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Hypernuclear project at Jefferson Lab Hall-C
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s-, p-shell hypernuclei with Decay Pion Spectroscopy |E12-15-008A /E12-20-013A
High-resolution spectroscopy of light hypernuclei with the decay pion spectroscopy

°Li, °Be, ''B(e,e'K*)¢,He, °,Li, ' ,Be E12-24-004 (24 days)
Study of charge symmetry breaking.in p-shell hypernuclei
27Al(e,e'K*)?” ,Mg E12-24-011 (28 days)
Study of a triaxially deformed nucleus using a Lambda particle as a probe
: Installation
40, 48Ca(e,e'K*)4% 43 K E12-24-013 (55 days) 2027-
An isospin dependence study of the AN interaction through the high precision )
spectroscopy of A-hypernuclei with electron beam RuannOgZQ

208pp (e, e'K+ ) 208/\ Tl E12-24-003 (42 days)

Studying A interactions in nuclear matter with the 2%®Pb(e,e'K*)?%,Tl reaction
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What is hypernucleus and Basic Question
Hypernuclear Electro-Photo Production Overview

Hypernuclear Spectroscopy I:
AN Charge Symmetry in Light Hypernuclei

Hypernuclear Spectroscopy llI:
AN Interactions across a Wide Mass Range

Apparatus, Preparation Work and Schedule
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Hypernuclear Properties

Precise Measurement of A Binding Energy k) reaction

Study of NN and BB interaction :
1.4 [
Br = Meore + MA — Mpyyp s f
Core Y Hypernucleus § T
Mass Mass Mass v -
High-resolution spectroscopy available g 08 F
No Pauli blocking from other nucleons 3‘ 0.6 [
Weakly interacting A and N ~ B
— 1(g.s) ~ 200 ps, I'(e.x above Sn) < 100 keV o' 04 e
02 [

Good probe for AN interaction / (Hyper)nuclear structure . C A _

Mass, Isospin dependence etc. provide important information about S0 25 200 <15 -0 S5
effective AN/ANN interaction Nuclear -B, (MeV) Nuclear

Light hypernuclei that can be applied for precise calculations are

; Core Surface
useful probes thanks to the recent progress of theories

. : Textbook experiment at KEK
Possible to approach changes of nuclear structure and deformation

using A as a probe Beautiful shell-structure on med-heavy nucleus
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Key Questions in Nuclear Physics

How Does Nuclear Matter Behave at Extreme Density ?
What is the Equation of State (EOS) of Dense Matter ?

Crab Nebula . - ~N \
ey 8- Nuclear Fermi Energy A
TR ) Normal W/ At high density, the nucleon
_ Pr Density Fermi energy increases,
Fr =—
2m N hyperons are expected to

3r2m\ 1/3 appear when the nucleon
Y i Dence chemical potential becomes
PF = VvV Matter P
©NASA/HST/ASU/CXC J. Hester \_ ) Iarge enough

Atmosphere 1 | T~ T T ~ T T T T ™1 | [

N 3
Outer Crust / T
Inner Crust 0.1 //

>-“—' -
Outer Core 0,015 N
JUC A E eI ; AVI8+TNI+ESC08b
0.001 L L | L b | L

04 05 06 07 08 09 1 1.1 1.2
: 3
baryon density [fm "]

l.Bombaci, JPS Conf. Proc. 17, 101002 (2017)/
June 17-18 Hall A/C Summer Meeting 2026, Sho Nagao (snagao@jlab.org) P-

o




What is the EoS of Dense Nuclear Matter?

Mass—Radius Curves for Neutron Stars A Single-Particle Potential in Hypernuclei
2,51 el
{ 2M NS Nuclear Matter Limits
[ sororssz0 =3 _— VA ' T
20M-R Curve — \~~\\\ » - 30 i A Single Particle States :E:Z‘fé) .
:w/ hyper?ns LY ; 13989 A Eannlsion
—_— | ;oo [0} + (K,pi)
15 =
=, 1 cw170817 = - ; 20 - ~ 28 —
= . 3
1.04 —BOB --- sk = 3.
4 _V18 .......... NL)\I/:/nr:Ae Lu l)
1——N93 ------DDM = 10 3 -
]——UIX =-=--BOB(N+Y) = e . R
05] ——APR - --VI8(N+Y) = B
'] =——DBHF ------ SFHo(N+Y) 2
| ——FSS2CC
{ ——Fss26c OF-----X-""N"""~xg-———mmmm e
1 AFDMC 1
[0 )0 J — S S S S S S . . . . .
= ¥ % g [kr:]]z BB W 0 005 01 015 02 025
, ~2/3
C.F. Burgio et al. Prog. Part. Nucl. Phys 120 (2021) 103879. A%

Rev.Mod.Phys.88 (2016) 035004.

