
Hadronic Structure at the Luminosity Frontier

Introduction

The proposed energy upgrade to the CEBAF accelerator at the Thomas Jefferson National Accelerator
Facility would enable the only facility worldwide, planned or foreseen, that can address the complexity at the
scientific frontier of emergent hadron structure with its high luminosity and probing precision at the hadronic
scale. While high energy facilities will illuminate the perturbative dynamics and discover the fundamental
role of gluons in nucleons and nuclei, a medium energy electron accelerator at the luminosity frontier will be
critical to understanding the rich and extraordinary variety of nonperturbative effects manifested in hadronic
structure.

Figure 1: The emergence of structure in QCD from
the perturbative regime of quarks and gluons to bound
hadrons to hadrons bound in nuclei.

The Lagrangian of QCD, which we believe governs the
dynamics of quarks and gluons, is not easily or directly
connected to the complicated observables that we mea-
sure in electron-proton and electron-nuclear scattering
experiments. At one end of the spectrum, the elemen-
tary quark/gluon degrees of freedom are manifest only at
distances ≲ 0.1 fm, where the quark-gluon interactions
can be understood using methods of perturbation the-
ory; however, at hadronic distances ∼ 1 fm the dynam-
ics undergo qualitative changes, causing the appearance
of effective degrees of freedom expressed in new struc-
ture and dynamics. While these new structures develop
in the context of the underlying QCD degrees of free-
dom, their experimental interpretation remains challeng-
ing. This places strong interaction physics in the context
of, “emergent phenomena”, a powerful paradigm for the
study of complex systems used in other areas of physics
such as condensed matter, as well as biological and social
sciences. Here, the behavior of larger and complex aggre-
gates of elementary particles may not be understood in
terms of an extrapolation of the properties of a few par-
ticles. Instead, at each level of complexity, entirely new
properties appear – and the understanding of each new
behavior warrants study. This is demonstrated in Fig. 1
where the distance scale incorporates emergence.

Experimental scattering observables are shaped by certain effects rooted in the quantum and nonlinear nature
of QCD. These effects create dynamical scales not present in the original theory (see Fig. 1). One effect is the
breaking of scale invariance by quantum fluctuations at high energies beyond the range of observation, which
creates a mass/length scale that acts as the source of all other dynamical scales emerging from the theory
(so-called trace anomaly). Another effect is the spontaneous breaking of chiral symmetry, which generates
a dynamical mass of the quarks that provides most of the mass of the light hadrons, including the nucleon,
and is therefore the source of 99% of the mass of the visible universe. Yet another effect is confinement,
which limits the propagation of QCD color charges over hadronic distances and influences the long-range
structure of hadrons and their excitation spectrum. Understanding these nonperturbative effects is the key
to understanding the emergence of hadrons and nuclei from QCD.

Many expressions of these nonperturbative effects can be seen already in established hadron spectra and
interactions. Chiral symmetry breaking is expressed in the unnaturally small mass of the pion, which
emerges as the Goldstone boson mediating the long range QCD interactions, and its momentum-dependent
coupling to other hadrons; confinement is visible in the spectra of heavy quarkonia. However, in order to truly
understand “how” the effective dynamics emerges from QCD, it is necessary to observe the chromodynamic
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fields “at work” in these nonperturbative phenomena. This can be done through scattering processes probing
hadron structure and spectra in energy-momentum regions where they are associated with nonperturbative
dynamics. Formulating such processes has been a priority of theoretical and experimental research in recent
years.

Since the 2015 Long-Range plan, several novel processes probing hadron structure and spectra have come
into focus, revealing specific aspects of nonperturbative dynamics and providing insight into the emergence
of structure from QCD. In concert, recent advances in accelerator science and technology have made possible
a promising, cost-effective extension of the energy reach of the CEBAF accelerator to 22 GeV within the
existing tunnel footprint. To map the emergence of hadronic structure from perturbative dynamics, several
experimental requirements must be met. One is the need for a large four-momentum transfer, Q > 2
GeV, to have a well-controlled and localized probe (< 0.1 fm). Importantly, a second momentum scale is
simultaneously needed to be sensitive to the emergent regime across the scales shown in Fig. 1. Such two-
scale experimental observables are naturally accessible at a lepton-hadron facility like CEBAF, including
exclusive electron-hadron deep virtual Compton scattering (DVCS): e(ℓ)+ h(p) → e(ℓ′)+ h(p′)+ γ with the
hard scale Q2 = −(ℓ − ℓ′)2 and the second scale t = (p − p′)2, and semi-inclusive deep inelastic scattering
(SIDIS): e(ℓ) + h(p) → e(ℓ′) + h′(p′) + X with the momentum imbalance between ℓ′ and p′ as the second
scale. However, once the hadron is broken, larger momentum transfer Q leads to more collision induced
radiation, which could significantly shadow the structure information probed at the second (and the soft)
scale and reduce our precision to probe the emergent hadron structure. The requisite electron beam energy
to probe hadron structure is determined by the need to, for instance, reach charm threshold in deep-virtual
processes, and to separate produced hadronic systems from target remnants. Studies presented in this
document show that the optimal beam energy for performing such two-scale measurements is ∼ 20 GeV.
Another determining constraint to the measurements is the need to precisely measure small cross sections in
multidimensional phase space, needed also for separation of different dynamical mechanisms, which requires
high luminosity and multiple devices with differing but complementary experimental capabilities. The fixed-
target experiments with the CEBAF accelerator at JLab will achieve luminosities ∼ 1038cm−2s−1 with the
high-resolution spectrometers and SoLID, and ∼ 1035cm−2s−1 with the CLAS12 large-acceptance detector.
The foreseen Jefferson Lab experimental equipment, including SoLID in Hall A, high luminosity CLAS12 in
Hall B, precision magnetic spectrometers in Hall C, and polarized, tagged photon beams in Hall D, matches
the science need. It is a major advantage that the measurements can be performed using the existing and
well-understood JLab12 detectors, reducing cost and minimizing technical risk to the program.

