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Hypernucleus

"strangeness" many-body system at low-energy limit
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A\ hypernucleus as a Lambda bound many-body system

Hypernuclear Chart (S=-1, up to p-shell) Precise Measurement of A\ Binding Energy

A Mass determination by Study of NN and BB interaction
- Heavy-lon (e,e'’K") £
N 4 v O
o 12.4 (4) £ f y
3 KRR 167 Bﬂ = ﬂJCDTE Sl ﬂ[ﬁ e ﬂfHYP
A A
g eMhulsion 13.59 (15){13.76 (16) Core N Hypernucleus
< Mass Mass Mass
o KC | X¢ | \'C
S SREEMESEE LALLMl il High-resolution spectroscopy available
< B B | "B | B , ,
8.;\9(18) 8./8\9 (12) 101.\24 (5) 11/.\43 (6) Weakly InteraCtlng /\ and N

— 1(g.s) ~ 200 ps, I'(e.x above Sn) < 100 keV

7 8 9 10
.Be | \Be | (Be | ,'Be
5.16 (8) 4 6.84 (5) 4 6.71 (4) 4 8.79 (25)

6y : 71 8 : 9 10] ; . .
AL 51;1;;3) 6:;'0-:3) Al A Good probe for AN interaction / (Hyper)nuclear structure
! ] 8.37 (7)
‘He | SHe | °He | “He | He Mass,olsospin depe.ndence. etc. provide important information about
2.39(3) 4 3.12(2)  4.18 (10)] 5.58 (6) | 7.16 (70) effective /\N//\NN Interaction
R : H Light hypernuclei that can be applied for precise calculations are
) .229 vd g D) useful probes thanks to the recent progress of theories

PN ; .
A ; Possible to approach changes of nuclear structure and deformation

__________ Neutron Number (N)

using A\ as a probe

.
|

NOTE: B, from hypernuclei database [https://hypernuclei.kph.uni-mainz.de/]
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Determination of Lambda binding energy

Emulsion Accuracy =50 ~ several 100 keV

1970's i
Resolution = several MeV
g ﬂ keV
X a few MeV
/;”' (K™, 7")/(r*,K*) Spec. e
| | 1990's y-ray spectroscopy 100 keV
/ : 0.5 MeV
e N 'K*) Spec.
______ 2000 ) Spec <100 keV
L% 0.1 MeV
Walter H. Barkas, Nuclear o [ oso
Research Emulsions (1973) © L E Eoey .
, ol hocEek B | P Decay Pion Spec.

HIl collision

Counts/200keV

H.Hotch et al., PRC 64 (2001) 04<
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PRC90 (2014) 034320.
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June 17 - 18, 2025

Hypertriton (Z=1, n=1, L=1 system)

Lightest system with nucleons and Lambda
JEnl2
E=0

Lambda binding energy
B, = 130+ 50(stat.) keV

[M. Juric et al., NPB52(1973)1.]
Loosely bound system

Lambda halo nucleus

Mesonic Weak Decay (MWD) dominant
Similar lifetime to free-Lambda (263.4 ps) 77
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Hypertriton (Z=1, n=1, L=1

June 17 - 18, 2025

0.025 - ' ' 7 , ‘ :
Collection of Lifetime _| Collection of B,

_. 00204 i ALICE, 2023 (Heavy fon Coll.) )| =
E i STAR, 2021 (Heavy lon Coll.) E ] ALICE, 2023 (Heavy lon Coll.) I
E 0.0154 ALICE, 2019 (Heavy lon Coll.) §| f 4l ' . |
% r ALICE, 2019 (Heavy lon Coll.) E
2 k—e : STAR, 2018 (Heavy lon Coll.) 3 3l L
= 00109, : i ALIGE, 2016 (Heavy lon Coll.) | = — P 2020 (HeawlonCol)
g \ |—o—n-| ) HypHI, 2013 (Heavy lon Coll.) E a -
% 5005 e = G Reyes 1o (BUW i _

