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The electro- and photoproduction of the J/i¢ meson near the threshold from the proton are relevant to
the search of hidden charm pentaquark candidates reported by the LHCb collaboration, and the study of the
contribution of the quantum chromodynamics (QCD) trace anomaly to the proton mass. It is also expected to
be sensitive to the QCD van der Waals interaction, that is mediated by multigluon exchanges and expected to
dominate the interaction between two hadrons with no common valence quarks. Subthreshold production of
J/¥ from a nuclear target is expected to enhance such attractive interaction, and also allows for a direct probe
of short range correlations inside a nucleus. With the high luminosity capability of the 12-GeV CEBAF facility
at Jefferson Laboratory, high-precision data on J/¢¥ meson production from the proton are becoming available,
providing also a reference for subthreshold J/¢ production from the deuteron. Data from the deuteron will
establish the baseline for subthreshold J/y production from other nuclear targets. In this paper, we present our
findings from a feasibility study of subthreshold J/v production from the deuteron using the proposed Solenoidal
Large Intensity Device (SoLID), and discuss the potential physics impact of such data.
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I. INTRODUCTION

The J/v meson has been a fascinating particle to physicists
since its original discovery in the 1970s [1,2]. Its discovery—
the discovery of the charm quark—played an important role in
the establishment of the quark model as a credible description
of nature. In recent years, the J/¢¥ meson has also played an
important role in the search of multiquark states [3,4], one of
the active frontiers since the establishment of the quark model
[5,6]. Hadrons, as color singlet states, are composite particles
made of quarks and gluons held together by strong inter-
actions. Ordinary mesons are described as quark-antiquark
states and ordinary baryons are described as three-quark
states. Exotic mesons, such as glueballs, tetraquarks, and hy-
brid mesons, have quantum numbers that are impossible for a
quark-antiquark configuration. Similarly, exotic baryons have
constituents other than the three-quark configuration. The
pentaquark is a type of exotic baryon whose minimum-quark
content is five-quark. The quantum chromodynamics (QCD)
is known as the fundamental theory of strong interactions in
the framework of the Yang-Mills gauge theory with quarks
and gluons as degrees of freedom. It allows the existence of
multiquark states; however, due to the nonperturbative nature
of QCD at low energy scales, first principle calculations of
hadronic states and properties remain challenging. Hence ex-
perimental investigation of multiquark states is an important
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approach to understand the dynamics of the strong interaction
at the hadronic scale.

In 2015, the LHCb collaboration discovered two hid-
den charm pentaquark candidates, named as P.(4380) and
P.(4450), in the channel A, — J/¥ K~ p [7], which contains
narrow peaks in the J/¥ p invariant mass distribution. In
2019, LHCb followed up with an order of magnitude more
data. They discovered another narrow pentaquark candidate
P.(4312)" and confirmed that P.(4450)" consists of two nar-
row overlapping peaks, P.(4440)*" and P.(4457)* [8]. In light
of these developments, the production of J/v mesons near
the threshold from protons with high precision has become
ever more important and compelling. The 12-GeV CEABF at
Jefferson Laboratory (JLab) provides excellent opportunities
to study the production of J/¢¥ mesons near the threshold
as demonstrated by the GlueX experiment in JLab Hall D
first in 2019 [9] and again in 2023 [10] with more statistics.
The GlueX collaboration reported on the measurement of the
yp — J/y¥ p cross section for photon energies from 11.8 GeV
down to the threshold energy of 8.2 GeV using a tagged
photon beam. The results show that the total cross section falls
toward the threshold less steeply than expected from two-
gluon exchange models [11]. While the LHCb pentaquark
candidates P in principle could be produced in the s channel
of this reaction, the GlueX results provide no evidence for
these states. JLab experiment E12-16-007 [12] took data in
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Hall C in spring 2019 on photoproduction of J/v on the
proton from the threshold of 8.2 GeV to energies above the
threshold for the production of the P,(4450) state. The results
[13] have no signal on the P.(4450) state, but the proton
gluonic gravitational form factors are extracted.

