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THE FIRST HYPERNUCLUS <

The fist A hypernucleus in history

A.K. Wroblewski,
Acta Physica Polonica B 35, 3 (2004).

a0 : it

M. Danysz & J. Pniewski, Phil. Mag.
Ser. 7, 44, 14 (1953).
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* YN / YY Interaction:Strong forces with different flavor from u and d
* Prove to investigate deep in nucleus:No Pauli Blocking from N
* Impurity effect: Deformation, Shrinkage
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ROLE OF STRANGENESS

IN HIGH-DENSITY HADRONIC MATTERS

H. Togashi et al., Phys. Rev. C 93, 035808 (2016)

Hyperon appearance — Softening of EOS

®
= 7 5[ w/ hyperons No hyperons
S + TBF /

The EOS cannot hold 2Me (Hyperon puzzle) 03480852

J1614-2230

YNN three-body force would be a key

~

Terrestrial experiments
v BB interaction with strangeness degree of freedom

Astronomical observation
v Binary NS Mergers observed

*o‘*lo+

B. P. Abbott et al., Phys. Rev. Lett. 119, 161101 (2017).
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REACTIONS

Associated production reaction

+U
T

(n+IK+) n d : (
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electron vs. hadron beams




Jefferson Lab =

v" High resolution
v" High accuracy

Hi
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B and ! Be

KEK E140a T.Hasegawa et al.,
0.12 [1oB(sr+, K+)1o Physical Review C53, 1210 (1996) H { *

f

008 FWHM~2.2 MeV

o
o
EaS

0,1 D/05 MeV]

T - 1

6 | B(eeX")" Be:

—
=
=
™M
o
~
—_
L S
L2
o)
j
—
—_

RPC 93 (2016) 034314.



B C(v,K*) '"Be P,—1.-2 GeVsc
T. Motoba et al., ' 4= Sk
PTP 117 (1994) ~
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What's surplus, a ?

co

JLab E05-115
"B(e,e'K*)'°\Be

(o)}

- Conventional shell model did
not predict the state

-2 |t was found that model space
needs to be extended (A.
Umeya et al., JPS Conf. Proc. 26,
023016 (2019)).

do/dQ, per 0.3 MeV [nb/sr]

TG et al., PRC 93 (2016) 034314.



Future hypernuclear measurements
that | am going to talk

@ C12-19-002 (*+H): hypertriton puzzle, CSB issue
A
@ E12-15-008 (***¢K): ANN isospin interaction

@ E12-20-013 (*°8T1): ANN 3BF in uniform nuclear medium
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1.2 GeV/c

High resolution
Kaon Spectrometer (HKS)

(4.5 GeV, 100

Taken from Sho's
slides (Tohoku Univ.)




MAGNETIC FIELD MEASUREMEN \

Good agreement (<1%)

Oct. 30 2020

Entrance Edge Exit Edge

800 1000

Taken from Sho's
slides (Tohoku Univ.)



C12-19-002 (>*H)



HYPERTRITON (3H) PUZZLE

Vs. Short Lifetime
Weak Decay e Tl
—_—

@® ‘He

{ By = 0.13 £ 0.05 MeV (emulsion') < 7 = (0.5~0.92) 7,
By, =0.41+0.12 + 0.11 MeV (STAR?) (HypHI, STAR, ALICE)
) RMSradius, V<2 > = — : : — : :
4uBp Fadeev calcuation with realistic NN/YN interactions

I'M. Juric et al., Nucl. Phys. B 52, 1-30 (1973). > 7=0.97 T

2 The STAR Collaboration, Nature Physics (2020); (H. Kamada et al., Phys. Rev. C57, 4 (1998))
https://do1.org/10.1038/s41567-020-0799-7




LIFETIME VS. BINDING ENERGY OF 3H

Free A ex.) Decay width of 2BD channel:

ALICE 2

FCsnospesn g

(G Fm2)2
HypH
ALICE 1

STAR

Spin inden. am Form factor
50 1004150 200 250 300 350 403 450 500 P . amp. (1T FSlis included)

Binding energy (keV)
Emulsion STAR Spin dep. amp. o« /By
NPB52 (1973)1—30 PRA982 (2019)811—814
[QBD: 60x110 keV } 2BD: 176x=150 keV
3BD: 230110 keV 3BD: 586160 keV

Proposed experiment (C12-19-002) Best Accuracy on B,(3H)
|ABSY@t| = 30 keV, |ABSYS| = 70 keV = Pin down the hyperon puzzle




HARGE SYW RY“BREAKING \

IN THE /\N INTERACTION ‘

Mirror

PN AHe

Unbalanced Balanced

e N
AN-XN 3BF() Fujita-Miyazawa 3BF?)

