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Outline

* To understand Bryon-Baryon interaction under SU3).symmetry

Advancement of knowledge with Hybrid-emulsion method
for doubly-strange Hypernuclei (s = -2 nuclei)
(double-A hypernucleus, Xi hypernucleus)

* New questions are arising and discuss how to solve them?
Overall-scanning method (without information by real-time detectors)

* Summary and experimental prospects
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Double-A Hypernucleus
)

= Experimental status in ~1985

Only 2 candidate events
D.J.Prowse, PRL.17(1966)782
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. where binding energy of
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,_f & single A hyperon : B,
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The event was found and analysed in Warsaw 6 T Pt fhe et
[the European K- Collaboration] AAHe
10
wBe ABu=4.6+0.5 MeV
ABum=4.5£0.4 MeV There was a sound of alert:

or 11Be
ABum=3.240.6 MeV

No independent study or analysis nor indeed
observation, of the event is known,,,,,,
R.H.Dalitz et al., Proc. R.S.Lond.A436(1989)1
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E176 : Hybrid emulsion method
| E176 (1987~) effective tagging 'p’ (K- K+)Z" reaction

Faa K+ momentum spectrum
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CHANGEABLE SHEET
BSSD BSSD .~ (C8)
X VSSD VSSD
\ / EMULSION 0.6
K* mementum (GeV/c)
S.Aoki et al., NPA644 (1998) 365-385
;';e?”ec '6,,"*"1" i E~ stops : 77.6 +/- 5.1 events
Vo% lfzz,,,g _ captured by
ey light elem. (C,N,O):43%
11 10 9 s 7 e 5 -4 3 2 4 0 1 2 3 4lfm heavy elem_ (Ag, Br): 58‘%
The emulsion was used for the target and detector. S.Aoki et al., NPA828 (2009) 191
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< Double-A Hypernucleus

M.Danysz et al., PRL.11(1963)29; D.J.Prowse, PRL.17(1966)782 KEK-E176
., e e S.Aoki etal, PTP.85(1991)1287

sssss

Re-analysis 10 1. e vt :
Expected = stops ~ 4 ¢ 5 133 in ~80 Zstops
MBes>%Be+p+n- amHesjHe+p+m- M5 o0 e 67 ey

Bm=17.7%0.4 MeV Ba=nodiscussion(?) - ABm=4.940.7MeV

ABum=4.3+0.4 MeV ABm=4.630.5 MeV 108
R.H.Dalitz et al., Proc. R.S.Lond. A436(1989)1 AA €
Bum=8.5%0.7 MeV

Why Vaa so strong? ABu=—4.8+0.7MeV
‘interesting theoretical problem”
C.B.Dover, Proc. HYP91, NP.A547(1992)27¢
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. = Hypernucleus

= Experimental status in ~1985

Only ? candidate events
K interaction => Twin Hyperfragment => Mass reconstruction
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A.S.Mondal, et al., ILNUOVO CIMENTO, 54 (1979) 333
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C.B.Dover and A.Gal, Ann. Phys., 146 (1983) 309
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Are two A hyperons surely produced via =N interaction? (or two-step process?)
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' = Hypernucleus
E176 results
= (S =-2)is clearly absorbed by a nucleus
S. Aoki, et al., PTP 89 (1993) 493 S. Aoki, et al., Phys. Let., B355, 45 (1995)
DV A E_+12C—9}11H+?18€ —_. . - =+ IZC—)AH+ABG

. =0.62 018 MeVv

B=-=0.54 = 0.20 MeV -0.19

Updated data

Theoretical prediction of B.- values for th SR s (2009) 151

E~-12C and =-“N systems using Coulomb and Ehime

potentials. B--=0.82 £ 0.17 MeV B--=0.82 £ 0.14 MeV
State Bz [E~—'2C] (MeV) B=-[E~—"#N] (MeV) . ]
Is 4.77 5.93 (S
2p fo.58) 1.14 " g K
3D 0.126 0.174 aof.
2s 0.40 0.54 ;
3p 0.19 0.28 15[

M.Yamaguchi, K. Tominaga, Y. Yamamoto, and T. Ueda, PTP 105, 627 (2001)

