
12011, Sep. 29th

Tokyo Institute of Technology

Tetsuo Hyodo

Θ+ and exotic hadrons

supported by Global Center of Excellence Program
“Nanoscience and Quantum Physics”



2

Contents

Introduction

Meson-induced Θ+ production (J-PARC E19) 

Constraints on Θ+ properties

Existence of exotic hadrons in chiral dynamics

Exotic hadrons in heavy quark sector

Summary

Contents



3

Exotic hadrons in QCD
Θ+ : strangeness S=+1, baryon number B=1
       minimal quark content ~ uudds : exotic!

Introduction

c.f. Λ(1405) ~ uud su, Z(4430) ~ ccud : crypto-exotic hadrons

Exotic hadrons are

- not excluded in QCD.
- easily constructed in effective models.

- not well established in experiments (~300 normal hadrons).

Exotic hadrons --> quark binding mechanism (confinement)

c.f. nucleus: Coulomb repulsion, drip line, ...
      hydrogen molecule: covalent bond, ...

Saturation?
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History of S=+1 baryon
1962: Goldhaber gap (absence of KN resonance)
          --> “eightfold-way”, SU(3) decuplet for Δ, Σ*, Ξ*

Introduction

2005~ : Negative results (dedicated experiments)

1964: Quark model 
M. Gell-Mann, Phys. Lett. 8, 214 (1964)

1997: Chiral quark soliton model:
D. Diakonov, V. Petrov, M. Polyakov,
Z. Phys. A359, 305 (1997)

2003~ : Positive experimental results for Θ+

T. Nakano, et al., Phys. Rev. Lett. 91, 012002 (2003)

1992: Possible Z* with M > 1780 MeV and Γ > 190 MeV
J. S. Hyslop, et al., Phys. Rev. D46, 961 (1992)
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If we a s s u m e  that  the s t r o n g  i n t e r a c t i o n s  of b a r y -  
ons  and m e s o n s  a r e  c o r r e c t l y  d e s c r i b e d  in t e r m s  of 
the  b r o k e n  "e igh t fo ld  way"  1 - 3 )  we a r e  t e m p t e d  to 
look fo r  s o m e  f u n d a m e n t a l  exp l ana t i on  of the s i t u a -  
t ion.  A h igh ly  p r o m i s e d  a p p r o a c h  i s  the  p u r e l y  dy-  
n a m i c a l  " b o o t s t r a p "  m o d e l  for  a l l  the s t r o n g l y  in-  
t e r a c t i n g  p a r t i c l e s  wi th in  which  one m a y  t r y  to de -  
r i v e  i so top i c  sp in  and s t r a n g e n e s s  c o n s e r v a t i o n  and 
b r o k e n  e igh t fo ld  s y m m e t r y  f r o m  s e l f - c o n s i s t e n c y  
a lone  4). Of c o u r s e ,  with only s t r o n g  i n t e r a c t i o n s ,  
the  o r i e n t a t i o n  of the a s y m m e t r y  in the u n i t a r y  
s p a c e  cannot  be s p e c i f i e d ;  one hopes  tha t  in s o m e  
way  the s e l e c t i o n  of s p e c i f i c  c o m p o n e n t s  of the  F -  
sp in  by  e l e c t r o m a g n e t i s m  and the weak  i n t e r a c t i o n s  
d e t e r m i n e s  the cho i ce  of i s o t o p i c  sp in  and h y p e r -  
c h a r g e  d i r e c t i o n s .  

Even  if  we c o n s i d e r  the  s c a t t e r i n g  a m p l i t u d e s  of 
s t r o n g l y  i n t e r a c t i n g  p a r t i c l e s  on the  m a s s  s h e l l  only  
and t r e a t  the  m a t r i x  e l e m e n t s  of the weak ,  e l e c t r o -  
m a g n e t i c ,  and g r a v i t a t i o n a l  i n t e r a c t i o n s  by m e a n s  
of d i s p e r s i o n  t h e o r y ,  t h e r e  a r e  s t i l l  mean ing fu l  and 
i m p o r t a n t  q u e s t i o n s  r e g a r d i n g  the a l g e b r a i c  p r o p e r -  
t i e s  of t h e s e  i n t e r a c t i o n s  tha t  have  so  fa r  been  d i s -  
c u s s e d  only  by  a b s t r a c t i n g  the  p r o p e r t i e s  f r o m  a 
f o r m a l  f i e ld  t h e o r y  m o d e l  b a s e d  on f u n d a m e n t a l  
e n t i t i e s  3) f r o m  which  the b a r y o n s  and m e s o n s  a r e  
bu i l t  up. 