Another major physics motivation for precise information
on the near threshold photoproduction cross section of the
J/¢¥ meson from the proton is due to its connection to the
QCD trace anomaly, which is predicted to contribute signif-
icantly to the mass of the proton. The proton, as the bound
state of strong interaction, is fundamentally described in terms
of quarks and gluons degrees of freedom in QCD. Thus, a
decomposition of the proton mass can be investigated from
the QCD energy-momentum tensor, which can be uniquely
separated into a traceless part and a trace part following the
procedure in Refs. [14,15]. According to the separation of
the energy-momentum tensor, one can partition the proton
Hamiltonian in terms of the quark energy, gluon energy, quark
mass, and the trace anomaly contributions. The parameter
that determines the trace anomaly contribution to the proton
mass, which also contributes to the quark mass and quark
energy pieces can be extracted via the purely real ampli-
tude of the interaction between heavy quarkonium and light
hadron at low energy [16,17]. The heavy quarkonium, such
as J/¢, is a strongly bound state of two heavy quarks with
both the constituents’ mass and the binding energy much
larger than Aqcp ~ 340 MeV [18], the typical nonperturba-
tive QCD scale. Thus, it can be utilized as a microscopic
probe of the structure of light hadrons, such as the pro-
ton. The quarkonium-nucleon scattering J/YN — J/¢¥N is
related to the differential cross section of forward photo-
production yN — J/Y¥'N process through the conventional
vector meson dominance (VMD) approach [17].

In the last two decades or so, there has been a renewed
interest in the QCD van der Waals interaction—mediated by
multigluon exchanges—which is expected to dominate the
interaction between two hadrons when they have no common
valence quarks. Such an attractive interaction in the case
of the J/yv — N has been confirmed by both the effective
field theory method [19-22] and lattice QCD [23]. This van
der Waals attractive interaction also leads to the prediction
of a bound state between a J/v and a light nucleus [24].
Lattice QCD simulations [25] have been performed for both
the charmonium and the strangeonium cases showing that
the interaction between the charmonium/strangeonium and
the nucleon/nucleus could be strong enough to form a bound
state. The study of bound J/ nuclear states [26] from photo-
production off nuclear targets requires precise measurements
of J/¢ photoproduction from the proton and the deuteron tar-
gets near the threshold. Subthreshold production of ¢ or J/y
mesons from a nuclear target is expected to enhance such at-
tractive interactions. The ¢ — N bound state was explored by a
number of authors [27-30]. Gao, Lee, and Marinov [27] were
the first to propose and showed that the subthreshold quasifree
¢ meson production inside a nuclear medium would enhance
the probability for the formation of the ¢ — N bound state.
Experimental demonstration of subthreshold production of ¢
and J/¢ mesons will be an important step towards searching
and/or discovering aforementioned exotic QCD bound states.

Previously, “subthreshold” production of ¢ mesons from a
deuterium target has been demonstrated by CLAS6 [31], in
which the physical threshold of the ¢ meson photoproduction
from the proton was determined by the detection acceptance
of the decay kaon pair. A quasifree model is able to describe
the differential cross section well [31], though the data have
rather large statistical uncertainties. Subthreshold production
of J/¢¥ meson was also attempted previously in Hall C at
the 6-GeV CEBAF [32]. While no event was seen for such
production, this null finding is not surprising as subthreshold
cross sections are small, and 5.7 GeV used for the experiment
is too far from the threshold of 8.2 GeV.

Recently Hatta er al. [33] proposed subthreshold photo-
production of J/¢ from nuclear targets as an independent
test of the universality of the nucleon-nucleon short-range
correlation in nuclear scattering processes, and the deuteron
is presented as the reference nucleus for such a test. Wu
and Lee [34] studied quasifree production of J/y from the
nucleon inside the deuteron near the threshold, and found at
forward proton scattering angles and low J/1 momenta in the
center-of-momentum (c.m.) frame of the J/¢¥ — N subsystem,
the differential cross section is dominated by the J/¢ — N
rescattering. Therefore, carefully designed experiments using
a deuterium target will allow for the extraction of the J/¢» — N
potential. Both sub- and near-threshold production of J/y
is advantageous in this case to access low J/v momentum,
therefore the rescattering region.

From the experimental side, JLab Hall D has obtained
preliminary results on J/v production on D, “He, C targets
that show promising signs of subthreshold production. JLab
CLASI12 also collected data on J/v production from deu-
terium and other nuclear targets, and analyses are underway.
While the results from both Hall D and CLAS12 will be of
limited statistics, they allow for a first look of the physics
we discussed above. In this paper, we present a study of
subthreshold real and quasireal photoproduction of J/v me-
son from the deuteron using the proposed Solenoidal Large
Intensity Device (SoLID) in Hall A at JLab. Compared to
JLab GlueX and CLAS12, SoLID can handle at least 2 orders
of magnitude higher luminosity and has large acceptance and
good resolution for detecting multiple final state particles.
While our focus is on the subthreshold production, we also
present results near the threshold—the comparison of the
production mechanism of J/vy from the deuteron between
subthreshold and above the threshold may uncover interesting
short-range physics such as the nucleon-nucleon short-range
correlation, non-nucleonic configuration such as hidden color
states [35]. Furthermore, data on subthreshold production of
J/¢ from the deuteron compared to those of the ¢ meson
[31] can uncover interesting QCD dynamics that might be
reflected in the difference between charmonium and strangeo-
nium production below the threshold on the proton. The rest
of the paper is organized as follows. In Sec. II, we present
an description of the SoLID and the experimental method
for the subthreshold and near threshold J/ production from
a deuterium target. In Sec. III, we present our results from
the simulations including the experimental apparatus, and the
model used in our study on yd — J/v p(n) reaction. Finally
in Sec. IV, we will conclude and provide future outlook.
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FIG. 1. The SoLID J/r experimental layout.

