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Why is the hierarchy of matter formed?



Why hierarchy is formed in quantum particles ?

.

Molecule

Science in 20t Century

Nucleus
fm~10fm

1-| More Elementary

iﬁ&*ﬁﬁﬂ*ﬁ%ﬂ)’(ﬁﬁl:ﬁ‘é‘i‘%*ﬁﬁ?ﬁ%‘“ﬁ»bfﬁ?ﬁiéhi’:(})ﬁ\

39SIaAlUN asiaAl(d

Fundamental Question But Unresolved

—->Not necessarily investigated

b

» Research Areas : Independently evolved
» Connection between hierarchies: Unclear

~380kY : Clear up of the Universe FFEH D iF L H'Y
Nucleus+electrons = Atom—> Molecule

~3min: Big Bang Nucleosynthesis Ev2/\> Tt & K

4 aslanlun Jo Al103siH

nucleon (p, n) 2*He nucleus

~0.01ms: QCD Phase Transition QCDE¥5%%

S”de b
y q-"ﬁ'[fé\
Big Bang &l



[EEHIRDAN=X L (BEFo0aIFRE—)

Mechanism for emergence of hierarchy (nucleons->a cluster)

N-N force (#%7) . a—a, force
REGREL - TAVAREAKRTFHE BADANZ—R573DH
Large spin-isospin dependence Scalar component of

_ nuclear force onl
[7> )L A1) tensor force Y

ﬁ ﬁ o

o0 & 58
oI FHNT

N N AREV-FAYRELHH “« ¢«

(5=0,T=0) 2n
n,p| shel clo§e[(95)2(03)2]%?t?1t (0_)
Neutralization (saturation)

N~ N of spin-isospin in o




EEHIBOAN=XL (I+r—P—/\FOY)

Mechanism of emergence of hierarchy (quark->hadron)

A —ImM 7 q-qforce NRRREF hadronhadron
>> "
5 —F (%) 5 REF (B 80> ) R
(hS5—3c i) (DA =D H#H)

gluon (color) exchange meson exch.(colorless quark exch.)

5@9 ) ‘

9 9 AS—hFl(AR)=/\FAy

. . 3g 30
......... TI—F R T] l
J (hZ—IZ@E<) (ZEafn.
Color neutral (white) = Hadron.
d d Gluon exch. force saturated. =p=:] / |




BEEHIRDAD=—X L 1 EFHFoRER)

Mechanism of emergence of hierarchy
(single atomic molecule -> condensed matter)

Z-BFREYy—avh >> hiE S FFE D A

Nucleus-electron Coulomb Van der Waals 73

RF¥OARFZFINTI—A  HEGHE)
A 75\*@/&1 . neutral (polarized)

NS RBE, B, .
Coulomb force saturated.
Charge neutral.




lkeda’s threshold rule (;tt HEEER!)

TILIT7IOZREI—DEERIZHMNBIRILT—REED T <L,
TDIZRI—IZoahnt-fEEZE IDIRENEFET S,

Close to the cluster A

decay threshold, a state z’;é 0 “Ne O&g"&)@ OC(ZBJSOOO
with this clustering 3134‘434: ::19:.1:7: 28 48 38 46

structure exists.  Hoyle state

© ©o ©oo  ©ooo ©0000

7.16 11.89 21.21 31.19
, ® @ @0 @oco

S 473 14.05 24.03

= 13.93 23.91

- 19.32 (‘1&29

: 0

lkeda diagram \;6%

(m) (oo

o 978

K. Ikeda, Prog. Theor. Phys. (1968) @

Mass number



alpha cluster and Hoyle state

- ‘

3a 93keV a+88e285kev7 65|\/|eV R

7 Q@
@ Q@ miE7 PTNeV @-'
Hoyle state
8Be (*He+*He) is not bound
— Big Bang cannot produce A28 nuclei
Why does “He+*He+*He -> 12C happen %

In stars in spite of unbound “He+*He ?

Loosely gathering “He+*He+*He state
IS necessary 12C

Hoyle state




Subsystem(Z &9 HBHED FBICEHN S
IV TN\ FOVFIfEIREE
Exotic hadrons appearing close to the bound threshold
of subsystems

A*(1405)  K-(494) p(938) =1432 MeV
N*(1440)  o(500) N(940) =1440

X(3872)  D,(1865) D,*(2007) =3872
Z(3900) D,(1865) D,*(2007) =3872
Z.(4020)  D,*(2007) D,*(2007) =4014
Z,(10610) B,(5280) B,*(5325) =10605
Z,(10650) B,*(5325) B,*(5325) =10650

b subsystems D FIRRE GRifEor XIBIRE) i 2

molecular (bound/resonance) state of these subsystems?




[EEDE N AMEHBIDERR o
Why lkeda's rule holds?
o O © o o
0 Y o ©
o 77;(’5!—/\0)5}@@{@- threshold to clusters
= B O
oo weak force O O o o

Oa
o e .
SAZ—MDERL: formation of clusters

PFEIDS®NH + HD (E5H9) 8aF0

o o strong force between elements + its (partial) saturation

o0 = — HBMERIT B LIS TREI— MR
*
O

Cluster with saturated force becomes stable

DISARBZ—PFDER: formation of molecules
“GRLN DS ARAZ—MBD 8LV’ 13 weak force bwn clusters
stong force > BUNKFL e INENEHT AL F—
shallow potential -> small binding energy
=> BRAFRTUUYILTOMEBIRILF—IZLERTEBH TNSHEIRILF—LH
DSRZ—~DERBENSEEN TULVELVRREIX, TDITREZ—D 5 FRIIKRE

State with an energy close to the cluster decay threshold should be a molecule of the clusters




BhAEEMNREYT A4 --Exotic atoms

Coexistence of different hierarchies

K-+p BEIE 6.0keV r
R L A o i =—==— EHSHEEERA (EMint)

