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We present measurements of the total and differential cross sections for near-threshold J/y photoproduction
obtained with the CLAS12 detector at the Thomas Jefferson National Accelerator Facility. The results are based
on data collected during the fall 2018 and spring 2019 running periods, using electron beams with energies of
10.6 and 10.2 GeV, respectively, scattered off a liquid-hydrogen target. Near-threshold J/y photoproduction
offers a unique sensitivity to the strong interaction in the nonperturbative regime of quantum chromodynamics
(QCD). The energy dependence of the cross section constrains the underlying J/¢ production mechanisms,
including multigluon exchange and potential baryonic excitations. Additionally, the ¢ dependence of the differ-
ential cross section can be related to the transverse spatial distribution of gluons in the proton, providing critical
input for theoretical descriptions of the gluonic structure of the proton. An interpretation of the results in terms
of the gluon content of the proton is presented, providing new experimental constraints on QCD-inspired models
of the proton structure and the role of gluonic degrees of freedom in hadronic mass generation.

DOI: 10.1103/1qv1-kf2n

I. INTRODUCTION

The photoproduction of heavy vector mesons has long been
identified as an important process to probe the gluon content
of nucleons. Although the exclusive photoproduction of J/y
on a proton, represented in Fig. 1, has already been measured
in experiments at Cornell [1], SLAC [2], HERA [3-5], and
at the LHC in ultraperipheral collisions [6-8], such a mea-
surement near the production threshold only became possible
with the 12-GeV upgrade of the CEBAF accelerator [9] at
the Thomas Jefferson National Accelerator Facility (JLab).
The first two of the four recent measurements at JLab were
performed by the GlueX Collaboration [10,11] with a tagged-
photon beam incident on a liquid-hydrogen target. Both the
total cross section as a function of the energy of the incoming
real photon and the differential cross section as a function
of the squared momentum transfer ¢, were extracted. An

interpretation of these data in terms of the J/y-proton scat-
tering length was subsequently provided in Ref. [12]. The
third measurement was carried out by the E12-16-007 exper-
iment in Hall C (known as the J/¢-007 experiment) using
an untagged photon beam scattering off a proton target. This
experiment reported the differential cross section as a function
of ¢ for the electron-positron final state in Ref. [13]. The
J/¥r-007 experiment also provided an interpretation of their
results in terms of gluon gravitational form factors (GFFs)
of the proton [14-19]. Recently, the J/y-007 Collaboration
reported new measurements of the total and differential cross
sections for the dimuon final state in a preprint [20].

Various theoretical models have been developed to relate
the differential cross section for near-threshold J/¢ photo-
production to the gluon content of the proton by describing
the reaction in terms of gluon exchange between the proton
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FIG. 1. Diagram of exclusive J/y photoproduction off a proton,
with the J/¢ decaying into an electron-positron pair. The orange
ellipse represents the colorless gluons exchange in the 7 channel,
as assumed in several models describing the process near threshold
[21-25].

and the J/v. Recent theoretical developments [21-25] have
suggested that the gluon GFFs of the proton can be accessed
via the measurement of the ¢ dependence of the cross section.
Defined through matrix elements of the nucleon energy-
momentum tensor, four gluon GFFs, A,(t), By(t), C,(t), and
C, (1), encode fundamental properties of the nucleon such as
its mass and angular momentum distributions, as well as the
internal distributions of pressure and shear forces. Lattice
quantum chromodynamics (QCD) calculations have also re-
cently provided reliable estimates for the gluon GFFs [26-28].

Models of J/¢¥ photoproduction based on holographic-
QCD have been developed in Refs. [24,29-31]. Several
approaches based on the generalized parton distribution
(GPD) formalism have been developed to describe the ex-
clusive production of J/v in the diffractive regime at large
energies [32-35]. GPD models at leading order, where GFFs
arise as moments of the gluon GPDs of the proton, have
also been proposed to describe the process near threshold in
Refs. [22,25]. More recently, a GPD model has been com-
puted at next-to-leading order [36], further strengthening the
validity of such models at energies near the J/i¢ produc-
tion threshold. Finally, a model solely based on Pomeron
exchange, and thus unrelated to the gluon dynamics in the pro-
ton, has been proposed in Ref. [37] to describe the exclusive
photoproduction of vector mesons, including J/v, from their
production thresholds to large incoming photon energies.

The interpretation of the differential cross section in terms
of gluon GFFs is valid only if the process is indeed dominated
by two-gluon exchange. A significant contribution of other
reaction mechanisms could prohibit such an interpretation.
In particular, the impact of open-charm intermediate states
[38,39] and possible pentaquark contributions [40—44] needs
to be understood to properly describe the J/v photoproduc-
tion process near threshold. Open-charm box diagrams can
generate cusplike structures in the cross section near the A.D
and A D" thresholds. Such effects may be compatible with
features observed in the GlueX total cross-section data at
photon energies around 9 GeV [11,38].

In this context, new experimental input on near-threshold
J/¢ photoproduction is essential to clarify the role of the

various reaction mechanisms that may contribute in this en-
ergy regime. In this work, we present measurements of the
total and differential cross sections for J/v photoproduction
near threshold obtained with the CLAS12 detector at JLab.
The kinematic coverage of CLAS12 enables a simultaneous
investigation of the energy and ¢ dependencies of the reaction,
providing complementary information to existing measure-
ments from the GlueX and J/v-007 Collaborations.

In Sec. II, the CLAS12 experiment is described, and the
characteristics of the subsystems relevant to these measure-
ments are detailed. Section III outlines the various steps of the
analysis, including particle-identification algorithms, Monte
Carlo simulations, and the estimation of the incoherent back-
ground using a reweighting method based on boosted decision
trees applied to mixed-event samples. The extraction of the
cross sections is discussed in Sec. IV, while systematic un-
certainties are addressed in Sec. V. The final results and their
interpretation are presented in Sec. VI. Finally, all data points
obtained in this analysis are provided in Appendix B and are
also available in the CLAS Physics Database [45].

II. THE CLAS12 DETECTOR

The data analyzed in this work were collected with the
CLASI12 detector [46], located in Experimental Hall B at
JLab. CLASI12 is a large-acceptance spectrometer constructed
as part of the 12-GeV upgrade of the CEBAF accelerator. Its
design provides broad kinematic coverage, making it partic-
ularly well suited for measurements of exclusive reactions.
The acceptance of CLAS12 is divided into two main regions.
The central detector (CD) surrounds the target within a 5-T
superconducting solenoid magnet and provides polar-angle
coverage from 35° to 125°. The forward detector (FD) is built
around a six-coil superconducting torus magnet [47] and cov-
ers polar angles from 5° to 35°. The continuous electron beam
delivered by the CEBAF accelerator was incident on a 5-cm-
long liquid-hydrogen target positioned at the center of the CD.

