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1. Introduction
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From QCD to nuclear force

QCD NN force

lattice QCD
( Ishii-san’s talk )

ANV L

low-energy P, 0,0°""
effective model
( present talk )

25SEP2009 SRC & T structure at J-PARC



Quarks and Baryons

O O | o O

up quark down quark strange quark | charm quark bottom quark top quark
~300 MeV ~300 MeV ~500 MeV ~1.3 GeV ~4.3 GeV ~186 GeV

., These three quarks are regarded as the identical particles with the
different quantum numbers = Flavor-SU(3) symmetry

Octet baryons ( with the spin value %2 ) : By

@@@@ @@

uds

AN

Nucleon (N) Hyperon (Y)
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Classification by the flavor-SU(3) symmetry

v q q
ox O x O = [ + |+ |+
(10)  (10)  (10) (30) — —
3 3 3 10 (11), (11),
T 8s 8a (00)
1
A+, A+ A0, A~ 1
AP RLED S p,n, A T
—%) —*_ + 0 —
5_0’ =" %o’ é_’ 2 A (1405) ?
For two octet-baryon system
[T = 4 [TTT 4 N . .
(11) (11 - - o
8 8 (22) (30) (03) (11), (11), (00)
27 10 10* 8s 84 1

If we assume that the flavor-SU(3) symmetry is satisfied completely,
the information of all BgBg systems are included in these 6-components !
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BsBg systems

Isospin basis particle basis
 NN(O), NN(1) * pp, Np, NN
1 AN(1/2) 1 Ap, An
1 ZN(1/2), ZN(3/2) 1 X*p, £*n, X%, XOn, TP, =
1 AA(O) 0 AA
1 EN(0), EN(1) 1 2%, E0n, Ep, En
1 2A(1) (1 Z*A, 20N, 2°A
(1 23(0), 22(1), 22(2)| |0 Z*tx*, 2430, ¥+3-, 3030 ¥0¥- Y73
1 2EA(1/2) (1 EOA, =°A
] EX(1/2), EX(3/2) ] B0x*, B030, B0y =yt X0, X
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SU(2): Coupling of two spin-states

;bSlSl; ;I'IJSQS;}: E fj L’l

S.)|ts, 08, |ss.

L Clebsch-Gordan coefficient
SU(3): Coupling of two flavor-states

1
|B1Ba| . Va0 {|BLBE|” FP(—1) B, Byl 1
| B1Bs )
¢m | Z H-:,_I_ [ 1jaq( 11 )as || | }\,H Ia; oy [Bgllqullj]mmmp
(Apjpe]

L Wigner coefficient

1 P=4: = " . ; | ; . : |
m |_1'u"'h'|%f:+l V2UTH00(1T) — 1—| | (22) — ’-—} [B[lljB{llj][ 22)- 311
| 1
FV2((11)00(11) — 3= || (11) = 35)p=2 [BayyBun] 1y 331

= |_

|
W[Billj’g(l”](gg] el ?[ B 41y a1,
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BgBg systems classified in the SUg states with (A, n)

S BgBg(l) 1g, 30 (P=symmetric) 3g, 1o (P=unsymmetric)
0 NN(0) — (03)
NN(1) (22) —
AN L [(11)4+3(22)] - +(03)]
-1 | IN(1/2) 2 [3(11)-(22)] . +(03)]
SN(3/2) (22)
AA 1)+ 57(22)+ o7 (00) —
EN(0) 1(11)s- Jo(22)+ ~— (00) 1
EN(1) VLD (2 (22) - +(30)+(03)]
2 | 3A ~ V1)t /Z (22) 2 [(30)-(03)]
$3(0) V1) — 555 (22)— /% (00) _
=5(1) _ Te{2(11), +(30)+(03)]
$3(2) (22) —
=A S [(11)+3(22)] T [-(11), +(30)]
-3 | EX(172) s [3(11)¢- (22)] 2 [(11), +(30)]
E3(3/2) (22) (03)
=2(0) —
4 =5(1) (22) —
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Advantage of the SU; quark model