On o
28 MgV LR AngEL=rE xR\ =>4 X

weak force = shallow binding = spread size

2—A2 AERS Coulomb force
A(1405) [ -7 F&?}ﬁb\*ﬁﬁﬂiﬁﬁ (strong int.)
AP EN=FRERN=a NI (X

strong force = deep binding = compact size

I\PD‘/FEE]jJ%Bﬁ hadronic force

BESIZIRNSIREEIL., FLVREBZIESID LT EL ST VAT
ﬁA’Fb/’l’Lf:(}'E?b‘\OT:Hﬁ%

A state with an energy close to the threshold is made by a weak force different
from the original force




Clusters and Semi-Hierarchy

Slide b
Conventional Hierarchy
WX EF .
Semi-Hierarchy
tIEF
‘ Molecule v Smaller Gap between
v Blg Gap bEtWEEﬂ I"‘,.r':%“'] :'"'g:;:.“. Hlerarchles
Hierarchies e =" |V Weakly Bound
v’ Strongly Bound S ———
gly sshibach Molecule (Unbound)
e BRE (HIeRME)

v Simple constituents:
Nucleus=

“nucleonic” system Nucleu.'.@

v" Mixed constituents:
Halo Nucleus
="nucleonic”+”dineutron”
system

Hadron@

Semi-Hierarchy:
Key Aspects to
understand the
hierarchical
structure of matter

a
Quark ag @

q
T T g




RFED(AFREEDER) LEETELDH

Why atom-atom force appears? (case of covalent bond)

RFREIADELE: EFDO/N\DVEME+I—OV A

Origin of atom-atom force: Pauli effect of electrons and Coulomb force

Space. sym;, spln antisym gain energy via Coulomb

Us(S=0) 2 electron wf ZEfE X #i (RAE Y R*#R) —9—0O
Ua(S=1) 2 electron wf ZfE R #R (RE 2 3 #5) -5 — EI/’C?EJ

space: antisym; spin: sym lose energy via Coulomb
nucleus-nucleus H-H potential >
Coulomb ﬁ ) A
Anti-bonding
3hird atom always feels 2
repulsion by spatial - & Coulomb in 2 electrons - 2 nuclei
antisymmetry o
SEEORFI>FHN O 0.2 r(nm)
(g —HEERRAT) S |
c
o % 4.52 eV
) — e v v
¢ o .
0074 nm=r 2
oNo : AN

Bonding



NFEASEETELDH

Why molecule-molecule force appears?

Origin:
SFEHDLE: SEBES (FHROY—O F) multipole electric force

D FDKAME KFHES . BT HIE ¢ f permanent polarization

W e o . -> hydrogen bond, dipole int.
BT MDFELSE HFHEIEF(AVEV5EA)
—IT7UTILT—ILRS]

Pauli + Coulomb electron fluctuation + induced dipole -> Van der Waals force
between electrons . : . - —3(p-F)p +p
> Ar-Ar potential E = 3
o 50} Van der Waals force
O
- Pe - E
<y
% [ P deecmmnn e s cernn s et s e s U B E
: Pe :
S _s50 g .
2 Empirical
< Lennard—Jones - »y Dy,
© O -w — o ©
3.0 4.0 5.0 6.0 7.0 8.0



A UNJA RN IFEETELD L
Why nuclear force(Baryon-baryon force) appears?
INYFURIAIDEHE:
PEFRBEA(BRIE) <= 74—V A (Hh5—15)

Pauli + gluon :> | Origin: meson exchange force (“white” field)
exchange force
between quarks

meson mass and range
HfEl FE=EEEIERE
hc

v*7) meson exchange force m To=—

- 1010

139 MeV 1.4 fm

548 MeV 0.36 fm
500 MeV 0.39 fm
770 MeV  0.26 fm
782 MeV 0.25 fm

OO0 @ o ey

'r' j—
g ’ 0
p T

S a3 3

1
m



V{MeV)

nhucleus-nucleus potential

NN Pauli
Repulsive core of NN force

o—o potential

50

wl=

Alpha - alpha potential

40
L=0

30

Co
rep

ALl - BOOMER l
R

EOM (1MeV)

v e
20 ?

10
EDM (17MeV}

ulomb
ulsion

-10

NN scalar force

Coulomb +

nuclear attraction

e of

Pulled light nucleus-nucleus
together Reoel potential
N N L Asum << 56

\

Repulsive
+ Coulomb

b
r
Attractive nuclear
heavy nucleus-nucleus
= potential
% Asum >> 56

potential
barrier

Coulomb
repulsion

- distance



Origin of cluster-cluster force

NDHEHEISREZ—NREIL
<

NBHIEESRDISAE—

(RDFER) N TES

Cluser
(Element)

force inside cluster

charge saturation

cluster-cluster force

small r repulsion

large r attraction

hadron (nucleon)

gluon exch. force

gluon exch. force

meson(color=0)

(quark) (color exch.) g-q Pauli repulsion exch.
color= O(white)
o particle nuclear(NN) force repulsive core of NN Scalar part of NN
(nucleon N) (tensor force) force force (+Coulomb

spin-isospin=0

N-N Pauli repulsion

repulsion)

(heavy)nucleus
(N(hadron), o)

nuclear force
Coulomb force

Coulomb repulsion
(attractive nuclear force at

very small r)
atom Coulomb force e-e Coulomb repulsion | el-nucleus Coulomb
(electron, electric charge=0 e-e Pauli repulsion attraction (electron
nucleus) exch. force)
molecule Electric force e-e Coulomb repulsion multipole electric
(incl.monoatomic | (+e exch. force) e-e Pauli repulsion force (Van der Waals
molecule ) electric charge=0 force)
(atom) e spin=0




FED EREDFTIRIE ?

Step 1 Summary: origin of hierarchy?
DHEODBEZENBODATELKFEEL VSR FI—"NTES,
" BROHAFHEDEHCEAEHLETHRMNREFT S,

A few elements are tightly bound via strong force.

With a specific number of elements, the charge of the strong force
(partly) saturates.