If t h e s e  e n t i t i e s  w e r e  o c t e t s ,  we m i g h t  e x p e c t  the 
u n d e r l y i n g  s y m m e t r y  g r o u p  to be  SU(8) i n s t e a d  of 
SU(3); i t  i s  t h e r e f o r e  t e m p t i n g  to t r y  to u se  u n i t a r y  
t r i p l e t s  a s  f u n d a m e n t a l  o b j e c t s .  A u n i t a r y  t r i p l e t  t 
c o n s i s t s  of an i so top i c  s i n g l e t  s of e l e c t r i c  c h a r g e  z 
(in uni t s  of e) and an i so top i c  double t  (u, d) with 
c h a r g e s  z+l  and z r e s p e c t i v e l y .  The  a n t i - t r i p l e t  
has ,  of c o u r s e ,  the  o p p o s i t e  s i g n s  of the  c h a r g e s .  
C o m p l e t e  s y m m e t r y  among the m e m b e r s  of the  
t r i p l e t  g i v e s  the e x a c t  e igh t fo ld  way,  whi le  a m a s s  
d i f f e r e n c e ,  fo r  e x a m p l e ,  be tween  the i s o t o p i c  dou-  
b l e t  and  s i n g l e t  g i v e s  the  f i r s t - o r d e r  v io l a t i on .  

F o r  any va lue  of z and of t r i p l e t  sp in ,  we can  
c o n s t r u c t  b a r y o n  o c t e t s  f r o m  a b a s i c  n e u t r a l  b a r y o n  
s i n g l e t  b by  tak ing  c o m b i n a t i o n s  ( b t t ) ,  C o t t t t ) ,  
e tc .  **. F r o m  ( b t t ) ,  we ge t  the  r e p r e s e n t a t i o n s  1 
and 8, whi le  f r o m  ( b t t t t )  we ge t  1, 8 ,  10, 10, and 
27. In a s i m i l a r  way,  m e s o n  s i n g l e t s  and o c t e t s  can  
be  m a d e  out of ( t t ) ,  ( t t t t ) ,  e tc .  The  quan tum n u m -  
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b e r n  t - n~ would be  z e r o  f o r  a l l  known b a r y o n s  and  
m e s o n s .  The  m o s t  i n t e r e s t i n g  e x a m p l e  of such  a 

1 m o d e l  i s  one in which  the t r i p l e t  has  sp in  ~ and 
z = -1 ,  so  tha t  the  four  p a r t i c l e s  d - ,  s - ,  u ° and b ° 
exh ib i t  a p a r a l l e l  wi th  the  l ep tons .  

A s i m p l e r  and m o r e  e l e g a n t  s c h e m e  can  be  
c o n s t r u c t e d  if we a l low n o n - i n t e g r a l  v a l u e s  for  the 
c h a r g e s .  We can  d i s p e n s e  e n t i r e l y  wi th  the  b a s i c  
b a r y o n  b if  we a s s i g n  to the  t r i p l e t  t the  fo l lowing  
p r o p e r t i e s :  sp in  !, z = -~ ,  and  b a r y o n  n u m b e r  -~. 

2 t 1 
We then r e f e r  to the  m e m b e r s  u3, d -~ ,  and s-3- of 
the  t r i p l e t  a s  " q u a r k s "  6) q and the m e m b e r s  of the 
a n t i - t r i p l e t  a s  a n t i - q u a r k s  ~1. B a r y o n s  can  now be  
c o n s t r u c t e d  f r o m  q u a r k s  by us ing  the c o m b i n a t i o n s  
(qqq ) ,  ( q q q q q ) ,  e t c . ,  whi le  m e s o n s  a r e  m a d e  out  
of (qcl), (qq~tcl), e tc .  I t  i s  a s s u m i n g  tha t  the  l o w e s t  
b a r y o n  c on f igu ra t i on  (qqq)  g i v e s  j u s t  the r e p r e s e n -  
t a t i o n s  1, 8, and 18 that  have  been  o b s e r v e d ,  whi le  
the l o w e s t  m e s o n  con f igu ra t i on  (q q) s i m i l a r l y  g i v e s  
j u s t  1 and 8. 

