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• Complex and multi-faced problem requiring multiple observables sensitive to 
different characteristics of the hadron structure

HIGH INTENSITY FRONTIER

Jefferson Lab’s mission: 
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)].

Emergent phenomena in QCD

• Keyword: PRECISION ➜
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✴Primary Beam:  Electrons
✴ Beam Energy:  12 GeV
• 10 > λ > 0.1 fm
• nucleon → quark transition
• baryon and meson excited states

Jefferson Lab
The intensity frontier

✴100% Duty Factor (CW) Beam
• coincidence experiments 
• Four simultaneous beams
• Independent E and I

✴ Polarization
• spin degrees of 

freedom
• weak neutral 

currents
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• What is the role of gluonic excitations in the spectroscopy of light mesons?  
• Where is the missing spin in the nucleon? Role of orbital angular momentum? 
• Can we reveal a novel landscape of nucleon substructure through 3D imaging at the 

femtometer scale? 
• What is the relation between short-range N-N correlations, the partonic structure of 

nuclei, and the nature of the nuclear force? 
• Can we discover evidence for physics beyond the standard model of particle physics?

excited gluon fieldOpen questions in non-pQCD

12 GeV experimental program is in full swing
• 33 experiments completed out of 91 approved 
• ~8 years of physics ahead  (~30 weeks/year)
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excited gluon fieldOpen questions in non-pQCD

12 GeV experimental program is in full swing
• 33 experiments completed out of 91 approved 
• ~8 years of physics ahead  (~30 weeks/year)

Future 
opportunities 

at CEBAF

•High luminosity
•Higher Energy
• Positron beam

This talk
Not discussed

12 GeV era
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Why JLab@22 GeV?

•A new territory to explore
• charm + light quarks in the same experiment

•A better insight into our current program

•A bridge between JLab @ 12GeV and EIC

• enhancement of the phase space

• low to high energy theory validation with high precision

• Leverage the uniqueness of JLab at 12 GeV 

• Utilize largely existing or already-planned 
experimental halls equipment 

• Take advantage of recent novel advances in 
accelerator technology

CEBAF delivers the world’s highest intensity and highest precision multi-GeV electron beams and 
has been do so for more than 25 years

CEBAF Ebeam upgrades: 4 GeV and 6 GeV soon later. 12 GeV program undergoing 
22 GeV will be the next step
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The (long) way to JLab @ 22 GeV

Science at the Luminosity Frontier: JLab at 22 GeV – JLab January 2023
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The Physics case (I)
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The Physics case (II)
Strong Interaction Physics at the Luminosity  Frontier 

with 22 GeV Electrons 
2306.09360 [nucl-ex] 444 authors

https://arxiv.org/abs/2306.09360
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Hadron spectrum

• Unique opportunity to study light and charm 
quarks together 

• High-intensity electron and photons beams 

• Polarisation, cross sections, decay matrix 
elements 

• Hadron production/decay mechanisms 

• Elastic and transition form factors via Q2 
evolution 

• Unveil the nature of multi-q states (XYZ, 
exotics, tetra-q, penta-q, …)
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Photoproduction of Hadrons with Charm Quarks
Potentially decisive information about the nature of some 5-quark and 4-quark (XYZ) candidates

• 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

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

• Never directly produced using γ/lepton beam 
• Direct probe of the Zc → J/Ψπ  coupling without re-scattering effects 
• Photoproduction tool already used to validate the existence of charmed pentaquark 
• 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
_

• Never directly produced using γ/lepton beam 
• Direct probe of the Zc → J/Ψπ  coupling without re-scattering effects 
• Photoproduction tool already used to validate the existence of charmed pentaquark. 
• With an energy upgraded CEBAF, this line of investigation can be extended to other exotic candidates. 

𝜸𝒑 → 𝑱𝝍𝝅+𝒏

Full CLAS12 signal MC simulation with EXISTING detector
CLAS12 - Hall B e- detected 2.5-4.5o 

→ Q2<0.03 (GeV/c)2 

Q2 evolution of 
any new state 

produced
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Nucleon structure

•Mass distribution

•Force and pressure distribution

•Transverse structure of the nucleon

Better Insights into Quarks 
and Gluon Dynamics
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J/Ψ production near threshold 

Nature volume 615, pages 813–816 (2023)

Gluonic properties of the nucleon

• Nucleon gravitational form factor (via gGPD D-term) 
• EMT trace anomaly and nucleon mass 
• Proton mass radius (different from charge radius)

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

… under certain assumptions 

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

assumptions 
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J/Ψ production near threshold
with GLUEX 

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

PHYSICAL REVIEW C 108, 025201 (2023)

• Exponential slopes indicating t-channel generally 
consistent with the gluon-exchange mechanism 

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

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

J/Ψ production at JLab@20+ GeV 

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

• The Energy upgrade gives a significant increase of polarization 
FOM, allowing unique studies of the gluon exchange for J/ψ and 
higher charmonium states 
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Nucleon gravitational FF  and GPDs

• (quark) D(t) term and 
determination of      the 
pressure distr ibution 
inside the proton  from 
JLab-CLAS DVCS data @ 
6 GeV

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

JLab
@

22 GeV
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Bound 3 Quark Structure of N*s and Emergence of Mass

• Q2 evolution of the 
γvpN* electrocouplings 

could offer an insight 
i n to h ad ron mas s 
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 
the 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. PRC 108, 025204
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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

High statistics 
Wide kinematical range

 Semi-Inclusive Deep Inelastic Scattering (SIDIS)

