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We report on the measurement of the yp — J/yp cross section from E, = 11.8 GeV down to the
threshold at 8.2 GeV using a tagged photon beam with the GlueX experiment. We find that the total cross
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section falls toward the threshold less steeply than expected from two-gluon exchange models. The
differential cross section do/dt has an exponential slope of 1.67 +0.39 GeV~2 at 10.7 GeV average
energy. The LHCb pentaquark candidates P, can be produced in the s channel of this reaction. We see no
evidence for them and set model-dependent upper limits on their branching fractions B(P} — J/yp) and

cross sections o(yp — PL) x B(Pf — J/wp).

DOI: 10.1103/PhysRevLett.123.072001

Introduction.—The exclusive production of charmo-
nium near the threshold provides a unique probe for
studying the gluonic field in the nucleon and its dynamical
coupling to the valence quarks. Recently, there has been
increased interest in J/y photoproduction in the beam
energy region of £, = 9.4-10.1 GeV, as it can be used to
search for the pentaquark candidates reported by LHCb in
the J/yp channel of the A) — J/wpK~ decay [1,2]. The
LHCb Collaboration initially claimed two pentaquark
states: Pf(4380) and P/ (4450) [1]. Very recently, they
reported the observation of three narrow pentaquark
states, P} (4312), P}(4440), and P;(4457), where the
previously reported P/ (4450) was resolved into the latter
two states with narrower widths [2]. In photoproduction,
these resonances can be produced in the s channel: yp —
PF — J/wp [3-6], which is free from the three-body
rescattering effects proposed as one of the possible
explanations of the structures observed by LHCb [7-9].
This reaction can be described by the P! — J/wp decay
plus its time inversion, with the J/y — y coupling deter-
mined by vector-meson dominance (VMD) [10]. The
Breit-Wigner cross section depends on the measured
width of the pentaquark, the VMD coupling obtained
from the leptonic decay of the J/y, and only one unknown
parameter, the branching fraction of the P! — J/wp
decay that enters quadratically. The pentaquarks produced
in the s channel would appear as structures in the J/y
photoproduction cross section as a function of the beam
energy, possibly interfering with the nonresonant con-
tinuum. By measuring the resonant contribution, one can
estimate this branching fraction, which is complementary
to the LHCb results.

A heavy quark system like the J/y interacts with the
light quarks of the proton via gluon exchange. Close to the
production threshold, a large momentum is transferred
to the proton (|z| = 2.2 GeV? at the threshold). The energy
dependence of the total cross section at high ¢ has been
addressed within several approaches. Based on dimensional
scaling rules, the energy dependence of the J/y photo-
production cross section was predicted with a dependence
on the number of hard gluons involved in the reaction [11].
Near the threshold, all valence quarks of the proton are
expected to participate in the reaction, requiring the
involvement of three high-x gluons, while at higher
energies one or two hard gluons can be involved. In
Ref. [12], it is argued that the  dependence of the exclusive
reaction is defined by the proton gluonic form factor, for

which a dipole form is assumed in analogy with the
electromagnetic form factors:

F(t) o 1/(1 = t/m§)?, (1)

though with a different mass scale mg,. The total cross
section is proportional to the integral of F2(¢) over a ¢ range
that, near the threshold, depends strongly on the beam
energy. According to Ref. [13], J/y photoproduction near
the threshold is dominated by the real part of the J/wp
elastic amplitude, which is of critical interest, since it
contains the trace anomaly term related to the fraction of
the nucleon mass arising from gluons. In Ref. [14], it was
demonstrated that, in the near-threshold region, the shape
of the cross section as a function of the energy and ¢
depends on the contribution of gluons to the nucleon mass.

In this Letter, we report on the first measurement of the
cross section of the exclusive reaction yp — J/y p from the
threshold up to E, = 11.8 GeV. We identify the J/y by its
decay into an electron-positron pair. Previous measure-
ments near the threshold were inclusive and done on
nuclear targets. The only published result in our energy
region is at E, ~ 11 GeV, measured at Cornell [15].
Measurements at SLAC have been performed at photon
beam energies of 13 GeV and above [16].