A f o r m a l  m a t h e m a t i c a l  m o d e l  b a s e d  on f i e ld  
t h e o r y  can  be bu i l t  up fo r  the  q u a r k s  e x a c t l y  a s  for  
p, n, A in the  o ld  S a k a t a  m o d e l ,  fo r  e x a m p l e  3) 
wi th  a l l  s t r o n g  i n t e r a c t i o n s  a s c r i b e d  to a n e u t r a l  
v e c t o r  m e s o n  f i e ld  i n t e r a c t i n g  s y m m e t r i c a l l y  wi th  
the t h r e e  p a r t i c l e s .  With in  such  a f r a m e w o r k ,  the 
e l e c t r o m a g n e t i c  c u r r e n t  (in un i t s  of e) i s  j u s t  

u - d - s} 

o r  ~-3~ + ~8~/J3  in the  no t a t i on  of r e f .  3). F o r  the  
weak  c u r r e n t ,  we can  t ake  o v e r  f r o m  the Saka t a  
m o d e l  the  f o r m  s u g g e s t e d  by G e l l - M a n n  and L4vyT) ,  
n a m e l y  i p 7 ~ ( l + Y 5 ) ( n  cos  0 + h s in  8), which  g i v e s  
in the  q u a r k  s c h e m e  the e x p r e s s i o n  *** 

i u ya (1  + y5)(d cos  0 + s s in  0) 

* Work supported in par t  by the U. S. Atomic Energy 
Commission. 

** This is s imi la r  to the t reatment  in ref. 1). See also 
ref.  5). 

*** The para l le l  with i ~e Ya( 1 + ¥5) e and i ~ ¥~(1 + ¥5)~ 
is obvious. Likewise, in the model with d- ,  s - ,  u °, 
and b ° discussed above, we would take the weak cu r -  
rent to be i(b ° cos e + ~o sin e) ¥~(1 + ¥5) s -  
+ i(u ° cos e - ~o sin e) ya(1 + ¥5) d- .  The par t  with 
n(nt-n~) = 0 is just i T o ¥c~(1 + 75)(d- cos e + s -  sin O). 

                                                          light mass, narrow width
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Experimental results which are still alive
LEPS: γd --> K+K-pn, 5.1 σ peak

Introduction

“Extraordinary claims require extraordinary evidence”

T. Nakano, et al., Phys. Rev. C79, 025210 (2009)

A. Martinez Torres, E. Oset, 
Phys. Rev. Lett. 105, 092001 (2010); C81, 055202 (2010)

- “MMSA” (presumption of fermi motion)

- inconsistent with CLAS upper limit
T. McKinnon, et al., Phys. Rev. Lett. 96, 212001 (2006)

CLAS: γp --> π+K-K+n, 7.8 σ peak

- no dedicated confirmation
V. Kubarovsky, et al., Phys. Rev. Lett. 92, 032001 (2004)
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Theoretical status
Introduction

The best way in theory: KN scattering on lattice
- Phase shift can be calculated.
- Not direct information of the state, if Θ+ is a resonance.

- Results of lattice QCD are not straightforward to interpret.  
  e.g.) separation of resonance out of scattering states

Today: Reaction study based on effective Lagrangian

- Prediction of models is not reliable for exotic hadrons,
  due to new ingredients in five-body problem.
  e.g.) quark model: five-body force

Theoretical studies of Θ+ structure (until March 2006):
http://www2.yukawa.kyoto-u.ac.jp/~hyodo/research/Thetapub.html

- assume the existence and quantum numbers of Θ+

- determine coupling constants and calculate cross section

http://www2.yukawa.kyoto-u.ac.jp/~hyodo/research/Thetapub.html
http://www2.yukawa.kyoto-u.ac.jp/~hyodo/research/Thetapub.html
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Theoretical study of reactions
Meson-induced Θ+ production

Meson-induced Θ+ production: relatively simple

We examine isospin I=0, spin S=1/2, parity P=± cases.

- Other possible contributions: unknown couplings

c.f. photo-production <-- Θ+ magnetic moment,...

We start with the unambiguous Born terms.

