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Super Photon ring -8 GeV
・ Third-generation synchrotron radiation facility 
・ Circumference: 1436 m 
・ 8 GeV, 100 mA 
・ 62 beamlines (Max)

120 km distance from RCNP

◆ Physics	
  objectives	
  
◆ Θ+	
  study	
  
◆ Λ(1405)	
  with	
  K*	
  photo-­‐production	
  
◆ Modification	
  of	
  mesons	
  in	
  nucleus	
  
◆ Missing	
  resonance	
  search	
  
◆ K-­‐NN	
  search	
  
◆ Hyperon-­‐nucleon	
  interaction

LEPS@SPRing-8
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50	
  GeV	
  proton	
  	
  —>	
  	
  30	
  GeV	
  pion	
  beam

Physics	
  of	
  charm	
  hadrons	
  
• 	
  Primarily	
  single	
  charm	
  baryons,	
  excited	
  states	
  
• 	
  Hidden	
  charm	
  baryons,	
  pentaquark	
  
• 	
  D,	
  D*	
  mesons	
  and	
  excited	
  states	
  
• 	
  Charmed	
  nuclei

Proposal	
  approved	
  and	
  physics	
  discussions	
  are	
  going

proton	
  
nucleus

π

J-PARC 600 km east from Osaka
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Supercomputer
•  Cooperating SX-ACE (NEC) vector processor ~ 393 TF 
•  Spend about 20 million yen (~ 0.2 million dollar)/year 
•  ~ 100 users (about 10 foreign uses), ~ 30 active users 
•  Lattice QCD, Nuclear structure, Few-body, Supernova 
•  About 10-20 publications/year

Role in the community
High Performance Computer Infra

10

with the Japan largest supercomputer, KEI
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Our recent activities

Exotic hadrons beyond qqq and qqbar 
     Phenomena near and above thresholds 
     Hadronic molecules 

Heavy quarks to disentangle correlations 
Hadrons are strongly correlated systems  
   What are the effective degrees of freedom 
   Constituent quarks, diquarks, glueons*, …
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I.  Exotic hadrons beyond qq, qqq
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1.  Introduction
QED: Lagrangian is simple and physics is understandable

L =ψ i ∂ + eA −m( )ψ − 1
4
F2

Can be a small parameter

QCD: Lagrangian is simple BUT physics is not easy

L =
f
∑ q f i ∂ + gA −mf( )q f − 14 F

2

Depends on the physics scale
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Basic features

�q̄q� �= 0

�Gµ�G̃µ�� �= 0

�Gµ�Gµ�� �= 0

�
P exp

�
i

�
d�A4

��
= 0

– Chiral symmetry breaking  
 quark condensate  
– Scale invariance violation  
 gluon condensate  
– Topological density  
 instanton vacuum  
– Color confinement  
 Polyakov loop

• Elementary quarks and gluons are not observed/confined 
• Observed hadrons are composites of strongly correlated quarks-gluons 
• Vacua for quarks and hadrons are different→Phase structure 
• Hadron properties are environment/vacuum dependent
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Fukushima-Hatsuda  

Phases in QCD

@ finite T 
OK ?BUT
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• Ground states are well described (lattice) 
• Excited states/resonances are less described 
 ➡ Reactions (productions and decays) are neither 

Focus on 
• Why many hadrons are qqq and qqbar?