// ! G. Keyes, 1970 (Bubble Ch.) 1 —e— M. Juric, 1973 (Emulsion) |

o $ﬁ' \_;G- SR on e Sl L] o upexgce o unimain.ce, 14.2 2025

0 0.2 0.4 0.6 0.8 1.0
>H A binding energy [MeV]
hypernuclgf’database [https://hypernuclei.kph.uni-mainz.de/]

V4 200 30
0 f,'" SH lifetime 7 Yps]

= Nuo. Cim. 4 46 (1966) 786 B 811 (2020) 135916 e e
PP Sk T e s Gl
12E ALICE
( 1\) B Shallow? < Deep?
« 1— Sl — —_— S
= 09fF T~ = Lifetime

a3 E Long? < Short?
0.7 = [ —
06 F ~PE E P
OS5 Gos 01 015 05 025 03 095 o4 045 0s Whatis the right description?

B, (MeV) = High precision data is necessary !!
[ALICE collaboration, PRL131 (2023) 102302]
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Decay Pion Spectroscopy Technique

Hypernuclear Mass Spectroscopy with
FWHM ~ 100 keV

e‘\

e beam o Kt —
| Ceg vy [ 5 B Stat. Error < 10 keV
,‘D’Héﬁjﬂ] T Systematic ~ 10 keV
N -
S o A y
@ 5% | Principle
- 3o ¥
0 0 T — L 4§ » Measurement of mono. decay pion
K, &\, ¢ D& from hypernuclei stopped in the target

Hyper-Fragment ~ ~100 MeVjc

) emitting pion in two-body deca
Monochromatic 9P y y

(e.g.4,H — 4He + 1)
Hyp. ID from known (or expected) B,

N\
A7\ _ A 2 2 2 2
M(AZ) - \XM( (Z+1)) @4_ \/Mﬂr @ » Tagging K* for background suppression from

non-strangeness production
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Possible hypernuclel & Expected Pion Momenta

~ Hyper-fragment candidates from 2C target

Example, 4,H — 4He + 1t -
Hypernucle1 | Decay mode | p- (MeV/c) comments
A 23 A 2 2 7 2y SH SHe + 7~ 114.37
MAZ) =M (Z +1) P +p? + M2+ P} | e | oo
He et r= A Impossible 2-body d
¥ 5 possible 2-body decay
M(a) = 3727.3794118(11) MeV/c 211\, S 5O Impossible 2-body decay
M(m) = 139.57039(18) MeV/c? Al “He+n~ | 13527
°He Li+ 108.48
p(TT) = 133.03(6) MeV/c ;\Li “Be—r1= = No B, data, above Sp
He i+ 115.10
4 ol 2 A
& M(H) = 3922.56(4) MeV/c2 M| TBerr | 1081
é\BU — 95-54 Impossible 2-body decay
He SLi+ 116.47
&
£Li SBe + 7~ 124.20
e . B 5B+ 7~ 97.19 No 8B(g.s) deca
Specific decay pion momentum each hypernucleus 40 o (&) decay
°Li Be+ 121.31
; Be B+ 96.98
Well known daughter particle masses ’%B 5C+ 7 96.82
Li Be + - - No B, data
Precise pion momentum — Precise hypernuclear {FOBe B+ 104.41
B C+n 100.49
b A
ground-state mass b ey o 26.54
g 12C 4 g~ 115.87
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4 H peak in DPS (MAMI)