The data were collected by the GlueX experiment
located in Hall D at Jefferson Lab during 2016 and
2017, representing about 25% of the total data accumulated
by the experiment to date.

The experiment.—The GlueX experiment uses a linearly
polarized, tagged photon beam produced by the 12 GeV
Continuous Electron Beam Accelerator Facility. The elec-
tron beam is incident on a diamond radiator and produces a
bremsstrahlung spectrum proportional to 1/E, and a
primary coherent peak adjusted to be in the energy range
of 8.2-9.0 GeV. We also use data taken with an aluminum
radiator, which does not produce coherent radiation. The
scattered electron is analyzed with a 9 T m dipole magnet
and detected in a tagging scintillator array allowing the
photon energy to be determined with a resolution of 0.2%.
The photon beam is collimated through a 5-mm-diameter
hole at a distance of 75 m from the radiator. Following this,
the photon flux and energy are monitored by an electron-
positron pair spectrometer system [17].

The GlueX detector is based on a 2 T, 4-m-long solenoid
magnet and has full azimuthal and 1° < 6§ < 120° polar angle
coverage. A 30-cm-long liquid hydrogen target is placed
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inside the solenoid. A scintillating start counter surrounding
the target helps to select the beam bunch [18]. Charged
particle reconstruction around the target is performed by the
central drift chamber (CDC), consisting of straw tubes
grouped in 28 layers with axial and stereo orientation. In
the forward direction, 24 planes of drift chambers with both
wire and cathode strip readout are used [19]. The two drift
chamber systems are surrounded by a lead-scintillator electro-
magnetic barrel calorimeter (BCAL) [20]. Electronically,
the calorimeter is grouped in 192 azimuthal segments and
in four radial layers, allowing the reconstruction of both
transverse and longitudinal shower development.

The detector hermeticity in the forward direction outside
of the magnet is achieved by the time-of-flight scintillator
wall and the lead-glass electromagnetic forward calorim-
eter (FCAL), both located approximately 6 m from the
target. Both calorimeters, FCAL and BCAL, are used to
trigger the detector readout, requiring sufficient total energy
deposition. The intensity of the beam in the region above
the J/y threshold was 2 x 107 photons/s in 2016 and the
first period of 2017 and was then increased to 5 x 107
photons/s for the rest of 2017, resulting in a total accu-
mulated luminosity of ~68 pb~!. In 2016, the maximum
tagged photon energy was 11.85 GeV, while for 2017 it was
lowered to 11.40 GeV. In 2017, the solenoid field was
increased by 12% compared to 2016.

We study the exclusive reaction yp — peTe™ in the
region of the e™e™ invariant mass M(eTe™) > 0.90 GeV,
which includes the narrow ¢ and J/y peaks, and the
continuum dominated by the Bethe-Heitler (BH) process.
Figure 1 shows the M (e*e™) spectrum data after applying
the event selection criteria described below. We normalize
the J/y total cross section to that of BH in the invariant mass
range 1.20-2.50 GeV, thus canceling uncertainties from
factors like luminosity and common detector efficiencies.

The electron-pion separation is achieved mainly by
applying selections on p/E, where the charged particle

200 4+ 100 Number of J/y = 469 + 22
o Fmean = 3.096 +0.001 GeV
180 -1 805D = 0.013 +0.001 GeV
160 a
> 140
(0]
= 120
w0
£ 100
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FIG. 1. Electron-positron invariant mass spectrum from the

data. The inset shows the J/w region fitted with a linear
polynomial plus a Gaussian (fit parameters shown).

momentum p comes from the kinematic fit described below
and E is the energy deposited in the calorimeters. We
require —36 < p/E — (p/E) < +2¢ for both lepton can-
didates, where the resolution ¢ of p/E for the sample of
leptons in the BH region is 3.9% for FCAL and 6.8% for
BCAL. We also take advantage of the radial layer structure
of the BCAL, using the energy deposited in the innermost
layer, E,., and requiring lepton candidates emitted at a
polar angle € to have Ep.sinf > 30 MeV, taking into
account the path length through the calorimeter. This
rejects a significant number of pions, which deposit small
amounts of energy in this layer compared to electrons. We
require all charged particles to have momenta > 0.4 GeV
and polar angle > 2° in order to reduce the contamination
from the # z~ p final state and poorly reconstructed events.
Because of the steeper # dependence of BH compared
to ztx~ production, to minimize the pion background
we select the BH process only in the low-t region,
—(t = tmin) < 0.6 GeV2.