II. EXPERIMENTAL SETUP

The SoLID is a major new device combining large accep-
tance and high luminosity proposed for Hall A in the JLab
12-GeV era. The approved SoLID programs [36] consist of
an experiment on parity-violating deep inelastic scattering
[37] to provide an unique test of the standard model and
search for new physics, experiments on semi-inclusive deep
inelastic scattering to perform tomography of the nucleon in
three-dimensional momentum space [38], and high precision
measurements of cross sections from J/y electroproduction
and photoproduction near the production threshold from the
proton [39].

The J/v sub- and near-threshold production cross sec-
tions from the deuterium can be measured using the same
experimental setup as that for the approved experiment [39]
with a liquid deuterium target instead of a liquid hydrogen
target. The layout of the SoLID J/v setup is shown in Fig. 1.
With custom designed high rate and high radiation tolerant
detectors, the SoLID J/y setup can carry out experiments
using high intensity electron beams incident on a cryogenic
target in an open geometry with a full azimuthal angular
coverage. There are two groups of subdetectors. The forward
angle detector group covers a polar angular range from 8°
to 16° and consists of several planes of gas electron mul-
tipliers (GEM) for tracking, a light gas Cherenkov (LGC)
for e/m separation, a heavy gas Cherenkov (HGC) for 7 /K
separation, a multigap resistive plate chamber (MRPC) for
time of flight, a scintillator pad (SPD) for photon rejection,
and a forward-angle electromagnetic calorimeter (FAEC). The
large-angle detector group covers a polar angular range from
18° to 28° and consists of several planes of GEM for track-
ing, an SPD and a large-angle electromagnetic calorimeter
(LAEC). Electrons, positrons, and protons will be detected
and identified by measuring their momenta, time of flight,
photons produced in the threshold Cherenkov detectors, and
energy losses in the calorimeters. A single particle geometri-
cal acceptance is shown in Fig. 2 with the target center located
at 315 cm upstream from the solenoid coil center. Limited
by time-of-flight resolutions, the proton identification is good
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FIG. 2. The geometrical acceptance of a single particle in SoLID
J/¢ setup at the forward angle (left) and large angle (right). The
momentum and polar angle are from the particle vertex when it is
produced at the target.

up to a momentum value of 4.5 GeV in the forward angular
region and up to 2 GeV in the large angular region. While
SoLID baseline detectors mentioned above do not provide a
good capability for muon detection, a dedicated muon detector
is being explored [40].

Because the subthreshold production is a rare process with
small cross sections, we include both quasireal photoproduc-
tion (low Q? electroproduction) and real photoproduction to
maximize event counts. As the proton detection requires the
momentum greater than 0.2 GeV and there is no neutron de-
tection capability in SoLID, we do not consider the production
of J/¢ from the neutron inside a deuteron in our study. We
require a three-fold coincident detection in which the J/y
decay pairs of electron and positron as well as recoil protons
will be detected. The detection of the scattered electrons is
not required even in the case of the low Q? electroproduction.
Thus the reactions of interest are e~ + “p” — (e~ ) + J/¥ +
p—>(e)+et+e +pandy +“p" > J/¥+p—>e +
et + p, where J/ is reconstructed through its decay into a
lepton pair (e*e™) with a branching ratio of 5.94% and “p”
stands for the proton inside the deuteron. The muon channel
of J/¢ decay can be added to the same study once a SoLID
muon detector is developed further.

In our study, the trigger used is the three-fold coincidence
of the decay lepton pair and the recoil proton. There will be
some four-fold electroproduction coincident events including
the scattered electrons in the obtained data set for us to study
and such a topology shall provide the best signal to back-
ground ratio but low statistics. One may choose to include
only two-fold coincident detection of the J/y decay lepton
pair if the trigger design allows, but it is expected to have large
backgrounds for such a topology.

