2016. 3. 15
JLab WS

Recent Achievements at J-PARC and
Future Prospects of Hypernuclear Studies

H. Tamura
Tohoku University

1. Present status of hypernuclear physics at J-PARC

2. AN-ZN interaction and A in neutron matter
2.1 hypernuclear y-ray data for p-shell
2.2 Charge Symmetry Breaking in AN -- New A=4 data --
2.3 Neutron-rich hypernuclei

3. Toward double strangeness systems

4. Hadron Hall Extension Plan

5. Summary



1. Present status of
Hypernuclear physics
at J-PARC



Approved experiments ( stage2 / stagel)

. ©®* search
E10: n-rich A hypernuclei
. K'pp bound states
E13: y spectroscopy of A hyp.
EO7: AA hypernuclei
EO5: E Hypernuclel

E15: Kpp bound states
E31: A(1405) structure
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Recentdata [ Experiments for neutron stars ':

Under preparation/Planned
1. AN interaction in neutron matter
(1) ANN 3-body force = p and T dep. of AN int

Precise B, for various (asymmetric) A hypernuclei

12 B,16 N, 28 Al, %2,V | JLab E01-011/ E05-115 | 40 K, *8 K, ...., 208, T| JLab 15-008
JLab E94-107

AN scattering exp. to determine 2-body force and
to extract 3-body force effects from hypernuclear data ;.parc k11

(2) AN-ZN coupling/ An force J-PARC E10 |

DA®NE FINUDA | 9 H J-PARC E10/ HIHR
A e’-au

0.1 E

0.01

20 4py 6Py 8pg  10pg

J-PARC HIHR

Light neutron-rich hypernuclei ¢,H

Charge Symmetry Breaking %,H, 4,He, 7 ,He, 19,Be
[mainza1 ] [3-PARC E13 | [JLab E01-011/ E05-115
2. S=-2 interactions J-PARC E63

AA hypernuclei, I-PARCEO07 = hypernuclei. J-PARC EOS = _atomic X-rays
s Y

3. 2N interaction (in particular, > n=X*p) J-RE EURED

>*p scattering experiment J-PARC E40

4. KP?r interaction in nuclear matter
K'pp search DA®ONE FINUDA J-PARC E27 J-PARC E15




2. AN-2XN Interaction and
A In neutron matter

2.1 p-shell hypernuclear data

2.2 Charge Symmetry Breaking in AN
-- New A=4 data —

2.3 Neutron-rich hypernuclel



AN Interaction in neutron(-rich) matter

Hypernuclear data: U, = - 30 MeV LE

= A in symmetric matter, at p, -
0.1

A has no isospin, but :
AN int. in neutron matter is different (.1

due to strong AN-2N int.

-0 1,
R )

T 2
~75 MeV _
~300 MeV
’ nt) @
A—2 mixing Akaishi et al.
~a few %
N Y ° Coherent effect in n-rlch matter PRL 84 (2000) 3539

-> Attractive ANN force
Explains A=3,4,5 hypernuclei

-> Large A-X mixing
in hypernuclei
At short range (large p), Ann strongly repulsive?




How to experimentally study?

B Precise B, and level energy data for

asymmetric (neutron-rich) A hypernuclei

(e,e’KY)@JILak , KN@J-PARC
m B, for s- and p-shell hypernuclei: 4AH,AHe, 9 He;

O Li, 10, Li; ...
“rays for s- and p-shell - ) @@ e

(e,e’K )@JLab (K- z) @I-PARC ?
= Charge Symmetry Breaking: *, H /7AHe /7 \Li%,
-> 2N-AN interaction 10 Be/1,B, 12,B/12,C

m B, for medium/heavy asymmetric A-hy

40AK / 48AK, ...ZOSATI;

-> T, p dependence of AN int. (e,e’k)@
(ANN force)

B 2N->AN scattering experiments @J-PARC



2. AN-2XN Interaction and
A In neutron matter

2.1 p-shell hypernuclear data



Hyperball 1998~
=FANTE> « Hypernuclear y-ray data (2014)
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PTEP 2015 (2015) 8, 081D01



vaerball 1998~

Hypernuclear y-ray data (2014)