Only the FD was used in this analysis. In this region,
charged-particle tracks were reconstructed by the drift cham-
ber (DC) system [48], which provided a relative momentum
resolution better than 1% for the datasets considered. Electron
identification in the FD was achieved using the high threshold
Cherenkov counter (HTCC) [49], which separated leptons
from charged pions for momenta below 4.9 GeV, in combi-
nation with the forward electromagnetic calorimeter (ECAL)
[50]. The ECAL is segmented longitudinally into three layers:
the pre-shower calorimeter (PCAL), the inner electromagnetic
calorimeter, and the outer electromagnetic calorimeter. The
forward time-of-flight system [51] provides charged-particle
timing in the FD and was used to identify protons through
measurements of their velocity.

The datasets used in this analysis were collected during the
fall 2018 and spring 2019 running periods, also referred as
Run Group A. The experimental setup was identical for both
runs, with the exception of the electron beam energy, which
was 10.6 GeV for fall 2018 and 10.2 GeV for spring 2019.
In addition, the fall 2018 data were acquired with two distinct
torus magnet configurations. The spring 2019 run and the first
part of the fall 2018 run were taken with the torus magnet set
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to the inbending configuration at its nominal maximum field
strength, corresponding to an integrated magnetic field f Bd¢
ranging from approximately 2.8 Tm at 5° to 0.54 Tm at 40°.
In this configuration, negatively charged particles were bent
toward the beamline. The second part of the fall 2018 dataset
was collected with the opposite torus polarity, referred to as
the outbending configuration.

The electron trigger used during data collection required
predefined DC track candidates matched to a cluster in the
HTCC with a threshold exceeding two photoelectrons, a min-
imum deposited energy of 300 MeV in ECAL, and a minimum
energy deposition in multiple ECAL layers within a given
sector. This trigger configuration provided an efficiency ex-
ceeding 99% [52]. During these run periods, the CLAS12
detector and its data acquisition system [53] operated at lu-
minosities of the order of 10’ cm™2s~!. The beam current
delivered by the CEBAF accelerator ranged from 40 to 55 nA,
resulting in typical trigger rates of approximately 15 kHz and
data acquisition rates of about 500 MB/s of raw data, with an
overall livetime exceeding 90%.

III. ANALYSIS PROCEDURE

This analysis measured the cross section of J/y photopro-
duction and, since CLAS12 does not operate with a dedicated
photon beam, the reaction was identified in the photopro-
duction regime where the beam electron emits a nearly real
photon that interacts with the target proton producing a J/v as

ep— (€)yp— (/Y p — Xetep. ey

Most of the time, the scattered electron was only slightly
deflected at very small angles and therefore fell outside the
CLASI12 acceptance. Nevertheless, its four-vector, py, could
be fully reconstructed from the four-vectors of all detected
final-state particles (p+, p.-, and pp), and of the incoming
beam electron and target proton (p;, and p)), as

Px = Db+ Pp — Pet — Pe- — Dp'- ()

Hence, the measurement of exclusive J/1 photoproduction
with CLAS12 required the identification of the recoil proton
and the two leptons originating from the J/¢ decay. The
following sections describe in detail the procedures used to
identify and reconstruct this final state.

A. Particle identification

An initial particle identification was provided by the
CLAS12 event builder [54], which combines information
from various subsystems. Electrons and positrons were iden-
tified by matching a reconstructed track in the DC with a
cluster in the ECAL and a signal in the HTCC correspond-
ing to at least two photoelectrons. Candidate lepton clusters
were required to have an energy deposition in the PCAL that
exceeded 60 MeV and a sampling fraction, defined as the ratio
of the total energy deposited in the calorimeter to the recon-
structed particle momentum, within five standard deviations
of the expected value for electrons. To ensure reliable energy
reconstruction, clusters located near the edges of the ECAL
were excluded, as were regions of the calorimeter known to

have reduced efficiency during data collection. These fiducial
cuts were applied consistently to both the experimental data
and the Monte Carlo (MC) simulations throughout the analy-
sis to ensure consistent lepton reconstruction efficiencies. The
two decay leptons were also required to originate from the
same beam bunch. This was enforced by requiring their re-
constructed times to differ by less than 4 ns, corresponding to
the time interval between consecutive CEBAF beam bunches.

Protons were identified by reconstructing the speed of
positively charged tracks using time-of-flight and path-length
measurements and comparing it with the expected speed cal-
culated from the track momentum under the proton mass
hypothesis. Finally, the momenta of the protons were cor-
rected for energy loss in the detector materials using MC
simulations. Lepton momentum corrections were obtained us-
ing a data-driven approach based on radiative elastic events
and were applied independently for each polarity configura-
tion of the torus magnet.

B. Boosted decision tree-based lepton identification

A large contamination of positively and negatively
charged pions was observed in the positron and electron
samples at momenta above approximately 4.9 GeV. Above
this momentum threshold, the HTCC lacked reliable
discrimination power between leptons and charged pions,
and only the ECAL could be used to distinguish them
[49]. To complement the sampling fraction-based method
used in the CLAS12 event builder, a boosted decision tree
(BDT) algorithm was developed. This algorithm, largely
based on the one used in the published CLAS12 timelike
compton scattering analysis [55], used the reconstructed
electromagnetic shower parameters measured by the ECAL
to distinguish between leptons and charged pions.

The algorithm, implemented with the TMVA package
[56,57], was trained on single-particle MC events. Signal
events were defined as correctly identified positrons and
electrons, while background events were defined as charged
pions that were misidentified as leptons. Several sets of
input variables were tested. For the present analysis, nine
input variables were provided to the BDT: the polar and
azimuthal angles, the momentum in the laboratory frame,
the sampling fraction, and the logarithmic energy-weighted
radius of the reconstructed energy deposition in each of the
three calorimeter layers. Six different BDTs were trained:
one for electrons and one for positrons, for each run period,
accounting for changes in the torus magnet configuration.
Cuts on BDT classifiers were optimized to suppress pion
contamination in the electron and positron samples by
approximately an order of magnitude, while maintaining a
lepton detection efficiency above 95%.

Since the BDT classifiers were trained on MC samples,
additional validation was performed on real data. Specific
reactions were used to provide pure samples of signal and
background events. For the signal, we used radiative events
where electrons or positrons emitted a bremsstrahlung photon
while traversing the target and detector material, and that was
detected in the ECAL,

ep —> e~ PyXx. 3)
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FIG. 2. Electron-photon angular correlation for radiative events
(top) and missing mass spectrum of misidentified positron events
(bottom). The green spectra were obtained without any additional
BDT-based lepton identification. The orange spectra were obtained
after the selection cut was applied on the output of the BDT-based
lepton identification algorithm.

These events were identified in the analysis of the polar-
angle difference between the lepton and the photon, since
they should be equal, as photons are emitted in the direction
of the lepton. For the background, we used exclusive m+
electroproduction events in which the pion was identified as
a positron,

ep — et (n), %)

where the subscript indicates that the positron candidate was
assumed to be a 7. These events were selected by examining
the missing mass of the ¢’e™ system, calculated by assigning
the pion mass hypothesis to the positron candidate.