In our study, we use beam currents up to 1.25 uA to ensure
the luminosity to stay below 1.2 x 10%” nucleoncm=2s7!,
which is the same as that of the E12-12-006 experiment [39].
The SoLID collaboration is actively working on improving
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the J/yr setup’s capability to handle even higher luminosity.
If this effort is successful, one can increase the beam current
for this experiment accordingly to achieve more statistics.

III. SIMULATION

To demonstrate the experimental feasibility of the sub-
threshold and near-threshold J/v production from a deu-
terium target, we perform a Monte Carlo simulation using
the proposed SoLID detector at JLab. In this section, we will
briefly introduce the theoretical model of the photoproduction
of J/¢ from the nucleon, and then describe the simulation
procedure of the photoproduction and the electroproduction
of J/¢ from a deuterium target. The simulation results are
presented in the end of this section.

A. J/v¥ photoproduction model

Although there are many phenomenological models for the
J/¢ photoproduction from the nucleon, very few models can
simultaneously describe the data at low and high energies,
especially when including the precise data from JLab [9].
In a recent review [41], the Pomeron-potential model [42],
referred to as the “Pom-pot” model, was found the only one
that can fit data from near threshold [9] up to high energy
W = 300GeV [43]. Hence we use the differential cross sec-
tion calculated by the Pom-pot model in the simulation.

The Pom-pot model is an extension of the Pomeron-
exchange model. As advanced by Donnachie and Landshoff
[44—47], the vector meson photoproduction at high energies
can be well described by the Pomeron-exchange mechanism
[48] and the vector meson dominance (VMD) assumption
[49-52]. In this model, referred to as the “Pom-DL” model,
the photon is first converted to the vector meson and then
scattered by Pomeron-exchange between quarks in the vector
meson and the nucleon. Though the Pom-DL model can well
fit the J/¢ photoproduction data up to W = 300 GeV, the
calculated cross section at low W is significantly below the
recent JLab data. In such near threshold region, the rela-
tive velocity between J/v and the nucleon is not large and
higher order multigluon exchanges that are not included in the
Pomeron-exchange mechanism cannot be neglected. To solve
this problem, it was proposed in Ref. [42] to add an effective
J/¥ — N potential term phenomenologically interpreted as
the multigluon exchange.

With the VMD assumption, one can calculate J/v photo-
production cross section following the Hamiltonian

H _ H eM}/‘l’ / 4 y
=Hy+V(r)+ —— [ dxA, (x)¢p"(x), (1)
Jirw

where f;/y = 11.2 is the VMD coupling, which is evaluated
from the decay width of J/y — ete™. A,(x) and ¢*(x)
are the field operators of the photon and the J/v, respec-
tively, e is the electric charge of the positron, and M,y is
the mass of the J/¢¥ meson. V (r) is the J/¢ — N potential,
which can be extracted from lattice QCD calculation [23]. As
found in Ref. [42], the lattice QCD data can be fitted by a

Yukawa form potential

—ar

e
V() =W

@

where V) and a are free parameters. Two sets of parameters,
Vo = —0.06(—0.11) and a = 0.3(0.5) GeV, are provided in
Ref. [42] corresponding to two different selected fit regions
of the lattice data, but the final numerical results are almost
indistinguishable. More detailed discussions on the fit of the
potential and the dependence on the parametrization form can
be found in Ref. [42].

A feature of the VMD model using the lattice QCD po-
tential is that the total cross section decreases at high energy,
i.e., large W, where the data are orders of magnitude above
the model prediction. A possible solution to this problem is to
extend the VMD model by including the Pomeron exchange,
which dominates the cross section at high energies. Although
the J/vy — N potential at short distances, r < 0.4 fm, is dif-
ficult to be quantified from the lattice QCD calculation [23],
the long-distance region, which accounts for the nonperturba-
tive interaction, can be well extracted. The effect of the less
constrained short-distance region is discussed in Ref. [42].
To develop a model which contains both nonperturbative and
perturbative mechanisms, one can formally add a perturbative
potential term Vocp(r) into the Hamiltonian. The photopro-
duction amplitude will then obtain a term from V,,qcp(7) in
addition to the amplitude in the original VMD model. Due
to the absence of perturbative potential, one can further re-
place the amplitude from the V,qcp(7) term by the amplitude
from the Pomeron-exchange model [26,53], which is devel-
oped based on the perturbative analysis of Donnachie and
Landshoff [44].