 EOSs with hyperons are generally too soft to support 2M, neutron stars.
« Unified understanding both astrophysical observations and terrestrial experiments is essential.

Repulsive ANN three-body forces may be needed to support 2M neutron stars
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Key Questions in Nuclear Physics

How do nuclear forces emerge from QCD ?

Hypernuclear physics extends nuclear forces from the N-N sector to the B-B sector, providing a
unique window on coupled-channel dynamics and effective three-body forces.

G N (N N A N Y[ N A iR
i A <=z pR | BET
TT TT I
A N N N A N N A\ N
R Direct OPE D \NN—NA coupling AN-ZN coupling/ kEffective ANN 3-body force/

AH AHe  RHe

« Direct OPE is forbidden in the AN channel. —
« The small 2-A mass splitting enhances 2-mixing effects. ===

* The resulting effective ANN three-body force is important, as

suggested by the over-binding problem of >, He. Akaishi et al, Overbound l
PRL 84 (2000) 3539.

—2.39 MeV =3.12 MeV
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Charge (Isospin) Symmetry on A=3 nuclel

3SH (1 = -1/2) 3He (1 = +1/2)
n G n @ @r
Mirror nuclei
s , @
M(H) = 2808.9210045 (23) MeV/c? M(He) = 2808.3914756 (24) MeV/c?

AB(*He - 3H) = -0.763755 (1) MeV *[

[Ann. Rev. Nucl. Part. Sci. 56 (2006) 253.]

Ele.-Mag. Effect = —-0.693+0.01920.005 MeV

ABCB(3He - 3H) = —0.07 MeV only 0.0025% difference !

Coulomb-modified Faddeev equation:
Isobaric Mass Multiplet equation:

—0.072 MeV [PrL64 (1990) 1875]
—0.059 MeV [pPrc37 (1988) 781]

Charge symmetry of NN sector is a good symmetry

Breaking term can be understood by mass difference of u and d quarks.
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A=4 Hypernuclear Charge Symmetry Breaking

4 H (I = -1/2) SH+A 0 3He + A 4 He (I = +1/2)

n@ @r 1.07+0.08 —— A gl Lo g

1.09+0.02 | M1

\) \) A Vi 1.406+0.002x0.002 \) \) A

by y-ray spec.

AN, S0
2.157+0.005*0.07 v 2.3910.03
by Decay Pion Exp. v

[PRL 114 (2015) 232501.]
[NPA 954 (2016) 149.] BA (M eV)

ABCSB(4 He(1*) = 4 H(1+)) = - 0.09 MeV
ABCSB(4 He(0*) - 4,H(0")) = + 0.23 MeV

Larger B, difference between the mirror hypernuclei (AB*8) exists for the ground state
A\p interaction would be more attractive than Ap interaction (too naive discussion !!)
Different tendency between the JP=0* ground-state and 1+ excited-state (spin-dependent)
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Possible Mechanisms of AN Charge-Symmetry Breaking

2 mixing effect

n A p A
T T
n 4 P 4 A
AH A rHe

2 mixing effect allows a nonzero AB, because of mass
difference between of M;_ > My,

2* could appeared — +AB,
Charge effect of 2-p & *p — -AB,
Shrinkage effect - -AB,
>& Similar discussion to 1* state

Difficult to reproduce large CSB.

June 17-18
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2% mixing effect

\ \ \ N \ \
0 !
== ® o (‘)J[
§0 \-l i L
‘ §] S '-.H 9 |
I '__‘T___. om-
\ \ \ N \ N

20 mixing can be explained well ?