PSR —RISERBETEHEROF AL H S

Strong repulsion exists between the clusters
— DIRAA—DEEMEMNRIISNS  Stability of the cluster

Step 2
. 75;(9—&!5] ‘:EJL\E jJ 75§&)%) weak attraction between clusters
— JSRAF—R LI BELESLTRDERBNEFNDS

> YA XEHEKRELGES
Clusters are loosely bound and the next hierarchy appears.

o (/] |




INYZA R DRETR

Origin of baryon-baryon interactions




A UNJA RN IFEETELD L
Why nuclear force(Baryon-baryon force) appears?
INYFURIAIDEHE:
PEFRBEA(BRIE) <= 74—V A (Hh5—15)

Pauli + gluon :’> W Origin: meson exchange force (“white” field)
exchange force

between quarks

meson mass and range
HfEl FE=EEEIERE
hc

v*7) meson exchange force m To=—

- 1010

139 MeV 1.4 fm

548 MeV 0.36fm
500 MeV 0.39 fm
770 MeV  0.26 fm
® 782 MeV 0.25fm

OO0 @ o ey

g ;> To=

o r

© g =S A

1
m



Image of strong interaction

* r<r.confinement scale (~0.5 fm)
gluon exchange (color field), 1/r

symmetry of quarks (Pauli effect) R l

* r>r. confinement scale (~0.5 fm)
gluon filed is shielded o
qgPa(white) =“meson” is not shielded ¢ ¢ P

NG

C
constituent quark /C{gf Sy
the region where the color of the ¢

valence quark can propagate P ‘o



d a potential qq potential in a baryon

qu =72 qu
3 s | —‘I‘v j [ I. | | Eh
charmonium(ccba) oo " Lattice QCD 1 =
, p=6.2 simulation =
spectrum Is 2 B=64 —— 3?" Vr) = or
Cornell .il‘?

reproduced

& al J'&%; (= =

= oL il | EZRITEMLTLS
= conflnement potential grargat RSN T
= gl (linear) gluonH A /NAIZ(Z
= , RAIZLN
| ¢ Cornell potential
V(r) =—-Ca/fr 2 Jg g ‘i
o d— V(R) =——4+0R+C HCBEP DR
/\ 3 I R EPTLS
e - |

e~ 4 ' . . . . B
N ﬁw 1 15 2 25 TAXT—R

Coulomb type
gluon (mass=0) exchange
=> exp(-mr)/r = 1/r
(same as photon exchange) BEERS

MEOE by — RERE

\ 4
wWom



ZADHEE (properties of nuclear force)

7 nuclear force EF-EFEOB#MS A
EM force between p and e-
= AROIEER ~ fm SRADF|ERER Uocl/r
finite range ~ a few fm infinite range
O %ﬁﬁﬁ%ﬁ(«o.Sfm?@%ﬁL\ﬁ )l 5l hDH
strong repulsion at short distance Attraction only
B AEXXBA. TAVAEVIKFEDHY A B AR
charge exchange force, isospin dependence. No charge exchange
B XEAKRFHEXR AE AR/
Large spin dependence Small spin dependence
B RKELETUVILA INSTET 2 LTI (P, -> hf splitting)
Large tensor force Small LS force
B KEELSH INSTELS 1 (peH, -> fine splitting)
Large LS force Small LS force

B 3ENLHS
pion(rn*, n% n) exchange can explain them
FOA Yy (r) + Vo (r) o1 - 02 + Vi (1) 71 - To + Vgr (7) (01 - 09) (71 - 72)
TYINA 4 VpSis + Ve S1271 - T
LSA 1+ VgL S+ Vis, (L-S) (11 -7) + ...

3ERALL

3-body force exists No 3-body force

Si2 = r—z(m ‘r)(02-1)— (01 -072)



One pion exchange potential (OPEP)

Similar to interaction between two magnetic dipole moments
V=—mH, ==, V)(u, V)(1/7)

Pseudo scalar field with mass m_

) A\ |

(t1:712) (01 -V) (02-V) I

T

Vopg (1) = - (mi

1 3m, 3 e Mnr
= T 371 f2mg (11 - 72) [(01-02)+(m72r+ . +r2)S12] »

Si2 = r_z(o'l'r)(o'Z'r)_(o'l £ 02)

Agrees very well with the central + tensor parts of the nuclear force for r >2 fm

How about shorter regions?
Introduce more mesons with heavier masses - shorter ranges of force
Coupling constant f <= Assumed to be the same via SU(3)f symmetry

Meson exchange models (OBE models)



from Machleidt’s lecture

Feynman diagram for NN scattering

D2
_——— r
>q (pp - m)<
D2

— 1
u ' Thu, P 'Tyu
; . ! _ 1 "171 " 2 272
Amplitude: F_(p',p) = T
qg —m,
X X
with Dirac spinor u(p,s) = EQ—;WM 6.7 . =| 5.5 . ~ [ )(C)s J
E+M™5 E+M™5
where E = ]32 +M? and X, 1s a two-component Pauli spinor.

R. Machleidt 26

Nuclear Forces - Lecture 3
Meson Theory (Pohang, 2016)



from Machleidt’s lecture

Pseudo-vector coupling of a pseudo-scalar meson

Lagrangian: EENN: ff}i\IN l?f}/uf}/[_fcw a‘uqo( )

Vertex: / times the Lagrangian stripped off the fields (for an incoming
pion)

9 fﬂ]\\ firNN S
I NN = (1) 4 7 T(] Qz ( Q)T
T m_ H 'm,7r
Potential:/ times (P =1 2 - _“2)
: T Y q q
the amplitude 2 . Ny o
ro_ fann (01°9)(09-4) -
V_ o=iF =—-—== _ T, T.
e T 2 -2 2 12
m_ q- + m_
R. Machleidt Nuclear Forces - Lecture 3 27

Meson Theory (Pohang, 2016)



from Machleidt’s lecture
Pseudo-vector coupling of a pseudo-scalar meson,
cont’d

Using the operator
identity ~2

. q - - .
(610)(Gy @) =] G Gy +5y(0)

with S . (q) = 3(51 .&)(52 e 5—1 .0, (“Tensor operator™),

12

the one-pion exchange potential (OPEP) can be written

as
f 2NN i
T - - N -
V. = s 2 2 2[ 0, (72 512(q)} T, T
mﬁ q -I-m]r
R. Machleidt Nuclear Forces - Lecture 3 28