Protons with momenta <1 GeV are identified by their
energy deposition in the CDC. The three final-state
particles are required to be consistent in time with the
same electron beam bunch (42 ns for most of the data).
The tagged beam photons that are in time with this bunch
qualify as possible candidates associated with the reaction.
The contribution from beam photons accidental in time is
subtracted statistically using a sample of photons that are
out of time with respect to the reaction beam bunch.

Taking advantage of the exclusivity of the reaction and the
relatively precise measurement of the beam energy, we use a
kinematic fit to improve the resolution of the measured
charged particle momenta. The fit enforces momentum and
energy conservation and requires a common vertex for the
three final-state particles. The electron-positron invariant
mass spectrum in Fig. 1 is obtained using the results of the
kinematic fit, which allows us to achieve a 13 MeV standard
deviation (SD) mass resolution for the J/w. Studies of the
kinematic fit show that the results are constrained primarily
by the direction and magnitude of the proton momentum
and the directions of the two leptons. In contrast to protons,
the leptons are produced on average with higher momenta
and smaller angles where the momenta are reconstructed
with larger uncertainties. Therefore, they do not affect the
kinematic fit noticeably.

We extract the J/y and BH yields in bins of beam energy
or t. The J/y yield is obtained by performing a binned
likelihood fit to the invariant mass spectra, as in Fig. 1, with
a Gaussian signal and linear background.

The reduction of the background in the BH region by
more than 3 orders of magnitude after applying the electron
and positron selections event by event is not enough to
completely eliminate the pion contamination. On average,
the remaining sample contains 54% pions. To extract the
BH yield, we fit the peak and the pion background of the
p/E distribution for one of the lepton candidates, while
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applying the p/E selection for the other candidate (see
Supplemental Material [21]).

We have performed Monte Carlo simulations of both
J/w and continuum BH production. The BH diagrams can
be calculated in QED. We have used two BH generators,
one based on analytical calculations [22] and another [23]
based on numerical calculations of the diagrams. We
generate the J/y-proton final state using an exponential
t dependence and a cross section as a function of the beam
energy obtained from our measurement, followed by the
J/w — ete™ decay assuming helicity conservation.

The response of the GlueX detector to the generated
events was simulated using GEANT3 [24]. Accidental tagger
signals and detector noise signals were extracted from
randomly triggered real data and injected into the generated
events. We use these simulations to calculate the BH and
J/y reconstruction efficiencies, egy and &;,,. BH simu-
lations are also used to integrate the BH cross section over
the region used for normalization.

Results and discussion.—We calculate the total cross
section in ten bins of beam energy using the following
formula:

_ NJ/.,/(Ey) O'BH(Ey) SBH(Ey)
NBH(E]/) Bl/u/ gJ/l//(Ey)

GJ/V/(E}’) (2)

Here N, and Ngy are the J/y and BH yields, respec-
tively, oy is the calculated BH cross section, and B,/ is
the J/w — e e~ branching ratio of 5.97% [25]. Note that
the result depends on the relative BH to J/y efficiency.
Effects due to variations in the photon flux over a given
energy bin also cancel under the assumption that the J/y
cross section varies slowly across a bin. The study of
features in the J/y cross section that are narrower than an
energy bin, such as those due to narrow pentaquarks,
requires, in addition to the binned total cross sections,
taking into account the finer flux structure.

We obtain results for the differential cross section in
seven bins of ¢ integrated over the region E, =
10.00-11.80 GeV. For the normalization of the differential
cross section, we use the total BH yields instead of the
yields in bins of z.