1
(NA|Vos| NA)Y = —0.0297 7, % (NX|Ves|NA)

Additional Pion Exchange would be allowed

A. Gal, J. Phys. Conf. 966 (2018) 012006.
JHaidenbauer, Few-Body Syst. 62 (2021) 105.
D. Gazda, PRC106 (2022) 054001.
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AN CSB on p-shell hypernuclei

[PTP128(2012)105] [PLB744(2015)352] [PRC107(2023)024002]
Hypernuclei Exp. Hiyama Gal Gazda—Gal Le NLO13 Le NLOI19
Ee R D335 gD - 4226 +176%7F +2294+10 +238+10
He— S EL (i) —83 + 94 - 430 204132 94410 —85410
"Be — 1 Li* —100 4 90 +150  —17 -  —404+30 —35430
TLi* — T He —20 + 230 +130  —28 -  —31+30 -16+30
8Be — 3Li +40 + 60 +160  +49 — 4178+ 50 +143+50
BT —210 + 220 - 54 -~ - -
e e —220 + 250 - —136 - - ~

« Recent XEFT with A-X° coupling effect well reproduce A=4 system
» Recent calculations predict smaller and sometimes opposite-sign AB, in p-shell hypernuclei.
 Existing data accuracy is not sufficient for CSB study (AB, > 200 keV)

* New <100 keV measurements for p-shell hypernuclei are essential
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High Precision Hypernuclear Mass Spectroscopy

e’ - 250 T
\ » g C SI\
e _ High-resolution E 200 — |1| 12C(e,e'K*)12,B } Pa =
‘ 4 Spectrometers |g b || l{ { E
~ I
. Rl ——— O (Ap/p ~104) |R Al
o < <4 P ) i
= ' ]
Q2 = 0.04 GeV? S 50fH E05-115 ]
o - PRC90 (2014) 034320. |
Missing Mass 0= '_1'0' — _'1 A 'D) =
2 2)
Mgyp = (pe + M1 — per — pK) B, (MeV)
T 800f JLab E05-115
: : , S S j00) 1115:683(6) CH, target
High-resolution (e,e’K*) missing mass spectroscopy 2 cool pleek)A
Good peak separation on FWHM ~0.5 MeV ‘;’ 500 -
H - 3 400 1192.642(24)
ypernuclear masses, Level structure with 6E < 0.1 MeV SR ouasifiee D(e, k) 50
— 280 ;_ frgfrfl‘_zée:ucléus ,
Energy Calibration with p(e,e’K*)A 2006
Energy calibration with p(e,e'K*)A/2° reaction 100 £~ coingldence

g E
-200 -150 -100 -50 0 50 100 150 200
NIMA 900 (2018) 69. M, -M, [MeV/c’]
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High Precision Hypernuclear Mass Spectroscopy
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High Precision Hypernuclear Mass Spectroscopy

e
e beam _ 352_
) 305*“
Frn L0 High-resolution 2 asf-
Photon ; K+ Spectrometer 5205
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& it P 5 10 ;_ , e \ \.‘
~100 MeV/ C SpecA momentum (MeV/c)
RIBnochrontatic PRL 136 (2026) 152301.
Invariant Mass (2-body decay from stopped hypernucleus) ~ oy, O 'Am: 101.1479(11)
— 100 244Cm-
MG2) =M Z+D )V +p2 + M2+ p3 S ol (Bpmo | 1040915
> B00F
: : : N
High-resolution decay pion spectroscopy g 7 |
FWHM ~0.2 MeV S ;‘zz MWW IW M u\“mw MW ”\MW W» Mwm
Hypernuclear ground-state masses with 8E ~ 0.01 MeV g N [ S”hu/
Various hypernuclei from fragmentation © ol l | l Moy,
Energy Calibration with well-known a sources 0 es ie0 108 1o 118 1o 125 120

Momentum (MeV/c)

June 17-18 Hall A/C Summer Meeting 2026, Sho Nagao (snagao@jlab.org) p'I >




e o

L .\
B B4 Il
YA IS
. =Pk

NATS

- m,/"h;
z ) e
. . | = '.f -a‘ | W

9y : 12p 16

Li, 12B, 1N

PRLT03 (2009) 202501.
NPA835 (2010) 129.