2
<d26/dQdE> (nb/sr 2 MeV)
F

counts / 2 MeV

[ ]
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1998U > -20 MeV Missing mass spectrum (KEK-E224) LY f g B
T.Fukuda, et al., Phys. Rev. C58 (1998) '

60 -40 20 0 20

2000U_ ~ -14 MeV Missing mass spectrum (AGS-E885) 1. .0 #Hﬂ
= P.Khaustov, et al., Phys. Rev. C61 (2000) 054603 Excitation Energy (MeV)




Hybrid emulsion experiment

7124

| E373 (KEK:1995~) tagging p (K- K+)E" reaction

e[ o EO7 (J-PARC :2007~)

(SciFi-Bundle)
e NI Ge (Hyperball-X) ~ Equlsion
DN . Stack

Downstream
SciFi—Block
(D-Block)

m
l:hpslt,lécam. / I P = (b)
iFi-Blocl — n»
prag % c
LA K- E ol
1.67 Ge p : g
following 18 G
— 8 GeV/c <C
down = Emulsion —)_/— =
LT or mbase film S N
100 n gel— 40or 60un base Fi L K t é
) . 2
esee ‘l‘ . ; \—J
200 um following
base ~T] _ i down =-
thin plate 11 thick plates
followed E~ cand. track : ~2.0 x 104, followed =~ cand. track : 3.5 x 104,
= ~ 650 =" stops. = ~3 x 103 =" stops (?).
Aye Moh Moh Theint, et al., PTEP, 021D01 (2019)
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Double-A Hypernucleus
\ NAGARA event (E373)

The event was named after Nagara, a clear stream in Gifu, Japan

12C + E” > ,SHe+ “*He+t
ASHe » jHe +p + 1~

Y Unique assignment
B =7.25 +/-0.19 MeV,

e ABss=1.01 +/- 0.20 MeV
5 . H. Takahashi, et al.,

L ‘ PRL 87 (2001) 212502
10 4He . \ : .
; ! -z~ Confirmed
: i A-A int.

3> weakly attractive
Updated data

J.K Ahn et al., PRC88 (2013) 014003
1. From Consistency at production & decay : B=-<1.86 MeV

2. By kinematical fitting : Baa =6.79 + 0.91B=- (+/- 0.16) MeV
AB44=0.55 + 0.91B=- (+/- 0.17) MeV

We take into account Bz-= 0.13 MeV [atomic 3D : 12C- &-]
Bi1r =6.91+/-0.16 MeV, ABa1= 0.67 +/- 0.17 MeV




M.Danysz et al., PRL.11(1 963)29;

Re-analy;éis
Expected = stops ~ 4
YBe>%Be+p+n-
B0V
ABF—4=3==6=HeV

R.H.Dalitz et al., Proc. R.S.Lond.A436(1989)1

/CXBe -> iBe

J.K. Ahn et al., PR C88 (2013) 014003
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Double-A Hypernucleus
by NAGARA data : AB.~ 1 MeV

KEK-E176
S.Aoki et al, PTP.85(1991)1287

D.J.Prowse, PRL.17(1966)782

p+ yHe®  COPLANAR
AHe® = TT4p4a COPLANAR

FIG. 1. Drawing of the event.

SHesSHe—rp—s i
B—no-discussion(?)
AB==4—6==6=5 MeV

Doubtful !!

13R-~13
laB->[cH

B,, =23.3%0.7 MeV
AB,,= 0.6%0.8 MeV

S.Aoki et al., NP. A828 (2009) 191

List of detected events in EQ7 o
\ KEK-PS E176 E373 J-PARC EQ7
Searching period ~10 years ~10 years 2 years (hybrid Meth.)
S=-2 system 4 10 33 Tot.47
14 double-A events Many13 tW|n hyger events 6 confused = X-ray
"AsL' - A"’lgée éz%ates
ABOT C NG 3 B

candldates

s ¥ | Outstanding Paper Award (JPS) |
an®Liy pp°Lior 22nd : KISO event (2017)
Under Analysis /\AIOBe K. Nakazawa, et al. PTEP, 2015, 033D0
- o Confirming the existence of Xi Hypernucleus
26t : MINO event (2021)
H. Ekawa, et al., PTEP, 2019, 021D02
- B 62 - Detecting nuclear medium effect on double-A
. e Hypernuclei
UnEferA_naIyS|s Under AnaIy5|s candidates
6H ‘p' A
js o A . E373_|KISO
\ o =3 [IRRAWADDY | TN+ 2 B o
e Many g
S candidates w12C wj