The experimental program proposed here is complementary and synergistic with both the current JLab 12
GeV program (including SOLID) and the future Electron-Ion Collider (EIC). It provides a critical bridge
between the two, exploring fascinating and essential aspects of the emergence of hadrons that are needed
for full understanding but are not covered by either JLab 12 GeV or the EIC. The center-of-mass energies
reached in these fixed-target experiments (

√
s ∼ 6 GeV) are still substantially below those reached in

colliding-beam experiments at EIC (
√
s > 20 GeV), while the luminosity of the fixed target facilities is

∼ 3 − 4 orders of magnitude larger. At the same time, there is considerable synergy between the scientific
programs pursued with the upgraded CEBAF and the EIC. The experimental requirements for many of
the measurements needed to answer the myriad questions posed by the emergence of structure have been
assessed in simulations, and some highlights are described in the sections below.
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Spectroscopy of Exotic States with cc̄

The experimental discovery of a number of new exotic mesons and baryons lying in the charmonium energy
region, labelled the XY ZP , has caused a revolution in hadron spectroscopy, as these states challenge our
previously successful ideas of how hadrons can be constructed from the quarks and gluons of QCD [1–4].
While a large literature has built up attempting to describe these new states, no single framework is capable
of describing them all [5]. The lack of overlap between the set of states reported in e+e− annihilation [6–9],
and those reported in B-decays [10–12], even for common final states, is not what one would expect for
resonances, and has motivated non-resonant explanations for some signals [13].

All of the charged tetraquark candidates, labelled Z, are observed in processes with three hadrons in the final
state, where the enhancement is seen in a two-hadron subchannel, but it is known that in this case peaks can
occur for purely kinematical reasons [14–16], mimicking a resonance if the lineshape is not well resolved. In
addition, in some of these three-hadron processes, the extraction of new exotic states can be very sensitive
to required modeling of production of conventional resonances in the other two-hadron channels.
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Figure 2: Photoproduction cross section vs. photon
beam energy for various processes containing a cc̄ pair.
Data from GlueX are shown by black points. Pro-
jected GlueX precision for various electron energies are
shown by boxes. Predictions for Pc and Zc resonant
signals are shown with dashed curves.

The experiments in which these states have been
discovered, like LHCb, BESIII and Belle, will, in
the near term, collect higher statistics in the dis-
covery modes, and closely related processes. This
will allow for improved resolution that may expose
lineshape departures from the expectation of simple
resonances [17], but these processes come with lim-
itations. In B-decays the production is at a fixed
three-body energy (the mass of the B meson), so
the dependence of the production on that energy
cannot be explored, and while the beam energy in
e+e− annihilation can be scanned, production of
particular Zc states appears to happen only in cer-
tain center-of-mass energy regions. In comparison,
charge-exchange photoproduction offers a clean envi-
ronment for production of Zc states via a J/ψ π col-
lision, where the photon provides the virtual J/ψ to
scatter off the pion cloud around the proton, a pro-
cess that is predicted to have a relatively large cross
section at energies just above the threshold [18]. The
Zc can then decay to, for example, J/ψ π without
the complication of an overlapping third hadron. In this case, no complex three-hadron amplitude modeling
is required, and any observation of a sharp enhancement away from the opening of a kinematic threshold
would have an almost unambiguous interpretation as a resonance.

This philosophy of using photoproduction to validate observations made in three-hadron final states at high
energy machines, has already been explored, albeit limited in energy reach, at the 12 GeV CEBAF, in
the form of photoproduction of J/ψ p in which the hidden-charm pentaquark candidates Pc observed in Λb

decays at LHCb are expected [19]. The absence of signals for such states in recent GlueX [20] and Hall-C
data puts rather severe constraints on their interpretation. With an energy upgraded CEBAF, this line of
investigation can be extended to other exotic candidates that challenge our established pictures of hadron
construction.