N A N N N N

Y may admix in the
AN/ANN interaction

(1) Y. Akaishi et al., PRL 84, 3539 (2000)

(2) J. Fujita and H. Miyazawa,
Prog. Theor. Phys., 17, 3, 360-365 (1957)




HARGE SYW RY“BREAKING \

IN THE AN INTERACTION
New exps. Y — AHe
@ J-PARC
@ JLab -~ ~
N A N N N N
Z ........ 0 " A .......
D) J-PARC2015
PRL 115, 222501 (2015
N A N - N N N
Y may admix in the
AN/ANN interaction
(1) Y. Akaishi et al., PRL 84, 3539 (2000)
(2) J. Fujita and H. Miyazawa,
Prog. Theor. Phys., 17, 3, 360-365 (1957)




OR THE AN CSB STUDY: H

rHe — ;

Explicit inclusion of X

A. Gal, Phys. Lett. B 744, 352 (2015)

D. Gazda and A. Gal, Phys. Rev. Lett. 116, 122501 (2016)
A. Gal et al., IOP Conf. Series: Jour. Phys.: Conf. Ser. 966 (2018) 012006

A~ A

(VAN—Z‘.N> B‘M
v —

1
<NA|VCSB |NA) = _0'0297TNZ ﬁ (NZ'VCslNA>

Phenomenological potential

E. Hiyama et al., Phys. Rev. C 80, 054321 (2009).
M. Isaka et al., Phys. Rev. C 101, 024301 (2020).
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Fundamental ‘ -
benchmark mterqchon m) A
~

¢

A=7 HKSPRL110,012502 (201
=/ HKS, PRC 94, 021302(R) (2016

A=9 Hall A, PRC 91,034308 (2015)

A=] O HKS, PRC 93, 034314 (2016
. HKS, PRC 90, 034320 (2014) ...

A=S



ACiH; 1) EED =

Proposed exp.

AB, < 100 keV
_|_
BA(1 ) A T 1 C12-19-002

(2 days)

£63 <L
Absolute Energy Measurement:
+ £
BA(0 ) I ''''''''''''''''''''''''''''''' * Very unique (direct meas.)
. E

mulsion: 2.08 + 0.06 + 0.04 MeV (1 . Complementary i sihet dlet
« MAMI: 2.12 £ 0.01 + 0.09 MeV (2

(1) NPB 52, 1-30 (1973)
(2) PRL 114, 232501 (2015)



E12-17-003 (nnA)



SH(e, e’KT)nnA with HRSs
E12-17-003 (Oct 30—Nov 25, 2018)

We have sensitivity to both
bound and resonant states
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STUDENTS WHO ANALYZE DATA

Independent analyses are in progress by students
to doublecheck (triplecheck) results

K. Itabashi ~
!gi,.*"“..}\ (- Qkuyame E. Umezaki K.N. Suzuki B. Pandey
;
9
srx2 Tohoku Univ., Japan Kyoto Univ., Japan Hampton Univ., US

An FSI, elementary production, nnA search/CS, etc.
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Timing consistency between L and R assuming m¢  ——> Coin time (ns)



5™ order matrix (z,<2)

Angle calibration

4 -3 -2 -1 0 1 2 3 4 5

. . ycm)
FIGURE 1. A reconstructed particle image at the sieve slit

for the sieve slit data in LHRS (¢’). Matrix parameters for
reconstruction of angle at target were calibrated by using the
sieve slit image. m~ s were eliminated by an event selection of
light yield of a gas Cherenkov detector (CO7) [41] installed in

CALIBRATION

5™ order matrix (z,<2)

Momentum calibration

Counts / MeV

Accidental

>0 background

.,

IS

100 150
) M -M,(MeV/c?)
FIGURE 2. A preliminary missing mass spectrum of A and

¥0 from a 71-mg/em? H, gas target for a kinematics condition
of M-kine in JLab E12-17-003. The beam charge on the H,
target with M-Kine was about 2.5 C. The mass resolution is
about 3.5 MeV/c? (FWHM).

