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JLab’s mission: 
• To gain a deeper understanding 

of the structure of ma3er

• Search for Physics BSM
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The Long Journay through the structure of visible matter
Atomic Hypothesis
< 10-4 m

Molecular Theory
< 10-9 m

DaltonDemocritus Rutherford

~ ~

Gold Nucleus
~ 7.5 10-15 m

Neutron
~ 10-15 m

< 10-15 m

Chadwick

Hofstadter

Proton Form Factor Evidence for “quarks”< 10-18 m~

Feynman

Taylor, Friedman, Kendall QCD is one of the pillar 
of the Standard Model!
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How do we know any of this? 

Almost all particle physics experiments today use the same basic elements 
beam + target + detector

• quality image limited by the 
wavelength used

• All particles have wave properties. 
• A particle can only probe distance » particle's l
• smaller scales Þ smaller l

The power of charged par@cle sca3ering

a
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How Rutherford discovered the nucleus

Electron scattering

Deep Inelastic Scattering
The electron punches into the proton and 
then scatter off the proton’s internal part

Elastic Scattering
the electron bounces off 
the proton as a whole
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How Rutherford discovered the nucleus

Deep Inelas9c Sca;ering
e p ➞ e’ + X

e
20 GeV 

Deep Inelastic Scattering cross 
sections almost independent of Q2!

®
e = k (E, k)

®
eʼ = k’ (E’, kʼ)

g* = (n, q)

Hadrons

®

<latexit sha1_base64="L/Q+rlb2e/Yv/p8phBPxS70jG38=">AAACEHicdVDLSgMxFM34rPU16tJNsIiuhkyptcuiG5ct2Ad0xpLJZNrQzMMkI5RhPsGNv+LGhSJuXbrzb0wfFBU9EDiccy4393gJZ1Ih9GksLa+srq0XNoqbW9s7u+beflvGqSC0RWIei66HJeUsoi3FFKfdRFAcepx2vNHlxO/cUSFZHF2rcULdEA8iFjCClZb65onDddjH0JEshE4gMMmcoYcFJHnmyFuhsuZNOc/7ZglZ9pldLVehbaEpILJQBSG7tlBKYI5G3/xw/JikIY0U4VjKno0S5WZYKEY4zYtOKmmCyQgPaE/TCIdUutn0oBwea8WHQSz0ixScqt8nMhxKOQ49nQyxGsrf3kT8y+ulKqi5GYuSVNGIzBYFKYcqhpN2oM8EJYqPNcFEMP1XSIZYl6J0h0VdwuL2/0m7bNlVCzUrpfrFvI4COARH4BTY4BzUwRVogBYg4B48gmfwYjwYT8ar8TaLLhnzmQPwA8b7Fzq1nV4=</latexit>
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Infinite Momentum Frame

e

P
parton

eʼ

g*

very large momentum

interact with free point-like 
particles (partons)

collinear momentum with proton 

The Parton Model

Each parton of charge ei has a probability fi (x ) 
to carry a fracIon x of the parent proton mom.

s = sM . f [F1(x), F2(x)]

fi (x )

Courtesy of W. Detmold 

<latexit sha1_base64="AIoAwVfqVPZHLiEvnGGdg7PJHso="></latexit>

F1(x) =
1

2

X
e2i fi(x)
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F2(x) = 2xF1(x)
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x =
Q2

2M⌫
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X=0.3

X=0.01

X=0.0001
https://www.quantamagazine.org/inside-the-proton-the-most-complicated-thing-imaginable-20221019/

A Closer Look Inside the Proton 
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• Long-distance physics: 
the constituent QM

• Short-distance physics: 
the Parton Picture636 pages

4850 references

Quantum Chromodynamics  (QCD)

........
When QCD was “discovered” 
50 years ago, the idea that 
quarks could exist, but not be 
observed, left most physicists 
unconvinced. Then, with the 
discovery of charmonium in 
1974  […] the theory was 
suddenly widely accepted.
………

QCD provides the 
foundation for both
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Quantum Chromodynamics  (QCD)
• Both quarks and the gluons carry a new quantum 

number: colour

• The coupling constant highly dependent on the 
energy scale

- Asyntotic freedom
- Confinement

strong QCD 
→Confinement 

Asymptotic Freedom

• Quarks move as 
though they are FREE

• Perturbative QCD 
tested up to 1% level

• Quarks cannot be isolated -

• QCD still unsolved in non-
perturbative region
- Lattice QCD
- Effective Lagrangian & 

