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It is my great pleasure and honor to give a talk at the
colloquium on this special occasion, the “Japan Days”.

First of all, | would like to express my deepest
appreciation for supports and encouragements from
all over the world, in particular from Germany, to the
peoples in Japan.

We are still struggling against tragedies caused by the
Earthquake and Tsunami. | however strongly believe
that we will be able to overcome these difficult
situations, together with your great help.
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1. Motivation
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What binds protons and neutrons inside a nuclei ?

gravity: too weak

Coulomb: repulsive between pp
no force between nn, np

New force (nuclear force) ?

1935 H. Yukawa
introduced virtual particles (mesons) to explain the nuclear force

Yukawa potential

maqgT

_ge

Vir) =
n/’.\\n I T

1949 Nobel prize
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Nuclear force is a basis for understanding ...

e Structure of ordinary and hyper nuclei

e Structure of neutron star

e |gnition of Type Il SuperNova
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Phenomenological NN potential
(~40 parameters to fit 5000 phase shift data)

300 U I N I | 1 . r 1t 1t [ T© T T 1
1SO channel -
Rl Il 1
200 —
— | |
> repulsive | 27 | .
g 100 ~ COr€ | o,w, 0 | .
= | | |
O
= i | |
0 —t — :
Bonn
Reid93
-100 AV18
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] One-pion exchange
Yiukawa(1935) :

II Multi-pions
Taketani et al.(1951)
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Repulsive core Is important

— \ ™~

- . maximum mass of
stability of nuclei
neutron star

explosion of
type |l supernova

Origin of RC: “The most fundamental problem in Nuclear physics.”

Note: Pauli principle is not essential for the "RC". p

S
QCD based explanation is needed
Lattice QCD can explain ?
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Plan of my talk

Motivation

Strategy in (lattice) QCD to extract “potential”
Nuclear potential from lattice QCD

More on nuclear potential

Hyperon interactions

H-dibaryon

N o O bk~ 0D~

Conclusion
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2. Strategy in (lattice) QCD
to extract "potential”

p\)\ /p p

—

n/\ n.

n

Challenge to Nambu’s statement

“Even now, it is impossible to completely describe nuclear forces beginning
with a fundamental equation. But since we know that nucleons themselves are
not elementary, this is like asking if one can exactly deduce the characteristics
of a very complex molecule starting from Schroedinger equation, a practically
impossible task.”
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Definition of “Potential” in (lattice) QCD ?

Previous attempt Takahashi-Doi-Suganuma, AIP Conf.Proc. 842,249(2006)

calculate energy of Qqq +Qqq as a function of r between 2Q.
Q:static quark, q: light quark D >
r
T B 2O D
Quenched result ) () © (d)
(k=0.1650) (k=0.1650) (k=0.1650)
0.5 \ 0.5 \ 0.5 ;

Vyu-2V, [GeV]
, | ] +(b)+(c) | | ,
0 — §§§ ...... §§ ......... S T 1 " ﬁi. ..... ﬁ. ......... T SR - §.§§§§ ......... po—

Ves—2V, [GeV]  (3) Vo—2Vy [GeV] g |

-0.5

. | . | . | . | . -0.5 . | . | . | . | . -0.5 . | . | . | . | .
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Distance r [fm] Distance r [fm] Distance r [fm]

Almost no dependence on r!

cf. Recent successful result in the strong coupling limit
(deForcrand-Fromm, PRL104(2010)112005)
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Alternative approach

Consider “elastic scattering”

NN — NN NN = NN—-+—others
(NN = NN+, N N+NN, - - )

Elastic threshold FEin = 2my + 7

Quantum Field Theoretical consideration

e S-matrix below inelastic threshold. Unitarity gives
S = 627’5 E:2\/k2+m%\,<Eth
e Nambu-Bethe-Salpeter (NBS) Wave function
pp(r) = (0[N(x+r,0)N(x,0)|6¢, E)

QCD eigen-state with energy E and #quark =6

N(z) = capeq®(2)q°(x)q(x): local operator
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NBS wave function satisfies off-shell T-matrix