The top panel of Fig. 2 shows the difference in polar angle
(A0) between the electron and the photon for radiative events,
exhibiting a clear peak at zero. The bottom panel shows the
missing mass distribution for the ¢’e™ final state, with the 7+
mass assigned to the positron. A distinct peak is visible at the
neutron mass, indicating exclusive 7+ production where the
pion was identified as a positron. Both distributions are shown
with standard particle identification cuts (green) and with

1072

-04 -03 -02 -01 O 01 02 03 04

M2 [GeV?]

FIG. 3. Reconstructed incoming photon virtuality Q? as a func-
tion of the squared missing mass M3 for selected photoproduction
events in the fall 2018 inbending dataset.

BDT-based selections applied to the electron and positron
candidates (orange). The lepton identification efficiency was
extracted from the number of events in the Gaussian peak at
AB = 0°, before and after the BDT cuts. The background re-
jection was obtained by fitting the neutron peak in the missing
mass distribution, before and after the BDT cuts.

The signal efficiency and background rejection of this lep-
ton identification algorithm differed a priori between MC
and real data. To account quantitatively for this discrepancy,
especially in the calculation of the efficiency-correction factor
in Sec. IVE, the signal efficiency ratio was calculated as a
function of the cut applied to the BDT outputs. At the standard
output threshold value, the efficiency ratio between MC and
data deviates by 5% for both electrons and positrons.

C. Event selection and kinematic reconstruction

An initial event sample was defined by selecting events
with exactly one proton, exactly one positron, and exactly
one electron, all reconstructed in the FD, with both leptons
required to have momenta greater than 1.7 GeV. Photopro-
duction events, in which the incoming beam electron emits
a photon that subsequently interacts with a target proton,
were then isolated using exclusivity cuts. Two exclusivity
variables were considered: the squared missing mass of the
undetected system M3 and the estimated virtuality of the
incoming photon Q?, calculated under the assumption of a
single undetected massless scattered electron. These quanti-
ties were reconstructed as

Mg = py. 5)
and
Q% = 2E,Ex (1 — cosby), ©6)

where py is defined in Eq. (2), Ex is the energy, and 0y is the
polar angle calculated for the undetected scattered electron in
the laboratory frame.

For this analysis, the exclusivity variables were restricted
to 0% < 0.5 GeV?* and |[M2| < 0.4 GeV?. Figure 3 shows Q?
as a function of M3 for the fall 2018 inbending dataset after
all particle identification and exclusivity cuts were applied. A

065203-5



P. CHATAGNON et al.

PHYSICAL REVIEW C 113, 065203 (2026)

clear enhancement is observed in the region where both Q?
and M)Z( are small, corresponding to photoproduction events.

The initial photon energy E, and the squared momentum
transfer ¢ were then computed as

E, = E, — Ex, (N
and

t=(pp—pp). 8)

D. Monte Carlo simulations

The cross-section measurements presented in this article
rely extensively on MC simulations to understand the reaction
phase space and to correct for the geometrical acceptance of
CLAS12 and the intrinsic efficiencies of its subsystems. The
CLAS12 experiment is fully implemented within the dedi-
cated GEMC software [58], a simulation framework based
on Geant4 [59]. After simulating the passage of particles
through the detector, GEMC produces digitized hit informa-
tion in the active volumes using the same data format as
that recorded during data taking. To account for detection
inefficiencies arising from beam-related background in the
various CLASI12 detector subsystems [60], a background-
merging procedure was applied to the GEMC output. Real
events collected with a random trigger during data tak-
ing were merged event by event with the simulated data
at the digitization level. Further corrections to ensure opti-
mal agreement between data and simulation are described
in Sec. IVE. Finally, simulated events with merged back-
ground were reconstructed with the same reconstruction
software chain as for real data and analyzed with the same
procedure.

To generate the J/ signal and the underlying nonresonant
lepton-pair production continuum, known as the Bethe-Heitler
(BH) process, three generators were employed. The GRAPE
generator [61] was used to generate the virtual photon con-
tribution of the BH continuum. The TCSGen generator [62],
developed at JLab and extensively used in Ref. [55], pro-
vided the real-photon contribution of the BH continuum. The
J/y signal was produced with a dedicated generator, JPsiGen
[63]. Radiative effects were included using the formalism of
Ref. [64] for the BH continuum and Ref. [65] for the J/y
production.

Twenty-four different MC samples were produced to ac-
count for each experimental configuration and beam current.
Additional samples without radiative effects were produced to
evaluate the radiative corrections detailed in Sec. IV F.

E. Mixed-event background

In addition to the BH continuum and J/v peak, the final
state of interest can be reconstructed when a misidentified
positron, which was not removed by the BDT-based lepton
identification or a real positron from a photon conversion, was
detected in coincidence with an electron and a proton. The
reconstructed photon virtuality Q° for these events does not
peak at zero, and the MC samples described previously do not
contain these events. To model this incoherent background,
an event-mixing approach was used. An initial mixed-event

sample was built by combining an electron, a positron, and a
proton from three different events and then reweighted follow-
ing Ref. [66] to better reproduce the observed data spectra.

Two samples were used for the reweighting procedure:
the source sample, consisting of the mixed events, and the
target sample, composed of real-data photoproduction events
within the training region, defined as [M2| < 0.4 GeV? and
0.5 GeV? < 0% < 1.5 GeV? to prevent any possible bias in
the phase space of interest. The reweighting procedure con-
sisted of training a BDT to discriminate between these
two samples, and using the output to assign weights to
the events in the source sample. After the procedure, the
probability distribution functions of the source and target
samples were equal. Because this method matched only
the shape of these distributions, the reweighted mixed-event
sample must subsequently be scaled by an overall normal-
ization factor to reproduce the event yield in the training
region.

Nine variables were used as inputs to the BDT: the
invariant mass of the lepton pair, the squared missing
mass, the photon energy, and the momenta and polar
angles of the three final-state particles. Because Q* was used
to define the signal and training region, it was not used as
a training variable. Nevertheless, it was verified that the Q°
spectra in the training region were exactly the same after
the reweighting procedure was applied. Finally, the validation
region was defined as 1.5 GeV? < 0* <2 GeV?, where the
incoherent background was expected to largely dominate. In
this region, the reweighted background spectra agree with the
real data within 10%.

For each dataset, a mixed-event sample was produced
and reweighted following this procedure. Figure 4 shows
the invariant-mass and photon-energy spectra of the fall
2018 inbending dataset and the associated MC samples for
the BH continuum and J/¢ peak. The mixed-event back-
ground is also shown. All data spectra, for each dataset,
are well reproduced by the various contributions consid-
ered in the analysis. This is especially important for the
computation of the efficiency-correction factor described in
Sec. IVE.

IV. CROSS-SECTION MEASUREMENT

This section summarizes the steps involved in both the
measurements of the total and differential cross sections of
the near-threshold photoproduction of J/v. For each photon-
energy bin i, the total cross section is expressed as

NIV 1

Det ~Rad Y ’
€% w, F/TB,

€))

g; =

where Nl.J/ ¥ is the number of J /Y measured from data, €P°
is the acceptance-correction factor estimated from MC, e}
is the radiative-correction factor extracted from MC, w, is
an efficiency-correction factor, F, is the accumulated-charge
weighted photon flux, 7 is the target-thickness factor, and
B, =0.0597 is the branching ratio of the J/y — ete™

decay [67].
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FIG. 4. Invariant mass of the electron-positron pair (top) and
photon energy (bottom) for the selected photoproduction events in
the fall 2018 inbending dataset. Data points are the black circles.
The MC contributions to the J/v signal, the BH continuum, and the
mixed-event background are represented using stacked histograms.
The total number of events in data and for each MC contribution is
indicated in parentheses in the caption of each figure. The bottom
panel of each plot shows the ratio of the data to the summed MC
contributions.