- Born terms (must exist if Θ+ decays into KN)

n
p

π−

Θ+

K−

n
p

K+

Θ+

π+

K∗

p

π−

Θ+

K−

N∗
p

π−

Θ+

K−

p

π−

Θ+

K−

T. Hyodo, A. Hosaka, Phys. Rev. C72, 055202 (2005)



8

Effective Lagrangians
Pseudoscalar (PS) scheme

Meson-induced Θ+ production

L1/2±

KNΘ = g1/2
±

KNΘΘ̄
+ΓKN + h.c.

LπNN = igπNNN̄γ5πN

Pseudovector (PV) scheme
L1/2±

KNΘ =
−ig∗±A
2f

Θ̄+γµΓ∂
µKN + h.c.

LπNN =
gA
2f

N̄γµγ5∂
µπN

Γ =

�
iγ5 (positive parity)

1 (negative parity)

- generalized GT relation

g∗±A =
2f

MΘ ±MN
g1/2

±

KNΘ, gA = 1.25, f = 93 MeV

- coupling constants: decay width of Θ+

g1/2
±

KNΘ =

�
2πMΘΓΘ

|k|(E ∓M)
, gπNN = 13.5
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Cross section is straightforwardly calculated.

Meson-induced Θ+ production

Estimation of the cross section

σ ∝g2 ∝ Γ

- Γ = 1 MeV (cross section is proportional to the width).
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- Fs, Fc: form factors <-- hyperon production, etc.

- For 1/2+, threshold behavior of PS is different from PV.
  --> chiral low energy theorem

Fs(
√
s) =

Λ2
s

Λ2
s + |k|2 , Fc(x,Mex) =

Λ4
c

Λ4
c + (x−M2

ex)
2
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NG boson-hadron scattering: chiral low energy theorem

Meson-induced Θ+ production

Relation with chiral low energy theorem

ex) low energy πN scattering; external momentum p

- PV coupling (nonlinear sigma model)

+ +

O(p) O(p2)O(p2)

- PS coupling (linear sigma model)

+ +
σ

O(1) O(1) O(1)

πN --> KΘ: cancellation in PS does not work.
--> large cross section in PS scheme

cancel

= O(p)

= O(p)
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Total cross section at Plab = 1.92 GeV (MΘ = 1540 MeV)

Meson-induced Θ+ production

Comparison with J-PARC data

ΓΘ = 1 MeV
1/2+1/2+ 1/2-1/2-

ΓΘ = 1 MeV
(PS) PV PS PV

Fs (9.2 μb) 0.51 μb 0.18 μb 0.40 μb

Fc (5.3 μb) 0.29 μb 0.10 μb 0.23 μb

Isotropic distribution may be justified by s-channel diagram. 
More quantitative comparison: angular dependence

- J-PARC E19: σ < 0.3 μb (assumed to be isotropic)
⇒ ΓΘ � O(1) MeV



12

Angular distribution @ Plab = 1.92 GeV

Meson-induced Θ+ production

Differential cross section

- Fc form factor

- Fs form factor
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Coupling constants
KNΘ coupling (width):

Constraints on Θ+ properties

R. Mizuk, et al., Phys. Lett. B632, 173 (2006)
- Kaon secondary interaction by Belle

ΓΘ < 0.64 MeV

Y. Azimov, et al., Phys. Rev. D75, 054014 (2007)

T. Ledwig, H.-C. Kim, K. Goeke, Nucl. Phys.  A811, 353 (2008)
- Chiral quark soliton model (Θ+ : 1/2+)

- symmetry + GLAAL result of N* (Θ+ : 1/2+)

gK∗NΘ = 0.74-0.87, fK∗NΘ = 0.53-1.16

K*NΘ coupling:
- K+ induced reaction at KEK

K. Miwa, et al., Phys. Rev. D75, 054014 (2007)

K. MIWA et al. PHYSICAL REVIEW C 77, 045203 (2008)

)2Missing Mass (GeV/c
1.46 1.48 1.5 1.52 1.54 1.56 1.58 1.6 1.62 1.64

))2
b/

(s
r 

M
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/c
µ( o

-2
2

o 2σ

0

2

4

6

8

Double differential cross section spectrum

)2Mass (GeV/c
1.51 1.515 1.52 1.525 1.53 1.535 1.54 1.545 1.55

b/
sr

)
µ(

o
-2

2
o 2σ

-3
-2
-1
0
1
2
3
4 90% C.L. upper limit

Differential cross section

FIG. 9. (Color online) Top: Double differential cross section of
the K+p → π+X reaction averaged over 2◦ to 22◦ in the laboratory
frame. This spectrum includes a contribution from the K+ decay
events which exist between the arrows in Fig. 7. In order to derive
the upper limit of the differential cross section of the K+p → π+"+

