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Baryon-Baryon interaction

88 = 27.08.D1,8H10%5010,68,

In SU(3); limit, no mixing 1
among different multiplets.
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Difficulties of YN
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Missing mass spectroscopy

1.6 iy !
/\—— g e 89A39Y49 I I \ |
18, 1 > 1 f_g ' E . Ogg/z_1 f W{ M
2P1/2 = \. g £ 12p Core excited 1\ H Iw
2 5 o o 8 | it
. ™ b B
2 S L i
@ E S 08 [
rh A g
% 06 |
n 6" 04 :
30;fﬁ"l""7"*';""1{1"] 0.2:
25 B, SPREXTY € h ot - 5
i - L e ! 2 0
20f sl . 1 ik :
> 13- 4 e dy | ooeeee 4 :
2 PETTUR T 5
g T AR - I 89Y(rr+,K*)89, Y [KEK E369]
sk ',’ - £t : Counter experiment:
0-! 3 : £ SKS magnet
o A Tl s T i R FWHM=1.6 MeV

A
Prog. Part. Nucl. Phys. 57 (2006) 564 Phys. Rev. C. 64 044302 (2001)



10B (K",ny) BNL E930('01)

“Li (n*K*) KEKE419 9Be (K-my) BNL E930('98)
> 3563__ 0" 12%
Y ray T=1 T=1 488 3040 2% . 312*3.067 32 . 2 <01
- mil v = 3.024 9 o e 0
transitions 218 3‘“1_.--M1* 7/2% 2.520 B B
in p-shell e e
- E2
hypernuclel bl o S | A
1+ .. 327 0.692 3 9 12
Lo |M1 Be  iBe
BLi 12t o
i — Z/;ﬁ z;g 12(235)5 )ogggm NPA 754 (2005) 58¢

1L
PRL 86 (2001) 1982
PLB 579 (2004) 258
PRC 73 (2006) 012501

12C (n*,K*y) KEK E566 13C (K',wy) BNL E929 (Nal) 160 (Kny) BNL E930(01)
X AP1/2 ee’? 10,98 -+
37>~ 10.83 ﬂ\\

=" 6.784

Bt 1" 6.560

2+
"B (n*,K*y) KEK E518 X Ap3/2%
! " 4709 6.176
- / 3.95 e L PP /0"
M1 ., 0 / —— >3/2 172
2.834 ; T /4228
0718 1+, W 1.482 T B 1= l
- 1/2* ! 231 0" _yyie* 2968
+ - o+ / 32+ = = M1
cH— — P : - 39 2. 4.88
0__‘::\ !I ! !‘ 3 3/2 . 2 . — e M1
g 11 5’210 OT::\ 1'% Kﬁ / E52/2 ot 1t— o 12 —t¥1 002
! —c 2 sl X
AB C 12C 0 O+." " 14 ~~_L3/+0 e 00
A +0 2 15
120 130 172 N 15 0] 16
PTEP (2015) 081D01 A A A
PRL 86 (2001) 4255 PRL 93 (2004) 232501
PRC 65 (2002) 034607

NPA 754 (2005) 58¢
Y. Ma, Ph.D Thesis (2009),



Effective two-body AN interaction
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Small AN spin-orbit force
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AN Interaction




AN iInteraction: AN-2ZN coupling
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Summary on AN interaction studies

 Experimentally most well studied among YN interaction

* Spin dependent term determined for p-shell by y-ray
spectroscopy
* Independent particle picture is valid for also A
«U,/Uy ~2/3
« Small spin-orbit force (by an order of magnitude)
* Magic number for A — HO shell gap
 One pion exchange forbidden (medium to short range
nuclear force)
* Zero isospin of A

* AN-XN coupling is stronger than the nuclear counter part
*My-M,= 75 MeV

Large charge symmetry breaking (CSB) ?




Experimental breakthroughs in 2015

Experimental confirmation of large charge

symmetry breaking (CSB) in AN interaction



How much energy (B ,) the system will gain by
adding A in A=3 nuclear system?

A has no charge!! naive expectation
« AB,: measure of pure

(no Coulomb 3H+A 3He+A
contribution) CSB effect [T 1 T
of AN interaction. ,’ '\\
AB, would be the same [kl s
or much smaller than / °He
NN o o
A few keV sensitivity }
via y-ray spectroscopy B,
\S/\t/;ttzsk?ound excited oo = %) R, = %)




A=4 mirror A-hypernuclel

M. Bedjidian et al., PLB 62, 467 (1976)
M. Bedjidian et al., PLB 83, 252 (1979)
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Experimental breakthroughs

Energy of 4,He (1+—0")
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J-PARC

(Japan Proton Accelerator Research Complex)

& LINAC (400MeV) Material and life science
experimental facility

High energy and intensity proton beam
— High intensity secondary beam
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y-ray spectroscopy of 4,He (J-PARC E13)

Reaction: “He(K-,n)*,He
Beam mom.: P, =1.5GeV/c
Target: Lig. 4He, 2.8g/cm?
Reaction-y coincidence
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A=4 mirror A-hypernuclel

AB , (9.5)=B,, (0*;*,He)-B ,(0*;#,H)=270 == 100 keV
AE (1*—07)=E, (*\He)-E,(*\H)=316 *=40 keV
AB , (1%)=B, (1*;*,He)-B ,(1;*,H)=50 =% 100 keV
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CSB in mirror nuclei: 3H & 3He

TABLE IV. Contributions of the various terms of the interaction
to the *H-*He mass difference D. The AV18+ UIX potential has

———————————————— 0 (keV) been used.

