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Abstract

The exclusive heavy quarkonium photoproduction is one of the most popular processes in EIC, which has large cross section and
simple final state. Due to the gluonic nature of the exchange Pomeron, this process can be related to the gluon distribution of proton
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and nucleus. The momentum transfer dependence of this process is sensitive to the interaction sites, which provides a powerful tool
to probe the spatial distribution of gluon in nucleus. And recently the origin of the proton mass problem receive lots of attention
on determining the anomaly contribution Ma. The trace anomaly is sensitive to the gluon condensate and exclusive production of
quarkonia such as J/ψ and Y is an excellent laboratory to extract it. We present the ECCE Tracking performance of exclusive J/ψ
photoproduction detection and the capability of this process to probe the above physics opportunities.

Keywords: ECCE, Electron Ion Collider, Exclusive, Near Threshold, Quarkonia
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1. Introduction

The heavy quakonia is the most simple quark-antiquark
bound state, however, its production mechanism is not fully
understood yet. Due to the large mass scale, the generation
of heavy-antiquark pair can be treated safely by the pertur-
bative QCD, but the later on evolution to heavy quakonia is
a soft process, which can only be studied by phenomenal
model, such as CEM [1, 2], CSM [3], and NRQCD [4]. The
determination of matrix elements for different models rely on
the various precise experimental measurements. The electron
proton/nucleus collisions constitute an excellent laboratory for
the investigations of heavy quarkonia production. The future
Electron-Ion Collider (EIC) will provide a much simpler and
cleaner environment than hadronic collisions, but far richer
than electron-positron annihilation.

Among the heavy quarkonia production processes at EIC, the
exclusive photoproduction is expected to play a key role, which
has large cross section and simple final state. In the reaction,
an incident virtual photon fluctuates into quark-antiquark pair,
which then scatters off the target elastically, emerging as a real
quarkonium. The scattering process occurs via the exchange
of a color neutral object, Pomeron, which can be viewed as
two gluons with self interaction (gluon ladder) in the language
of QCD. Due to the gluonic nature of Pomeron, the exclusive
heavy quarkonia photoproduction at EIC can be related to the
gluon distribution of proton and nucleus using perturbative
QCD. Furthermore, the distribution of momentum transfer
from the target in the process is sensitive to the interaction sites,
which provides a powerful tool to probe the spatial distribution
of gluon in nucleus.

Nucleons constitute about 99% of the mass of the visible
universe. In the standard model, Higgs mechanism describes
gauge bosons ”mass” generation to some extent, but can only

explain a small fraction of the nucleon mass. The other parts
come from the strong interaction that binds quarks and gluons
together. So understanding the hadron mass decomposition
becomes a topic of great interest in QCD. There are two key
models[5, 6, 7, 8, 9, 10] for the mass decomposition. One
contains a trace anomaly contribution which is quantified by
the energy-momentum tensor (EMT) and the other agrees
with an energy decomposition in the rest frame of the system.
Recently, there has been a lot of interest [11, 12, 13] among
the nucleon structure community in determining the anomaly
contribution Ma as a key to understand the origin of the proton
mass. Specifically, it has been proposed, based on some theory
suggestions [14, 15, 16], that one can access Ma through the
forward (t=0) cross section via the exclusive production of
heavy quarkonium states such as J/ψ and Υ. Heavy quarkonium
are of particular interest here because they only couple to glu-
ons, not light quarks, and are therefore sensitive to the gluonic
structure of the proton. The trace anomaly is sensitive to the
gluon condensate and exclusive production of quarkonia such
as J/ψ and Υ is a excellent laboratory to extract the anomaly
contribution Ma, in which the sensitivity can be maximized for
the production near threshold.

In this paper, we make the single J/ψ simulation by fun4all
assumed as exclusive photon produced J/ψ detector response in
ECCE tracking system. We make a projection of J/ψ photo-
production in ECCE using the vector dominance model in eS-
TARLight. And we combine the measurement and projection
to give an insight of related fruitful physics opportunities, such
as probing gluon nPDF, spatial distribution and proton mass
decomposition. The main purpose of this study is to present
the capability of exclusive process of J/ψ photoproduction de-
tection and to show the physics opportunities which could be
achieved with the ECCE Tracking setup.

