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Abstract

The production of J/1¢ meson near the threshold from the proton has attracted
extensive interests in recent years in light of the experimental findings of the hidden
charm pentaquark candidates by the LHCb collaboration, and also by its connection
to the QCD trace anomaly, predicted to contribute significantly to the mass of the
proton. There is also a renewed interest in probing the QCD van der Waals interaction
— mediated by multi-gluon exchanges — which is expected to dominate the interaction
between two hadrons when they have no common quarks. Such an attractive interaction
also leads to the prediction that a bound state between a J/v¢ and a light nucleus can
exist. Subthreshold production of mesons such as ¢ or J/v¢ from a nuclear target is
expected to enhance such attractive interaction, and also allow for a direct probe of
short range correlations inside a nucleus. Further, through rescattering, the production
of J/1 meson from the deuteron — both below and above the production threshold from
a single nucleon (8.2 GeV) — provides an excellent way to extract the J/¢— N potential,
and to compare such information directly from the lattice QCD prediction.

In this letter of intent, we propose to perform measurements of subthreshold and
near threshold real photoproduction and low Q? electroproduction (quasi-real photo-
production) of J/v meson from the deuteron using a 15-cm liquid deuterium target and
the proposed SoLID device in Hall A. An electron beam at an incident energy of 8.5
GeV and a beam current of 1.25 A will be utilized, and the liquid deuterium target
will also serve as a photon radiator. The two decay electron and positron from the
J /v will be detected in coincidence to reconstruct the parent particle, while the recoil
proton will also be detected. In the case of electroproduction, the scattered electron is
not required for detection to favor the quasi-real photoproduction with low Q2. Such
triple-coincidence measurements are possible thanks to the high luminosity and large
acceptance associated with the SoLID device. The proposed experimental configura-
tion will be the same as that of the approved SoLID J/v¢ experiment from the proton
(E12-12-006). The production cross-section from the proton near the threshold from
E12-12-006 will be used as an important input to the theoretical calculation of the sub-
threshold and near threshold production from the deuteron. The proposed experiment
will allow for the extraction of the J/i¥) — N potential and to test the lattice QCD
prediction, and to probe the short-range correlation inside the deuteron. The total
requested beam time is 50 days.
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1 Introduction

The multi-quark state is one of the active frontiers since the establishment of the quark
model [1]. Hadrons, as color singlet states, are composite particles made of quarks and glu-
ons held together by strong interactions. Ordinary mesons are described as quark-antiquark
states and ordinary baryons are described as three-quark states. Exotic mesons, such as
glueballs, tetraquarks, and hybrid 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 baryons whose minimum-
quark-content is five-quark. The quantum chromodynamics (QQCD) is known as the funda-
mental 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 multi-quark states —
however, due to the non-perturbative nature of QCD at low energy scales — first principle
calculations of hadronic states and properties remain challenging. Hence experimental in-
vestigation of multi-quark states is an important approach to understand the dynamics of
the strong interaction at the hadronic scale.

The production of J/¢ mesons near the threshold from protons has attracted extensive
interests in recent years in light of the experimental findings of the hidden charm pentaquark
candidates by the LHCb collaboration. In 2015, LHCb discovered two hidden charm pen-
taquark candidates, named as P.(4380) and P.(4450), in the channel A, — J/Yv K p [2],
which contains narrow peaks in the J/¢p invariant mass distribution. In 2019, LHCb fol-
lowed up with an order of magnitude more data to discover another narrow pentaquark can-
didate P.(4312)" and to confirm that P.(4450)" consists of two narrow overlapping peaks,
P.(4440)" and P.(4457)" [3]. The 12-GeV CEABF at Jefferson Lab provides excellent op-
portunities to study the production of J/¢) mesons near the threshold as demonstrated by
the GlueX experiment in Hall D [4]. The GlueX collaboration reported on the measurement
of the yp — J/up 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 [5].
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. Another Jefferson Lab
experiment E12-16-007 [6] took data in 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, and the data from that experiment is currently being analyzed.

Precise information on the cross section of the J/¢¥ meson from the proton near the
threshold has also attracted major experimental and theoretical activities because of its
connection to the QCD trace anomaly, which is predicted to contribute significantly 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 partition of
the proton mass can be investigated from QCD energy-momentum tensor, which can be
uniquely separated into a traceless and a trace parts following the procedure in Refs. |7, 8|.



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 b 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 amplitude of the interaction between heavy quarkonium and light hadron
at low energy [9, 10]. The heavy quarkonium, such as J/1, is a strongly bound state of two
heavy quarks with both the constituents’ mass and the binding energy much larger than
Aqep ~ 340 MeV [11], the typical nonperturbative QCD scale. Thus, it can be utilized as a
microscopic probe of the structure of light hadrons, such as the proton. The quarkonium-
nucleon scattering J/YN — J/¢¥N is related to the differential cross section of forward
photoproduction YN — J/¢N process through the conventional vector meson dominance
(VMD) approach [10]. The SoLID spectrometer at Jefferson Lab is designed to operate in a
high luminosity environment with large acceptance, and thus presents the unique advantage
for such measurements where the cross-section is small and rapidly changing. The approved
E12-12-006 experiment with SoLID [12] will measure the exclusive J/1 electro- and photo-
production processes, and extract both the differential and total cross-sections close to the
threshold with high precision. The results will shed light on the determination of the b
parameter and consequently the trace anomaly part of the proton mass.