Meson Theory (Pohang, 2016)



from Machleidt’s lecture

Meson exchange models (OBE models)

pseudoscalar meson (I1=1)
2

JU(138) [v-=2—

37%7r q

Long-ranged
ttractive tensor force

scalar meson : _
52 £.3 Intermediate-ranged,
0(600) V_~=~—29 —} attractive central force

plus LS force
axX782) |-

short-ranged,
repulsive central force
lus strong LS force
vector meson (I=1)
770) ) } ort-range
Vp= o @ (26,6, ;7 tensor forcg,
12M% §%+m3 opposite to pion

tensor coupling only

vector meson (1=0)

vector coupling only




from Machleidt’s lecture
Summary:

Most important parts of the nuclear force

Central force

k IO R. pulsmn

Inter-
mediate|

Tensor force

Spin-orbit force




OBE models: extension to SU(3);

pseudoscalar meson

0
B} K
72.(138) Vn:ngN A [_51'5 ‘512(5’)}51‘52
3771,72[ (}'2 - m?r 2 T TCO

+

Tt N

Al

scalar meson , .
O(600) [« ] = ¢

2 A 8y A f,
vector meson (1=0) x K°

. — ™
(X782) |-ttt
P+ mg [> K*o K*+
Q)
vector meson (|=1)

, - Pt 0
p(77()) f2 _’2 p p_ p
vp=—L-—L _[-95,.6,+5,0] 7, K*- K*o

12M% §* +m)

-
Coupling constant is assumed to be universal for the same multiplet



%D UN)AUEA) DEER

guestions in nuclear force (BB forces)

MEEREEE S (RS (FEAMICEIEBTEN?
QCMIEBR“ VA —URMI/NIUMBR+ T WAL\ (F ELL+RED N ?

How should we understand the short range repulsion?
Pauli effect + gluon exchange (QCM picture) is correct and enough?

“BUOVHHEFORB OBERIFTELOAD? FEFRBHOEDUIY S IFIEL?
Picture of “heavy meson exchange” correct?
How to separate between meson picture and quark picture?

3R N, EKIZIEIEREIARF NI EAZBD T, ESEHEIT RED,

What is 3-body force and how should we understand it?
RFZEELDZDIE BOFALERBNEI DR T 2ILLTESFELEI
D\ ATEHH @D, BARM?

Cancellation of strong attraction and repulsion in nuclear force:
Is it accidental? How about for the other BB interactions?



BIROFELRI - BHN\YF B ANDHLER

Key: Extension of Nuclear force to BB forces

m, 4~300 MeV, m~500 MeV ~ ~ SU(3); symmetry
BEDEVDOERN/NSOD—EHEFHIIIZHRLIZ LD

Small effect from mass difference— theoretically easier

%A% s quarkE ANDE (NN->YN, YYT)ESERT BH

How does nuclear force change by s quark?

R|LSNDHREFHIED —> PEFRERE DR

Exchanged mesons are different —> test of meson exc. picture

N A A N
Mforbldden [> e > l[
A N n

“pionless nuclear physics”

B OIDIA—VBEHHEZ . B4 4—THLMNZIT S

Quark degree of freedom in the short rage force can be clarified via s quark

Sl A BOHTERWNVF A, GTEDHIR?

Appearance of attractive core, extremely repulsive core?




Counts / 0.25MeV

A hypernuclel and AN Interaction

89Y ( K+) 89 Y

250

da

KEK E369 (SKS) fA

200 —

89

/
u, | N A S
50T A FIFDZITHNDRT U vILE
MeV IRILF—H4
=>
U, (A’s potential depth) = - 30 MeV
, c.f. Uy=-50 MeV

30 25 20 | 115 -10 \5 10 ANforce is attractive, slightly weaker
Ma/ blndln energy) (MeV) than NN force.

@ @ & => A should appear inside
neutron stars vian -> A

Hotchi et al., PRC 64 (2001) 044302




A appearance in neutron stars #EEEFS

JE7I69
Fermi gas model k.’ s
) 13 Hg =My + 2}; +U(ky) d
pr = (37°pn) / ? S
2 wt‘.'-. """"
EBr=2F o my—m, — p,>500 Y Wy,
21 | ‘
weak interaction / 2 '

N n s A 0' - '.."

U,=-30MeV at p,

ud

=176 MeV

U, >0 atlargep

L+
A appearsatp ~ 2-2.5p,

P~ 3P

(a) w/o BB interaction (b) w/ BB interaction




Baryon octet (/\ A 8&EIH)

spin=1/2
ground states made of u, d, s

—------\

@ w

quark @ down

------ -~

1117 MeV
3x10-10s

1x10-10s

~1318 MeV
2x10-10g

N\

------_’



Lifetime of hyperons(Y) ~1010 sec

-> decay at ~1019s x 3x108m/s =3 cm

=> Scattering experiment very difficult

EGMNETET YNEEL R X R
-> Put them into a nucleus JE?*”L)KJI’L’CI*)L#—E,,H/\%;

, ------ -~

1117 MeV S
3x10-

1x10-10s

et 2)(]0-103

—------\
------_’

\hyperons

N



Hypernuclel

Atomic Nucleus (= protons + neutrons) => baryon many-body systems

Baryons

up quark strange quark lifetime ~ 1010 s
down quark / \\
S S S
& O g0 ?
1OQ, u° Od u v u © ou 1 &d
proton  heutron A hypergn T hyperon E hyperon

.V ypernuclei _=

.
. ./00
'
.

¥

- -
. - . ')
.

DO CO¢ ..\‘

» v
- & = .

Ordinary nuclei A hypernuclei AA hypernuclei X hypernuclei Ehypernuclei

They can be produced with high energy accelerators.