Spectroscopy
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HAL QCD data are consistent with the quark Pauli effects. 
S=0 
   1      [33]             Allowed, ΛΛ+NΞ+ΣΣ → H 
   8s               [51]    Pauli forbidden, ΣN (I=1/2, S=0) 
  27     [33], [51]    55% Allowed, NN 1S0 
S=1 
   8a      [33], [51]  
  10     [33], [51]    Almost forbidden, ΣN (I=3/2, S=1) 
  10*     [33], [51]    NN 3S1  

!11

Baryon-Baryon interaction

T. Inoue et al., (HAL QCD) PTP 124, 591 (2010)

Aoki	
  Hatsuda	
  Ishii,	
  Phys.Rev.Lett.	
  99	
  (2007)	
  022001	
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Excited(state(spectrum(from(LQCD�
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Excited states/resonances are less described
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•  G.P.Engel(et(al.,(PRD82(2010)034505.�
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David Richard, Talk at YITP, HHIQCD, Feb. 2015Excited Baryon Spectrum - II

32

Broad features of SU(6)xO(3) 
symmetry. 
Counting of states consistent 
with NR quark model. 
Inconsistent with quark-diquark 
picture or parity doubling.

[70,1-] [70,1-] 

[56,0+] 

[56,0+] 

N 1/2+ sector: need for complete basis to 
faithfully extract states

[70, 0+], [56, 2+], [70, 2+], [20, 1+]

Excited Baryon Spectrum - II

32

Broad features of SU(6)xO(3) 
symmetry. 
Counting of states consistent 
with NR quark model. 
Inconsistent with quark-diquark 
picture or parity doubling.

[70,1-] [70,1-] 

[56,0+] 

[56,0+] 

N 1/2+ sector: need for complete basis to 
faithfully extract states

[70, 0+], [56, 2+], [70, 2+], [20, 1+]

20

Excited states/resonances are less described
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Why many hadrons are qqq and qqbar?
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Why many hadrons are qqq and qqbar?
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Particle Data Group 

qq sq

cq

cs

bs

cc

bb

Mesons Baryons

qqq

sqq ssq

sss

cqq

bqq

25 kinds 22 kinds

bq

23

Why many hadrons are qqq and qqbar?
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Fermi Lab

SLAC

LHC

BES

24
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  2015

http://www.theguardian.com/science/life-­‐and-­‐physics/2014/apr/13/quarks-­‐bonding-­‐differently-­‐at-­‐lhcb

So until last week there were 
two known types of hadron.   
......
LHCb has just confirmed what 
data from other experiments 
had already led us to suspect. 
There is a third way.

Phys.	
  Rev.	
  Lett.	
  112,	
  222002

25

LHCb confirmed the tetraquark Z+(4430) 
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7-8 TeV pp collision  —> Λb 

]2 [GeVKp
2m

2 3 4 5 6

]2
 [G

eV
p

ψ
J/2

m

16

18

20

22

24

26 LHCb

Figure 5: Invariant mass squared of K�
p versus J/ p for candidates within ±15 MeV of the ⇤0

b

mass.

describing the decay dynamics. Here ✓
A

and �
B

are the polar and azimuthal angles of B
in the rest frame of A (✓

A

is known as the “helicity angle” of A). The three arguments of
Wigner’s D-matrix are Euler angles describing the rotation of the initial coordinate system
with the z-axis along the helicity axis of A to the coordinate system with the z-axis along
the helicity axis of B [11]. We choose the convention in which the third Euler angle is
zero. In Eq. (1), dJA

�A,�B��C (✓A) is the Wigner small-d matrix. If A has a non-negligible
natural width, the invariant mass distribution of the B and C daughters is described by
the complex function R

A

(m
BC

) discussed below, otherwise R

A

(m
BC

) = 1.
Using Clebsch-Gordan coe�cients, we express the helicity couplings in terms of LS

couplings (B
L,S

), where L is the orbital angular momentum in the decay, and S is the
total spin of A plus B:

HA!BC

�B ,�C
=

X

L

X

S

q
2L+1
2JA+1BL,S

✓
J

B

J

C

S

�

B

��
C

�

B

� �

C

◆
⇥
✓

L S J

A

0 �

B

� �

C

�

B

� �

C

◆
,

(2)
where the expressions in parentheses are the standard Wigner 3j-symbols. For strong decays,
possible L values are constrained by the conservation of parity (P ): P

