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CEBAF at Jefferson Lab

Cryogenic
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i . An aerial view of the recirculating linear accelerator and 4 Hall C
Recirculation Arcs experimental halls.

— How does QCD generate the masses of the baryons and mesons?
— Why is the spin of the nucleon ‘1/2'?
— What are emergent properties of dense systems of gluons?
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out of force energy as

k/anti-quark pairs. The strong

permeates all matter. Gluons
arry the strong force between
hrks, binding quarks together.




Connections Across Collaborations

TEASING STRANGE MATTER FROM THE ORDINARY

New insights from Jefferson Lab reveal details of how strange matter

forms in ordinary matter

NEWPORT NEWS, VA-In a t

nuclear physicists have mad

inique analysis of experimental data,

e first-ever observations of how

e matter,” are produced by a

lambda particles, so-called “strz
specific process called semi-inclusive deep inelastic scattering (SIDIS)

What's more, these data hint that the building blocks of protons,

NEWS

How nuclear physicists at Jefferson Lab found something
‘strange’ in the ordinary

By Eliza Noe
Daily Press « Apr 25, 2023 at 7:32 am

Dailyress

PARTICLE PHYSICS

Physicists See ‘Strange Matter’
Form inside Atomic Nuclei

New research attempts to discern how bizarre particles of strange matter form in the nuclei of
atoms

SCIENTIFIC -
AME ]‘:‘R,ICAN.® By Stephanie Pappas on April 27, 2023
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Connections Across the Sciences

— JLab probes nuclear forces by electron scattering
— Neutron skin results lead to implication for neutron stars

— LIGO observes neutron star mergers
— Gravitational waves carry S|gnatures
of nuclear forces <
and nuclear matter

[Abbott et al., PRL 119, 161101 (2017)]
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An Active and Unresolved Topic

week ending
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Hyperon Puzzle: Hints from Quantum Monte Carlo Calculations
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Constraints from A hypernuclei on the ANN content of the A-nucleus potential and
the ‘hyperon puzzle’
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! Racah Institute of Physics, The Hebrew University, Jerusalem 91904, Israel
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Connections Across the World

» J-PARC is one of the key labs sharing the same objectives in

understanding hadron physics, hadron structure, hadron interaction,
and hadron mass

» Proposal for “International Leading Research” has been submitted

in Feb 2023: Formation of baryons with multiple strange quarks; A-p
interactions; Emergence of hadron mass

distates
® J-PARC/ SPring-8 / ELPH
= Jias

Ishikawa (RCNP, Osaka Univ.)
]
<structure °44 ELSA Harada (Nagoya Univ.)
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Hall A Hall A/C Plans Beyond 2025

Jan 2025 — Jan 2026: Installation of MOLLER
Jan 2026 — 2029: Running of MOLLER

Hall C

Early in Jan 2026: Hypernuclear solid targets installation

Jul 2026 — Mar 2027: Running of hypernuclear experiments

[Mark Jones, Hypernuclear Workshop, Mar. 2023]
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Jefferson Lab’s Future Positron Program

12 GeV Ce*BAF : present high level goals [Joe Grames, Positron Workshop, Mar. 2023]

Machine Parameter  Hecwons |  positons |
Hall altiphcity DT IO  — Hall multiplicity tied to

Energy (ABC/D) 11/12 GeV 11/12 GeV intensity and rep rate

Duty Factor 100% cw 100% cw Cannot copy existing

pulsed mode technology
unpotazd ey o
sz oensy 170ua Seam dstributions ar
- < characteristically different
] seam ozt s e T

M Fast/Slow Hellaty Reversal 1920 Hz/Yes Few positrons with highest

1920 Hz/Yes

T spin polarization

INJ to CEBAF

v P Pmp— S E——
S ppe— i
T ,.,...,..| ST ALl |..=....,.‘ .........,.l Py gt

A, | i | 2 | oo e | o s

LERF-CEBAF
Injection

— Positrons (e+) in the LERF (former FEL) with transport to CEBAF
— Energy Upgrade for 650 MeV Electron (e-) Injection in the LERF
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Orbit {mm)