Interaction term D (keV)

Nuclear CSB a5

'y2+ L Point Coulomb 677

8490 %+ 7726 Full Coulomb 648

_______ 1_ Magnetic moment 17

3 H 3 H e 764 keV | Orbit-orbit force 7

n-p mass difference 14

Total (theory) 751

Experiment 764

XPT calculation

Nogga et al., Phys. Rev. C 67 034004 (2003)

Coulomb Breit

(Ex)

Two-body

Three-body

Theory  Experiment

648 28

14

65(22)

3

160(22) 764

J. L. Friar, G. L. Payne, and U. van Kolck, Phys. Rev. C 71, 024003 (2005)



Effect of AN-ZN coupling in 4,He

Hyperon-mixing ANN three-body force
«w.f.: Core + A e |H Jf |Q| |. |H|
* ANN-3BYN A -
. .- 1"
« Simulated Nijmegen . -0.68 70
soft-core potential 120 .10 -
« SC97¢,1(S) SN "S54
_ _ |3 -1.43
* Spin doublet spacing 1O\ ANEN 00\ ANEN
In A=4 SyStem 2210 518
*5y"s, + AN-SN 0* 0*
» Large effect on 0*
* Coherent coupling fens =070 feas =070
SC97¢e(S) SCI71(S)

Y. Akaishi et al., Phys. Rev. Lett. 84 3539 (2000)



Relatively recent theoretical studies

a. A.Noggaetal.,, PRL88 172501 (2002)

* ANNN four-body calculation
* NSC97e (AN-XZN tensor term strong)

b. A.Gal PLB 744 352 (2015)

* Akaishi-formalism + explicit CSB term via mixing of AX°
to AX strong interaction.

c. D. Gazda and A. Gal PRL (in press)
arXiv:1512.01049 (2016)

* Ab-initio No Core Shell Model (NCSM) with xEFT YN
Interaction
* N3LO NN + N2LO NN + LO/NLO YN
* Inclusion of explicit AN-ZN interaction

N R
B,(0)  0.27(10)  0.07 0.22 0.18(10)

BA(17) 0.05(10) -0.01 0.03 -0.20(2)




Summary

* NN strong Interaction to more general baryon-baryon
Interaction
« AN interaction is the first step with Strangeness=-1
* YN scattering experiments difficult — study of hypernuclel

* New data on A=4 4, H and #,He from MAMI-C and J-
PARC

* AN CSB is confirmed.

e Larger than NN (unexpected) — role of AN-ZN 3-body interaction
» Strongly spin dependent

Experimental progresses have opened a new
testing ground for a nuclear few-body calculations.




Observation of a JHe Bound State

BNL-AGS (1995-)
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Isospin dependence of the (3N)-2 potentials

CROSS SECTION (ub/sr MeV) [EXP.]
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BAN
U, (A) ~ (=30) MeV, U,¢(A) ~2MeV — ¥EZHAIE

EYN —38 MeV ? E13@IJ-PARC
U, () ~ FH89, U, () ? =>Z'p(=Zn)BIEL E40@I-PARC
BAN-2N
a few % mixing, ANN3{EH - FiBE/ A /3—1
BE=N E10@J-PARC
Uy (2) ~ (=14)-(=0) MeV ? — (K-KH R, =-J7FXifR
BAA-=N-IY E03.05@J-PARC
mixing prob. 7, H-particle ? —Hybrid-emulsion, AAFEEH
BKN-A(1405)-m2 E07, PA2@J-PARC

U, (K7) ~ =200 MeV/=50 MeV ?, “K-pp” ?
— (K- N), (n",.KH & s
E15,E23@J-PARC



Strange baryon & Hypernucleus
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CSB In AN Interaction

BA(*AHe; 1)=[M o +M,]-M(*\He;g.5)+E,(*\He;1)
-) BA(*AH; 1)= [Mgoe M, 1- M( 4 H;g.8)+E (44H; 1)

AB,(1)=- AM%,\p+AE,(1)

AB,(1%)-AB,(0%,9.5)=AE,(1*)=AE (1*—0%)
Measure of almost pure CSB in
AN interaction

[M_,.+M,] : reference =0



A=7, T=1 Iso-triplet hyp. nuclel
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Isospin invariance and charge symmetry

e Isospin invariance: [H, T?]=[H,, T]=0
* a,,= a,,= a,, (scattering length in 1S;;T=1)

e Charge symmetry: [H

* dnp= app

P..J=0 where P_=exp(inT,)

st

Ay, = -17.7x0.4 fm '
a =-18.8 +0.3 fm o(pp > dn™) 1
nn - =+ ( )

3y, = -23.75 £0.09 f o(pn - dn®) ~ 72

Mostly dominated by EM (Coulomb & &t
mass difference) effects