Bound Three Quark Structure of N ∗s and Emergence of Mass

Understanding the strong interaction dynamics that govern the emergence of the nucleon ground and excited
states N∗s, hence most of the visible mass in the Universe, is a challenging open problem in the QCD sector
of the Standard Model that extends to all hadrons. Over the last decade, since the review of Ref. [21],
essential progress has been achieved in the exploration of N∗ electroexcitation amplitudes, the so-called
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γvpN
∗electrocouplings, stimulating research efforts [22–30] with an emphasis on how the structure of N∗

states and their masses emerge from QCD. High-quality meson electroproduction data of the 6-GeV era
at JLab from the CLAS detector have allowed for a reliable extraction of the electrocouplings of the most
prominent N∗s in the mass range up to 1.8 GeV, as exemplified in Fig. 3. The data for different

Figure 3: Available results at Q2 up to 5 GeV2

and those projected for the Q2 evolution of the
N(1440)1/2+ A1/2 electrocoupling for Q2 up to
30 GeV2 for a luminosity of 5 × 1035 cm−2s−1 and
six months of data collection time.

N∗ states exhibits many facets of the strong in-
teraction generating N∗ structure and mass in Q2

range up to 5 GeV2 [22, 24–28, 31]. CLAS12 is
the only foreseen facility capable of extending the
results on the γvpN

∗ electrocouplings into the un-
explored Q2 range from 5 to 10 GeV2 based on
measurements of πN , π+π−p, KΛ, and KΣ elec-
troproduction [22, 24], spanning the domain where
up to ≈50% of the N∗ mass is generated. Ulti-
mately, pushing the momentum transfer to N∗s up
to 30 GeV2 will extend this coverage to where ≈90%
of hadron mass emerges. In this regime where the
QCD running coupling becomes small, direct com-
parisons of nonperturbative and pQCD concepts on
how hadron structure emerges from QCD can be
attempted. This unique endeavor of probing QCD
through studies of N∗ states is fully complementary
to hard scattering off single quarks studied in deep
inelastic scattering and paves the way for further extensions of the exploration of N∗ structure in three
dimensions [32]. Simulations of various electroproduction channels with an increased CEBAF beam energy
of 22 GeV show that the electrocouplings can indeed be extracted up to Q2 ≈ 30 GeV2 utilizing the large
acceptance CLAS12 spectrometer at luminosities L ≈ 2− 5× 1035 cm−2s−1 as exemplified in Fig. 3.

Spatial structure and mechanical properties of the proton

The extended spatial structure of hadrons is one of the basic expressions of their emergence from QCD. It
attests to their composite nature and reveals the dynamical scales created by the non-perturbative phenomena
(see Fig. 1). One source of information on the spatial structure are the form factors of operators measuring
local physical quantities. While originally developed for the electromagnetic currents and the distribution
of charge and magnetization, this concept has been extended to a much larger class of QCD operators
composed from quark and gluon fields. The form factors of the QCD energy-momentum tensor (spin-2
quark and gluon operators) describe the spatial distributions of momentum, angular momentum, and forces
in the nucleon and quantify the mechanical properties of the dynamical system [33, 34]. The form factor of the
trace anomaly (spin-0 gluon operator) describes the spatial distribution of the gluonic fields involved in scale
symmetry breaking and plays an important role in the proton mass decomposition [35–37]. Another source of
information are the generalized parton distributions (GPDs) [38–40], which describe the spatial distributions
of quarks and gluons in the transverse plane seen by a high-energy probe sampling field components with
given longitudinal momentum. They create “tomographic images” of the hadron in terms of quark/gluon
degrees of freedom and bring them to life as 3D objects in space.

Form factors and GPDs are measured in exclusive processes, where the initial hadron emerges intact in the
final state, and the momentum transfer is conjugate to the spatial structure investigated. Such measurements
require high luminosity because of low rates and the need for differential measurements. The proposed high-
intensity 22 GeV facility would provide qualitatively new capabilities for exploring the spatial structure of
hadrons in both gluon and quark degrees of freedom.

