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(Dated: June 24, 2024)

We report on the first measurement of J/ψ photoproduction from nuclei in the photon energy
region of 7 < Eγ < 10.8 GeV, extending above and below the threshold energy of Ethγ ∼ 8.2 GeV.
The experiment used a tagged photon beam incident on deuterium, helium, and carbon, and the
GlueX detector to measure the semi-inclusive A(γ, e+e−p) reaction with a dilepton invariant mass
M(e+e−) ∼ mJ/ψ = 3.1 GeV. The incoherent J/ψ photoproduction cross-sections in deuterium,
helium, and carbon is measured as a function of the incident photon energy, reconstructed missing
light-cone momentum fraction, and momentum transfer. Comparisons with theoretical predictions
suggest an excess of the measured cross-section for sub-threshold production and interactions with
high missing light-cone momentum fraction.

INTRODUCTION

Understanding the partonic structure of nuclei has
been an outstanding question in nuclear physics. Follow-
ing the discovery of the EMC effect [1–7], it is understood
that the partonic structure functions of bound nucleons
differ from those of free nucleons. In the decades since
this discovery, many high-precision measurements with
a large number of nuclei have furthered our knowledge,
with particular emphasis on the modification of valance
quark distributions in nuclei. Despite several models be-
ing able to explain world data, the underlying mechanism
driving this modification remains unknown [8–11].

Complementary data probing the gluon structure of
the nucleus can help further our understanding of parton
dynamics in nuclei. The photoproduction of J/ψ parti-
cles off nucleons is mediated primarily by the exchange
of gluons, and is therefore directly sensitive to the gluon
density inside nucleons. Recent experiments measured
the production of J/ψ particles from free protons in the
near-threshold energy region [12–14]. These studies have
provided the first experimental insights into gluon con-
tent of the proton at large momentum-fraction x.

Photoproduction of J/ψ from nuclear targets has the
potential to provide similar insights to the gluon content
of nuclei and bound nucleons. In particular, the “sub-
threshold” photoproduction of J/ψ, using photons with
energy below Ethγ ≈ 8.2 GeV, has long been sought after
as a signature of high-energy gluon configurations in the
nucleus [15–17]. More recently it has been understood
that high-energy gluons could largely result from high-
momentum nucleons in Short-Range Correlated (SRC)
pairs [18, 19]. Sub-threshold production of J/ψ has the
potential to be sensitive to a number of exotic effects
in nuclei, such as the modification of gluons in SRCs
or hidden-color components of the nucleus [20], and is
therefore a valuable measurement for our understanding
of nuclear structure in extreme conditions.

Few measurements of low-energy J/ψ photoproduction
from nuclei have been performed to date [21, 22]. Mea-
suring only the inclusive production of J/ψ, they cannot
provide direct knowledge of the incident photon energy.
A dedicated search for sub-threshold production of J/ψ
has also been made at energies far below threshold, there-

fore observing no J/ψ events [17].

In this Letter, we present the first measurement of J/ψ
production from nuclear targets in the near- and sub-
threshold region of 7 < Eγ < 10.8 GeV. These events are
identified by the detection of semi-inclusive A(γ, e+e−p),
following the leptonic decay J/ψ → e+e−. The detec-
tion of a knocked-out proton allows both an improved
reconstruction of the dilepton invariant mass and an in-
ference of the initial-state nucleon momentum, allowing
an examination of the nuclear effects present in the reac-
tion. We observe a small but significant number of J/ψ
events from photons with energy Eγ < 8.2 GeV, marking
the first such observation of sub-threshold J/ψ produc-
tion. We characterize these events and comment on the
implications of the measurement.