3
6ik-r + / d p 6z'p.r Ek -+ Ep T(p7 —P k7_k)
(27)3 SE2 p? — k? — e

pE(r)

+  Z(r)
_ E2 —E2
inelastic contribution X 0(6 \/ th |r|)

C.-J.D.Lin et al., NPB69(2001) 467
Asymptotic behavior | 7 = ]r\ — 0O CP-PACS Coll., PRD71 (2005) 094504

sin(kr —Im/2 4 01(k)) sl wave 1=0.1,2,- -

kr
" . A
* no interaction

0;(k) is the scattering phase shift

Pr(r) — A

interaction L
Finite volume range

allowed value: k2 » 01(kn)

Lueshcer’s formula v
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Our proposal

_ _ Full details: Aoki, Hatsuda & Ishii,
We define a “non-local potential” PTP123(2010)89.

e~ Holps(x) = [y y)esy) w= -

Velocity expansion| [U(x,y) =V(x,V)é’(x —y)
Okubo-Marshak (1958)

V(X, V) — V()(T) —+ VJ(T)(O'l - 0'2) + VT(T)Slg + VLs(T)L .S + O(Vz)
LO LO LO NLO NNLO

3
tensor operator Si2 = 7“_2(01 - X)(0g - x) — (01 - 02)

spins

We calculate observables such as phase shift and binding energy
using this approximated potential.
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3. Nuclear potential from
lattice QCD




Lattice QCD Zoltan’s talk

< >
L
e well-defined statistical system (finite a and L)
® gauge invariant » 2?::&2}%?}';0
e fully non-perturbative

Quenched QCD : neglects creation-anihilation of quark-anitiquak pair
Full QCD : includes creation-anihilation of quark-anitiquak pair
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NBS wave function from lattice QCD

4-pt Correlation function

F(I’,t — to)

Large t

F(r,t —ty) = (0|T{N(x+r,t)N(x,t)}J (t0)|0)

source for NN

complete set

= (O|T{N(x+r,t)N(x,t)} Z 12N, W,,, 51, 89) (2N, W,,, 51, 82| T (t0)|0)

n,s1,52

— Z An,31,52 QOWTL (r>6_Wn(t_t0)7 AN,Sl,Sz — <2N7 Wna S1, 52|7(0> |O>

n,si,52

llm F(r,t — to) p— AOSOWO (r)e_WO(t_tO) _|_ 0(6_ n;zéO(t_tO))

(t—to)—>oo
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The 1st quenched QCD results
e 2=0.137 fm, physical size: (4.4 fm)*

e 3 quark masses m; = 370 MeV (2000 conf), m, = 527 MeV (2000 conf)
m, = 732 MeV (1000 conf)

Blue Gene/L @ KEK(stop operating in this January)
10 racks, 57.3 TFlops peak

" 34-48 % of peak performance

4000 hours of 512 Node
(half-rack, 2.87TFlops)
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Two Nucleon system

S: spin \

| ™~ L :orbital angular momentum
1 1

Consider L=0, P(parity)=+ spin 5 ®5 =180
e, 1
o+ T =1

=D |35, 15| M
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NN wave function

Quenched QCD

a=0.137fm
T TIIIEL | T T 1 i
R attraction So =
~ 8 “;"381 A
= ......... QQQQA,Q..Q &0 -0
(-)l 0 8 A @é@ normalized here
' O I' 40 ~
5 0.6
L
0 repulsion
S 0.4 F
2
0.2 F
e
e
O O ] ] ] |
0.0 0.5 1.0 1.5 2.0
. _ Ishii-Aoki-Hatsuda,
t—ts=0 r [fm] PRL90(2007)0022001
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‘(quenched) potentials I

LO (effective) central Potential V(rs' So) = Vo'~ (r) + VI ()
V(r?S1) = V=0 (r) — 3V,4=0(r)

E~0 m, >~ 0.53 GeV

600 100 a=0.137 fm L=4.4fm
A SO =
- 3G, a1 ] 300 v et
500 o [ 1 . B 1 ]
50 F @ i S, channel -
— . 3 . ]
é 400 Ag | % . ook ]
= 300 F % ol % a5 0 < | |
= - R s = : v | repulsive I 27 I o
>O 200 A %@ g % 100__ core : o, w, o : __
100 PR PP IR PP B >U : | |
0.0 0.5 1.0 1.5 2.0 ol
0 e i
t M R B M BT T I Bonn
0.0 1.0 1.5 2.0 100 - Ri{f}?g
r [fm] S
0 0.5

Qualitative features of NN potential are reproduced !

