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XUODIC

# QCOHDBRFENADE

BQCO=29A—29 + FIL—AY
NoS—BBEICEKDT—IBEIERE
IXRILF—RT—)L: Aaco ~200 MeV, myd ~ 5 MeV

m/\ROYV: XV, )I\UAFY, HE
BULNVEEER (no color), JIMEDIEN
Mn ~700-1000 MeV, fz~90 MeV

!

B R =%F+... (RKg¥Y?)
BH (FELHEE), BL\iEE
B/A ~ 8 MeV, Ex ~ 0.1 MeV

0

QCD/hadron H\5 [IHVE D& L) PRI S D



XUODIC

# [RFZICQCDI(IIHEHI?
B QCD//\ROV
BEFDOKEE Ry~ 0.8-0.9 fm (charge rms)
1 o (string tension) ~ 1GeV/fm

B B m m
%O DEERERE ~ 1.4 fm < j’;fm y ok ]*’;Tm ;
B FRITERE ~ 2 frm \\;///\\;W///

: 2 Tm :

B RESODRAT-)ILTREFLTVBRDIC, BEIRILF—RT—=)LH
ESDH?

ﬂ



XUODIC

# ZHORRME
%5 = OPE + PIERISIH + WIRERD | |
SIhERH ~ 100 MeV

& BRFOREIRILF— 2MeV 0

OBEDE)HERRRE ~ 1 fm i\/i/
e BEBRFOHAZR ~4fm 100| :

0.5 fm 2 fm

n OPERERZAN < 0.5 fm
BFORicikE 300 ~ 500 MeV
FHBDRE 500 ~ 1000 MeV



XUODIC

# RDO/I\UAVEDHAERUEEZRFODOH?
PREFARIERANEISUI) R ZE LT —ARIE
OBEP ex. NijmegeniR7> ¥ v )l

PR/ D IHBROH? EIRE?

n EEMFHOERED A —OBSECKRDHT %7
DA—DD SR —IZEY Oka, Yazaki (1980) | S
BHIEHS —HBESERT BH 7 [.7tm

B RFEATIOA—D - hS5—DHRESNBH?
EMCzIR (1983) 10%ZED%HE
BIEEPTOD/\FOY HAa3)LEFMEHNLET D E ?
color-transparency, &4 A

#



I\NFOVYERBODEWIS

RF#*
PEFOERE (1932)

pionDFS. EE (1935)

J\ROYV
strangenessDFE R (1947)

PCAC (1960)

[RF % = GF+PHEF

%7 = PEIFRHEA

#%F & PREFIFBIP

SU(3), 7#4—72 (1964)
INROY = )NUAY + XYY

DA Z)LXIFRED

FBVEN

#



JI\ROVIPIBDEWILS

T—I15% (1954) [CXBF—
QCD (1973) st4
charm®DFE R (1974)

D4 —ORE

QCDIlc&ENIE. ... (1974-)
LHU. QCDIIEEIFARLN,
3DDFEX




Quark Models from QCD

® E. Eichten, et al., Phys. Rev. Lett. 34 (1975) 369

Spectrum of Charmed Quark-Antiquark Bound States™

E. Eichten, K. Gottfried, T. Kinoshita, J. Kogut, K. D. Lane, and T.-M, Yant

Labovatory of Nuclear Studies, Covnell University, fthaca, New York 11853
(Received 17 December 1974)

®# De Rujula, Georgi, Glashow, Phys. Rev. D12 (1975) 147

Hadron masses in a gauge theory*

A. De Rijula, Howard Georgi,” and S. L. Glashow
Lyman Laboratory, Department of Physics, Harvard University, Cambridge, Massachusetts 02138
(Received 24 February 1975)

® A. Chodos, et al., Phys. Rev. D9 (1974) 3471

New extended model of hadrons*

A. Chodos, R. L. Jaffe, K. Johnson, C. B. Thorn, and V. F. Weisskopf
Laboratory for Nuclear Science and Department of Physics,
Massachusetts Institute of Technology, Cambridge, Massachusetls 02139

(Received 25 March 1974)



Heavy quarks

B Cornell potential (Eichten et al.) T *,
V(r) = —S + or e | :