EXPERIMENT

The experiment ran in 2021 in Hall D of the Thomas
Jefferson National Accelerator Facility. A 10.8 GeV elec-
tron beam from the Continuous Electron Beam Acceler-
ator Facility [23] was used to create a tagged linearly-
polarized photon beam via coherent bremsstrahlung
from a diamond radiator. The energy Eγ of the
bremsstrahlung photons follows a spectrum proportional
to 1/Eγ , with a primary coherent enhancement at an
energy 7.6-8.6 GeV. The photon energy was determined
from the momentum of the scattered electron, which was
measured in the tagging Microscope and Hodoscope de-
tectors to an accuracy of about 0.1%. This photon beam
was collimated upon exiting the tagger hall, after which
it is incident on the target within the GlueX spectrom-
eter. The photon flux incident on the target was mon-
itored by the Pair Spectrometer (PS) [24], allowing for
a measurement of the energy-dependent luminosity. The
experiment used two 30-cm liquid targets, 2H and 4He,
with total tagged luminosity of 33 and 60 pb−1· nucleon
in the region Eγ > 7 GeV, respectively. A solid multi-
foil 12C target (8 equidistant foils with a total thickness
of 1.9 cm, extended over a 30-cm region) was also used,
with a total tagged luminosity of 94 pb−1· nucleon in the
region Eγ > 7 GeV.

The GlueX spectrometer [25] is a large-acceptance
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detector, composed of multiple subdetectors. Immedi-
ately surrounding the target is a scintillator-based start
counter (SC) [26], followed by a straw-tube central drift
chamber (CDC) [27], a lead and scintillating-fiber barrel
calorimeter (BCAL) [28], and a superconducting solenoid
magnet. Further downstream in the direction of the
beamline are a set of planar wire forward drift chambers
(FDC) [29], a time-of-flight scintillator detector (TOF),
and a lead-glass forward calorimeter (FCAL) [30]. Events
were recorded when either sufficient deposition of energy
in the calorimeters, or a lesser energy deposition paired
with a hit in the SC was measured.

We study the semi-inclusive reaction γA→ e+e−p(X),
where X denotes the undetected residual nuclear state.
The charged particles in this reaction were measured in
the drift chambers, with their tracks in the magnetic field
used to determine their momentum. Other sub-detectors
were used for particle-identification. Tracking resolu-
tion was improved utilizing a kinematic fit constraining
a common reaction vertex in the target for all measured
tracks.

The identification of electrons and rejection of pion
backgrounds was performed using two calorimetry
method following Ref. [12, 14]. First, selections were
applied on the momentum-energy ratio p/E, where the
charged particle momentum p was determined using the
charged track information from the drift chambers, and
the energy E was determined from the energy deposi-
tion in the calorimeters. Because electrons and positrons
deposit the majority of their energy in the calorimeters,
in contrast to heavier particles, this value is expected
to be close to 1. As in previous studies, this ratio was
constrained to −3σ < p/E − ⟨p/E⟩ < 2σ, where σ is
the resolution on p/E in each calorimeter, found to be
8% for the FCAL and 7% for the BCAL. These resolu-
tions differ somewhat from those previously measured in
GlueX, primarily due to their use of a hydrogen target
that allowed utilizing an exclusivity requirement in the
kinematic fit, resulting in further improved momentum
resolution. The second method of e/π separation used
the innermost layer of the BCAL as a preshower detec-
tor, requiring the energy Epre deposited in this layer by
a lepton candidate to satisfy Epre sin θ > 30 MeV, where
the sine of the charged particle angle θ accounts for the
path length of the particle in the BCAL layer. As elec-
trons and positrons deposit much more energy in this
layer than pions, this selection cut also rejects a large
fraction of the pion backgrounds. Identification of the
proton in the reaction was performed by the combina-
tion of the measured particle momentum from the drift
chambers and measurements of the particle time-of-flight
from the FCAL, BCAL, or TOF, as well as energy loss
in the drift chambers and SC.

