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Abstract. We review results from the Jefferson Laboratory (JLab) program
with the 12 GeV Upgrade of the CEBAF accelerator, with a particular emphasis
on processes involving mesons. We include associated efforts in theory and
phenomenology. We also discuss expected results from future analyses and
data taking, including new instrumentation, in particular SoLID and the planned
22 GeV Upgrade of CEBAF.

1 Introduction

A new era began at Jefferson Lab (JLab) in Fall 2017 when the 12 GeV upgrade to the
Continuous Electron Beam Accelerator Facility (CEBAF) was completed [1]. High energy,
high current electron beams with polarization close to 90% were delivered to a suite of new
apparatus in the existing experimental Halls A, B, and C. In addition, a fourth experimental
station, Hall D, was commissioned with an apparatus, GlueX, designed for precision meson
spectroscopy using linearly polarized photon beams.

Figure 1 shows the current and future configurations of CEBAF and the four experimental

Figure 1. The current configuration of the
Continuous Electron Beam Accelerator Facility
(CEBAF) at Jefferson Lab, including the
upgrade to 12 GeV from 6 GeV operation. New
high gradient cryomodules and high field arc
magnets made the 12 GeV upgrade possible.
Recent work has shown that a 22 GeV
accelerator will be possible using Fixed Field
Alternating Gradient arc magnets which allow
multiple beams to orbit in the same magnet.

end station halls. The original 6 GeV accelerator was upgraded to 12 GeV with the addition
of new high-gradient accelerator sections in each of the two linacs, along with upgraded
high-field arc magnets. A fourth experimental station, Hall D, was also included in the up-
grade. New experimental equipment includes the Super Bigbite Spectrometer (SBS) system
in Hall A, the CLAS12 detector in Hall B, the Super High Momentum Spectrometer (SHMS)
in Hall C, and the GlueX spectrometer in Hall D.
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FIG. 18. Comparison of the GlueX J/ψ total cross section to
open charm calculations [19]. The thresholds of "cD̄ (8.71 GeV) and
"cD̄∗ (9.35 GeV) are shown as vertical lines. The error bars shown
for the GlueX data are the statistical and systematic errors summed
in quadrature.

threshold measurements. Recently, the authors of Ref. [8]
extended their calculations to the threshold region at LO [48].
These calculations, plotted also in Fig. 17, are in a very
good agreement with the total cross section measurements.
Attempts to include the NLO contribution result in large un-
certainties due to the poor knowledge of the corresponding
GPD functions in this kinematic region [49]. This indicates
that our measurements can strongly constrain the relevant
gluon GPD functions.

The authors of Ref. [19] propose an alternative mechanism
of J/ψ photoproduction with a dominant exchange of open-
charm channels "cD̄ and "cD̄∗ in box diagrams. We show
the total cross section results of this model in Fig. 18, and find
good qualitative agreement with our measurements. In partic-
ular, in the data we see structures peaking at both the "cD̄
and "cD̄∗ thresholds that can be interpreted as the cusps ex-
pected with this reaction mechanism. However, the exchange
of heavy hadrons in this model implies a very shallow t depen-
dence in the differential cross sections. This is not supported
by the steeply falling cross sections we observe, as shown
in Fig. 15. Therefore, our differential cross section measure-
ments do not support a dominant contribution from these
open charm exchanges, although the enhancement at high t
observed for the lowest beam energy region is consistent with
a possible contribution from these exchanges. Alternatively,
in Ref. [50] it was shown that the high-t enhancement can be
explained by u-channel contribution assuming factorization in
terms of Transition Distribution Amplitudes [51].

In Ref. [52], the model-independent effective range expan-
sion was used to parametrize the lowest partial waves. Fits to
the total and differential cross sections from this paper and
from Ref. [41] show that the expansion is rapidly conver-
gent, with the L ! 3 waves saturating the forward peak in
the measured photon energy range. Furthermore, the energy
dependence of the total cross section near the open-charm

thresholds was shown to be consistent with the appearance
of "cD̄(∗) intermediate states, as suggested by Ref. [19].

