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55 years ago (1963)
M. Goeppert Mayer’s Nobel Lecture L
“The Shell Model” Ureee Gorpt e

There are essentially two ways in which physicists at present seek to obtain a
consistent picture of atomic nucleus. The first, the basic approach, is to study
the elementary particles, their properties and mutual interaction. Thus one
hopes to obtain a knowledge of the nuclear forces.

If the forces are known, one should in principle be able to calculate deduc-
tively the properties of individual complex nuclei. Only after this has been
accomplished can one say that one completely understands nuclear structures.

Considerable progress in this direction has been made in the last few years.
The work by Brueckner', Bethe’and others has developed ways of handling
the many-body problem. But our knowledge of the nuclear forces 1s still far
from complete.

The other approach is that of the experimentalist and consists in obtaining
by direct experimentation as many data as possible for individual nuclei. One
hopes 1n this way to find regularities and correlations which give a clue to the
structure of the nucleus. There are many nuclear models, but I shall speak
only of one and leave the others to the next lecture by Professor Jensen.




Baryon-baryon Interactions from Lattice QCD

Tetsuo Hatsuda (iTHEMS, RIKEN)

[ 1 v
anmuum Locp =¥ 1y D,, —m)| 1/)—§Tr G, G*

Neutron Stars
Supernovae
Nudeosynthesis

https://ithems.riken.jp iT H E MS



Baryon-baryon Interactions from Lattice QCD

Tetsuo Hatsuda (iTHEMS, RIKEN)

[ 1 v
anmuum Locp =¥ 1y D,, —m)| 1/)—§Tr G, G*

Neutron Stars
Supernovae
Nudeosynthesis

https://ithems.riken.jp iT H E MS



Quantum Chromodynamics (QCD)
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Quantum Chromodynamics (QCD)

(

1 )

L = —ZGZVGZW + gy (10, — gt* Aj))q — maq

a a a b Ac
G2, = 9, AL — 0, A% + g fape AL A )

Quark masses: m, Gauge coupling: a;=g%/4m

quark masses [MeV]
(from lattice QCD) (MS-bar @ 2GeV)

2.16 (9)(7) A rerAh
4.68 (14)(7) e'e” jets & shapes
¢ Zpole fit (N°LO)
93.8 (1 5)(1 9) \ 9 Pp—> Jets (NLO)
FLAG Coll.(2015)

QCD 05(M,) = 0.1185 + 0.0006

PDG (2014)



Lattice QCD (LQCD)
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Hadron masses from LQCD

L. .. =4.1fm

M min =190 MeV

—— experiment
—= width
o input
¢ prediction

taken from Fodor and Hoelbling, Rev. Mod. Phys. 84 (2012) 449




proton-neutron mass difference from LQCD

— exper:iment
e QCD+QED
() prediction

AN =M, (udd)-M_(uud)

(M,~M,),.: = 1.51(16)(23) MeV
(M,~M,),, = 1.29 MeV

BMW Coll., Science 347 (2015) 1452




Nucleon axial charge g, from LQCD

model average

galer,a~ 0.15fm)
galer,a~ 0.12 fm)
9aler,a~ 0.09 fm)

My min=131MeV

(g = 1.2711(13)
(8A)exp= 1.2723(23)

Chang et al., Nature 558 (2018) 91




Baryon-baryon Interactions from LQCD

S. Aoki
(YITP)

Y. Ikeda
(RCNP)

T. Miyamoto K. Murano H. Nemura T. Aoyama T.M. Doi e

(YITP)

a = 0.085 fm
L=28.1fm

= 146 MeV
525 MeV

HAL (Hadrons to Atomic nuclei from Lattice) QCD Collaboration

T. Doi F. Etminan S. Gongyo T. Hatsuda
(RIKEN) (Birjand U.) (RIKEN) (RIKEN)

T. Inoue N. Ishii T. Iritani D. Kawai
(Nihon U.) (RCNP) (RIKEN) (YITP)

(RCNP) (RCNP) (YITP) (RIKEN)
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Baryon-baryon Interactions from LQCD

a = 0.085 fm
L=28.1fm

m, = 146 MeV

MK — 525 MeV = BRIKEN
K computer at RIKEN (11 PFlops)

5=0  S=-1 G=-2 5=-3
NN NANZ  AAALSE NE A, 38

-"— e
LQCD

EXP better S/N

rich data




Scattering amplitude in LQCD

<N1 (Xa t)NQ (Y7 t)¥71]L

Imaginary time

(0)73(0))

HAL QCD Method

O (rit) 2> 2PI kernel (T=U+GUT)
- phase shift, binding energy

Ishii, Aoki & Hatsuda, PRL 99 (2007) 022001
Ishii et al. [HAL QCD Coll.], PLB 712 (2012) 437

BB+t

BB Obtained
all at once




Flavor SU(3) Classification of BB system

8x8=27+8,+1+10*+10+ 8§,

\
D, (J=1)




e = a=0.085fm
Nuclear Force: V(r) and V+(r) . L -5.1fm
B - 146 Mev

4 Mg = 525 MeV
Data (=12) —+— ] Central K

Function ——

force T. Inoue et al.
[HAL QCD Coll]

Data (t=12) —— ]
Function ——

V(r) [MeV]

Data (t=12) +—+—
Function — |




Flavor SU(3) Classification of BB system ot Dg;i”j gj‘;‘é%g)

8x8=27+8,+1+10*+10+ 8,
e
Hpp-Nz-as (J=0)

Jaffe (1977)




a = 0.085 fm
L=28.1fm
m, = 146 MeV

S=-2 BB interactions : V(r)

Mg = 525 MeV

K. Sasaki et al. [HAL QCD Coll.]

150 (& NS preliminary 2

ALICE Coll., arXiv:1805.12455

1

?
[]
¥
%
3
'§:

V(r)[MeV]




a = 0.085 fm

S=-2 BB interactions : V(r) ATy L-sifm

m, = 146 MeV
M = 525 MeV

K. Sasaki et al. [HAL QCD Coll.]
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Flavor SU(3) Classification of BB system ot Dg;i”j gj‘;‘g%g)

8x8=27+8.+1+10*+10+ 8,
e
Hp-nz-ax (J=0)

Jaffe (1977)

8x10=35+8+ 10+ 27

f
NQ (\J:2> Goldman et al (1987)

10x 10=28 +27 + 35 + 10*

|

QQ(\J:(D Zhang et al (1997)




a = 0.085fm

S=-6 BB interaction V(r) T

m, = 146 MeV

Gongyo et al. [HAL QCD Coll.],
Phys. Rev. Lett. 120(2018) 212001

Mg = 525 MeV




New “stable” dibaryon?

Gongyo et al. [HAL QCD Coll.],

Phys. Rev. Lett. 120(2018) 212001

209

Deuteron (1931, Urey)
Di-Omega QQ ?

Bound state energy [MeV]

(£2€2)

ay | =4.6(6)(1gZ) fm,
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S=0 5=-1 5=-2 5=-3
NN NANZ  AAALSE NE A, 38
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BB interactions from LQCD

Hadrons to Atomic nuclei
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Hadrons to Atomic nuclei

BB interactions from LQCD

S=0 5=-1 5=-2 5=-3
NN NANZ  AAALSE NE A, 38

EXP
rich data

Hypernuclear levels
FSI at RHIC, LHC

FSI in
Future HIC
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