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If the quark masses of Nf flavors are equal, QCD has 
the exact flavor SU(Nf) symmetry.

Strangeness in QCD

The dynamics of both the light and heavy quarks can be 
described by effective theories, but the strange quark is 
sensitive to the QCD details. 
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The quark model with SU(3)/SU(6) flavor symmetry has 
played a major role in the history of hadron physics, but 
its limitation has become clear in the spectroscopy of 
excited and exotic hadrons.

Technical developments in the direct QCD approaches 
start to allow reliable predictions to the hadronic 
observables from QCD.

Strangeness in QCD
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PRC79 (2009) 025210   arXiv:0812.1035 (4 Dec 2008)

mΘ = 1.524 (2)(3) GeV/c2  with statistics 5.1 σ
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Lattice QCD for Θ+

Lattice QCD for Θ+ (so far quenched)
F. Csikor, S. Sasaki, T.-W. Chiu, N. Mathur
N. Ishii, T. Takahashi, B. Lasscock

 No low-lying 1/2+ (I = 0) resonance state.
 May exists a 1/2– (I = 0) resonance near the NK 

threshold, but it requires careful study to distinguish  
from NK scattering states.

 Some contradictory results for the 3/2+ or 3/2- states.
Anticipate full-QCD calculations with physical 
quark masses in which scattering states and 
resonances are clearly distinguished.
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QCD SR for Θ+

P. Gubler, D. Jido, T. Kojo, T. Nishikawa, M.O., PRD 79 
(2009) 114011, arXiv:0902.2049

QCD SR predicts (J, I ) = (3/2+,0) and (3/2+,1) 
penta-quarks in the mass region of 1.4-1.6 GeV/
c2.
They decay into NK P-wave states. The decay 
widths can be relatively small. No QCD 
prediction of the decay width is available.

8
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Three Regions of Nuclear Force
N.F. = OPE + Med. Attr. + SR Repulsion
Energy scales ~ 100 ~ 500 MeV
　⇔ B.E. of the deuteron ~ 2 MeV

Range of the OBE ~ 1 fm
　⇔ Size of the deuteron ~ 4 fm

Are the other baryonic potential similar?
Use of SU(3) symmetry to generalize meson 

exchanges
How can we extrapolate the SR part?  Its origin?
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Nuclear force
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M. O. , K. Shimizu, K. Yazaki, PLB130 (1983) 365, NPA464 (1987) 700

Generalized Nuclear Force
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Generalized Nuclear Force
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Generalized Nuclear Force

Understanding generalized nuclear force 
from the first principle is a key to 
disentangle origins and mechanisms of 
hadronic interactions.
As the first step, we explore the SU(3) 
structure of the meson exchange part of 
the potential. 
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SU(3) Symmetry of  M-B-B vertex

Baryon octet 8 N  Λ  Σ   Ξ
Meson octet 8 π  η8  K  
singlet            1 η1

 8 x 8 = 1 + 8D + 8F + 10 + 10 + 27   

Two independent couplings for 8 x 8 = 8 
 F Tr[ [ B , B ]  M ]  F coupling
 D Tr[ { B , B }  M ]  D coupling
  
αF = F/ (F+D) is a free parameter in SU(3)

M

B

B
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Based on the NR quark model  ( u↑ u↓ d↑  d↓  s↑ s↓)
 Baryons  56 = (8, 1/2)   +    (10, 3/2)
   Ν  Λ  Σ   Ξ       Δ   Σ∗  Ξ∗  Ω 
 Mesons   1  = (1,0)      η1
      35 = (8,0)  +  (8,1)  +  (1,1)
   π  η8 Κ    ρ  ω  Κ∗      φ

 B      B         M
 56 x 56 = 1  +  35  +  405  +  2695
    (8,0)  (unique)    (8,0) 

 F/D ratio is fixed by the SU(6) symmetry  
   →  F/D = 2/3  or  αF = 2/5

Spin-Flavor SU(6) Symmetry
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But,
QCD has no reason to adopt the SU(6) symmetry. 

The SU(6) symmetry is broken!!
  by mass difference of quarks
  by spin-dependent interactions of quarks 
 ex   N (J=1/2) – Δ (J=3/2) mass difference
                (8,1/2)         (10, 3/2)    56-dim. SU(6) rep.

  

Spin-Flavor SU(6) Symmetry
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QCD calculation of coupling constants

The SU(3) invariance for the coupling constants is not 
established, although the phenomenological models often 
assume the invariance.  The F/D ratios of the coupling 
constants are the fitting parameters in the models.

How good is the SU(3) symmetry in the coupling 
constants?
What does QCD predict for F/D ratio, if SU(3) is valid?