"Li (n*K'y) KEKE419 %Be (K',my) BNLE930(98) 108 (K-my) BNL E930(01)

AN spin-dependent interaction strengths determined

VAN = Vo(r) + Vg(r) 5,8y + Vi(r) fANSA + W(r) Lin 3y + Vi(r) S,
A s, Sy T

A=0.33 (043forA=7), S,=-0.01, S =-0.4, T=0.03 [MeV]
Smaller than NN forces by 1/10~1/50

1] W Almost all these p-shell levels are reproduced quite

well by this parameter set. (D.J. Millener)
+| l Feedback to BB interaction models (Nijmegen, Juerich)

toward unified understanding of BB interactions fe
"~ Next step: J-PARC E13 ->s-shell, sd-shell
= AN-ZN force, CSB, AN eff. int. in sd-shell

AD C 1§C o—20 _YVV 0 14 ot U .5 ='=0_C026

A 120 13 "% N 15N O e)
NPA 754 (2005) 58c EPJ A33 (2007) 243 A

PRL 86 (2001) 4255 PRC 77 (2008) 054315 PRL 93 (2004) 232501
PTEP 2015 (2015) 8, 081D01  pR 65 (2002) 034607 [y R (200)7) e



D.J. Millener, NPA 881 (2012) 298

Millener’s parameter set
A=7,9 A =0.430. Sy =—0015. Sy =—0.390. T =0.030. MeV

A=10-16 0330, 5,=-0015.  Sy=-0350. T =0.0239. MeV
Calculated from G-matrix using AN-XN force in “D2”
doublet spacing \ contribution of each term (keV) (keV)
JT JT AT A Sy Sy T AE™ AE®P

L 3/2% 1/2F 72 | 100 628 1 —4 -9 693 692
L 7/2F 5/2F 74 557 —32 —38 —71 494 471
1Be 32T 5/2F -8 —14 37 0 28 44 43
"B 7/2% 5/2F 56 339 ~37 ~10 —80 267 264
"B 3/2F 12t 61 424 -3 —44 ~10 475 505
e 2" 1= 61 |a0| 175  —12 -13 —42 153 161
ON 3/25 1/25 65 451 -2 -6 =10 507 481
e - 0~ —33|aaz00-123 =20 1 188 23 26
'°0 2" 1 92[+37%| 207 -2 1 —41 248 224

Agreement looks almost perfect when the AX coupling effect included.
2A coupling force by Millener (Akaishi’s D2, central force only)
=» Why agreement is so good? Constraint to the A¥ coupling force?




2. AN-2XN Interaction and
A In neutron matter

2.2 Charge Symmetry Breaking in AN
-- New A=4 data —



Charge Symmetry Breaking puzzle in hypernuclei

3H / 3He binding energy
difference due to strong int.

~60 keV
HEA . 2 S He + A

Measure

B, diff. in 4,H /4,He of with Ge
. + ,
350 keV is too large. L RO0E00 s 1% detectlgrs
s - . =>E
1/2* 1 1.00x002 | M1 M1 4 "
3 T ot 1.15%0.04 |3, 1/2
H ot T3

2.12+0.010.09 204200 —__— He
- 4
§ aF v 4 He
B, A

Measured at Maniz &51;) (MeV) &
n

A. Esser et al.,
PRL 114 (2015) 12501 Old emulsion data/no systematic errors given

M. Juric et al. NPB 52 (1973) 1
4-body exact calc’s with A—X mixing Experimental confirmation of

using Nijmegen BB interaction models failed CSB is necessary
=> Long standing puzzle



E13 setup at K1.8 T | spectrometer

SKS magnet
(25T)

SMF ~_, ) “SksMinus”
AZ (K™, 77) AZ* y
BN jtzz_+_7/ M?:éifck————f il

SDC3,4

. . SDC1,2
B Tag production of hypernuclei
: SAC1
E Detect y-rays from hypernuclei
Target
Ge array /
“« _1” 13 BAC1,2
Hyperball-J” | 5.5 4 Q
Q12
| A5 pa
Mass slit S
Q11 O )
\| Q10 \\\‘\ K1.8 Beamline
4,He : lig.He target (2.5 g/cm?) X.\ ) Spectrormeter
px = 1.5 GeVic '
19 F: HF -> CF, target (20 g/cm?) \ BFT 0
A 4 5m
Pk = 1.8 GeVic /\ BH1 | |