-If the Hamiltonian for the baryon-baryon interaction
IS approximately SU(3)-singlet, the BgBy
Interactions with the same flavor-symmetry (Ap)
show the almost identical behavior for the states
with the common spin-value.

l
We may expect to understand the YN and YY

Interactions from the realistic NN Interaction !

| will talk as follows,
* General characteristic feature of a quark model

e Description of the realistic NN interaction in the
SUg quark model ( fss2 and FSS )

= BgBg Interactions in the present model
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2. Characteristic
feature of
a quark model
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Quark Pauli effect

Baryon level Quark level

OO

heterogeneous particles

the identical
What will happen A particles with the D
if they overlap each other ? different quantum
numbers

We can S_ee the qqark'Pau“ Ap system consists of quark,
effect by introducing only which is the Fermi particle
the kinetic energy without

any qqg interaction
S. Saito, PTP40 (1968) 893; 41(1969) 705

= Antisymmetrization
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—— e Normalization kernel in the single-channel
state
(22) G (00) (03) (0, (30) systems with (0s)® configuration
eigen value 10/9 0 2 10/9 8/9 2/9 | SFC | SFC
T T (€ | A€ /
complete almost
forbidden forbidden
phase shifts given by solving the RGM
| P e . . . .
3 B = S0 equation only with the kinetic energy
i v i term, namely, no qq interaction
NN(I=1) 10/9
30 T T T T T T T T T
AN 1 1 NN S, 'SCEN(E=31)'S)
-1 2 N(=1/2) i 0
5 N(=3/2) 10/9 NCAN'S, 'S EN(1=) 'S
AN 1 ~—~-30| IN(I=3)’S s
= N(I=0) 4/3 8/9 go
= N(I=1) 4/9 20/27 & -60F -
-2 5 A 2/3 2/3 e
3 3(1=0) 7/9 g 'gg
j T T T T T T T T
I Z(=1) 22/217 g an(i=Ly ZN(I=%)'P~\
3 3(1=2) 10/9 < _2-;—-—\—-—
; fus) 0 7 : : : 4 t t
= o AN'P, P
=) i 5/9 (IN(1=1)'P)
3 | zz0=1/2) Qo 5/9 -30} i
= 2(1=3/2) 10/9 10/9 (IN(I=£)'P)
2
= E(l:[}) "60' NN'P -
-4 — P-wave
= =(1=1) 10/9
. 1 1 I 1 1 i 1 1
% 200 400 600 800 1000
Pun( MeV/ic)
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Indication of the quark-Pauli effect
In the hypernuclear physics

| AT o l 1 o L r v v ] | S AT . E 3 g _ ar
BN (f_ 2) :—"‘u> = 5 (300, — (22) 'EN (f _ 2) ;_-,_> — (30)
(11), : Pauli forbidden state > Y N(1/2) 1S,-state (90%)
(30) : almost Pauli forbidden state —— 5 N(3/2) 3S -state Repulsive ?

It generates the repulsive X single-particle potential !

= It agrees with the experimental data about ( ©~,K*)
iInclusive spectra on 28S;

Any realistic BB interaction in the meson-exchange model
generate the atiractive X single-particle potential

_ N . T . —
others 13(1’=5) lfﬁn> = ﬁ_z(ms—(zz)] [EE(I=0)3S) = (30)
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Color analogue of Fermi-Breit (FB) interaction

Rujula et al. PRD12(1975)147

* the color analogue of FB interaction represents
the one-gluon exchange potential (OGEP)

« All the contributions from the FB interaction are
generated from the quark-exchange diagrams,
since we assume color-singlet cluster wave-
functions as the (3q)-(3q) system.