A

= P

B

P

C

(�1)L.
Denoting J/ as  , the matrix element for the ⇤0

b

! J/ ⇤

⇤ decay sequence is

M⇤

⇤

�⇤0
b
,�p,��µ ⌘

X

n

X

�⇤⇤

X

� 

H⇤

0
b!⇤

⇤
n 

�⇤⇤ ,� 
D

1
2
�⇤0

b
,�⇤⇤�� (0, ✓⇤0

b
, 0)⇤

H⇤

⇤
n!Kp

�p, 0
D

J⇤⇤
n

�⇤⇤ ,�p
(�

K

, ✓

⇤

⇤
, 0)⇤R

⇤

⇤
n
(m

Kp

)D 1
� ,��µ

(�
µ

, ✓

 

, 0)⇤, (3)

where the x-axis, in the coordinates describing the ⇤0
b

decay, is chosen to fix �
⇤

⇤ = 0. The
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LHCb observed the Pentaquark Pc

III. RESULTS

After assuming ΓPc→Nπ(NJ/ψ)/ΓPc = 10−4(1), I obtained the numerical results shown in
Fig. 3. We need to discuss more seriously about this problem.

1 2 4 8
s/sth

10-8

10-6

10-4

10-2

100

102

σ 
[µ

b]

Model I
Model II
Model I
Model II

π−p -> (ϕ,J/ψ)n

ρ + π

1 2 4 8
s/sth

10-8

10-6

10-4

10-2

σ 
[µ

b] ρ + π
Pc(4380)
Pc(4450)
total

π−p -> J/ψn

FIG. 3. (Left panel) Total cross sections for the π−p → (φ, J/ψ)n with ρ- and π-Reggeon exchanges.
The experimental data for the π−p → φn are taken from Refs. [19–23] and the (upper limit) data
for the π−p → J/ψn are from Ref. [24] (circle) and Ref. [25] (diamond). (Right panel) Total cross
section for the π−p → J/ψn with ρ- and π-Reggeon exchanges and pentaquark states ones.

IV. SUMMARY
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X(3872)
? ?
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3.8

4.2

Meson-like Diquarks
qq qqqq qq

•        creation and    
rearrangement of 
multiquarks

• Correlations
                 (diquarks)
• Are heavy quarks 
  useful to know it?

qq

qq qq

Charmonium-like states

Threshold phenomena
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•  Heavy particles are easily bound

•  Pion (meson) exchange   
     between light quarks

Kinetic energy is suppressed

    Hadron dynamics based on chiral	
  symmetry

Q	
  	
  q q	
  	
  Q

OPE 
or 
OBE

29

     Spin dependent int. is suppressed

flavor. By using the positive-energy field operator Qv in Eq. (10), let us rewrite the heavy

quark part as

Lheavy = Q̄vv ·iDQv � Q̄v(v ·iD + 2mQ)Qv + Q̄viD?/ Qv + Q̄viD?/ Qv, (13)

The second term in the last equation indicates that Qv corresponds to the excitation of the

mass 2mQ, hence the component Qv should be suppressed for large mQ, so long as we are

interested in the heavy quark limit. In fact, using the equation-of-motion for Qv,

(v ·iD + 2mQ)Qv = iD?/ Qv, (14)

and eliminating Qv, we obtain

Lheavy = Q̄v

✓
v ·iD + iD?/

1

2mQ + v ·iDiD?/

◆
Qv

= Q̄vv ·iDQv + Q̄v
(iD?)2

2mQ
Qv � gsQ̄v

�µ⌫G
µ⌫

4mQ
Qv +O(1/m2

Q), (15)

with Dµ
? = Dµ � vµ v ·D [129]. This is the result at the tree level, because we have used the

equation-of-motion for Qv(x). In order to reach the final results consistent with the original

QCD at a given order of 1/mQ, we need to include the quantum corrections given by the