By fitting the JLab data [9], it was also observed that a
rescaling factor F° = 0.4(0.7) to the VMD coupling 1/ i
was necessary to describe the near-threshold region while the
fit to high energy region is also improved. The introduction
of such a correction factor can be interpreted as the scale
dependence of the coupling and is consistent with the study
of p photoproduction [46]. The real photon considered here
has invariant mass square ¢> = 0, which is very different
from the decay process J/¥ — y — ee” withg> = M7, ~
9 GeV?, conventionally used to determine the VMD coupling.
Then the resulting Pom-pot model can describe data from near
threshold up to W = 300 GeV [41].

In Fig. 3, we show the differential cross section of the
photoproduction of J/y from the nucleon at several W values
near the threshold. More comprehensive comparison between
the model predictions and experimental data, as well as
the comparison among different models, can be found in
Ref. [41].

B. Simulation of J/¢ production from a deuterium target

In this subsection, we describe the approach to simulate
the photoproduction and the electroproduction of J/v from
a deuterium target, using the differential cross section of the
photoproduction from the nucleon as a model input.

As a baseline estimation, we only consider the quasifree
mechanism of the production from the deuteron, and
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FIG. 3. The differential cross section of the photoproduction of
J/¢ from the nucleon in the Pom-pot model. The angles 2., and
0. m. are defined in the center-of-mass frame with the photon moving
along the z direction.

final-state interaction effects are neglected. In the quasifree
mechanism, subthreshold production is possible because of
the Fermi motion of the nucleons in the deuteron nucleus.
Here, we use a two-pole parametrization [54] of the deuteron
wave function
1 1
- ] 3)

Z4+a>  pP+ b2

~ 1
v(p) = —
®) \/E|:P

where the parameter a = 0.0456 GeV is determined by the
position of the nucleon pole, » = 0.2719 GeV is determined
empirically from the average deuteron size, and ¢ is a
normalization factor [55]. The momentum distribution of
the nucleon in the deuteron is then given by the square
of the wave function, |W(p)|>. As shown in Ref. [55], the
two-pole parametrization provides an excellent approximation
to the realistic wave function in a wide range of momen-
tum. In comparison with the solution from the AV18 NN
potential [56], the two-pole parametrization agrees well with
the realistic momentum distribution up to |p| &~ 0.3 GeV/c,
but underestimates the density at the high momentum region
because of the absence of the D-wave component. Since this
deviation will only result in possible underestimates of the sig-
nal rate for the subthreshold and near-threshold productions,
it will not affect the conclusion of the feasibility study in this
paper.

As the simplest nucleus, the deuteron only contains two
nucleons, and thus the momenta of the two nucleons is al-
ways back to back with the same magnitude in the deuteron
rest frame. In the impulse approximation, one of the bound
nucleons is struck by the photon to produce the J/¢ as well
as the recoil nucleon, while the spectator nucleon keeps its
momentum as in the initial state. Then we can solve the energy
of the struck nucleon

Ey = Mg — \/M} +p?, “

where M; and My are the deuteron mass and the nucleon
mass, respectively. In the simulation, we randomly sample
the nucleon momentum according to the distribution given by
the wave function (3) and then calculate its off-shell energy
from Eq. (4). The J/v events are generated via the subprocess
y + “p” — J/¥ + p using the differential cross section from
the Pom-pot model [42]. For the detection reason, we only
consider the production from the proton inside the deuteron.
For the photoproduction, the target itself serves as the
radiator. In the simulation, we generate photons according to
an approximate distribution of the Bremsstrahlung spectrum

[571,
AN, _d 1 (4 4 -
dE, X E,\3 37 )

where E, is the photon energy, y is the energy ratio between
the Bremsstrahlung photon and the electron beam, d is the
radiator length, and Xj is the radiation length of the target. The
direction of the Bremsstrahlung photons is assumed along the
beam direction. For liquid deuterium target, X, = 769.1 cm.
In this study, we use an 8.5 GeV electron beam incident on
a 15-cm long liquid deuterium target. Since the target is
utilized as the radiator, the effective radiator length for the
photoproduction is half of the target length, corresponding to
d/Xo ~ 0.98%.

For the electroproduction, we consider the J/y production
from the subprocess y* + “p” — J/¢ + p, where y* is the
virtual photon. At the leading order of «, the electromagnetic
fine structure constant, we can relate the electroproduction
cross section to that of the photoproduction as shown in the
formula below with details described in the Appendix,

E'doen—eipyn a Vg pP—¢p?
dVdQem,  2n2(1—€)Q% /(- p) — 122
doey
COND TN, (©)
dQc.m.

where [, I’ = (E',1), g =1 — I, and p are the four-momenta
of the incoming electron, the scattered electron, the virtual
photon, and the initial nucleon, respectively. Q*> = —¢? is
the virtuality of the photon, and € is the ratio between the
timelike (also referred to as longitudinal) polarized and trans-
verse polarized photons. This reaction is dominated by the
low-Q? region, in which case it is referred to as quasireal
photoproduction.