M. Oka and K. Yazaki, PL90B (1980)
41, PTP66 (1981) 556, 572

All contributions from the FB interaction

are short-range interaction !
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Short-range central repulsion

color-magnetic interaction

1 T 1 1 4 )
UM = ——as(\i-)\) = |—=+—+ 0| o(ry;
1 -1ﬂh[ i) 2 (m; m; S-mi-mjﬂ- JJ) (75)

derives from the color analogue of FB interaction that represents the OGEP.

= It generates the short-range repulsion in all flavor-SU(3) states

except for
g H - particle state

It may be interpreted qualitatively as the origin of well-known
repulsive feature of the nuclear force at the high-energy region.

25SEP2009 SRC & T structure at J-PARC
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LLarge anti-symmetric LS force

spin-orbit (LS) term
1 1 1 1 1 2
_Eﬂ-g(}nf - }\J} 3 a [’." ij X (p; — pj}] - {%Jf + m__?gj + F’J’Hj{gi + Jj}}
derives from the color analogue of FB interaction that represents the OGEP.
The YN interaction induces the channel coupling with spin-flip,

for example, 'P,-3P, coupling, which is forbidden in the NN system.
= due to LSO force ( anti-symmetric spin-orbit force )

The opposite contribution In the experiment, very small
between LS and LSO <gmmmmd- spin-orbit splitting in the energy
in the A-hypernuclei spectra of °,Be and 13,C
_ H. Akikawa et al., PRL88 (2002) 082501
Morimatsu et al., NPA420(1984)573 H. Tamura et al., NPA754 (2005) 58¢

Large LS®) contribution from the FB interaction
( Relatively small LSO contribution from the meson-exchange model )
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Quark model with FB Interaction

 Advantage

(1) Quark Pauli effect
(2) Short-range central repulsion
(3) Large anti-symmetric LS force

| Short-range tensor force derived from FB interaction is weak. ]

e Defect

(1) Missing of the medium-range attraction

(2) Missing of the long-range spin-dependent force
l Reason : no meson effect

Introduction of the effective meson

exchange potential (EMEP) between quarks

25SEP2009 SRC & T structure at J-PARC 17



3. Realistic BB, Interaction

In the SU, quark model
(fss2, so-called Kyoto-Niigata model)

25SEP2009 SRC & T structure at J-PARC
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From qqg interaction to BB interaction

QCD BB interaction
g T
AAAANANN = [T T T T
p,0,0
g q B B
QCD characteristics Simplification
1. color degrees g exchange effect —qq potential
g:color octet antisymmetrization among quarks
q: color triplet phenomenological r? potential
2. confinement OGEP — color analogue of Fermi-

3. asymptotic freedom Breit interaction

4. meson exchange effect EMEP acting between quarks
25SEP2009 SRC & T structure at J-PARC 19



BgBg Interactions by fSs2 rriess (2007) 439-520

A natural and accurate description of NN, YN,
YY interactions in terms of (39)-(3q) RGM

* Short-range repulsion and LS by quarks
* Medium-attraction and long-rang tensor by S, PS and V meson
exchange potentials (fss2) (Cf. FSS withoutV : PRC54 (1996) 2180))

quark Hamiltonian
H = Z?_l(mi'l_pizlzmi)
+Z6 ( +UijFB+ZBUijSB+ZBUijPSB +ZBUIJVB)

I<]

-U;7® : Fermi-Breit interaction
+U;;5# : scalar-meson exchange
*U;;PS# : pseudo-scalar-meson exchange
*U;;V# : vector-meson exchange
25SEP2009 SRC & T structure at J-PARC 20



color analogue of Fermi- Breit interaction
(In momentum space)