2. Simulation Framework and J/ψ Measurement

The ECCE detector is a cylindrical detector covering |η| ≤
3.5 and the full azimuth. The Tracking and vertexing systems
of ECCE are based on semiconductor and gaseous tracking de-
tector technologies. Monolothic Active Pixel Sensor (MAPS)
based silicon vertex/tracking detector use ITS-3 technology and
µRwell based gas tracker derived from Gas Electron Multiplier
(GEM) technology. The momentum resolution of central re-
gion and beam e-going direction is closed to or better than the
requirement of Yellow Report (YR) [17]

For exclusive photon production of J/ψ, we use eSTARLight
to make a projection to the cross section of ep → eJ/ψp pro-
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Figure 1: Acceptance and efficiency of single J/ψ simulation

Figure 2: Single track efficiency. Left Panel: e− efficiency. Right Panel: e+

efficiency

cess. eSTARLight provides a photo Pomeron interaction model
parameterized by HERA data. We study e+p and e+Au colli-
sions for beam configuration 5×41 GeV and 10×100 GeV.

The simulation of the detector response is done using a
GEANT4 based package Fun4All. In this work, July detector
concept, also known as ”Prop.4”, is used for J/ψ reconstruction
via dielectron channel. Single e+/e− Tracking simulation
results are as Fig. 2. The difference at very low pT is due to
the initial assumption parameter in Kalman filter. If starting
parameter is set ”positron”, it will get a poor fit quality for
different charge (electron), seemed as background. We just
set single J/ψ at the zero vertex point and let the daughter
particles pass full detector simulation. Here we simulate the
tracking acceptance and efficiency of J/ψ as Fig. 1. It is similar
to the situation of the exclusive J/ψ photoproduction in the
central detector. We also compare different magnitude strength
simulation and the tail effect in the mass reconstruction.

The kinematic distribution of J/ψ in exclusive photoproduc-
tion is initially projected by the theoretical cross section calcu-
lation from eSTARLight. So if J/ψ is put randomly according
to the kinematic distribution, the rapidity dependence of total
J/ψ reconstruction efficiency of the studied process could be
gained from tagging the daughter electron pair according to sin-
gle track efficiency and reconstruction as Fig. 3. As shown in
the figure, the reconstruction efficiency for J/ψ is sufficiently
high, about 0.9 in central |y| < 1.8 region at ECCE.

We also compare different magnitude strength simulation
and the tail effect in the mass reconstruction shown in Fig. 4.
At very low pT (0.5 < pT < 1.0 GeV/c), the improvement
of the acceptance of lower magnetic field dominates over the
loss of resolution in angle and momentum. while at larger pT

(1.0 < pT < 2.0 GeV/c), 1.4T and 0.7T efficiencies don’t show
strong difference. And in July Concept, the bremsstrahlung en-
ergy loss has already been put in Tracking, which constitutes
the tail in reconstruction as (b) in Fig. 4. We scale the tail to

Figure 3: Exclusive J/ψ detection efficiency, steep cliff at backward region is
due to upper limit of the emitted photon energy from beam electron. No photo-
produced J/ψ thus no meaningful efficiency
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Figure 4: Magnitude strength and tail effect in J/ψ detection

unity and the detail of tail effect can be presented in Table. 1.
For three rapidity region of J/ψ in table, forward and backward
regions have similar effect contributions a bit larger than the
central region. The situation of J/ψ photoproduction lays in for-
ward rapidity region.