2012 Run sE pp = 13292£002MeV | 4 — “He + m- 2014 Run s : o = 13287110008 Mev JH— *He + T~
O 30 40 £
E 255— 0.15 MeV [FWHM] * ;_
2 . F e —|— L Nk 0.06 MeV [FWHM]
8 205 > 25 —>|—
:_i 15 g 20
2 oE T 15
Yk @ 10]
°E T 5
0 CLoss ' pliis G>J 0
105 110 115 120 125 130 135 140 145 150 Ll 115 120 125 130 135
Pion momentum in SpekC (MeV/c) Pion Momentum (MeV/c)
Hypernuclear production with °Be target 2042008 (M) =
r+'He B, ——0——— H.Tamura et al. PR C40 (1989)
Two-body deca eak from 4,H T+ H+ZH Rl M. Jurié et al. NP B52 (1973)
y y p N m+'H+H
Excellent peak resolution thanks to e ) e G. Bohm et al. NP B4 (1968)
; i ! I e W. Gajewski et al. NP B1 (1967)
high-resolution spectrometer & thin target Flle o
giilﬂ; H } —o— || M. Raymund et al. NC 32 (1964)
MAMI 2014 (SpekA, 250 um Be)
B, (MAMI 2012) = 2.12 £ 0.01 £ 0.09 (MeV) ¥, MAMI 2014 (SpekA, 125 um Be)
[PRL 114 (2015) 232501.] £t { H o s
pekC, um Be
BA (MAMI 2014) s o 5 r 0.005 + 0.077 (MCV) b MAMI 2012 (SpekC, 125 um Be)
[NPA 954 {2016) 149.] IR e ot e
B, (MeV) (Stat Error only)
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Latest results of hypertriton data (MAMI)

Subsequence exp. was done in 2022

15

Statistical error ~ 10 keV/c Accidental background

RiongYielda eSS HE=t3"]
Ongoing calibration g WWNWM MM Mﬁ\w'w{ w MHM i Mmi

Evaluating absolute momentum and linearity with e-N fos 10 s 120 125 130 135 140
scattering data pion momentum (MeV/c)

10

Different target (Be — Li 2.7 g/cm?) “E AH— ‘He+m
Total Charge = 1.074 C (1 pA x 12 days) 35—
Finding two peaks on pion spectrum =
4.H — 4He+m" (~133 MeV/q) @ 25;— 3H — 3He + 10 Pre//' .
3, H - 3He+1 (~114 MeV/c) % 20E- A m”?ary
Reliable peak resolution FWHM ~ 100 keV/c © F

e” beam measurement which is newly developed

) T 7 5 NOTE: Momentum calibration result is NOT applied
undulator radiation interferometry" method

Expected accuracy 6B, ~ a few tens keV
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Beyond s-shell hypernuclel

Charge Symmetry on p-shell

Different interaction between Ap & An (Isospin rotation)

=
\’
NS
(1)
.
.=lI

Larger AN CSB effect in s-shell hypernuclei L S s

[PRL 115(2015) 222501]

[#s)
w

Many peaks

from p-shell

hypernuclei?
A

no w
()] o

el
o
lTTIIIlIIIiIII]III ]II]]]IIIII]ITT]III

—
w

Events / (250 keV/c)
S

i ‘:3:“‘5'5' il aiii;?’!l;i?t Ve
12 125 130 135 140 145 150

Pion momentum in SpekC (MeV/c)

2 mixing effect 0
Particularly essential effect on neutron-rich hypernuclei

Super-heavy Hydrogen, Helium

Limit of nuclear existence, coupling to heavy hydrogen, helium, 4n-state in NN sector

= Much better statistics is essential !
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Hypernuclear project at Jefferson Lab Hall-C
| e

[s- p-shell hypernuclet with Decay Pion Spectroscopy |E12-15-008A / E12-20-013A

High-resolution spectroscopy of light hypernuclei with the decay pion spectroscopy

SLi, °Be, ''B(e,e'K*)%,He, °,Li, ' ;Be | E12-24-004
Study of charge symmetry breaking.in p-shell hypernuclei

°7Al(e,e'K*)?” ,Mg E12-24-011

Study of a triaxially deformed nucleus using a Lambda particle as a probe

>1 year run

40, 48Cqa(e,e'K*)49 48 K E12-15-008 / E12-24-013

An isospin dependence study of the AN interaction through the high precision
spectroscopy of A-hypernuclei with electron beam

208pp (e,e'K+ )208/\ Tl E12-20-013 / E12-24-003

Studying A interactions in nuclear matter with the 2%®Pb(e,e'K*)?%8,Tl reaction

B \¢& &
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Goal of DPS experiment @JLab

> New Determination of B, (6B,~10 keV) for several s- p-shell hypernuclei

> Experimental challenge to heavier sd-shell hypernuclei

> Lifetime Measurement

> Spin-Parity Assighment
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New Experiment at Jefferson Lab.