Phenomenological 
models • QCD factorization theorems: 

wide class of physical quantities (inclusive x-
sections) which can be factorized into long distance 
components (not calculable, but universal) & short-
distance components (process-dependent,) 
but calculable).

hadronization
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Success of QCD and QCD Factorization
@ High Energy

Measure e-p at 0.3 TeV (HERA)
Predict p-p and p-p at 0.2, 1.96, and 7 TeV

Asymptotic freedom + pQCD

At low x : Gluon splitting enhances 
quark densityè F2 rises with Q2

At high x : Gluon radiation shifts 
quark to lower x è F2 falls with Q2

_
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• It is the highly non-perturbative
behavior that makes the study of 
QCD so fascinating and at the same 
time so challenging

QCD

….

….

arXiv:hep-ph/9611421
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An Asymmetric Path

A detailed understanding of the 
way QCD generates protons, 
neutrons, and other strongly 
interacting hadrons remains 
elusive

How does this 
arise from QCD?



Talk Title Here 14

Some Challenging Questions…

N = 51
Mean  = 34.8
SD =  16.2

• How the macroscopic properIes of the nucleon 
(mass, spin,..) emerge from QCD?

• How the fundamental parIcles, quarks and gluons, 
fit together and interact to create different types of 
maSer in the universe? 

• Why the majority of observed hadrons fall into only 
two very limited sets: baryons (qqq); and mesons 
(qq). What is the role of gluonic excitaIons in the 
spectroscopy of light mesons? 

• What is the relaIon of short-range nuclear 
structure and parton dynamics? What’s the 
hadronizaIon mechanism?

proton mass?

proton spin?

Confinement ?
Hadronization?

Nuclear Force 
from quarks & 
gluons?

_
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• Explore different facets of the 
non-perturbaLve dynamics that 
manifest  in hadron structure

• MulLple observables sensiLve 
to different characterisLcs of 
the hadron/nuclear structure

• Studies requiring precise  
measurements

Spectrum

The JLab Physics Program

Parton Distr. 
Functions

Form Factors

TMDs-GPDs

Hadronizations

Nucleons in Nuclei

Many Experiments
Many interesting Results I can present only few of them!
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1D-3D Nucleon Structure

Test of SM & Fundamental  Sym.

Hadron Spectra

Hadrons & Cold Nuclear Matter

The JLab 12 GeV program & User Community

• Approved 12 GeV program by PAC days (125 Exps) 

• ~ 50% of the program completed
• New Experiments submitted to PAC every year 
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Jefferson Lab and CEBAF

1995
4 GeV

2000
6 GeV 12 GeV

2015

§ Linearly polarized Dg§ CW beam
§ Polmax ~90%

e-

A
B

C

§ Linearly polarized Fixed target 
experiments at the 

“luminosity fronPer” 
up to 1039 e-N /cm2/ s 
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Equipment

§ Linearly polarized D

A
B

C
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Planning a future for CEBAF

Proposed > 2030 CEBAF @  22 GeV
e+ @ 12 GeV 

2 FFA arcs
4+6 passes = 22 GeV

New Injector
The  physics program will:
• Leverage on the uniqueness of CEBAF HIGH 

LUMINOSITY
• Utilize largely EXISTING OR ALREADY-PLANNED HALL 

EQUIPMENT
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Intrinsic proper0es: 
- Electric/Magne0c  charge
- Mass
- Spin

Insights into Quarks and 
Gluon Dynamics

Proton’s Structure
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Elastic Electron Scattering & Electromagnetic Form Factors 

FFs: essential in understanding the nucleon electromagnetic structure



Nucleon’s e.m. Form Factors
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Rosenbluth separation

2
tan

2
)( e

p

ebeam

l

t

Mp

Ep

M
EE

P
P

G
G ϑ+

−=

• Polarization transfer technique gives different results!
• All double polarization experiments are consitents
Double polarization experiments only possible with high 
intensity, high polarized beam

<latexit sha1_base64="6FT03ObzLML3I0QhbtQduKpk5Tg="></latexit>

�R =
d�
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/(

d�

d⌦
)M✏(1+ ⌧) = ✏(Gp

E)
2 + ⌧(Gp

M)2

Measure angular dependence of cross section at fixed Q2

ε-dependence of “reduced” cross section σR is linear with 
slope G2E and intercept tG2M. 

