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1. Introduction



Motivations of Hypernuclear Physics

BB interactions B

Unified understanding of BB forces by u,d ->u, d, s
particularly short-range forces by quark pictures

Test lattice QCD calculations

Impurity effect

In nuclear structure
@ .
Changes of size,
deformation, clustering,
Appearing new symmetry,

Properties and
behavior of baryons
in nuclei
K, in anucleus,

Single particle levels
af heavy A hypernuclej

Clues to understand Cold and dense

hadrons and nuclei nuclear matter
from quarks with strangeness



“Hyperon puzzle” in neutron stars

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

M Heavy NS’s (~2.0 M,,,) were observed.

=> Unknown repulsion at high p
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B Strong repulsion in three-body

force including hyperons,
NNN, YNN, YYN, YYY 2l Vo o°

B Phase transition to quark matter ?
(quark star or hybrld star)
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We need to know YN, YY,
KbarN interactions

both in free space and
in nuclear medium
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From summary talk of HYP2018 (June, 2018 @Portsmouth, VA)

Exciting new experimental results
since HYP2015

pE- correlation -> pE-attractive (ALICE)

@ hypernuclei -> Z—nuclear bound stat

(J-PARC EO5)
Kpp spectrum (J-PARC E15)

Ah
SB p-shell data

K'p correlatioan (ALICE)
(JLab, FINUDA) pQY correlation (STAR)

19, Fy-rays (J-PARCE 4n state (RIBF)
3,H lifetime and B, (ALICE, STAR)




2. Gamma-Ray Spectroscopy
of A hypernucleil at J-PARC
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Hypernuclear y-ray data (2015)

"Li (n*K™) KEKE419 ®Be (K'ny) BNLE930(98) 108 (k-my) BNL E930(01)
3563 0" 12t

eff - - - e
Van = Vp(r) + Vg(r) sysy + VA(r) Liys, + Wn(r) Liysy + Va(r) Sy
A S, Sy T

A4=0.33 (A>10), 0.42 (A<10), S,=-0.01, S, =-0.4, T =0.03 MeV

| « Almost all these p-shell levels are reproduced within a few 10 keV
by this parameter set. (D.J. Millener)

* Feedback to BB interaction models. Nijmegen ESC08 model is
almost OK. (But AN-XN force is not well studied yet.)
=> go to s-shell and sd-shell
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J-PARC E13 Setup o
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J-PARC E13 Setup | e
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Counts / 0.5 MeV
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Energy levels of A=4 mirror hypernuclei

H+ A 0 “He + A
Bedjidian et al. T.0. Yamamoto et al.,
PtLB 83 (1979) 252 PRL 115 (2015) 222501 $
etc.
wi_().(m 0. 98:t0 03 ]+/
gr e .,  LET

W [;%902 Ey=1.406
3 H = +0.002 / 3 He
+0.002 ;

[J-PARC]
. 2.04+0.04
Old emulsion data |—, 0" —
M. Juric et al. NPB 52 (1973) 1 [2.39£0.03 ?
Y

4
AH B, [MeV ] 4AHe .
u p y n

A large Charge Symmetry Breaking effect is confirmed!




Counts / 1keV ~—

Counts / 2keV

19 .
=, F result:

Mass-gated y-ray spectra

1800
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Level scheme of 19, F

S.B. Yang et al., PRL120 (2018) 132505

Assigned from the peak width (Doppler broadening or not)
and the expected yield. present Umeya et al. *

1/2*:1 1 1.317 14.1 46.5
0153070 1.081 1/250 1.266 | 1.311 56.6 265.1
177%0:1 1.042 ——" B 7/2*:0 1 1.289 4.1 191

3,0 0.937

P

This E1 is very slow

46.9 p

5/27;0 D.SQS:O.?E? 68.1 120.5

3/27;0 0.316 1 0.479 4.3 125.0

+

1:0
JT

0.000 |
Ex 18 ‘ 1/2";0 0.0 0.0 38.4 498.7
{MEV} F J‘IZ:—I— E;..; . Ex - V.
(MeV) (MeV) (ub) (ub)

fast: Doppler broadening (< 1 ps)

slow: No Doppler broadening (> 1 ps) % A. Umeya and T. Motoba, Nucl. Phys. A954 (2016) 242.
Shell model calculation with NSC97f interaction