\\ (e,e'K*) Program
| "€, K*" coincidence with HES & HKS
New separation magnets (PCS) for better S/N

I g.s & exx B, up to A=6 ~ 208

7/

] with <100 keV accuracy
I
\ I 1.2 GeV/c | Simulations Data Taking
_ d I

Decay Pion Program

"1, K*" coincidence with Enge & HKS

Parallel Experiment with

l
l
l
~0.1 GeV/c : (HES ® HKS ) @ (Enge ® HKS)
l
l
l

Target

"CS:/\‘ ~//~ i

(CH,, Li, Be, B, C, Al, Ca, Pb) Enge g.s B, of s-, p-, (sd-) shell
L (Decay pion with ~10 keV accuracy
e beam Spectrometer)

} 30 times stat. per unit time

(2.24 GeV) |
N
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Decay Pion Spectrometer "Enge”

Type

Hardware spectrometer

Central Momentum

~ 110 MeV/c

Momentum bite +/- 30%
Dispersion 1.53 cm/(MeV/c)
Momentum Resolution | 103 (FWHM)
Solid Angle 4 msr

Ap/p ~ 103 momentum resolution
Peak separation, Better S/N
Measurement from position info. at focal-plane
Angular information for target reconstruction
A few 10 keV/c momentum calibration
With alpha-sources (~ 100 MeV/c/q ) @target

Detection of well-known momenta alpha-particles at focal-
plane in vacuum

o~100 ps target time reconstruction
Suppression of accidental coincidence background
Particle identification (t / u/ e)
Lifetime measurement
— Good start time counter (g~100 ps)

position (0~350 um) & angle (c~6.7 mrad) information
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Enge Detectors

TOF counter
TOF counters

Drift Chamberd = Timing measurement & Trigger Timing

| 2 Layer of plastic scintillator paddles (48 ch)
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Enge Detectors

TOF counter
TOF counters

Drift Chamber__. Timing measurement & Trigger Timing

2 Layer of plastic scintillator paddles (48 ch)

..............................

g.,c'\*_f. 8 X\ Drift Chamber
@ 8=
Beam o o 8 - Tracking for angular measurement
: plon ”=1"ﬁ'ﬁnrr*.-‘-/=*’.‘.«r-wsf_r:;-g‘--‘-f'i’s;;l g g

— Reconstruction to our target

Target | _
(same)i. | Same as HKS Drift Chamber
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Enge Detectors

TOF counter

Timing measurement & Trigger Timing
2 Layer of plastic scintillator paddles

TOF counters
Drift Chamber N _

Drift Chamber
Tracking for angular measurement
— Reconstruction to our target
Same as HKS Drift Chamber

Focal Plane Scintillating Fiber Detector
| | (New)

s | y 1x1 mm Sci-Fi in vacuum (832 ch)

80 keV/c LSB

SIPM photon counter

Wide mom. coverage (78 ~ 140 MeV/c)
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Enge Detectors

Total Dose (@Hall-A)

SiPM board

x10°

64 ch Sci-Fi Assembly

E Total Dose: 320 rem

TDC Distribution

Entries 87324
Mean 2028
Std Dev 41

, Signal from LED
DATA
0.05
REFERENCE

PR I U S USSR T [N TN TN T NS T SO S |
04-0103:15 04-15 08:44 04-2914:13 05-1319:41 05-28 01:10 06-11 0¢

Counts

Thermal noise

700 8

TDC
Focal Plane Scintillating Fiber Detector
(New)