Wilson coe�cients. As a result, we obtain the e↵ective Lagrangian in the 1/mQ expansion

for heavy quarks as

LHQET =
X

Q


Q̄vv ·iDQv + Q̄v

(iD?)2

2mQ
Qv � c(µ)gsQ̄v

�µ⌫G
µ⌫

4mQ
Qv +O(1/m2

Q)

�

+Llight, (16)

with �µ⌫ = i[�µ, �⌫ ]/2. In the third term in the square brackets in Eq. (16), c(µ) the a Wilson

coe�cient which is determined by matching to QCD at an energy scale µ due to quantum

corrections. On the other hand, the first and second terms are not a↵ected by the quantum

corrections, because the invariance under the velocity-rearrangement (i.e. the Lorentz boost

valid up to O(1/mQ) ) is maintained. In other words, the quantum corrections are protected

from the Lorentz symmetry up to O(1/mQ), as explained later.

The e↵ective theory given by Eq. (16) is called the heavy quark e↵ective theory (HQET).

The important feature is that the Lagrangian for the heavy quark is given as a series of

the power expansion by 1/mQ. This feature enables us to discuss systematically at each

O(1/mn
Q) (n = 0, 1, . . . ) for su�ciently large mQ.

Let us consider the leading order (LO) as the dominant term in the 1/mQ expansion. The

term for the heavy quark at LO,
X

Q

Q̄vv ·iDQv. (17)

has two important symmetries; the spin symmetry and the heavy-flavor symmetry. The

spin symmetry is understood from the invariance under the spin transformation for Qv,

Qv 7! SQv with S 2 SU(2)spin, where S is a spin transformation operator [129]). This is

clear because the term v ·iD does not contain the Dirac (and hence spin) matrices. The

heavy-flavor symmetry, a unitary transformation for mixing the di↵erent heavy-flavors, is

also understood from the fact that the term v ·iD does not depend on the species of the heavy

27

Spin-­‐dependent	
  term

Important ingredients
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•Λ(1405) as KN 
   
• DN and BN  

•  Zb and related 
cqqqq bqqqq

su	
  uud	
  ~	
  K–p	
  molecule

Hadronic molecules



Seminar at Vladivostok,  March 28,29, 2016 31

The	
  lightest	
  negative	
  parity	
  baryon	
  excitation	
  of	
  strangers	
  –1	
  
though	
  it	
  contains	
  the	
  strange	
  quark
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(1) Λ(1405) as KN
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(1) Λ(1405) as KN

sud	
  can	
  be	
  su	
  uud	
  ~	
  K–p	
  molecule

1s

1p

Typical	
  levels

2sΛ* Λ*

+

Λ*	
  ~	
  pK

Sufficient energy to create qq 

The	
  lightest	
  negative	
  parity	
  baryon	
  excitation	
  of	
  strangers	
  –1	
  
though	
  it	
  contains	
  the	
  strange	
  quark
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[4] A. Doté, H. Horiuchi, Y. Akaishi and T. Yamazaki, Phys. Rev. C70, (2004) 044313.

[5] R. H. Dalitz and S. F. Tuan, Ann. Phys. 10 (1960) 307

[6] J. K. Kim, Phys. Rev. Lett. 14 (1965) 29

[7] J. K. Kim, Phys. Rev. Lett. 19 (1967) 1074

[8] Y. Nogami, Phys. Lett. 7, (1963) 288

[9] A. N. Ivanov, P. Kienle, J. Marton and E. Widmann, nucl-th 0512037

[10] N. V. Shevchenko, A. Gal, and J. Mares, Phys. Rev. Lett. 98, (2007) 082301
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[13] W. Weise, R. Härtle, Nucl. Phys. A 804 (2008) 173

