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• Study the emergence of 
hadron structure & the quarks 
and gluons dynamics in the 
non-pQCD regime  

The ability to reduce everything to simple fundamental 
laws does not imply the ability to start from those laws 
and reconstruct the universe.”  -- More is different, P. W. 
Anderson [Science 177, 393 (1972)].

Jefferson Lab’s Mission

• Search for Physics BSM
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• Complex and 
multifaced problem 
requiring multiple 
observables sensitive 
to different 
characteristics of the 
hadron structure

• Precise measurements 
➜ LUMINOSITY

Spectrum 3D Structure: 
TMDs, GPDs

1D Structure: 
FF, PDFs

Hadronization
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Jefferson Lab and CEBAF
Fixed target experiments at 

the “luminosity frontier” 
(up to 1039 e-N /cm2/ s )A

B
C

D§ CW beam
§ Emax = 12 GeV , Polmax ~90%

§ Range of beam energies  & currents 
delivered to multiple exp. halls 
simultaneously

e-
g§ Linearly polarized 

• 12 GeV scientific era is going strong (started in 2017)
- High-profile results emerging from 12 GeV program
- At least a decade of running in the future

• Looking toward exciting future scientific 
opportunities that could be obtained 
through cost-effective upgrades 

- CEBAF @ 22 GeV
- Positron beam @ 12 GeV
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What a 22 GeV Upgrade will bring?

The  physics program will:

• Leverage on the uniqueness of CEBAF HIGH LUMINOSITY
• Utilize largely existing or already-planned Hall equipment

• Take advantage of recent novel advances in accelerator technology

• A NEW territory to explore ➜ cross the critical threshold into the region where cc 
states can be produced in large quantities, and with additional light quark degrees 
of freedom.

• A BETTER (and needed) insight into our current program ➜ enhancement of the 
phase space

• A BRIDGE between JLab @ 12 GeV and EIC ➜ test and validation of our theory 
from lower to higher energy and with high precision

-



JLab Energy Upgrade Development
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• Strong Interaction Physics at the Luminosity  
Frontier with 22 GeV Electrons

2306.09360 [nucl-ex] 444 authors• J-Future - Messina (Italy) 28–30 Mar 
2022

• High Energy workshop series  2022 -
Jefferson Lab, June - August 2022

• Hadron Physics Opportunities with JLab 
Energy Upgrade – Pohang (S. Korea), 
July  2022

• Opportunity with JLab Energy and 
Luminosity Upgrade- ECT* Trento 
(Italy), September 2022 

• Science at the Luminosity Frontier: JLab 
at 22 GeV – Jefferson Lab, January 2023

Science at the Luminosity Frontier: JLab
at 22 GeV – JLab January2023

Broad 
community 
interest in 

this science

https://arxiv.org/abs/2306.09360
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Strong Interaction Physics at the Luminosity Frontier with 22 GeV Electrons at JLab

Presented at the 
Resolution Meeting of 
the NP Long Range Plan 
in July 2023
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The Hadron Spectra
With an energy 
upgrade a  unique 
production 
environment of 
charmed exotic states 
can be probed
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Photoproduction of Hadrons with Charm Quarks

99

§ 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

• Significant theoretical interest and progress, but 
internal structure not understood yet

Potentially decisive information about the nature of some 5-quark and 4-quark (XYZ) candidates

JPAC Collaboration, arXiv:2112.13436
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Spectroscopy of Exotic States with cc
_

• Direct probe of the 𝑍! → 𝐽/𝜓𝜋 coupling without re-
scattering effects 

• Never direcly produced using g/lepton beam

• Photoproduction tool 
already used to validate 
the existence of charmed 
5quark.

• With an energy upgraded 
CEBAF, this line of 
investigation can be 
extended to other exotic 
candidates.

Luminosity for 100 days running 

GlueX-Hall D 
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Spectroscopy of Exotic States with cc
_

𝜸𝒑 → 𝑱𝝍𝝅!𝒏

Full CLAS12 signal MC 
simulation with EXISTING 
detector

CLAS12 –HALL B
e- 2.5-4.5o →  

Q2<0.03 (GeV/c)2

• Q2 evolution of any new state produced

F
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- Distribution of Mass
- Distribution of Forces and Pressure
- Transverse Structure of the Nucleon

Better Insights into 
Quarks and Gluon 

Dynamics

Nucleon’s Structure

These properties emerge from the complex dynamics of its fundamental constituents



J/ψ photoproduction close to threshold 
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• Relation to nucleon gravitational form factors (GFF) 
Guo PRD103(2021); Mamo PRD104; Hatta PRD100 
- Relation to EMT trace anomaly and nucleon mass 

Kharzeev (1996-1999); Ji (1995) 
- Proton mass radius 
Kharzeev PRD104(2021) 