World of matter with strangeness

Center of neutron star?
Strange hadronic matter (Z=0, A=)

n
4
- world of u, d, s quark
@y
&)
higher o
©
7
©
- e :,1_. =
S =
2 A, Z hypernuclei /
A% 4158 (HAT 25)

1 “w Al N
ordinary nuclei %"#

Z
=
%
<
=

J (u,d quarks)

n 0 aple Unstable 3D nuclear chart

nuclei nuclei




Experimental status of BB interactions

scattering correlation Nuclei/
data data Hypernuclei
NN © O -Saturation point of nucl. matter: (ay, po)
- Plenty of nuclear data <- NN scat. data
AN A A -3,H to 2%8,Pb -> U,=-30 MeV
Low stat. attractive -A=16 Level data -> small spin-spin, spin-
Limited p orbit, tensor forces
No pol. obs.
2N A X -4.He (0*) bound state -> Large spin-isospin
Low stat. dependence
Limited p - ¥ +28Sj spectra -> Uy ~ +30 MeV
No pol. obs. -3 atom X-rays
= X A -14_C bound state (Kiso): Bz ~ 1 MeV
attractive (attractive)
AN X A -6, \He (Nagara) : AB,,=0.6 MeV
attractive (weakly attractive)




Oka-Yazaki’s Quark Cluster Model

Effect of short range force

« Constituent quark o
m, 4~ 300 MeV, m;~ 500 MeV & o ©
 Confinement potential
Vo (=-2, Qe khar, 8
“““““ - string tension ¢ = ( I 6/3) ‘a“ﬁ@‘ 1 ‘Ge‘V/fm
« Color magnetlc |fnteract|on <= one gluon exchange
- cs

_Je e 204 0y) ¢ ¢

quark mass dependence m,/mg~ 3/5

Origin of N-A (octet-decuplet), A-2 mass difference

+ GRM ($£IB# %) calculation ¢ ® = quarkPauli effect

® e.g. A++ A+
for colorless (0s)f state ° o 1o .
(0s) o ® AA(8=3, 1=2) (& ué“ £y ué

forbidden  \ 8" /\_&




Predictions from Quark Cluster Model

" Hdibaryon (no quark Pauli, attractive color magnetic interaction)
H dibaryon (6 quark state) exists. (Jaffe’s prediction)

H: [uuddss]s,, SU((3) X SUL(3) flavor singlet state has “attractive core”

H lighter than A4 does not exist.
BB = [1 A+ [\ Lattice suggests it between A4 and ENmass?

=—N (S5=0,1=0 t ly attract
( ) is strongly attractive. @ @ .

" ZN (5=1,T=3/2) strong repulsion (quark Pauli effect)

Suggested (2N spin/isospin averaged force is strongly repulsive)

" LSH(L,\Sy) A—N: almost zero| Confirmed from hypernuclei . 1p
>—N: as large as N-N $u 6u $u 6
Suggested in scattering exp. ?s ?u

Lattice QCD calc. produces these characteristics.

Extension from nuclear force (u,d) to BB forces (u,d,s) help us understand
the origin of the short-range part of nuclear force



“Baryon” and “Baryon-Baryon”
In flavor SU(3) symmetry

q q q
1 x [ x [ = [I11 + |+ |+ @
3 3 3 10 o o
AAT A A 8 ph 8
5 50 5 S{ONS - 1
zoz =h =/
v, =02
PO Y s O + T+
. L L L
| 21 10 10* 8s 84

In SU(3); limit, BB interaction is the same in the same multiplet

Flavor symmetric states Flavor anti-symmetric states
27 8 1 10 10 8
Pauli mixed forbidden allowed mixed forbidden mixed

CMI repulsive repulsive attractive repulsive repulsive repulsive
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Baryon Baryon interaction by Lattice QCD

6 independent forces in flavor SU(3) symmetry

8®8 = Strong repulsive core -

>*p (S=1, T=3/2)

>p (S=0, T=1/2)

(27) ‘ ‘ (és) 10000 7
(10 | I 2000+ |/ ! _ 1
2000 | ]/ 100 f mz=1014 MeV ———7 ] Ll mr=1014 Mev ]
1500 | 50 | : 1500r 5000 |
= N E ] !
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O 0 = 1000 F I 2500
(1 0*) 000 | S
0 B
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o mem  mem mmm w1 . 000204 0608 10 12 14 1. i
(10’ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ 00 02 04 06 08 10 12 14 16
I 02 04 06 08 10 12 14 16 ]
: I E-p (T=0) Flavor singlet (H-Channel)|
‘ ; ‘ ‘ ‘ ‘ ‘ ‘ ‘ 500 F ‘ ‘ ‘ ‘ — ‘ —
% @s) | = v o e Y ey
0 . o]
I I 1500 | 50
(8a 0 SR T § 00y
I % Vo I
sl ;; > 1000 |
(FE g L L L L L I
I e 00 02 04 06 08 10 12 14 16 |
1500 [
S s s s . _ e
. 04 06 08 10 12 14 16 00 02 04 06 08 10 12 14 16
Lattice QCD calc. i) 1]
T. Inoue et al. —

Prog. Theor. Phys. 124 (2010) 4

Weakly repulsive or attractive Core




Baryo

6 independent forces i 1iavor suys) syrmimeuy
| |

8Q®8 =

V)

&
X s

(21)

(10§
:

Lattice QCD calc.
T. Inoue et al.
Prog. Theor. Phys. 124 (2010) 4

The same behavior was predicted
by Oka-Yazaki’s Quark Cluster Model

| J-PARC E4OJ‘

(]yooo !

g repulsive core -
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-D

X*p (8=1, T=3/2)
T — P ®s)

2000 | V“O) 100 2000 - V §) 10000 A

1 7500

1500 | 50 - 1500 L o
o 1 )
0 % 1000 I 2500 [~

=
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p (5=0,T=1/2)

il T

=014 Mev e |1
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&
3
sy

Weakly repulsive or attractive Core
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Studies of baryon-baryon interactions
with strangeness



H dibaryon
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Lattice Prediction for H BB — ‘ﬁf\f” \Ezz N \/E _

HAL collaboration: Inoue, Sasaki, et al.