The total cross section in bins of beam energy and the
differential cross section as a function of —(f— t,),
together with the statistical and systematic errors, are given
as Supplemental Material [21]. We estimate the overall
normalization uncertainty to be 27%. The main contribu-
tion comes from the uncertainty in the relative BH to J/y
efficiency determined from simulations, as the two proc-
esses occupy different kinematic regions. To test the
accuracy of the simulations, we study the ratio of the
measured BH cross section to the calculated one as a
function of several kinematic variables, such as the proton
momentum and polar angle. Comparing these ratios
obtained for the BH and J/y kinematic regions, we find

the largest relative difference to be (23 £ 18)% and take the
central value to be the uncertainty due to this source.

The radiative correction to the J/yw decay is simulated
using the PHOTOS package [26]. The results show that the
kinematic fit recovers the J/y electron-positron invariant
mass to its value before radiation. This is expected, because
the dominant constraint to the fit is the recoil proton, which
is decoupled from the J/w decay. This is not the case for
the BH process, for which based on Ref. [27] we estimate
8.3% radiative correction in the extreme case, when the
electron-positron invariant mass is not affected by the
radiation, and only the proton is.

The maximum background contribution of the p’ pro-
duction to the e'e™ continuum of 7% is estimated by
comparing the results for two invariant mass ranges: 1.20—
2.00 and 2.00-2.50 GeV. Based on Ref. [22], the con-
tribution of timelike Compton scattering to the BH cross
section is estimated to be less than 4%. Because of
uncertainties of the generalized parton distribution model
used in this estimation, we double this value as a systematic
uncertainty.

We assign the systematic uncertainties of the individual
data points to the maximum deviations of the results
obtained by varying the procedures for fitting the J/y peak
inthe et e~ invariant mass spectrum and the BH electron and
positron peaks in the p/E distribution. We assign the
systematic error for the ¢ slope to the maximum deviation
of the slope obtained with different J /y fitting methods. The
uncertainties of the parameters used in the J/y simulations
( slope and energy dependence) have a small effect.

As a cross-check, we have compared the total cross
sections versus beam energy obtained from the 2016 and
2017 datasets, which represent different experimental
conditions (solenoid field, photon beam intensity and
spectrum). They are statistically consistent with an average
ratio of 0.95 4+ 0.14. Based on the missing mass distribu-
tion, we set a 5% upper limit for the target excitation
contribution, yp — J/ypa®.

For the ¢ dependence of the differential cross section
(see Supplemental Material [21]) for beam energies of
10.00-11.80 GeV with an average of 10.72 GeV, we
obtain an exponential ¢ slope of 1.67 4 0.35(stat) +
0.18(syst) GeV™2. This can be compared with the
Cornell result at E, ~ 11 GeV of 1.25+0.20 GeV~?
[15] and the SLAC result at E, =19 GeV of 2.9 +
0.3 GeV~2 [16]. All these results are consistent [28] with
the hypothesis in Ref. [12] of the dipole ¢ dependence
for the differential cross section assuming a mass scale of
1.14 GeV, as given in Eq. (1).

The measured total cross section in bins of beam energy
is shown in Fig. 2 and compared to the earlier measure-
ments at Cornell [15] and SLAC [16]. Note that the SLAC
experiment measured do/dt at t = t,,;,,. In order to estimate
the total cross section, we have integrated over ¢ assuming
the dipole ¢ dependence with my = 1.14 GeV.
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FIG. 2. J/y total cross section versus beam energy, compared
to previous data [15,16], theoretical predictions [11,13], and
the JPAC model [6] for B(P{(4440) - J/wp) = 1.6% and
JP =3/27. All curves are fitted or scaled to the GlueX data
only. For our data, the quadratic sums of statistical and systematic
errors are shown; the overall normalization uncertainty is 27%.