10 pm
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Double-A Hypernucleus (EQ7)
\_ MINO event (nuclide : uniquely identified)

The event was named after Mino, a granary in the southern part of Gifu, Japan

Checking  consistencies  for
VTX. C, B and A, the nuclide

was uniquely identified as , ,Be.

C #9

10 ; by #
Table 68 %° and p-value of the kinematic fitting at vertex A.

Decay mode ¥ pvalue[%)

0+ E7 5 (44Be, AiBe, 1iBe) +“He | (%, 4, p),

8
<+ qHe + (p,d.1) + p + an, 80+ 2~ — UBet®He+¢ 115 093
o B eap o™ %042~ = UBe+t4Hetd 728 8.35
Y04+ 2 — 2Be+4He+p 11.3 1.02

XJ\Be is the most probable (in the assumption of Z- capture on atomic 3D state)

> B,,(AB,,)=19.07 + 0.11 (1.87 % 0.37) MeV

H. Ekawa et al., PTEP, 2019, 021D02 (2019)
The Value of AB, , seems to be not consistent with that of the NAGARA event.
AB,,=0.67 = 0.17 MeV
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\ Double-A Hypernucleus

Linear relation between mass numbers A and B, , for double-A hypernuclei.

25 ! : : ! :
1L
----- :—----—;-‘-'-5E176
mBe 1
< 10Be- - --p oo
F--;+~iMinelr ---- s

.
___________

I~ TS

- .Demachi-yanagi- - - - -

Nakazawa, K. (2023).

“Experimental Aspect of §'=-2 Hypernuclei”

In: Tanihata, 1., Toki, H., Kajino, T. (eds)

5 Handbook of Nuclear Physics . Springer, Singapore.
4 é ) 10 12 14 https://doi.org/10.1007/978-981-15-8818-1_33-1

L -------+~t Nagara - |- - -+

[Questions] 1. What is the lightest double-A hypernucleus?

2. When one of two A hyperons enters the excited state, is there still attractive
between them?

Systematic understanding is still lacking //
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= Hypernucleus
\ Kiso event (E373) in the development Overall-scanning
I

The event was named the Kiso after the majestic Kiso River, Japan.
K. Nakazawa, et al., Prog. Theor. Exp. Phys. 2015, 033D02

~ #7
#9 C
f
10 pm

14N 4 2- 5 (18C) > 19Be + $He :B. =387 + 0.21 MeV
(120) - 1°Be + ;He : B =1.03 & 0.18 MeV
SuffICIently larger than atomic orbital (0.17 MeV @ 3D level)
First evidence of the existence of = hypernucleus

E-Nucleus potential : attractive!!

-E. Hiyama and K. Nakazawa, Annu. Rev. Nucl. Part. Sci. 2018. 68:131-59, https://doi.org/10.1146/annurev-nucl-101917-021108
*Nakazawa, K. (2023). “Experimental Aspect of S = -2 Hypernuclei” In: Tanihata, 1., Toki, H., Kajino, T. (eds)
Handbook of Nuclear Physics . Springer, Singapore. https://doi.org/10.1007/978-981-15-8818-1 33-1

Auger
#4 electron

Ibuki : 14N 4 5- 5 19Be + SHe :B. =121 + 0.21 MeV
e me e e oo oo 5: T Hayakawa, et al., Phys. Rev. Lett. 126. 062501 (2021) _
Kinka : 4y 4+ =- — 3Be + AHe +n :B==800 =% 0.77 MeV

ABe AHe +n BE_ - 496 + 077 MeV
Irrawaddy : N + - - {He + jHe + *He +n: B, =6.27 + 0.27 MeV