Ishii-Aoki-Hatsuda, PRL90(2007)0022001 This paper has been selected as one of 21 papers in
Nature Research Highlights 2007
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Remarks
[Q1] Scheme/Operator dependence of the potential

® The potential itself is NOT a physical observable. Therefore it
depends on the definition of the wave function, in particular, on the
choice of the nucleon operator N(x). (Scheme-dependence)
cf. running coupling in QCD
® “good” scheme ?
® good convergence of the derivative expansion for the potential.

e completely local and energy-independent one is the best and
must be unique if exists. (Inverse scattering method)
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[Q2] Energy dependence of the potential
Non-local, E-independent 0 Local, E-dependent

(E + %) YE(x) = /d3y Ux,y)ee(y) VE(X)pr(x) = (E + V—:L) pE(x)

non-locality can be determined order by order in velocity expansion
( cf. ChPT)

V(X7 V) — VC(T) + VT(T)S12 + VLs(T)L - S+ {VD(T), VQ} 4+ ..

[Numerical check in quenched QCDJ mx =~ 0.53 GeV

2=0.137fm &
“353

K. Murano, N. Ishii, S. Aoki, T. Hatsuda W

PoS Lattice2009 (2009)126. A
Anti-Periodic B.C. N
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e PBC

(E~0 MeV)

e APBC (E~46 MeV)

e,

S

BS wave function

——
— =
.‘-".éi‘%' Z
e

755"?%5%!

APBC

BS wave function

500
400
300
200
100

-100

's, V. APBC
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Vc(r:'SO):PBC v.s. APBC 1=9 (x=4-5 or y=+-5 or z=+-5)

100
600 |°
. E 46 MeV -
& 50 i O[MeV .
bl
= 400 | . '
] ol \ "M
= .
S
200 0. -50 L 1 1
A 0 05 1 15 2
o
0 \ﬁw

E-dependence of the local potential
turns out to be very small at low
energy in our choice of wave function.

good scheme ?

d [radian]

Quenched QCD
my. ~ 0.53 GeV
a=0.137fm

phase sqlfts from potentials

I. ,,,,,,,,, i ,,,,,,,,,, APBIEL
| | PBC
; "
[T
0.05l[§ I,
| | e,
|: | i ]
GI.. .................. I ................ - '- ...........................
| |
005} | ¥
. | y
I} E=44.5 MeV (APBC)
-0.1 I‘ l .

g g ol
:ﬂ 50 1bU 150 200 250 300 350
| EanMev]

e e —

201154 824HHEH



4. More on nuclear potential

201154 824HHEH



Tensor potential

J=1, S=1
(Ho + Vo(r) + Vr(r)Si2)Y(r; 17) = E(r; 17)
mixing between 351 and ®D; through the tensor force
Y(r;17) = Pip(r;17) + Qup(r; 17)
P¢a5(r; 1"") — P(Al)waﬁ(r; 1"‘) “projection” to L=0 35'1

Qwag(r; 1+) — (1 — P(Al))zpa@(r; 1+) “projection” to L=2 3D1
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: Aoki, Hatsuda, Ishii, PTP 123 (2010)89
Wave functions arXiv:0909.5585