U =US + U + USM + UGS + U 1 UST

with
o 1 47
Us = s X))
| dar 1 ]
UME — Zag(- A mg o —— [— k-plk- -p;)— i
H -1{”jl ) k* m; . .IL‘I P:)\f - Pj) = (Pi - P;)
; 1 1 1
{'.rll-.ii "'.1 — __l:"t I .III. _____ 5 - ﬂ"i. - g'i.
' 1 i-i-} ._:'ri‘i'i"i'i'i'J ]
g 1 1 4-. [ PP 1 1 2
USSS = Zag(h-A) = =i |k, J‘]- a0+ oi+a
- -1‘”%I -1 kL 2 {m- :'.'." T mym; I i)
e | 1 4w 1 1 2
USRS = —og(h - Ay) = —i |k, p,+p. |- —0;, — —0; — (or. — a7 )
1 R [ P P-'] {rrr':-’ Comi Y omymy J}
- 1 1 4w 1 _ . (oo )k”
UET = Zag(h-Aj)-= (a; k)i - k) — —————
-1“%I : 1 kK mmy { T RN 3 }

where k =g, — g,
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meson-exchange gqq potentials

| - ¢ g’ L
ir_':"!' ) ) =||’1’T 1 < - P .I-TL-S
gy q:) = g4 k2 4+ m? { 2m* j”i','”; }

tid

1 4

m-, k*+m

T=gp \ 3 Y 9 9 ]- .
U™ (qp, ) = ~ff1 3 [[UJ k)es-k) = (1—c5)(m” + k)50 'ﬂ-;!]

r ) 4m e gel 3q° e g | 2 ¢ ) 1 2
l ﬁ‘E'—’Mﬂ?e} = - {f f (1 I 5 qirr) o W [“’l n)os-n)—(1 f‘m]ﬁﬂ (o) - o)
(j_.']lj«_rT | _fe.f-””.j F'ﬂ,'.‘;}
Ty d 11
where o f
+ 1/1
k=q,—q 4= (g, +)/2 gf—>{ N
q9:— 9., 9=(q;+q;)/ gs fs X5 A3() As(5)

and n = [q x k]. with singlet-octet meson mixing
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Resonating—Group Method -

a method developed In the cluster models of light nuclel
Antisymmetrized (RGM) wave function

#: [(0s)3 x spin x flavor] wave functions

W= ¢@ ¢ X (r)
7= ¢‘ ¢@ X (1)

relatlve wave function
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Lippmann-Schwinger (LS) RGM
PTP 103 (2000) 755

RGM Equation
(A30)H3a)|E-HL2 {A(30) H3a)x(r)})=0

e Solve [&Hp-VRrem(€)]x=0 In the momentum
representation, where Vrgm(8)=VptG+eK

e Born amplitudes (q¢{Vrem(€) |0i) PTP 104 (2000) 1025

Vrem(€) 1S non-local, energy dependent and
sometimes involves the Pauli forbidden state.
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EMEP direct terms

e
MBma)? \1 T 22

XEin . §©) }

A _Lgrane
Mp(q;,q;) :92k2+m2e s (04 {Xé’m

3
—WXOD+ZH - 8 —

S
2(3mud)2

Am
me, k2-|- 2

(m? + &)
3

Mgs(%‘aqz') -f? e‘%(bk)2X§D+ (1-k)(a2- k) — (1 —¢5) (o1 - 9)

Am 1 2 3 9
Vi ~L(sk) a2 xo. | ( 2 _)
(quqt) k2 +m 8 (f ) 0D T 2(3mud)2 q + 262

252

9 2 K
—(f™)’ @mwm)z)(gm (a1 -n)(ey- n) — (1 = ¢ys5) (% + b_z) (1 - )
N g1 x k] - |2 X k]] X5, in- 8 - 2" f Xt in - 0 }

3mud,m

where X% are spin-flavor (-color) factors.
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model parameters

b(fm) . (MeV/ied) a5 A=m,/mu
F38 0.616 360 2.1742 1.526
fss2 (0.5562 400 19759 15512
Fjd iy i o3 1
FSS 2.80138 1.07600  27.78° 65°
fs2 3.48002 094459 33.3205° 55.826°

.lF'S fEPS ﬁP.S
FSS 0.21426  (.269% —-23°
me2 - (.26748 — (no 7,7
e f8e S
fms2  1.050 0 1.000 2.577
e Mg Ms M (MeV/c)