It is important to be able to understand the dynamics un-
derlying J/ψ photoproduction at threshold, and possibly to
identify a kinematic region that can be used to extract the
proton gluonic form factors. Based on the t-slopes of the
differential cross sections (Fig. 15) and also the results of
Ref. [41], the differential cross section at low t values is
consistent with being dominantly due to gluonic exchange.
However, the possible structures in the total cross section en-
ergy dependence and the flattening of the differential cross
section near threshold are consistent with contributions from
open-charm intermediate states. So far, from the analyses
of Ref. [52] it is not possible to distinguish between the
gluon and open-charm exchange mechanisms. Certainly, fur-
ther theoretical work is needed to understand the mechanism
of near-threshold J/ψ production and its relation to the glu-
onic structure of the proton, especially since hints of open
charm production are visible. On the experimental side, higher
statistics are needed to confirm the structures in the total cross
section and the enhancement in the t dependence, the statisti-
cal significance of which at present does not allow making of
definitiveconclusions.
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APPENDIX: NUMERICAL RESULTS

The numerical results for the total and differential cross
sections are given in Tables III–VI.
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Figure 2. GlueX result on the total cross section
for γp→ J/ψp [2]. The thresholds for ΛcD̄
(8.71 GeV) and ΛcD̄∗ (9.35 GeV) production
are shown as vertical lines. Also included is an
old total cross section measurement from
Cornell, and model calculations based on box
diagrams with open charm channels.

This talk focusses on only a small fraction of the experiments done or in progress at the
laboratory. I have concentrated on measurements that emphasize studies of meson properties,
or the use of meson production as a tool for understanding hadron dynamics in general.

2 Photoproduction of J/ψ from the Proton (GlueX, Hall D)

The GlueX collaboration recently published [2] their measurements of the total and differ-
ential cross sections for γp → J/ψp. This reaction has long been considered as a way to
probe the gluonic content of the proton (see, for example, [3]) and more recently as a way
to measure the proton’s “mass radius.” [4]. This interpretation, however, relies on the partial
waves for the reaction being dominated by elastic J/ψ + p scattering.

Figure 2 shows their result on the total cross section near threshold. The statistical preci-
sion is already good enough to suggest structure near production of open charm thresholds,
which would challenge an interpretation dominated by elastic J/ψ + p scattering [5]. See the
talks by Matt Shepherd and Adam Szczepaniak in this conference for more details.

3 DVMP with π0 at High Q2 (Hall A)

An important goal of the CEBAF 12 GeV program is to map out the internal structure of
the nucleon by measuring integrals of the Wigner function [1]. One of these integrals leads
to Generalized Parton Distributions (GPD’s) that describe various exclusive hard electron
scattering processes. Exclusive meson production, aka Deeply Virtual Meson Production
(DVMP), is one of these exclusive reactions that has received much attention.

The Hall A collaboration recently measured [6] differential cross sections for the reaction
e−p → e−pπ0. These measurements used a longitudinally polarized electron beam, which
allowed the separation of various components of the cross section, from their dependence on
the angle ϕ between the electron scattering and pπ reaction planes. These are referred to as
σLT (which has a cos ϕ dependence), σTT (cos2 ϕ), and σLT ′ (sin ϕ).

Results for a subset of their (Bjorken) x and Q2 values are shown in Figure 3. Data from
other kinematic points show similar levels of agreement.