Reallstlc masses Sasakl et al.(2018)
m = m =mq (heavy) V=12 —— VN- e ——
500 [ U 1014 ] 100 | gm\ A/\g'1g); =l s Viz-nz(t=11)
po B B“) ettt Visa(t-09) ——
0 g e 50
g 500 | SU(3)f ] 0
St .
-1000 [ 6 B -50 |
d966d ;
-1500 | 1 r [fm]
H ‘ (@) Var-an
010 012 014 016 018 110 1‘.2 1‘.4 116 rBB 4 T T T
r [fm]
35 .
Attractive core = 3l A
-> B il“l BB(l) iS hot g 25t I=O (i
a stable cluster S .l S=0 |
:? 15 | 58
N; 1 N 378 37.85 37.9 37.95 38 38.05 381 ]
. . 0.5 f
In reality, mixture of a 6 quark state e e
o 1 1 - L 1
and a two-hadron (~=N) molecule? 0O 10 20 30 40 50 60 70 80 90

E [MeV]



H dibaryon search at J-PARC (E42)

Experiments:

AA hypernclei=>m_ >m,, Hyperon spectrometer ready
Lattice : SC Helmholtz magnet + TPC
rT]:{-p > rT]F1:> r111&AL 77 —— k(+

K-12C =>H+ X +K*
H=>AA

expected spectrum

n

o

o
I

[y =0 MeV
1 MeV

3 MeV
5 MeV

H(2250) K/ :

—_—

Q

o
|

Counts/1MeV/c?

1001

50

P55 224 226 228 23 282 234 236
IM(A A)(GeV/c?)



Scattering experiments



NN, YN scattering data

Gyt (Mb)

Oyt (Mb)
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1000
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total cross

Bubble chamber (CERN) in 1960s~70s

Scintillation fiber (KEK) in 90s

section
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o) FSS ----- I~ exp ——
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o o
5 €
50 50
0 = 0
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do/d(cos £2) (mb/sr)

do/d(cos £2) (mb/sr)

Differential cross section,
polarization

10

75
>* p elastic
0 -0.6 px=450 MeV/c
p p elastic Tj,,=400 MeV P P elasticT|,=400 MeV 2 s fss2 ——
fss2 = S
L FSS ----- 2
ex Soverpasesd e
- € 25 =]
)
a
5
X 7 p elastic
- ps=550 MeV/c
0 -0.6 g
0O 30 60 90 120 150 18 0O 30 60 90 120 150 180 | = Toag ——
w
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=
: e T,a,=400 MeV =
lastic T,,=400 MeV n p elasticlgp= e
n p elastic Tay . - .
04l £ N 5 ® s~ p->3°n
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g U= g
a 0 b > ; + a§?
: ? g
-0.2 e 5
3 % S
-0.4 ‘ :
-0.6 :
0 30 60 90 120 150 180 0 % OB B - T =
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P85 WA & BGELAR IR
do ‘
= 1fO)P

Phase shift

Scattering data
(angular distribution)
-> phase shift ¢, for each /

No phase shift data
for YN interactions

HICELAR I D 8 701 77

Phase Shift (deg)

Phase Shift (deg)

£(8) = % Z (21 + 1) €' sin(5;) Py(cos 6)

[=0

R. MACHLEIDT
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iy
L= ]
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New type of X*p Scattering
Experiment at J-PARC
(E40, Miwa et al.)

« 1.3GeV/c n* p ->K*E* reaction
« X% momentum from (z*,K*)
« Measure p momentum vector

-> ¥p scattering events
identified kinematically

\ tracking detector

LﬂZ target
] T

 CFT

__________________________

Inside a vacuum chamber

= do/dQ for X*p, X p, T p->An
(ps = 400-700 MeV/c)
=> confirm quark Paul effect
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550MeV/c NSCO7f
550 MeV/c FSS

Z+p —> Z+p mrmm fss2

............ ESC08

[mb/sr]

ds/dW (mb/sr)

. s, EXpPected accuracy
9F [ | E251 data (0.3<p(GeV/c)<0.6) ¥
o e o
i S S QI Cross section in simulation ds/dQ : 2.4mb/sr isotropic (assumed)
Gf « 20,000 scattering events
5F- /"' + derive do/dQ for 3 momentum ranges
¢ 1 Xp: £0.11 (stat.) *=0.15 (syst.)
3
B mb/sr
25
15 1 X*p: x£0.15 (stat.) *=0.15 (syst.)
058 06 04 02 0 02 04 06 08 1 : o
wsa  Simulation for p,=0.5-0.6 (GeV/c)
IS
p—oXp >p — An
° Simulation 7 = 5 . o
"""""" S A5E o crossctoninsmaion
e , I 4
600 MeV/c chiral EFT 7 8 a5 7

e  E289 data (0.4<p(GeV/c)<0.7) —y—77 =




Studies of YN, YY Interactions
from hypernuclel



How to construct YN, YY interactions
using nuclear data?

Rich NN scattering data + sparse AN, XN data

SUB)T

! | (Meson exchange models
+ Quark models

Lattice QCD

FreeYN,YYinterachon Chiral EFT

_ Rijmegen, Juerich, Kyoto,..
G-matrix cal

iterafon

Effective YN, YY interaction

Few body calc.
Yamamoto’s YNG int. % y

luster models
Shell models &C
A

B,, Hypernuclear Structure

1r

Hypernuclear data




AN spin-dependent interactions and hypernuclear levels
AEARTFHEERE/NMIN—FZLARIL

B Low-lying levels of A hypernuclel
(Kym7) or (n*,K)

“Hyperntuclear

vy Jeq/p Fine Structure Level spacing:
s split by Linear
= 1 combination

J
6 AN spin-dependent
A-17 interactions of 4, SA, SN, T
A 6? <. 0.1 MeV
AZ core J-1/2 -~

Only Ge detector can _
separate (AE~2 keV) Ain0s

B Two-bodv AN effective interaction Dalitzand Gal, Ann. Phys. 116 (1978) 167
y Millener et al., Phys. Rev. C31 (1985) 499

eff i . T -
Van = Vp(r) + Vo(r) sysy + Vp(r) Liysy + W(r) Liysy + Va(r) S

V A4 S/ Sy T
| “interaction strengths”
Well know p-shell: 5 radial integrals for s ,p, w.f.

