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QCD Quark model Effective theory
quark+gluon constituent quark hadrons
color gauge global color no color (singlet)
symmetry symmetry

Chiral Symmetry Breaking
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QCD:
Gauge invariance

B QCD (Quantum Chromodynamics) Lagrangian

1
Hilp

qg(x) 8 y\a

o= (@) | 4= Fan
q (x) a=1

GH = gAY — O¥ A* + ig[A*, AY]

TH{G" Gy} + qliv - D — M)q

® | ocal gauge invariance
qg(z) — ¢'(z) = U(z)q(z)
Dyq(x) — U(z)Dpuq(x)
Au(z) = Al(z) = U@) AU + 20,U(x) U ()
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QCD:
Asymptotic freedom/ Confinement

B Asymptotic freedom

o |27 _
a,(Q7) . 5z + (higher order terms)
(33 _)\ 1 ) lll \_ L '
A = Agep ~ 280MeV =7 | N
® Quark confinement i
2 ,."‘ 1 1
1 .’o"'
= ) ’/‘/.J
S o
T - e . .
A | Quenched Wilson SU(3) Lattice
S G.S. Bali, Phys. Rept. 343 (2001) 1
-4
1 1
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QCD:
Nontrivial vacuum

- quark condensates break chiral symmetry

(uu) = (0| : au : |0) =~ (dd) =~ (—230MeV T (§s) =~ 0.8(uu)
- gluon condensate breaks scale invariance

(Y.

(G*) = (0] : =G GE, : |0) = (330MeV)*

 instantons nontrivial topology

/ (:'...,,.,(":"‘,“.,(/l.l’ £ ()
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QCD:
Ground state phases

T
my®>muqe70

Quark-gluon plasma phase
Wigner phase s

Hadron phase — \ /

Nambu-Goldstone phase

Color superconductor

Chiral symmetry restoration
NG phase Wigner phase

(qq) #0 ==  (Gq) =0
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QCD:
Phase transition

Lattice QCD at finite T F. Karsch, hep-lat0106019
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Fig. 2. Deconfinement and chiral symmetry restoration in 2-flavour QCD: Shown

is (L) (left), which is the order parameter for deconfinement in the pure g
limit (mg — o), and (o) (right), which is the order parameter for chiral sy

metry breaking in the chiral limit (m, — 0). Also shown are the corresponding

susceptibilities as a function of the coupling 3 = 6/4°
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QCD:
Phase transition

TANCEM

[ 2: Brookhaven FI%A® RHIC MER, 4 A > %2 4E10 EEBEDD 220 ¥ 7 |
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ARLYIRR

Mg & /\QCD

QCD ®RT—JL  Agep= 100-200 MeV
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Penta-quark@SPring-8

Evidence for Narrow S=+1 Baryon Resonance in

Photo-production from Neutron
T. Nakano et. al. (LEPS collaboration). Phys. Rev. Lett. 91, 012002 (2003)

572-7RFORKR 2002=x%

Y n (12C)e K- @+ BIRVFEF-OR .
— K- K™n %"\M - (o] comz o
at SPring-8 tagged photon o R
E, <24 GeV ad\s
521 -oRF
¥=42 0* ~
by Hosaka PiF
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Penta-quark@SPring-8

T. Nakano et al. (LEPS collaboration)
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Penta-quark@SPring-8

m O decays to n(udd) + K (us)
= (Conservation laws of strong interaction
S=+1, B=1, O=+1 wmbp uudds
mm) V= B+5=2
m=) SU(3) 10%,27, . .. ;
= 10* genuine penta-quarks (uit + dd + 53 Juds \
O (1=0), E(1=3/2) ddssu, uussd

r J
ad + 5§ MH{.’
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m J\1){—1% (S=-1, -2) DX, BE. AEEOE
8 U Tt snicZhDUHEZERY 3
m KEK PS, BNL AGSETOESRRZITIC
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— gt =N

= ZNDFEE 358

%7 = OPE + Ppb&is| ) + 1ERERE/R 7D
5IDERD ~ 100 MeV |

! q

o BEFOHYAZ ~ 4 fm 0.5 fm 2

s D/NUAVEDABRUEBEZRFDOON ?