Quenched

(a) (b)
WGD@@@@mmmmmm W@D@@@mmmmmmm

o P

o® — 3 —— o 3 .
b © L_O 381 A ¢ 0® 381 —A—

=2  multi-value single-value

>
zsﬁﬁAﬁé%%gAAA:::ﬁﬁﬂﬁA s A AAAMM N N A a a4 4 . N
AT ol a & 5 L
| I A: ° ] ] ] ] ] ] ]
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
r [fm] r [fm]

divided by Ygo(e, qb)
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POtentIalS Tensor Force and Central Force (t-t;=5)
400 : IX 1 1 1 I Ilo(l) 1 1 I 1 1 1 I 1 1 1 I 1 1 :
: -I 1 IXI I 1 1 1 1 I 1 LI I\} I(I!)I 1 ! 1 I- :
30 | : : V (r) —— |
: I Vc eff 41 1
300 [~ x _ 5 4
: T e H -
= : -3 VO = 1
2 200 F - k. 1 3
_ - I S N 7 z. &éz 1
S e x : X -
> C x - =3 . N
100 [ R el 1 4
B x
: 1 1 1 1 I 1 1 1 1 I 1 L1 1 I 1 1 1 1 I 1 1 :
50 :— ‘ /T " 0 0.5 1 1.5 2 —:
0 F g R T D B T S R
C i gt * * -
-50 -1 1 1 1 ] 1 1 1 1 ] 1 1 1 1 ] 1 1 1 1 ] 1 [
0 1 1.5 2
r [fm]

® no repulsive core in the tensor potential.

e the central potential is roughly equal to

the effective central potential.

® the tensor potential is still small.

m,. ~ 0.53 GeV
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POtentIalS Tensor Force and Central Force (t-t;=5)
400 N 1 | | | | | | | | | | | | | | | |
: b4 I 100 | | | II | | | | I | II | I\} | | | | II |
- - > S r(T) 7
350 . i Vo(r) ——
- - Ve, eft -
300 | X I 3 ]
: 50 e —— 4
250 - X : -
— C N N -
> - i % VC - i
2 200 | % ; ]
_ - L e R E g 5.8 % % g
D 150 F 0 R B oo
g - X - . L S E | | )
100 F- ¥ Y. 200 T
" RN AN A B A B A E ;
50 | y 0 0.5 1 | \\p\, Vr
Vo N A
N . ——— e B "2 |
- F ~ e
C ) i i ® % E 0 =
-50 C__ 1 ] ] ] ] ] ] ] ] ] ] ] ] ] é f_ff""
0 0.5 1 = o f?::*’”
r [fm] I
.n'.f
® no repulsive core in the tensor pol  * P ‘
p p 0 05 | 15
rifim}

e the central potential is roughly eq....
the effective central potential.

® the tensor potential is still small.

n -

m,. ~ 0.53 GeV

from
R.Machleidt,
Adv.Nucl.Phys.19

Fig. 3.7. The contributions from =
and p (dashed) to the T = 0 tensor
potential. The solid line is the full
potential. The dash-dot lines are
obtained when the cutoff is omitted.
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Quark mass

dependence

V(r) [MeV]

n1 =731 MeV —a—]
m =529 MeV =]
m =380 MeV —=—

_50- P P S R S S S S R S S S S |

0.0 0.5 1.0 1.5 2.0
r [fm]

® the tensor potential increases as the pion mass decreases.
® manifestation of one-pion-exchange ?

® the fit below works well.

3 3 e e’ 2 3 3
Vr(r) = bi(l—e)? (1 bs(1 —e™™m)* | 1
r(r) 1 ¢ ) ( + mpr * (mpr)2> r + bs( ¢ ) * Myl + (myr)?
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Full QCD Calculation

PACS-CS gauge Configurations(2+1 ﬂaVOI’S) Phys. Rev. D79(2009)034503
2.0
mass [GeV] ] a = 0.09 fm
L5F Lég i L =29 1tm
Ty | |
- -~ 5 A { mi =156 MeV myL = 2.3
1.0F ~ , A - U
L _._* ¢ N |
“+ K
| p — Experiment . . T
0.5 o K. Qinpu 1 We are almost on the “physical point”.

