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Jefferson Lab Todaya Cornerstone of Hadron Physics Researc|

A Facility at the LUMINOSITY Frontier V Explore the fundamental nature of confined states
(up to 16° cm?s?!) of quar ks aNa-p@Duons

~ V Explore hadronic structure and interactions in nuclei
V Discover evidence for physics BSM

World-Class Electron Beam

CEBAF accelerator provides a precisi@n;e\/continuous electron beam
with:

A High Intensity

A High Polarization

Unique Experimental Facilities

CEBAF supports 4 experimental halls with:

A Stateof-the-art detectors

A Versatile experimental setups

A Advanced targets, data acquisition


https://puckett.physics.uconn.edu/2021/08/02/sbs-installation-in-hall-a-at-jefferson-lab-july-2021/

CEBAF probes nucleon valence structure with unparalleled precision
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Physics with CEBAF at 12 GeV and Future Opportunities
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Prog. Part. Nucl. Phys. 127 (2022) 103985

AEl ectrons ar ei paintlike u
electromagnetic interaction

A Partonic structure in the valence region
defines the hadron baryon number,
charge, flavor cont

A How does this happen? What is the
mechanism? Are there thresholds?

A At CEBAF energies, we probe nucleon
structure in the non-perturbative regime

A Large X, low Q2 evolves to low x, high
Q2 via pQCD, extract PDF,TMD,GPD
shape and strength from data

A Precision measurements (2D,3D) in the
valence regime require high luminosity,
and are the unique purview of JLab,

providing overlap with EIC into low X
region J}_g_ﬂfe on Lab


https://inspirehep.net/literature/1981751

A How are quarks distributed in
the nucleon?

A What are the mechanical
properties of the proton?

A How big is the proton?

AWhat is the spectrum of 2
excited hadrons? 4 ,




How are the quarks distributed in the nucleon?
The SBS Form Factor Program (completed August 2025)

A Electric and magnetic form factor measurements (6 separate experiments) give
distribution of charges and currents inside the nucleon.
o Differing approaches to QCD predict different behavior at high momentum transfer Q
A SBS will provide Form factors at highest Q2 measured to date
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Two new
. Super BigBite
Spectrometers
' (SBS)
weighing ~50
7. tons each with
. 43,000+
detector
readout

. P
A channels

» \’V _ e
% ’ Electron Arm (BigBite Spectrometer)

2025¢ running complete!

- 0 Largest GEMs in the world running at 10 MHz/cm?
- 0 Highest figure-of-merit optically pumped polarized 3He target

(neutron surrogate) ever deployed _Lgﬂégon Lab



SBS Physics: ExtendingRange of Nucleon Form Factors
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A Map transition to perturbative regime running of dressed quark mass function
A Imaging of the nucleon charge and magnetization densities in nmmetmeter space in the infinite momentum frame
A Combined data allows flavor separation for large range?f Q Jjg_f,f.e-rson Lab



SBS Physics: ExtendingRange of Nucleon Form Factors
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A Map transition to perturbative regime running of dressed quark mass function
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How are quarks distributed in the proton?
A 2D and 3D question

X 4 transversity
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T 2D Example of &oLICSIDIS measurement: huge
error improvement (TMD)
0.1 0.3 0.5 0.7 x

High luminosity is critical to measure the typically small
cross sections at large x (2D), and to isolate individual

Phys. Rev. Lett. 128, 132003 (2022) kinematic dependencies (3D)



What are the mechanical properties of the proton?

em: JdyJim =0 (N'|Jm|N) — Opot = 1.602176487(40) x 1071°C
vector Uprot = 2.792847356(23)uy  2.792847816(8)
weak: PCAC (N'JJE W IN)  —  ga = 1.2694(28)
axial g, = 8.06(0.55)
gravity:  JyTgray =0 (N'|Tgray [N)  —> My = 938.272013(23)MeV/c?
tensor =1 938.2728816(2
D = ?

n T MDeerm is the last unknown fundamental global property of
the protono é. and of any ot he
It can be probed in a tensor interaction.
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From particle tomography to gravitational structure

M.V. Polyakov, Phys.Lett.B 555 (2003) 57-62
GPDs and strong forces inside nucleons and nuclei.

https://arxiv.org/pdf/hep-ph/0210165
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soft part
p r * P

4 chiral even GPDs describe soft part. GR® v * 0
essentialto access gravitational form factax(t).