[14] A. D. Martin, Nucl. Phys. B 179 (1981) 33

[15] T. M. Itoh et al., Phys. Rev. C 58, (1998) 2366

[16] M. Iwasaki et al., Phys. Rev. Lett. 78, (1997) 3067

[17] Y. Nambu and G. Jona-Lasinio, Phys. Rev. 122 (1961) 345 ; 124 (1961) 246

[18] J. Goldstone, Nuovo Cim. 19 (1961) 154

[19] J. Goldstone, A. Salam, and S. Weinberg, Phys. Rev. 127 (1962) 965

[20] Y. Nambu, Phys. Rev. Lett. 4 (1960) 380



Seminar at Vladivostok,  March 28,29, 2016 33

Chiral Lagrangian 
Weinberg-Tomozawa

SU(3) coupled channel model
D.2. Coefficients for meson-baryon interactions

Table D.7: Cij(S = −1) in Isospin basis.

S = −1 I = 0 I = 1 I = 2
K̄N πΣ ηΛ KΞ K̄N πΣ πΛ ηΣ KΞ πΣ

I = 0 K̄N 3 −
√

3
2

3√
2

0

πΣ 4 0
√

3
2

ηΛ 0 − 3√
2

KΞ 3

I = 1 K̄N 1 −1 −
√

3
2 −

√
3
2 0

πΣ 2 0 0 1

πΛ 0 0 −
√

3
2

ηΣ 0 −
√

3
2

KΞ 1
I = 2 πΣ −2

Table D.8: Cij(S = −1, Q = 0) in particle basis.

K−p K̄0n π0Λ π0Σ0 ηΛ ηΣ0 π+Σ− π−Σ+ K+Ξ− K0Ξ0

K−p 2 1
√

3
2

1
2

3
2

√
3

2 0 1 0 0
K̄0n 2 −

√
3

2
1
2

3
2 −

√
3

2 1 0 0 0
π0Λ 0 0 0 0 0 0

√
3

2 −
√

3
2

π0Σ0 0 0 0 2 2 1
2

1
2

ηΛ 0 0 0 0 3
2

3
2

ηΣ0 0 0 0
√

3
2 −

√
3

2
π+Σ− 2 0 1 0
π−Σ+ 2 0 1
K+Ξ− 2 1
K0Ξ0 2

through the SU(2) Clebsch-Gordan coefficients due to the isospin symmetry. This relation
is valid for the WT interactions and the SU(3) breaking interactions because they do not
break the isospin symmetry. This is the relation among the channels in the block separated
by the horizontal lines in Table D.1.

Second, the coefficients of the sector (Y, I3) are related with those of (−Y,−I3). Let us
consider the channels (i, j) and (i′, j′) in the sectors (Y, I3) and (−Y,−I3), respectively, as
shown in Table D.19. Then the coefficients of the sector (−Y,−I3) are given by

Ci′j′(−Y,−I3) = Cij(Y, I3),

Ad
i′j′(−Y,−I3) = Ad

ij(Y, I3), Af
i′j′(−Y,−I3) = −Af

ij(Y, I3),

Bd
i′j′(−Y,−I3) = Bd

ij(Y, I3), Bf
i′j′(−Y,−I3) = −Bf

ij(Y, I3),

Xi′j′(−Y,−I3) = Xij(Y, I3), Yi′j′(−Y,−I3) = −Yij(Y, I3).

(D.2.2)
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⬅ channels, i, j, …

⬅ Interaction 
     strengths

Resonancei j

22 T. Hyodo, S.I. Nam, D. Jido and A. Hosaka

Table VI. Ad
ij , A

f
ij , B

d
ij and Bf

ij(S = 1, Q = 1)

Ad
ij Af

ij Bd
ij Bf

ij

K+n K0p K+n K0p K+n K0p K+n K0p
K+n 1

2
1
2 − 1

2
1
2

1
2

1
2 − 1

2
1
2

K0p 1
2 − 1

2
1
2 − 1

2

Table VII. Ad
ij , A

f
ij , B

d
ij and Bf

ij(S = −3, Q = −1)