1x1 mm Sci-Fi in vacuum (832 ch)

80 keV/c LSB

SIPM photon counter

Wide mom. coverage (78 ~ 140 MeV/c)

dose rate [mremM]
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Expected Spectrum from Simulation

nnnnnnnnnnnnnnnnnnnnnnnn )

Expected on °Li target Monte-Carlo simulation by
350 [ = - v' Spec. Resolution
| 6p =7 keV/c (stat.) *H— *He+n v Hyperfragment yield
BEI v 1 branching ratio
() 300 o = ; v' Background from QF hyperons
S S —f v Accidental Background
O 250 _E B : 0.26 MeV/c . O(\ F
S -1 \)\6’0‘ Simplest spectrum
0 200 H 5 5 ; : 4 4 3
O. 00 B EETRERETr. 11 T P T TT S TT AT S\(0 Clear peak from /\H’ /\H
9 150 - 7 momentum (MeV/c) FWHM e 260 keV/C
~ -
% - 3H - 3He + 1 Low QF background
S 100~ | Low accidental
O L
ST 6B, = several keV (stat.)
0 (o B T TR T A T ‘w“- i ‘ o ‘m “‘ftbéi.n {H:.' rrife] 3:
90 95 100 105 10 115 120 125 130 135 140 N“#\H) @MAMI = 40 cnt / 2 weeks

T momentum (MeV/c) N, H) @JLab = 600 cnt/ 1 weeks
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Expected Spectrum from Simulation

Expected on '2C target
P 9 Clouded spectrum, but separable

160 — 12 5 12¢(0") 4+ 1 3,H, 4\H : Reference peak
o 140 - . tn 12 B : Directly produced hyp.
> 20 \)\a“-\on Large cross-section, branching ratio
) - .
S - S\m 2-peaks from different daughter
8 100 — — Spin-Parity assignment
o 80— 12g 12¢(2") + 10,11 _Be. 10.11 B
= - 11 : Nt N
~ B 9Be AB | I h
N 60 — A sospin partner hyp.
"g' - Good for p-shell CSB study
8 B 9I\Be
il HH i Many °B+Tt" decay in emulsion
ot MM 8 Lj
110 125 130 135 140 i
7~ momentum (MeV/c) Famous 8Be+m~ decay channel
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Lambda hypernuclei as a multi-body system with strangeness
High-resolution spectroscopy available thanks to narrow width of hypernuclear state
Investigation of AN interaction nuclear medium / (hyper)nuclear structure possible
More precise discussion on going thanks to recent progress of both experiment and calculation

High-resolution spectroscopy of electro-produced hypernuclei
Decay Pion Spectroscopy
Novel technique for B, measurement from Decay Pion momentum measurement
Excellent resolution (FWHM ~ 100 keV) and precision (6B, ~ 10 keV)
Measurement of hypernuclear ground-state started at MAMI, Germany
Improving hyp. yield ~30 times thanks to better beam intensity & PID etc.
Expecting decay pions from several s-, p-, (sd-) shell hypernuclei

Re-determination of Hypernuclear g.s. A binding energies

Please join us !!
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Lifetime measurement (by product)

., 2000 HKS (JLab)

< 1800}~ - Cherenkov + m2 cuts

0 1600

] |:| OFF Proton

ool | I on K* time = Generate time
1000}
800
600
400

200

I‘Illlll!l\l\llllfl!l l!!lTlTIlWIl[!I]I
T TTT

05 o 05 1 15
1.2 GeV/C m? [GeV/c2]?