Gluonic form factors and trace anomaly from charmonium production. Exclusive photo- and
electroproduction of heavy quarkonia provides a clean probe of the gluon field in the nucleon. Charmonium
production at EIC energies (W >∼ 10 GeV) probes the gluon GPDs at x <∼ 0.1 [41]. Charmonium
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Figure 4: Left: The D-term form factor of the QCD energy-momentum tensor, Dq(t), as a function of the momentum transfer
−t, as extracted from DVCS experiments. The arrows indicate the −t ranges covered at different beam energies with the
constraint −t/Q2 < 0.2. Right: Quark pressure distribution in the proton, p(r), as a function of the distance from the proton
center, r, obtained as the Fourier transform of Dq(t).

production at near-threshold energies (W −Wthr ∼ 2–4 GeV) measures the form factors of local or almost
local gluon operators probing the non-perturbative gluon fields in the nucleon, in various momentum and
polarization projections, including operators of a type similar to the QCD trace anomaly [42–44]. This
provides a unique window into the nonperturbative gluon fields in the nucleon and their connection with
the valence quarks, and thus into the dynamical mass generation in QCD [35–37]. This field of research has
expanded dramatically in the last 5 years, and further progress in theory is expected in the next 10 years.
The 22 GeV energy is essential for opening up the phase space above the charm threshold and achieving
sufficient energy/momentum transfers; the luminosity of ∼ 1037 cm−2 s−1 is critical for this low-rate process.
Complementary measurements of near-threshold Υ production would be possible with the EIC at 100 fb−1

integrated luminosity with suitable detectors [41].

Mechanical structure from Deeply-Virtual Compton Scattering (DVCS). The form factors of the
energy-momentum tensor are at the center of modern nucleon structure physics. Of particular interest is
the D-term [45], which describes the distribution of QCD forces in the nucleon (“pressure”) [46] and has
become the subject of numerous theoretical studies of the “mechanical properties” of the nucleon [33, 34].
The D-term form factor appears as the subtraction constant in a dispersion relation of the amplitude of the
DVCS process and be extracted from the experimental data on ep→ e′γp with minimal model dependence.
First empirical extractions of the D-term and the “pressure” distribution have been performed with the JLab
6 GeV data (see Fig. 4) [47, 48]; further data will come from JLab 12 GeV. A definitive extraction of the
D-term would be possible with the 22 GeV facility. The DVCS data in this energy range, together with
the EIC data at higher energies [41], would provide complete energy coverage for the dispersion integral
and permit tests of the stability of the subtraction. The high luminosity would allow one to extend the
measurements to significantly higher values of t, which would for the first time test the high-t behavior of an
energy-momentum tensor form factor, and permit reliable reconstruction of spatial distribution (see Fig. 4).

Fully differential 3D imaging of nucleon using dilepton production. The program of “tomographic
imaging” of the nucleon with GPDs requires the full information on their dependence on the longitudinal
momentum variables — the parton momentum fraction x, and the longitudinal momentum transfer ξ. Con-
ventional exclusive processes such as DVCS cannot fully disentangle the x and ξ dependence, because the
observables sample the GPDs only in the special kinematics of x = ξ or as integrals over x. Novel processes
such as dilepton production ep → e′(l+l−)p, l = e or µ (Double Deeply Virtual Compton Scattering, or
DDVCS) can disentangle the longitudinal momentum variables in the GPDs by varying the dilepton mass
in the process [49, 50]. By measuring the t-dependence in this configuration, they could provide fully dif-
ferential tomographic images of nucleon structure. These next-generation measurements are challenging,
and exploratory studies with JLab 12 GeV are under way [51]. The proposed 22 GeV facility would be
ideally suited for this program. The energy is needed for reaching dilepton masses M(l+l−) ∼ few GeV in
electroproduction with Q2 ∼ few GeV2; the luminosity is essential because the cross section is suppressed
by a factor αem ∼ 10−2 compared to DVCS.
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Fragmentation, Transverse Momentum and Parton Correlations

In Semi-Inclusive DIS (SIDIS), there are several independent structure functions (SFs) that characterize the
production of hadrons as a function of beam and target polarizations. A subset of these SFs admits a connec-
tion to a rich variety of quantum correlation functions of quarks and gluons in momentum space via Trans-
verse Momentum Dependent (TMD) factorization. The possibility to map out such correlation functions from
data depends critically on our ability to measure independently each of these structure functions. However,
the separation of SFs is highly non-trivial specially in the valence region at high energies, where the relative
contributions from longitudinal and transverse photons, ϵ → 1.

0

0.5

4 6 8 10 12 14

0

0.5

0.3 0.4 0.5 0.6 0.7 0.8

Q2

R RDIS
x=0.6

x

R Q2=9

PT

R x=0.3, Q2=5.5

0

0.5

0 0.2 0.4 0.6 0.8 1

11 GeV
14 GeV
18 GeV
22 GeV

x

Q
2  (G

eV
2 )

11 GeV

22 GeV

0

10

20

30

0 0.2 0.4 0.6 0.8 1

Figure 5: Phase space (left) and RSIDIS projections (right) with
the combined JLab 11 & 22 GeV at Hall C using ∆minϵ = 0.2.
The projected precision for RSIDIS at the selected kinematics as-
sumes point-to-point systematic errors of 1.4%. That accessibility
for the full PT range will require a combined analysis of Hall C
and B.