In this study, both the photoproduction and the electropro-
duction processes are simulated. For electroproduction, the
event rate is low if we require that the scattered electrons are
detected by the subdetectors of SoLID. Thus we choose to
focus only on quasireal photoproduction where the scattered
electrons travel near the incoming electron beam direction
and escape the SoLID. In this case, events from real and
quasireal photoproductions are indistinguishable. The photon
fluxes from these two are roughly equal for a 8.5-GeV electron
beam on a 15-cm long liquid deuterium target for a photon
energy range from 7.2 GeV to 8.5 GeV.

The J/v mesons are reconstructed from the decay channel
J/¥ — ete”. The ete™ pair from the J/v decay is assumed
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FIG. 4. The definition of the 6 angle describing the decay angular
distribution in the J/ rest frame in Eq. (7).

to follow the distribution [58]

3
f(cosB) = 8—[1+,0+(1 —3p)cos? 6], (7
T
where
€R
P = 1xer ®)
and [59,60]
)\.MZ + 2\ "
R= (W—ZQ —1. )
M3,

The parameters A = 2.164 and n = 2.131 are determined phe-
nomenologically [61]. As illustrated in Fig. 4, the angle 6 of
the positron is defined in the J/y rest frame with the recoil
nucleon moving against the z direction.

For the study of subthreshold production of J/¢¥ mesons
and the exploration of the J/¢ — N interaction, we require a
three-fold simultaneous detection of e, e~, and p in the final
state. The detection of the recoil proton is not only important
for the reconstruction of the untagged photon energy, but also
necessary for deriving the relative momentum of the J/¢ — N
system, which is essential to extract the J/¢ — N interactions.

With only the detection of the momenta of J/y and the
proton, one cannot determine the photon energy from the
energy-momentum conservation for a general nuclear target.
However, for the deuteron, as the simplest nucleus, the on-
shell condition of the undetected nucleon in the final state
provides an additional relation, which allow us to solve the
photon energy as

_ V(Eyy +Ey = Ma)* — (Pyjy +1p)° — M,

Er=3 Ejpy +E,— P, — 5 — M,
I/ P~ Pry — Pp d

. (10)

where M, is the mass of the undetected neutron, Ej/y and E,
are the energies of the produced J/v and the proton, and p;,y
and p, are their momenta with z components p5 m and ps,.
This relation does not rely on the quasifree mechanism or the
impulse approximation, and it is a unique advantage of the
deuteron target.

3+ -
5 i I total
ota

o 2
N L
-~ | above threshold
1]
= L
q) [
>
(11| 1- sub threshold

i BH background

;L_‘ | Ag—f_,_fi | T R

NO

L
9 3 3.1 3.2 3.3
Mle*e] (GeV)

FIG. 5. J/v signal rate reconstructed from the e*e~ decay chan-
nel. The lower blue curve is the production below the threshold, the
middle red curve is the production above the threshold, the the upper
black curve is the sum of subthreshold and above-threshold pro-
ductions. The gray curve is the background from the Bethe-Heitler
process.

As demonstrated in Ref. [34], when the relative momentum
of the J/¢ — N system is small, the reaction is more sen-
sitive to the J/¢ — N potential. To select the events in such
region, we introduce the momentum of J/vy in the J/¢ — N
c.m. frame, labeled as «, o which can be calculated from the
momenta of the J/yr and the proton as

L (WZ — M2

2 2
ki = o7 i — M2)" — 4M;, M2 (11)

Jv T pe

C. Simulation results

Following the procedure described above, we simulate
the J/y production events using a 8.5GeV electron beam
with 1.25uA current incident on a 15-cm liquid deu-
terium target, corresponding to the luminosity of 1.2 x
10%7 nucleons cm =2 s~!. This is the same as the luminosity of
the approved SoLID J/v experiment using a liquid hydrogen
target. This chosen 8.5 GeV energy is above the J/yr but
below the J/v + m production threshold from the proton.
The SoLID acceptance, as shown in Sec. I, is applied for
final state particles. Since no neutron detection is designed in
SoLID and the detection of protons requires the momentum
greater than 0.2 GeV/c, we do not consider the J/y produc-
tion from the neutron in the deuteron. To account for the
detector resolution, the three-momenta of detected particles
are randomly smeared with gaussian distributions accord-
ing to the SoLID resolution described in Sec. II. For signal
rate estimation, the results are scaled by a factor of 0.8 as
the overall detection efficiency. All results in this subsection
are the sum of real and quasireal photoproductions, since they
are experimentally indistinguishable without the detection of
the scattered electron.