Table 1: Tail effect with mass window cut

mass window
−3.5 < y < −1 −1 < y < 1 1 < y < 3.5(GeV/c2)

2.8-3.2 0.887 0.925 0.890
2.9-3.2 0.833 0.886 0.836
3.0-3.2 0.743 0.814 0.730

3. Theoretical Setup for Projection

In this section, we present the theoretical framework of ex-
clusive J/ψ photoproduction in e+p and e+A collisions, which
is employed in our simulation. The cross section σ(eA→ eAV)
is calculated as an integration of photon flux and the cross sec-
tion of collision of the virtual photon with the nucleus, shown
as Equation(1):

σ(eA→ eAV) =
∫

dW
W

∫
dk

∫
dQ2 d2Nγ

dkdQ2σγ∗A→VA

(
W,Q2

)
(1)

The photon flux can be written as a function of Q2:

d2Nγ

dkdQ2 =
α

πkQ2

1 − k
Ee
+

k2

2E2
e
−

(
1 −

k
Ee

) ∣∣∣∣∣∣Q2
min

Q2

∣∣∣∣∣∣
 (2)

The cross section of collision of the virtual photon with the nu-
cleus is proportional to the cross section at Q2 = 0:
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Figure 5: Left Panel: The minimum momentum transfer as a function of inci-
dent photon energy. Right Panel: The world-wide measurements of σ(γp →
V p).

σγ∗A→VA

(
W,Q2

)
= f (MV )σ

(
W,Q2 = 0

)  M2
V

M2
V + Q2

n

n = c1 + c2

(
Q2 + M2

V

) (3)

Where c1 and c2 are constants by fitting from Hera data. And
the cross section at Q2 = 0 can be calculated by the integration
of the quasi-real photon nucleus scattering cross section and the
square of nucleus form factor, revealed as Equation(4):

σ
(
W,Q2 = 0

)
=

∫ ∞

tmin

dt
dσ(γA→ VA)

dt

∣∣∣∣∣
t=0
|F(t)|2 (4)

where σ(γA → VA) can be related to σ(γp → V p). The cross
section of γp → V p can be parameterized using the world-
wide measurements [18]. The framework is almost the same
as eSTARLight [19][20], except two minor improvements. In
eSTARLight, the minimum momentum transfer tmin is approx-
imated as tmin = ((Mv)2/2k)2. We can also calculate the min-
imum squared four-momentum transfer in collision of a given
energy photon and the target proton as the numerical result in
Fig. 5. As one can find in the left panel of Fig. 5, the approx-
imation is proper at high energies, however would underesti-
mate the magnitude at low energy range, which is the case for
our projection at ECCE. Furthermore, the parametrization of
γp→ V p cross section in eSTARLight is made only relying on
the high energy measurements. As shown in the right panel of
Fig. 5, the behaviour of energy dependence is significantly dif-
ferent between the high energy and low energy ranges, which
would bias the calculations at EIC. With these two improve-
ments, the calculated results of rapidity distribution for exclu-
sive J/ψ photoproduction in e+p and e+A collisions for 5×41
and 10×100 GeV collision energies are shown in Fig. 6. And
Q2 distribution of e+p collision for 5×41 and 10×100 GeV with
a η range in −3 to 3 are illustrated in Fig. 7.

The projected statistics of J/ψ as a function of rapidity are
shown in Fig. 8 for e+p and e+Au collisions. For the projection
results in the following section, we assume the integrated lu-
minosity collected by ECCE is 100 f b−1 for e+p collisions and
10 f b−1/A for e+Au collisions, where A is the mass number
of Au. As shown in the figure, millions of J/ψs would be ob-
served with the designed ECCE setup, which provides us plenty
physics opportunities. And Q2 dependence of the statistics of

3− 2− 1− 0 1 2 3
y

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

/d
y 

(n
b)

σd

 41 GeV×5 
 100 GeV×10 

pψ eJ/→ep 

 < 1.02Q

3− 2− 1− 0 1 2 3
y

0

100

200

300

400

500

600

/d
y 

(n
b)

σd

 41 GeV×5 

 100 GeV×10 
Auψ eJ/→eAu 

 < 1.02Q

Figure 6: Rapidity dependence of differential cross section of exclusive J/ψ
photoproduction
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Figure 7: The Q2 dependence of differential cross section of exclusive J/ψ pho-
toproduction

e+p collision for 5×41 and 10×100 GeV are shown in Fig. 9.
As we can see, most of events locate in low Q2 region, specially
for Q2 < 1GeV2.