C

P& 3320 (ESU(3)xIFh4EZE AL T—RRE

RRIERE/R D (XL BRDODN 7 EIRE?
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— gt =N

= OBEPIC&S7T70—F
Nijmegen potential  HC, SC, NSC97, ESC04, ESC06

Julich potential (<- Bonn potential)

" BIERRNDERZD & —DBIEICKDHT
Quark antisymmetrization Tamagaki, Neudachin, Smirnov (1977)

Quark Cluster Model Oka, Yazaki (1980)
= FERERERZA R-~1fm
“FDRiiARE 300 ~ 500 MeV
FAODRE 500 ~ 1000 MeV
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® Quark Cluster Model
I A =IO (RXI¥ME) (CERT DR/

A1
100 B
- QOCMA - 4
50 - e weee QCMEB -
> —=5cub 1
B O S\ p I
X PWag s
S 3 X K s
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- 4
Sl | I N N
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SU®6) D SU@) flavor x SU(2) spin

8 (S=1/2): N A X =

[3] 56
< 10 (S=3/2): A I* Z* Q

SU(3) flavor
8x8= 1+ 8g+ 27 + 8, + 10 + 10*

/ Symmetric \ Antisymm \

AA—-NE-ZX (I=0) NN (I=1) NN (I=0)

M. O., K. Shimizu, K. Yazaki, PLB130 (1983) 365, NPA464 (1987)3;00
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Introduction

NN (I=1) 38,

NN (I=0) 1S,

NA, N < Hypernucleus

H dibaryon AA - NZ - 23 (I=0)
6-quark states?




NN(I=1) singlet even

EN(1=3/2), EN-AN(I=1/2)

22(1=2), EN-X2X-2A(I=1), EN-ZZ-AA(=0)

EX(1=3/2), EX-EA(I=1/2)

EE(I=1)

8 2N-AN(I=1/2)

EN-XA(I=1), EN-ZZ-AA(I=0)

K =EX-EA(1=1/2)
° EN-XZ-AA(I=0) H diba ryon

SU(3) IFREICTED D ? BRI ?
AN-ZN, AAN-=N-2 2 BE
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triplet even

TN(I=3/2)
EN-EX-TA(I=1)
EX-EA(I=1/2)

= (1=0)

NN(I=0)
IN-AN(I=1/2)
EN-TA(I=1)

=2(1=3/2)

SN-AN(I=1/2)

EN-23-TA(I=1), EN(I=0)

EX-ZA(I=1/2)




Short range BB interaction

® NN: Quark exchange force  Fujiwara

NN Short-range repulsion

Pauli exclusion principle

N N Neudatchin-Smirnov-Tamagaki (1977)
_|_

color magnetic interaction
Oka—Yazaki (1980)
_|_

instanton induced interaction

N N Takeuchi-Oka (1989)
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+ long range meson exchange force PS+S+V

S. Takeuchi, O. Morimatsu, Y. Tani, Makoto Oka,
Prog.Theor.Phys.Suppl.137 (2000) 83-120
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S wave =
Strong short range repulsion_t ,
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20}
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O

P wave LS force— 2o}
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LS force in the NN interaction

Strong LS force

in NN P-wave scattering o

k S — OCM (p|||=0.4)

S. Takeuchi, PR D53 (1996) VZ40 e
10 *Ps
8 p -
D . 4
2 | 5 - :
= 0 S : /9‘—§
3PT e __C _i __'; q‘g
-10 PR T P A
50 100 150
Ecm. [MeV]
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|11 in the baryon spectrum

M [GeV]

Exp. F'heory for N*
20F Weak LS force
B BN in the P wave baryons
PR - — S. Takeuchi (1994)
Aol By T
2 s e L 32 hi_ 32
.5 [ 312 . —i—— py=partof III(KMT)
3 | | in the hyperfine splitting
B keeping N-A mass diff.
1.0
N* A* Cent /)m =0 025 04
Houark = K + (1 — pi1) Voge + pimiVin + Veont
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Strong Antisymmetric LS Force

from quark exchange

50

Vsis = Vs(r)(@y +6n)- L
Vars | = Va(r)(@yQdn)- L

0

0

>
®
=
>

* explains weak LS force
on A 1n nuclei

e no ALS for 2N (I=3/2)

MEX
QEX

Morimatsu, Shimizu, Yazaki

Tani, Takeuchi, Oka

Quark Model of Hadrons
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