Tagged beam photons were associated with an event
if they fell within 2 ns of the tagged beam bunch RF
time. To account for the substantial rate of accidental

photons in the tagger, off-time photons between 6 and
18 ns before or after the RF time of the event were taken
as a measurement of the photon pileup to be subtracted
from the data via event-mixing.
Additional cuts were applied on the events to improve

signal-to-background ratios. All charged particles were
required to have a momentum > 0.4 GeV/c, as well as
a polar angle > 2◦, in order to stay within the fiducial
region of the detector where the acceptance and response
are modeled well. The vertex of the event was required to
fall within the volume of the target. An “elasticity” re-
quirement was also placed on the events, requiring energy
balance within 1 GeV between the initial- and final-state
particles assuming scattering from a quasi-free proton.
Finally, events with extra tracks in the drift chambers or
showers in the calorimeters were removed.
The J/ψ yield was determined by examining the invari-

ant mass spectrum of the final-state dilepton. The poor
dilepton invariant mass reconstruction resolution sub-
stantially reduced our ability to isolate J/ψ signal over
background, resulting from residual π+π− pion misiden-
tification and Bethe-Heitler e+e− production. To im-
prove on this, we make the observation that, along with
the transverse momentum p⊥, the light-cone coordinate
“minus” component of momentum p− ≡ E − pz is well-
reconstructed for the high-momentum leptons, where E
and pz are the energy and longitudinal component of mo-
mentum relative to the beamline. Combining this with
the fact that the low-momentum proton and tagged pho-
ton are well-reconstructed, we may make the approxima-
tion of quasi-elastic J/ψ production from a standing pair
of nucleons, with the assumption that the initial momen-
tum of the struck nucleon is balanced by a single partner
in the final state. Under this approximation, we calculate
the dilepton mass using well-measured quantities:

m2(e+e−) ≈ m2
light-cone

=
(
p−e+ + p−e−

)(
2Eγ + 2mN − p+p − m2

N + p2tot
2mN − p−tot

)
−
(
p⃗⊥e+ + p⃗⊥e−

)2
.

(1)

where mN is the nucleon mass, p+ ≡ E−pz is the “plus”
component of momentum, and ptot = pe+ + pe− + pp is
the total momentum of the measured final-state. This
“light-cone” mass proxy allows substantially improved
resolution and the isolation of J/ψ events above back-
ground. Figure 1 shows the mlight-cone distribution for
the combined data of all targets. The peak resulting from
the J/ψ → e+e− decay can be clearly seen. The insert
shows the same for events in the “sub-threshold” region
Eγ < 8.2 GeV, where we also observe the J/ψ → e+e−

decay peak resulting from sub-threshold production of
J/ψ. For the absolute cross sections, the yields were
determined by performing an unbinned likelihood fit on
the light-cone mass assuming an exponential background.
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FIG. 1. Main figure: Light-cone mass distribution for the
combined data of all targets, fit using an exponential back-
ground and a Gaussian signal. Insert: Light-cone mass dis-
tribution for events in the “sub-threshold” region Eγ < 8.2
GeV. In both cases the J/ψ decay can be clearly seen.

For the differential cross sections, the yields were deter-
mined by performing side-band subtraction using the re-
gion 2.7 < mlight-cone < 3.4 GeV as a measure of the
background contribution.

We performed Monte Carlo simulation of quasi-elastic
J/ψ production from 2H, 4He, and 12C, in order to
compare with distributions in data as well as estimate
the event detection efficiency. The quasi-elastic process
(γ, J/ψp) was simulated using a factorized cross sec-
tion model in the Plane-Wave Impulse Approximation
(PWIA):

dσ(γA→ J/ψpX)

dtd3p⃗idEi
= vγi·

dσ

dt
(γp→ J/ψp)·S(pi, Ei) (2)

where pi = (Ei, p⃗i) is the 4-momentum of the struck pro-
ton i inside the nucleus, pγ is the 4-momentum of the
incoming beam photon, vγi = pγ · pi/(EγEi) is the rela-
tive velocity between the photon and the struck proton,
and the differential cross section dσ/dt for the exclusive
process (γp → J/ψp) was taken from a fit to GlueX
data [14]. The spectral functions S(pi, Ei) for helium
and carbon were provided by Ref. [31] for mean-field pro-
tons and the Generalized Contact Formalism [32–34] for
the SRC protons, calculated using the phenomenologi-
cal AV18 interaction [35]. The momentum distribution
for deuterium was taken from Ref. [36], again calculated
using the AV18 interaction. The produced J/ψ was as-
sumed to decay to e+e− in a helicity-conserving manner.
The generated PWIA events were simulated using the