<latexit sha1_base64="hufItaOMLW5v+ueMd9SjgTCHIss="></latexit>

✏ = [1 + 2(1 + ⌧)tan2 ✓e
2
]�1

Hall A



Nucleon’s Form Factors @ High Q2
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Hall A: SBS Program

Complementary equipment/capabilities of Halls A, B, C allow optimal matching of (Luminosity x Acceptance) of the 
detectors to the luminosity capabilities of the targets, including state-of-the-art polarized target technology. 

GM
n

GE
n/GM

n

Polarized 3He target
Double polarization 
method

Unpolarized d target w 
polariza0on transfer 

• Polarized 3He target –
highest L to date!
• First :me 60 cm 

long target
• 42 – 50% target 

polariza:on 

• Measurement of the ratio GE
p / GM

p in a 
wide range of momentum transfer Q2

using the polarization transfer method

• SBS GE
p / GM

p exp. currently scheduled  
start running by the end of 2024

GE
p/GM

p



Proton’s FF @ Very Low Q2:Proton’s Charge Radius
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Proton’s charge radius puzzlee

e’

• A fundamental quan:ty for understanding how QCD works in the non-
perturba:ve regime 

• Has major impact on atomic physics 

• Two methods to measure it:
- Hydrogen spectroscopy (atomic physics)
- Lepton-proton el. scaTering (nuclear physics) 



Proton’s FF @ Very Low Q2:Proton’s Charge Radius
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• Very low Q2 (2.4x10-4 – 6x10-2)GeV2/c2

• e-p events normalized to e-e events 

• Scattered electrons in e.m. calorim. 
• Windowless hydrogen gas target

• The first new method in half a century for 
measuring the size of the proton via ep scattering

• The first high-precision e − p experiment since the 
emergence of the ”proton radius puzzle” 

PRad-II: A New Upgraded High Precision 
Measurement of the Proton Charge Radius 

rp = 0.831± 0.007stat ± 0.012 syst

PRAD in Hall B

https://www.nature.com/nature


Unified View of Nucleon Structure
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3D imaging

Wp
u(x,kT,r )  Wigner distributions

1D

GPDs/IPDs

d2kT drz
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d2kT

PDFs
f1

u(x), .. h1
u(x)

d3r

TMD  f1
u(x,kT), .. h1

u(x,kT)

d2rT

dx &
Fourier TransformaMon    

Form 
Factors
GE(Q2), 
GM(Q2)



Proton’s Mass
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• How do massless gluons provide for the large proton mass?

• How much quark and how much gluon is a proton?

PROTON MASS: REST-FRAME DECOMPOSITION
X. Ji PRL 74, 1071 ( 1995) & PRD 52, 271 (1995) 

gm= quark mass anomalous dimension -
can be calculated by pQCD
a(µ2)= related to PDF – well constrained
b = unknown

<latexit sha1_base64="/QlaD3yjPh8cwehRpMyEGJUy374=">AAAB/3icdVDLSgMxFM3UV62vUcGNm2ARBKHM2NLHQii6cVOpYB/QGYZMmrahmYdJRihjF/6KGxeKuPU33Pk3ZtoRVPTAgcM595Kb44aMCmkYH1pmYXFpeSW7mltb39jc0rd32iKIOCYtHLCAd10kCKM+aUkqGemGnCDPZaTjjs+TvHNLuKCBfy0nIbE9NPTpgGIkleXoew3n8rTh3Bw3HE9xqIgsK+foeaNglCu1UhEqMYMS1ZphFk1opk4epGg6+rvVD3DkEV9ihoTomUYo7RhxSTEj05wVCRIiPEZD0lPSRx4Rdjy7fwoPldOHg4Ar+hLO3O8bMfKEmHiumvSQHInfWWL+lfUiOajaMfXDSBIfzx8aRAzKACZlwD7lBEs2UQJhTtWtEI8QR1iqypISvn4K/xftk4JZLhhXpXz9LK0jC/bBATgCJqiAOrgATdACGNyBB/AEnrV77VF70V7noxkt3dkFP6C9fQKaX5SP</latexit>