The formula for the differential cross section in a given
E, -t bin j is

do| N1 10
di |, eXiefade, FITB, VAt

where V; is the bin-volume correction and At; = t}“a" — t}ni“
is the width of the —¢ bin. The determination of each quantity
entering Egs. (9) and (10) is described below.

A. J/ ¢ yield

To extract the raw J/¢ yield Nl%.‘/’, the electron-positron
invariant mass spectrum, obtained from the combination of
the three datasets used in this work, was fitted in the region
of the J/y peak with a Gaussian signal combined with an
exponentially decaying background. Examples of such fits are
shown in Fig. 5 for three representative photon-energy bins
used in this analysis. In total, 779.9 4+ 40.4 J /4 were used for
these cross-section measurements.

506" Ey in[9.7 , 9.95] GeV * Data(517.0)

—— Total fit (x2/ndf: 1.3)

IS
T

1 Jy (154.5 + 16.4)

[\
[$)]
+

N
o

Yield [Events / 20 MeV]
W
o

15E-

10 .

55 Frooeas
g 2; 1 | i
S E_M S - —_
E Oy Wy W

o

27 28 29 8 31 32 33 34_ 35

Mee [GeV]

= 60 Ey in[9.95,10.2] GeV * Data (591.0)
= F PR ; .
= 508 + Total fit (y2/ndf: 1.2)
2 495 Jhy (173.2+ 17.5)
2 R
g 30?
m,
o 20
@ °F
Ty A
03_ 722_-_{_—.-—__—.l1_‘_.7-—_-

2.7 2.8 2.9 3 3.1 3.2 3.3 3.4 3.5

M [GeV]

= 30 Ey in[10.2, 10.4] GeV * Data(351.0)
s o5f — . )
= 251 Total fit (y%/ndf: 1.2)
5 20 N JIy (105.6 + 13.7)
C
S 15
w c
o 10F +
2 F
> E . |

55— ++ P N +
% 2;““\\\\‘\\Ab'
T O;__l_l_-h_-__‘-.-_-__pll___ -

—2F

N
~
N
o
N
©
W)
w
N
)
o
)
W)

34 35
Mee [GeV]

FIG. 5. Invariant mass spectra of the electron-positron pair for
selected photoproduction events in the J/y mass region, combining
all three datasets, and for three photon-energy bins. The J/¢ yields
were extracted by fitting the J/v peak with a Gaussian signal and
an exponentially decaying background, providing reasonable x?/ndf
(where ndf denotes the number of degrees of freedom of the fit). The
total number of events and the J/v yield is given in parentheses in
the caption of each figure. The bottom panel of each plot shows the
pulls, defined as the difference between the measured and fitted yield,
normalized by the statistical uncertainty of each data point.

B. Photon flux

For the selected photoproduction events, the incoming
beam electron emits a high-energy photon that subsequently
interacts with the target proton. These initial photons originate
from two distinct mechanisms: real photons emitted by the
bremsstrahlung interaction of the beam with the material of
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the target and low-virtuality photons. The real-photon flux is
fully described by the properties of the target material [67]

and can be written as
[ 4 4
E)): - —— 2, 11

f( )edl 2X0E <3 3x+x> ( )

where [ = 5 cm is the length of the CLAS12 liquid-hydrogen
target cell, Xj is the radiation length of liquid hydrogen, and
x = E, /Ep, where E}, is the energy of the incoming electron
beam. The factor of 1/2 accounts for the fact that real photons
are emitted over the entire length of the target cell.

The virtual-photon flux can be expressed in the equivalent
photon approximation [68] as

o _x2 Qrznax
S (Ey Wvirwal = — [ l—x+= mg —qa —x)],
(12)
where « is the fine structure constant and Q2 = m2x*/(1 —

x). The Q2 parameter denotes the maximum p0551ble photon
virtuality and is fixed by the experimental kinematics. For this
analysis, a sample of BH events simulated with the GRAPE
generator was used to determine its value. Applying all anal-
ysis cuts, except the Q% upper bound, Q2 was determined as
the value of the generated photon virtuality below which there
are the same number of events as when reconstructed using all
analysis cuts, including that on Q. Following this procedure,
the limit was set at 02 = 0.1 GeV?.

Initial-state radiation (ISR), where the incoming beam
electron radiates energy before emitting a high-energy photon
effectively reducing the incoming photon flux, was also taken
into account through a correction factor. In the case of the
virtual-photon flux, the correction was determined using the
GRAPE generator by comparing the photon-energy spectra
with and without the effect of ISR. It was found to be constant
throughout the range of photon energy and equal to 0.83. For
the real-photon case, the correction factor was estimated to be
0.94 following the prescription in Refs. [69] and [70], and was
therefore ignored as the real-photon flux only accounts for less
than a third of the total photon flux.

Finally, the current-weighted integrated flux was calculated
for each photon-energy bin as

Emax

l/J ZC/ v

mm
1//

dE (OlISRvairtual + frcéal)’ (13)

where the sum runs over all run configurations ¢, C, is the
accumulated electron-beam charge for the dataset c, the inte-
gral covers the photon-energy range of the bin, and ¢ is the
ISR-correction factor for the virtual photon flux.

C. Target-thickness factor

For fixed-target experiments such as CLAS12, the inte-
grated luminosity depends on the total beam charge incident
on the target, included in the photon flux in this analysis, and
on the characteristics of the target. The target-thickness factor
T is defined as

- eM;

, (14)

where [ is the length of the CLAS12 target cell, p is the
density of liquid dihydrogen, N, is the Avogadro constant,
e is the elementary charge, and M, is the molar mass of
dihydrogen. The factor of 2 accounts for the two protons in
each H, molecule.

D. Acceptance-correction factor

Despite the angular coverage of CLAS12, exclusive reac-
tions such as J/v photoproduction have a limited geometrical
acceptance, as all final-state particles must be detected to
select the event. Furthermore, the intrinsic efficiencies of the
individual subsystems and of the reconstruction process must
be taken into account when computing the cross section. To
correct for all of these effects, an acceptance-correction factor
was extracted from simulation data. For each bin, all J/¢ MC
samples were used to randomly draw a number of events equal
to § times the number of J/y reconstructed in data in that bin.
To model the background under the J/vy peak, background
events were generated according to the background fit func-
tion obtained during the J/v yield extraction on real data,
with the number of random background events set to match
the integral of the fitted real-data background in that bin.
These background events were then combined with the ran-
domly selected MC J/v events, and the resulting dataset was
fitted with the same functional form applied to the real data.
For each new random draw and fit, the acceptance-correction
factor was then calculated in each bin i or j using the yield
obtained by the MC fit Nfit., the number of generated events
after radiative effects were applied NGENJ“RAD the scaling
factor 8, the number of fitted events in data N5t | and the total

Data>
number of reconstructed J/y MC events Ny; REC

Fit REC
€/ = NMC i/j N i/j (15)
ilj = NGEN-+RAD § NFit | :
MC i/j Datalj/j

An acceptance-correction factor averaged over a thousand
pseudoexperiments was then used in the cross section ex-
traction. Various values of § were tested, with no significant
impact on the determination of this correction factor, and the
value § = 4 was adopted for this analysis.