Beam Energy Doubling in CEBAF

— Large momentum acceptance fixed-field alternating-gradient (FAA) cells
— Transporting six beams with energies spanning a factor of two

— Through same string of relatively little expensive permanent magnets

— Closely spaced orbits for all six beams (~ 1 cm)

— CBETA demonstrated 42, 78, 114, and 150 MeV in common chamber
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A CEBAF Energy Upgrade — The Big Picture

Addresses:
— Emergence of hadrons from QCD
— Quark-gluon dynamics
— Structure of hadrons
— Hadron-hadron interactions

Experimental approaches:
— Spectroscopy
— Excited states
— TMDs, GPDs
— Hadronization
Important aspects:
— Builds upon program of investigation in

the valence region (x > ~0.1) White paper in preparation:

— Validation of QCD inspired models “Hadronic Structure at the
Luminosity Frontier: JLab at

— New opportunities in the charm sector 22 GeV\”




Jefferson Lab’s Long-Term Schedule

Notional CEBAF & upgrade schedule (FY24 — FY42)

+ Accelerator/engineering team have worked up an early schedule and cost estimate

— Schedule assumptions based on a notional timing of when funds might be available (near EIC ramp down
based on EIC V3 profile)

— For completeness, Moller and SoLID (part of 12 GeV program) are shown; early positron source development
also shown

|24 /26|26 |27 |28 |20 |30 3132 |33 |34 35 |36 |37 38 |39 |40 |41 |

Moller (fundead)

SoLlD (science rev)

posivon Source e~ [N I I

PreProject/Project Dev

Upgrade Phase 1 T
Transport commie+ ---

Upgrade Phase 2

CEBAF Up

= JLab to run 12 GeV electron beam until 2032
= JLab to run 12 GeV positron beam 2035-37
= JLab to run 22 GeV electron beam from 2040

[Thia Keppel, Positron Workshop, Mar. 2023]




Hypernuclear Physics Proposals and Lols to JLab PAC




E12-15-008 (In Jeopardy): An Isospin Dependence

Study of the Lambda-N Interaction Through the High

Precision Spectroscopy of Lambda Hypernuclei with
Electron Beam

E12-20-013: Studying A interactions in nuclear matter
with the 298Pb(e,e’K+) 298, Tl reaction
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AM =z, — D)5 + (Mg — M,)c?

AM

Mev

[(M(Z, A —M(Z,A) — (My— M) ] %

- N0 magnetic interaction *
_- no neutron halo/skins .,

- no radius difference
~- no shell effects y

o

SHe « SH

(2 ~1)/R

[Gleit et al., Nuclear Data Sheets 5 (1963)]
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The Role of Symmetries: Isospin
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[Endt & van der Leun, NPA 310 (1978), 67]

Symmetry in masses, binding energies
and level schemes of mirror nuclei

Strong force F independent of nucleon
exchange: (F,, = F )




Study of Isospin-Dependence

lt Frrmrr e [
NS

Iso-spin dependence

N Strange
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Current experimental information in this mass region cannot provide ANY
information on the possible isospin dependence of hypernuclear forces




Experimental Setup

Original Updated Beam Energy E. [/(GeV)] 2.240
Experimental Hall Hall-A Hall-C Energy stability AF, /E, 3 x 107
Beam Energy [/(GeV)] 1.539 2 240 PCS + HES Cient.ral momentum P, [/(GeV/c)] 0.744
Electron spectrometer HRS HES (”el,lt'ml angle O o [/(deg)] _ 8
. . . . . Solid angle AQ,, [/(msr)] 34
Bending direction Vertical || Horizontal Momentum resolution AP, /P, 44 % 10—4
‘entral momentum [/(GeV/c)] 3.03 0.74 PCS + HKS | Central momentum Pg [/(GeV/¢)] 1.200
Kaon spectrometer HKS HKS ‘entral angle O [/(deg)] 15
Bending direction Horizontal || Horizontal Solid angle AQg [/(msr)] ].3
Central momentum [/(GeV /¢)] 1.20 1.20 Momentum resolution APy / Pk 2.9 x 107%
T T dO.
Y:f\'t Xi?\'e x ' x X AQHKS X €EHES X €EHKS X €decay-
ks
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Counts / 0.25MeV