reaction, we fitted this spectrum with a background using a second
order polynomial function and a Gaussian peak with a fixed width of
2.4 MeV/c2 (FWHM). Bottom: The upper limits of the differential
cross section of the K+p → π+"+ reaction averaged over 2◦ to 22◦

in the laboratory frame as a function of the mass of the "+. The data
points show the value and the error of the differential cross section
obtained from the area of the fitted Gaussian function. The line shows
the 90% C.L. upper limit of the differential cross section.

Their calculation is controlled by two coupling constants,
gKN" and gK∗N". The coupling constant gKN" is related to
the decay width of the "+. They assumed that gKN" was
1.0 which corresponds to a decay width of 1.03 MeV/c2.
On the other hand, there is no experimental information
about gK∗N". Therefore they calculated in three cases where
gK∗N" = 0, gK∗N" = gKN" and gK∗N" = −gKN". If there
is the t-channel process (gK∗N" = ±gKN"), the differential
cross section would have a forward peak distribution as shown
by the solid and dashed lines in Fig. 11. The calculated
differential cross section averaged over 2◦ to 22◦ in the

FIG. 10. Diagrams for the K+p → π+"+ reaction.
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FIG. 11. (Color online) Differential cross section calculated by
Oh et al. at

√
s = 2.4 GeV (the present experiment was carried out

at
√

s = 1.9 GeV). This is the same as Fig. 3(c) in Ref. [35]. The
horizontal axis represents the scattering angle of the π+ in the c.m.
frame of K+p system. The solid line is obtained with gK∗N" =
+gKN", the dashed line with gK∗N" = −gKN", and the dot-dashed
line with gK∗N" = 0. The differential cross sections averaged over 2◦

to 22◦ in the laboratory frame are also listed for each case.

laboratory frame (σ̄2◦−22◦ ) is about 140 µb/sr in this case.
The experimental upper limit of 3.5 µb/sr is much smaller
than this theoretical value. Therefore the t-channel process
is excluded by the present results. On the other hand, if the
t-channel process does not exist and only the u-channel process
exits, the differential cross section shows a backward peak
distribution as shown by the dot-dashed line in Fig. 11. In
this case, the σ̄2◦−22◦ is almost 0 µb/sr. Our experiment is not
sensitive enough to exclude the u-channel process.

The E522 collaboration reported an upper limit of the
cross section of the π−p → K−"+ reaction of 3.9 µb at
the 90% confidence level assuming that the "+ is produced
isotropically in the center of mass system. In the π−p →
K−"+ reaction, the t-channel and s-channel processes are
considered as shown in Fig. 12. The cross section is controlled
by the same coupling constants, gK∗N" and gKN", which are
used for the K+p → π+"+ reaction. In order to explain the
small cross section, the following two things are possible: 1)
The coupling constant gKN" is small; 2) Although the coupling
constants gK∗N" and gKN" are sizable, the total cross section
becomes small due to a destructive interference between
two amplitudes of gK∗N" and gKN". From the result of the
K+p → π+"+ reaction, gK∗N" is considered to be quite

FIG. 12. Diagrams for the π−p → K−"+ reaction.

045203-8

  ==> coupling should be small
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FAQ on Θ+

Q: Is J-PARC data consistent with LEPS data?
A: Strictly speaking, no direct connection.
     It is, however, very difficult to explain LEPS data,
     with other negative results being reproduced.

Q: Is Γ < 1 MeV realistic?
A: Strictly speaking, there is no limitation in QCD.
     It is, however, extremely difficult to construct a state with
     such strong decay, except for kinematical reason (small
     phase space, etc.).

Q: What is the structure of Θ+ 
A: (Almost?) all possibilities have been studied.
     No satisfactory answer.

Constraints on Θ+ properties
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No exotic hadrons are well established in experiments. Why?