Ad
ij Af

ij Bd
ij Bf

ij

K−Ξ0 K̄0Ξ− K−Ξ0 K̄0Ξ− K−Ξ0 K̄0Ξ− K−Ξ0 K̄0Ξ−

K̄0Ξ− 1
2

1
2

1
2 − 1

2
1
2

1
2

1
2 − 1

2

K−Ξ0 1
2

1
2

1
2

1
2

Table VIII. Ad
ij and Af

ij(S = 0, Q = 0)

Ad
ij Af

ij

π0n π−p ηn K0Λ K0Σ0 K+Σ− π0n π−p ηn K0Λ K0Σ0 K+Σ−

π0n 1 0 − 1√
3

√
3

8
3
8

3
4
√

2
1 0 − 1√

3
3
√

3
8 − 3

8 − 3
4
√

2

π−p 1
q

2
3 −

√
6

8
3

4
√

2
0 1

q
2
3 − 3

√
6

8 − 3
4
√

2
0

ηn 1
3 − 1

24 − 1
8
√

3
1

4
√

6
1
3 − 1

8
1

8
√

3
− 1

4
√

6

K0Λ 5
6 − 1

2
√

3
1√
6

0 0 0

K0Σ0 1
2 0 0 1√

2

K+Σ− 1
2 − 1

2

Table IX. Bd
ij and Bf

ij(S = 0, Q = 0)

Bd
ij Bf

ij

π0n π−p ηn K0Λ K0Σ0 K+Σ− π0n π−p ηn K0Λ K0Σ0 K+Σ−

π0n 0 0 0 1
8
√

3
1
8

1
4
√

2
0 0 0

√
3

8 − 1
8 − 1

4
√

2

π−p 0 0 − 1
4
√

6
1

4
√

2
0 0 0 −

√
6

8 − 1
4
√

2
0

ηn 4
3

5
24

5
8
√

3
− 5

4
√

6
− 4

3
5
8 − 5

8
√

3
5

4
√

6

K0Λ 5
6 − 1

2
√

3
1√
6

0 0 0

K0Σ0 1
2 0 0 1√

2

K+Σ− 1
2 − 1

2
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Two poles for Λ(1405)

Hyodo-Jido-Hosaka, Phys.Rev. C78 (2008) 025203 
T. Hyodo, Doctor thesis,  2006

4.4. Resonances in the scattering amplitude
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Figure 4.7: The absolute value of the scattering amplitude of K̄N → K̄N with I = 0 in the
complex z plane. The amplitudes are plotted in energy region close to the Λ(1405) resonance
(left) and the Λ(1670) resonance (right).

region of Λ(1405), we find two poles at

z1 = 1397 − 73i, z2 = 1429 − 14i. (4.4.2)

Notice that there are two poles around this energy region, and they construct a distorted
shape in the πΣ mass distribution (Fig. 4.4). The two-pole structure of the Λ(1405) will be
discussed in Chapter 5 in more detail. Around the energy region of Λ(1670), we also find a
pole at

z = 1690 − 22i. (4.4.3)

The values in Eqs. (4.4.2) and (4.4.3) are slightly different from the values in Ref. [503],
because here we use f = 1.15 × 93 MeV for the meson decay constant, while f = 1.123 × 93
MeV is used in Ref. [503]. In the S = 0 channel, we find a pole at

z = 1496 − 31i,

as shown in Fig. 4.8. This pole corresponds to the N(1535) resonance. The mass and width
extracted from the pole deviates from the nominal values. The difference can be reduced by
introducing vector meson exchange and ππN channel [504].

Next we calculate residues of the poles,

lim
z→zR

[(z − zR)Tij(z)] = lim
z→zR

[
(z − zR)

gigj

z − zR
+ (z − zR)TBG

ij

]

= gigj .

where zR = MR − iΓR/2. These values determine the coupling strengths gi and gj of the
resonance to meson-baryon states, which are well defined even if these states are closed in
the decay of the resonance. The values of |gi|2 are shown in Tables 4.4 and 4.5.

