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EXTENDED DATA

Table I gives the total cross sections for helium, car-
bon, and the combined dataset in bins of beam energy,
together with the statistical and systematic uncertain-
ties for each bin. Table II lists the uncertainty on the
normalization of the cross sections for each nucleus.

Figure 1 shows the differential cross section as a func-
tion of momentum-transfer |t| separately in the sub-
threshold energy region 7 < Eγ < 8.2 GeV and
the above-threshold energy region 8.2 < Eγ < 10.6
GeV. Data are compared with plane-wave calculations as
well as calculations assuming two models of virtuality-
dependent modification described in the following sec-
tion.

Figure 2 shows the tagged photon luminosity incident
on each target, binned as a function of incoming photon
energy.

PLANE-WAVE CALCULATIONS

The quasi-elastic channel (γ, J/ψp) was simulated us-
ing a factorized cross section model in the Plane-Wave
Impulse Approximation (PWIA):

dσ(γA→ J/ψpX)

dtd3p⃗idEi
= vγi·

dσ

dt
(γp→ J/ψp)·S(pi, Ei) (1)

where pi = (Ei, p⃗i) is the 4-momentum of the struck pro-
ton i inside the nucleus, pγ is the 4-momentum of the
incoming beam photon, vγi = pγ · pi/(EγEi) is the rel-
ative velocity between the photon and the struck pro-
ton, S(pi, Ei) is the nuclear spectral function, and the
differential cross section dσ/dt for the exclusive process
(γp → J/ψp) was taken from a fit to GlueX data [1].

TABLE I. Total cross sections for A(γ, J/ψp)X in bins of
beam photon energy.

Energy Bin Nucleus σ(E) [nb] Stat. [nb] Sys. [nb]

7-8.2 GeV

4He 0.17 0.08 0.05
12C 0.11 0.05 0.03

Combined 0.14 0.05 0.04

8.2-9.5 GeV

4He 0.43 0.09 0.06
12C 0.16 0.06 0.04

Combined 0.27 0.05 0.05

9.5-10.6 GeV

4He 0.50 0.15 0.09
12C 0.68 0.22 0.07

Combined 0.61 0.15 0.08

TABLE II.

Source of Uncertainty Deuterium Helium Carbon

Luminosity 0.54% 0.32% 0.07%

Efficiency 19.5% 19.5% 19.5%

Transparency 1% 9% 14%

Total 20% 21% 24%
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FIG. 1. Differential A(γ, J/ψp)X cross section as a function
of momentum-transfer t, separated into the above-threshold
(top) and below-threshold (bottom) energy regions. Mea-
sured data (black points) are compared with plane-wave cal-
culations (blue solid line), as well as calculations assuming a
modified proton density (orange dashed) and a modified form
factor (green dot-dashed). Data also includes a common 23%
normalization uncertainty (not shown).

This fit took the functional form for the total cross sec-
tion following Refs. [2, 3]

σtot = σ0 · (1− χ)β , (2)

where

χ = (m2
J/ψ + 2mpmJ/ψ)/(sγp −m2

p) , (3)

sγp is the squared center-of-mass energy of the photon-
proton system, mp is the proton mass, mJ/ψ is the J/ψ
mass, and the values σ0 = 5.9 nb and β = 1.2 were found
fitting to data, as shown in Fig. 3.
Because the Mandelstam variables are not uniquely

defined in the case of off-shell initial-state particles, we
choose to define the input values for the photon-nucleon
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FIG. 2. Tagged luminosity for each target in bins of beam
photon energy.
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FIG. 3. Total γp → J/ψp cross section measurements
of Ref. [1] (black) compared with analytic parameterization
(blue) given in Equations 2 and 3.

cross section in terms of the momentum of the beam pho-
ton pγ and the final-state, positron pe+ , electron pe− , and
proton pp:

sγp = (pe+ + pe− + pp)
2 (4)

t = (pγ − pe+ − pe−)
2 . (5)

The t-dependence of the cross section was assumed to
follow a dipole form F (t) ∼ 1

(1−t/m2
s)

2 , using a weighted

average ms = 1.35 ± 0.04 GeV for the dipole parameter
following extractions in Ref. [1], assuming weak depen-
dence on sγp. The differential cross section is related to
the total cross section by the following:

dσ

dt
= σtot

F 2(t)∫ tmax

tmin
F 2(t)dt

. (6)

The spectral functions for helium and carbon were
taken from Ref. [4] for the mean-field component and the
Generalized Contact Formalism [5–7] for the SRC com-

ponent, calculated using the phenomenological AV18 in-
teraction [8]. The momentum distribution for deuterium
was taken from Ref. [9], again calculated using the AV18
interaction. The produced J/ψ was assumed to con-
serve the helicity of the incoming photon, with the decay
following a (1 + cos2 θGJ) distribution in the Gottfried-
Jackson frame.
The virtuality of the struck proton is defined as

v = (p2i −m2
N )/m2

N < 0 , (7)

where pi = (Ei, p⃗i) is the off-shell 4-momentum of the
proton, and quantifies the binding of the proton inside
the nucleus. The “density modification” hypothesis con-
sidered the possibility that the photon-proton cross sec-
tion scaled with increasing |v|:

dσ

dt
→ (1− av)× dσ

dt

∣∣∣∣
free

, (8)

where a = 2 was chosen to compare to data. The “form
factor modification” hypothesis considered the possibility
that the dipole mass parameter increases with increasing
|v|:

ms → ms,free/(1 + bv) , (9)

where b = 0.4 was chosen to compare to data.

