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We report the total and differential cross sections for J/i photoproduction obtained using the
large acceptance GlueX spectrometer at the 12 GeV JLab accelerator over the full near-threshold
kinematic region. The GlueX experiment uses tagged linearly-polarized photon beam from
coherent Bremsstrahlung off a thin diamond. Charmonium photoproduction near threshold, under
certain assumptions including gluon exchange and factorization, can be used to study important
aspects of the gluon structure of the proton, such as the gluon GPD, the gravitational form factors,
the mass radius of the proton, and the anomalous contribution to the proton mass. In the measured
cross sections we find evidence for possible contributions beyond gluon exchange. The results
are compared to a wide range of theoretical predictions including GPD calculations and models
with open-charm intermediate states. Photoproduction near threshold of charmonium states with
opposite-to-photon parity offer another opportunity, complementary to the J /i, to understand the
reaction mechanism of the charmonium photoproduction. While we see some evidence for such
states, comprehensive studies of such higher-mass charmonia can be done only with the proposed
JLab energy upgrade. An electron beam energy of up to 22 GeV significantly increases the photon
flux and polarization in the corresponding threshold regions allowing for precise cross section and
polarization measurements there.
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1. Introduction

The photoproduction of charmonium states near threshold gives a unique opportunity to reveal
the gluon structure of the nucleon target. It is argued that the process is dominated by two-gluon
exchange [1, 2]. If factorization is assumed, the gluon-proton interaction is described by the gluonic
GPD of the proton [3, 4]. For high values of the skewness parameter &, the two gluons can mimic
a graviton, which allows to study the mass properties of the proton, like the gluonic Gravitational
Form Factors (gGFFs), the mass radius of proton, and the anomalous contribution to the proton
mass [3-7]. Certainly, such an ambitious program requires detailed studies, both experimental and
theoretical, to make sure that the above assumptions about the reaction mechanism are justified.

The 12 GeV upgrade of the Jefferson Lab electron accelerator allowed measurements of the
J /W photoproduction near the threshold of 8.2 GeV with much higher precision than the old
experiments. The GlueX experiment in Hall D performed measurements in the full near-threshold
kinematic region, collecting about 2k J /¢ events [8, 9]. The J/-007 experiment in Hall C collected
a similar number of events in a narrower kinematic region [10].

Studies of charmonium states with higher masses, also with different J7€

numbers, are very
important in understanding the reaction mechanism. Such studies are however limited by the
maximum energy of the electron accelerator. The y.; and ¥ (2S) states, which have decay modes
feasible for detection, have thresholds of 10.1 and 10.9 GeV respectively, very close the maximum
achievable photon energy at Jefferson Lab of 11.8 GeV in Hall D. The y. state is interesting as it

has opposite-to-photon parities, J°¢ = 1+

, requiring an odd-parity exchange. It has never been
observed in photoproduction. The (2S) state is important to be compared to J/¢ to study the
mass dependence of the photoproduction mechanism. The prospects of such studies of higher-mass

charmonium states with the proposed Jefferson Lab energy upgrade [11] will be discussed.

2. J/y near-threshold photoproduction

The GlueX experiment uses tagged linearly-polarized photon beam from coherent Brems-
strahlung off a thin diamond. The detector is based on a 27-solenoid with tracking and calorimetry
in the central and forward directions, providing full acceptance for J/¢ photoproduction: yp —
J/wp — e*e”p. The experiment measured the total cross section from the threshold of E, =
8.2 GeV up to 11.8 GeV photon energy; see Fig. 1 left panel. The differential cross sections was
extracted in three energy slices, covering the full kinematic range in transferred momentum squared,
t; see Fig. 1 right panel. The total cross section largely follows the phase space. We see a dip at
9.1 GeV that however is not statistically significant. We also observe an enhancement at high |z| in
the lowest energy slice of the differential cross section, which may indicate contributions beyond the
t-channel exchange. The measured total cross sections, also including the results from 1970s SLAC
[12] and Cornell [13] experiments, are compared to two GPD calculations in Fig. 2 left panel. The
factorization for heavy meson photoproduction at high energies has been demonstrated in Ref. [14]
in leading and next-to-leading order (LO and NLO). The same calculations in LO, extended down to
the threshold [15], are shown with one-sigma error band. There is a very good agreement with both,
GlueX data and higher-energy SLAC results. Including NLO results in significant uncertainties,
which, at the same time, means that the J /i photoproduction data can help in constraining the gluon
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Figure 1: Total (left) and differential (right) cross sections measured by GlueX [9]. Shown are statistical and
total (statistical and systematic summed in quadrature) errors. The differential cross sections are parametrized
with a sum of two exponential functions: pge’P! + ppe'P3.
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Figure 2: Comparison of the total cross section from GlueX [9], SLAC [12], and Cornell [13] with different
theoretical models. Left: GPD calculations of Ref.[15] in LO (shown as one-sigma error band), and Ref. [4]
(the two curves). The latter calculations use lattice results for the gGFFs [17] (solid curve), also with some
parameters fitted to the GlueX differential cross sections (dashed curve). Right: Open-charm exchange of
Ref. [18] - shown are the theoretical curves for two values of a model parameter. The A.D and A.D*
thresholds are indicated with vertical lines.