Gluonic properties of the nucleon 



J/ψ photoproduction close to threshold 
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• Relation to nucleon gravitational form factors (GFF) 
Guo PRD103(2021); Mamo PRD104; Hatta PRD100 
- Relation to EMT trace anomaly and nucleon mass 

Kharzeev (1996-1999); Ji (1995) 
- Proton mass radius 
Kharzeev PRD104(2021) 

Gluonic properties of the nucleon 

Nature volume 615, pages 813–816 (2023)

• VMD relates γp → J/ψp to elastic J/ψp → J/ψp 
• mC → ∞ interaction via gluon exchange
• GPD factorization valid at threshold 

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

…But under certain assumptions 



J/y photoproduction near threshold: 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 

_ _



J/y photoproduction with GlueX @ Higher Energies 
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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
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• The structure of hadrons is 
probed by exploring their 
interactions with the fundamental 
currents 

• The matrix elements of these 
currents are described in terms of 
Form Factors

• The most fundamental 
information corresponds to the 
form factors at zero-momentum 
transfer

<latexit sha1_base64="KB09flBYKAgnzN6qZZ2QwRpCjuU=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCq5C0TR+7ohtxVcE+oKllMp20Q2eSMDMRauiXuHGhiFs/xZ1/4/QhqOiBC4dz7uXee/yYUals+8PIrK1vbG5lt3M7u3v7efPgsC2jRGDSwhGLRNdHkjAakpaiipFuLAjiPiMdf3Ix9zt3REgahTdqGpM+R6OQBhQjpaWBmff8IL0apITPbj2ezAZmwbackuvYZWhbpWLNcSua1OtVt+5Cx7IXKIAVmgPz3RtGOOEkVJghKXuOHat+ioSimJFZzkskiRGeoBHpaRoiTmQ/XRw+g6daGcIgErpCBRfq94kUcSmn3NedHKmx/O3Nxb+8XqKCWj+lYZwoEuLloiBhUEVwngIcUkGwYlNNEBZU3wrxGAmElc4qp0P4+hT+T9pFy6lYxetyoXG+iiMLjsEJOAMOqIIGuARN0AIYJOABPIFn4954NF6M12VrxljNHIEfMN4+Aao8k8Y=</latexit>

Jµ
em

<latexit sha1_base64="qc1cH77JkDiPE1ujaw4XyBz2lzY=">AAAB+nicdVDLSsNAFJ3UV62vVJduBovgKiRt08eu6EZcVbAPaGKZTCft0MmDmYmlxH6KGxeKuPVL3Pk3Th+Cih64cDjnXu69x4sZFdI0P7TM2vrG5lZ2O7ezu7d/oOcP2yJKOCYtHLGIdz0kCKMhaUkqGenGnKDAY6TjjS/mfueOcEGj8EZOY+IGaBhSn2IkldTX847np1f9dELQeHbrBMmsrxdMwyrZllmGplEq1iy7oki9XrXrNrQMc4ECWKHZ19+dQYSTgIQSMyREzzJj6aaIS4oZmeWcRJAY4TEakp6iIQqIcNPF6TN4qpQB9COuKpRwoX6fSFEgxDTwVGeA5Ej89ubiX14vkX7NTWkYJ5KEeLnITxiUEZznAAeUEyzZVBGEOVW3QjxCHGGp0sqpEL4+hf+TdtGwKkbxulxonK/iyIJjcALOgAWqoAEuQRO0AAYT8ACewLN2rz1qL9rrsjWjrWaOwA9ob59Fp5Sw</latexit>

Jµ
weak

<latexit sha1_base64="mfwSiUtpLoYt0dpJlV3nfSH9eG4=">AAAB/3icdVDLSsNAFJ3UV62vquDGzWARXIWk7+6KblxW6AuaWibTSTt0Mgkzk0KJWfgrblwo4tbfcOffOH0IKnrgwuGce7n3HjdkVCrL+jBSa+sbm1vp7czO7t7+QfbwqC2DSGDSwgELRNdFkjDKSUtRxUg3FAT5LiMdd3I19ztTIiQNeFPNQtL30YhTj2KktDTInjiuFzcH8UigaXIbO37k8ChJBtmcZdqFkm0VoWUW8lW7VNakVquUaiVom9YCObBCY5B9d4YBjnzCFWZIyp5thaofI6EoZiTJOJEkIcITNCI9TTnyiezHi/sTeK6VIfQCoYsruFC/T8TIl3Lmu7rTR2osf3tz8S+vFymv2o8pDyNFOF4u8iIGVQDnYcAhFQQrNtMEYUH1rRCPkUBY6cgyOoSvT+H/pJ037bKZvynm6perONLgFJyBC2CDCqiDa9AALYDBHXgAT+DZuDcejRfjddmaMlYzx+AHjLdPnoWXKw==</latexit>