85
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Jonathan M. M. Hallet al (Adelaide) 
Phys.Rev.Lett. 114 (2015) no.13, 132002 

Λ(1405) in a lattice

KN dominance  
toward the physical point
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14 

J-PARC E31 Experiment 

• identify all the final states to decompose the I=0 and I=1 amplitudes. 

aim to reveal line shape of Λ(1405) via KbarNÆπΣ 

K- 
n 

d Λ(1405) 

n 

1 GeV/c ~1.25 GeV/c 

~0.25 GeV/c 

Σ 
π 

π 

K- 

d 

n 
𝑲�  𝝅∓,𝟎 

𝜮±,𝟎 𝑵 

𝑵 

Λ(1405) I=0 S wave 𝝅±𝚺∓,𝝅𝟎𝚺𝟎 

Σ(1385) I=1 P wave 𝝅±𝚺∓,𝝅𝟎𝚲 
Non-resonant I=0,1 S,P,D,… 

• employ d(K-,n)πΣ reactions at θn~0 deg., which is expected 
to enhance an S-wave KbarNÆπΣ scattering 

J-PARC experiments

17 

d(K-,n)π±π∓“n” Spectrum 

d(K-,n)π±π∓“n” 
BG subtraction 

d(K-,n)π±Σ∓ 

• A bump structure around 1420 MeV/c2 

9 a KbarN pole ? 
• A “QF” like structure above the K-p mass threshold 
9 as predicted by Faddeev calculation (AGS) 

Missing Mass Spectrum
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Λ(1405) ~ KN ~ suuud  
has an annihilation channel ~ sud

Θ+(1520) ~ KN ~ suudd  
has no annihilation channel



Seminar at Vladivostok,  March 28,29, 2016 38

K K* K

ΔE ~400 MeV N N N
π π

KN	
  
•  Sufficient attraction due to annihilation channel 
•  Kaon has two faces 
     light (chiral dynamics) and  
     heavy (kinetic motion suppressed) 
KN	
  
• No KN coupling from WT 
• OPEP is possible but does not work sufficiently

Comparison: sud (KN) vs  suudd (KN: Pentaquark)

This is to be compared with the NN force ΔE = 0
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Yamaguchi, Yamaguchi, Yasui and Hosaka 
Phys.Rev.D84:014032 (2011), D85,054003 
(2012) 

Ohkoda, Yamaguchi, Yasui and Hosaka 
Phys.Rev. D86: 034019, 014004, 117502 (2012)

(2)  DN and BN 

39

Genuinely exotics with no annihilation

u d
d

u

c

p
D, B
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Tensor of OPEP
N N N

D D*

0−

1
2
+

1
2
−

 l = 0
1−

1
2
+

 l = 2

D

Yasui-Sudoh, PRD80, 034008, 2009
Yamaguchi-Ohkoda-Yasui and Hosaka, PRD84:014032,2011

mK * −mK ~ 400 MeV
mD* −mD ~140 MeV
mB* −mB ~ 45 MeV

π

Heavy Q symmetry               Coupled channels 
            D ~ D*                         of DN(S), D*N(S), D*N(D)

Spin-dependent force  
suppressed

π

40

DN loosely bound and resonance states
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               DN                    BN 
EB           2.14 MeV         23.0 MeV 
size        3.2  fm              1.2 fm

Phys.Rev.D85,054003 (2012)

41

DN loosely bound and resonance states
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arXiv:1105.4583v1 [hep-ex]; 
PRL 108, 032001 (2012)

IG(JP) = 1+(1+)

b b

π

Υ(5S)

Z  b1  Z   b2

Υ(2S, 10023)
Υ(3S, 10355)

Υ(1S, 9460)
h  (1P, 9898)b
h  (2P, 10259)b

10860

Invariant mass analysis

10653, 10608

e+

~11 GeV
e-

Three-body decay

π

42

• Charged particle 
==> 
• Must contain bb  
• and light qq

bbudZb(10610, 10650)
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Invariant	
  mass	
  of	
  πΥ(nS)