44— _ _ _
Calculations with L=5.8 fm with

4.2 mnz/mu 4 Llattice unit] m,. ~ 140 MeV are on-going_

4.0 myL > 4
156

3.81 +
EE 296 570 @ CP-PACS/JLQCD | “Real QCD”

3.6 = PACS-CS 7 I
4 ‘ | cf. BMW collaboration

345 002 004 006 008

m , [lattice unit]
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full QCD quenched QCD

3500 T r T
(@) 100 . BENTEnE 300 f (b) 100 TS T
1 ' C of T ] C of /"
3000 . Vel 4] . ] Ve Sy]
50 | I= T(r) - ] - T(r) e
2500 f ' : 50 |
] 200
S’ 2000 t OF-—- foeeeeee oo S
© b (eI ©
2 "}’P,»uqﬂ"‘ z .' 8..8. -- & .8
= 1500 } « " 241 flavor QCD result = ol A T S T
= S0 < 100 } «#%® ° Quenched QCD result
m,=701 MeV e
1000 | . “ ] % m,=731 MeV
o -100 . . L . e -50 . L , .
500 | o 0.0 0.5 1.0 1.5 2.0 2.5 ] 0.0 0.5 1.0 1.5 2.0 2.5
'\\ 0 -..&'z ------------------- - 9....8....8.--- 8 SRR REPE TRRRL SR P PPERRER
0 -..p-—— . . oo . . .
0.0 0.5 1.0 1.5 2.0 2.5 0.0 0.5 1.0 1.5 2.0 2.5
r [fm] r [fm]
a ~ 0.091 fm L ~29fm a~0.137 fm L ~4.4 fm

® both repulsive core at short distance and the tensor potential are
enhanced in full QCD.

® the attraction at medium distance is shifted to outer region, while the
magnitude remains almost unchanged.

® these differences may be caused by dynamical quark effects.
® a more controlled comparison is needed.
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Phase shift from V(r) in full QCD

3500

4500 . . . ; :
: 100 T T T T ? T T T T
4000 }* m =411 MeV —— ; 3* m =411 MeV ——
1 m =570 MeV - 3000 [ m, =570 MeV -
3500 F: 0 m, =701 MeV — ’ m, =701 MeV ——
§ 2500 |, *
< 3000 S~ :
] : ()]
= 2500 }: = 2000 :
3 : =
& 2000 F: > 1500
o 1500 | 3 |
- : > 1000 }:
1000 :
500 | >00 1
0 0
0.0 0.5 1.0 1.5 2.0 25 0.0 0.5 1.0 1.5 2.0 25
r[fm — —
il a=0.1 fm, L=2.9 fm [fml
15 M Al A Al T L T 15 T T L T
: my,=700 MeV o : my,=700 MeV e
: me=570 MeV e ¥ a1 me=570 MeV
10 _ oo, mn=4ll MeV - J 10 _é.....no..::. mn=4ll MeV °
é.: ..'. %'.'. se0see, .:..
5 S he "agten, , T 1 *edg. repulsion
3 : ells, repulsion 3 ; : i,
= ofH —— (g : = ofifattraction | it :
g .| attraction s = ‘
ﬁU) o ° : : % MU') : .. : L}
Z =5[ *ii., ; T =5 ., %,
o : “Eq o, 0 ? ®
1 83 .. 3Q
_10 } SO $ 4 -10 1
_15 l 1 1 N " M M _15 l 1 1 1 1 1 1
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
E;.n [MeV] Eian [MeV]
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180 T L] Ll 180 L L Ll
my=700 MeV me=700 MeV
; mﬂ=570 MeV mﬂ=570 MeV
150 |: My=411 MeV 4 150 ¥ my=411 MeV
exp : exXp
E 120 }: v 120 F ]
b :
B : = : We have no deuteron so far.
v 90 F: 5 90! -
2 60} o 60 Fi 3
g : 1
a2 -
= 30 = 30 :
s T
0 0 -ﬂ ................. ....".'Plt.*.‘.‘.....-
_30 : 1 1 1 L 1 1 —30 L
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Er.n [MeV] s . . Euan [MeV]

They have reasonable shapes. The strength is much weaker, though.

calculation at physical quark mass is important. (future work)
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5. Hyperon interactions

Hyperon:
Baryon (3 quark state) which contains one or more strange quarks.
p = (uud),n = (udd) nucleon(N)
A = (uds)—o

2T = (uus), XY = (uds) =1, 2" = (dds) hyperon(Y)

=Y = (udd),Z~ = (dds)

201154 824HHEH



Octet Baryon interactions

81 o B _ (270 e ¥ e [ o (10 @ [P0 o (T

* no phase shift available for
YN and YY scattering

* plenty of hyper-nucleus data will be
soon available at J-PARC

also in GSI

» prediction from lattice QCD
o difference between NN and YN ?