Study of Light and Medium-Mass Hypernuclel

0

Target CHy _SLi 9Be MR 12¢  27TA]  10Cy  18Ca
Hyperon/Hypernucleus A iHe ?\Li }&1 Be f B ?\7 Mg io K ig K
Target thickness [/(mg/cm?)] | 500 — 10 10 150 150 150 o0 150
Cross section [/(nb/sr)] 1000 10 10 30 90 60 50 50
Beam intensity [/(pA)] 2 50 50 50 50 50 50 50
Yield (g.s.) [/(/h)] 8.6 .5 1.0 25 68 20 1.1 0.9
Acc. BG [/(/MeV /h)] 0.03 086 084 0.96 1.2 1.8 2.4 1.9
B 2C(e, (f'K+)_|\lB I
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Study of Heavy Hypernuclei

EDSPb('JT'!',K"')QAUSPb, px = 1.06 GeV/c o 208Pb (,},,K‘F) 20?\?1\1 p?=15 GB-VI‘C, QK=05 deg (r=0.8 MeV)
- 2879 proton hole . A
. ; B 1ds)s A T h
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Due to extended region of constant density and large neutron excess
heavy hypernuclei provide best available proxy of neutron star matter

Heavy hypernuclei provide an environment, in which three-body
Interactions are expected to play an important role




LOI12-23-011: High-resolution Spectroscopy of Light

Hypernuclei with the Decay-Pion Spectroscopy



Hypernuclear Decay-Pion Spectroscopy in Emulsion

e SR i1 ‘J._‘, A o P 1 '(-. e WO L VOB oA, P e T (7AYo Cd R e
R L 2 1% b W A T ) ¥ - Vo

R oy e

e TN

[~ N

hH"‘HE"" 1:*

where € =54.6+1.0 Mev.

[A.G. Ekspong et al., Phys. Rev. Lett. 3 (1959) 103]

Hypernuclear Physics Program at Jefferson Lab June 2023
P Achenbach, JLab



Hyperfragment Decay-Pion Spectroscopy with Electron Beams

electron beam

strangeness 136

\/

loosing energy
Normal nucleus | in target material 3

" -— dete_Ctlon S O High resolution
" of pions Spectroscopy

two-body decay at rest = mono-energetic pions

Miryp = /M2y +p2)+ /M2 +@




Method Established at Mainz Microtron MAMI

K EurekAlert! | nvanns 100 [ A1 Collab., NPA 954 (2016)
The Global Source for Science News ﬂ - - M. Jurié et a|_, NPB 52 (19?3)
c L
HOME NEWS MULTIMEDIA  MEETINGS PORTALS  ABOUT g
LU
PUBLIC RELEASE: 16JUN-2015 T B
New measurement of the mass of a <30 MAMI
strange atomic nucleus achieves very © . Emulsion
high precision S L —> R
Results obtained at the MAMI particle accelerator in Mainz should add to the L
understanding of the 'strong force' 0 ) |
JOHANNES GUTENBERG UNIVERSITAET MAINZ 0 2 4
[¥] SPRINT & E-MAIL BA (MEV)
An international team of physicists working
at the Institute of Nuclear Physics at decay mode MAMI 2014 (SpekA, 250 um Be)

Johannes Gutenberg University Mainz (jGU)
in Germany has measured the mass of a

-
g 1 MAMI 2014 (SpekA, 125 um Be)
T+He F—HH MAMI 2014 (SpekC, 250 um Be)
—— MAMI 2014 (SpekC, 125 um Be)
e MAMI 2012 (SpekC, 125 um Be)

‘strange' atomic nucleus with the aid of an
innovative technique that is capable of

significantly greater precision than that of

previous methods. The researchers were

able, for the first time worldwide, to observe

Binding energies of light hyperisotopes could be measured with
Improved precision by decay-pion spectroscopy




Continuation of Study at JLab

Kaon Tagger
(HKS)