# quarkonium potential
Lattice QCD: Wilson loop

3 =
2L 13S (3105) .
I charmonium
1k
S or
>
S At
>
2 F
3 quark antiquark ] quenched ro: Sommer scale
4 ' G.S. Bali / Phys. Rep. 343 (2001) 1

it ' m



Heavy quarks

refined potential models
S.N. Mukherjee, et al., Phys. Rep. 231 (1993)

........... \/

[ ] 3 e e o e e [ )
55, charmonium” bottomium -
N 105 | 1 .
So ., V
40 F 3 P, 3Py - 1S 35 1 y 2D
3p " s 5]51' i X5
° 30, o) TR0 K
R " S 3Py b 3Dy
> 2P
_ A" 1D o D
> | g 1 351 y
8 —--gﬂim....'l'[;: 3P 7 10.0 _.0_ --------- =
= 1Py 32 prrrireeees L P 3p2
35 - 2S — P s x - 28 1
3 p”
'-F:Q--lwrn ..... x(c} % 3P1/
” ) 0
0 1P = 1P
]
=
.38, .
........... / . 95 | a
S8 y
1 -
30 S0 1, is,
15 v (a) 1S v (b)




QCD-motivated Quark Model

De Rujula, Georgi, Glashow, Phys. Rev. D12 (1975) 147

‘ - 2
HzL(—fl}‘fzy )+ Z (m +§';;'l"' +‘°°) +Z aQ Q +ka )S”

i>7

1 1 D,oD; Te(@DB)D;\ Togm /1 1 |165,.8 o ,
S = T2~ 3mm (_I'fi s ) =5 0°() P 3mim: — Color-Magnetic interaction

T2

vector part of gluon exchange
g———— G G DE D1 1G5
m1 oy 3 mM1Mo

q2

%I-‘ {mlz?xﬁi-gi— lz.fX§-°-S’-+ 1 [ZFXﬁi‘g.—ZFXEj‘-S’i 2-5 § 6(8 I‘)(-» I‘):]} o
; .
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QCD-motivated Quark Model

® Single particle motion
(540 J=1/2 8
J=3/2 10
hyperfine interaction

ALY -7,

i<j

(51/2)3 & e
X(O -0;) interaction

] O

>

‘ 3
\ A | SU(3) breaking
i N




QCD-motivated Quark Model

HF interaction in the baryon
B N-A mass splitting (300 MeV) <= A, ~ 50 MeV

B A-2 mass splitting (~77 MeV) from SU(3) breaking

EHF — ASS

\

50

Az (ud); g5 8
2:(ud);—y 518

{5u'5d+

MeV

§

X Og - (5d -+ 5u)}

e

50MeV x [ (-3) + 0 * £]
SOMeV x [ 1 + (-4) * £ ]

€ - factor: s-u, s-d HF interaction 1s weaker than u-d.
forc=3/5—>2-A=(8/15)x150 MeV =80 MeV



QCD-motivated Quark Model

MIT bag model, A. Chodos et al.

‘ o Bag: boundary condition
(potential wall)

-

Confinement is achieived by the bag boundary condition.
A quark has a single particle energy due to localization.
The bag has a volume energy to stabilize hadrons.

The confined gluon field has color-magnetic energy.

The MIT bag and the DGG give the same spectrum for the
ground state.

A



QCD-motivated Quark Model

# Isgur-Karl model
N. Isgur, G. Karl Shell model of hadrons

P Wave Baryons in the Quark Model: Phys. Rev. D18 (1978) 4187

Positive Parity Excited Baryons in a Quark Model with Hyperfine
Interactions: Phys. Rev. D19 (1979) 2653

# And many others

potential models
confinement potential, string, flux tube, . .
spin-flavor-color dependent terms
relativised models

bag models
can describe excited states? deformed, oscillating
soliton-like bags

B The right degrees of freedom (except valence quarks)?

gluon, bag, string, soliton, . ..
ﬂ



Quark model D EHE

w H dibaryon : S=-2,B=2
is predicted from the CMI strong attraction

a rough estimate:
My =4 mg + 2 mg+ <V, >y = 360x4 + 540x2 — 450 = 2070 MeV

AA threshold 2230 MeV
R.L. Jaffe, Perhaps a Stable Dihyperon: PRL 38 (1977) 195

Oka, Shimizu, Yazaki,
The Dihyperon state in the quark cluster model, PL. B130 (1983) 365

20-year searches were NOT successful. What’s wrong?