TheZ2gfield couples to the EMT the same
way as gravity does, but with many orders of

magnitude greater strength

Deeply Virtual Compton Scattering
(DVCYS) is a suitable probe of
gravity-like properties of particles!

#2%, U.S. DEPARTMENT OF Offi f ’-—
@ ENERGY |So ©&A Jefferson Lab


https://arxiv.org/pdf/hep-ph/0210165
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DVCS Unpolarized Cross-Sections
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The pressure distribution inside the proton

'T'E" B mmmmm World data
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Shear Stress on quarks in proton

Shear stress r’s(r)
0.05 Shear stress at r = 0.6 fm:

4px?s(r)= 0.238GeV/fm
~38 103 Newton

0.04

systematic error band

2s(r) (GeV fm™)

0.03

0.02

4 metric tons

0.01

this result
.............. CQSM
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Normal & Tangential Stress on Quarks

Normal stress:F.,= 4pr?[2/3 s(r) + p(r)] Tangential stress: = 4pr?[-1/3 s(r) + p(1)]

Burkert,et al., Colloquium:

—~1.5 =1.5
E E L
> = ° —" Gravitational form factors
] . el e of the proton Reviews of
K LD | Modern Physic85, 041002
r /'/'/'/’,'»_.,_._,_‘.,_‘\
0.5 o5k oz VNN (2023)
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Similar gluonic force

P
B P

i e A I SRR
e e e o l IPVEPI )

° distributions, obtained
from J/y Ih> bbphoto
0s 05L Nl production,
- e and comparisons to-QCD
» I - submitted to PRL (Jooster
n et al.,J/y-007
155 ‘_‘1' 05 0 05 4 RN R ‘—‘1' T 05 0 05 |1 s Collaboration)
X (fm) X (fm)

Tangential stress changes

Normal stress is positive at all r direction near r ~ 0.45 fm
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https://www.osti.gov/biblio/2274730

NEUTRON DVCS WITH CLAS12 CENTRAL NEUTRON DETECTOR

A CLAS12: A. Hobert et al. "First Measurement of Deeply Virtual Compton Beam-spin asymmetry for

Scattering on the Neutron wi thhysDRexw.ect i on nDVCSUVeisgs aA®L tinswea N
Lett. 133, 211903 (Nov. 2024),

0.2F

https://doi.org/10.1103/PhysRevL ett.133.211903 +
. . TUESDAY NOVEMBER 26, 2024 i
News release and wide media coverage N 15 ﬂ a0 GV Jo039Gev o083 Gev:
SCiTEChDa"!J Biology Chemistry Earth Health Pl ‘ \ 3[}.2 <Ql>:=2'2 (?'CV: ' <le:=2'5 ?CV: + «:Q3>:=2.8(?c\»’3 +
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Inside the Neutron: Scientists Discover
Hidden Layers of Matter

BY THOMAS JEFFERSON NATIONAL ACCELERATOR FACILITY — NOVEMBER 24,2024 (O NO COMMENTS  (© 9 MINS READ

[<-1>=0.37 GeV?  [<-1>=0.43 GeV* <-t>=0.58 GdV*

02k >=0.13 <x,>=0.19 T<x,>=0.30
<Q‘>=l 6 va <Q‘> 2.3 va <Q3>I=3.8 (Izcv? .
100 200 300 T00 200 300 100 200 300
PHYS ¢ ‘ORG T Week's top Ld ¢ ()
I ) ) . _ ) A view of the Central Neutron Detector in Hall B's CEBAF Large Acceptance Spectrometer for 12 GeV Sinu amp“tUde Of ALU as
Nanotechnology Physics Earth Astronomy & Space Chemistry Biology O (CLAS12) 2
' function of Q<, xB and -t
Accessing the Lesser-Known Nucleon 0.1 S— N
Protons and neutrons — known collectively as nucleons — are the building blocks of matter, but 0.08f .
ud protons have received more attention in certain types of nuclear physics experiments. Until —
f Accessing the lesser known now. New results published in Physical Review Letters describe a first-time glimpse of the S 0.06f
_ internal structure of the neutron thanks to the development of the Central Neutron Detector il
Q nucleon: New neutron installed in Experimental Hall B's CLAS12 detector. To read the full story, click here. A 0.04f
O s measurement can help physicists Dol
—— learn about nucleon structure and .
i - E, L L [ X - PR FE S T B P
sp|n 2 3 4 0.1 0.2 03 02 04 06 08

Q% (GeVH) Xg -t (GeV?)