GEANT model of the GlueX detector [25], and recon-
structed as measured data. This simulated detector re-
sponse was superimposed with randomly triggered sam-
ples of data during the run, in order to account for pho-
ton tagger accidentals and detector pileup. These simu-
lations were used to extract the reconstruction efficiency

for J/ψp events, found to be ∼13% with little variation
as a function of beam photon energy or nucleus. Fol-
lowing a recent study of the QED Bethe-Heitler process
with GlueX [37], the simulation extracted efficiency was
rescaled by a factor of 0.847 ± 0.019%, accounting for
simulation imperfections and resulting in an estimated
average efficiency of ∼11%.

RESULTS

We calculate the total cross section as a function of the
incoming photon energy using the following formula:

σ(Eγ) =
YJ/ψ(Eγ)

L(Eγ)ϵ(Eγ)TAB(J/ψ → e+e−)
. (3)

Here YJ/ψ is the extracted yield of J/ψ → e+e− decays,
L is the tagged photon luminosity, ϵ is the reconstruc-
tion efficiency as determined from Monte-Carlo simula-
tions, TA is the proton transparency for nucleus A, and
B(J/ψ → e+e−) ≈ 5.97±0.03% is the branching fraction
of J/ψ into e+e− [38].
Point-to-point systematic uncertainties were calcu-

lated for several sources. The dominant uncertainty re-
sults from the dependence of the extracted cross section
on the selection cuts, determined by varying the values of
the lepton PID and energy balance cuts and then taking
the resulting variance on the extracted cross section. Also
considered was uncertainty in the energy-dependence of
the measured luminosity resulting from the acceptance of
the PS, uncertainty in the efficiency as a function of final-
state kinematics, and uncertainty on the method used to
extract the J/ψ yield.
Normalization uncertainty was also determined for

each nucleus, ranging from a total of 20% to 24%.
This uncertainty is dominated by the uncertainty on the
Monte-Carlo efficiency calculations; Ref. [37] estimated a
19.5% uncertainty using Bethe-Heitler and simulation to
benchmark the exclusive measurement γp → J/ψp, and
we refer to this estimate. Further normalization uncer-
tainty results from value of the proton transparency as
well as uncertainty on target thickness and density.
Table I lists the total cross section for each nucleus,

averaged over the photon flux for each target, comparing

TABLE I. Total per-proton cross sections for A(γ, J/ψp)X
luminosity-averaged over the energy range 7 < Eγ < 10.6
GeV. Data also includes a common 19.5% normalization un-
certainty (not shown).

Nucleus Plane-wave Measured Statistical Systematic

cross section cross section uncertainty uncertainty
2H 0.24 nb 0.23 nb 0.07 nb 0.04 nb
4He 0.22 nb 0.33 nb 0.06 nb 0.05 nb
12C 0.24 nb 0.25 nb 0.05 nb 0.05 nb
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FIG. 2. Luminosity-weighted average of the A(γ, J/ψp)X
cross section for 4He and 12C, compared with plane-wave
calculations for this average. The measured cross section
(black) is compared with plane-wave calculations, including
the mean-field (dotted red) and SRC (dashed blue) contribu-
tions as well as the total (dot-dashed grey). Data also includes
a common 23% normalization uncertainty (not shown).

the plane-wave calculations with the measured data. In
Figure 2 we show instead the energy-dependence of the
cross sections for 4He and 12C, where the result has been
combined in a yield-weighted fashion to improve the sta-
tistical precision, and compare the data with plane-wave
calculations which separate the contribution from mean-
field and short-range correlated nucleons. We observe
that both the A-dependence and the energy-dependence
of the measured cross sections are largely consistent with
the predictions of plane-wave calculations. We find that
we are able to measure the cross section in the sub-
threshold energy region Eγ < 8.2 GeV, marking the first
such measurement of J/ψ production below the proton
energy threshold. The sub-threshold cross section ap-
pears to exceed the plane-wave predictions, indicating
the possibility of more exotic mechanisms at play, but
uncertainties are large in this region.