4 DVMP with π+ at High Q2 (CLAS12, Hall B)

The CLAS12 collaboration has also carried out a measurement of DVMP [8], for the reaction
e−p → e−nπ+ with the neutron identified using the missing mass technique. As is the case
with the Hall A measurement of e−p → e−pπ0, the polarized electron beam was used to
measure “Beam Spin Asymmetries” that allowed the extraction of different interference terms



reconstructed invariant mass of the detected π0 events.
Additional details are presented in [23].
Neutral pions were reconstructed by selecting two

photons in the calorimeter above 500 MeV each, in
coincidence with the detection of a scattered electron in
the HRS. The HRS-calorimeter coincidence-time resolu-
tion was about 1 ns. The total contribution from accidental
coincidences was below 2% and was subtracted from the
experimental yield. The π0 sample was cleanly identified
by selecting events around the invariant mass mγγ ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðq1 þ q2Þ2

p
. The exclusivity of the reaction was ensured

by reconstructing the missing-mass squared M2
X of the

Hðe; e0γγÞX reaction (see figure in the Supplemental
Material [23]).
The acceptance and resolution of the experiment were

computed by a Monte Carlo simulation based on the
GEANT4 software [27]. The simulation and cross section
extraction includes the real and virtual radiative effects,
based on calculations of [24], see also Supplemental
Material [23].
Data were binned into 12ϕ bins by 5 t0 bins. The different

structure functions appearing in the π0 electroproduction
cross section were extracted by exploiting their specific ϕ
dependencies, minimizing the χ2 between the number of
experimental and simulated events:

χ2 ¼
XN¼60

i¼1

"
Nexp

i − Nsim
i

σexpi

#
2

ð4Þ

where the sum runs over all 12 × 5 bins for each ðxB;Q2Þ
setting. Nexp

i is the total number of events in bin i with
corresponding statistical precision σexpi . The number of
simulated events in bin i is computed by convoluting the
acceptance and resolution of the experimental setup with
the kinematic dependencies of each of the structure
functions (dσT=dtþ ϵdσL=dt, dσTT=dt, and dσLT=dt) that
make up the cross section [see Eq. (1)]. These structure
functions are the free parameters of the χ2 minimization.
An example of these fits and the numerical values of all the
extracted structure functions are shown in the Supplemental
Material [23]. The helicity-dependent structure function
dσLT 0 is extracted by a similar fit to the difference in yield
for events with opposite helicities. Bin migration effects
from one kinematic bin to another due to resolution and
radiative effects are incorporated into the simulation and are
up to 10% depending upon the kinematic bin. Cross
sections are only reported for the four lowest t0 bins; the
additional highest t0 bin in the analysis is only used to
evaluate bin migration to the lower t0 bins. The systematic
uncertainty associated with the bin migration is assessed by
varying the selection cut on the missing mass squared, for
each kinematic bin. The dσT=dtþ ϵdσL=dt, dσTT=dt, and
dσLT=dt values extracted from the fit show a degree of
correlation of around 10% at low t0, but this correlation
reaches 90% at large t0 due to the loss of full azimuthal
acceptance in the detector.
The total systematic uncertainty of the results reported

herein varies between 4% and 8% depending on the
kinematic setting. The variation in the systematic uncer-
tainty from one setting to another is due to the effect of the

FIG. 2. Structure functions dσTT (blue triangles), dσLT (red squares), and dσLT 0 (green stars) for all kinematic setting as a function of
t0 ¼ tmin − t. The dashed curves are calculations based on transversity GPDs of the nucleon [15]. The gray boxes surrounding the data
points show the systematic uncertainty.
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Figure 3. Deeply Virtual Meson Production in the reaction
e−p→ e−pπ0 in Hall A at CEBAF for a subset of
kinematics from [6]. Extracted differential cross sections
for σLT , σTT , and σLT ′ are shown in red square, blue
triangles, and green stars, respectively. The dashed curves
refer to model calculations. [7]
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Fig. 5. σLT ′ /σ0 and its statistical uncertainty as a function of −t in the forward kinematic regime and its systematic uncertainty (grey bins). The bold dotted magenta line 
shows the theoretical prediction from the Regge based JML model [34]. The blue band shows the theoretical prediction from the GPD-based GK model [48,49]. The dashed 
brown and the dash-dotted red curve show the effect of increasing the GPD HT by an overall factor of 1.5 and 2.0 for the mean kinematics. The dotted green curve shows 
the theory result under the assumption that no pion pole term is contributing. The corresponding result tables can be found in the supplemental material [46] and can be 
downloaded from Ref. [47].

age it was found to be on the order of 8.3%, which is smaller than 
the statistical uncertainty in most kinematic bins.