201154 824HHEH



Octet Baryon interactions

81 o B _ (270 e ¥ e [ o (10 @ [P0 o (T

* no phase shift available for
YN and YY scattering

* plerty-ef-hyper-nucleus data will be
soon available at J-PARE

also in GSI

» prediction from lattice QCD
o difference between NN and YN ?
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Octet Baryon interactions

81 o B _ (270 e ¥ e [ o (10 @ [P0 o (T

* no phase shift available for
YN and YY scattering

* plerty-ef-hyper-nucleus data will be
soon available at J-PARE

also in GSI

» prediction from lattice QCD
o difference between NN and YN ?
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Ve

Octet Baryon interactions

@ |

e Mo B0 o [P0 ¢ (B0

* no phase shift available for
YN and YY scattering

* plerty-ef-hyper-nucleus data will be
soon available at J-PARE

also in GSI

» prediction from lattice QCD
o difference between NN and YN ?
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3D Nuclear chart

3 known

40 known

LFy.
s s rasss.
.
RS S T AT IS TETEES.
i 7

S,
AT T
P
I

Strangeness

P
FELE
R
FIEE SRR
F AT I AT
.

~3000 known

e
TFIETEPT
F R

Neutron Number

201154 824HHEH



Baryon-Baryon interactions in an SU(3) symmetric world
My, — Mg — Mg

1. First setup to predict YN, YY interactions not accessible in exp.
2. Origin of the repulsive core (universal or not)

/"i ALK /“‘\

X @—
@—j e%—

8X8=27+8s+1+ 10"+ 10 + 8a

Symmetric Anti-symmetric

6 independent potential in flavor-basis

V[E?] [r)j f851{r) Vrﬂ[r] E ISG
V), viPr), viPr) «— s,
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Potentials in full QCD

2000

1500

V(r) [MeV]

500 |

27,

as

1000 |-

Spin-singlet

V(r) [MeV]

Inoue et al. (HAL QCD Coll.), PTP124(2010)591
a=0.12 fm, L=2 fm

BG/L@KEK

Spin-triplet

i 0%
2000 100 mz=1014 MeV ———
i ¥ m;=835 MeV +---x---
I s T
1500 50 ¢
i 0 i
1000 | :
. 50 |
500 r
- 00 0.2 04 06 08 1.0 1.2 14 1.6
O - """"""" ++§ %m WW*WM“*;
0.0 0.2 04 0.6 0.8 1.0 1.2 1.4 1.6
r [fm]

baryon pair (isospin)

NNI(I=1), {N2}(1=3/2), [E5}1(1=2),
(YEV(1=3/2), {E=}(1=1)

V) e T ey
g I m;=835 MeV +---x--- ]
; 50 | E
0
00 0.2 04 06 08 10 1.2 14 1.6
OiO | Oi2 | 0i4 | Oi6 | Oi8 | 1i0 | 112 | 1i4 | 1i6
r [fm]
flavor multiplet
27
10*: same behaviors 8
NN potentials 1
10*
10
84

NNJ(I=0), [S=](1=3/2)
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1. attractive instead of repulsive
core ! attraction only . bound state ?
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10: strong repulsive core.
weak attraction.
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strong attraction.
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v{r) [vicv]