There is also a renewed interest in probing the QCD van der Waals interaction — mediated
by multi-gluon exchanges — which is expected to dominate the interaction between two
hadrons when they have no common quarks. Such an attractive interaction in the case
of the J/1) — N has been confirmed by both the effective field theory method [13-16] and
lattice QCD [17]. This van der Waals attractive interaction also leads to the prediction
of a bound state between a J/1 and a light nucleus [18]. Experimental determinations of
the J/1¢» — N interaction are important not only for investigations of bound J/1 nuclear
states [19], but also important for testing lattice QCD predictions. Wu and Lee [20] studied
quasi-free production of J/1 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-mass 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/1 is advantageous in this case to access low J/¢ momentum, therefore the rescattering
region. Previously, “subthreshold" production of ¢ mesons from a deuterium target has
been demonstrated by CLAS6 [21], in which the physical threshold of the ¢ meson photo-
production from the proton was determined by the detection acceptance of the decay kaon
pair. Subthreshold production of .J/¢ meson was also attempted previously in Hall C at
the 6-GeV CEBAF [22]|, with no events seen for such production. The null finding is not
surprising as sub-threshold cross sections are small, and 5.7 GeV used for the experiment
is too far from the threshold of 8.2 GeV. Recently Hatta et al. [23] proposed sub-threshold
photo-production of J/v¢ 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.



In this letter of intent (LOI), we propose to perform measurements of sub- and near-
threshold photo- and electro-production of J/1¢ mesons from the deuteron using a 15-cm
liquid deuterium target and the proposed SoLLID device in Hall A. An electron beam at an
incident energy of 8.5 GeV will be utilized, and the liquid deuterium target will also serve as
a photon radiator. For both the electro- and photo-production processes, the recoil proton
will be detected in coincidence with the two decay electron and positron from the J/4.
Such triple-coincidence measurements are possible thanks to the high luminosity and large
acceptance associated with the SoLID device. The proposed experimental configuration will
be the same as that of the approved SoLID .J/v experiment from the proton (E12-12-006).
The production cross-section from the proton near the threshold from E12-12-006 will also
be used as an important input to the theoretical calculation of the sub- and near-threshold
J /1 production from the deuteron. The proposed experiment will allow for the extraction of
the J/1 — N potential and to test the lattice QCD prediction, and to probe the short-range
correlation inside the deuteron. The physics motivation of this LOI is complementary to
that of the previously conditionally approved Hall C experiment PR12-07-106 [24] and the
CLAS12 experiment E12-11-003b [25].

The LOI is organized as follows. We first briefly review theoretical predictions and
calculations most relevant to the proposed measurements in Section 2, and then we describe
the proposed experimental setup involving the SoLID apparatus, acceptance, triggers, and
tracking in Section 3. The backgrounds, projections, and the beam time request are presented
in Section 4. A brief summary is drawn in the last section.
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Figure 1: The central and spin-independent part of the J/¢ potential at M, = 640 MeV.
Also plotted is the 1. — N potential for comparison. The figure is from Reference [17].

2 Theoretical Backgrounds and Predictions

The focus of this LOI is on the experimental determination of the J/¢¥ — N potential
from sub- and near-threshold production of the J/¢ meson production from the deuteron
and the investigation of the nucleon-nucleon short range correlation (SRC) effect. In this
section, we will first review the lattice QCD prediction of the J/1) — N potential, followed by
a recent study on testing the universality of SRC using sub-threshold production of heavy
quarkonium. We will then discuss a coupled-channel calculation of J/¢ production from
the deuteron near the threshold and how one uses such a process to extract the J/¢ — N
interaction. Finally we will describe a calculation of sub-threshold .J/v photo-production
from the deuteron based on a Pomeron-exchange model that this Letter of Intent is based
on for calculating the rates.

2.1 Charmonium-nucleon potential from lattice QCD

A non-relativistic Yukawa-type attractive potential, Vg n = —a¥" is often used to
characterise the QCD van der Waals interaction mediated by multi-gluon exchange. However,
the strengthens of the .J/¢— N interaction deduced in the literature are different. For example
with g = 0.6 GeV, a J/1) — N scattering length of -8.83 fm is obtained with o = 0.6 [18],



while with « = 0.06, it is -0.05 fm [16].

There has been a number of lattice QCD studies of charmonium-nucleon interactions
reported in the literature. Yokokawa et al. carried out a first lattice QCD study of low-energy
charmonium-hadron interaction, and obtained the J/¢»)— N (n.— N) spin-averaged scattering
length of 0.70 £ 0.48 fm (0.70 = 0.66 fm) [26], which is found to be at least by one order of
magnitude larger than the charmonium-pion scattering length. Kawanai and Sasaki [17]
reported results on the charmonium-nucleon potential V.. n from quenched lattice QCD
for the first time. The result was obtained from calculating the equal-time Bethe-Salpeter
amplitude through the effective Schrodinger equation following what was used originally for
calculating the N — N potential on the lattice [27]. In the quenched lattice simulations
carried out in [17], two different lattice sizes were used, L? x T = 323 x 48 and 16° x 48
with a lattice cutoff of a=! ~ 2.1 GeV. The main results are obtained from the data taken
with larger lattice (La =~ 3.0 fm), while supplementary data with smaller lattice (La ~ 1.5
fm) are used for studying finite-size effects. In this study, the pion mass has been varied
from 870 MeV down to 640 MeV. There is no significant finite-size effect has been seen,
nor a large quark mass dependence is observed in [17]. The authors of [17] found that the
potential V,z_y for either 7. or J/1 states to be weakly attractive at short distances — with
J /1 somewhat more attractive — and exponentially screened at large distances. Fig. 1 shows
the lattice result on the central and spin-independent part of the J/i¢ potential together
with the lattice prediction for the 1. — N potential.