MN = Mq +Mm +Mg +Ma
<latexit sha1_base64="x4kw2GjXtQ2R+egzpIX/H2K2oqg="></latexit>

Mq =
3

4

✓
a� b

1 + �m

◆
MN

<latexit sha1_base64="ODUp0XhGy0mYfENcWpMPnyM6lSM="></latexit>

Mm =
4 + �m

4(1 + �m)
bMN

<latexit sha1_base64="RZX7aJSsVAVL6Lp6rzMkCOrGrf8="></latexit>

Ma =
1

4
(1� b)MN

<latexit sha1_base64="Imy/yCKN+uB4GSguxGk1JWGCz1o="></latexit>

Mg =
3

4
(1� a)MN

q & qbar kinetic + potential energies 

q mass

gluon energy 

gluon energy from 
trace anomaly 

µ2 = 4 GeV2

Wang et al. Eur. Phys. J. C (2020) 80:507 

• Electromagne7c charge and spin of the proton 
well-studied through electron sca?ering

• Gluons are harder to directly access, as they 
do not carry electromagne7c charge

• Descrip7on of mass s7ll in infancy, as most 
energy (and hence mass) carried by the 
gluons

C.D. Roberts, Symmetry 12, 1468 (2020), AAPS Bull 31, 6 (2021)

• How is the proton mass distributed inside its confinement size?



Accessing the Proton Color Charge Distribution
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2++ graviton-like 
exchange?

t

• Forma7on of J/ψ via hadroniza7on of cc pair
• The reac7on is expected to be dominated by 

two-gluon exchange
• Assuming factoriza7on (coupling of the gluons 

to the proton is described by local gluonic 
operator) the process involves the gluonic 
Generalized Parton Distribu7ons (GPDs) 

• The gluonic GPD in can be related to the 
gluonic Gravita7onal Form Factors (gGFFs)

GFFs are the form factors (matrix elements) of the QCD EMT for quarks 
and gluons



12 GeV J/y Experiments @ Jefferson Lab

29



Proton’s Mass Radius

30

Hall C

Hall D



Proton’s Mass Radius
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Nature volume 615, pages 813–816 (2023)

• Detailed studies of the reaction γp → J/ψp are needed in order to verify 
the validity of the assumptions 

• This work paves the way for a deeper understanding of the salient role of gluons

D=4C

� Inner Gluon radius: 
0.52 +/- 0.03 fm

� Charge radius: 
~0.84-0.88 fm

� Scalar gluon radius: 
1.069+/-0.056 fm



J/y photoproducEon: GlueX Results 
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• Exponential slopes indicating t-channel 
generally consistent with the gluon-
exchange mechanism 

• Enhancement of dσ/dt for lowest energy -
> other mechanisms into the game

PHYSICAL REVIEW C 108, 025201 (2023)

• Cusps at the thresholds of ΛC D, ΛC D* 
• Production via open-charm and 

rescattering? 

• This mechanism is not a 2-gluon exchange and may reduce 
the relation between γp → J/ψp and GFF of the nucleon 

_ _First exclusive measurement very 
close to the threshold
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• Any deviation from the 
expected naturality (+ or 
-1) indicates contribution 
of mechanism different 
from what is needed to 
study mass properties of 
the proton

• Energy upgrade gives 
significant increase of 
polarization FOM, allowing 
unique studies of the gluon 
exchange for J/y and higher 
charmonium states 

• Increasing the 
electron beam 
energy results in 
a larger fraction 
of useful high-
energy photons

J/y photoproduction with GlueX @ 22 GeV 



34

Hadron/Nuclear 3D Imaging

ep ! e0p0�(⌘,⇡0, ..)

Generalized
Parton
Distributions

Scattering Plane

target angle

hadron angle

ep ! e0hX

Transverse
Momentum
Dependent
Parton 
Distributions
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Nucleon GravitaEonal FFs
• Matrix elements of  QCD EMT

Related to Pressure and Shear Forces

H, E, H , E~ ~

• A massless spin-2 field would couple to the 
stress–energy tensor in the same way that 
gravitational interactions do → D –term 
accessible through DVCS measurements 

• The leading contribu7on to DVCS is described in terms of four GPDs.