Comparison with theoretical calculations

present Umeya et al.
. 17271 1.317 14.1 46.5
0-0 1.081 s BEYE 1/2:0 1.266 | 1.311 56.6 265.1
01 1.042 — 7/2%0 1289 41 191
370 0.9

37— E1f iM1
i i 5/27:0 0.895 | 0.727 681 1205

E2 €2 / sd orbit
\4

3/2%; 316 1 0.4719 4.3 125.0

1;0 0. .
J5T (E,;ie\;} 18 y @. Na 38.4 498.7

19 H = M
AF (MeV) (MeV) (ub) (ub)

g.s. doublet (3/2*,1/2%) spacing

AN interaction

sd orbit

Millener 305 keV Effective spin-spin interaction strength from p-shell hypernuclear data (A=0.33 MeV)
Umeya 346 keV [NSC97e] +[NSC97f], the ratio adjusted to reproduce ’,Li (3/2*,1/2*) spacing
419 keV  NSCOTf

245 keV  NSC97e
Exp. 316 keV

=> The level energy is reproduced very well, suggesting that

the theoretical framework and inputs (AN interaction strength and range) are good
even for heavier hypernuclei. -> Study heavier hypernuclei to see ANN force effect?



A-dependence of 1 r&
AN interaction strength *" S
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3. Charge symmetry breaking

In A hypernuclel



Energy levels of A=4 mirror hypernuclei

3H+A 0 3He+A

T.0. Yamamoto et al.,
PRL 115 (2015) 222501
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Measured 4 A How to confirm?
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AE(*,He)-AE(4,H) = 320 keV >> B(3H)-B(3He) ~70 keV

A large CSB has been confirmed only from y-ray data!



Decay-pion spectroscopy

Slide by P. Achenbach

of hypernuclei

with electron beams

to beam dump

v*p->AK'

electron beam

,Y*

fragmentation \

Normal nucleus

4H

weak decay

|n target material

K+ strange“essmg
/ ‘

1 loosing energy

High resolution
Spectroscopy

~100 MeV/c

Two-body decay at rest = mono-energetic pions

=> precise mass of the hypernucleus




Slide by P. Achenbach
Decay-pion spectrum

Emulsion data in
binding energy scale

World data on 1H from nuclear emulsion
M. Jurné et al. NP B52 (1973)

=22 G. Bohm et al. NP B4 (1968)
WW. Gap ki et al. NP B1 (1967)

7,
7,
£,
7,

40
20

Events

12

p_ = 132.92 + 0.02 (stat)  0.04 (stabil) + 0.14 (syst) MeVic
=> B,[4H]=2.12%+0.01%+0.09 MeV

147 keVic /

B (G H) (MeV)
10

%
i

Events / (40 keV/c)
[=>]

4\H-> “He +

o !
131 1315 132 1325 133 1335 134 134.5 13
Pion momentum in SpekC (MeV/c)

120 125 130 1356 14 150
Pion momentum in SpekC (Me\/c)

decays of quasi-free A. Esser et al., PRL 114 (2015) 12501
produced hyperon accidental background

New method of precise mass measurement developed.



Combined Results

H+ A 0 ‘He + A
A. Esser et al., T.O. Yamamoto et al.,
AB,(1*) : 0.03%0.05 MeV PRL 114 (2015) 12501 PRL 115 (2015) 222501
0.11%0.09 MeV 1t 0.95:0.04 | 0982003 1+
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Ll AH 2.39%0.03
4
AB,(0*) : 0.352£0.05 MeV 4 AHe
0.26+0.09 MeV B [MeV ]

m B, [4H(0%]is confirmed, suggesting the emulsion 4,He(0*) data also reliable.

B Large spin dependence in CSB found. N A CAEp”ng

Recent theories: This CSB effect is sensitive to AN-ZN coupling.