Pion
spectrometer
“SksMinus”

SKS magnet
(25T)

SDC1,2

SAC1

Target

BAC1,2

K1.8 Beamline
Spectrormeter

5m




Pion
spectrometer
“SksMinus”

SKS magnet
(25T)

SDC1,2

Hyperball-J
{ Ge

_cryostat | { } /| PWO SPO

SAC1

5
=
o
I
@)

Target

Q13 BAC1,2

Q12

pulse-tube [ 51 97
cooler T ‘ ‘ °

D4

' Q11
1O K1.8 Beamline
N Spectrormeter

BFT 0 5 m
BH1 | |




Ge cooled down to ~70K
by a pulse-tube refrigerator
c.f. 92K w/LN,) to suppress
radiation damage

| Fast background suppressor
=il made of PWO

ol ) AE=3.1(1) keV at 1.33 MeV

J! Eff. =5.4% @1 MeV
~‘\ = with 28 Ge(re=60%)




E13: Spectroscopy of #,He

24kW / 5days’ data taking just after the beam resumption

Missing mass
J Black : with liq. He (physics run)

5000 4 o
- O > 3.5 deg. He(K'm) at 1.5 Gevic g0 empty target
1000 - bound region ~ 1ighly unbound region ( w/o liq. He, w/target cell )
> I ﬁ :
§ i : : :
| 4 He g]ﬁ[“]ﬂh_ !._.l--.l..-ql.-.l.n.'l..-r-.....!...:-..l..r.;... __.
2 i 12000 - : =
§ 2000 10000 =
@) - = . : 3
B \ H“t'“’.:-_-.- o[ o i ] R (R S SR— .....-_-:
- empty target C : -
1000 - Mainly from LN R J PR e R R IEE R S T
- K-> O 4000F .
0 e et L T 2000F----H-- 12 L FESEREC Y ___
20 100 100 20 30 40 ‘1’:"' R T S
Excitation energy [MeV] Y 200 = Ii‘,ﬁ [“w;‘__—f]f‘“
| A LT
4AHe(0+) dominant + 4AHe(1+) Nakagawa et al., HYP2015 proceeding.
Peak width = resolution ~5.4 MeV (FWHM) Byproduct:

Spectrum for 4;He (p,=1.5 GeV/c)
was also successfully taken.



counts / 8 keV
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Mass-gated y-ray spectrum

e* (511)

“Ge (564)

“Ge (596)

) 56Fe (847) | ;24A| (1014)
—— ™Ge (1039)

(a) highly unbound region

IIIIIIlIIlIIIyJV[lI
»‘

(b) highly unbound region
Doppler corrected

II|I lII|III|[II|III|III

.......

(c) bound region

Doppler shift correction

o— / T
K- B

4
AHe

A/Y\/\/\ \
Emeasured

E =
corrected )/(1 + [)’COSBY)

No broadening simulation

N\

After correction
Before correction

Surprisingly large

4 He(1*-> 0%) : 1406+2+2 keV | Present data

‘He : 17> 0" (1406)

4

1500 2000 2500 3000
E, [keV]

500 1000

1* cross section seems lower by 1/2-3



H+A O 3He + A
Results
1T 0.95%0.04 [ 0.98+0.03 17
1t T ) 12t
Ey=1.09 ,=1.406 =
3 £0.02 +0.002 /4
H +0.002° “He
+ [present]
0 4 :
2.12+0.01+0.09 2.04£0.04 g
A 2.39+0.03
s fTth»:OOI»JMeV T 4 .
Tk | Ve T .
=> Existence of alarge CSB effect col (oM
. i Bedjidian et al.
confirmed only by y-ray data 30+ PLB 83 (1979) 252 -
Combining with AB,(1%) : 0.03+0.05 MeV TPty el 4
emulsion data,  AB,(0*): 0.35%0.05 MeV I e T T