Existence of exotic hadrons in chiral dynamics

Theoretical framework of chiral dynamics

Chiral unitary approach
T. Hyodo, D. Jido, arXiv:1104.4474, to appear in Prog. Part. Nucl. Phys.

- Interaction <-- chiral symmetry
- Amplitude <-- unitarity in coupled channels

cutoff
T =

1
1− V G

V

chiral
T

= +
T

Sufficient attraction --> hadron resonances

T. Hyodo, D. Jido / Progress in Particle and Nuclear Physics ( ) – 31

Table 3
Hadron resonances described in chiral unitary approaches. The results from typicalworks are shown. Note that differentworks prefer different assignments
of physical resonances.

Target Ref. J
P Resonances

J
P = 1/2+8 baryon 1/2− Λ(1405), Λ(1650), N(1535), N(1670), Σ(1620), Ξ(1620)
J
P = 3/2+10 baryon [193] 3/2− Λ(1520), Σ(1670), Σ(1940), N(1520), Ξ(1820), Ω(2250)
Heavy 3, 6 baryon [198] 1/2− Λc(2595), Λc(2880), Ξc(2790)
J
P = 0− meson [191] 0+ σ (600), κ(900), f0(980), a0(980)

1− ρ(770), K ∗(892), φ(1020)
J
P = 1− meson [197] 1+

b1(1235), h1(1170), h1(1380), a1(1260), f1(1285), K1(1270)
Heavy 3meson [199] 0+

Ds(2317)

chiral unitary approach [83–85,129]. One of the most elaborate works showed that the scalar meson nonet (σ , κ, f0, a0) and
the vectormesons (ρ, K ∗, φ) were generated in the s-wave and p-wave nonperturbative amplitudes, respectively [190,191].
This result however does not directly indicate that all these mesons have the mesonic molecular structure, since the seed
of vector mesons can be hidden in the low energy constant of the NLO terms in chiral perturbation theory [136]. Baryon
resonances with J

P = 3/2− can be described, by choosing the decuplet baryons as target hadrons. In Ref. [192], the
resonances were identified by the peak of the speed plot, and the pole positions were searched for in Ref. [193]. In contrast
to the cases mentioned above, the decuplet baryons have finite widths by the strong interaction, and the 3/2− resonance
can also couple to the d-wave scattering states of the NG boson (0−) and the ground state baryon (1/2−). These effects
may be important for the quantitative discussion of the specific resonance [194,195]. In the same way, the axial vector
meson resonances were studied in the NG boson scattering off the vector mesons by the speed plot [196] and by the pole
position [197]. In the heavy quark sector, heavy baryons [198] and heavymesons [199]were searched for in the speed plot by
regarding the ground state heavy hadrons as target. We summarize the resonances obtained in a series of works mentioned
above in Table 3.

In addition to the reproduction of these resonances, various new states are predicted by the same mechanism. It is also
instructive to notice the absence of the manifestly exotic states which require more than three valence quarks. Actually,
there were some attempts to search for the exotic states in the chiral unitary approach [198–200] but the possible signal
was not clear and very sensitive to the input parameters. The difficulty of generating exotic hadrons can be traced back to
the group theoretical structure of the Weinberg–Tomozawa interaction [108,109]. For a general target hadron with SU(3)
representation T , the coupling strength (16) in the SU(3) basis is given by

Cα = C2(T ) − C2(α) + 3, (54)

where α is the representation of the combined channel and hence of the resonance state. In our convention, positive
(negative) sign of Cα corresponds to the attractive (repulsive) interaction. An exotic hadron in general belongs to a larger
SU(3) multiplet α than the ordinary hadrons. Considering the Casimir factor C2(α) has negative sign in Eq. (54), we notice
that the exotic channel is less advantageous to have an attractive interaction than the ordinary channels. To pursue this idea
quantitatively, we should specify the exotic channel in which α is more exotic than T . For this purpose, the ‘‘exoticness’’
quantum number E is introduced as the number of valence quark–antiquark pairs to compose the given flavor multiplet
α = [p, q] with the baryon number B, which is given by [108,109]

E = �θ(�) + νθ(ν), � ≡ p + 2q
3

− B, ν ≡ p − q

3
− B.

We define the exotic channel such that the exoticness of α is larger than the exoticness of T . It is group theoretically shown
that the interaction strength in the exotic channel is in most cases repulsive, and attractive interaction is only possible for
the value

Cexotic = 1.