The authors of [17] fitted their lattice data to the Yukawa form —ae #°" /r and obtained
a ~ 0.1 and pg ~ 0.6 GeV. These fitted values should be compared with o = 0.6, and
to = 0.6 GeV from [18], which are barely fixed by a Pomeron exchange model. So the fitted
a value is about six times weaker than that from the phenomenology. However, the authors
of [17] also pointed out in their paper that “we speculate that the c¢ — N potential from
dynamical simulations would become more strongly attractive in the vicinity of the physical
point, where the size of the nucleon is much larger than at the quark mass simulated in
this study.” Recently a Hamiltonian model [28] was developed using the J/i) — N potential
extracted from the lattice QCD calculation [17] to calculate the J/¢ photoproduction cross
section from the proton. The predicted total cross sections are consistent with the most
recent results [4] from the GlueX experiment at Jefferson Lab. The experimental extraction
of the J/1) — N potential would allow one to test such a lattice QCD prediction as well as
future dynamic lattice QCD simulations.

2.2  Sub-threshold J/i production and short range correlations

The nucleon-nucleon short-range correlation (SRC) inside a nucleus refers to the situation
when a pair of nucleons (mostly a proton and a neutron) are close together in configuration
space — while in momentum space — the pair has a large relative momentum but with a
small total momentum. The nucleon-nucleon SRC as an important aspect of the nuclear
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Figure 2: The sub-threshold photo-production cross sections per nucleon as a function of
photon energy from the deuteron in the target rest frame. The near threshold production
cross section from the proton is also plotted (grey solid curve) for reference. The result from
the mean field (MF) is shown as the red dashed curve, SRC is shown as the blue dashed
curve, and the total is the black solid curve. The figure is from Reference [23].

structure, has attracted even greater interests in recent years [29-34] because it may hold the
clue to understand the EMC effect observed in nuclear structure function measurements as
inspired by recent SRC experiments at Jefferson Lab [35-45]. Experimentally it is important
to demonstrate the universality of nucleon-nucleon SRC which is necessary if SRC is the
underlying reason behind the observed EMC effect. Recently Hatta, Strikman, Xu and
Yuan [23] proposed that J/i) and T sub-threshold production in photo-nuclear processes
— where the threshold refers to the minimum photon energy required to produce a J/v¢ or
T meson on the proton — can provide such an independent test of the universality of the
nucleon-nucleon SRC in nuclear scattering processes.

The deuteron is an excellent choice for such a study as it is the simplest nuclear system
with one pair of a proton and a neutron. Sub-threshold production of .J/¢ on the nucleon
inside the deuteron selects high Fermi-momentum nucleon, i.e. large relative momentum
nucleon-pair but with zero total momentum as the deuteron is at rest in the lab frame,
therefore the SRC region. The deuteron also provides an excellent reference for sub-threshold
production from other nuclei in the context of testing the universality of SRC. Fig. 2 shows
the results [23] on the subthreshold photo-production of the J/1) meson from the deuteron
per nucleon as a function of the incident photon energy. Also plotted is the corresponding
cross section from the proton as a reference. One can see that the SRC dominates the
subthreshold production cross section at photon energies below 7.5 GeV, above which the
mean field contribution becomes important and dominant.



To test the universality of the SRC, Hatta et al. [23] calculated the ratio of the sub-
threshold production cross section of J/1 per nucleon from 2C to that of the deuteron as
a function of the incident photon energy, and the results are shown in Fig. 3. The plateau
region corresponding to photon energies between 6.5 to 7.4 GeV is suggested as the place
to observe the universality of the SRC, which is also the region that the SRC contribution
dominates the sub-threshold production cross section. However, it is clear from these figures
that the aforementioned region is extremely challenging to access due to the smallness of the
cross sections being so far away from the threshold. Although the total cross section from
the deuteron for the same subthreshold energy is smaller than that of the '2C nuclear target,
being the simplest nucleus in nature allows the technique of using untagged Bremstrahlung
photons to achieve a significantly higher photon flux. Therefore, this letter of intent focuses
on subthreshold production of J/v¢ from the deuteron as it probes the SRC region and also
serves as an important reference for the investigation of the universality of the SRC effect.
In particular, the data will provide strong constraints on determining the short range part
of nucleon-nucleon potential which is crucial in predicting SRC for heavy nuclei. With the
success of such a first study of sub-threshold production of J/1¢ from the deuteron, we will
be interested in pursuing future studies of such production from helium and carbon nuclear
targets. As we discussed before, we propose to carry out near threshold production of J/1)
mesons from the deuteron in this LOI. This proposed experiment will also provide a unique
way to probe the J/1) — N potential presented in the previous section, which we will discuss
next.