Fig. 5 shows the final results for σLT ′/σ0 in the region of −t
up to 0.8 GeV2 - 1.2 GeV2, depending on the Q 2 bin (−t/Q 2 ≈
0.2 − 0.4), where the leading-twist GPD framework is applicable 
and compares them to the theoretical predictions from the JML 
model [34], which is based on hadronic degrees of freedom and 
to the predictions from the GPD-based model by Goloskokov and 
Kroll (GK) [48,49]. The band on the theoretical prediction repre-
sents the variation of the mean value of Q 2 and xB within each 
multidimensional bin. The increasing width of these bands for bins 
8 and 9, which cover a larger xB and Q 2 range than the other 
bins, clearly shows the advantages of a fine multidimensional bin-
ning for a precise theory comparison. The structure function ratio 
σLT ′/σ0 is clearly positive in all kinematic bins and shows a typical 
shape that can be explained by the contributing structure func-
tions. The non-φ-dependent cross section σ0 = σT + εσL is typi-
cally forward peaked due to the pion pole term contribution, while 
σLT ′ is constrained to be zero at t = tmin due to angular momen-
tum conservation.

The GK model includes chiral-odd GPDs to calculate the contri-
butions from the transversely polarized virtual photon amplitudes, 
with their t-dependence incorporated from Regge phenomenol-
ogy. The GPDs are constructed from double distributions and con-
strained by the latest results from lattice QCD and transversity 
parton distribution functions [48]. A special emphasis is given to 
the GPDs HT and E T = 2H̃T + ET , while contributions from other 
chiral-odd GPDs are neglected in the calculations, unlike chiral-
even GPDs. The pion pole contribution to the amplitudes is taken 
into account for longitudinally and transversely polarized virtual 
photons.

σLT ′ can be expressed through the convolutions of GPDs with 
sub-process amplitudes (twist-2 for the longitudinal and twist-3 
for the transverse amplitudes) and contains the products of chiral-
odd and chiral-even terms [6]:

σLT ′ ∼ ξ

√
1 − ξ2

√
−t′

2m
Im[〈E T −ef f 〉∗〈H̃ef f 〉

+〈HT −ef f 〉∗〈̃Eef f 〉], (4)

where m is the proton mass and the “eff” in the subscript describes 
the inclusion of the pion pole term, i.e.

〈̃Eef f 〉 = 〈̃Enon-pole〉 + c
ρπ

t − m2
π

(5)

〈H̃ef f 〉 = 〈H̃〉 + ξ2

1 − ξ2 〈̃Eef f 〉 (6)

with a factor c = mp Q 2/ξ , the residue ρπ and the pion mass mπ

[48].
For π+ the imaginary part of small chiral-odd GPDs in σLT ′ is 

significantly amplified by the pion pole term, which is real and 
theoretically well described. The strength of this effect is illus-
trated in Fig. 5, which shows the comparison between the cal-
culation with and without considering the pion pole (blue band 
vs green dotted line). Due to this feature, polarized π+ observ-
ables show an increased sensitivity to chiral-odd GPDs in contrast 
to the exclusive π0 and η production where the pole contribution 
is not present. The pion pole is well determined from cross section 
measurements with an uncertainty of less than 10%. Therefore, it 
cannot explain the observed overestimation of the experimental 
result by the theoretical prediction.

5

Figure 4. The interference cross section σLT ′ ,
relative to the unpolarized cross section
σ0 = σT + ϵσL, from Deeply Virtual Meson
Production in the reaction e−p→ e−nπ+ using
CLAS12 in Hall B at CEBAF [8]. The different
curves represent alternate models of the GPD’s
for the nucleon. The dotted green curve shows
the theory result under the assumption that no
pion pole term is contributing.

in the cross section. The results of the measurement, with comparison to various GPD model
calculations, are shown in Figure 4.