-100 50

TG et al., APPC14, Proceedings (in Press)



Data vs. Geant4 (sim) for T, target

Momentum Xpp (CM) yrp (CM) x'rp V' ep

DATA (A, 3)

G4 SIM. (T2)

G4 SIM. (H)

H contamination

sl A | PP P | pbunsloges gl Y. AW . ptosal oI ) o |

- Acceptance
) N | evaluation
o] Lol - - Cross section

Simulation by K.N. Suzuki (Kyoto Univ., 2020)



ELIMINARY 3H(e,e'K+)nnA\

60 Reg|onof

; '| | G4 SIM. (A)

20 .*-;- ’ H contamination (~3%)

0+t

FWHM = 8.5 mm z¢ (M)
(by two arms)



£12-15-008 (***7K)



- .J. Antoniadis et al.,
Science 340,
1233232 (2013).

Artist's impression of the PSR J0348+0432 system.
The compact pulsar (with beams of radio emission) produces
a strong distortion of spacetime (illustrated by the green
neshl. Conversely spacetime arol jte white dwarf com-

Neutron star:
v' Very dense nuclear matter (§ = % ~0.9)
v' < 2Mg < A inclusion (hyperon puzzle)

40,48 40,48
Ca(e,e’K")™ K

0.05 0.1 0.15 0.2 025 03 035 04
A-2/3

B A(40’4§K) with high precision

Isospin dependence

of the NN A interaction



P. H. Pile et al., Phys. Rev. Lett. 66, 20 (1991).
T T

(r*,K*) experiment at BNL

| ANN 1sospin dependence

40
rCa

1870 + 1.1 MeV o> °

oo
U C';EID’
ju]

ey =

) -2 -10
. -BE (MeV)
AFDMC calculation T. Motoba et al., Prog. Theor. Phys. Suppl.,
185, 224 (2010).

da/d0 (ub/sr-MeV)

(F. Paderiva et al., arXiv:1506.04042v1 (2015))

d2o/dQdE  (nb/sr/MeV)

-20 -15 -10 -5 0 5
Hypernuclear Energy E, (MeV)

BA(*RK) — Ba(*RK)

with < 100 keV accuracy
—> Insights for the isospin
C. Strength factor for the isospin triplet term dependence of ANN force




F12-20-013 (2°8T1)



THREE BODY FORCE

zr._mphmﬁ[,ﬁ)ﬂlliph_ pr = 1.06 GeV/c

| El40a

————— Total |

5, l; : " -'\ H
155 160 165 170 175 180 185 190 195
Mjy-M, (MeV)

-30 -25 -20 -15 -10 -5 0
B, (MeV)

M. M. Nagels et al., Phys. Rev. C 99, 044003 (2019)

T. Hasegawa et al., Phys. Rev. C 53 (1996) 1210.



- T

A In (almost) nuclear matter

B. Frois and C.N. Papanicolas, Ann. Rev. Nucl. Part. Sci. 37, 133 (1987)

- Mean-Field

I'heory

Experiment

Deeply bound protons in the 298Pb ground state largely
unaffected by finite size and shell effect

- It behave as if they were in nuclear matter

—>The use of a 298Pb target appears to be uniquely
suited to study A interactions in a uniform nuclear
medium with large neutron excess



208pp(rct Kﬂ—”‘* Pb, p,, = 1.06 GeV/c

R R e T 208Pp, (y,K*) 298T1  Ey=1.56 GeV, &=10 deg

_._._..._ Total |

S . r JrH ++ Zeyaprln hole |
et ) oy Jr | Oty 13 hole

'1d5/9 hole
Og9 /o hole

i = e o {'nn[inuum I

(nb/sr)

/\

/N2

do/d Q2/(0.5MeV)