Potential matrix in “particle basis” (S=-2, I=0, spin-singlet)

particle ﬂavor (AA) ) \/ng _\/% _\/% (27>>

1 24 15
2 : U V UX] |E§> 40 40 40 85)
INZ) 12 8 20 1)
40 40 40
. . 3000 " AAZE
w000 | diagonal M T
L 40 | 2000 i EZN_ ........... 1
' 1S, S=—2, 1=0 |
3000 | 20 | 1000 | off-diagonal
i =
- O q’
2000 B i g 0 PUP T bt o
i T e e
[ S .
P\ 207 1000
1000 - ““ “‘ 1 1 1 1 1 1 . -
s \ 00 02 04 06 08 10 12 14 .
: ~~~~~~~~~ 2000 | ¢
0 _______________________ .
1 1 1 1 1 1 _3000 - 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
r [fm] r [fm]

e attraction appeared in flavor-singlet channel can not be easily seen due to the strong
repulsion in 8s channel. 22 is the most repulsive due to the large coupling to 8s.

e N= has the strong attraction due to the large coupling to the singlet.
e off-diagonal parts are comparable to diagonal parts in magnitude.
e full matrix is needed.

e “physics” can be easily seen in the “flavor” basis.
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6. H-dibaryons

H-dibaryon:
a possible six quark state(uuddss)
predicted by the model but not observed yet.
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Bound H dibaryon in flavor SU(3) limit

HAL QCD: Inoue et al., Phys. Rev. Lett. 106(2011) 162002

volume dependence

_" '2”'7)| """"""""""""""""" ] 200 .
2000 V( 100 F 5 ' L=4 [fm] —— { - _
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o L=2[fm] x| '
1500 50 1 1 ] 200 |
g . 3 400
= 1000 f = g
S F - :
= S 600
500 | 800 |
[ -1000 |
0 :
L -1200

L=3 fm is enough for the potential.
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pion mass dependence

200
0| lighter the pion mass,
200 | stronger the attraction
S -400 |
> _
= [
= 600 | *
S _
-800 - -150 mpg = 1015[MeV] 7
1000 E [ £ mp5=837 [MGV] bomoXeo o 1
- i i l mps =673 [MeV] - 1 7 . .
z 0L SRS it the potential at L=4 fm by
- 0.0 0.5 1.0 1.5 2.0
-1200 !:g L L L L 1 L L L L 1 L L L L 1 L L L L 1 L L L L 1 L L L L 1 L L L L |
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
r [fm]
5 5 9 6—a5?" 2
V(r)=ae “*" +as (1 — e 7 )
T

solve Schroedinger equation with this potential in the infinite volume.

=

One bound state (H-dibaryon) exists !
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Bound state energy E; [MeV]

pion mass dependence

0 1 - - 1 - - 1T T T T T T T
[ mps = 1015 [MeV] —— |
i (b) Mps = 837 [MGV] il ol 1
10T Mps = B73 [MeV] -z |
20 k -
30 F -
B T
-40 | i .
50 k -
-60 - - N S R M A R B
0.6 0.7 0.8 0.9 1.0 1.1 1.2

Root-mean-squared radius V{r2) [fm]

An H-dibaryon exists in the flavor SU(3) limit !
Binding energy = 30-40 MeV,

weak quark mass dependence.
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Deuteron
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Real world ?

SU(3) limit * Real world

>
. 2386 MeV
AN — N=— XY 129 MeV
A
NE |
2257 MeV
30-40 MeV
H H? 25 MeV
V ------
AA Y 2232 MeV
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/. Conclusions

e the potential method is new but very useful to investigate
baryon interactions in (lattice) QCD.

e the method can be easily also applied to meson-baryon and
meson-meson interactions.

e three body force can be analyzed.

® various extensions of the method will be looked for.
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Three nucleon force (TNF)

Linear setup

eSO
I I

(1,2) pair 1Sy, 351, 3Dy S-wave only

Triton(I = 1/2, J¥ =1/2%)
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0 wng 0.5 1 0 0.5 1
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scalar/isoscalar TNF is observed at short distance.

further study is needed to confirm this result.
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QCD meets Nuclei !
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“The achievement is both a computational tour de force and
a triumph for theory.” (Nature Research Highlight 2007)
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M[MeV]

A possible collaboration
between Japan-Germany in near future

BMW collaboration
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i =
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HAL QCD collaboration

------------------------
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HAL will ride on the BMW ?
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