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We report on the measurement of the yp — J/vp 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 the total
cross 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/p) and cross sections o(yp — P) x B(P} — J/vyp).



INTRODUCTION

The exclusive production of charmonium near thresh-
old 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 /1 photoproduction in the beam energy region of E., =
9.4 — 10.1 GeV, as it can be used to search for the pen-
taquark candidates reported by LHCb in the J/vp chan-
nel of the A — J/¢pK ~ decay [1, 2]. The LHCb collabo-
ration initially claimed two pentaquark states, P (4380)
and P;(4450) [1]. Very recently, they reported the ob-
servation of three narrow pentaquark states, P (4312),
PF(4440), and P (4457), where the previously reported
PF(4450) was resolved into the latter two states with nar-
rower widths [2]. In photoproduction, these resonances
can be produced in the s-channel: vp — PF — J/vyp [3—
6], which is free from the three-body re-scattering effects
proposed as one of the possible explanations of the struc-
tures observed by LHCb [7-9]. This reaction can be de-
scribed by the P;F — J/+p decay plus its time inversion,
with the J/v — 7 coupling determined 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/1¢, and only one unknown parameter, the branching
fraction of the P+ — J/vp decay that enters quadrati-
cally. The pentaquarks produced in the s-channel would
appear as structures in the J/¢ photoproduction cross
section as a function of energy, possibly interfering with
the non-resonant continuum. 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/¢ interacts with the
light quarks of the proton via gluon exchange. Close to
threshold a large momentum is transferred to the proton
(|t| = 2.2 GeV? at threshold). The energy dependence of
the total cross section at high-t has been addressed within
several approaches. Based on dimensional scaling rules,
the energy dependence of the J/v photoproduction cross
section was predicted with a dependence on the num-
ber of hard gluons involved in the reaction [11]. Near
threshold all valence quarks of the proton are expected
to participate in the reaction, requiring the involvement
of three high-z gluons, while at higher energies one or
two hard gluons can be involved. In Ref. [12], it is ar-
gued that the t-dependence of the exclusive reaction is
defined by the proton gluonic form-factor, for which a
dipole form is assumed in analogy with the electromag-
netic 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(t) over a t-
range that, near threshold, depends strongly on energy.

According to Ref. [13], J/v¢ photoproduction near thresh-
old is dominated by the real part of the J/vp elastic am-
plitude, 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 demon-
strated that, in the near-threshold region, the shape of
the cross section as a function of 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 vp — J/¢p
from threshold up to £, = 11.8 GeV. We identify the
J/1 by its decay into an electron-positron pair. Previous
measurements near 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 lo-
cated 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 Contin-
uous Electron Beam Accelerator Facility (CEBAF). The
electron beam is incident on a diamond radiator, and pro-
duces a bremsstrahlung spectrum proportional to 1/E,
and a primary coherent peak adjusted to be in the en-
ergy range of 8.2—9.0 GeV. We also use data taken with
an aluminum radiator, which does not produce coher-
ent radiation. The scattered electron is analyzed with a
9 T-m dipole magnet and detected in a tagging scintil-
lator 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 2T, 4m-long solenoid
magnet and has full azimuthal and 1° < 6 < 120° polar
angle coverage. A 30cm-long liquid hydrogen target is
placed 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), con-
sisting 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 read-
out are used [19]. The two drift chamber systems are
surrounded by a lead-scintillator electromagnetic 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
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FIG. 1: Electron-positron invariant mass spectrum from
the data. The insert shows the .J/v region fitted with a
linear polynomial plus a Gaussian (fit parameters
shown).

longitudinal shower development.