In addition, the impact of the induced polarization of the
J/ on this correction was studied. The cross-section model
implemented in the J/¢» MC samples was reweighted accord-
ing to

W (cosfgy) = 1 + A cos>(0gy), (16)

where 6Og; is the Gottfried-Jackson polar angle [71] of
the decay electron. The parameter Ay quantifies the angu-
lar anisotropy of the J/iy decay and is directly related to
the spin-density matrix element ,080 (see Refs. [72-74]),
which represents the fraction of longitudinally polarized J/y
mesons. The impact of varying Ay is detailed in Sec. V.

Typical acceptance values for J/v photoproduction events
in CLAS12 range from 2% near threshold, up to 10% at
photon energies close to 10 GeV.
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E. Efficiency-correction factor

An efficiency-correction factor, w., was calculated to ac-
count for residual discrepancies between the real data and
simulated efficiencies after applying the background-merging
procedure described in Sec. III D. This factor was determined
using two independent methods. The first method exploited
the BH continuum in the invariant-mass range 2.4 GeV <
M,, < 2.9 GeV, relying on the description of the real-data
spectrum provided by the MC and mixed-event samples, as
detailed in Secs. IIID and IIIE. The real-data BH yield
was obtained by subtracting the incoherent background from
the total number of events in this invariant-mass range. The
efficiency-correction factor w, was then calculated as the ratio
of the BH yield in data to the corresponding yield predicted by
MC simulations.

A second determination of w. was based on the intrinsic
detection efficiencies of each final-state particle. BH MC sam-
ples were used to compute the single-particle efficiency for
electrons, positrons, and protons, for each value of the beam
current used during data collection. In real data, the tracking
efficiencies for electrons and positrons in the FD were as-
sumed to be equal to those for charged hadrons, whereas the
efficiencies of the ECAL and the HTCC were evaluated using
radiative events. The difference in efficiencies of the BDT-
based lepton-identification algorithm between simulation and
real data was also taken into account. Finally, the ratio of real
data to simulation combined efficiencies was computed for
each beam current, and a weighted average, accounting for
the accumulated charge in each run period, was taken as the
second estimate of the efficiency-correction factor.

Averaging the factors obtained from both methods yielded
a final correction of w. = 0.77 & 0.08.

F. Radiative corrections

A radiative-correction factor was applied to account for
the shift in reconstructed kinematics that occurs when one
of the leptons loses energy through radiative processes. This
correction was evaluated as the ratio of events generated in

a given bin i or j with radiative effects NI\GAEN“LRADW j and
without radiative effects N |i/; as
GEN+RAD
Rad __ NMC i/j (17)
ilj —  NGEN :
MC i/

The correction is larger than one at small photon energies
and gradually falls below unity as the energy of the incoming
photon increases. This reflects the fact that the reconstructed
photon energy, estimated as the sum of energies of final-state
particles minus the mass of the target proton, is smaller than
the actual energy as a consequence of radiative energy losses.

G. Bin-volume correction

The differential cross section was extracted in three bins of
incident photon energy. To account for the finite bin size and
the fact that certain values of ¢ are kinematically forbidden at
a given photon energy, a bin-volume correction factor, V;, was
applied. It is defined as the fraction of the bin that lies within

TABLE I. Average systematic uncertainties over all photon en-
ergy bins. The dominant contributions come from the selection of
the fit function, the treatment of SDMEs in the calculation of the
acceptance factor, and the evaluation of the efficiency-correction
factor.

Average bin-by-bin systematics [%]

Photon virtuality 6.53
Missing mass squared 2.16
Fit function 13.36
Lepton identification 4.54
Proton identification 4.88
Spin density matrix elements 8.66
Radiative corrections 5.40
Scale systematics [%]

Virtual photon flux calculation 4.00
Efficiency-correction factor 10.39
Accumulated charge 1.20

the kinematically allowed phase space and ensures that the
extracted cross section is properly normalized to the portion
of the bin that is physically accessible.

V. SYSTEMATIC UNCERTAINTIES

A complete study of the systematic uncertainties on the
cross-section computations was performed to assess the im-
pact of the various selection criteria and corrections applied
in this analysis. For each identified source of systematics,
several variations of the complete analysis were performed.
For each bin, the standard deviation of the variation in the
extracted cross section was assigned as the systematic uncer-
tainty for a given source. All contributions greater than 1%
were then added in quadrature. During this procedure, the
average kinematic point in each bin was also recalculated. In
all cases, the mean kinematics for a given bin did not vary
significantly, and hence the associated systematic uncertainty
was neglected. In the following, the sources of systematic
uncertainty considered are presented and typical ranges are
provided. A complete breakdown of the systematic uncertain-
ties is available in the CLAS Physics Database [45]. The total
systematic uncertainties are provided for all data points in
Appendix B, and the systematic uncertainties averaged over
all photon-energy bins are given in Table I.

A. Bin-by-bin systematics
1. Photon virtuality

The impact of the cut applied to the reconstructed photon
virtuality of the initial photon Q® was tested by varying its
value from 0.5 to 0.2 and 0.8 GeV>. The efficiency correction
factor w. was recalculated accordingly. The associated aver-
age systematic uncertainty was evaluated to be 6.53%.
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2. Missing mass squared

The selection cut applied on the missing mass squared M3
was varied from 0.4 to 0.2 and 0.8 GeV>. The corresponding
average systematic uncertainty was determined to be 2.16%.

3. Fit function

Three different combinations of signal and background
functions were used to test their impact on the extraction of
the number of J/yr. The default fit used a Gaussian signal
and a decaying exponential for the background. Variations
included (i) a crystal-ball function [75] for the signal with a
decaying exponential background, and (ii) a Gaussian signal
with a second-order polynomial for the background. For the
crystal-ball signal, the parameters that described the left tail
were fixed using the J/y MC samples that included radiative
effects to account for the radiative tail. The average systematic
deviation associated with the choice of the fit function was
found to be 13.36%.

4. Lepton identification

The impact of the cut applied to the output of the
BDT-based lepton-identification algorithm was evaluated by
varying it around its nominal value. The associated average
systematic uncertainty was found to be below 5%.

5. Proton identification

The scattered proton was identified using the time-of-flight
method. To assess the impact of the proton identification
procedure, selection cuts at 2 and 3 standard deviations were
applied to the distribution of the difference between the ex-
pected and measured proton time-of-flight, in both real data
and MC. The corresponding average systematic uncertainty
in the measured cross section was found to be below 5%.