Also, in this domain, kinematic factors
tend to suppress the signal of certain SFs
e.g. helicity dependent SFs sensitive to
longitudinal spin-dependent TMDs. A
combined 11 and 22 GeV SIDIS program
will increase our ability to measure a vari-
ety of SIDIS SFs across an enhanced mul-
tidimensional phase space and it will al-
low us to stress test and validate our un-
derstanding and interpretation of SIDIS
reactions in QCD.

Longitudinal photon contributions
in SIDIS: While most of the SIDIS
programs has been focused on un-
derstating SFs associated with trans-
verse photons, the longitudinal SFs
are relatively unknown and often ig-
nored in TMD phenomenology. The
combined JLab 11 and 22 GeV pro-
gram will provide a unique determi-
nation of the ratio of longitudinal to transverse photon SIDIS cross sections (RSIDIS) as illus-
trated in Fig. 5. Such measurements will be essential to properly understand SIDIS multi-
plicities, Sivers and Collins effects to mention few. The latter has a broader impact in con-
nection with nucleon tensor charges which plays an important role in search beyond the SM.

Figure 6: Combined kinematic coverage from JLab 12
GeV to EIC.

Accesibility to TMD physics: Interpretation of
SIDIS data in terms of TMDs has been one the most
pressing and challenging question in recent years
[52–55]. One of the key leading factors is the inher-
ent complexity of the reactions with multiple physi-
cal mechanisms that contribute to the production of
hadrons in the final state. The connection of SIDIS
data with TMDs is only within one of the mecha-
nisms known as TMD current region and depending
on the overall collision energy it overlaps with other
mechanism such as target, central and hard collinear
fragmentation regions [54, 56]. With an extended
Q2 coverage, the 22 GeV upgrade offers a new com-
plementary window that sits in-between the 12 GeV
program and the EIC (see Fig. 6), allowing precision multidimensional measurements in the full accessible
phase space, enabling us to disentangle genuine intrinsic transverse structure of hadrons encoded in TMDs.
Having two energies or in-between energy ranges will also identify scaling properties of the SIDIS reaction,
to validate the measurements of leading contributions and explore sub-leading contributions associated with
multi-parton interactions in QCD.
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Hadron–Quark Transition and Nuclear Dynamics at Extreme Con-
ditions
The proposed high energy and intensity beam upgrade will create an unprecedented opportunity for Nuclear
Science to erase the knowledge gap between the dynamics of quark-gluon interactions and nuclear forces
at short distances [57–59].Two key directions that will significantly benefit from this upgrade are detailed
below.

I. Nuclear Dynamics at Extreme Conditions
• Probing the Nuclear Core: While it has been understood since the 1950s that the stability of atomic
nuclei is based on the existence of a repulsive core in the nucleon-nucleon interaction [60], the dynamics
of such a core are still poorly understood. QCD offers a completely new perspective on the origin of the
core, predicting the existence of nonnucleonic and hidden color components [61–64]. The energy upgrade will
provide reach to the nuclear forces dominated by nuclear repulsion, see Fig. 7 (a). The two main categories
of experiments that will probe such distances are:
⋄ Superfast Quarks: The unprecedentedly high Q2 reach will allow 1) the suppression of quasi-elastic con-
tributions, and correspondingly 2) the first-ever direct study of nuclear DIS structure function at x > 1.2 [65,
66], (Fig. 7 (b)). In this case, nuclear forces will be probed at ∼ 0.5 fm, reaching the domain of the nu-
clear core [67–69].

Figure 7: (a) Internucleon force reach at 22 GeV; (b) Suppres-
sion of quasi-elastic contributions.

⋄ Exploring Deuteron at Very Large
Internal Momenta: The deuteron struc-
ture will be studied at unprecedentedly
large internal momenta (> 800 MeV/c) and
thus passing the threshold of inelastic exci-
tations in the pn system [70, 71].
• Probing Three-nucleon (3N) Forces:
3N forces provide significant modification of
the equation of state of high-density nuclear
matter predicting the existence of neutron
star masses exceeding two solar masses.
Studying A(e, e′)X reactions at large Q2

and x > 2 [72–74] as well as the electro-
disintegration of A = 3 nuclei [75–77] will
open up a new venue in the exploration of the dynamics of 3N forces.