0 XA NN X i . : , :
155 160 165 170 175 180 185 190 195 I AJ A
Muy-Mjy (MeV)

| N B Sl IFIPIFEE IPPEFIPE TP WP

=30 =25 =20 -15 -10 =5 0
—B__.\(Mt‘.V}

T. Hasegawa et al., Phys. Rev. C 53 (1996) 1210. T. Motoba, JPS Conf. Proc. 17, 011003 (2017)




ansys||

R19.2} A
Academic

Pb (200 mg/cm?)
Raster: 1.5 x 1.5 mm?
| =25 uA

T. Toyoda, Master’s thesis,
Kyoto Univ. JFY2020



ACCIDENTAL RATE ESTIMATIONS

- Geant4 (PCS+HRS+HKS) + Physics Event Generators
(K. Katayama, Master’s Thesis, Kyoto Univ. 2020)

Thickness Beam Current e’ (kHz) P T Acc. rate Acc. rate w/
(mg/cm?) (UA) (kHz)  (kHz) (kHz) Chernkovs (kHz)

100 100

100 50

100 25
37+160 50
74+160 50




SUMMARY

E12-17-003 (:n): nnA puzzle, AN interaction
C12-19-002 (* H): hypertriton puzzle, CSB issue =

E12-15-008 (***®K): ANN isospin interaction =
E12-20-013 (%°8T1): ANN 3BF in uniform nuclear medium =

Spectrometer system
« PCS was constructed - needs to be transported to JLab
« HKS base design/construction

Detectors
« New WC - Design was done (Master’s thesis, Tohoku Univ. JFY2020)
* Need detectors’ commissioning

Targef m) Ready by 2022

« Basic concept to integrate solids and He targets was agreed
- Detailed design with JLab target group will be done

Software
« Geant4 - Trigger rate / yield / resolutions were estimated
« FPGA - Being developed (Master’s thesis, Kyoto Univ. JFY2020)
« Analyzer needs to be developed



BACKUP



O Same as E12-15-008 (*¥*9K)
O PCS - constructed in Japan

O Proposed targets \
° PhYSICS- 3He 4He goses Electron beam n !

' ' : -"'"l / used

« Calibration: H gas, Multi-C, Empty Be = 45GeV ™~ LN ™~ clooaen

electron

O Target ladder may be separated from others

= . | HKS magnet: Y. Fujii et al., NIMA 795 (2015) 351—363
PCS @ TOKIN, Sendcu Japan (March 2020) Kaon ID: TG et al., NIMA 729 (2013) 816—824




MASS RESOLUTION ——

. SUZUKI (R _ O N N |
JLab E12-17-003 ZT HRS = Z AijkimXFPX FpYFPY FP

¢ DAIA i+j+k+1=0
1 SIMULATION .
2

Preliminary

HRS,HKS — g i ot kol m
>0 “ p = z AijkimXFpPX FpYFPY FPZT HRS

i+j+k+l+m=0

X - b e It L
\ S 10 150

\ M _-M, (MeV/c?)
8 | E12-17-003 could be reproduced Ap/p A6 (mrad)
\
\ HRS 2.6 x107* 0.6
, I Same
\ e EaIT HKS 4.2x107* 1.5
, w/ materials (e.g. target):
RS =8 2> Px1.1, 80 > 26 x1.4

Geant4 simulation

PCS(e’) for C12-19-002 AMHYP =1 MeV (FWHM)




ION

F. Dohrmann et al., Phys. Rev. Lett. 93, 242501 (2004).

Pt g

e

20 nb/sr

| - I | - - , \J = I- , | 1 | | I
303 304 305 9 9 » A 4 498 |
MM (GoV) MM (GoV)

~_ CS (nb/sr) /Yield / day Beamtime Total yield

Target | bec;,}
(mg/em?)  (HA)
3H He (37)

AH *He (74)

VP flux =2x10°(/e), €get = 0.75, faensity = 0.85, fxaecay = 0.26, Qg = 7 msr

Product

50




-~ SIMULATION . - SIMULATION
" “He (e,e’K");H | y - _ ‘He (e,e’K") H

@

|ABBY| = 20 keV |AB3Y| = 30 keV

» Hypertriton Puzzle + AN int. » AN CSB in A = 4
(g.s. or excited states)
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AND A SYSTEMATIC ERROR ON B,