The detector hermeticity in the forward direction out-
side of the magnet is achieved by the Time-of-Flight scin-
tillator wall and the lead-glass electromagnetic Forward
Calorimeter (FCAL), both located approximately 6 m
from the target. Both calorimeters, FCAL and BCAL,
are used to trigger the detector readout, requiring suffi-
cient total energy deposition. The intensity of the beam
in the region above the J/¢ threshold was 2 x 107 pho-
tons/s in 2016 and the first period of 2017, and was then
increased to 5 x 107 photons/s for the rest of 2017, result-
ing in a total accumulated 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 vp — pete™ in the
region of the ete™ invariant mass M(eTe™) > 0.90 GeV,
which includes the narrow ¢ and J/v peaks, and the con-
tinuum dominated by the Bethe-Heitler (BH) process.
Figure 1 shows the M(ete™) spectrum data after ap-
plying the event selection criteria described below. We
normalize the J/v¢ 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 ap-
plying selections on p/E, where the charged particle mo-
mentum p comes from the kinematic fit described below,
and FE is the energy deposited in the calorimeters. We
require —30 < p/E — (p/E) < +20 for both lepton can-
didates, where the resolution o 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, F,,., and requiring lepton candidates
emitted at a polar angle 6 to have E..sinf > 30 MeV,
taking into account the pathlength through the calorime-
ter. This rejects a significant number of pions, which de-
posit small amounts of energy in this layer compared to
electrons. We require all charged particles to have mo-
menta > 0.4 GeV and polar angle > 2° in order to reduce
the contamination from the 717~ p final state and poorly
reconstructed events. Due to the steeper t-dependence of
BH compared to 777~ production, to minimize the pion
background we select the BH process only in the low-t
region, —(t — tin) < 0.6 GeVZ2.

Protons with momenta < 1 GeV are identified by their
energy deposition in the CDC. The three final-state par-
ticles are required to be consistent in time with the same
electron beam bunch (£2 ns for most of the data). The
tagged beam photons that are in time with this bunch
qualify as possible candidates associated with the reac-
tion. 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 en-
ergy, we use a kinematic fit to improve the resolution
of the measured charged particle momenta. The fit en-
forces 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 ob-
tained using the results of the kinematic fit, which allows
us to achieve a 13 MeV standard deviation (SD) mass
resolution for the J/v. Studies of the kinematic fit show
that the results are constrained primarily by the direc-
tion 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/v and BH yields in bins of beam
energy or t. The J/v 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 three orders of magnitude after applying the
electron/pion selections event-by-event is not enough to
completely eliminate the pion contamination. On aver-
age 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 applying the p/E selection for the other candidate
(see Supplemental Material at [URL]).

We have performed Monte Carlo simulations of both
J/¢ and continuum BH production. The BH diagrams
can be calculated in QED. We have used two BH gen-
erators, one based on analytical calculations [21] and



another [22] based on numerical calculations of the di-
agrams. We generate the .J/iy-proton final state using an
exponential ¢t-dependence and a cross section as a func-
tion of the beam energy obtained from our measurement,
followed by the J/1 — ete™ decay assuming helicity
conservation.

The response of the GlueX detector to the generated
events was simulated using GEANT3 [23]. 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 calcu-
late the BH and J/4 reconstruction efficiencies, e gy and
€7/ BH simulations 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 10 bins of beam
energy using the following formula:

_ N (E ) g (E'v) (E'y)
O-J/w(E’Y) - N;/:(E:) BBI.TIN, SZ(EW)' (2)

Here N/, and Npg are the J/v and BH yields, oy is
the calculated BH cross section, and B/, is the J/¢ —
eTe™ branching ratio of 5.97% [24]. Note that the result
depends on the relative BH to J/¢ efficiency. Effects
due to variations in the photon flux over a given energy
bin also cancel under the assumption that the J/v cross
section varies slowly across a bin. The study of features
in the J/4 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
7 bins of t 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 ¢.

The total cross section in bins of beam energy and
the differential cross section as a function of —(t — t,nin ),
together with the statistical and systematic errors are
given as Supplemental Material at [URL]. We estimate
the overall normalization uncertainty to be 27%. The
main contribution comes from the uncertainty in the rel-
ative BH to J/v efficiency determined from simulations,
as the two processes occupy different kinematic regions.
To test the accuracy of the simulations, we study the ra-
tio of the measured BH cross section to the calculated
one as a function of several kinematic variables, such as
proton momentum and polar angle. Comparing these ra-
tios obtained for the BH and J/¢ 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.

4

The radiative correction to the J/v decay is simulated
using the PHOTOS package [25]. The results show that
the kinematic fit recovers the J/1 electron-positron in-
variant mass to its value before radiation. This is ex-
pected because the dominant constraint to the fit is the
recoil proton, which is decoupled from the J/1) decay.
This is not the case for the BH process, for which based
on Ref. [26] 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 ete™ 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. [21] the
contribution of Timelike Compton Scattering to the BH
cross section is estimated to be less than 4%. Due to un-
certainties of the Generalized Parton Distribution model
used in this estimation, we double this value as a system-
atic uncertainty.