This strength was shown to be not strong enough to generate a bound state [108,109]. Thus, it is difficult to generate the
exotic hadrons in chiral dynamics.

We have reviewed the studies of resonances based on chiral SU(3) symmetry which are directly related to Λ(1405). In
closing, we would like to mention recent extensions of the chiral unitary approach to other sectors, with the replacement
of the NG bosons by vector mesons [201–204] and by heavy mesons [205,206,155]. Strictly speaking, these sectors are
not related to chiral symmetry of QCD, so the Weinberg–Tomozawa theorem cannot be applied. It is however possible to
consider the vector-meson exchange mechanism as the physics behind the fundamental interaction. In this case, hidden
local symmetry and flavor SU(4) symmetry lead to the similar structure of the interaction kernel with the chiral unitary
approach, and these sectors are actively investigated by the same methodology. In addition, resonances in the three-body
scattering has been studied using the Faddeev equation with chiral interaction [207]. These works and subsequent studies
have brought an interesting new perspective to hadron spectroscopy.

Only the non-exotic states are generated.
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Exotic hadron in chiral dynamics

Existence of exotic hadrons in chiral dynamics

Chiral low energy interaction

T. Hyodo, D. Jido, A. Hosaka, Phys. Rev. Lett. 97, 192002 (2006); D75, 034002 (2007)

- Chiral interaction: low energy theorem

∝ C

determined by flavor representation 
and SU(3) group theory

- Exoticness quantum number for R=[p,q] 
E = �θ(�) + νθ(ν), � =

p+ 2q

3
−B, ν =

p− q

3
−B,

  minimal number of (qq) pair to construct R.

Cexotic ≤ 1

Chiral interaction in exotic channel
--> mostly repulsive, and attractive strength is bounded by
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Critical strength to generate a bound state

Existence of exotic hadrons in chiral dynamics

Critical coupling strength

Chiral dynamics:
- Normal hadrons are dynamically generated.
- Exotic hadrons are difficult to generate.

A kind of “saturation” is achieved.
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2f2
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Observed (crypto-)exotic hadrons

Exotic hadrons in heavy quark sector

Exotics with charm

E.S. Swanson, Phys. Rept. 429, 243 (2006);
M. Nielsen, F. Navarra, S.H. Lee, Phys. Rept. 497, 41 (2010);
many more...

- New charmonia and heavy mesons

Predicted exotic hadrons

S. Zouzou, et al., Z. Phys. C30, 457 (1986);
A. Selem, F. Wilczek, hep-ph/0602128;
J. Vijande, A. Valcarce, K. Tsushima, Phys. Rev. D74, 054018 (2006)

- Tetraquark Tcc: udcc

- DN bound (resonance) state: uuddc
S. Yasui, K. Sudoh, Phys. Rev. D80, 034008 (2009);
Y. Yamaguchi, S. Ohkoda, S. Yasui, A. Hosaka, Phys. Rev. D84, 014032 (2011);
see also T. D. Cohen, P. M. Hohler, R. F. Lebed, Phys. Rev. D72, 074010 (2005)
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Driving mechanism is different for DN and Tcc.

Exotic hadrons in heavy quark sector

Relation with chiral dynamics

- DN state: π exchange, tensor force, ...
- Tcc state: diquark correlation (or π exchange), ...

Vector-meson exchange does not break up the I=0 states.

D ≠ NG boson, but vector-meson exchange is equivalent

ρ ω φ

N(D̄1)

D̄

N(D̄1)

D̄

In the SU(3) limit,
- interaction vanishes (C=0) for I=0
- interaction is repulsive (C<0) for I=1

see also Y. Yamaguchi, S. Ohkoda, S. Yasui, A. Hosaka, Phys. Rev. D84, 014032 (2011)
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Charmed pentaquark search

Exotic hadrons in heavy quark sector

Experimental constraints
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FIGURE 2. (a) Invariant mass distributions of D p with D̄0 in the K π (black) and
K π π π (gray) modes for combinations satisfying the criteria described in the text. The data are
plotted for the full kinematically allowed D p range and, in the inset, with statistical uncertainties and
a suppressed zero on the vertical axis, for the mass range in which the Θ0

c has been reported. (b) The
Θ0

c yields extracted from the fits to the (left) pK π π and (right) pK π π π π invariant mass
distributions, assuming a mass of 3099MeV c2 and a natural width of Γ 1MeV (circles) or Γ 28MeV
(squares).