GPD of the proton. The GPD calculations in Ref. [4] are based on an expansion in the skewness
parameter for & — 1 [16], allowing to access the gGFFs. The calculations use a parametrization
of the gGFFs from the lattice results in Ref. [17] as input. The results for the total cross section,
when fitting some of the lattice parameters to the measured differential cross sections, are shown in
Fig. 2, as well.

In Ref. [18] a reaction mechanism different from gluon exchange is proposed to describe the
near-threshold J /¢ photoproduction. It is argued that the reaction may proceed through the open-
charm channels, A.D and A.D*, leading to cusps at the corresponding thresholds, see Fig 2 right
panel. Indeed, the structure in the measured total cross section can be interpreted as evidence
for such cusps, though not statistically significant. Possible interpretation of the structure as a
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Figure 3: Preliminary GlueX results: invariant mass difference M (e*e”y) — M(e*e™) from the exclusive
reaction yp — e*e”yp. The distribution is fitted with sum of two Gaussians with integrals Nchicl and
Nchic2, mean values meanl and mean2, and a common sigma, plus a linear background. The mean values,
corresponding to the mass difference of y.; and y., w.r.t. J/i, are very close to the PDG values [21].

resonance is also discussed [19]. In Ref. [20] the JPAC group performs phenomenological studies
of all the data from Jefferson Lab. They use several models starting with gluon exchange only,
and including open charm exchanges. They conclude that the present data set cannot discriminate
between the different models. If the structure at 9.1 GeV is confirmed with higher statistics, this
would require sizable contribution from open-charm exchange, which would obscure the studies of
the mass properties of the proton.

3. Photoproduction of higher-mass charmonium states

In the GlueX data we have the first ever evidence for photoproduction of C-even charmonium
states, y.. They are detected by their radiative decay to J/i: xy. — J/yy — e*e”y. In Fig. 3 we
show the difference of the invariant masses of the final state particles corresponding to y. and J/i:
M(e*ey) — M(e*e™). The distribution is fitted with two Gaussians with a common o. The mean
values are very close to the PDG values [21] of the masses of y.; and y.» with respect to the J /i
mass, though the fit result for the y ., state is not statistically significant.
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Figure 4: Preliminary GlueX results: comparison of the y. (left) and J/¢ (right) distributions on the
|t = tmin| vs E, plot. Both distributions are weighted event-by-event by the photon flux.

The photoproduction of C-even charmonium states at high energies would require exchange
of a gluon state with C-odd parity, which is called odderon [22]. In the near threshold region,
however, different reaction mechanisms are possible, like vector meson exchange [23], or s-channel
mechanism. The threshold photoproduction of another C-even charmonium, 7., is studied in a
recent paper using holographic approach [24]. In Fig.4 we compare the 2D-distribution of the y.
events from Fig. 3 to the J/y distribution, as function of |t —#,,;,| and E,,. Even though the statistics
for y. is very low, there is a striking difference between the distributions of charmonia with different
parities. The J/y events are concentrated close to the |f|,,;, line, which is typical for r-channel
exchange. For the y. states that have opposite-to-photon parities, the events are distributed more
uniformly, a signature for a very different photoproduction mechanism.

In the GlueX data we see also a very small number of ¥ (2S) particles in their di-electron
decay mode. The photoproduction threshold is 10.9 GeV, very close to the end point of the photon
spectrum of 11.4 GeV during the production running. Certainly, comprehensive studies of such
higher-mass charmonia can be done only with the proposed JLab energy upgrade.