Comparing the J/y cross section to the Brodsky et al.
model [11], we find that our data do not favor either pure
two- or three-hard-gluon exchange separately, and a com-
bination of the two processes is required to fit the data
adequately. Such a combination is shown in Fig. 2,
assuming no interference between the two contributions.
It appears that three-hard-gluon exchange dominates near
the threshold, consistent with the expectation that all the
constituents should participate in the reaction.

The total cross-section calculations of Kharzeev et al.
[13] imply a large gluonic contribution to the nuclear mass
and are shown in Fig. 2 multiplied by a factor of 2.3. The
shape of the curve agrees well with our measurements, and
the overall scale factor is within the claimed uncertainty of
the calculation.

The narrow LHCb states P/ (4312), P/ (4440), and
P} (4457) produced in the s channel would appear as
structures at E, = 9.44, 10.04, and 10.12 GeV, respec-
tively, in the cross-section results shown in Fig. 2. We see
no evidence for such structures. The initial report [1] claims
the two states P;(4380) and P/ (4450) may have spin 3/2
or 5/2 with opposite parity. The spins and parities of the
new states P/ (4312), Pt (4440), and P;(4457) have not
been determined yet. We evaluate the branching fraction
limits B(P} — J/yp) individually for each P, assuming
JP =3/27, with the lowest angular momentum L = 0 of
the J/wp system. As VMD leads to an increase in the cross
section for increasing L [4], L = 0 minimizes the resulting
cross section and, therefore, yields a maximal upper limit
on the branching fraction. We fit our data, in which the
statistical and systematic uncertainties on the individual
points are added in quadrature, with a variation of the Joint
Physics Analysis Center (JPAC) model [6], where the
nonresonant component is described by a combination
of Pomeron and tensor amplitudes [29]. To take into
account the fine flux variations (see Supplemental

Material [21]), in each bin the data are fitted with the
integral of the model function weighted by the normalized
flux distribution across the extent of the bin. The upper
limits on the branching fractions are determined by
integrating the profile likelihood of the fit as a function
of the branching fraction. The profile likelihood is deter-
mined by a procedure based on the one described in
Ref. [30], in which uncertainties on the model parameters
can be incorporated. As an example of the sensitivity of our
measurement, we plot in Fig. 2 the model prediction for
P} (4440) with B(P[(4440) - J/yp) = 1.6%, which is
the estimated upper limit at 90% confidence level when
taking into account the errors of the individual data points
only. Similar curves for the other resonances are shown
in Supplemental Material [21]. Including systematic
uncertainties due to the nonresonant parametrization,
Breit-Wigner parameters, and overall cross-section nor-
malization, we determine upper limits at 90% confidence
level of 4.6%, 2.3%, and 3.8% for P (4312), P/ (4440),
and P/ (4457), respectively. These upper limits become a
factor of 5 smaller if J© = 5/2% is assumed. Note that these
results depend on the interference between the pentaquarks
and the nonresonant continuum that is model dependent
and the interference between the pentaquarks that is not
taken into account.

A less model-dependent limit is found for the product
of the cross section at the resonance maximum and the
branching fraction, o, (yp = PY) x B(Pf — J/yp),
using an incoherent sum of a Breit-Wigner function and
the nonresonant component of the model described above.
Applying the same likelihood procedure that includes the
systematic uncertainties yields upper limits at 90% con-
fidence level of 4.6, 1.8, and 3.9 nb for P} (4312),
P} (4440), and P/ (4457), respectively.

In Refs. [31-33], the partial widths of the Pf — J/yp
decays were calculated and shown to be orders of magni-
tude different for two pentaquark models, the hadrochar-
monium and molecular models. Our upper limits on the
branching fractions do not exclude the molecular model but
are an order of magnitude lower than the predictions in the
hadrocharmonium scenario.

In summary, we have made the first measurement of the
J/w exclusive photoproduction cross section from E, =
11.8 GeV down to the threshold, which provides important
inputs to models of the gluonic structure of the proton at
high x. The measured cross section is used to set model-
dependent upper limits on the branching fraction of the
LHCb P states, which allow us to discriminate between
different pentaquark models.
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