Enlarged View

beam

Decay pion
Spectrometer
(Enge)
Target Thickness Hypernuclei
(mm)  (mg/cm?)
OLi 2.8 150 SH
: “Be 0.8 150 S48 H, ™% He, "™ Li, § Be
A g 0.7 150 S48 H, ™% He, "™ Li, § Be
i 12¢ 0.9 150 S46 H, "\ He, "*\Li, §Be, #1113 B
j 2TAl 0.6 150 s, p, sd-shell hypernuclei?
‘ B 40,48 :
R o dump . to photon dump “*Ca 1.0 150 s, p, sd-shell hypernuclei?
2 W o ‘ 208p 0.13 150 s, p, sd-shell hypernuclei?
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LOI112-23-013: Study of Charge Symmetry Breaking in

p-Shell Hypernuclei



p

Charge Symmetry Breaking in Nuclel

n

? 8 5| °H  3He
"3H 3He ES R — l0.76 Mev
UFp_p + 2F_,) (16, + 2F_,) B
MCH) = 2808.921 B(H) = 8.482
M(3He) = 2808.391 B(°He) = 7.718
~0.530 AB’ = —0.764

AM? =

.. can be studied in mirror nuclei after correcting for Coulomb effects

.. is dominated by electromagnetic effects

.. nuclear part very small,

~ 80 keV

in case of 3H - 3He

.. is well understood and reproduced by theory using p®-w mixing

[R. Machleit et al., Phys. Rev. C 63, 034005 (2001)]




Charge Symmetry Breaking in Hypernuclel

H+A 0 3He + A
;10672008 | e - 4 ~83200 keV
1.09+0.02 1.406+0.00
O S Tsri008 | 4 ___ 123390 keV
2.39+0.05
v
AH B,/ MeV AHe

[F. Schulz et al. (Al Collab.), NPA 954, 149 (2016)]

— Is CSB in the A = 4 system a feature of spin-dependent interactions?

— Is CSB a general feature of SU(3) interactions in light systems?

Answers can only be found in systematic studies across different nuclei




Electron-beam experiment at JLab

Hypernuclear Isospin Multiplets

G Emulsion experiment
y-ray experiment

Hadron-beam experiment at J-PARC
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Study of Partner States
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LOI112-23-016: Study of a Triaxially Deformed Nucleus

Using a Lambda Particle as a Probe
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Genuine hypernuclear states:

p orbit parallel to 2a (long axis)

e

Large overlap
Deeply bound

Genuine Hypernuclear States
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’Be analog states:

p orbit perpendicular to 2a (short axes)

< > Small overlap
Shallowly bound




States in Triaxially Deformed Hypernucleli

20 1327152 == 7/20,5/2s == 57 -
Candidate: Mg hypernuclei - e _
N : =y S 3/25,5/26 T
27 = | 1/23,3/2 mmmmm |
+ > 9/22.11/2
AMg s | | 324,524 (B=0.39, y=26°)]
+ = S 1/23,3/2 3 e I
> —— B I / |_’ _|_— . _ o B
bo g0 | (B=0.34, y=36°) ]
@ “9’16“ § 10} {1&2;,3.»2;— ) T S -
w 5 L =0.41, y=33°
.g Split into 3 states? 5 | GB®As ) 7I ’
5 2 [ (B=0.36,7=36°
& l 1 J z [ /=36°) %
$ : T7/21.9/21
x 26Mig @ A(p-orbit) | 7292
= [ YMg AMD
G.S. 32052 ——
26Mg @ A(s-orbit) ot 1721
Large overlap
Deeply bound
+ Middle
V . Small overlap
o ” shallow binding e '
Pg Triaxial deformation
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Strange meson & hypernuclear spectroscopy
are now becoming a precision science

Study of isospin dependence is linked to
understanding of NN and AN interactions

Study of charge symmetry breaking in hypernuclei
uniquely reveals features of nuclear interactions

Study of coupling of A to deformed nuclei
uniquely reveals cluster and shape structures

Research program will develop our knowledge of nuclear
equation-of-state and stability of neutron stars
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