from U, =-30 MeV

A =N\y(r) lumpradr, r=r — rs,



Observation of “Hypernuclear Fine Structure”
BNL E930 (AGS D6 line + Hyperball)

°Be (K-, " y) °,Be 160 (K T y) 16,0
Wi 43£5keV — 20 '
3 w/ Doppler correction %
- 3 -
¢ 305_ (spectrum revised) ﬁﬁ 20
§ 20_ g 10
S ok alll o lllin {1 =
3 S
| A T . N 6400 6500E(ke\gﬁ(}0 6700
5 (keV) )9/Be (K13r2 L=2 v 160 (K-, )
2t 23 067 i 2
3.040——————==22170 : 1 327 e ——
MeV 5/2:/3.024 SMST_'" """ 1- 6.560 Mev
S=1/2
E2| | E2 it il [
oY O . _Y_Y_z+/0 o Ve %
8 1/2 a A — =l 8.026
15 0
Be l 7Be split by O / 160
— _ -1 spin-orbit force
S,4=-0.01 MeV (S,) T =0.03 MeV
PRL 88 (2002) 082501

PRL 93 (2004) 232501
consistent with Quark Cluster Model consistent with Meson Exch. Model



AN spin-dependent interactions (D.J. Millener)

AN spin-dependent interaction strengths determined:
A4=0.33 (A>10), 0.42 (A<10), S,=-0.01, S,,=-0.4, T =0.03 MeV
“Much smaller spin-dependent forces than NN”

* Almost all p-shell levels are reproduced within a few 10 keV by these parameters.

* Test BB interaction models to improve them:

A S, S, T |(MeV)
~ ND .0.048 |-0.131 -0.264 | |0.018
. NF 0.072 |-0.175 -0.266|]0.033| LS force:
Nijmegen NSC89  1.052 |-0.173 -0.292 |10.036 | Al Ni
meson-exchange < ' e he ' Imegen
odels NSC97f  0.421 |-0.149 -0.238||0.055| models fail.
ESCO4a  0.381 [0.108 -0236 [10.013 [ . model
_ ESC08a 0.146 |-0.074 -0.241 ||0.055
looks OK.
( “Quark model” 0.0 -0.4)
ExXp. 03 |-00L -04 0.03

AN-ZN force is not well studied yet. => s-shell hypernuclei
AN interaction in nuclear matter? => heavier hypernuclei



spin-spin force How weak are
0%T=1 & d the A-spin-dependent forces?

? & Tamura et al., PRL 84 (2000) 5963
3563 keV m

1/2* T=0 1692 keV

1*,T=0 y n A=0.42 MeV
6|_i ALI %
_ S => AN spin-spin force
Spin-orbit force ~ 1/10 of NN spin-isospin force
p3/2 n hole
¥ m PIU2A  Ajimura et al., PRL 86 (2001) 4255
°
N— vr_¥ ii +=-0.01 MeV)
32 M50 kev W
1/2" —— ——— m p3/2 A
15
O 01/2 n hole AC => AN spin-orbit force

~ 1/40 of NN spin-orbit force



> -28S| potential —repulsive XN force

28Si (n,K*) at 1.2GeV/ with SKS B This strong repulsion is

P2
on
T

nuclear matter is due to strong
repulsion predicted by Quark
Cluster Model and Lattice QCD ?

= Sl O4=6"%2 V,~ +150 MeV.
: 7 W, ~ -15 MeV 1

- taround binding .
 threshold region

s
=
ol

o

I
j{=]
o

I
N
o
o
N
o
I
o

TN (1,S) = (3/2,1)

E Vo~ -10 MeV
05 Wo=-10 MeV . g

Cross Section [ 1 b/sr/MeV]
|

------ (3/2,1) : (1/2,1) : (3/2,0) : (1/2,0)

. =12:6:4:1
Mt v by by vy by vv s by v v by v w o vy v s Iy .
"%=226 0 26 50 75 100 126 150 175 for Zin nuclear matter
B 5 (MeV)
Noumi et al., PRL 87(2002) 072301 @

5= (Vo +1 W) fiys(r) B No X in neutron stars
Suggestign a strongly repulsive potential _dug to 75”0”9 repulsion

inX>n -

(V5~ +30 MeV)



AA Iinteraction from AA hypernuclel

Nagara event )
AN
T

“Triple magic” nucleus
A P 9

N
B ( AA-l&BA(AA'l)

AB, .

AB,, = B, - 2B,(4A-1),
B, ,= M(A-2) + 2 M(A) = M(,,A)

«—— K p ->EZ K*reation

Mass of ¢, ,He ->
AB,, =0.67/%x0.17 MeV

Takahashi et al., PRL 87 (2001) 212502 : %Aéiﬁ%ffggogf L&?;ZE LARL
(#%ART AA—H HEZSBIET)

J-PARCTIL0EMDEER ( AAR100M8) M (E07,Nakazawa)



hypernucleus

Nakazawa et al., PTEP (2015) 3, 033D02
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4.38+0.25MeV if 10,Be is in ground state.
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BB correlations
---skipped



3-body force with hyerpons



“Hyperon puzzle” in neutron stars

B Hyperons (A at least) must appear at p ~ 2 p,
B EOS’s with hyperons or kaons too soft -> cannot support M >1.5M_,,

B Heavy NS’s (~“2.0 M

Mo

NS mass

2.5

2.0

\‘\

sun

AR4

Ignore hyperons
MPA1
PAL1

AP3
ENG

MS0

MS2

SQM3 MS1
J1908+03X7 FSU
1.5 -.!15,::)\:"7:,';'."§QM1\ PAL6 i’ N \ \ / .
I NG~ “:T A - \\
+ peron
Quark matter
8 9 10 11 12 13 14 15

0.0
7

NS

radius (km)

) were observed.