6. Spin density matrix elements

The J/¢ SDMEs have not been measured for exclusive
near-threshold photoproduction, hence the cross section was
extracted for three values of Ag; 0.0, 0.5, and 1.0. The
case Ag = 1, corresponding to p, =0, was used by the
GlueX Collaboration [11]. The case Ay = 0, corresponding to
,080 = 1/3, assumes an isotropic decay of the J/i in its rest
frame. Negative values of A4 (,080 > 1/3) were not considered,
as the photoproduction of longitudinally polarized vector
mesons requires helicity-flip amplitudes that are dynamically
suppressed (see, e.g., Ref. [76]). The resulting uncertainty
was close to 9% and symmetric around Ay = 0.5, the value
adopted in this analysis.

7. Radiative corrections

The radiative-correction factors were evaluated using the
prescription of Ref. [65] and using the PHOTOS package [77].
The difference between the two approaches reached 10% for
low-energy bins but was otherwise less than 5%.
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FIG. 6. Total cross sections for J/y photoproduction measured
with the CLAS12 experiment (orange squares). The results from
the GlueX experiment [11] are shown as blue diamonds, and the
single data point from Cornell [1] is shown as a red triangle. Vertical
error bars represent statistical uncertainties, while the boxes indicate
systematic uncertainties. For the GlueX measurement, the 19.5%
normalization uncertainty reported in Ref. [11] has been added in
quadrature to the quoted systematic uncertainties.

B. Scale systematics
1. Virtual photon flux calculation

The use of a maximum value of the photon virtuality in the
computation of the flux originated from the fact that JPsiGen
does not include the scattered electron kinematics. Hence, the
ratio of the total flux, where the virtuality is solely limited by
the mass of the produced J/, to the flux calculated with the
virtuality limit should match the ratio between the acceptance-
correction factor obtained using only JPsiGen or GRAPE, as
the former does not include the photon virtuality dependence,
while the latter does. This ratio was evaluated for all values
of the Q? cut. The largest discrepancy was found to be 4%,
which was assigned as the systematic uncertainty associated
with the calculation of the virtual-photon flux.

2. Efficiency-correction factor

The systematic uncertainty associated with the efficiency-
correction factor was set to 10.39%, corresponding to the
relative uncertainty of the efficiency-correction factor reported
in Sec. IV E.

3. Accumulated charge

A systematic uncertainty of 1.20% was assigned to the
determination of the accumulated charge. This estimation was
obtained from the inclusive cross-section measurement using
the same CLAS12 dataset in Ref. [78].

VI. RESULTS AND INTERPRETATION

The total cross sections for J/v photoproduction measured
with CLAS12 are shown in Fig. 6, compared with the Cornell
data point [1] and the GlueX measurement [11]. The dimuon
results of the J/v4-007 experiment [20] were submitted to
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FIG. 7. Total cross sections for J/y photoproduction measured
with the CLAS12 experiment (orange squares). Vertical error bars
represent statistical uncertainties, while the boxes indicate systematic
uncertainties. The GPD model prediction [25] is shown as a gray
band. The holographic-QCD model prediction [24] is displayed by
the black dashed line. The model developed by the JPAC Collabo-
ration in Ref. [39], including open-charm contributions and denoted
3C-NR, is shown as the hashed band. The model based on Pomeron
exchange proposed in Ref. [37], denoted P-dyn, is displayed by the
solid black line. The vertical dashed lines denote the mass thresholds
of the A.D and A.D" systems, respectively.

arXiv only after the CLAS12 analysis was concluded and
without a publicly available dataset, and therefore could not
be considered in the rest of this work. The scale of the
measurements from the GlueX Collaboration and from this
analysis agrees well, with comparable statistical and system-
atic uncertainties. In the vicinity of the A.D and A D" energy
thresholds, around photon energies of 9 GeV, the GlueX Col-
laboration reported a potential dip of the cross section. This
behavior has been discussed in models that include contri-
butions from open-charm box diagrams to the cross section
[38,39]. In contrast, the cross-section data measured in this
work exhibit a smooth dependence on the photon energy over
the entire range accessible by CLAS12, from threshold up to
10.6 GeV as shown in Fig. 4. Additionally, the resolution of
the reconstructed photon energy was evaluated using MC and
found to be at least three times smaller than the bin width used
in this analysis. Consequently, bin-migration effects were
negligible and did not significantly distort the measured en-
ergy dependency.

In Fig. 7, the CLASI12 results are compared with sev-
eral model predictions: the GPD model from Ref. [25], the
holographic-QCD model from Ref. [24], the model developed
by the JPAC Collaboration in Ref. [39], which includes open-
charm contributions, and the Pomeron-based model from
Ref. [37]. In all cases, the predictions are generally consistent
with the data within two standard deviations.

The differential cross-section measurement of CLAS12
covers a phase space similar to that in the GlueX [11] and
J/¥-007 [13] experiments. The mean values of —¢ and E,
corresponding to each data point from the three experiments
are presented in Fig. 8. Although the CLAS12 data do not

10
—— Limit of the phase space
—————— Constant & line £=08
o J/w-007 (2023) .
8 GlueX (2023)
CLAS12 (this work) £=0.7
6 _£=0.6
>
[}
)
T =0.5
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_£=0.4
P1e
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8.5 9.0 9.5 10.0 10.5 11.0
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FIG. 8. Phase-space diagram for the near-threshold J/y photo-
production, showing —¢ as a function of the photon energy E, . The
CLASI12 data points are displayed by orange squares. The GlueX
[11] and J/¢-007 [13] points are shown in blue diamonds and green
circles, respectively. The solid curve delimits the kinematically al-
lowed reaction phase space. The dashed lines represent the locations
of constant gluon momentum skewness in the GPD model, denoted
by &.

extend to large —¢ values due to the lack of lepton detection at
very small polar angles, it provides new data points for gluon
momentum skewness & above 0.4 where the applicability of
the GPD model is expected to be most reliable [25].

The differential cross-section measurements obtained in
this analysis are compared to those obtained by previous ex-
periments in Fig. 9 for several bins of photon energy, and a
good agreement is observed.

To relate the ¢ dependence of the cross section to the gluon
content of the proton, Refs. [23,79,80] suggested a dipole-type
parametrization of this dependence of the form

do _ do 1 18
dr — dr 24" (18)
o(1—1/m3)

Table II shows the parameters of the dipole fits to the
CLASI12 data. According to the prescription in Ref. [23], the

TABLE II. Results of the dipole fit of the CLAS12 differential
cross section for the three photon-energy bins. Reported uncertainties
are statistical only.