(d) bound region

=> Large spin dependence in CSB found Doppler corrected

FHe: 10" (14060

Present data

Cout
g

g _0_
|

1500 2000 2500 3000
E, [keV]

500 1000

Energy of v -rays (MeV}




PRL 115, 222501 (2015) PHYSICAL REVIEW LETTERS 27 NOVEMBER 2015

E4

Observation of Spin-Dependent Charge Symmetry Breaking in AN Interaction:
Gamma-Ray Spectroscopy of 1He

T. O. Yamamoto,' M. J-flxgnutzl.l«m13 Y. Akazawa,' N. Amano,’ K. Aoki,” E. Botta,™® N. Chiga,' H. Ekawa.” P. Evtoukhovitch,®
AL 11"-‘:].'1«:'1{:].lv'.:l,3 M. l;ujila,' T. Gﬂganﬁ,? S. Hasegawa,g S.H. Ha}'akawa,m T. Hayakawa,m R. l-lv'.:lnda,ml K. Hus-::lmi,g
5. H. Hwang:} N. lchigc,' Y. lchﬂ(awa,q M. Ikcda,' K. lmai*q s. lshinmtan,5 5. Kanalsuki:" M. H. Kim,” S. H. ij,”

5. Kirjl:nara,IE T. Kc:ikc,' LY. L;r:we,I3 5. I'\.’larccllcu,j"ﬁ K. Miwa,' T. I'h-’lm:un,I3 T. Nagac,? S. Nagao,' Y. Nakadam
M. Nakagawa,m Y. Ogura,' A Sakaguchi,m H. Sakﬂ,q Y. SasakiT' 5. Satof T. Shiozaki,' K. Shirﬂt-:]rLI4 H. Sugimura,q
S. Sutﬂ,' S. Suzuki,S T. "l’al::ahas;hi,5 H. Tamura,' K. Tanabc,' K. Tanida,g Z. "I':;anialaidzc,E M. Ukai,'
Y. Yamamotu.' and S. B. YangI3

(J-PARC E13 Collaboration)

lDepamnem of Physics, Tohoku University, Sendai 980-8578, Japan
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The energy spacing between the spin-doublet bound state of {He(1*,0%) was determined to be
1406 + 2 + 2 keV, by measuring y rays for the 17 — (7 transition with a high efficiency germanium
detector array in coincidence with the *He(K~, 7)) He reaction at J-PARC. In comparison to the
corresponding energy spacing in the mirror hypernucleus {H, the present result clearly indicates the
existence of charge symmetry breaking (CSB) in AN interaction. By combining the energy spacings with
the known ground-state binding energies, it is also found that the CSB effect is large in the 07 ground state
but is vanmishingly small in the 1+ excited state, demonstrating that the AN CSB interaction has spin
dependence.

DOL: 10.1103/PhysRevlen.115.222501 PACS numbers: 21.80.+a, 13.75.Ev, 23.20 Lv, 25.80.Nv
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EDITORS' SUGGESTION

H He Observation of Spin-Dependent
Charge Symmetry Breaking in AN
Interaction: Gamma-Ray Spectroscopy
of iHe

: : : 4
The energy spacing of the spin-doublet states in the |, He

hypernucleus indicate a large spin dependent charge
symmetry breaking in the AN interaction.

T.O. Yamamoto et al. (J-PARC E13 Collaboration)
Phys. Rev. Lett. 115, 222501 (2015)

Press-released from Tohoku U., KEK, JAEA, J-PARC



CSB Is sensitive

to AN-XN force

Table 2

A. Gal, PLB 744 (2015) 352

Dalitz-

Hippel

Bodmer, Gibson, Akaishi,..