II. Hadron-Quark Transition in Nuclear Medium
• Investigation of Nuclear Medium Effects: The emergence of nucleon interactions from QCD is
also expressed in the “nuclear modifications” of the quark/gluon densities (characteristic differences from
the densities in a sum of non-interacting nucleons), which attest to the QCD substructure of the NN

Figure 8: CLAS12 phase-space coverage at 22 GeV
superimposed to 11 GeV, where the inset zooms in
the antishadowing region (pink points not to scale).

interactions. Previous studies have focused on the
valence quark densities in nuclei at x > 0.3 (the
so-called EMC effect). Potentially as interesting are
the nuclear modifications of quark/antiquark densi-
ties at x ∼ 0.1 (the so-called antishadowing), which
would attest to the QCD substructure of nuclear
pions and other exchange interactions. The nuclear
quark and antiquark densities can be measured us-
ing semi-inclusive or parity-violating inclusive DIS,
opening a new window on nonnucleonic degrees of
freedom in nuclei. A multifaceted study of nuclear
medium phenomena at a wide range of Q2 and x,
see Fig. 8, using also polarized beams and targets
with the ability to deploy numerous targets readily,
will provide a breakthrough in understanding these
effects. The goal of the exploration includes probing
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1) nuclear antishadowing at x ∼ 0.1 in which enhancement of nuclear PDFs is observed [78–82], 2) mod-
ification of polarization structure [82–88], and 3) medium modification of 3-D parton and bound nucleon
structures [89–97].

• Hadronization and Color Transparency (CT): These studies aim at exploring two fundamental
aspects related to QCD; 1) confinement dynamics and 2) the emergence of colorless strongly interacting
hadrons. Extending the Q2 range in CT studies will allow a deeper understanding of whether the colorless
small-size three-quark system exhibits reduced interaction [98–102] as observed in qq̄ systems [103–109]. In
addition, dedicated studies of SIDIS production off nuclei with the unique luminosity of CEBAF will allow
unprecedented investigations of QCD confinement dynamics, hadronization mechanisms, and quark-diquark
correlations in nucleon structure [110–121] in a region complementary to EIC (See Fig. 6).
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Partonic Structure and Spin

Nucleon Strangeness: The nucleon strange sec-
tor is largely unexplored with an up to 80% un-
certainty in the s+ = s + s̄ PDF. Parity violating
Deep Inelastic Scattering (PVDIS) of electrons of-
fers a unique opportunity. Using the JAM frame-
work [122], we found that a 22 GeV electron beam
with the SoLID detector and a total of about 100
days of 40 µA beam split between 40 cm liquid deu-
terium and hydrogen targets would provide a sub-
stantial improvement, see Fig. 9. The reduction
in the s+ uncertainty can reach more than factor
two at large-x. A similar experiment at 11 GeV
would cover a comparable x-range, but the higher
Q2 with 22 GeV leads to relatively suppressed power
corrections and a larger x region where data can
be treated in a combined QED+QCD factorization
framework [123]. More data at higher energy would be amenable to inclusion in various global PDF fits.
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Meson Structure: Tagged deep inelastic scatter-
ing (TDIS) provides a mechanism to access me-
son structure via the Sullivan process [124–126].
These measurements will be amongst only a few
to study the essentially unknown and yet funda-
mental emergence of meson structure. By prob-
ing low meson virtualites, the proposed programs
at JLab and EIC will enable unique capabilities to
deconvolute the partonic structure of mesons from
TDIS measurements. For the case of pions, a cut
of W 2

π > 1.04 GeV2 is needed to avoid contributions
from resonances, which excludes most of the 11 GeV
data. Such phase space limitation is avoided with
the 22 GeV program, and projected impact studies
on pion PDFs show a potential to improve the de-
termination of the valence structure as illustrated in
Fig. 10 insert. The data will span the transition to
the bound regimes of resonances, complementary to

11 GeV enabling to explore quark-hadron duality in the meson sector. At a 22 GeV, the measurements would
also kinematically overlap the existing pion induced Drell-Yan data for universality tests of PDFs in the mid-
to large-xπ region. The proposed upgrade will extend the kinematic coverage to smaller xπ region to probe
the sea content of mesons complementary to the EIC program. The determination of partonic structure of
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mesons will critically rely on measurements at Jefferson Lab in order to firmly constrain its valence regime
and maximally control its extraction in the mid- to small-xπ regime at the EIC. In addition, the TDIS data
can probe partonic structure of kaons which are currently unknown. Analogous to the case of pions, such
measurements will require the 22 GeV upgrade in order access kinematic regions away from K∗ resonances.

Precision αS measurement: Polarized DIS on proton and neutron can provide a precision determination
of the strong coupling αs via the Bjorken Sum Rule. Combining projected JLab 22 GeV data with projected
EIC data, one could determine αs with a precision of 0.6%, which is more than a factor of 2 better than
any single determination reported by the Particle Data Group[127, 128] and a factor of 3 better than the
extraction with EIC data alone. The world combined determination would improve from the current precision
of 0.85% to 0.5%.

QCD Confinement and Fundamental Symmetries

Figure 11: The projected Γ(π0 → γγ) with an
atomic electron target (in red) and the previous
published results (in blue).