Energy bin % lo mg (ra)

[GeV] [nb/GeV?] [GeV] [fm] x2/ndf
[8.20,9.28] 2044147 1284022 053+£0.09 0.64
[9.28,10.00] 2.24+0.64 13940.11 049+0.04 1.10
[10.00,10.60] 4.25+0.67 1.3040.06 0.53+£0.02 021
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FIG. 9. Differential cross sections for J/v photoproduction as a function of —¢ for several photon energies. The CLAS12 data points are
represented as orange squares and compared with those from the GlueX experiment [11] (blue diamonds) and from the J/4-007 experiment

[38] (green circles).

parameter my is related to the mass radius of the proton as

-2

Figure 10 shows the mass radii obtained from the differential
cross sections measured with CLAS12 data, compared to the
values extracted by the GlueX and J/v-007 experiments. The
mass radii obtained from the CLAS12 data are consistent with
previously reported results. Close to the production threshold,
where the dipole model is expected to be the most reliable,
only GlueX measurements were available prior to this work.
The present results confirm the GlueX extraction and indicate
a proton mass radius of the order of ~0.5 fm, smaller than the
proton charge radius.

Using the GPD [25] and holographic-QCD [24] models,
the GFFs Agz(¢) and C,(t) were extracted from the CLAS12
data. Following the approaches in Ref. [13], a tripole ansatz
was used, giving

19)

40 ¢y o GO 0,

(1-%) (1-%)

where my, Cg(0), and mc are free parameters. The value of
A,(0), which is related to the fraction of proton momentum
carried by the gluons, was fixed to 0.414 £ 0.008 based on the
CT18 global fit [82]. The GFF B,(t) was ignored, following
lattice-QCD indications [27,28]. The GFF C’g(t) was also not

Ag(r) =
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o4 J/w-007 (2023)
GlueX (2023)
11.0 4 CLAS12
e
10.5 g
a
2
— — <
<10.0 b
(3} o
& —o— —o— )
~ o (- _g
w 9.5 —0— —o— E
b——o—— | o
4]
I o o
9.0, +w— 2
(O]
<
E
8.5 o
O
1.0 15 20 25 0.4 0.6 0.8
ms [GeV]

VArZ) [fm]

FIG. 10. Slope parameter of the dipole model mg (left) and the
corresponding mass radius of the proton \/@ (right), as a function
of E,,. The CLAS12 results are shown as orange squares, previous re-
sults from the GlueX [11] and J/4-007 [13] experiments are shown
in blue diamonds and green circles, respectively. For comparison, the
CODATA-2018 [81] proton charge radius is indicated by the vertical
dashed line.
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TABLE III. Summary of the fitted GFF parameters obtained us-
ing only the CLAS12 data, and combining the GlueX, J/-007, and
CLASI12 datasets, for the GPD [25] and the holographic-QCD [24]
models. For all fits, the A,(0) parameter was fixed to the value within
brackets. When fitting to the CLAS12 data alone, the prior values of
mc are reported in parentheses. Statistical uncertainties of the fitted

0.5

GPD model

Holographic model
CLAS12

B )/yp-007

------ Combined fit

parameters are reported.

GPD model

Dataset CLASI12 Combined
x2/ndf 1.29 1.37
A,l0) [0.41440.008] [0.41440.008]
my [GeV] 2.1240.08 2.0840.06
C,(0) —1.36+0.52 —1.324+0.52
mc [GeV] (0.91£0.10) 0.8940.11 0.88+0.12

Holographic model
Dataset CLASI12 Combined
x2/ndf 0.62 1.05
A, (0) [0.4144-0.008] [0.41440.008]
my [GeV] 1.6440.05 1.7040.032
C,(0) —0.3840.11 —0.384+0.03
mc [GeV] (1.124+0.21) 1.1240.15 1.384+0.09

considered, as it remains poorly constrained by lattice QCD,
although its size could be large [83,84] since C(0) is related
to the trace anomaly of the QCD energy-momentum tensor.
For the GPD model, only data points with sufficiently large &,
the imbalance of the fraction of the longitudinal momentum
of the proton carried by the probed gluons, were included
in the fit (¢ > 0.4), as suggested in Ref. [25]. In total, four
fits were performed, two for each model, using the CLAS12
data alone or combining all existing data. When fitting only
the CLASI12 data, the m¢ parameter was allowed to vary,
and a Gaussian constraint was added to the fit residual. In
the case of the GPD model, the prior value of m¢c was set to
0.91 £0.10 GeV following the results reported in Ref. [25].
For the holographic-QCD model, m¢ = 1.12 £ 0.21 GeV was
used, as reported in Ref. [13]. The fitted parameters ob-
tained for the different models and datasets are summarized in
Table III, including the posterior value of m¢. The correlations
between the fitted parameters, which were accounted for in
the calculation of the uncertainties of the GFFs, are reported
in Table V in Appendix A.

The GFFs Ag(t) and C,(¢) extracted in this work are
shown in Fig. 11. For comparison, the GFFs extracted from
the J/¢-007 data are superimposed, using the holographic-
QCD extraction from Ref. [13] and the revised GPD analysis
reported in Ref. [85]. For both theoretical models, the
CLAS12-only and combined extractions of A, tend to favor
larger values of my compared to those reported by the J/y-
007 experiment. Although m¢ was constrained in the fits that
used only CLAS12 data, the obtained values of C,(0) are
consistent with those extracted by the J/v-007 Collaboration
[85]. The GPD model favors a higher absolute value of C,(0),
which translates into a higher pressure at the core of the proton
for a given value of mc. In the holographic-QCD model case,

0 1 2 3

4 0
—t [GeV?]

FIG. 11. A,(t) and C,(¢) gravitational form factors for the GPD
and holographic models. The fit using only CLAS12 data is shown
in orange, the results obtained by the J/¢-007 Collaboration in
Refs. [13,85] are shown in hashed green, and the combined fit
including the GlueX, J/¢-007, and CLAS12 data is shown with
two dashed lines representing the minimum and maximum of the
statistical uncertainties. Error bars include the correlations between
the fitted parameters reported in Table V in Appendix A.

the combined extraction of the C,(¢) form factor exhibits a
flatter ¢+ dependence, which is driven mainly by the large |¢|
data points of the GlueX experiment.

The transverse and shear pressure distributions produced
by the gluons in the proton can be inferred from the Fourier
transform of the Cy(¢) form factor following the prescription
in Refs. [17,18]. In the following, we instead present the mass
radius (r2), and the scalar radius (r?), of the proton defined
in Ref. [86]:

() = 6 L dA@m| 1 G0
Me T T AL0) dt |,y A0) m?
_ 181 G
=2 6Ag(0) ot (1)
() = 6L 94 I GO
Sl T A, 0) dr | _, Ag(0) m?
_ 18 1 Cy(0)
= 18Ag(0) o (22)

where m,, is the mass of the proton, and the second equalities
in each equation correspond to the case where a tripole ¢
dependence was used.

Figure 12 shows the proton mass and scalar radii extracted
in this analysis, together with previous extractions from the
J/¥r-007 data [13,85] and from Ref. [25]. Table IV summa-
rizes the values of the radii extracted in this work. For both
cross-section models, the radii obtained from the CLASI12
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FIG. 12. Extracted mass and scalar radii from the CLASI12
data only, and from the combined GlueX, J/v-007, and CLAS12
datasets. The radii extracted with the GPD model in Ref. [25] are
shown in the first line. The radii extracted from the J/v-007 dataset
in Ref. [85] for the GPD model and in Ref. [13] for the holographic-
QCD model are shown in the second line.

data alone are compatible with previous results but favor
slightly smaller radii due to the larger fitted values of my.
Including all available data into the fit resulted in values of
radii compatible with all previous extractions, with reduced
uncertainties for the case of the holographic model.