160 2B > 12¢(0" \+ m

140

120

100

-0.5 0 0.5 1 1.5 2

—_ IIII|

~0.1 GeV/c ) :
Decay time - Gene. time

counts / (0.08 MeV/c)

Enge
(Decay pion
Spectrometer)

it~ time = Decay time

7~ momentum (MeV/c)
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Possibility of Spin Assignment

12 B(2" - . . :
(27) . 8 ¢ 3°© - Spin-Parity assignment only for several
=88 < ¢ : hypernuclear ground-state
| @ 1ol
L o £ 180 Nt i i
b = g ¢ Possibility of spin inversion of the ground
| L . 5 0
E 5 100 state in neutron-rich hypernuclei
L C
F R RN o - : : ]
Ll = 50— Weak-decay branching-ratio depending
12,B(17) s I: A e s on the spin-parity relationship of parent
Z g <l 4= oo o= hypernucleus and daughter nucleus
R : oo “ . : S
1 5 ] 006 — spin-parity determination from weak
| o 0.05 1 st . .
Col 3= "3 = decay branching-ratio
TE ! ; 3 E
mohd . 0.03 . . .
;é’é § 1 ] oo FINUDA exp. has determined spin-parity
#ﬁfgvfgfﬁ L o 01— I for several hypernuclei
HETER o e W w e ow W W [FINUDA, PLB681 (2009) 139]
—— LRIAE B B [FINUDA, NPA881 (2012) 322]
o 0 [FINUDA, PLB681 (2009) 139.]

t/\aul NDIlBJ.I:IXB

[T.Motoba, NPA489 (1988) 683.]
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Prior experiment at Mainz, Germany

=
"l

The MAinzer Mlcrotron (MAMI)
Beam Emergy: 1.5 GeV max. i

Photon

e beam

Beam Intensity: 100 pA max.
Beam Size: a few 100 pm
Duty Factor: 100 %

; = = . | .
June 17 - 18, 2025 { } ¢ _,.. to photon dump ! p27
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Characteristics of DPS at JLab

DPS @MAMI

DPS @JLab

Target

Li / Be
(39 mg/cm? for Be)

Li/Be/B/C/Al/Ca/Pb
(100 ~ 150 mg/cm?)

Beam Energy / Current

1.5 GeV / (20 pA for Be)

2.24 GeV / 50 pA

K* Tag Efficiency

~20%

~80%

TT_ mom. resolution

<1X 103 (FWHM)

2X103 (FWHM)

mom. coverage

110 ~ 135 MeV/c

70 ~ 150 MeV/c

Beamtime

~ 2 weeks

~ 1 year

"K* ™" time resolution

2000 ps

< 200 ps

R AN N 2 7

June 17 - 18, 2025
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Various hypernuclei

Effective A\ production

Better PID

Covered Entire region
Better yield

Lifetime measure



Plan B (Sci-Fi detector)

HV ~ +100 V

Optical port
on chamber

Optical
Fiber

LVDS out  yETROC LR-TDC

34 pin @ SHMS
Flat Cable

v
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alpha-source

alpha sources available from a vendor "Eckert & Ziegler"
Get AF-type 3-nuclide mixed source through RadCon
230Th, 241Am, 244Cm (1~5 kBq each)
® = 5 mm source area, no cover
<20 keV resolution (FWHM)
Removable package
$3,610, 5-6 weeks delivery time

Make special holder to mount to target ladder
and 1x5 mm? slit to make small source point Ass04 _— Retaining Ring

Radioactive Source
1x5 mm2 Sllt / 0.438" (11.1 mm) Diameter x ——
0.125" (3.18 mm) Deep Recess
\\Z / Holder
0.25” (6.35 mm) l\—’—’—l <4

—»—‘ 0.25” ’-—

(6.35mm)

1" Diameter (25.4 mm)
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Expected alpha-source result

Z41Am

= 2307}, 1 hour
700 — 244Cm
&) - o 3.7 kBg each
~ ~ op = 0%
> 600 —
% E Monitor by NMR/Hole Probes
500 — r
o0 —
o —
S bl
- i a0 i';é 1d bl ..ali..iL.i on 1 KA g
o S0 ol
-
2 200
@)
© 100

o0 95 100 105 110 115 120
Fiber Number= Momentum (MeV/c)
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