• Two of them, Hq(x, ξ, t) and Eq(x, ξ, t), give access to quark GFFs as follows

t = (pʹ −p)2
ξ = xB/(2−xB),
x integrated over 

The actual observables in DVCS are Compton FFs
(CFFs),  complex-valued convolution integrals

related by the fixed-t 
dispersion relation

Unpol. DVCS x-section:  Re H(ξ, t) 
DsLU ~ sinf Im {F1 H(ξ, t)  +…)

In the limit of renormalization scale 
μ → ∞, all Dq n(t) go to zero except 
dq 1(t)
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Mechanical ProperEes of the Proton

Projections @ 22 GeVV.Burkert ., L. Elouadrhiri, F.X. Girod
Nature 557 (2018) no.7705, 396-399 

Normal forces as a function of 
distance from the center. 
The arrows change magnitude and 
point always radially outwards.

Tangential forces as a function of distance 
from the center. 
The forces change direction and magnitude 
and sign near 0.4 fm from the proton center.

PRESSURE

DISTRIBUTION OF FORCES
Rev.Mod.Phys. 95 (2023) 4, 041002
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Leading Order – Leading Twist

Higher Twist
Probability denstities

quark-gluon correlations è
a key for understanding 
long-range quark-gluon 
dynamics

3D Picture of the Nucleon in Momentum Space (TMD)
)2/sin(4 '2 qEEQ =

nMQx 2/2=

'EE −=ν

n/Ez h=

Multi-dimentional analysis mandatory !
High luminosity experiments mandatory!
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PT = zkT + kT<latexit sha1_base64="3cKDnZkvTQORT2jAN85P8t2pDec="></latexit>

Fij(x,Q
2, z,PT) = TMD⌦ FF
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ep ! e0hX
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ep ! e0X
1-D 3-D
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TMDs
Upolarized proton:  indications (from exp
data and lattice calc.) that the up-quarks are 
closer to the center than the down-quarks. 
[PLB, 665 (2008) 20 - PRD 83 (2011) 094507]

Transversely polarized proton:  
Polarization-averaged distributions not 
anymore cylindrically symmetric. Images 
show that the distortion for up- and down-
quarks is opposite
[Images elaborated  from data:  EPJA (2009) 89 –

PRL107 (2011) 212001]
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TMD: High Statistics Crucial! 
HERMES - 1996-2000 JLab – CLAS12 1 day  

• QCD predicts only the Q2 

dependence 

• Studies of  the Q2

behavior requires high 
precision and multi-
dimensional analysis

Phys.Lett.B648:164-170,2007

Phys. Rev. Lett. 128, 062005 (2022). ep→e’p+ X

• FLU containis informa7on on 
quark- gluon correla7ons 

F
sin�
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e
2
a(e
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H
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1 + f

a
1 G̃

?a + g
?a

D
a
1 + h

?a
1 Ẽa)

e(x) (q-g-q correlations) as force 
on the quarks (Burkardt PRD88 
(2013) 114502 )
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SIDIS Enhanced Multi-D Phase Space @ 22 GeV

§ Q2 evolution 
studies possible

Projections for 100 days of running with L= 1035 cm−2s−1  
using the existing CLAS12 simulation/reconstruction chain

Expected uncertainZes for SIDIS cross secZons in 4D bins
x-section from Bacchetta et al, 1703.10157

§ Complementarity 
with EIC
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The Nucleon Structure in 3D

X=0.3

EIC 5x41

<latexit sha1_base64="yizizTzWkatMlR3qPPHVm+2baS4="></latexit>
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LU sin��

<latexit sha1_base64="JzdgZwl5VYxo2Qxg93t1Mtr1ea0=">AAAB7XicdVDLSgMxFM3UV62vqks3wSK4GjKljHVXFMRFFxXsA9qhZNK0jc0kQ5IRytB/cONCEbf+jzv/xrQdQUUPXDiccy/33hPGnGmD0IeTW1ldW9/Ibxa2tnd294r7By0tE0Vok0guVSfEmnImaNMww2knVhRHIaftcHI599v3VGkmxa2ZxjSI8EiwISPYWKl11U/r9Vm/WELuedVHyIPIRQtY4pV9v+JBL1NKIEOjX3zvDSRJIioM4VjrrodiE6RYGUY4nRV6iaYxJhM8ol1LBY6oDtLFtTN4YpUBHEplSxi4UL9PpDjSehqFtjPCZqx/e3PxL6+bmGE1SJmIE0MFWS4aJhwaCeevwwFTlBg+tQQTxeytkIyxwsTYgAo2hK9P4f+kVXY93y3fVEq1iyyOPDgCx+AUeOAM1MA1aIAmIOAOPIAn8OxI59F5cV6XrTknmzkEP+C8fQKI3I8e</latexit>