with a common center. The overall resolution, defined as the FWHM of the resolution
function divided by 2.355, averages 2.8 (3.0)MeV c2 for the K π (K π π π ) decay
modes with a small dependence on p , the center-of-mass momentum of the Θ0

c . The
quoted results assume two widths, Γ 1MeV, corresponding to a very narrow state, and
Γ 28MeV, corresponding to the width observed by H1. The background is described
in each p bin by a threshold function. Maximum likelihood fits are performed at several
fixed Θ0

c mass values in the vicinity of 3099MeV c2. In every case the fit quality is good
and the signal obtained is consistent with zero. Results using different mass values are
consistent within expected statistical variations. Fixing the mass to the reported value of
3099MeV c2 results in the event yields shown in Fig. 2(b). There is no evidence of a
pentaquark signal in any p range, and the roughly symmetric scatter of the points about
zero indicates low momentum-dependent bias in the background function.

It is not possible to compare the sensitivity of our search with that of H1, due to
the presumably different production mechanism, and the fact that there is no cross
section measurement in Ref. [3]. It is interesting to note that H1 selects about 3,500
D using only the D̄0 K π mode, with a background of about 1,500; of these,
about 550 appear in their pD mass plot, with mass below 3.6GeV c2, resulting in a
Θ0

c signal yield of 51 11 events. Thus the observed Θ0
c account for roughly 1/70 of their

D production. In contrast, the BABAR search reconstructs about 750,000 D above
background, 128,000 of which also have an identified proton in the event, but no Θ0

c
signal is observed.

It is also not possible to compare the production rate of Θ0
c to the rates measured for

ordinary charmed baryons, as only measurements for Λc(2285) and Σc(2455) at much
lower mass than Θ0

c are available at this point [15]. Furthermore, since Θ0
c pD ,

is not known it is not possible to set an upper limit on the total production rate of the Θ0
c .
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Fig. 9. Invariant mass distributions of Dp combinations, for the data (dots with error bars) and the simulation (histogram).

7. Conclusions

No evidence for exotic narrow baryon resonances has been found in the e+e− → Z→ qq̄ reactions collected by
ALEPH during the LEP 1 running period. Upper limits at the 95% confidence level have been set on the production
rates per hadronic Z decay of the resonances reported by other experiments:

N!(1535)+ ·BR(
!(1535)+ → pK0S

)
< 6.2× 10−4,

N"(1862)−− ·BR
(
"−−
1862 → "−π−)

< 4.5× 10−4,

N"(1862)0 · BR
(
"01862 → "−π+)

< 8.9× 10−4,

N!c(3100)0 ·BR
(
!c(3100)0 →D∗−p

)
< 6.3× 10−4,

N!c(3100)0 ·BR
(
!c(3100)0 →D−p

)
< 31× 10−4.

The ratios to the production rates of the related non-exotic states are also bounded from above at the 95%
confidence level by

N!(1535)+ ·BR(!(1535)+ → pK0S)
N$(1520)

< 0.027,
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7. Conclusions

No evidence for exotic narrow baryon resonances has been found in the e+e− → Z→ qq̄ reactions collected by
ALEPH during the LEP 1 running period. Upper limits at the 95% confidence level have been set on the production
rates per hadronic Z decay of the resonances reported by other experiments:
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(
"−−
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(
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(
!c(3100)0 →D∗−p

)
< 6.3× 10−4,

N!c(3100)0 ·BR
(
!c(3100)0 →D−p

)
< 31× 10−4.

The ratios to the production rates of the related non-exotic states are also bounded from above at the 95%
confidence level by

N!(1535)+ ·BR(!(1535)+ → pK0S)
N$(1520)

< 0.027,

DN spectrum

D*N spectrum



21

Summary

Study of exotic hadrons is important to 
understand the low energy QCD.

With the simplest (but mandatory) model, 
J-PARC E19 result is interpreted as:

Chiral dynamics disfavors the generation 
of exotic hadrons.

More exotic hadrons may be observed in 
heavy quark sector.

We discuss the Θ+ and exotic hadrons

Summary

ΓΘ � O(1) MeV