https://doi.org/10.1103/PhysRevLett.133.211903

DVCS and (Transition) GPDS Gener al i zati on @procEsBdss

First Measurement of Hard Exclusive = -qp+ Electroproduction
Beam-Spin Asymmetries off the Proton

PRL 131, 021901,11 July 2023

ep Y ‘e®+)p

proton

—

3D structure on resonances
Access to d-quark content

—
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Jefferson Lab gives lnSIght e 3D Structure of Resonating Proton Offers

building blocks of the universe Insight Into the Chaotic, Nascent Universe

Downiioad P0F Copy

i Fredeaw | Gpeeas | Teeh | Haties Fartk Hiam

impaes o Mass
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How big Is the proton?

Proton Charge Radius Measurements:
0.831+/-0.014 fm,
Xiong et al.,Nature 575, 147 (2019)

. . 2 : Ref. 4, H spectroscopy
This work, e-p scattering =
L L
g o 0 e . e ) o o, o 1§ o, 5 5 | -, SO | . 0 . F s
0.78 0.80 0.82 0.84 0.86 0.88 0.90 0.92
Picion'GHaigs (aoiis. /) Proton Gluonic Radius Measurement:
AElastic scattering at very low momentum transfers A Inner gluonRms 0.52 +/0.03fm _
AFinding agrees with the revised value for the Rydberg A Duran et al fADeter mi
constantd one of the most accurately evaluated fundamental gravitational form factors of the protdn
constants in physics Duran et al, Nature 615, 813 (2023)
APRad-1I experiment will yield a 2.5x more precision: confirm \
the smaller radius I_currently preparing experiment to run -ﬁe\'eﬂt- 4
D\ Jgjfégon Lab



PREX and CREXow large are nuclei?

How thick is the neutron skin?

o RPN SRR P | SR IS | I S e e |
-20000 -15000 -10000 -5000 O 5000 10000 15000 20000

48
Aoy (PPmM) Ca
_Sr- S, 4 2 6
= ~10°7°3 ~10
A =22 Q

Electroweak asymmetry in elastic
electron-nucleus scatteringExtract R

PREX: Phys. Rev. Lett. 126, 172502 (2021) ~400 citations
CREX: Phys. Rev. Lett. 129, 042501 (2022) ~200 citations

Extracted neutron
skin of 48Ca
(CREX) is thin
compared to the
prediction of most
models, while that
of 208Pb (PREX)
IS thick, yet both
consistent with a
number of density
functional models

0.3 [ T e
E _|
o
r.:oU \\\
< ",
mﬁ- 90%‘}
o & /3

i PREX dat

O+II III|IIIIIIIII|I:IIIIII!I:IIIII:IIII|I —]

0 0.1 0.2 03 04

R -R ®Pb, fm)
48Ca : thin skin

208Pp : thick skin

Implications for the EOS of neutron matter

thus for understanding neutron star skins

Jygff;gon Lab



What Is the Spectrum of excited hadrons?

Experiment | name Title PAC PAC data
dedlcated GlueX program rating | dys | taken
_ E12-06-102 | GlueX-I Mapping the Spectrum of Light Quark Mesons and Gluonic | A 120 | 100%

=5 e L e —— Excitations with Linearly Polarized Photons
C ” a— E12-12-002 | GlueX-ll | A study of meson and baryon decays to strange final states | A 220 | 46%
| with GlueX in Hall D
A | JEF Eta Decays with Emphasis on Rare Neutral Modes: The JLab | Grp 100 0%
Eta Factory(JEF) Experiment
E12-10-011 | PrimeX-n | A Precision Measurement of the eta Radiative Decay Width | A- 79 | 100%
via the Primakoff Effect
| E12-13-008 | CPP/NPP | Measuring the Pion Polarizability in the vy — == Reaction | A- | 25 | 100% |
E12-19-003 | SRC/CT Studying Short-Range Correlations with Real Photon Beams | B+ 15 | 100%
at GlueX
Not yet scheduled
E12-19-001 | KLF Strange Hadron Spectroscopy with Secondary KL Beam in | A- 200
Hall D
E12-20-011 | REGGE Measurement of the high-energy contribution to the | A- 33
Gerasimov-Drell-Hearn sum rule

GIueX III approved N JulyI

]

2[3 03 4 Total
LS -+ Positive-Reflectivity
8l -+ Negative-Reflectivity

0 2'_ - Mathieu et al., PRD 102, 014003 (2020)

Exotic mesons are particles that have quantum numbers not/g-t—
possible in the quark model. The a2(1320) is a benchmark to ' ! - —
validate the GlueX experimental setup and analysis techniques %81 02 03 04 05 06 07 08 09 10
before moving on to searches for exotic hybrid mesons. -t [GeV?]