PROTON TRANSPARENCY

As the final state measured in this reaction includes
both the J/ψ → e+e− decay and the knocked-out proton,
the effects of nuclear transparency must be considered.
For the J/ψ, this effect can be neglected because even in
the case of rescattering, the leptonic decay will still be
detected and overall yields will be unaffected. For the
proton, the transparency factor must be accounted for in
determining the cross section.
In the case of deuterium, measurements of (e, e′p)

quasi-elastic scattering [10, 11] may be used to deter-
mine a data-driven estimate of 90± 1% transparency on
protons at O(1 GeV) momentum, with little deviation as
a function of momentum.
For helium and carbon, proton transparency was cal-

culated using a Glauber model as used in Ref. [12]. The
transparency for a proton in the nucleus is given by the
equation

T =
1

A

∫
d3rρ(r) exp

(
−σeff

∫
dlẑρ(r)

)
, (10)

where ρ(r) is the position-space nuclear density and σeff is
the effective proton cross section in the nuclear medium.
The nuclear densities were taken from Ref. [13]. The
effective proton cross sections were taken from Ref. [11]
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for proton momentum greater than 900 MeV/c and from
Ref. [14] for lower proton momentum.

This model gives a transparency of 64.8± 7.1% for he-
lium and 58.0±8.4 for carbon, where the transparency is
taken for the average proton momentum in signal Monte-
Carlo.

LIGHT-CONE MASS PROXY

In exclusive γp → e+e−p events, the invariant dilep-
ton mass m2(e+e−) is well-reconstructed, as kinemat-
ically fitting the event with the requirement of full 4-
momentum conservation leads to well-reconstructed lep-
ton momentum. In non-exclusive γA → e+e−p(X)
events, such restrictive kinematic fitting is not possible,
and the resulting lepton momenta are more poorly re-
constructed, leading to a similarly poor reconstruction
for the dilepton mass.

We note that not all components of momentum are re-
constructed equally well. In the solenoid magnetic field
of GlueX, the transverse component of momentum p⃗⊥
can be reconstructed with good precision from the cur-
vature of the tracks in the drift chambers. The longitu-
dinal component pz and the energy E are more poorly
reconstructed, requiring a combination of the longitudi-
nal momentum component and the polar angle θ of the
track. The use of “light front” variable can help to mit-
igate these challenges. The energy and longitudinal mo-
mentum can be expressed in two linear combinations,
denoted the “plus” and “minus” components of momen-
tum:

p± = E ± pz . (11)

It is helpful also to note the momentum-mass relation in
terms of these components:

m2 = p+p− − p2⊥ . (12)

These variables have previously been used in analysis
of nucleon knockout data with poor momentum resolu-
tion [15]. While the “plus” component of momentum is
still poorly reconstructed, the “minus” component, rep-
resenting the difference between the energy and longitu-
dinal momentum, suffers very little smearing as a result
of detector resolution:

∂p−

∂pz
=
pz
E

− 1 = O
(
p2⊥/p

2
z

)
. (13)

This effect, combined with the relatively small smearing
for the transverse components of momentum in GlueX
(a consequence of the solenoid magnet), provides us a
combination of momentum variables that may be reliably
used to describe the initial nuclear state. We note that
for the final-state proton, which is low momentum, the
impact of smearing is relatively small in reconstructed

variables; for the high-momentum final-state leptons, this
smearing is much larger, and thus the plus components
of the lepton momentum p+e± are the most affected.
We may make the approximation that the scattering

is performed from a standing pair of nucleons, with the
recoil 4-momentum being carried by a single spectator
nucleon. The transverse momentum carried by this nu-
cleon must be opposite the transverse momentum of the
measured dilepton-proton system:

pN,⊥ = −ptot,⊥ . (14)

The minus component of momentum is also given by con-
servation of 4-momentum:

p−N = 2mN − p−tot . (15)

The plus component of momentum can be calculated us-
ing the assumed mass of the spectator:

p+N =
m2
N + p2N,⊥

p−N
=
m2
N + p2tot,⊥

2mN − p−tot
. (16)

Conservation of 4-momentum again allows us to connect
the plus component of the dilepton system with that of
the proton, the beam, the standing pair, and the assumed
spectator:

p+e+ + p+e− = 2Eγ + 2mN − p+p − p+N . (17)

Combining these equations, we may construct our
“light-cone” mass proxy variable:

m2(e+e−) ≈ m2
light-cone

=
(
p−e+ + p−e−

)(
2Eγ + 2mN − p+p − m2

N + p2tot
2mN − p−tot

)
−
(
p⃗⊥e+ + p⃗⊥e−

)2
.

(18)

We show in Figure 4 the correlation between the J/ψ
reconstructed mass and the kinematic variables t, αmiss,
and missing pT , using both the measured dilepton mass
and the light-cone mass in simulated events from 4He.
We observe that the light-cone mass has both substan-
tially improved resolution and far less kinematic de-
pendence than the measured mass for the dilepton sys-
tem, resulting in both increased precision and decreased
model-dependence in the extracted differential cross sec-
tions.
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FIG. 4. Correlation between the J/ψ reconstructed mass and
the kinematic variables t, αmiss, and missing pT . Correlation
is shown for both the measured dilepton mass and the light-
cone mass in simulated events from 4He.