AB,(1*): 0.03%0.05 MeV
" AB,(0*) : 0.350.05 MeV

Calculated CSB contributions to AB% (DE_S_} and total values of AB?\(UJE’_S_} and AB} (1%.), in keV, from several model calculations of the A =4 hypernuclei. Recall that

AB3P(0g5) =350 £60 keV [3]. /- mass difference A/Z% mixing

4He-4H Ps (%) ATyn AV¢ AVyn AB} AB}
model Ogs. Ogs. 'Dg.s. Ogs. Ug.s. Texe

ANNN [9] w/o Tmixing - - —42 91 49 —61

NSC97. [10] 1.6 47 —16 44 75 -10

NSC97; [11] 1.8 100 -10

NLO chiral [12] w/o CSB 21 55 -9 - 46

(AX)e [present] 0.72 39 —45 232 226 30

(AX)f [present] 0.92 49 — 263 266 39

NSC int. :

Gmatrix XN-AN :NSC but central only (Akaishi-Millener’s D2)
2ZN-AN tensor dominated

=> cancel between p and zexch.
=>small CSB

LO chiral EFT int.: ZN-AN central dominated

=> constructive between p and zexch.
=> large CSB

AZ.-AZ. pairs IJ" ABSI (keV) ABSP [3] (keV)

4He-4H 1.0% 226 +350£60

7 Be-] Li* 1.1 —17 —100+90

8 Be-8 Li 11 +49 +40+60

AB-ALi 1,37 —54 2104220

10B-10Be 1.1 ~136 —220+250

A. Gal, PLB 744 (2015) 352

X

E. (MeV)

1.8

1.6

0.8

0.6

2D. Gazda and A. Gal, accepted in PRL (2016)

4 .
—s :\Hc‘ with VCSB

4 .
=-—a ,»\H‘ with VCSB

4 .
- _ch\ without \/’CSB

L i]—l. without Vg, //,, Exp. iﬂc_
R Ew ]
1 "/’:: - . —
¥ ' J
LO chiral EFT inl

| | | NCSM-_!

550 600 650 700
A (MeV)

CSB data for p-shell is also important -> (e,eK+)@JLab




2. AN-2XN Interaction and
A In neutron matter

2.3 Neutron-rich hypernuclel



How to produce n-rich hypernuclei?

10B (7, K*) 19, Li

TpPpp->AnK*

(K, m) || (r* ,KY)

10 11 12 13 14 :
AB AB AB AB AB B

“Belf%Be [\ Bell% Bl Bel 14

8pi | 9ri |10 Byl 21|12
ali [ AL | ALi §ALif 4L

350

[ 5 7]
h 5
[—] =3

G 5:140 [Mb/ ir/MeV

., — FAN A 1 1
AR [ s (| (| * *

p,~1.2 GeV/c

“Hell SHe [lRHe|l 1He |8He 3He J°He | He

H ‘iH\

(e,e’KY)

(" ,K*)

SCX (Jlab)

DCX (J-PARC)

(Sakaguchi et al.)

: n
15.0 : + H,
100 Almost no +++++++ + HH
| 50;_backglround ++++++ + *
A | l o .o.¢“++++ +++ +++++++
O e 0000 80 00 0 140
q ‘B, [MeV]
A= A PRL 94 (2005) 052502
J-PARC E10

Deeper bound
by ANN force??




1 6
A neutron-rich hypernucleus, ®,H

PRL 108 (2012) 042501 030 & PLB 729 (2014) 39
6L (K-, ) 6, H SLi(n~,K*)X| J-PARC E10
260r stop? T¢ ) A :

o = } T 4 HW
_ 2501 . FINUDA@DA®NE f;-'-’— 50— =, A continyym ”
Q r = -z
= E b:.% E 40:— E ' AH+2n \ {
e 230fF %, = r a1 l/ H H
R *’0\ = 30 % wmm fH
& 200f ‘& = [ IS oLt et +.+ --------- M
B ~ = 5800 5810 5820 5830
g B . 3 20_— Missing Mass [MeV/c2] * *
E 210f % S r M > QF
= I " ~
s00f. i ST =Ly W*
= - : M&*ﬂ#’rw# +
y[10] S P P PR FUTET P PPUTE PR PO 0 : , ————
120 130 140 150 160 170 180 190 200 210 5800 " 5850 5900
© momentum (MeV/c) I_\7[_i_s_s_i_ﬁ;g"1'\/[ass [MeV/c?]
Three °,H events by °Li(K=g,,7%) No °,H events observed.

do,-,,-/dQ < 1.2 nb/sr (90% CL)
More data for © ,H and other n-rich hypernuclei necessary