19 Jeuygisen lbab




Charmoniunproduction in Hall [@5lueX

_ , r Yp —>JPyp
A Production of Gff has implications on T
i v 14 Yield [Events]: GLUE
proton structure and existence of = [ Np)=553282 x
Dentaquarks g 12:— Nx,)=13.6 4.7 Preliminary
A Two GlueX publications with ¢ Tt total citations 5 10f- Mol M)
. o . s . Ll = e
A Next publications i analysis in progress sf
A First measurement of the photoproduction cross section of E
. and ... (based on existing data through 2020) o
A Upper limit on production of open charm O* ¥ to 4:_
constrain production models and validate proton structure T
interpretation 5 ‘
A The plan for GlueX-lI :

33 v g 3.6 3.7

A 200 days approved by PAC 5: MU/DY) [Gev] |

A Large sample of polarized Uff to understand production
mechanisms and validate data interpretations

Jﬁﬁfegon Lab



KLF: High Intense Kaon beam

Photon Tagger Pair Speciromefer

Jefferson Lab Tomorrow

A Strangeness Spectroscopy 12GeV e S A TPEAPARIREE.. Target
BDX Beam Dump Ex gt e —“’ﬁ ¥ 50 J'ﬂzﬂ‘/:. Pofon
P P- | \ . _l)l | Beam Dump
A Search for light dark Beam 15.4 MHz T '"Ie-\. KeT ;' \
Diamond Radiator  Electron Collimator GlueX

East ARC KFM speciromefer

Beam Dump

matter particles

A Intense
secondary m
and n beams

i High luminosity
A PreC|_S|on nucleon 3LC (10 #7- 16% cnr2s-
Imaging | N+ large
A Origin of the proton | acceptance

mass and gluonic | i G
force =R

A BSM searches &
nucleon structure

LT

A Ultra-precise
measurement of
the weak charge
of the electron

A Sensitive to BSM

physics A HypernuclearSpectroscopy

ab



MOLLERPrecision Electroweak Physics
- probes BSM in the mulieVrange through Parity Violation

U(sin’dw) = # 0.00023 (stat.) 0.00012 (syst.)

—> ~0.1%
A Unique (purely leptonichew physicsreach
A Speciabpportunity with Jefferson Lallnigh luminosity
Search for new flavor diagonal neutral currents

Look for tiny but measurable deviations from precisely calculable predictions for SM processes

0.245

measurements Only e -e measuremeny.
¢+ Pproposed SLAC E158
NuTeV <
0.240 - I ute .;?w
= ¥
= S,
T 0.235 <
£ %,
7] %2
JLab Measurements
Tevatron LEP 1 ILHC
0.230 SLC
) MOLLER =
Mainz-P2 T 1 SoLID
MOLLER : improve w(e) by a factor of 5
0.225 e
0.0001  0.001 0.01 0.1 1 10 100 1000 10000

Construction and
assembly
underway

Installation in
Hall A to begin in
~2months

~1.5 year
installation

Je on Lab



SoLIDThree major physics programs

Maximizethe scienceeturn of the 12-GeVCEBAEpgradeby :5_ nE w=g Proton PDF
.. : . : 121 2 u wm d-u
combining high luminosity and large acceptance | Q=10GeV Gran
0.8 == d +u

U SoLlDwas highlighted in the 2023 DOE Long Range Plan in — .
recommendation 4 and throughout the document i
U Three main physics programs: ’

mm (s+c+b)2

<
~

o
(=

—~ 1039.
u SIDIS b
U Valence quark tomography with precision in 4D g 10
U Precision J/ production near threshold z 10%
(i Origin of proton mass § 107
U PVDIS 5 10¥ o
U Test of Standard Model 10* 102 102 01 03 05 07 09

U Search for new physics pmyErrerm

Beamline

! nuﬁ"_ S

e — ! ——

fr—
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SoLID fully enables CEBAF 12 GeV at the intensity frontier

SoLIDWhitepaper Published ind.Phys.&0 (2023)
Highlights ofSoLIDscientific programs and instrumentation

A The SoLID science program was endorsed by the
2023 NSAC Long Range Plan (Recommendation Riskreducing R&D continues!
#4) as one of the projects "that lay the foundation
for the discovery science of tomorrow". SoLID is
mentioned positively over 25 times in the Plan.