Quark model D EHE

Instanton-induced-interaction (111)
aka Kobayashi-Maskawa-’t Hooft (KMT)

= 111 (2-body)

spin-dependent attraction | Sy = ApSi; ALe; (1 -

E.V. Shuryak, J.L. Rosner, Phys. Lett. B218 (1989) 72
M. OKka, S. Takeuchi, Phys. Rev. Lett. 63 (1989)1780

® I1I (3-body) d
3-body repulsion flavor singlet (u-d-s) =

repulsive for the flavor-singlet H dibaryon | 9 | ¢




Quark model D fEl%

H dibaryon
BEFELELDL
ARV NI, DA+ —DRE

# Exotic quarkonium
MRTYY v )VRBTIIRBETERVARRE - X, Y, Z, Ds ?77
4-quark states, hadron molecules?

# pentaquark why?
BagiE®!, RV I vIILEREE (HFXD) SELLHAELY

MBHVEEL
NASILEFNE? DA A—DORRBL?
# Oset

I\NROVELEFHEI?




Quark model D fEl%

#t QCDI!I “quark model” Z¥(Z % 7>
# 5 “quark model” D305 %LDH>
HHEDOEMNIEL W (LEbh5)
gluon?3d & O ISHEL NN F R VPO G v
(723 =2 Dh 7T CHf)
Exotic (multi-quark) hadron % 'Bif#, 95
# QCDIZHV.H iR > T“quark model”Z fi A9 5

“constituent quark”ZQCDD”quark” & i 23E H D)
NEB UMDY F—T7 DEER?

# QCDZHEMT, B IC7 70 —59 5%




Quarks in QCD

2 QCD Lagrangian

1 _ .
L= qip —m)a — {TGWG™)| | Du= 00 +ighy
AP’ = ?Az
G, =0,A, —0,A, +ig[A,, A]

# Quark masses and scale of QCD

LIGHT QUARKS HEAVY QUARKS

AQCD £
| | 1 T I > mq
1 10 10% 1 10 100
MeV ‘ GeV
u d S ¢ t



Quarks in QCD

B How quarks get the “constituent” masses?
by chiral symmetry breaking

Dynamical model of elementary particles based on an analogy with

superconductivity 1:
Y. Nambu, G. Jona-Lasinio, Phys. Rev. 122 (1961) 345

Chiral Quarks and the Nonrelativistic Quark Model:
A. Manohar, H. Georgi, Nucl. Phys. B234 (1984) 189

Dyson-Schwinger equation
dressed quark propagator

- 1
Sp'(®) = Spo(p) —2(p) —»@—» S
Spo =p—m A
- effective mass A < > -

Siz' = A(p)p —|B(p)

constiuent quark masses: M, 4 = 350 MeV, M = 3550 MeV
ﬂ




Number of quarks in hadrons

How shall we determine the number of constituent quarks in
hadrons?

Which hadrons are exotic or do contain exotic multi-quark
components? KO Kot

The light scalar mesons g
£0(600), £,(980), a,(980), Ko(900)

A(1405) Jr=1/2-, flavor singlet Ko K’
e uds L=1 orbital excited state S=1/2 => J=1/2- and 3/2-
e (ud) (su)u L=0 ground state
s=0 diquarks + antiquark: S=1/2 => J=1/2 isolated

The competition between the Kinetic energy and the extra quark
masses indicates possible mixing of the two Fock components.

ﬂ



Number of quarks in hadrons

So far, hadrons are regarded as bound states of “valence” quarks
defined in the quark model.
What does QCD predict?

In QCD, all hadrons, even N(940), contain extra qq as meson
clouds and/or sea quarks.

When do we identify the extra flavor-singlet qq (or glue) as
"valence' components?

We need a ""good" definition of multi-quark-ness.

QCD multi-quark operators can couple to sea quarks.

The large “constituent” mass may correspond to the large x region
of the quark-parton distribution function.

ﬂ



Number of quarks in hadrons

DIS and other high energy processes may identify “valence” quarks.