In order to further understand the nuclear effects
present in the reaction, we examine the differential cross
section as a function of the struck proton “missing” 4-
momentum

pmiss = pe+ + pe− + pp − pγ , (4)

specifically examining the “light-cone momentum frac-
tion”

αmiss =
Emiss − pz,miss

mA/A
(5)

of the proton, which gives a measure of the internal nu-
clear momentum and is well-measured in the GlueX spec-
trometer. Figure 3 shows the differential cross section,
extracted separately in the sub-threshold energy region
7 < Eγ < 8.2 GeV and the above-threshold energy re-
gion 8.2 < Eγ < 10.6 GeV. The data are compared with
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FIG. 3. Differential A(γ, J/ψp)X cross section as a function
of light-cone momentum fraction αmiss, separated into the
above-threshold (top) and below-threshold (bottom) energy
regions. Measured data (black points) are compared with
plane-wave calculations (blue solid line), as well as calcula-
tions assuming a modified proton density (orange dashed) and
a modified form factor (green dot-dashed). Data also includes
a common 23% normalization uncertainty (not shown).

the plane-wave calculations. In the above-threshold re-
gion, the data largely agree with predictions, but the
sub-threshold data show greater disagreement. In the
sub-threshold region the contribution from large-αmiss

events is greater than expected, indicating that high-
momentum, deeply-bound nucleons contribute more to
the J/ψ cross section than anticipated.

We consider two possible mechanisms by which the
cross section for which deeply-bound protons might be
modified, in both cases depending on the “virtuality”
v = (p2i −m2

N )/m2
N of the bound proton, which quanti-

fies the degree to which the bound proton proton is off
the mass shell and is hypothesized to induce modification
of nucleon structure [39]. The first hypothesis is that the
overall scale of the cross section is increased as a function
of virtuality, meaning that bound protons couple more
strongly to the J/ψ. The second hypothesis is that the
t-dependence of the cross section is modified, manifesting
as a decrease in the slope of the effective form factor for
bound protons. The former implies an increase in the ef-
fective gluon density of the bound proton, while the latter
implies a decrease in the effective gluon radius. Both of
these models are shown in Figure 3; specific details are
given in the Supplemental Material. In both cases the
modification to the photon-proton cross section results
in an overall increase of the photon-nucleus cross section.
The modification to the form factor predicts a greater in-
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crease of the cross section at large αmiss, and is preferred
by the data over the plane-wave, but the precision of the
current data is insufficient to clearly distinguish between
the hypotheses.

Other possible exotic production mechanisms could
cause an enhancement in the cross section below thresh-
old. One possibility is a contribution from hidden-color
components of the nucleus, which would enhance cou-
pling via multi-gluon exchanges, as shown in Fig. 4 of
Ref [20]. Other possible mechanisms include intrinsic
charm components of the nucleus, strong binding effects
of the J/ψ in cold nuclear matter, or non-local produc-
tion of cc̄ in an extended region of the nucleus. A more
precise measurement of sub-threshold production of J/ψ
is called for in order to place more stringent limits on
such exotic effects.

CONCLUSIONS

In conclusion, we report on the first measurement of
J/ψ photoproduction from nuclei at and below the en-
ergy threshold of 8.2 GeV. We measure threshold J/ψ
cross-section for several light nuclei and observe no sub-
stantial A-dependence. We extract the energy-dependent
cross section for J/ψ production from light nuclei 4He
and 12C and compare with plane-wave predictions for
near- and sub-threshold production. In the sub-threshold
region, we observe J/ψ production for the first, and note
an excess production relative to theoretical predictions.
We examine the kinematic distributions of these events
and note the sensitivity of sub-threshold J/ψ to modified
gluon structure in deeply bound nucleons.
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