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

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

 Impact of SIDIS data at 22 GeV

❑ Spin-averaged TMD - up quark: 

A. Bacchetta 2023
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Nuclear dynamics

•Exploring nuclear forces dominated by 
nuclear repulsion

• Investigation of nuclear-medium effects

•Short Range Correlations

•Hadronization and Color Transparency
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Nuclear Dynamics at Extreme Conditions
The dynamics of the nuclear repulsive core is still poorly understood 

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 core of neutron stars 

 Superfast Quarks
• The high Q2 reach will allow 

• the suppression of quasi-elastic contribution, 
• the first-ever direct study of nuclear DIS structure 
function at Bjorken x > 1.2  (r∼ 0.5 fm)

A 22 GeV 
upgrade will 

provide reach to 
the nuclear 

forces 
dominated by 

nuclear 
repulsion
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The Physics case (II)
Strong Interaction Physics at the Luminosity  Frontier 

with 22 GeV Electrons 
2306.09360 [nucl-ex] 444 authors

https://arxiv.org/abs/2306.09360
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CEBAF @ 22 GeV
Infrastructures

• FFA (fixed field alternating gradients) recirculation 
technique: multiple beam energies confined and 
recirculated in the same beam line

• No new SRF (1.1 GeV per LINAC), replace the 
highest recirculation passes with FFA arcs

• 11 passes to reach 22 GeV

• High energy beam delivered to Hall-D and Hall B 
suitable for an HS physics program

• Hi-Lumi + Hi-E operations▪ 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

Enabling Technology:
Novel permanent magnets
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The US NP 2023 Long Range Plan
• The 2023 LRP report was presented to the NP community a few months ago 
• Set priorities (recommendations) to DOE for the next 7-8 years cycle 
• Recommendations 1 & 4 strengthen the current CEBAF ops and future upgrade 

… 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.
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The JLAB@22 GeV upgrade: study group and community involvement

• Beginning of a lengthy process which includes physics and technical planning

• White Papers for positron and the higher energy programs already available

• Appointed a study group (11 people from JLab Management, Physics Division, 
Accelerator Division, Users) for the S&T of 12 GeV positrons, and 22 GeV 
energy upgrade

- Understand requirements for e+ beam (e.g., 
polarizability, energy, intensity, fast switching 
between e+ and e- beams) and translating into 
source and machine ops requirements

- Define a roadmap for tech development 

- Define the R&D path to reach polarized positrons 
and 22 GeV beams

- Report to JSA board, S&T Mission Committee, 
DOE/NP

The outcome shall be the upgrade pre-CDR 

• Digging deep about the importance of JLab science and its energy upgrade

• Developing, refining, and sharpening the White Paper’s physics arguments

• Validate with extensive simulation projected results 

• Develop new key topics not included in the White Paper

- Preparatory work for the pre-CDR: 35-40 
“distillate” pages with a scientifically accurate story 
most accessible and interesting to people in the 
broader particle/nuclear community without an 
over-simplified propaganda

Lab managed 

Community managed 
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The JLAB@20+ GeV upgrade: study group and community involvement

• Beginning of a lengthy process which includes physics and technical planning

• White Papers for positron and the higher energy programs already available

• Appointed a study group (11 people from JLab Management, Physics Division, 
Accelerator Division, Users) for the S&T of 12 GeV positrons, and 22 GeV 
energy upgrade

- Understand requirements for e+ beam (e.g., 
polarizability, energy, intensity, fast switching 
between e+ and e- beams) and translating into 
source and machine ops requirements

- Define a roadmap for tech development 

- Define the R&D path to reach polarized positrons 
and 22 GeV beams

- Report to JSA board, S&T Mission Committee, 
DOE/NP

The outcome shall be the upgrade pre-CDR 

• Digging deep about the importance of JLab science and its energy upgrade

• Developing, refining, and sharpening the White Paper’s physics arguments

• Validate with extensive simulation projected results 

• Develop new key topics not included in the White Paper

- Preparatory work for the pre-CDR: 35-40 
“distillate” pages with a scientifically accurate story 
most accessible and interesting to people in the 
broader particle/nuclear community without an 
over-simplified propaganda

Lab managed 

Community managed 
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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 

★  JLab@22 GeV scientific program can provide a unique insight into the non-pQCD dynamics 
• complementary to the envisioned EIC program 
• presented and well received (!) in the NP 2023 Long Range Plan 
• strong support from a broad community

The lab and the users community are building the (bright) future of 
Jefferson Lab
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CEBAF @ 22 GeV
phased upgrade

Phase 1: 
• New injector (123 MeV e+ & 650 MeV e-) 

in a former FEL (“LERF”) 

• Polarized positrons transported to CEBAF 
(proposed 12 GeV science program)

Phase 2: 
• Recirculating injector energy upgrade to 

650 MeV electrons

• Replace one set of arcs on each side with 
new FFA permanent magnet arcs to 
upgrade to 22 GeV – no new RF needed! 
No new cryomodules needed!

▪ Replace the highest recirculation arcs with  two FFA ARCS

▪ Recirculate 4 + 6.5  times to get to 22 GeV

• 650 MeV electrons injected to North Linac
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VERY ROUGH timeline

Phase 1 includes building the positron source and the tunnel & beamline connecting the source to main machine 
Phase 2 includes the new permanent magnets to allow 22 GeV within current CEBAF footprint 

NOTE:  Plan was formulated so that these projects are ramping up as the EIC project cost is ramping down