J-PARC E10 next run: °Be(n-,K*)°,He
In future, systematic studies at HHHR@Extended Hadron Hall



3. Toward double
strangeness systems
(EO7 and EQOb5)



“KiS: :!lﬁlﬁi‘” « B e

nap
fov 7. m sion data f QA
Overa“ : ore emuision adata 1or A

K. Nakazawa et al.

m AA hypernuclel and E atomic X-rays

“rse

10 um

-- Production run in June, 2016 and March, 2017

ey

PTEP = |
EO5: E hypernuclear spectroscopy by (K-,K+)
umquel -- A pilot run done with SKS in Nov., 2015. NP
1% l Main run with S2-Sin 20187 =
— : eV
10ge EO3: E atomic X-rays At
-- Run probably in 2017. v
cV)

First evidence of a deeply bound E state
But cannot extract EN force strength



“Kiso event” :™
found by .‘.jﬁ.;; ;

overall scanning

method d
10 um
K. Nakazawa et al. o
PTEP 2015, 033D02 L
. 5 He C p

uniquely identified as  ®Be
2~ + *N — Be + ) He
Bz-=4384+0.25MeV—1.11 =0.25MeV

}\OBe production: 1 the ground state  1n the highest excited state

>>.3 ) atomic state of the Z~—!*N system (0.17 MeV)

Auger
p electron

First evidence of a deeply bound E state
But cannot extract ZN force strength



4. Hadron Hall Extension
Plan



Present Hadron Hall

56 m

[K{ﬂ « <2.0GeV/c

o ~10° K/spill §

<1.1 GeV/c
~10° K-/spi
K1.8BR |

16 deg extraction
~2.1 GeV/c K°

High-p « 30 GeV proton

<31 GeV/c unseparated
2ndary beams (mostly
pions), ~107/spill

<1.2 GeV/c
o ~10°8 K/spill



Extended Hadron Hall (Plan)

Precise S=-1 systems

~

- 1 “Hypernuclear . 5 geg extraction
Abundant S=-1 systems + x Microscope” . 52 GeVicK®

“Hyperon Factory” * Good n/K

- = KL

~1068 K/spill

<1.1 GeV/c
~105 K-/spill

‘ a, -

+ <10 GeV/c separated
pion, kaon, pbar
« ~107//spill K-, pba

105 m

Selected in the MEXT’s final list for funding.
30 GeV proton Construction from 2018 in the earliest case.

<31 GeV/c unseparated 2ndary /

beams (mostly pions), ~107/spill




High-Intensity High-Resolution line (HIHR)

Solve the hyperon puzzle in neutron stars

High resolution (mt,K*) hypernuclear spectroscopy

Precise B, data for a wide range of A hypernuclei
-> Density dependence of AN interaction (~ANN 3-body force) necessary
to solve the “hyperon puzzle”
A few 100keV resolution is necessary
-> Momentum dispersion matching beam line and spectrometer
Very high intensity © beams can be utilized (~ 180Mpion/spill)

+ 3B/4B repulsion in NNN only
/ + 3B/48B repulsion in NNN +YNN
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High-Intensity High-Resolution line (HIHR)
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K1.1 beam line

Intense K beams for abundant production of S=-1 hyperons and kaons
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5. Summary

B Beam came back to Hadron Hall in April, 2015.
B AN-XN interaction and A in neutron-rich matter
m Observation of #,He(1*->0"%) y-ray and confirmed existence of a large
CSB effect in AN interaction, giving good constraints to AN-XN force.
m Both of the p-shell y-ray data and the A=4 CSB data suggest a central-
dominated AN-XN force.
= More °,H data as well as other n-rich hypernuclear data are needed.
B Stronger beam power. S=-2 program has just started.
m The emulsion exp. (EO7) for AA hypernuclei and E-atomic X-rays are
will start production run soon.
m E-hypernuclear spectroscopy (EO5) carried out a pilot run.
B Hadron Hall Extension is planned.
m HIHR line for precise B, for various A hypernuclei incl. n-rich ones.
m K1.1 for AN, XN scattering experiments.