5 Timelike Compton Scattering (CLAS12, Hall B)

CLAS12 has also carried out the world’s first measurement [9] of polarization observables
in so-called Timelike Compton Scattering (TCS), using the reaction γp → pe+e−, where the
final state e+e− mass is selected to be between the ϕ and J/ψ signals. This cross section
will of course have a large component from QED, that is Bethe-Heitler, processes. However,
polarization observables will once again allow an extraction of terms that are sensitive to
nucleon structure. In fact, as opposed to DVMP, there is no additional complication to the
cross section from the meson distribution amplitude. Furthermore, the nucleon structure
components will be sensitive to different combinations of GPD’s.

Figure 5 shows results for the photon polarization asymmetry A⊙U and the forward-
backward asymmetry AFB for a particular set of kinematics representing a subset of the data.
The sensitivity to GPD’s is imbedded in the real and imaginary parts of the Compton Form
Factor H(t, ξ), where t is the momentum transfer to the proton, and ξ is the momentum im-
balance on the incoming and outgoing struck quark. These data, taken for photon energy



Figure 5. Measurement from CLAS12 [9] of
the photon polarization asymmetry A⊙U (top)
and the forward-backward asymmetry AFB

(bottom) in Timelike Compton Scattering from
the proton compared to models. The
Bethe-Heitler process predicts only very small
asymmetries, clearly inconsistent with the data.
Good agreement with models is obtained for
A⊙U , which is primarily sensitive to the
imaginary part of the Compton Form FactorH .
On the other hand, good agreement with AFB,
which is sensitive to the real part ofH , requires
inclusion of the so-called D-term which has
recently gained relevance for its links to the
mechanical properties of the nucleon.

Eγ ≈ 7 GeV and Me+e− ≈ 1.8 GeV, are clearly inconsistent with pure QED, and appear to
favor a model which includes the so-called “D-term” in the Compton Form Factor.

6 Elastic Form Factor of the π+ (Hall C)

The elastic electromagnetic form factor Fπ(Q2) of the charged pion is a fundamentally im-
portant quantity in hadronic physics (Here, −Q2 is the squared mass of the virtual photon.)
The π± is the simplest hadronic system, and its form factor should behave like 1/Q2 in the
limit of perturbative QCD. It is not clear, however, what is the relevant Q2 scale for the onset
of perturbative behavior. Of course, there is no possibility of an isolated π± target, so the
only ways to measure the reaction directly is using a pion beam on atomic electrons (which
restricts Q2 to very small values) or e+e− → π+π− which only reaches timelike Q2 and which
is severely rate limited at high Q2 values.

One priority for the JLab 12 GeV program is to measure the reaction e−p → e−π+n in
kinematics designed to extract Fπ(Q2) at large spacelike Q2. In this case, the “target” is the
virtual π+ surrounding the proton, and the longitudinal part of the differential cross section
must be separated from the transverse part. A model incorporating both the off-shell pion and
the recoil nucleon effects is then used to extract Fπ from the magnitude and t-dependence of
the longitudinal component. This requires a large body of data with tight control of systematic
uncertainties so that the separations and extrapolations can be precisely performed.

This measurement is the goal of JLab Experiment E12-19-0061 which in fact has taken
its complete data set in Fall 2019, Fall 2021, and Summer 2022. The electron and pion were
detected separately in the two focussing magnetic spectrometers in Hall C, with the final
state neutron identified using missing mass. Figure 6 shows the statistical quality of results
expected in 2025.

7 Deep Inelastic Scattering from the π+ (Hall C)

Another fundamentally important measurement in QCD is the valence quark momentum dis-
tribution in the pion. This distribution has been extracted from the Drell-Yan process with

1Contact: Garth Huber, University of Regina, huberg@uregina.ca



Figure 6. Expected statistical and systematic
uncertainties on the pion elastic form factor
from Hall C, from the reaction e−p→ e−π+n.
The analysis requires that the longitudinal and
transverse components of the cross section be
separated, and a model used to extract Fπ from
the magnitude and t-dependence of the
longitudinal component. This difficult
measurement will extend the Q2 range by more
than a factor of two over existing data, owing to
the high reach afforded by 12 GeV CEBAF.