Parton distribution = valence + sea

1.2

Gluon /15

/
/

Cannot measure the pdf of resonances: f,, a,, A™ etc.

sea quarks

valence quarks



Number of quarks in hadrons

New approach with the fragmentation functions

Exotic hadron search by fragmentation functions

M. Hirai,! S. Kumano,”? M. Oka,! and K. Sudoh?
PR D77 (2008) 017504 ; arXiv:0708.1816v1 [hep-ph]

) h
()

) 2
1 do 7 =203(1+GS(Q)) D,)(z)

9 tot
o dz % i

-3 EcE w00 (g )
T R

Coefficient Function Fragmentation Function
calculable in pQCD extracted from experiments

ﬂ

()+




Number of quarks in hadrons

0.03

Fragmentation function fo(980)
v?/d.o.f. = 0.907
Total Number of data: 23 0.02-

Tetra-quark configuration
favored FF: u and s quarks

Peak at large-z (z~0.85)

max ,_ » max
Z, Z

zD(z)

0.01

0

or 0
ss configuration Z
M, <M «
e S % 2" moments

+M,=0.0012 + 0.0107
+M,=0.0027 + 0.0183
+M,=0.0090 = 0.0046

%

(M,/M=0.43 = 6.73)

Large uncertainty
Need further precise data



Number of quarks in hadrons: summary

* “Number of quarks” is not conserved in QCD.

* We need a good definition(s) of “number of quarks” in
order to identify exotic multi-quark component in
hadrons.

* We propose a plausible way of searching exotic hadrons
using the fragmentation functions in high energy

collisions.

Applied to the global analysis of FFs of the f,(980)
production.
Indicating tetra-quark and/or ss configuration

Large uncertainty of the current production data does not
allow to distinguish them.

ﬂ



QCD» 6 H B~

# QCD Z (KZ W) K FZICERETE %70,

Not now. Maybe, in future.

# QCD 25 YIS 2 5 EHiE Zch
I WANEIE -
b e o
H A ZIVENBEEDINT R —5

® Lattice QCD mostly numerical
Other semi-analytic methods
QCD sum rules, Large Nc, Effective theories

%



QCD 6 51 BZ

® Lattice QCD
B unquenched QCD with Ny= 2+1 flavors

almost physical quark mass
S. Aoki, et al., (PACS-CS Collaboration), arXiv:0807.1661

09 | . . . | . . . | I T T T I T T T I T T T

i i 10 -
08| - . -

m . B m

. N o 09 A A

0.7 - |
2 ®

I ® i 08| - u
06 s . . ]

- o? . 0.7 o .
05F n § Ss08oe - i © ® x-0.136%

’ | O K =0.13660 ° O £=0.13660

[ A linear 7 06 N A lincar .

04} . # physical pt _ | ¥ # physical pt
- | 4 Expenment # Experiment

- 0.5 -

03 | ! 1 | 1 | | 1 1 1 | 1 1 1 | 1 1 1
0 001 0.02 003 0 001 0.02 003
AWI AWI
N4 Myd



QCD 6 51 BZ

® Lattice QCD
B unquenched QCD with Ny= 2+1 flavors
almost physical quark mass
S. Aoki, et al., (PACS-CS Collaboration), arXiv:0807.1661

20

I mass [GeV] ‘ IR

L 5 i o Q
bor . . =

_ T T

s : - i LA .
tor =t )

e K N

[ P _
051 : : j

| vector meson octet baryon decuplet baryon |
0.0l '




QCD calculation of coupling constants

The meson-baryon coupling constants and form factors
are the most fundamental quantities describing

hadronic interactions in QCD. Serious QCD-based
calculations have just started.

® 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 strong is the SU(3) violation in the coupling
constants?

B What does QCD predict for F/D ratio, it SU(3) is valid?