2.3 Coupled-channel calculation of J/1) production from the deuteron

Photoproduction of the J/ from the deuteron near the production threshold (of produc-
tion from the proton) has been proposed [20] as an effective way to experimentally determin-
ing the J/1¢) — N potential. The reaction mechanisms including plane-wave impulse approx-
imation, NN rescattering and J/¢¥ N rescattering are shown in Fig. 4. In the rescattering
cases, a J/1 meson is produced from a nucleon inside the deuteron followed by rescattering
of the recoil nucleon, or the produced J/i¢ from the spectator nucleon. Wu and Lee [20]
calculated the 5-fold differential cross sections for J/1¢ production from the deuteron at the
incident photon energy that is 100 MeV above the production threshold on the proton to
investigate the kinematic region where the reaction is sensitive to the J/¢¥ — N potential.
Their calculation is based on a coupled-channel model with 7N, pN, and J/¢¥)N channels
developed to predict the m + N — J/¢ + N cross sections. In the calculation, the J/¢ — N
interaction based on forms from effective field theory approach and lattice QCD are parame-
terized and used. The other interactions in the model are constrained by the decay width of
J/1 — p+m and the total cross section data of mV reactions. The calculated meson-baryon
amplitudes are then used to calculate the J/v production from the deuteron. Fig. 5 shows
the calculated differential cross sections as a function of the J/¢¥) momentum magnitude in
the center of mass frame of the J/1 — N subsystem for the three separate contributions from
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Figure 3: The sub-threshold photo-production cross sections per nucleon as a function of
photon energy from the deuteron in the target rest frame. The near threshold production
cross section from the proton is also plotted (grey solid curve) for reference. The result from
the mean field (MF) is shown as the red dashed curve, SRC is shown as the blue dashed
curve, and the total is the black solid curve. The figure is from Reference [23].
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Figure 4: The reaction mechanisms graphically represented for the photo-production of the
J/1 meson on the deuteron: (a) impulse contribution; (b) NN rescattering; (c) J/¢ — N
rescattering. The figure is from Reference [20].
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impulse, NN rescattering, and J/1) — N rescattering. The total corresponds to the coherent
sum of all the amplitudes. The proton angles shown in both panels of Fig. 5 are with respect
to the incident photon momentum and in the rest frame of the target deuteron. These re-
sults are obtained with the J/¢— N potential taking the Yukawa form of V;,,_ny = —oﬁ_:or,
where o« = 0.2, po = 0.6 GeV. One sees that at low J/¢) momentum values, the reaction
is dominated by the rescattering contribution of the J/v from the spectator nucleon with
the proton at zero degree, therefore sensitive to the J/1 — N potential. The sensitivity is
demonstrated by Fig. 6 where the a parameter in the potential is chosen for three different
values: 0.2, 0.09 and 0.06, while ug = 0.6 GeV, and the proton angle is at zero degree. When
the proton angle is at 180°, the production is dominated by the impulse diagram, and as such
insensitive to the J/¢¥ — N interaction. Subthreshold production from the deuteron target
is advantageous to select kinematics corresponding to lower J/1) momentum in the center of
mass frame of the J/¢ — N subsystem, i.e. more sensitive to the J/i¢) — N potential, though
the cross section would be smaller. So in this LOI, we propose to carry out both the sub-
and the near-threshold J/W¥ electro- and photo-production from the deuteron to maximize
the experimental sensitivity to the J/¥ — N potential. Such coupled channel calculations
specifically for the proposed sub- and near-threshold production of J/v will be carried out in
the future in developing a full proposal to show the quantitative connection and sensitivity
between the proposed measurements and the input J/¢ — N interaction, therefore to allow
for an extraction of this potential, and the test of lattice predictions.
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Figure 5: The three-fold differential cross section as a function of the J/1) momentum in the
center of mass frame of the J/v¢ and the recoil nucleon inside the deuteron. The blue dotted
line corresponds to contribution from the J/i) — N rescattering, the red dashed curve is for
the impulse contribution, the magenta dash-dotted line is from the NN rescattering, and the
black solid line is the total. The left panel is for the 0° proton angle, and the right panel is
for 180°, where the proton angle is defined with respect to the incoming photon momentum
in the rest frame of the deuteron. The figure is from Reference [20].
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Figure 6: The three-fold differential cross section as a function of the J/¢¥ momentum in the
center of mass frame of the J/¢ and the recoil nucleon inside the deuteron. The three lines
correspond to three different values of « (see text). The left panel is for the 0° proton angle,
and the right panel is for 180°, where the proton angle is defined with respect to the incoming
photon momentum in the rest frame of the deuteron. The figure is from Reference [20].

2.4 Calculation of J/¢ photo-production from the deuteron

In this section, we present results from Harry Lee on the sub-and near-threshold J/v
production from the deuteron calculated specifically for this letter of intent. The calculations
have been performed by using the formulation developed in [20]. For demonstrating the
SRC effects and examining the feasibility of the proposed measurements, it is sufficient to
only consider the impulse term in Fig. 4a, which gives [20] for the most part the largest
contribution to the cross sections. The five-fold differential cross sections of the v(q)+d(P) —
J/Y(k) + N(p') + Xa—1)(Fo) reaction in the Laboratory system P = (M4, P = 0) can be
written as

do
dk dS; dQy

" k*p *En(t— 7" ) En (i)
P |En(t —p") + Ex(") (1P| = t- 5" /197)]
1 _)/ bd
X7 > [Ap(p" = Emy)l| < kv p'ml|Telghy, pms > 7. (1)

)‘V:m{sv)‘:ms

= (2m)

where A =2, t = §— E, the initial nucleon momentum is determined by 7 = p' — ¢, A
and Ay are the helicities of the initial photon and final J/v, respectively, m, and m/, are
the z-components of the nucleon spin. The Pomeron-exchange amplitudes Tp are from using
the parameters of [20] with the refinements explained in [28]. While this model, as well
as other two-gluon and three-gluon exchange models [5], is phenomenological, it is sufficient
for our purposes because it is obtained by reproducing the available total cross section data
up to invariant mass W = 300 GeV. A more fundamental QCD model based on gg-loop,
as explored in Ref.[46, 47|, is unfortunately not available to us at the present time. There
exists no LQCD effort to calculate J/1 photoproduction amplitudes.