Figure 7. Data on the π− valence quark distribution function
from the reaction π−A→ µ+µ−X on a Be target [10] compared
to models based on the Dyson-Schwinger Equations [11] and
next to leading order QCD resummation [12]. The inset shows a
different experimental approach based on the Sullivan process,
where one carries out deep inelastic scattering on the pion cloud
of the nucleon. This approach is the basis of the Tagged Deep
Inelastic Scattering (TDIS) experimental program planned for
CEBAF, as well as the Electron Ion Collider (EIC).

a π− beam [10], but a different approach would be to scatter a high energy electron beam
from the pion cloud surrounding the nucleon. This is all depicted in Figure 7 including two
different theoretical approaches [11, 12], both of which disagree with the Drell-Yan data at
high x. The need for a new experiment is clear.

The Tagged Deep Inelastic Scattering (TDIS) experiment2 is in the planning stages at
CEBAF. This measurement would make use of a cylindrical time projection chamber (TPC)
in a solenoidal field to tag the spectator nucleon in the reaction e−p → e−X(p) for the π0

structure function, or e−d → e−X(p) for the π−. This TPC is in the design stages. This
pioneering experiment would also serve as a proof-of-principle for future experiments at the
EIC and for 22 GeV beams from CEBAF.

8 The Future: SoLID and 22 GeV

The Solenoidal Large Intensity Device (SoLID)3 is a large acceptance forward scattering
spectrometer with full azimuthal angular coverage capable of handling luminosities up to
1039/cm2/s with a variety of polarized and unpolarized targets. This will allow the full ca-
pabilities of CEBAF to be exploited for several different kinds of measurements that are
impossible to carry out elsewhere. The design has been thoroughly reviewed and is awaiting
funding to begin construction.

The anticipated experimental program for SoLID covers three general areas. One is Semi-
Inclusive Deep Inelastic Scattering (SIDIS), that is reactions such as e−p → e−π−X at high

2Contact: Dipangkar Dutta, Mississippi State University, d.dutta@msstate.edu
3See https://solid.jlab.org, Contact: Jian-Ping Chen, jpchen@jlab.org



Figure 8. Detailed drawing of the SoLID
detector as set up for measurements of SIDIS
and J/ψ production, allowing for targets
polarized in arbitrary directions. For PVDIS
measurements, the target is moved into the
center of the solenoid, and baffles are installed
to restrict the kinematic range of the scattered
electrons. The superconducting magnet, with
the iron yoke, is in hand, from the CLEO-III
collaboration at Cornell. Particle detector
configurations will change based on the
measurement.

Q2 with polarized beam and targets, which will be used to disentangle more details of the
nucleon Wigner function through extraction of Transverse Momentum Distributions (TMDs).
A second area is J/ψ production using photon and electron beams, similar to what GlueX has
achieved (Sec. 2) but with much higher statistics. Thirdly, in a modified configuration, SoLID
will be used for precision parity violation measurements in deep inelastic scattering (PVDIS)
for testing the Standard Model through the eq couplings.

Still other measurements are possible, including Double Deeply Virtual Compton Scat-
tering (DDVCS) which is similar to TCS (Sec. 5) but using an incoming electron and virtual
photon. This would allow additional tuning of the relevant kinematics.

An elevation view of SoLID as configured for SIDIS and J/ψ production is shown in
Figure 8. The superconducting magnet is at Jefferson Lab, undergoing tests. The plan is for
SoLID to begin construction and installation in Hall A when the MOLLER experiment is
decommissioned, likely some time in 2028.

The design of a 22 GeV CEBAF (See Sec. 1) is progressing and a wide ranging program
of experiments is anticipated [13]. SoLID will play a key role in exploiting this unique high
energy and high intensity accelerator, as well as the existing instrumentation in the other
experimental areas. The future of CEBAF and Jefferson lab is a bright one, with lots of
exciting physics yet to come.
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