The JLab 22 GeV upgrade will enable precision measurements
of the radiative widths and the transition form factors of π0, η,
and η′ via the Primakoff effect to test QCD confinement and
fundamental symmetries with experimental sensitivities not
previously achievable. While π0 and η are Goldstone bosons
due to spontaneous chiral symmetry breaking, η′ is not because
of the U(1)A anomaly coupling to the gluon field. The axial
anomaly coupling to the electromagnetic field drives the two-
photon decays of π0, η and η′. The decays of these mesons har-
bor fundamental information about the effects of SU(3) sym-
metry and the mixing phenomena of the mesons due to isospin
and SU(3) symmetry breakings [129]. They offer a unique way
to determine the fundamental parameters of QCD in a model-
independent manner, such as the light quark-mass ratio and the
mixing angle of η-η′. They also provide critical inputs to the
theoretical calculations of the hadronic light-by-light contribu-
tion to the anomalous magnetic moment of the muon [130].

Primakoff Production of π0 off Atomic Electron: As the
lightest hadron, π0 plays a special role in our understand of
QCD confinement. Its radiative decay width is one of very rare parameters in low-energy QCD that can be
predicted at ≈ 1% precision. The most accurate measurement of this fundamental parameter was from two
Primakoff experiments (PrimEx I and II) [135] off nuclear targets (12C, 28Si and 208Pb) at JLab 6 GeV. This
result, shown as a solid blue point in Fig. 11, agrees to the leading-order chiral anomaly prediction [136] and
is 2σ below the theoretical calculations [137–140] based on higher-order corrections to the anomaly.

Figure 12: The quark mass ratio Q determined by two
methods. The left-side are calculated from Γ(η → 3π) deter-
mined by using the values of previous experiments [131, 132]
and the projected JLab 22 GeV for Γ(η → 2γ). The right-
side are obtained from the kaon mass difference with theo-
retical EM corrections [129, 133, 134].

The threshold for photo- or electro-production of
π0 off an electron target is 18 GeV. The future
JLab 22 GeV upgrade will thus enable measure-
ments of radiative decay width and transition form
factor of π0 off an electron for the first time. An
atomic electron target offers significant advantages
over a nuclear target for the Primakoff experiments
by eliminating all nuclear backgrounds, the largest
systematic uncertainty in the previous PrimEx re-
sult [135]. The resulting expected precision on
Γ(π0 → γγ), as shown in Fig. 11 (the red point),
is necessary to better understand the discrepancy
between the existing experimental result and the
high-order QCD predictions.

Primakoff Productions off Nuclear Target:
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A higher beam energy will increase the Primakoff cross section and improve the separation of the Primakoff
signal from the nuclear backgrounds for the case of nuclear target. The 22 GeV upgrade thus will greatly
enhance the Primakoff experiments for more massive mesons produced off nuclear targets. This will enable
the first Primakoff measurement of Γ(η′ → γγ) with ∼3.5% precision to study the U(1)A anomaly coupling
to the gluon field, and improve the measurement of Γ(η → γγ) to a 2% accuracy to determine the light-quark

mass ratio (Q2 =
m2

s−m̂2

m2
d−m2

u
) model-independently, as shown in Fig. 12 (in red).

A Technically Feasible, Cost Effective, Innovative Path to 22 GeV

Recent advances in accelerator technology have made it possible to extend the energy reach of the CEBAF
accelerator up to 22 GeV within the existing tunnel footprint. Such an increase can be achieved by increasing
the number of recirculations through the accelerating cavities. Encouraged by the recent success of the
CBETA project (Cornell Brookhaven Electron Test Accelerator), a proposal was formulated to increase the
CEBAF energy from the present 12 GeV to about 22 GeV by replacing the highest-energy arcs with Fixed
Field Alternating Gradient (FFA) arcs.

The new pair of arcs configured with an FFA lattice would support simultaneous transport of 6 passes with
energies spanning a factor of two. This wide energy bandwidth could be achieved using the non-scaling FFA
principle implemented with Halbach-style permanent magnets. This novel magnet technology saves energy
and lowers operating costs. Such a scheme would nearly double the energy while using the existing CEBAF
SRF cavity system.

The design is based on an exciting new approach in accelerating electrons efficiently with multiple passes in
a single FFA beam line. The Non-Scaling FFA approach allows beam acceleration within a small beam pipe
size as in synchrotrons, but without varying the magnetic field. Different energy beams are transported in
a small beam pipe with very small transverse orbit offsets due to the small dispersion function.