13



The nucleon momentum distribution of the deuteron in Eq.(1) is defined by p(p, %) =
p(p,—3) = 3p(p), and [dpp(p) = 1. In this calculation, we use p(p) from two different
nucleon-nucleon potentials and they are the Argonne V18 (AV18) [48] and the nv2IIa poten-
tial describing local nucleon-nucleon and three-nucleon interactions based on chiral effective
field theory [49]. Details about these two potentials can be found on the webpage of the

Argonne Nuclear Theory Group.
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Figure 7: The nucleon momentum distribution in ?H calculated from two nucleon-nucleon
potentials. The black curve is from the AV18 and the red curve is from the nv2Ila.

Fig. 7 shows the nucleon momentum distribution in 2H calculated from these two nucleon-
nucleon potentials. Below a Fermi momentum less than 3 fm~!, the difference between the
two distributions is negligible. However, at larger Fermi momenta, where the SRC effect
is important, the AV18 predicts larger SRC effects. Fig. 8 shows the total inclusive photo-
production cross section of J/¢ from the deuteron as a function of the incident photon
energy based on the AV18 potential. The black curve corresponds to the initial nucleon
momentum less than 2 GeV, while the red curve is for less than 0.3 GeV. It is easy to
see that larger initial nucleon momentum, i.e. short-range correlation region, gives larger
cross section in the sub-threshold region as expected. Fig. 9 shows the calculated total
inclusive J/1 photo-production cross section from the deuteron as a function of the incident
photon energy from below the threshold to above. The results from AV18 and nv2Ila are
shown in black and red, respectively, and the difference between the two disappears once
the energy is above the threshold (8.2 GeV) from the proton. These results indicate that
the AV18 provides more SRC effect compared to that of nv2Ila, which is consistent from
what we learned in Fig. 7. Sub-threshold production of the .J/¢¥ meson indeed provides a
sensitive way to probe the nucleon-nucleon SRC. Fig. 10 shows the sub-threshold inclusive
differential cross section from the deuteron as a function of the J/1 angle in the lab frame at
an incident photon energy of 7.2 GeV with the initial nucleon momentum below 2 GeV (black
curve) and below 0.3 GeV (red curve). These results are obtained with the AV18 potential.
The five-fold differential cross section results obtained with the AV18 potential have been
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Argonne V18 potential. The black curve is for the initial nucleon momentum less than 2
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used in Section 4.1 to calculate the signal rates for the proposed experiment. The most
recent Hamiltonian model based on the vector meson dominance assumption [28| has been
extended to include the two-gluon exchange amplitude modeled by Donnachie and Lanshoff
within Regge Phenomenology [54]. This results in the Pomeron-LQCD model, which leads
to a prediction of near threshold total photoproduction cross section of J/v from the nucleon
that is more than one order of magnitude larger compared to results based on the Pomeron-
exchange amplitude, as shown in Fig. 11, and reproduces the recent JLab Hall D data [4].
Calculations for the proposed measurements using this Pomeron-LQCD model will become
available and be used in developing a full proposal. If the JLab Hall D data are comfirmed,
we will use the newly developed Pomeron-LQCD model [28], which fits the JLab data as
shown in Fig. 11. Our projected rates will be increased drastically.
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3 Experimental Setup

We propose to measure the J/1 sub- and near-threshhold production cross sections on a
liquid deuterium target by using the Solenoidal Large Intensity Device (SoLID), a major new
detector proposed for Hall A combining large acceptance and high luminosity in the JLab
12-GeV era. The A~ rated experiment E12-12-006 will measure the cross section from .J/
electro- and photo-production near production threshold on a liquid hydrogen target using
SoLID [12]. The experiment has been approved for 60 days including 50 days of production
running and 10 days for detector study.

EM Calorimeter

EM Calorimeter;
== (large angle)
(GEV Il -
gm e

Target || ==
— ==

e Coil and,Yoke

Cherenkov  Cherenkov

Figure 12: The SoLID J/1 experimental layout.

Our proposed experiment will use the same SoLID setup of E12-12-006, except we will fill
the 15 cm long target cell with liquid deuterium instead of hydrogen. The experience learned
from E12-12-006 will be very useful for this experiment and we can save time on detector
studies. The layout of the SoLID J/1 setup is shown in Fig. 12. With custom designed high
rate and high radiation tolerant detectors, the SoLID J/1 setup can carry out experiments
using high intensity electron beams incident on a cryogenic target in an open geometry
with full azimuthal angular coverage. There are two groups of sub-detectors. The forward
angle detector group covers a polar angular range from 8° to 18° and consists of several
planes of Gas Electron Multipliers (GEM) for tracking, a light gas Cherenkov (LGC) for e/m
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separation, a heavy gas Cherenkov (HGC) for m/K separation, a Multi-gap 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 tracking,
a 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 geometrical acceptance is shown in Fig. 13 with the target center located at
315 cm upstream from the solenoid coil center. Limited by time-of-flight resolutions, proton
identification is good up to momentum 4.5 GeV in the forward angle region and up to 2 GeV
in the large angle region.
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Figure 13: The acceptance of a single particle in SoLID J/1 setup.