A Nucleon spin, proton mass, BSM experiments
require precision measurements of small cross
sections and asymmetries, combined with multiple
particle detection

A There is a critical need for a high luminosity 1037-
10%° cm=2s! and large acceptance working in
tandem 1 takes full advantage of Jefferson Lab
capabilities

Electromagnetic Calorimeter Prototype fg@@¥
the SoLIDOProject at Jefferson Lab
-4 TIPP, SPRINGER NATURE (2018) Fard,




Hall B CLAS12 @ High Luminosity

Opportunities for new, low - rate reactions
(like DDVCS)
Gain time for long remaining physics program

Phase-1 Upgrade: ~2*103°cm-2s-1with charged particle reconstruction efficiency > 85%

tracking detectors with high particle
rates
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Prototype testing

A Various resistive layer layouts

A Capacitive sharing X-Y-U strip readout

A Thin gap

Software development

: A Implementation in GEMC

A Largest e RWELL build so far Hit and track reconstruction algorithm in a high-rate environment

A Validation with test measurements
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A Rich program with nucleon and
nuclei targets using baseline HMS
SHMS and NEW equipment

FY23 » FY29

Pion Form Factor |
CaFe, x > 1 quarks & Light-Nuclei EMC Effect
Deuteron (e,e'p)

NPS - Wide-Angle Compton Scattering: Cross Sections and Polarization
LAD = Bound Neutron Structure

L/T Separations in SIDIS

Non-standard Energy Spectrometer Experiments
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Hypernuclear installation

Hypernuclear Experiments

Tensor Polarized Deuterium Experments
Compact Photon Source: WACS

High Luminousity Experiments

A Move to Hall C SBS/BB experiments that did not run in Hall A
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Hypernuclear
— Physics in Hall

Experimental Setup

Original Updated Beam Energy FE. [/(GeV)] 2.240

Experimental Hall Hall-A Hall-C __| Energy stability AE./E. 2B
B‘)'(llll Ell(\rg.\* [/(C:({\;)] _1.5:52 2.240 l)( S + lll.‘s 2‘(‘1" l‘il: lll()llll(‘;)"lllll l)(l [/((l('\ /(')] ().lll'
Electron spectrometer HRS HES R [/(deg)] L
Bending direction Vertical Horizontal Solid angle A [/(msr)] 3.4
'U“‘ = - . e i Momentum resolution AP,. /P, 4.4 x 1071
C"—’““"‘l momentum [/(GeV /c)] '5'0_'3 U"_% PCS + HKS | Central momentum Pk [/(GeV /¢)] 1.200
Kaon spectrometer HKS HKS Central angle O [/(deg)] 15
Bending direction Horizontal J Horizontal Solid angle AQg [/(msr)] 8.3
Central momentum [/(GeV /¢)] 1.20 1.20 Momentum resolution A Px /Py 2.9 x 10—4
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Study of the isospin
dependence in mediummass

PCS (K) hyperisotopesy interactions in

nuclear matter, and more!




K-Long Facility: Spectroscopy i kcheam

Compact

Photon Source

North LINAC , ............... \
¢ beam H S

\ vl

East ARC

Compton Photon Source (CP&)gineering design  Be target for KL production:

is advanced Engineering design is (nearly)
complete

A Realization on going

Pair Spectrometer

GlueX
Spectrometer

neutrons

kaons
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N(K1)/sec ~ 10*

A Big overhead: requires about 2 years for installation ahgear for

de-installation
A Schedule under discussion
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A Comprehensive studies of strang
baryons and mesons with a KL
beam at Hall D

A Unique opportunities in the
hadron spectroscopy field

Hyperon Spectroscopy
LQCD in addition to already known states
predicts many more including hybrids (thick bordered)
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Edwards, Mathur, Richards and Wallace, Phys. Rev. D 87, 054506 (2013)
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. e;;s)on a
CEBAF e+ and 22 GeV accelerator design ¥

A Increase the energy without additional RF Permanent Magnets for FFA arc
A Increase the number of recirculation passes with Fixed Field Accelerator Focusing Magnet BF
(FFA) technology

A Remove the highest recirculation pass (Arc 9 & A) and replace them with two compact FFA arcs
A Include time-of-flight (TOF) Splitter bend systems.
A New 650 MeV recirculating injector
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650 MeV injector )

11 GeV linac

650 MeV Recirculating Injector
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