In addition to the spreaders, one must design the time-of-flight splitters for each of the energies which pass
through the FFA arcs. These will be located along the new FFA arcs, downstream of the spreaders. This
would necessitate four time-of-flight splitters, which are capable of adjusting the momentum compaction,
M56, at both ends of each FFA arc. One of the challenges of the multi-pass (10+) linac optics is to provide
uniform focusing in a vast range of energies, using fixed field lattice. Here, we configured a building block of
linac optics as a sequence of two triplet cells with reversed quad polarities flanking two cryomodules. Initial
triplets, configured with 45 Tesla/m quads, are scaled with increasing momentum along the linac. This style
linac optics provides a stable periodic solution covering energy ratio 1:33. The current CEBAF is configured
with a 123 MeV injector feeding into a racetrack recirculating linear accelerator (RLA) with a 1090 MeV
linac on each side. The 123 MeV minimum makes optical matching in the first linac virtually impossible due
to extremely high energy span ratio (1:175). Thus, it is proposed to replace the current injector with a 650
MeV 3-pass recirculating injector based on the existing LERF facility augmented by three C-70 cryomodules.

Staying within the CEBAF footprint, while transporting high energy beams (10-22 GeV) calls for special
mitigation of synchrotron radiation effects. One of them is to increase the bend radius at the arc dipoles
(packing factor of the FFA arcs increased to about 87.6) to suppress adverse effects of the synchrotron
radiation on beam quality: dilution of the transverse and longitudinal emittance due to quantum excitations.
Proposed 22 GeV, 10-pass, design would promise to deliver a normalized emittance of 76 mm mrad with
a relative energy spread of 10-3. Further recirculation beyond 22 GeV is limited by large, 974 MeV per
electron, energy loss due to synchrotron radiation, which depends on energy to the fourth power.

Finally, given the greater total energies expected with this upgrade, we are also investigating the impact
this will have on our extraction system and beam delivery to the experimental halls. For the extraction
system, this will depend partly on the needs of the experimental program, and partly on how we choose to
extract the beam. For the beam delivery to the halls, the hall beam-lines are currently under investigation.
Improvements to the magnetic septa are expected to be required, and the dipoles to the hall lines will need
to be strengthened and improved as well. The overall optics will require some adjustments, but should be
manageable, assuming that the beam is extracted.
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Realization of an FFA-based 22 GeV upgrade will open not only a new era of the CEBAF science program,
but the requisite scaling of this technology to higher energies will spur the development and demonstration
of engineering solutions for FFA beamlines and permanent magnets that can be applied in many other
energy efficient accelerators for scientific, environmental or medical applications. It is important to note that
demonstrating the ability to scale FFA technology up in energy is critical to the above planning and science.
At this point, Jefferson Lab proposes to work on this critical step in the near future, with a longer timeline
(discussed below) for the full upgrade.

Preliminary Cost and Schedule Estimates for the 22 GeV Upgrade

The scientific reach of a 22 GeV upgrade as described in previous sections can fit in a particular time frame
and budget envelope as illustrated in Fig. 13. The starting point is to recognize that the EIC will require
about $150M/year in new funding (assuming the V3 profile of the EIC project) starting in FY2024 and
lasting until FY2029, at which point new funds for EIC will begin to ramp down. In this V3 scenario, and
in the spirit of the BNL/JLab EIC partnership, the new EIC construction funding is equally split between
JLab and BNL EIC project scope. The key to executing this approach is to capture the roll-off of EIC
funding coming to JLab to pursue the CEBAF 22 GeV upgrade. A secondary assumption is that natural
NP programmatic growth and project roll-off funds at BNL will cover the operations costs of the EIC.
Presuming that programmatic and community support for the JLab 22 GeV upgrade sustains over the next
decade, some small R&D funding will be necessary to prepare for the energy upgrade. We estimate $3M/year
starting in FY2025 for this R&D package which is currently in development. The R&D package will cover
source work for the positron aspect of the upgrade, and FFA magnet work at high electron-beam energies.

Figure 13: Timelines are shown for JLab activities through the energy up-
grade. MOLLER and SoLID are shown, as well as R&D for the 12 GeV
positron source, and energy upgrades. Also shown is a plan for CEBAF
operations running through FY2042.

For completeness, Fig. 13
also includes current time-
lines anticipated for the on-
going MOLLER project and
the anticipated SoLID project.
MOLLER, a DOE O413.3B
project is approaching CD-
2/3, and should be complete
by FY26. SoLID has been
through an NP science re-
view and awaits CD-0 from
DOE. Positron source devel-
opment is considered an off-
project, and will entail con-
tinuing R&D to prepare a
positron source for the 12 GeV effort during Phase 1 of the upgrade. Phase 1 of the upgrade involves
the installation of a beamline from the LERF facility at JLab to CEBAF, and the installation of positron
beam capabilities at 12 GeV. Positrons will run for 3 years at 12 GeV before the FFA magnet installation
and injector upgrades (Phase 2) bring CEBAF to 22 GeV.

JLab engineers and accelerator scientists spent the last six months generating an initial cost estimate for the
22 GeV upgrade based on Fixed-Field Alternating Gradient (FFAG) technology, and including a positron
phase. JLab estimates that the point cost estimate in FY23 dollars is $345M with a range of $265M to
$517M. Estimated costs of R&D to demonstrate the technology is on the order of $9M over the next 3 years.
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