The track resolution of the SoLID .J/v¢ setup is important in .J/v¢ identification and
rejecting different backgrounds. The expected resolution has been studied using Kalman
Filter (KF)-based track finding and track fitting algorithm with digitized GEM simulation
data. Fig. 14 shows the expected momentum, angular and vertex z resolution for different
polar angles and momentum ranges. Both energy loss in materials (except GEM frame and
dead area) and background effects are included. We add an additional safety factor of 1.5
for our study of both the .J/v signal and background rejection in the following sections.

Because the subthreshhold production is a rare process with small cross sections, we
would include both quasi-real photoproduction (low Q? electroproduction) and real pho-
toproduction to maximize event counts. As protons detected have momentum > 0.2 GeV
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and there is no neutron detection in SoLID, we do not consider the production of J/¢
from the neutron inside a deuteron in this experiment. We will require 3-fold coincident
detection of J/v decay pairs of electrons and positrons as well as recoil protons, but not
the scattered electrons in the case of electroproduction. Thus reactions of interest are
em+ " = (e )+ J/Y+p—(e)tette +pand v+ P’ = J/Yp+p—e +et +p
where J/1 is detected 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.

We propose to use a 8.5-GeV electron beam, which is 300 MeV above the threshold energy
of J/4 production on a free proton. The electron beam will induce electroproduction on the
target directly and the events detected will be dominated by those from quasi-real photons
with relatively larger cross sections. The 15-cm liquid deuterium target also serves as a
2% radiator with which the electron beam will generate bremsstrahlung photons leading to
photoproduction events from the rest of the target. In our proposed experiment, we need
to know the photon energy to make sure that we separate the J/1) mesons detected from
sub-threshold production, and from above. The quasi-real or real photon energy can be
reconstructed from the detected three final state particles by Equation 2.

oo Mot (B s+ Po)? = (Bygy + By — M)’ )
7 2(Pj,, + P;+ My~ Eyy — E) ’

where we take the incident beam momentum direction to be the z axis, P ” and P are the

z component of the J/1¢ and recoil proton momentum, correspondingly. This allows us to

look at the J/1) events in this proposed experiment below the 8.2 GeV production threshold

and above. Fig. 15 shows the distribution of the reconstruction photon energies up to 8.5

GeV with SoLID detection resolutions included.

Our main trigger will be a 3-fold coincidence of the decay pair and the recoil proton. There
will be some 4-fold electroproduction coincident events including the scattered electrons in
the obtained data set for us to study and such a topology shall provide the cleanest signal
to background ratio but low statistics. We may choose to include only 2-fold coincident
detection of the J/1 decay pair if the trigger design allows, but it is expected to have large
backgrounds for such a topology.

We plan to use beam currents up to 1.25 pA to ensure the luminosity below 1.2 x 1037
nucleon/cm? /s which is the same as E12-12-006. SoLID collaboration is actively working
on improving the J/1 setup’s capability to handle even higher luminosity and we hope to
increase the beam current for this experiment accordingly to obtain more statistics.
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Figure 15: The reconstructed photon energy distribution with SoLID detection resolutions
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4 Rates and Beam request

4.1 The physics signal

We simulate the J/v production channels according to the 5-fold differential cross section
grids from the calculation as described in Sec. 2.4. The electron beam energy is set at 8.5
GeV, 300 MeV above the threshold energy of J/1 production on a free proton. We use a beam
current of 1.25 A and luminosity of 1.2x 1037 nucleon/cm? /s for rate estimation. Since we do
not require the detection of scattered electrons, the electroproduction and photoproduction
events are both simulated. The SoLID acceptance and resolution, as described in Sec. 3,
is applied to all final state particles. As protons detected have momentum > 0.2 GeV and
there is no neutron detection in SoLID, we do not consider the production of J/v from the
neutron inside a deuteron in this experiment.

For photoproduction, we first generate a Bremsstruhlung photon, and then the photon
interacts with a deuteron to produce the J/¢. As the subthreshold production cross section
decreases fast with decreasing photon energy, we only integrate photons above 7.2 GeV.
Apart from the detection of eTe™ from J/¢ decays, we also require the detection of the
recoil proton, which would allow us to reconstruct the relative momentum of the J/¢ — p
subsystem and the photon energy as demonstrated in the last section.

Since the intrinsic width of J/v is very narrow, the mass spectrum of the ete™ from
its decay is determined by the detector resolutions, as shown in Fig. 16. The momentum
distributions of the positron (or electron) and the recoil proton are shown in Fig. 17. One can
observe that the positron (or the electron) only distributes in large angles for subthreshold
productions, while the recoil proton has more counts in forward angles. This feature is due
to the relatively low momentum of the .J/v¢ produced below the threshold. In the J/v rest
frame, the decay ete™ are back-to-back. The angle between ete™ decreases with J/v¢ being
boosted to high momenta. In Figs. 18 and 19, we show the momentum distribution of the
reconstructed J/v¢ and the angle between the decay ete™.