4. Prospects with Jefferson Lab energy upgrade

A white paper has been recently published about the intent to increase the energy reach of the
Jefferson Lab electron accelerator to 22 GeV [11]. This would give unique opportunities to study
charmonium photoproduction near threshold.

In Fig.5 left, we demonstrate how GlueX would benefit from the energy upgrade. It shows the
photon spectrum from coherent Bremsstrahlung with the current 12 GeV accelerator. By increasing
the end point to 17 GeV in this example, we not only extend the energy reach above 12 GeV, but the
coherent peak becomes wider covering the most important region near the J/y threshold. There
is also increase of the intensity in the high energy region, while at low energy the change is not
significant, thus keeping the same load on the detectors. To study the higher-mass charmonium
states near threshold, it would be optimal to use the maximum 22 GeV electron energy.

In Fig.5 right, we plot the anticipated results for the total cross sections of charmonium
photoproduction. These estimates are based on the current GlueX statistics, scaled by the photon
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Figure 5: Left: Comparison of the photon fluxes in GlueX with 12 GeV (current accelerator energy)
and 17 GeV electron beam, assuming the same running time. Right: anticipated total cross sections of
charmonium photoproduction with 17 GeV (for J /i) and 22 GeV (for y.; and ¢ (25)) accelerator, compared
to the existing J/y data.
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Figure 6: Left: comparison of the linear polarization of the beam photons in GlueX with 12 GeV (current
accelerator energy) and 22 GeV electron beam. Right: anticipated results for naturality X (—1)” assuming
two-gluon exchange for J /¢ and y(2S) and three-gluon exchange for y.i.

flux increase, assuming the same running time. For J/y the data points are sitting on a smooth
fit of the available data. In case of y.; we have used the energy dependence as given in Ref. [23]
normalized by the number of events detected by GlueX in the current energy region. For the ¥ (25)
cross section we have assumed the same energy dependence as for J/y also normalized by the
number of detected events.

The most important benefit from the energy upgrade for the GlueX experiment would be
the significant increase of the linear polarization of the photon beam, see Fig. 6 left. Thus, the
22 GeV energy upgrade would allow polarization measurements in the near-threshold region of the
charmonium photoproduction. Such measurements would significantly improve our understanding
of the reaction mechanism. To demonstrate this we study the naturality, defined as P(—1)”, where
P is the parity and J is the spin of the exchange particle. In Fig. 6 right we show the anticipated
errors of such polarization measurements for the three charmonium states.
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Figure 7: Measurements of the asymmetry from Eq.(1) as function of the angle difference, ¢pe; — @, ¢y, is
the azimuthal angle of e* and e~ in the helicity frame, ® is the angle of the polarization plane. Shown are
errors only of the present measurements and anticipated results with the energy upgrade, assuming two-gluon
exchange, compared to the three-gluon exchange curve.

In the experiment we measure the asymmetry defined as

_2 Y74 (0°) = Y;/4(90°)
Py YJ/,//(OO) + YJ/¢(90°)

ey

where P,, is the linear polarization of the photon beam and Y, are the yields depeding on the angle
of the polarization plane. The asymmetry is proportional to cos[2(Ppe; — P)] function, where @pe;
is the azimuthal angle of the decay particles, e™ and e, in the helicity frame and ® is the angle
of the polarization plane. The amplitude of the asymmetry gives the naturality. In Fig. 7 we show
the errors of the current measurements. They are scaled by the expected increase of the Figure Of
Merit (FOM) and set on a curve assuming two-gluon exchange. The anticipated results for y.; and
W (2S) in Fig. 6 are estimated also with respect to the current J/iy measurements. As y.; decays
to two spin-1 particles, additional assumptions are made about the corresponding photocouplings.
Note that the procedure in this paragraph was given to demonstrate the feasibility of polarization
measurements with the energy upgrade. The actual extraction of the Spin Density Matrix Elements
(SDMESs), including the naturality, uses event-by-event minimization.

In case of gluon exchange the parity of the gluons is defined by the parity of the charmonium.
The photoproduction of J /¢ and i (2S) requires two-gluon exchange that has C-even parity [2]. As
Xc1 has opposite-to-photon parities, its production requires tree-gluon exchange with C-odd parity.
As demonstrated in Fig. 6, with the 22 GeV upgrade, GlueX can perform polarization measurements
with a precision that would discriminate between the gluon exchange, that is needed to study the
mass properties of the proton, and the other possible reaction mechanisms.
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