FLL

EIC 18x275

CLAS12
CLAS24

ε = ratio of long. and trans. photon flux

At large x fixed target experiments are sensitive to ALL Structure Functions



Hadron spectroscopy
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• Study of the interaction between 
matter and electromagnetic 
radiation

• Precision measurements of the 
hydrogen atom spectrum ultimately 
led to the development of QED

• The study of the empirical spectrum of the hadrons first introduced the concept of quarks and their 
threefold color charge → experimental foundation of QCD

• An important area of exploration in the field of spectroscopy is to create in the lab hadrons not excluded by 
QCD but that do not fall neatly into two limited set: qqq, qq

Spectroscopy

-

• Mesons in quark model have P = (−1)l+1 and C = (−1)l+s

o Some JPC combinaIons are forbidden for qq ̄ states, (0-- ,0+- ,1-+ ,2+- ...)
o The forbidden JPC can be accessed if there are addiIonal d.o.f. in the final state

- AddiIonal quarks: tetraquarks or molecular mesons 
- Gluonic excitaIons: glueball state or a hybrid meson 

• Study of the missing resonances 



Search for Hybrids 
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q

q

Upper limit on the relative 
photoproduction cross section 
of π1 to a2 released soon

p1Phys.Rev.D 83 (2011) 111502

• Hybrids predicted at relatively low 
energy mass

• Majority of (few) experimental data to 
date is related to one state, the π1

…aka flushing out the hidden gluons

Linearly polarized real 
photon beam



K-Long Facility (KLF)
Hyperon Spectroscopy

new injector :  
64ns @ 5µA

Beryllium KL production target yields ~104 KL / sec

• Many more states expected than observed! 
Rich spectrum of uds baryons  

• Study of properties with # of strange-
quarks gives insight into baryon 
interactions, d.o.f.

• Important input to high-
density/temperature hadron physics 

According to LQCD
many more states including hybrids (thick bordered) 



The Hall B Spectroscopy Program
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Measure exclusive electroproduction final states from 
unpolarized proton target with longitudinally 
polarized electron beam 

BARYON SPECTROSCOPY MESON SPECTROSCOPY

Quasi-real photo-
production
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More Exotics 
Configurations with and 
Energy Upgrade

A  unique producAon 
environment of charmed 
exoAc states can be probed 
that should help to demysAfy 
some puzzles
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Photoproduc6on of Hadrons with Charm Quarks

4747

§ CW e- : Emax, =12 GeV, Pol.~ 90%  

§ Intense linearly pol. photon beam

• Many “XYZ” states observed in B decays, e+e- colliders

• Scarce consistency between various production 
mechanisms - internal structure not understood yet

JPAC Collaboration, arXiv:2112.13436

JLab @ 22 GeV: Potentially decisive 
information about the nature of some 4-quark 

(XYZ) candidates
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CLAS12 –
HALL B

e- 2.5-4.5o →  
Q2<0.03 (GeV/c)2

• Q2 evolution of any new state produced

GlueX –
Hall D

Projections
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Nuclear Dynamics• Nuclear forces dominated by nuclear 
repulsion – short space-Lme separaLon 
in nuclei

• Nuclear-medium modifications of 
hadronic structure
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Modification of Nucleon Structure in Nuclei

50

§ CW e- : Emax, =12 GeV GeV, Pol.~ 90%  

Quark momentum distributions in nucleons bound inside nuclei are 
different from those of free nucleons.

• Fermi mo)on: bound nucleons moving 
in nuclear medium

• Shadowing: multiple-
scattering (diffractive)

• EMC ??

• Antishadowing ??
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Modification of Nucleon Structure in Nuclei

51

§ CW e- : Emax, =12 GeV GeV, Pol.~ 90%  

Extensive Program at Jlab to  measure F2  in different  nuclei

DIS regime: Q^2 > 2

J. Arrington et al. Phys. Rev. C 104, 065203 (2021)
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Nuclear Forces at Short N-N Separation

Rev. Mod. Phys. 89, 045002

The size of the EMC effect in different nuclei correlates linearly with the density of SRC pairs.