The triple coincident detection of e, e~, and p allows us to track the momentum of
J/1 in the J/1) — p center-of-mass (c.m.) frame. As demonstrated in Sec. 2.3, the events
with lower J/t¢ momentum &, in the J/¢p — N c.m. frame are more sensitive to the
J/v¥ — N potential. The distribution of x;/,, is shown in Fig. 20, where the blue curve is the
distribution with the proton momentum below 1 GeV, the red curve is the distribution with
the proton momentum above 1 GeV, and the black curve is the sum. One can see that the
events with higher proton momenta are more likely to have lower x;/,. In Fig. 21, we show
the distributions of k;/y versus the momentum and the polar angle of the proton.

For electroproduction, the virtual photon flux is calculated by applying the one-photon-
exchange approximation. Since we do not require the detection of the scattered electron, it
is generated in the full phase space. Similar to the photoproduction case, the mass spectrum
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Figure 16: The spectrum of the ete™ from the photoproduction of J/1 below the threshold
(left) and above the threshold (right). The black curves are before the smearing with detector
resolutions, and the red curves are after the smearing.
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Figure 22: The spectrum of the eTe™ from the electroproduction of J/1 with the virtual
photon energy below the threshold (left) and above the threshold (right). The black curves
are before the smearing, and the red curves are after the smearing.

of the decay ete™ is shown in Fig. 22, and the momentum distributions of the detected
positron (or electron) and the proton are shown in Fig. 23. The momentum distributions
of the reconstructed J/v¢ are shown in Fig. 24, and the angle between the positron and the
electron are shown in Fig. 25. The distributions of J/¢» momentum in the J/¢¥ — p c.m.
frame are shown in Figs. 26 and 27.

The event rate of J/1¢ production below the threshold and above the threshold can be read
off from Fig. 16 for the photoproduction and from Fig. 22 for the electroproduction. For a
more realistic estimation, we assume an overall detection efficiency factor of 0.8 in addition to
the SoLID acceptance that has been applied in Figs. 16-27. Without cut on the J/4 invaraint
mass, the J/¢ photoproduction rate is 0.51 /hour below the threshold and 1.36 /hour above
the threshold. The electroproduction rate is 0.63/hour below the threshold and 1.37/hour
above the threshold. The total event counts for 47 days are 2106 for the photoproduction
and 2254 for the electroproduction. In the aforementioned 3-fold coincident detection, the
photoproduction and the electroproduction can not be separated from each other, as the
scattered electron is not required to be detected. So the measured event counts are the
sum of the photoproduction and the electroproduction, i.e. 1.14/hour and 1283 for 47 days
below the threshold, and 2.73/hour and 3077 for 47 days above the threshold. A projection
as a function of the J/1¢ momentum in the c.m. frame of the J/1 and the proton (x;/y)
with the recoil proton momentum above 1 GeV is shown in Fig. 28. The low momentum
region of k;/y is sensitive to the J/W — N potential [20]. A projection as a function of the
reconstructed photon energy £, with the recoil proton momentum above 1 GeV is shown in
Fig. 29.
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Figure 23: The momentum distributions of the detected e™ and proton from the electro-
production of J/¢ with the virtual photon energy below the threshold (left) and above the
threshold (right).
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Figure 25: The angle between the decay eTe™ from J/v electroproduction with the virtual
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photon energy below the threshold (left) and above the threshold (right).
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Figure 26: The momentum of J/4¢ (from the electroproduction) in the J/¢ — p c.m. frame.
The blue curve is the distribution with the proton momentum in the lab frame below 1 GeV,
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curve is the sum.
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Figure 27: The distributions of J/1 (from the electroproduction) momentum in the J/¢ —p
c.m. frame versus the proton momentum (left) and the proton polar angle (right).
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Figure 28: The projected J/v counts for 47 days of beam on target from the sum of photopro-
duction and electroproduction with the recoil proton momentum above 1 GeV, corresponding
to the low k /4 region as illustrated in Figs. 20 and 26. An overall detector efficiency factor
0.8 is included. The vertical width of the filled bands is the statistical uncertainty, while the
horizontal width indicates the bin size.
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Figure 29: The projected J/1¢ counts as a function of the reconstructed photon energy for
47 days of beam on target from the sum of photoproduction and electroproduction with the
recoil proton momentum above 1GeV, corresponding to the low x;/y region as illustrated
in Figs. 20 and 26. An overall detector efficiency factor 0.8 is included. The vertical width
of the filled bands is the statistical uncertainty, while the horizontal width indicates the bin

size.

: —
1000~
L _|_
500~
i N
0 ! | ! ! ! ! | !
7.5 8 8.5
E, (GeV)

31



Y

p p

Figure 30: Two-photon Bethe-Heitler process with dilepton in final state with an electron
beam (top) or photon beam (bottom).

4.2 The backgrounds

Pythia program was used to investigate if there is any physics background near the
J/1 production threshold from the proton and at the JLab kinematics region. And there
is no physics background found, mainly due to the large mass of J/¢ meson [12]. The
only expected physics background is the well known two-photon Bethe-Heitler (BH) process
shown in Fig. 30. It consists of the same final state particles as the J/i production and
decay. The resulting electron and positron from the BH process can have an invariant mass
at 3.1 GeV, thus can not be distinguished from J/.