In Fig. 5, we show the distribution of the invariant mass of
the ete™ pair from the J/y decay. The width is dominated
by the detector resolution since the intrinsic width of J/y
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TABLE L. The event rates and the total counts in 47 days with the
invariant mass of ete™ within the 120 MeV window around the J/vr
mass.

events/hour events in 47 days
subthreshold 2.1 2360
above threshold 10.3 11621
total 124 13981

is negligible. To suppress the background while keeping the
signal events as many as possible, we choose a 120 MeV win-
dow, i.e., 3.04-3.16 GeV, around the J/v mass. The signal
rates and the total counts in 47 days are listed in Table I. The
well-known Bethe-Heitler (BH) process contains the same
final state particles as J/y production. It could be the main
background for the kinematics of study. We followed the
recent BH calculation on deuteron [62] and carried out the
same simulation. The resulting BH event rate is at sub-percent
level comparing to the J/y as shown in Fig. 5.

Taking the unique advantage of the deuteron target, we can
reconstruct the photon energy from Eq. (10) by a simultaneous
detection of the recoil proton along with the two decay leptons
from the J/v¢. The uncertainty of the determination of the
photon energy depends on the detector resolution. In Fig. 6,
we show the smearing of the reconstructed photon energy
around the values recorded in the simulation. As labeled in
the figure, the width of the smearing increases with the photon
energy. The projection of the signal events in photon energy
bins is shown in Fig. 7, where the statistical uncertainties are
calculated from the square root of the number of events in the
bins. The BH event rate is shown again at subpercent level
comparing to the J/y for different photon energy.

0.4

0.2

SE, (GeV)

0=0041} 0.056 | 0066 | 0.073 | 0.081 | 0.086

10°

75 8 85
E, (GeV)

FIG. 6. The smearing of the reconstructed photon energy due
to the detector resolution. E,, is the photon energy recorded in the
simulation with electron beam energy E = 8.5 GeV. 6E, is the dif-
ference between the reconstructed photon energy and E,. The o
labels the standard deviation of 6, in each energy interval separated
by vertical dashed lines. The color code represents the event rate
distribution in the logarithmic scale.

10*E
2 10°c _—
© C ——
N C —
<t 5 —r—
= C ==
& [ ==
0 10;:|_
1_ | L
7.5

E, (GeV)

FIG. 7. Projections in the photon energy in the simulation with
electron beam energy E = 8.5 GeV. The horizontal width represents
the binning and the vertical width represent the statistical uncertainty.
The gray curve is the background from the Bethe-Heitler process.

The triple coincident detection of e, ¢, and p also al-
lows us to reconstruct the J/¢¥ momentum in the J/v — N
c.m. frame via Eq. (11). We observe from the simulation that
the events with higher recoil proton momentum favor lower
values of K,,- As demonstrated in Ref. [34], these events
are more sensitive to the J/¢¥ — N interaction. In Fig. §, we
show the projection in «,,, bins. The projections by selecting
events with the proton momentum below and above 1.0 GeV
are also separately drawn. As shown in Fig. 9, the distributions
of «,,, in several photon energy intervals below the produc-
tion threshold of 8.2 GeV, the expected statistics allows us

to further bin the events in the photon energy, which will

10*¢
U“% 1035_ - —
© F [
N i — -
<
£ 10°r =—— —
f2) E
< C — —
= ==
L 105=|—
1_. PR N S T T EN SO TR T N S T SR N SR}
0 0.2 0.4 0.6 0.8 1
Ky (GeV)

FIG. 8. Projections in the J/¢¥ momentum in the J/¢¥ — N c.m.
frame. The horizontal width represents the binning and the vertical
width represents the statistical uncertainty. The blue points are the
results with the proton momentum less than 1GeV, the red points
are the results with the proton momentum greater than 1 GeV, and
the black points are the sum.
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FIG. 9. Distributions of the J/¥ momentum in the J/¢ — N
c.m. frame from productions below the threshold. The curves from
bottom to top correspond to the photon energy bins of [7.2, 7.4] GeV
(green), [7.4,7.6] GeV (cyan), [7.6,7.8] GeV (blue), [7.8, 8.0] GeV
(magenta), and [8.0, 8.2] GeV (red).

provide the opportunity of more detailed studies of the J/v —
N interaction.