Direct computation of the coupling constants from QCD
 QCD sum rule T. Doi, H. Kim, Y. Kondo, G. Erkol, M. O.
     Lattice QCD    T.T. Takahashi, G. Erkol, M.O. 
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two independent terms mixed by

tensor structure

QCD Sum rule 
for coupling constants

 T. Doi, Y. Kondo, M.O., Phys. Rept.  398 (2004) 253
πNN coupling constant

nucleon interpolation field 
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F/D = 0.65 ± 0.10

        = 2/3  for SU(6)

        = 0.57 from gA (exp)
αF = F/(F+D) = 0.394    
     = 2/5  for SU(6)

The SU(3) is fairly good for πBB' coupling consistent with the 
phenomenological models, ex. Nijmegen potential.

Tensor sum rule 
        T. Doi, H. Kim, M.O.,  Phys.Rev. C62 (2000) 055202

F/D ratio v.s. cosθ for T sum rule
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gπN

gπN = 9.6 ± 1.6
v.s.
gπN (exp.) ~12.8

slightly 
underestimated

Projected correlation function

The most reliable estimate of the absolute value of the 
pi-N-N coupling is  by the projected correlated function 
method:  Kondo-Morimatsu Nucl. Phys. A717 (2003)
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QCDSR summary 

Other mesons
 K and η: p2 expansion is marginally justifiable. 
 scalar mesons: σ, a0, f0, κ

G. Erkol, M. O., T. Rijken, R. Timmermans,
               PRC73 (2006) 044009
αF ~ 0.55, but observe significant SU(3) breaking
- The Σ-σ and Ξ-σ couplings are enhanced by 30-50%.

 The baryon-scalar-meson coupling strengths can be a 
good indicator of the 4-quark structure of the scalar 
mesons.

A challenging subject for LQCD.
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Lattice QCD calculation of
the ps-meson-octet-baryon couplings

Unquenched lattice QCD is applied to the 
pseudoscalar-meson-octet-baryon coupling 
form factors.   
T. T. Takahashi, G. Erkol, MO PRD 79 (2009) 074509

 CP-PACS gauge configuration: 2-flavor 
dynamical quarks on the 163x32 lattice

 RG improved gauge action + the mean-field 
improved clover quark action

 β=1.95 → a = 0.16 fm  a -1 = 1.267 GeV
 The ratio and absolute values of the coupling 

constants are obtained for several quark masses: 
mq ~ 150, 100, 65, 35 MeV
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2

with Γ ≡ γ3γ5Γ4 and Γ4 ≡ (1 + γ4)/2. The baryon
interpolating fields are given as

ηN (x) = εabc[uTa(x)Cγ5d
b(x)]uc(x),

ηΣ(x) = εabc[sTa(x)Cγ5u
b(x)]uc(x),

ηΛ(x) =
1√
6
εabc{[uTa(x)Cγ5s

b(x)]dc(x) − [dTa(x)C

× γ5s
b(x)]uc(x) + 2[uTa(x)Cγ5d

b(x)]sc(x)},

(6)

where C = γ4γ2 and a, b, c are the color indices. t1 is
the time when the meson interacts with a quark and t2 is
the time when the final baryon state is annihilated. The
ratio in Eq. (3) reduces to the desired pseudoscalar form
factor when t2 − t1 and t1 % a, viz.

R(t2, t1;0,p; Γ; µ)
t1!a−−−−−−→

t2−t1!a

gL
P (q2)

[2E(E + m)]1/2
q3, (7)

where m and E are the mass and the energy of the ini-
tial baryon, respectively, and gL

P (q2) is the lattice pseu-
doscalar form factor. Since the ratio in (7) is propor-
tional to the transfered momentum q3, it cannot be used
directly to obtain gL

P (q2) at q2 = 0. We apply a proce-
dure (similarly to the one in Ref. [2]) of seeking plateau
regions as a function of t1 in the ratio (7) and calculating
gL

P (q2) at the momentum transfers q2a2 = n(2π/L)2 (for
the lowest nine n points), where L is the spatial extent
of the lattice. We then obtain the meson-baryon form
factor via the relation

gL
P (q2) =

GM gMBB′(q2)

m2
M − q2

, (8)

assuming meson-pole dominance. Here GM ≡
〈vac|P (0)|M〉 is extracted from the two-point mesonic
correlator 〈P (x)P (0)〉. Finally we extract the meson-
baryon coupling constants gMBB′ = gMBB′(0) by means
of a monopole form factor:

gMBB′(q2) = gMBB′

Λ2
MBB′

Λ2
MBB′ − q2

. (9)