VII. CONCLUSIONS

In this article, data collected with the CLASI12 experi-
ment at the Thomas Jefferson National Accelerator Facility
have been analyzed to provide new and independent mea-
surements of the total and differential cross sections for J/
photoproduction near threshold. The total cross section was
found to be consistent with previous results from the GlueX
Collaboration. However, in the energy region in the vicinity
of the open-charm thresholds, the CLAS12 data exhibit a
smoother energy dependence, which may indicate a small
contribution from open-charm channels to the total cross
section. New differential cross-section data have also been
presented. These results are in good agreement with existing
measurements from the GlueX and J/¢-007 experiments and
provide additional constraints close to the production thresh-
old. An interpretation of these data in terms of the gluon
content of the proton has been provided. In particular, the

TABLE 1V. Extracted mass and scalar radii from the CLAS12
data only and using the combined GlueX, J/v-007, and CLAS12
datasets. Statistical uncertainties are reported.

gluon Gravitational Form Factors A,(7) and C,(t) of the proton
have been extracted using both GPD and holographic-QCD
approaches. This analysis provides important new data points,
but the statistical precision and ¢ coverage remain comparable
to those of previous measurements. Future high-luminosity
measurements at JLab with the SoLID experiment [87,88]
and the recently approved wCLAS12 setup [89] will provide
significantly larger samples of J/v photoproduction events
and substantially improve the precision of near-threshold J/y
production studies. Further ahead, the Electron-Ion Collider at
Brookhaven National Laboratory will allow measurements of
exclusive photoproduction of both J/v and T [90], providing
a unique understanding of the gluon structure of the proton.
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TABLE V. Correlations of the fitted GFF parameters entering in
the computation of the uncertainties of the extracted GFFs presented
in Sec. VL.

Model Dataset V(ry), [fm] V(r3), [fml Model Dataset p(my, C(0)) p(me, C(0))

GPD CLASI12 1.01 £0.17 1.66 + 0.31 GPD CLAS12 —0.88 0.92
Combined data 1.00 £0.17 1.64 £0.31 All data 0.82 0.99

Holographic CLASI12 0.71 £0.06 0.99 £0.11 Holographic CLAS12 —-0.91 0.73
Combined data 0.70 £ 0.02 0.99 £+ 0.03 All data 0.39 0.75
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TABLE VI. Values of the differential cross sections for J/y
photoproduction measured with the CLAS12 experiment in bins of
—t. The —t range, average —¢ value with its standard deviation,
and average photon energy with its standard deviation are given
for each bin. Each subtable corresponds to a photon-energy bin:
[8.2, 9.28] GeV, [9.28, 10.00] GeV, and [10.0, 10.6] GeV. The first
and second uncertainties correspond to the statistical and systematic
uncertainties, respectively.

—1 bin (—1) (E,) do /dt

[GeV?] [GeV?] [GeV] [nb/GeV?]
[0.77, 1.00] 0.904+0.06 8.95+026 0.473+0.316+0.225
[1.00, 1.50] 1.24+0.14 8.924+0.26 0.221 40.054 +0.044
[1.50, 2.00] 1.704+0.14 8.88+0.27 0.097 & 0.026 + 0.023
[2.00, 2.50] 2.2340.15 8.90+0.28 0.089 =+ 0.023 +0.019
[2.50, 4.50] 2.98+£0.43 8.92+0.25 0.030=+0.010 + 0.008
[0.50, 0.75] 0.6440.07 9.71+£0.18 0.506 & 0.201 £ 0.146
[0.75, 1.00] 0.87 £0.07 9.68+0.21 0.451 4 0.088 + 0.100
[1.00, 1.25] 1.124+0.07 9.67+0.20 0.457 £+ 0.070 + 0.073
[1.25, 1.50] 1.3740.07 9.66+0.20 0.305 & 0.057 £ 0.080
[1.50, 1.75] 1.60£0.07 9.67+0.21 0.175 4 0.043 £ 0.029
[1.75, 2.00] 1.874+0.08 9.68+0.19 0.189 =+ 0.045 + 0.055
[2.00, 2.50] 2.2240.15 9.65+021 0.105 & 0.026 + 0.022
[2.50, 3.00] 2.72+£0.14 9.64+0.22 0.098 & 0.025 + 0.024
[3.00, 6.00] 3.814+0.68 9.64+0.19 0.023 & 0.006 + 0.004
[0.50, 0.70] 0.60 £0.06 10.30+0.19 1.176 4 0.291 + 0.356
[0.70, 0.90] 0.804+0.06 10.2940.17 0.991 4 0.179 + 0.300
[0.90, 1.10] 1.004+0.06 10.29+0.19 0.609 & 0.143 £ 0.179
[1.10, 1.30] 1.19+£0.06 10.25+0.17 0.57540.137 £0.156
[1.30, 1.60] 1.434+0.08 10.27+0.18 0.354+0.078 +0.135
[1.60, 2.00] 1.784+0.10 10.2540.18 0.213 & 0.060 £ 0.037
[2.00, 3.00] 2.36+0.26 10.25+0.17 0.136 & 0.027 £+ 0.034

TABLE VII. Values of the total cross sections for J/v photopro-
duction measured with the CLAS12 experiment in bins of photon
energy. The energy range and average energy with its standard de-
viation are given for each bin. The first and second uncertainties
correspond to statistical and systematic uncertainties, respectively.

Energy bin [GeV] (E,) [GeV] o [nb]

[8.20, 8.65] 8.45+£0.13 0.107 £0.037 £ 0.031
[8.65, 8.90] 8.78 £ 0.07 0.146 £ 0.051 4+ 0.037
[8.90, 9.05] 8.97 £0.04 0.280 £ 0.076 4 0.080
[9.05, 9.20] 9.13+0.04 0.373 £0.081 + 0.070
[9.20, 9.50] 9.36 +0.09 0.456 £ 0.060 +0.110
[9.50, 9.70] 9.60 &+ 0.06 0.526 £0.078 = 0.116
[9.70, 10.00] 9.82 +0.07 0.783 £0.083 +0.153
[10.00, 10.20] 10.08 + 0.07 1.050 £0.106 +0.181
[10.20, 10.40] 10.29 + 0.06 1.233 £0.159 £ 0.312
[10.40, 10.60] 10.52 £ 0.06 1.220 £ 0.363 £+ 0.405

APPENDIX A: CORRELATIONS OF THE FITTED GFF
PARAMETERS

Table V summarizes the correlation values for the fitted
parameters of the GFFs, entering in the computation of the
uncertainties of the extracted GFFs presented in Sec. VI.

APPENDIX B: NUMERICAL RESULTS

The numerical values of the total cross section as a function
of the incoming photon energy are given in Table VII.

The numerical values of the differential cross section as a
function of the Mandelstam variable —¢ are given in Table V1.
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