πΥ(1S) πΥ(2S)

πΥ(3S) In all cases,  
twin peaks are observed
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•  States appear near the thresholds
•  Masses of Zb(10610), Zb(10650) are similar
•  Heavy spin changing processes occur

Υ(5S)  à  Zb   à   Υπ
                                   hbπ

Explained by BB* molecules
HQ forbidden process occurs equally with allowed ones 
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Unique features of Zb resonances
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Bondar et al, Phys.Rev. D84 (2011) 054010  
Ohkoda, Yamaguchi, Yasui, Sudoh and Hodaka,  
                        Phys.Rev. D86 (2012) 014004

1.  Masses  
2.  Transitions: Heavy quark selection rules 
3.  Decays into bottomonium

Coupled channels of  
BB, BB*, B*B* 
in a π, ρ, ω potential modelQQ

q qπ 
ρ 
ω 
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Zb as a BB* molecules
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Ohkoda,	
  Yamaguchi,	
  Yasui,	
  Sudoh	
  and	
  
Hodaka,	
  Phys.Rev.	
  D86	
  (2012)	
  014004

Similar to the model for the DN
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Zb as a BB* molecules
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B(*)B(*) molecules

JPC 0– + 1– – 1+ – 0+ + 1+ + 2+ + 2– –

B*B*
B*B
BB

11000

10500

10000

9500  η(1S)

 η(2S)

 η(3S)

 Υ(1S)

 Υ(2S)

 Υ(3S)

 hb(1P)

 hb(2P)

 χb0(1P)  χb1(1P)  χb2(1P)

 χb0(2P)  χb1(2P)  χb2(2P)
 Υ(13D2)

[MeV]

 Υ(5S)

2.  Transitions: Heavy quark selection rules

Production

Decays

M. B. Voloshin, Phys. Rev. D 84, 031502 (2011)
Ohkoda, Yamaguchi, Yasui, Hosaka, Phys.Rev. D86 (2012) 117502
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Hadrons@Hirschegg

JPC 0– + 1– – 1+ – 0+ + 1+ + 2+ + 2– –

B*B*
B*B
BB

11000

10500

10000

9500  η(1S)

 η(2S)

 η(3S)

 Υ(1S)

 Υ(2S)

 Υ(3S)

 hb(1P)

 hb(2P)

 χb0(1P)  χb1(1P)  χb2(1P)

 χb0(2P)  χb1(2P)  χb2(2P)
 Υ(13D2)

[MeV]

 Υ(5S)

Only Wb1 can decay into ηb and hb

January 2014
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Production
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   Theory    

Zb(10610, 10650) à Υ(nS) + π
Zb Υ(nS)

π

Υ(1S)

Zb

BB*
Υ(3S)

Υ(2S)

π

   Theory    
1065010610
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   Theory    

Zb(10610, 10650) à Υ(nS) + π
Zb Υ(nS)

π

Υ(1S)

Zb

BB*
Υ(3S)

Υ(2S)

π

➔

   Theory    
1065010610

B(*)

B(*)
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•  Many new hadrons are found beyond qqq and qq 

•  Multiquarks may form hadronic molecules 
•  Coupled channel dynamic is crucial near the 
threshold 

• Further to be studied 
      Hadron-hadron interactions  
      Diquarks, gluons, compact multiquarks…
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Summary
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• VDbarD*-DbarD*

• VπJ/Ψ-DbarD*

• Vρηc-DbarD*• Vρηc-ρηc

• VπJ/Ψ-ρηc
• VπJ/Ψ-πJ/Ψ

Potential matrix (πJ/Ψ - ρηc - DbarD*)

DbarD*

πJ/Ψ ρηc

strongstrong

Y. Ikeda: arXiv:1602.03465 [hep-lat]