FSS 800 1250 970 1145
52 800 1250 8463 936

i) Cass CqT 1) 87 is used only for TN (I = 3/2).
FSS  0.381 — — 2) Y = 35.264° (ideal mixing), no vector tensor, two-
&2 047564 06352 3139 pole p meson : 664.56 Mey (0.34687) and 917.772
MeV (0.48747) are used.
3) mg = T20 MeV/c? is used only for NN.
25SEP2009 SRC & T structure at J-PAR 4} only for 7, otherwise 1.

5) augment the Fermi-Breit tensor term by ¢,7.



o (deq)

o (deg)

25SEP2009

— 40

np phase shifts by fss2 (J=0-2)

g0 | = 1
=]
]
-
[ 2=

_20 L J

(b)
0 A S S S S—

—10 L .
-2 ]
ol
b fas2 i

) FS5 o |
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6 (deg)

25SEP2009

np

n

pha

700
Tiak (MeV)

300

&(deq)

se shifts by fss2 (J=2-4)

I FSS —
(f) SPO9 ]
00 200 300
Tlij {ME"-.-"}
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NN and YN
total cross
sections

25SEP2009
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Deuteron properties by fss2 in three different calculational schemes,
compared with the predictions of the Bonn model-C potential and the experiment

isospin basis particle basis Bonn C Expt.
Coulomb off Coulomb on

eq (MeV) 2.2250 2.2261 2.2309 fitted  2.224644 £+ 0.000046
Pp (%) 5.490 5.490 5.494 5.60

n=Ap/Ag 0.02527 0.02527 0.02531 0.0266 0.0256 + 0.0004
rms (fm) 1.9598 1.9599 1.9582 1.968 1.9635 £+ 0.0046
Qg4 (fm?) 0.2696 0.2696 0.2694 0.2814 0.2860 + 0.0015
ta () 0.8485 0.8485 0.8485 0.8479 0.85742
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25SEP2009

Effective range parameters of fss2 for the NN interactions

isospin basis

particle basis

Coulomb off Coulomb on

Expt.

a —17.80 —7.810 —7.819 4+ 0.0026
pplSe 1 2.680 2.581 2.794 £ 0.0014

P 0.061 —0.064

a —2.876 —3.117 —4.82+1.11, —2.71 £ 0.34
P Por 3.834 3.735 7144093, 38+1.1

P —0.011 —0.034

a 1.821 1.992 1.78 = 0.10, 1.97 £ 0.09
pr Py —8.162 —T7.5666 —7.85 £0.52, —8.27 £ 0.37

P 0.001 0.001

a —18.04 —18.04 —18.056 4+ 0.3, —18.9+ 04
nn 1S, r 2677 2.677 2.75 +£0.11

P 0.061 0.061

a —2.881 —2.881
nn P, r 3.825 3.825

P —0.011 —0.011

a 1.823 1.823
nn P, r —R.154 —8.155

P 0.001 0.001

a —23.76 —27.39 —27.87 —23.748 £ 0.010
np 'Sy r 2.588 2.532 2.529 2,75 +£0.05

P 0.059 0.052 0.052

a —2.740 —2.466 —2.466
np B or 3.869 3.930 3.930

P —0.013 —0.018 —0.018

a 5.5909 5.400 5.305 5.424 4+ 0.004
np 39, 1.735 1.735 1.734 1.759 £ 0.005

P 0.063 0.063 0.063

a 2.824 2.826 2.826
np 'p r —6.204 —6.300 —6.300

P —0.006 —0.006 —0.006

a 740 1.582 1.582 32
np P r —8.198 —8.185 —8.185

P 0.001 0.000 0.000




4. Results and
discussion
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Flavor-SU(3) dependence of the B4B4 Iintereactions