PRLT70 (2013) 012502.
JPS Conf. Proc. 17, (2017) 011002. 2005

3 KHe, 12, 28]

7 9y : 10 12p 52
R aHe, jL1, “ABe, “xB, “AV prc73 (2006 04607

5 af 2b BTN PRCI0 (2014) 034320,
3 3f ’ e PRC93 (2076) 034314,
2 F RN 2009 PRC94 (2016) 021302
S 1y MHIH} 3 PRC103 (2021) LO41301.
b AT MAMI an
go_ﬂm_ﬂ i _ PTEP, Vol2022, (2022) 013D01.
sk h 2 (B D) =(025,08) MeV 2012 PRC105 (2022) LO51001.
5210 5 0 5 E: 3H(e'elK+)3l\!T_ \ 1 ':';/. XH
:.E 8: 'd
g o + PRL114 (2015) 232501.
5 4 NPA 954 (2016) 149. 34y 4
o aH, AH H 2087
- ' A A

PRL 136 (2026) 152301. 2022

June 17-18 Hall A/C Summer Meeting 2026, Sho Nagao (snagao@jlab.org) p’I 6




Hypernuclear project at Jefferson Lab Hall-C

s-, p-shell hypernuclei with Decay Pion Spectroscopy |E12-15-008A / E12-20-013A
High-resolution spectroscopy of light hypernuclei with the decay pion spectroscopy

°Li, °Be, ''B(e,e'K*)¢,He, °,Li, ' ,Be E12-24-004 (24 days)
Study of charge symmetry breaking in p-shell hypernuclei

27Al(e,e'K*)?” ,Mg E12-24-011 (28 days)
Study of a triaxially deformed nucleus using a Lambda particle as a probe

40, 48Ca(e,e'K+)40, 48AK E12-24-013 (55 days)

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 E12-24-003 (42 days)

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

o/ G e
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Experimental Setup

/ (e,e'K*) experiments ‘\ Production with a one-pass CEBAF beam
W\ I Beam current up to 50 pA.

| Target set

6Li, °Be, 1'B: (CSB study

27Al: triaxial deformed study
] 40.43Ca, 208Ph: ANN study

0.74 GeV/c

/| Spectrometers

___________ N l HES: scattered electron
HKS: associated K*
PCS instead of Splitter magnet

~0.1 GeV/c Enge: decay 1"

(LiH, 6Li, °Be, "B, 12C VI

, ' Target ; .
27Al, 4948Ca, 295Pb) Enge Calibration
L (Decay pion 6LiH and 2C for HES-HKS
a7 Boam Spectrometer)

a-source pocket for Enge

~

(2.24 GeV) |
\
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Pair of Charge Separation (PCS) Magnet

Field dist. along X-axis (TOSCA Calc.)

1.6 "
. 1.4 w/ corr. coils
Corr. coils  Main coils s

beam
I Z=400mm ...

' w/icorr. coils
| + Shield (5mm)

-300 -100 100 300 500 700

PCS magnet guides very-forward scattered electrons
and kaons into HES/HKS while preserving the electron
beam tracking.

PCS improves the hypernuclear spectral S/N ratio by
suppressing background and possible data taking to the
heavy target.

PCS consists of main excitation coils and correction coils.

PCS(e)

PCS(K)

p.20
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Accessible A hypernuclel
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Hypernuclear physics
N\ hypernuclei are precision laboratories for studying baryon interactions with strangeness.
A\ binding energies constrain effective AN and ANN interactions in nuclei.

AN charge-symmetry breaking
A = 4 mirror hypernuclei show sizable, spin-dependent CSB.

Recent theories reproduce the A = 4 system, but existing data accuracy is not sufficient for p-shell.

Electromagnetic production of hypernuclei
The (e,e'K") exp. provides a clean, high-resolution level structures with 500 keV width and 100 keV accuracy.

The decay pion exp. gives absolute mass for several s-, p-shell hypernuclear ground-state with 10 keV accuracy.

Hall-C experiment and expected outcomes

The JLab Hall-C program will measure light and p-shell A hypernuclei (6,\He, ?,Li, ''\Be, 12,B with (e,e'K*)) and others for
the decay pion experiment.

The experiment successfully passed the ERR, and installation is planned to start in 2027.
Detector preparation at ESB, as well as checks and preparation of required materials, are currently in progress.
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Join the JLab Hypernuclear (HKS) Collaboration

We welcome new collaborators interested in hypernuclear physics, spectroscopy, detector
development, simulations, and data analysis. If you are interested, please join us.

We hold collaboration meetings (about twice a year), as well as occasional workshops.

More information is available at [https://hallcweb.jlab.org/wiki/index.php?title=Hypernuclear Experiment in Hall CJ.
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