=> Unknown repulsion at high p

B Strong repulsion in three-body force
including hyperons, .
NNN, YNN, YYN, YYY ? (o Youd

M Phase transition to quark matter ?

We need to know YN, YY,
Kba'N interactions
both in free space and
in nuclear medium




3-body nuclear force (NNN) o
O. o) | w g
A
50.0 ——————— —————— — Hadron has internal structure | =
- d+p elastic -> 3-body force may exist ! J
122_ at 135 MeV/A ; Attractive for light (small p) nuclei
| Fujita-Miyazawa type
d—a[mb/sr] "
1.0 F df) 2N
i IL2
0.5:‘ -20_ — + 1-\ .
0.10 ..... 6|0 ''''' 1éo """" 180 T\ l\',L 2+ \ ""/"I+EXp
Ocm [deg] i A O+ Lj\z-# \%-W\g*ﬁ

K. Sekiguchi et al., Phys. Rev. C 65, 034003 (2002)
B NN(CD Bonn, AV18, Nijimegen LII)
BN 3NF(TM’g9)+NN

3NF(Urbana IX)+NN(AV18)

40

Pieper et al.

linoisE 34k 1 (2r exchange, #kH-EiRE!)



Akmal, Pandharipande

and Ravenhall, PRC 58 (1998) 1804

300.0 :
SNM

3 b d I f 250.0 | A18+UIX
y 200.0 r ]
A18+8v+UIX o

= 1500
ik}
3-body nuclear force should be =
. : . W 100.0 7 |
repulsive at high density (p > p,) I S oot e
50.0 | N J:»\, B
Saturation point (po) IS 40 c " _ | T i
reproduced with 3BF. T Ate
. ' 0.2 04 06 038 1.0
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5 5 \\ O ISOtOp - NN only ~r la=a NN + 3NFcl't| -
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A
Chiral effective field theoryl2&k33{&h

A

G. Hagen et al., PRL 109 (2012) 032502



3BF makes EOS of NS stiffer

UIX: Urbana type 3BF dv, : relativistic effect

26 T T T T T T T T T T T T T T T

2a ]
ool . ATBHUIX
20| |
18 |
16 |
14
s12f
=10/
0.8 |
0.6 |
0.4 |
02 |

i 007 L 1 L 1 L 1 L 1 L
R SR 8.0 9.0 10.0 11.0 12.0 13.0

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 radius [km]
p [fm ]

Akmal, Pandharipande and Ravenhall, PRC 58 (1998) 1804

7 A18+UIX +dv,

lar
—
Y
e e e
sola

M/M_

00 b

Max NS mass = 1.6Me (only 2BF) Max NS mass = 2.2 Me (+ 3BF)

No hyperons in this calculation



Baryon mixing and three-body force
In hypernuclel

[1]

Mixing oc 1/AE = BB Mev
-> Large X mixing (~a few % ?)

>
—5
~75 MeV
A

~300 MeV

nNO N, A O =N : experimentally known
nA O=A, £ 0rA : not known — theoretical (SU(3);) input necessary

N Y
S=0 S=-1 S=-2
N N N N A N A A A N A A
r T T K 1.X..
A ________ + [ . N = _|_ =
N A



A’s binding energy and the max mass of neutron stars

Y. Yamamoto et al.
Nijmegen ESCO8 int: almost all hypernuclear data PRC 88 (2013) 2, 022801

+YN scattring data are reproduced. PRC 90 (2014) 4, 045805

“3B/4B repulsion: assumed to be the same between NNN and YNN, YYN.

Fix 3B/4B repulsive force strength using 160+160 collision data
(“universal 3B repulsion”). w/o and w/ 3B+4B repulsion in YNN

different slope

89y (n”,K*) 89AY 0

250 1
[ Oa 5

200 | : ' : ! _

150 boob L

100 |

Counts / 0.25MeV

3]
Q
———

0.00 0.05 0.10 0.15 0.20
A—2/3

.1 MeV) data of A biding energies are necessary




Extension Plans of J-PARC Hadron Hall

High precisiox
hypernuclear spectrogscopy

< 2.0 GeV/c
1.8x108 pion/spill
x10 better Ap/p

S= -1 Systems

y-ray spectroscopy

weak decays
S=-2 Systems AN scattering

AA, E hypernuclei * <1.2 GeV{c
H dibaryon » ~10° K/spill

+ <2.0GeV/c

«  ~10°% K/spill m

« <1.1GeV/c ‘ \ T
e ~105 K/spill m 23Y

5 deg extraction

<10 GeV/c separated
pion, kaon, pbar
o ~107/spill K-

30 GeV. protoh | ' COMET s
<31 GeV/c unseparated 2ndary l 1
beams (mostly pions), ~107/spill V RequeStl ng a bUdget' -

\



89Y (7T, K+) 89

(n |<+) @KEK

" PRC64 (2001) 044302

LN

AE 1. 6 MeV

300 [

250

200

150

100

EH

(m*,K*) at HIHR i

@J-PARC  [iZr
- Simulation
d!l
- AE = 0.3 MeV
(FWHM)

expected

PARC Hadron Hall

High precisiox
hypernuclear spectrogscopy

< 2.0 GeV/c

8 ni i
1.8x10% pion/spill - defy extraction
x10 better Ap/p . ~5.9/GeV/c KO

« Gopd n/K

<10 GeV/c separated
pion, kaon, pbar
05m .« ~107/spill K-

Requesting a budget...



Summary

1. Why is hierarchy of matter born?
" Cluster formation by strong force with saturation of “charge”.
= Strong repulsion between the clusters at short distance
= Weak attraction between the clusters at long distance
-> “Nucleus” cannot make a higher hierarchy

2. Nuclear force (baryon-baryon interactions)

" Meson exchanges at long distances, quark Pauli effect and
color magnetic interaction at short distances
-- to be confirmed by experiments with strangeness

3. BB interactions with strangeness

"Various hypernuclear data have been used to construct and
test the BB interaction models.

= Key experiments: 2p scattering and H dibaryon search

* YNN 3-body force has to be also investigated.

Missing today: chiral EFT, meson-nucleus molecule(K pp)



