@KEKODOODODOOO
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Back up

[m]

=

DA
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Central force and Tensor force

9/13, 2013

o Central force C(r) and Tensor force T (r)

d*q  m: ez - =
C(I’) = (27T)3 62 + m72re I F(AP7 Q)F(/\N, q)
N d3q _62 AN AiGT o o
ST(r)T(r) = (27‘(’)3 62+m2 ST(q)e F(AP7q)F(AN7q)
/\2 - m2
F(N§) = >~ —Mr
( 7q) /\2 +C72

Y. Yamaguchi(RCNP) O0D0D0D0D0D0D0D0OO0@KEKODOODODOOO
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Various coupled channels for a given J°

We investigate JP = 1/2%, ... 7/2% states with / = 0,1
in full channel couplings of PN and P*N.
JP ‘ channels ‘ # of channels
1/27 | PN(*S1j2) P*N(*Syj2, *Dio) 3

1/2% | PN(2Pyj5) P*N(>Pyj5, Py o)

3/27 | PN(2D35) P*N(*S3)5. 2Dsa, *Ds)s)
3/2% PN(2P3/2) P*N(2P3/27 4'D?,/2> 4"'—3/2)

5/27 | PN(?Ds5) P*N (2Ds, *Dsp,*Gs o)
5/27 | PN(*Fs)5) P*N (*Ps)2, 2F52,%Fs)2)

7/27 | PN(2Gyp) P*N (*D7/2,2G7/2,4Gr)2)
7/27 | PN(F70) P*N (F7)2, *F72,%Hy)2)

N N N N N ot

o Higher L state plays a crucial role to produce attraction
through the tensor force.

9/13, 2013 Y. Yamaguchi(RCNP) O0D0D0D0D0D0D0D0OO0@KEKODOODODOOO



Results of DN and BN with | = 0 (Qg + qqq states)
DN and BN states

o JP =1/2% 3/2% 5/2% 7/2% with | =0

AE DN A\ E BN
220.8 — 3109.1
—a
156.0 — i375.4 ) 87.5 1468
142 5/2~ 137.0 — i7.6 71.3 — 102"
D*N 5/2+ B % —5/2-
(2949 MeV) . B*N .
26.0 — 144.3 g (6265 Mev& 20.0 — 10.158/2+
0 —
DN —_—3/2— BN 3/2%
(2807 MeV) -13.7 3/2 (6219 MeV) —2.6 /
= —127.8 3/2-
25 Y2 ais /2 u— N
= : —145.9 1/2 1/2
—185.0
P=— P=+ P=— P=+

——: Bound state

——: Resonance (E,. — ¢I'/2) Unit: MeV
Y.Y, S.Ohkoda, S.Yasui and A.Hosaka, PRD87,074019 (2013)

o Both p and w exchanges are attractive in DN (BN).
= DN (BN) states are more bound.
o Excited A.'s and A,'s? = But mX. (7X}) is not considered.

9/13, 2013

Y. Yamaguchi(RCNP)
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Results of DN and BN with | = 0 (Qg + qqq states)
DN and BN states

o JP =1/2% 3/2% 5/2% 7/2% with | =0

220.8 — §109.1
—_— /2~
156.0 — i375.4 ) 87.5 — 6.8
142 5/2~ 137.0 — i7.6 713 —il02.
D*N 572+ T
7x 46
(2949 MeV) . B*N T
26.0 — z44.§ o (6265 MCV(; 20.0 10.158/2+
0 —
DN el Y BN 375+
(2807 MeV) —13.7 3/2 (6219 MeV) —2.6 /
~
I —T&T7.6 3 2—
! 1/2— 1/2+ —
| w25 Y —815 —145.9 1/2” 1/24
I —185.0
P=- P= == P=F
Deeply bound state

——: Bound state
——: Resonance (FE,. — iI'/2) Unit: MeV
Y.Y, S.Ohkoda, S.Yasui and A.Hosaka, PRD87,074019 (2013)

Deeply bound states: Small radius < 1 fm

There are couplings not only to 7%, (7X}), but also to Qqq.
Large L states: 7w exchange is important. DN — D*N dominance?

9/13, 2013 Y. Yamaguchi(RCNP) O0D0D0D0D0D0D0D0OO0@KEKODOODODOOO



o Jacobi coordinate
1 D™ (2 D™
ﬁl " E2
N N N T N
o Wave function

q)(LC)(rCaRc) = Z [ E‘Z)Il
ny,n2,h,k

¢n1 /1(r) = &xp (_r2/2b2)y/1( )
by =bia" t(n=1

r
.-+ ,10), by = 0.3fm, byg = 10.0fm

(r)vD,(Re)]

[m]

& =