L. Weinstein et al, PRL 106, 052301 (2011)

Extensive sets of data related to SRCs have become available from our experimental program
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Nuclear Dynamics at Extreme Conditions
A 22 GeV upgrade will provide reach to the nuclear 
forces dominated by nuclear repulsion

Probing Superfast Quarks (associated with nucleons at very 
large internal momenta) →by Isolating DIS processes

The high Q2 reach will allow 
• the suppression of quasi-elastic contributions, 
• the first-ever direct study of nuclear DIS structure 

function at Bjorken x > 1.2  (r∼ 0.5 fm,)

Internucleon force reach at 22 GeV

QCD gives new perspecDve to dynamical origin of the 
nuclear core predicDng possibility of sizable 
contribuDon to the nuclear wave funcDon from non-
nucleonic  components including the hidden color



54

Anti-shadowing: solving a multi-decade puzzle
With a 22 GeV e- beam JLab can access the anti-
shadowing region (x~0.1-0.3) at moderate Q2

• Region extremely interesting, near-equally 
dominated by valence quarks, sea-quarks, and gluons 
→ many many models!!

Theory predictions for polarized structure 
function A/D ratios

Small!

• An<-Shadowing is the least studied nuclear structure func<on 
effect experimentally – small effect requiring precision and 
high luminosity   
• flavor dependence essen-ally uncharted  
• spin dependence essen-ally uncharted (~50% differences in predic-ons)
• no tagged measurements
• no L/T separa-ons

A rigorous testing ground between shadowing, EMC 
regimes – models and theory must describe ALL
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Color Transparency: new nuclear data challenge theory

55

§ CW e- : Emax, =12 GeV GeV, Pol.~ 90%  

Predic'on with Color Transparency

Data has flat dependence

No Color 
Transparency !

• Fundamental predicPon of QCD : a small size color singlet has 
vanishing interacPon in a nucleus when it is produced at high 
transverse momentum, Q.

12C(e,e’ p) 
r p+

Both energy and A dependence of TA consistent with 
models inclusive of CT effects!

Phys. Rev. Lett. 126, 082301

Onset of CT for mesons and absent protons (at >> 
Q2) may provide strong clues regarding the 
differences between two- and three-quark systems.
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Jefferson Lab: Present and Future

… The staged upgrade plan for CEBAF foresees a first phase to establish 
intense polarized positron beam capability at 12 GeV, allowing  for new 
measurements in nucleon tomography and providing precision 
extraction of contributions from higher order electromagnetic 
processes. The nontrivial operation with positron beams (polarized and 
unpolarized) will open a new area of study for CEBAF in the future. The 
subsequent phase is an energy upgrade of CEBAF to more than 20 GeV. 
Recently, the Cornell Brookhaven Electron Test Accelerator (CBETA) 
facility demonstrated eight-pass recirculation of an electron beam with 
energy recovery employing arcs of fixed-field alternating gradient 
magnets. This exciting new technology could enable a cost-effective 
method to double the energy of CEBAF, allowing wider kinematic reach 
for nucleon femtography studies in the existing tunnels and with no new 
cryomodules required.

…..

…..

…..

• The approved experimental program will be 
86% complete by FY29 without SoLID, 70% 
complete with SoLID …not including new 
proposals

…..

• We are working on a CEBAF energy upgrade 
and a positron beam
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JLab Present & Future Physics Programs 

Accepted for publication in EPJA

2306.09360 [nucl-ex] 444 authors

CEBAF @ 22 GeV

CEBAF @ 12 GeV

• Program developed through a series of workshops in 2022-2023
• Next one at LNF-INFN (Italy) December 9-13,2024

https://arxiv.org/abs/2306.09360
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Conclusions and Outlook
• QCD manifests fascinating complexity  and  facility at luminosity frontier are required to 

understand the implications of QCD in experiments

• A new round of upgrades to CEBAF are 
presently under technical development: an 
energy upgrade to 22 GeV and an intense 
polarized positron beams
- This scientific program can provide a unique insight into 

the non-pQCD dynamics
- It is complementary to the envisioned EIC program
- Strong support by a Broad Community

THANK YOU!

• At CEBAF a  groundbreaking experimental program has been developed stretching well 
into the 2030s with existing or planned new equipment