%



QCD Sum rules for coupling constants

# nINN coupling constant
T. Doi, H. Kim, M.O., PR C52 (2000)

1% (q,p) = i/d4iL’ "% (0| T [Jﬁ(x)jﬁz(o)} 7 (p))
tensor

I(q,p) = iysp 7Y + irys T5 + 50 qup, TIT Hivsg TI7Y|

In(w;t) = 2eape] (uq (2)Cp(w))y50c(x) + 1 (g (2)Cy5ds(2))uc() |

QWN/\%’@%Jr ATy M?)e mn /M
(10 + 4t — 14t%) (qq) M* Ey(z) — %(—1 — 2t + 3t%)(gq) M*

- 9672 f.
1
—ﬁf,, ?(—1 — 26t + 27t%)(qq) +

+%(—5 6t + lth)m(Q,(Qq)

| Double pole term S

102\ /A Qs 9
7,2.12]%r(17+2t 19¢ )(qq)<7r€/ >




F/D ratio v.s. cosO for T sum rule

B Tensor sum rule T Doi, H. Kim, M.O., PR C52 (2000)

t

- +1
2 1 — 00 +00 0

30 I I il I I I I I i I I

F/D=0.65x0.10
2/3 for SU(6)

2.5— —

20— —
F/D

0.57 from g, (exp)

1.5 —

A
1.0 — —

¥ oog o m 4 6 6 6 6 & 8 8 8 8 8 8 & 8 8 &
05 & |

| 1 | | | | | | | | | | | | | | | | |
0'91 .0 -0.5 0.0 0.5 1.0

cos 0




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)

GeV?)

0.75 1.00 MB2 ( .50 1.75
Borel Mass Mg?

gy[N — 9.6 - 1.6
V.S.
gaN (exp.) ~12.8

slightly
underestimated



Sum rule result

T. Dol, Y. Kondo, M.O. (2003)

ST 71 T T T T ]
G-ax(SU(3) limit) = 7.5 £ 1.3,
g-ax(broken SU(3)) = 6.9 + 1.0. -

SU3).

10 &S~

broken

gnAZ

SU(3) limit

| ] ] 1 ] |

1
Borel mass  M* (GeV?)

0
0.5



LQCD for the meson-baryon couplings

® Lattice QCD (Ns=2) is applied to
the ps-meson-octet-baryon coupling form factors.
T.T. Takahashi, G. Erkol, MO (2008)

B CP-PACS gauge configuration: 2-flavor dynamical
quarks on the 16°x32 lattice

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

Hp=195—>a=0.16 fm a!=1.267 GeV

B The ratio and absolute values of the coupling constants

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



pi-N-N coupling/form factor

% The naive chiral

extrapolation results in
o-nN ~ 11.02 £ 0.55
(gxnN (pheno.) ~ 12.8

% The monopole form

oLt T factor is softer than the
} 1 one used in the meson

{1 exchange models.

' AxnN ~ 0.62 £ 0.11 a1

N IR IR SR R ~0.79 GeV

0 0.2 0.4 0.6 0.8 1
2
mnr |lattice unit]

%



SU(3) couplings

—_
1

o

O

/ grn
T
L
M
GKAN / grNN

g + 5 - 11 | ]

Z:Z _ AR RV R U R ; - K_A_N | | |
%0.8;— { — 30_3;_ I . E
30.7:‘\\5\5\,\‘: o2k l o e
L A 1 Sl :

0'6;_I T _ 0— K‘Z_N L | |

Q= B30 e 0.384 v.s. SU(6) value a =04
— T = L. .S. = V.

SU(3) breaking effect is very small. The deviation 0 < 5%
ﬂ



Lattice QCD Summary

The two-flavor full-QCD lattice calculation was performed
for the ps meson-baryon coupling constants and form
factors.

®# The SU3) symmetry for the ps meson- octet-baryon
couplings happens to be “very” good. The F/(F+D) ~ (0.384
ratio is consistent with SU(6).

B OaNN ~ 11.02 £ 0.55 vs gaNN (pheno.) ~12.8

B The monopole form factor is softer than the one used in the
meson exchange models. Axny ~ 0.79 GeV.

®# These results are consistent with the QCDSR.

B Future perspectives
Further important predictions, n==, KAZ, K2'Z, . . .
Excited baryons, tNA, tiNN*, n2A(1405), KNA(1405) . .

Other mesons, p, v, K*, o
ﬂ
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# QCD 6 iR
QCD = (quark + gluon) /1 7 —/%7 — " Blli
BrENA ATy =HttDEL I +—7 %
» e ryOMHAaEN = At R B DOMHATEH
# H7—Z2kaL7T "Hth, AR ZES
BRI DN T A — 5 ZQCDD HikD 5

B, wiaEil

# quark model [ITHIETEZ 5D ?
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