Cl
' ) ' ) [ O a a .l‘ ' 2 [ O .l

0 H p(e,e’ KA X | A: 6100, 2°:2030
j 12¢C (multi foils) 12C(e,e'K*)12B | -115 < z, < 115 1 12B8s-: 300 x 5
Angle 12C (multi foils) + SS - 0.2
Empt - 0.1 + Background stud
Emitz (or gas) + SS - TS s< 100 0.2 + Angle rfsolution chch
Physics >*He 3')‘(H —100 < z, < 100 22

Maijor contributions to a systematic error on B

« Energy scale calibrationt’): +50 keV > |ABIS\yS'| = 70 keV

* Energy loss correction: +40 keV
« ftarget density |Ad| = 3%
« cell thickness uniformity |At] = 10%

TG et al., NIMA 900 (2018) 69—83



a_(fm)

 —

This
experiment

o .y @ ——
- Julich’04

NSC89 \gco7¢
* +* +
O O

NLOI3 NLOI9

852
0
NLOI19-A
o NLOI9-B
O NLOI19-C
C

0.1 0.2 0.3 0.4 0.5
B, (MeV)

D STATE OF ;H (T =0,J" = 1/2")

Hypertriton Puzzle

Ad rm radius (|JAr| < 1 fm)
=» Better estimation for the lifetime

AN interaction

Constraint for
* Interaction models
* The AN spin singlet scattering length
(|Aag| ~ 1 fm; cf. a; = 1.8%53 fm)



SIMULATION
‘He (e,e’K") H

(1) T. Mart et al, Nucl. Phys. A 640, 235-258 (1998)
(2) M. Schifer et al., Phys. Lett. B 808, 135614 (2020)

"EXCITED STATES OF ;H

SH(T=0, J"=3/2") n
* Has NOT been measured A
* Hard to measure by emulsion / HI experiments I

* Does it exist?
 Ifyes, the CS is larger than % by a factor of 8 ()
* Ifno, only the 1/2" state will be observed
€ rEFT predicts 3/2" as a virtual state ?

» Strong constraint for the AN spin triplet interaction

Mar=11=12) TYEYTy

 Isospin partner of nnA (and ppA)
=>» significant information on the existence of nnA

* (CSB study in the A = 3 hypernuclear system
» Ifthe CSis 0.5 nb/sr > |AB{?Y| ~ 70 keV




SUMMARY

HRS-HRS @ Hall A (JLab E12-17-003, 2018)

« 3H(e,e'KT)nnA ® @
« Analysis in progress (by 3 independent feams) (A)
= Peak search, n(n)-A FSI, reaction cross section

HRS-HKS @ Hall A (JLab C12-19-002, 2022/2023)

* B,(P+H) with an accuracy of

00
AB'°t = \/ [ABSYS|” + |ABSt|* < 80 keV @

= Hypertriton Puzzle / Charge Symmetry Breaking




Studying A interactions in nuclear matter with the “°®Pb(e,e'K*)2°8TI

Strong softening of the EoS of dense
matter due to the appearance of
hyperons which leads fo maximum masses
of compact stars that are not compatible
with the observations.

It clearly appears that the inclusion of
YNN forces (PNM) leads to the right mass (~2
solar masses

Three-body ANN forces are known to be s'rrongI;l
A-dependent, making the 298Pb target uniquely suited
to study A interaction in a uniform nuclear medium

with large neutron excess

From Franco



The measured charge density distribution of 298Pb clearly shows
that the region of nearly constant density accounts for a very
large fraction (~70 %) of the nuclear volume, thus suggesting that
its properties largely reflect those of uniform nuclear matter in

the neutron star

The validity of this conjecture has been long established by a

comparison between the results of theoretical calculations and the

data extracted from the 208Pb(e e’ p)?°’Tl cross sections measured
& .- Mean-Field at NIKHEF in the 1990s

Theory

Deeply bound protons in the 2%8Pb ground state largely
unaffected by finize size and shell effect

i) ERCNl_lc:lear c '
: f R _Mfftter behave as if they were in nuclear matter
®~_ 73 _ |LRC
Iiﬁ |
The use of a 298Pb target appears to be uniquely suited

to study A interactions in a uniform nuclear medium with
large neutron excess

*®ppb(e,ep)®'TI

From Franco
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