30
A. Gal, PLB 744 (2015) 352 w_
A

D. Gazda and A. Gal, PRL 116 (2016) 122501 CSB
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Accuracy of
absolute energy
in (e,e’K*)
~ 100 keV

(m*,K*), (Kmt)
~1 MeV

High resolution (e,e’K")

Spectroscopy at JLab

Counts/200keV

Jlab E05-115

L. Tang et al.,
PRC90 (2014) 034320
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CSB in p-shell hypernuclei
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T.Gogamietal. -6
PRC 94 (2016) 21302(R)

A=12, 16

-B, [MeV]

-> A key to understand the origin

He| |ILi*|  7Be

_______ % -5.16+0.08
—

Emulsion data

—— -526+0.03 Emulsion + j-ray data

¥ /FINUDA + yray

— Ln

— ™~

] = T Theoretical

== >9Q —— prediction —

2o =SS w/o CSB | Phenom. CSB int.

g H _aod which accounts for A=4
& _|Q | T w/ CSB (Hiyama et al.)

o =

FINUDA (K gop,m) — JLab (e,e’K*) Nucl.Phys. A960 (2017) 165.

= Suggesting rather small (~100 keV) CSB in p-shell hypernuclei

— Need more precise data



4. S=-2 Systems at J-PARC

= and AA hypernuclei
= atomic X-rays



Emulsion Results (KEK E373)

N
Nagara event Kiso event ew ang lysis)

=~ + N — },\OBe + f’\He

6. He->>He+p +mn
AA A P The first clear E hypernucleus

AB,,=0.67%x0.17 MeV Bz-=4.38 4+ 0.25MeV,
— 1.11 £0.25MeV
H. Takahashi et al., PRL 87 (2001) 212502 K. Nakazawa et al. PTEP 2015, 033D02

A-A is weakly attractive =-N is attractive !



) ) J-PARC EO7
More S=-2 events with emulsion K. Nakazawa et .

p—_
L)

= stop

B Collect ~102 AA hypernuclear events from ~10*
m Confirm AA int. and extract AA—=N effect
m More =-nuclear events -> =-N interaction

B Measure = -atomic X-rays for the first time
m Shift and width of X-rays -> Z-nuclear potential
Data-taking (beam irradiation) finished.

Emulsion analysis under way.
emutson

KURAMA spectrometer



ommm=m EO07: Preliminary X-ray spectrum
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Going to remove background
by looking at emulsion image




=-Hypernuclear Spectroscopy via (K,K*) Reaction

12C (K-,K*) 12_Be with SKS spectrometer Nagae et al., J-PARC EO5

.
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Rather deep bound states

If Uz is as deep as U, , & should appear first at p ~2 p,

->"Hyperon puzzle” more difficult to solve?



5. Future Plan
Challenge to the hyperon puzzle



Isospin dependence of A B.E. in matter (Ann force)

D. Lonardong' etal. '

- o | JLab E12-15-003 (run in ~2020)
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Counts / 0.25MeV

Density dependence of AN int. in matter

Ab-initio calc. of nuclear binding energies => NNN repulsion necessary
Similar YNN (YYN, YYY) repulsive forces?

Experimentally approach:

Precise B, data for wide A of A hypernuclei
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Extension Plans of J-PARC Hadron Hall

S= -1 Systems High precision

hypernuclear spectrogcopy

<2.0GeVic
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y-ray spectroscopy
weak decays
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S=-2 Systems

.
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Requesting a budget...
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6. Summary

v-ray data for #,He(0*->1*) and precise 4 ,H->*,He n~ data
confirmed large CSB effects in A=4 hypernuclei.

y-ray data of °,F provided its level scheme, which is well
reproduced by theoretical calc’s with our knowledge of AN
interaction.

=—nucleus bound system (=71*N) was observed in emulsion.
12C(K-,K*) spectrum at J-PARC suggests bound = hypernuclear
states.

A new emulsion experiment for more AA and = hypernuclei +
=-atomic X-rays has been performed.

In future, we will challenge the “hyperon puzzle” at JLab and at
the extended Hadron Hall at J-PARC.