Tµ⌫
grav

• All well known except the D-term

• It reflects the internal dynamics of the 
system through the distribution of forces

DOI: 10.1142/S0217751X18300259

Global Properties of the Nucleon
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Nucleon Gravitational FFs and Generalized Parton Distributions

For a spin ½ hadron there are 3 independent Form Factors associated with scattering off a  graviton

• Matrix elements of  QCD EMT

• 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 

• Generalized Parton Distributions: multidimensional description of nucleon 
structure (longitudinal momentum versus transverse position) H, E, H , E~ ~

• D-term related to the subtraction constant in the dispersion relation (at fixed t) for 
the Compton Form Factor 
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Mechanical Properties of the Proton

• Large -t range  required 
to perform the Fourier 
transform with 
controlled uncertainties 
➜ high luminosity 

• (quark) D(t) term and determination of      
the pressure distribution inside the proton 
from JLab-CLAS DVCS data @ 6 GeV
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Bound 3 Quark Structure of N∗s and Emergence of Mass

• Q2 evolution of the gvpN* 
electrocouplings could 
offer an insight into hadron 
mass generation and the 
emergence of the N* 
structure from QCD

Continuum Schwinger Method 
• The solution of the QCD equations of motion 

for q/g fields reveals existence of dressed q/g 
with momentum-dependent masses. 

• JLab22 is the only foreseeable facility to 
extend these measurements up to 30 GeV2

CLAS results

V.I. Mokeev et al.
PR C 108, 025204

Q2 (GeV2)
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3D Picture of the Nucleon in Momentum Space (TMD)

A more complete picture of the nucleon 
…but there is no free lunch

• More functions in the x-section
• More variables for each function

Complexity in the extraction

)2/sin(4 '2 qEEQ =
nMQx 2/2=

'EE −=ν

n/Ez h=

s = f ( x ,  Q2 ,  z ,  PT)

High statistics 
Wide kinematical range
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The Nucleon Structure in 3D
X=0.3

EIC 5x41

<latexit sha1_base64="yizizTzWkatMlR3qPPHVm+2baS4="></latexit>

F sin(�1��2)
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

• Complementarity 
with EIC

• At large x fixed target experiments are 
sensitive to ALL Structure Functions
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SIDIS Enhanced Multi-D Phase Space @ 22 GeV
§ Q2 evolution studies possible

QCD predicts only the Q2 dependence 
• Increase significant the range of high 

Q2 allowing:

- Studies of evolution properties
- Disentangle leading/sub-leading 

contributions  
- Validate/test the phenomenology

§ Enhanced PT Range

• What is the origin of the “high” PT  tail?
Perturbative/non pert.  contributions?

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

Expected uncertainties for SIDIS cross sections in 4D bins



2424

Impact of SIDIS data at 22 GeV
q Spin-averaged TMD - up quark: 

Simulated JLab data:
<latexit sha1_base64="ebdtYNKfIcRB5aJ7s0cUVsHHdIQ="></latexit>

Q2 > 1.4 GeV2; 0.2 < z < 0.7; PhT < min[min[0.2Q, 0.5zQ] + 0.3 GeV, zQ]

<latexit sha1_base64="cRwDnD9tN+LWwOkryfQ860nr2UM=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBEEpSinosePFYwdZCG8tmO2mXbjZhdyOU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHbR2nimGLxSJWnYBqFFxiy3AjsJMopFEg8CEY38z8hydUmsfy3kwS9CM6lDzkjBortXoJf7zolytu1Z2DrBIvJxXI0eyXv3qDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzY+dkjOrDEgYK1vSkLn6eyKjkdaTKLCdETUjvezNxP+8bmrCaz/jMkkNSrZYFKaCmJjMPicDrpAZMbGEMsXtrYSNqKLM2HxKNgRv+eVV0q5Vvctq/a5eadTyOIpwAqdwDh5cQQNuoQktYMDhGV7hzZHOi/PufCxaC04+cwx/4Hz+AGoojmM=</latexit>

⇡+
A. Bacchetta 2023

<latexit sha1_base64="uZe6MnvYyBdFs9kYkzQQyAz6jBo=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBHqpiRF1GXRhS4r9AVNCJPpTTt08mBmItSQnRt/xY0LRdz6C+78G6ePhbYeuHA4517uvcdPOJPKsr6NpeWV1bX1wkZxc2t7Z9fc22/JOBUUmjTmsej4RAJnETQVUxw6iQAS+hza/vB67LfvQUgWRw01SsANST9iAaNEackzj4aek4BIcBk7gSA0q3uNPHvIT3H3BlquZ5asijUBXiT2jJTQDHXP/HJ6MU1DiBTlRMqubSXKzYhQjHLIi04qISF0SPrQ1TQiIUg3m/yR4xOt9HAQC12RwhP190RGQilHoa87Q6IGct4bi/953VQFl27GoiRVENHpoiDlWMV4HAruMQFU8ZEmhAqmb8V0QHQcSkdX1CHY8y8vkla1Yp9XqndnpdrVLI4COkTHqIxsdIFq6BbVURNR9Iie0St6M56MF+Pd+Ji2LhmzmQP0B8bnD6kEmIs=</latexit>

k?(
PT

z
)[GeV ]