IV. DISCUSSION AND CONCLUSIONS

With the unique capability of SoLID in combining high
luminosity and large acceptance, our studies have shown that
subthreshold production of J/v from the deuteron is exper-
imentally feasible at JLab. The study on the deuteron also
opens a new window for future studies of subthreshold pro-
duction of J/y from other nuclei and the data on the deuteron
will serve as reference. Such studies will be important to
search for J/v-nuclear bound states and nuclear short-range
correlations. Further, the projected quasifree J/y production
data from the deuteron reported in this work, and future stud-
ies from other nuclei, near the production threshold of the
proton can be compared with those from a free proton target to
investigate any nuclear dependence in multi-gluon exchange.
Such studies can also help answer the question of whether
there might be medium modification of the matter radius of
the proton.

J/¥ meson near- and subthreshold production from the
deuteron is an important reaction to study nonperturbative
QCD. Expanding from the proton, the production on the
deuteron directly touches on many interesting QCD topics
such as van der Waals interaction, multigluon exchange,
bound states, short-range correlations, and gluonic gravita-
tional form factors. While small cross section and multiple
final state particle detection made this reaction a challenge
to access in the past, the situation has changed since JLab
entered the 12 GeV era. Our study demonstrated this exciting
measurement is now feasible through the next generation high
luminosity and large acceptance detector SoLID. The high
quality data would open a new door to allow many advanced
QCD studies with this unique reaction.
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APPENDIX: RELATING ELECTROPRODUCTION
AND PHOTOPRODUCTION CROSS SECTIONS

Here, we provide the derivation of Eq. (6), which relates
the electroproduction cross section to the photoproduction
cross section at the leading order of «.

The electroproduction cross section is

M , 2
dUeN—>e’J/1pN — | eN~>eJ/1/fN|
N

where M y_.¢yyn is the invariant amplitude. The phase
space is given by

dps, (A1)

dPS = 2m)* WU +p—1' = piyy — )
8 d31/ d3p/ d3pJ/1//
2E'(273) 2E;(27)3 2E;y (23

(A2)

With one-photon-exchange approximation, one can express
the squared amplitude as

Ao
0*
where L*¥ is the leptonic tensor, W, is the hadronic tensor,

and 1/0Q* is the from the virtual photon propagator. Corre-
spondingly, the phase space can be expressed as

|M6N~>e’1/|//N| = LMVWM\M (A3)

3y

—— —_dps,
2E'(273)

dpPS = (A4)

where dPS is the phase space of y*N — J/¢¥/N subprocess.

To consider the virtual photon polarization, we specify a
frame, in which the virtual photon momentum ¢ and the target
nucleon momentum p have only longitudinal components.
For convenience, we introduce two lightlike vectors, n and 7,
which satisfy the conditions n> = 7> = 0 and n - i = 1. Then
the virtual photon momentum

q=(q-mn+(q-nn. (A5)
For transverse polarized photon,
duy =) £5(q. 2)eu(q. 1)
pym—

=—gw+ np_ﬁv + ﬁunv’ (A6)

407 1 1
L"dy, = ————(1—-y+ =" +-y5*), (A7
" y2(1+y2)< Y3y 4 gry (A7)
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where y = (p-q)/(p-1), vy =MQ/(p-q), and &(q, 1) is the
polarization vector. For longitudinal polarized photon,

duv = £,,(q, 0)e, (g, 0)

(q- n)zﬁuflu +(q- ﬁ)znu”v

1
= E(ﬁunv + nyity) —

7 ’
(A8)
4Q2 1
“d, = ————[1—-—y— - 2,2, A
an y2<1+y2>< Y 4”) (A%

Then flux ratio between longitudinal and transverse polarized
photon is

L=y —gyH?
L—y+ 302+ 1v%?

€ (A10)

The cross section of the subprocess y*N — J/¥N is

|IMyno iy |?

doysNoyyN =
4/(q - p)* — ¢*p*

dps, (A11)

where the squared amplitude is
2 1
Mol = 5 D@ Ve @ M Ws (A12)
A=+

for transverse polarized photon, and

2 v
‘M]];*N—>J/1//N| = &"(q,0)e"(q, OW,,,

for longitudinal polarized photon. The superscript T(L)
denotes the polarization of the photon. Comparing the elec-
troproduction and the photoproduction cross sections, one can

find the relation
Vg -p?—q*p? o

E'dooNei/yN
d3r /(L p? —12p? 2(1 — e)m?Q?
X Aoy ypyy +€d0Neyyn)- (Al4)

Since real photons only have transverse polarization states, we
assume dpﬁ N—J[yN = cicr),N_T J/UN- Furthermor.e, we neglect
the contribution from longitudinally polarized virtual photons
for conservative estimation and obtain the relation in Eq. (6).
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