In order to evaluate this background rate at our kinematics, we simulated BH events from
quasi-real photons of electron scattering, according to the equivalent photon approximation
(EPA), and real photons from Bremsstrahlung on the target. The cross section was calculated
from the QED Feynman diagrams [55] and the off-shell proton in a deuteron was simulated
with its momentum distribution. We used the same beam and target conditions of the J/1
simulation and also applied the same SoLID acceptance and resolutions to have a meaningful
comparison. Finally the same overall detector efficiency 80% is also applied. The expected
background events from the BH process are shown in Fig. 31. We choose a cut of 120 MeV
width around 3.1 GeV to collect 98% of J/1 events and then use the same width to obtain
the background BH event rate of 0.277 (0.272) counts/hour from photoproduction below
(above) the threshold, and 0.543 (0.441) counts/hour from electroproduction below (above)
the threshold.
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Figure 31: BH process event rates. The dotted line is from electroproduction, dashed line
is from photoproduction, and solid line includes both. Color black stands for all generated
events and color red is for events detected by SoLID with momentum smearing according to
its resolution.

In this LOI the proposed target will be a liquid deuterium target, so we will need to
consider additional backgrounds such as the initial J/W¥ production is on the neutron inside
the deuteron, which then can be followed by a charge-exchange process leading to the same
final state as that of the signal channel. While we do plan to carry out a detailed simulation
of such a two-step process during the proposal stage, this background channel is expected to
be suppressed. We have carried out a study of another possible background channel, which
is v+ “p” — p+ J/¢ + 7°, where “p” stands for the proton inside the deuteron. While the
kinematic phase space for this channel overlaps with that of the signal channel, namely the
v+ “p” — J/1 + p, the cross section for this three-particle final state channel is expected to
be highly suppressed, especially in the subthreshold region. At the proposal stage, we will

carry out studies of any additional possible background channels.

4.3 Beam request

In this experiment, we propose to measure the .J/1 subthreshhold production cross section
on a 15-cm long liquid deuterium target at SoLID. The beam energy required is 8.5 GeV
and beam current is 1.25 pA. This corresponds to a luminosity of 1.2 x 1037 nucleon/cm? /s,
which is the same as the approved SoLLID J/1 experiment (E12-12-006) on a liquid hydrogen
target. Taking into account the SoLID acceptance, detector resolutions, an overall detection
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efficiency of 80%, and a 120 MeV wide J/v mass cut, we show both the signal and background
rates in Table 1 for sub- and near-threshold kinematics. We request 50 days of beam time
including 47 days for production data taking and 3 days for dedicated aluminum dummy
runs and detector studies. Data from aluminum dummy runs will be used for subtracting
backgrounds from the target windows, and additional detector studies beyond E12-12-006
might also be needed. We will obtain a total number of 1262 subthreshhold J/1 events on
top of 925 BH background events and 2982 above-the-threshold .J/1 events on top of 804
BH background events.

This beam request is based on Harry Lee’s calculation using a Pomeron-exchange model.
His recent Pomeron-LQCD model [28] predicts the total J/1) photoproduction cross section
from the nucleon that is up to one order of magnitude larger compared to that from the
Pomeron-exchange model. We very much look forward to the new results from the Hall C
experiment (E12-16-007) on the J/¢ photoproduction cross section from the proton which
will provide additional tests of the Pomeron-LQCD model prediction in addition to the GlueX
results [4]. So the signal rates used in this proposed experiment are conservative. If the rates
are indeed significantly higher than those used in this LOI, the experiment could achieve
significantly better statistics with the same amount of beam time, that is crucial for the low
K.j/y region as shown in Fig. 28. Further, if the overall data taking rate can be improved
by the time SoLID is running, this proposed experiment could run at a much higher beam
current, which would help again with the statistics of the experiment, and possibly also allow
for a reduction of the required beam time. For the future development of a full proposal,
we plan to incorporate the theoretical calculations into our Monte Carlo simulation of the
experiment, and to quantify the impact of the proposed measurements concerning both the
J/1) — N interaction and also the SRC effect.

Table 1: The event counts of eTe™ within the 120 MeV cut around J/ mass for 47 days of
a 8.5 GeV and 1.25 uA electron beam on a 15 cm LD, target.

Channel J/ J/ BH BH
below threshold above threshold below threshold above threshold

Photoproduction 560 1487 312 307

Electroproduction 702 1495 613 497

Total 1262 2982 925 804

5 Summary

In this letter of intent, we propose to carry out a first measurement of both sub- and
near-threshold electro- and photo-production of J/v¢ mesons from a 15-cm liquid deuterium
target using the proposed SoLID apparatus in Hall A with an electron beam at 8.5 GeV
and a beam current of 1.25 puA. The requested beam time is 50 days with 47 days for
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production data taking on LD, target and 3 days dedicated for aluminum dummy runs
and some detector studies, which will lead to a total sub-threshold .J/i events of more
than 1250, and nearly 3000 near the threshold based on rather conservative estimations of
the rates (see Section 4.3). The proposed experiment will be the first to demonstrate sub-
threshold production of J/1 and to show sensitivity — using the state-of-the-arts calculations
— to the J/1» — N interaction and test the lattice QCD prediction. The data will reveal the
short-range correlation in deuteron for determining the short-range part of nucleon-nucleon
potentials used in the state-of-the-art nuclear many-body calculations. This is an important
first step towards testing the universality of the nucleon-nucleon short-range correlations in
nuclear scattering processes, which is necessary for SRC to be the origin of the EMC effect
by proposing future sub-threshold production of J/v from other nuclear targets such as 2C
and “He.
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