If the Hamiltonian is

approximately SU(S) scalar, S By Bs (1) P 1; |:.‘\.‘».'lllllglgl'llf.':l P ;}l;[smli..\_\'nl]gu-ll'ir]
we can expect that the — T - —
baryon-baryon interactions NN (T=1) ) —
with the same SU(3) AN (1), +3(22)] S (11)q +(03)
representation should be very -1 | WN(I-1/2 ﬁﬂ-‘hﬁllu— (22)] (1) £ (03)
similar. IN (1=3/2) (3)
1 Y 1
AA v 1), Tﬁ' 2) -+ —=(00)) -
NN(I_J‘) EN(1=10) ﬁllll - 2) 4 -lilm (1),
(22) ZN(I:B/Z) ZE(IZZ) EN(I=1) \/EI.H.IS | v%)b 713|—[][]a F (3074 [I].’}]|
=22(1=3/2), 2E(I1=1) 9 v \/'_[H] |\/—m1 L(130) - (03)
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Flavor-SU(3) dependence of the B4B4 Iintereactions
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Behavior of the BgBg interaction in each flavor-
SU(3) symmetry in the SU, quark model

(22) : attractive with core (11), : forbidden state
(00) : attractive without core
(03) : attractive with core (11), : small

(30) : almost forbidden state

Behavior of the flavor-symmetry breaking of the
BgBg interaction in the present model (fss2)

The BgBg interactions generally get weaker as more
strangeness is involved.

= Is it the general trend of the SU, quark model ?
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Structure of the BgBg Interaction
In the SU, quark model

Cancellation between the short-range repulsion
generated from the color-magnetic term and
medium- (and long-) range attraction generated
from the EMEP

* They get weaker with increasing the
strangeness.

* The feature of the FSB of BgBg Interactions is
decided by the correlation between the reduction
of the repulsion and attraction !
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H-dibaryon in the quark model describing
the realistic NN and YN interactions

Color-magnetic term generates the short-ranged strong attraction in
the flavor-singlet (00) state. (by Jaffe)

AA-EN-XX coupled-channel inlS,-state

Coupled-channel calculation only with the FB interaction without FSB
= bound state of binding energy 31 MeV

Coupled-channel calculation only with the FB interaction with FSB

= resonance state in the AA channel

Coupled-channel calculation with full interactions with FSB

= Cancelation between the color-magnetic term and the
strangeness meson exchange effect for AA—ZN transition potential
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5. Summary

* We investigated the short-range BgBg interactions in the
realistic SU, quark model

e Reduction of the repulsion from color-magnetic term at
the short-range region and the attraction from EMEP at
the medium-range region, with increasing the
strangeness

e Feature of BgBg interactions depend on the correlation
between them

* No existing H-dibayon in the present model

= due to the flavor-symmetry breaking and the
strangeness meson exchange effect
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Difference between pn and pp(or nn) interactions
In the SU, quark model

* [pn] = —= ([INN(I=0)] + [NN(I=1)] )
* [pp] = [nn] = [NN(1=1)]
INN(1=0)] : 3S,, 'Py, °D;, *Fs, ..., [NN(I=1)]:1S,, °P,, 1D,, °F,, ...

(1)Quark-Pauli effect : The normalization kernels in the 1S, and
3S, states have the same eigenvalues ...... no difference

(2)Color-magnetic term : Its repulsion is stronger in the NN 1S;-
state than in the NN 3S_-state.

*simple estimation < X_;; (A°*A;°)(c;*c;) > with the spin-
flavor-color wavefunction
-equivalent local potential
(3) LS term : no contribution in the 3S, and P, states
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Tensor force In the SU; quark model

« Origin of tensor contribution in the present model

(1)FB interaction : small

(2) m-exchange effect : large at the long-range region
(3)p-exchange effect : partial cancellation of the n-exchange effect

- effect of higher-momentum term
- multi-gluon exchange effect
-NA channel coupling effect

= The large contribution of attraction even in NNS-state by
introducing the coupling to NA °D,-channel
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