We employ a 163×32 lattice with two flavors of dynam-
ical quarks and use the gauge configurations generated
by the CP-PACS collaboration [6] with the renormal-
ization group improved gauge action and the mean-field
improved clover quark action. We use the gauge config-
urations at β = 1.95 with the clover coefficient cSW =
1.530, which give a lattice spacing of a = 0.1555(17) fm
(a−1 = 1.267 GeV). The simulations are carried out with
four different hopping parameters for the sea and the u,d
valence quarks, κsea, κu,d

val = 0.1375, 0.1390, 0.1400 and
0.1410, which correspond to quark masses of ∼ 150, 100,
65, and 35 MeV, and we use 590, 680, 680 and 490 such
gauge configurations, respectively. The hopping param-
eter for the s valence quark is fixed to κs

val = 0.1393 [6],
which corresponds to a quark mass of ∼ 90 MeV. In
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FIG. 1: gπNN and ΛπNN as a function of m2
π. The empty

circle denotes the SU(3)F limit and the diamond marks the
experimental point. The solid lines and the shaded regions
denote linear chiral extrapolations with errors.

order to decrease the statistical errors we take several
different source points using the translational invariance
along the temporal direction. We employ local source
and local sinks, which are separated by 12 lattice units
in the temporal direction. All the statistical errors are
estimated via the jackknife analysis.

TABLE I: The fitted values of mπ, mK , mN , mΛ and mΣ in
lattice units. The row named “CL” shows the values extrap-
olated to the chiral limit.

κu,d
val mπ mK mN mΛ mΣ

0.1375 0.899(1) 0.834(1) 1.707(06) 1.658(06) 1.648(06)
0.1390 0.737(1) 0.725(1) 1.475(05) 1.466(06) 1.464(06)
0.1393 0.713(1) 0.713(1) 1.455(06) 1.455(06) 1.455(06)
0.1400 0.603(1) 0.635(1) 1.289(05) 1.312(04) 1.318(05)
0.1410 0.440(1) 0.533(1) 1.051(08) 1.114(06) 1.134(07)

CL - 0.395(2) 0.749(18) 0.853(16) 0.892(16)

In Table I, we give the fitted values of the meson and
baryon masses as obtained from the two-point correlation
function in Eq. (4) and extrapolated to the chiral point.
We extract the meson-baryon coupling constants, gMBB′

and the corresponding monopole masses ΛMBB′ for each
κu,d

val and make a linear extrapolation to the chiral limit.
Our results are presented in Table II: we give the fitted
value of the πNN coupling constant and the correspond-
ing monopole mass, as well as the fitted values of the
πΣΣ, πΛΣ, KΛN and KΣN coupling constants and the
corresponding monopole masses normalized with gπNN

and ΛπNN , respectively. In Table II, gR
MBB′ and ΛR

MBB′

denote gMBB′/gπNN and ΛMBB′/ΛπNN , respectively. We
expect that the systematic errors cancel out to some de-
gree in the ratios of the coupling constants and those of
the monopole masses. We give a graphical representation
of our results in Figs. 1 and 2. In Fig. 1 we plot gπNN and

Lattice QCD calculation

3-point function
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Lattice QCD calculation

PS-meson-baryon coupling form factors
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- gπNN is consistent with
gπNN (pheno.) ~ 12.8

- The monopole form 
factor is softer than the 
one used in the meson 
exchange models.
  ΛπNN ~ 0.6 a -1

　　   ~ 0.75 GeV

pi-N-N coupling/form factor

gπNN

ΛπNN
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SU(3) breaking effect is very small.  The deviation δ < 5%

SU(3) couplings

0.395
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Lattice QCD Summary

The two-flavor full-QCD lattice calculation was 
performed for the ps meson-baryon coupling 
constants and form factors.
gπNN is consistent with gπNN (pheno.) ~ 12.8.
The monopole form factor is softer than the one 
used in the meson exchange models. ΛπNN ~ 0.75 
GeV.
The SU(3) symmetry for the ps meson-baryon 
couplings happens to be “very” good. 
F/D ratio αF=0395 is close to the SU(6) value.
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Conclusion and Outlook

Serious QCD calculations are inevitable for revealing 
new (exotic) multi-quark world of hadrons.
Lattice QCD has reached the position in which the real 
quark-mass full QCD with chiral symmetry is 
accessible. (but not yet applied to pentaquarks)
QCD sum rules also give reliable results with careful 
evaluations of its validity.
Strange systems supply many ideal subjects for 
checking physical ideas of hadron dynamics.
JPARC is a dream machine for strangeness hadron 
physics.