M. Yoshimoto, et al., Prog. Theor. Exp. Phys. 2015, 033D02
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p—
& Hypernucleus
\ = Hypernucleus 2C (2= + 4N)
M. Yoshimoto, et al, Prog. Theor. Exp. Phys., 2021, 073D02.
4- WS+ Theoretical _
. Present data Coulomb predictions ]
2F I — T -
0 e 1 _________________________________ 3D E
C - Exp.input T ]
C = — S ]
= =2 SCoqumb assisted nuclear 1p state ~2p 2p 1p pan —
> C ]
iy . I —_— -
‘E’ 4 C I 2P ]
i —6F ... ls ... Asip 4
Q - 5 < 1S SL3 : .
I C I :RMF*” - E
“10F Deeply bound state (15?) §RWWSL2 =
e SLO. ]
“l2p 15 E
§ 882583758 228
b -~ — [_I‘ 1 1 1 Q & &
52 X 2 5 g 3 ¥ 2 S 2%
© 9 7 @ R v o» A 2 2 T
o = = = =
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[Questions] 1. Does one of two cases of the Kinka and the Irrawaddy show a different
spin state in s-state of 2C?
2. Why so many (E~ + “N) systems have been detected?

Systematic understanding is still lacking 7/
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[1] The lightest double-A HY? SHe, 3H, 4 H?
The effect of AA-=N (Z"p © =0n & H) coupling

/\/\——N

_________________________________________________________

production rate of 3H ~ 1/10 for §He
[just a theoretical prediction]
[2] When one A enters an excited state, is AA

interaction still attractive?

2B
Py @ @@

S~ " AB 1 ?
AB,,\7< 0 if repulsive,
It may be possible that they could support

neutron stars with heavy mass (=2My).
= increase the number of double-A events.

Summary of questions
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[3] Irrawaddy and one of two cases
of KINKA may show different spin
state in s-state of C?
[4] Why so many twin-hyper events?
for (Z= + 14N) system
Component fraction (mol) of the Emulsion
C:N:0=0.55:0.16:0.29

Identified twin-hyper
4 (C):7(N):1(0)

= increase the number of
twin-hyper events.

Overall-scanning !!

Leaving from limited information
by real-time detectors.
Practical application is essential !!

Collaboration of
Gifu and RIKEN
was started.

for scanning

@ Gifut]

Driven by motor
(2013)

|8
& g, "_’f
S g
S | S aa N
—

[ v
—

CCD camera (512 x 440 pix.)
8 s/view (1000 days/sheet)
60 GB/day

B00-F74-D75-C00.

4.5 days x 1,200 sheets
/year (300 days)
/ 5 microscopes
=>» 3.6 years (/all sheets )

CMOS camera (4M pix. )
1.3 s/view (4.5 days/sheet)
12 TB/day
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Collaboration of Gifu & RIKEN
N Overall-s canning trained with machine learning
p A Speeding u ) Wo Dr.e}{ﬁ ;;zo actuator ‘ i “‘




Collaboration of Gifu & RIKEN
Overall-s canning trained with machine learning

Mchine learning

for detection

@ RIKEN

Previous talk given by Dr. T.R. Saito
“Studies of hypernuclei with the WASA-FRS setup, nuclear emulsion and machine learning”

e H o

G
, ® \\ @
\7.210.2um , ',/

2,117.0+3.0um
\ The first event of 3H 150:06, N

127.5+£0.3um

L\ with ML techniques
\ N >_A21L.'1‘2mm
‘\//‘ 3H \ \\
e
>4.93mm

) 768.9i3.5p‘lm/

=
28.80+£0.01mm "k _

w / O
B(C B B{Z

N
50um *He 10um *H
8.5+0.2um

T.R. Saito, et al., Nature Reviews Physics 3, 803 (2021)

17124

Collaboration of Gifu & RIKEN

Double-A hypernucleus

Mchine learning for detection @ RIKEN

via K- interaction (estimated ~ 1 x 103 events)

#:

&

\

A 3

o : * Double-A hypernucleus .
K- interaction IR e EREE R SRR e

50 um

* = hypernucleus : no candidate at present

Study of ground state

of Double-A hypernuclei

Under tuning the ML model

(independent of B;-)
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Overall-s canning trained with machine learning

Doubly-strange hypernuclei via =~ capture at-rest
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Wby Overall-scanning

trained with machine learning

Possible to study (Near Future)

[1] lightest double-A hypernucleus

[2] double-A with one A in excited state

[3] precise measurement of level scheme in 2C

[4] E hypernuclei as systems of (£--12C) and (Z--1°0)

In addition to them,
[5] precise measurement of B, for single-A (~1 M events)
[6] A-bar nucleus with p-bar beam [1.8 GeV/c] ?
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Wby Overall-scanning

trained with machine learning

Next-step (New beam time 1s needed)

Nuclear Chart with Strangeness

[7] E Hypernucleus : .Be.

[N-Star/Strange Matter] il

I
8

19B has to be doped into the emulsion
ex. -+ 1'B = (Be) => 5 He + 5 He + n,

1

[8] S= —3 nuclear physics
Q) Hypernucleus
(K10@J-PARC)

Unstable Nuclide
Stable Nuclide
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“ Summary and experimental prospects

1. Under the few results for DBL-A hypernuclei by past experiments, we have
challenged E176, E373 and EOQ7 experiments. Detection and analysis with
Hybrid-emulsion method have been finished by April, 2021, and then we got
47 samples of Doubly-strange hypernuclei.

2. At present, Baa for DBL-A hypernuclei may linearly depends on mass
number (A). EN interaction is attractive and level scheme in LC
hypernucleus could be seen without any theoretical aspects.

3. Overall-scanning with Machine learning must make our knowledge rich on
not only §=-1 but also §=-2.

4. New experiment (E70) on Xi hypernucleus : ¥?Be shall be started at J-PARC,
sSooN. > =>=>

J-PARC E70

start for beam exposure SOOI

12C(K—,K*)12Be ¢« Missing-mass measurement

P. Khaustov et al., PRC 61 (2000) 054603

E_”C(K‘,K*)UEB
t FWHM = 14

L 11, ;
F 12 ABe +A i
- MBe

' él |-| ¢I|-| H-[* ‘iiz, - ‘,;'/ :
E224 E885 Excit;‘tioon En(;,rzcjy (MeV)
Resolution in
FWHM (MeV) o U = R

cf.)

= 2 MeV in J-PARC E70 M. Kohno et al., PTP123, 1 (2010)

M. Kohno, PRC 100, 024313 (2019)

slide by T. Gogami




J-PARC E70

start for beam exposure SOOI

Jun 2022 ‘af

10 15
—B_ [MeV]

T. Gogami et al., EPJ Web Conf. 271, 11002 (2022)

slide by T. Gogami

...0.0.0‘6/

Elypemiclearcliart (ST — =2 {loor)

J-PARC

E70 |
C

s (&) o

IBUKI

KINKA
IRRAWADDY

* K. Nakazawa et al., PTEP 2015, 033D02 (2015)
* M. Yoshimoto et al., PTEP 2021, 073D02 (2021)
* S. Hayakawa et al., PRL 126, 062501 (2021)

slide by T. Gogami
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Summary and experimental prospects

1.

Under the few results for DBL-A hypernuclei by past experiments, we have
challenged E176, E373 and EO7 experiments. Detection and analysis with
Hybrid-emulsion method have been finished by April, 2021, and then we got
47 samples of Doubly-strange hypernuclei.

At present, Baa for DBL-A hypernuclei may linearly depends on mass
number (A). EN interaction is attractive and level scheme in LC
hypernucleus could be seen without any theoretical aspects.

Overall-scanning with Machine learning must make our knowledge rich on
not only §=-1 but also §=-2.

New experiment (E70) on Xi hypernucleus : 1?Be shall be started at J-PARC,
sSooN. > =>=>

Future experiments;

= 5.1 Challenge for =7~ 10B(¥Be : 19B doping emulsion)
= 5.2 S= —3 physics. (K10 beam-line @ J-PARC)

Thank you for your attention