We assign the systematic uncertainties of the individ-
ual data points to the maximum deviations of the results
obtained by varying the procedures for fitting the J/1
peak in the ete™ invariant mass spectrum and the BH
electron/positron peak in the p/E distribution. We as-
sign the systematic error for the t-slope to the maximum
deviation of the slope obtained with different J/v fitting
methods. The uncertainties of the parameters used in
the J/4 simulations (¢-slope, 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 data sets, which represent different experimental
conditions (solenoid field, photon beam intensity and
spectrum). They are statistically consistent with an av-
erage ratio of 0.95 £ 0.14. Based on the missing mass
distribution, we set a 5% upper limit for the target exci-
tation contribution, yp — J/prP.

For the t-dependence of the differential cross sec-
tion (see Supplemental Material at [URL]) for beam
energies of 10.00 — 11.80 GeV with an average of
10.72 GeV, we obtain an exponential t-slope of 1.67 +
0.35 (stat.) 40.18 (syst.) GeV~2. This can be com-
pared with the Cornell result at £, ~ 11 GeV of 1.25 +
0.20 GeV~2 [15] and the SLAC result at E, = 19 GeV
of 2.9 + 0.3 GeV~2 [16]. All these results are consis-
tent [27] with the hypothesis in Ref. [12] of the dipole
t-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 en-
ergy is shown in Fig. 2, and compared to the earlier
measurements at Cornell [15] and SLAC [16]. Note that
the SLAC experiment measured do/dt at t = ty,. In
order to estimate the total cross section, we have in-
tegrated over t assuming the dipole ¢t-dependence with
mo = 1.14 GeV.

Comparing the J/1 cross section to the Brodsky et al.
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FIG. 2: J/4 total cross section vs beam energy,
compared to previous data [15, 16], theoretical
predictions [11, 13], and JPAC model [6] for
B(P}+(4440) — J/v¢p) = 1.6% and JF =3/27. All
curves are fitted/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%.

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 as-
suming no interference between the two contributions. It
appears that three-hard-gluon exchange dominates near
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 2.3.
The shape of the curve agrees well with our measure-
ments 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 £, = 9.44, 10.04 and 10.12 GeV 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/parities of the new
states, Pt (4312), Pf(4440), and PJ(4457), have not
been determined yet. We evaluate the branching frac-
tion limits B(P;t — J/v¢p) individually for each P, as-
suming J¥ = 3/27, with the lowest angular momentum
L =0 of the J/vp 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 JPAC model [6] where the non-resonant

component is described by a combination of Pomeron and
tensor amplitudes [28]. To take into account the fine flux
variations (see Supplemental Material at [URL]), in each
bin the data are fitted with the integral of the model func-
tion weighted by the normalized flux distribution across
the extent of the bin. The upper limits on the branch-
ing fractions are determined by integrating the profile
likelihood of the fit as a function of the branching frac-
tion. The profile likelihood is determined by a proce-
dure based on the one described in Ref. [29], in which
uncertainties on the model parameters can be incorpo-
rated. As an example of the sensitivity of our measure-
ment, we plot in Fig. 2 the model prediction for P (4440)
with B(P;(4440) — J/vyp) = 1.6%, which is the esti-
mated 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 the
Supplemental Material at [URL]. Including systematic
uncertainties due to the non-resonant 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 pen-
taquarks and the non-resonant 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,q.(yp — PF) x B(PF — J/vp),
using an incoherent sum of a Breit-Wigner and the
non-resonant component of the model described above.
Applying the same likelihood procedure that includes
the systematic uncertainties, yields upper limits at 90%
confidence level of 4.6, 1.8, and 3.9 nb for Pf(4312),
P (4440), and P (4457), respectively.

In Refs. [30-32] the partial widths of the Pt — J/¢p
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/1 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 z. The measured cross section is used to
set model-dependent upper limits on the branching frac-
tion of the LHCb P states, which allow to discriminate
between different pentaquark models.
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