Talk Title Here 25

Nuclear Dynamics
• Exploring nuclear forces dominated by 

nuclear repulsion

• SRC

• Investigation of nuclear-medium effects

• Hadronization and Color Tranparency

- antishadowing and the transition to the EMC 
region wit unprecedently precision
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Nuclear Dynamics at Extreme Conditions

A 22 GeV upgrade will provide reach to the nuclear forces 
dominated by nuclear repulsion

The dynamics of the nuclear repulsive core is still poorly understood 

o Superfast Quarks
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,)

- Crucial for understanding the dynamics of transition between hadronic to quark-gluon 
phases of matter 
➔ evolution of the universe
➔ dynamics of superdense matter at the cores of neutron stars



CEBAF FFA Upgrade – Baseline under Study

27

TOF

TOF

650 MeV  

Enabling Technology:
Novel permanent magnets - like (power & cost savings)

§ Starting with 12 GeV CEBAF

§ NO new SRF

§ NEW 650 MeV injector

§ Remove the highest recirculation pass and replace 
them with two FFA arcs including TOF chicane

§ Recirculate 4 + 6.5 times to get to 22 GeV

Synchrotron Radiation impact on beam quality
Net transverse emittance dilution : 150µm
Net natural energy spread : 2×10-3
Net synchrotron radiated energy: 1 GeV 

Focusing Magnet BF LQF= 1.67 m Defocusing Magnet BD LBD= 1.24 m

• A prototype open midplane 
BF magnet was built and 
evaluated for mechanical 
integrity

• Magnetic measurement 
confirmed a robust design 
with >1.5 Tesla in good field 
region, 10-3 field accuracy

• Radiation resilience tests 
will be carried out at CEBAF 

10 cm 10 cm

10
 c

m

10
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m



Multi-Bunch Dynamics in                FFA Arc

28 Courtesy A. Bogacz



A Positron Program with CEBAF at 12 GeV
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• Dedicated R&D program to add a positron source capable to produce 100 nA
polarized and 1 μA unpolarized positron beams.

• Demonstrated for the first time the efficient 
transfer of polarization from e- to e+

PEPPo setup in the injector area of CEABF
Pe = 8.19 MeV/c

• A Positron Program White Paper has been published in 2022

• Experimental program accessible to positron beams:
e.m. Form Factors, PDFs, GPDs, physics BSM, measurement of weak 
neutral-current couplings, LFV

• 6 Proposals and 5 LoIs submitted to the JLab Program Advisory 
Committee in July 2023

Phys. Rev. Lett. 116, 214801

• Topical issue on An Experimental Program 
with Positron Beams at Jefferson Lab
Eur. Phys. J. A 58 (2022) 3, 45
JLab PWG = ~250 Physicists 
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One Detailed Example: Understanding Two Photo Exchange

30

§ CW e- : Emax, =12 GeV, Pol.~ 90%  

§ Intense linearly pol. photon beam

30

Measurements of polarization transfer observables in electron elastic scattering off protons question the validity of
the 1g exchange approximation of the electromagnetic interaction.

P.A.M. Guichon, M. Vanderhaeghen, PRL 91 (2003) 142303      P.G. Blunden, W. Melnitchouk, J.A. Tjon, PRL 91 (2003) 142304

A.J.R. Puckett et al. PRC 96 (2017) 055203

Q2 (GeV2)

Two-photon exchange (TPE) is likely the cause of the form 
factor discrepancy at high Q2.

e+ @ JLab has a the unique opportunity to bring a definitive answer about TPE. 

elastic scattering cross section

positron-proton/electron-proton cross section



Electron/positron injector vault is required for 12 GeV e+ and 22 GeV e-

‘Green beamline’ is a cost-effective option for staging positron and energy upgrades:
123 MeV e+ for 12 GeV CEBAF
650 MeV e- for 22 GeV CEBAF Energy Upgrade

31

123 MeV e+and 650 MeV e-



323232

Conclusions and Outlook

• QCD manifests fascinating complexity 
- Large research facilities like CEBAF are required to understand the implications of 

QCD in experiments

• CEBAF will remain the prime facility for fixed target electron scattering at the luminosity 
frontier
- A groundbreaking experimental program has been developed stretching well into the 

2030s with existing or planned new equipment

• 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
- It has been presented at the NP Long Range Plan
- Strong support by a Broad Community