4. Physics Opportunities with Exclusive J/ψ Photoproduc-
tion at ECCE

4.1. Probe the Gluon nPDF

The gluon nuclear parton distribution functions (nPDF) in
proton and nucleus has large uncertainties, because it does not
carry electric charge and can not be directly determined by the
DIS measurements. As mentioned in the introduction, the ex-
clusive J/ψ photoproduction occurs via Pomeron exchange, due
to the gluonic nature of Pomeron, this process is directly sensi-
tive to the gluon PDF. According to the calculation of perturba-
tive QCD, the forward scattering cross section is proportional
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Figure 8: The rapidity distribution of J/ψ amount in e+p and e+A collisions for
10×100 GeV. Left Panel: e+p. Right Panel: e+Au
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Figure 9: The Q2 distribution of J/ψ photoproduction in e+p. Left Panel:
10×100 GeV. Right Panel: 5×41 GeV.

to the square of the gluon density distribution, shown as the
following[21][22]:

dσ(γA→ VA)
dt

∣∣∣∣∣
t=0
=
α2

sΓee

3αMξ
V

16π3
⌊
xgA(x,Q2)

⌋2
(5)

x =
MVe±y

√
s

Q2 = M2
V/4 Rg =

√√√√√√ dσ(γA→VA)
dt

∣∣∣∣
t=0

dσ(γp→V p)
dt

∣∣∣∣
t=0

(6)

where the momentum fraction x can be determined by the ra-
pidity of J/ψ, and the Q2 is controlled by the mass of J/ψ. As
shown in Equation(6), if we make the forward scattering am-
plitude ratio between e+p and e+Au collisions, the shadowing
factor Rg of gluon can be directly extracted. So measurements
of J/ψ photoproduction can provide a direct access to gA(x,Q2).

We simulated elastic J/ψ photoproduction processes in
10×100 (GeV) e+p and e+Au collisions with the framework
described in the above sections. From the simulation, we ex-
tracted the d2σ/dtdy of J/ψ at t =0 for both e+p and e+Au col-
lisions to make projection on Rg. The projection precision is
only the statistical error. In an x region, we can transfer it to
the corresponding y region through Equation(6), get the statis-
tics with the detector response and signal over background ra-
tio correlation in Fig.8, and randomly select same number of
events in the y region. And then we fit the t distribution of dif-
ferential cross section of these events and get the fit error of
dσ/dt for e+p and e+Au collisions at t = 0. The statistical
error can be calculated by the fit error transferred through Rg

equation in Equation(6). As shown in Fig.10, EPPS16[23] PDF
set has a large uncertainty band, but for most x range covered
by ECCE acceptance, the projected statistical error is negligi-
ble. This shows the excellent capability of constraining gluon
nPDF with the exclusive J/ψ measurements at ECCE.

4.2. Probe the Gluon Spatial Distribution
The Pomeron is the exchange object for diffractive process

and diffraction generally is sensitive to gluon spatial distri-
bution. And the momentum transfer from the target in the
exclusive J/ψ photoproduction is sensitive to the production
site, which provides us a powerful tool to infer the spatial
distribution of gluon in both proton and nucleus. In the
simulation, we made a projection of t distribution for the
processes in 10 × 100 (GeV) e+Au collisions with both
coherent and incoherent J/ψ photoproduction. The results
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Figure 10: Gluon nuclear shadowing factor as function of momentum fraction
x.
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Figure 11: t distribution of exclusive J/ψ production in e+Au collision.

are shown in Fig.11, the red and and blue curves are the
coherent and incoherent contributions from calculations,
respectively. One can clearly observe the diffraction dips in
the coherent contribution, which is related to the size of gluon
distribution in nucleus. The solid data points are the projected
results from simulation, in which the statistical uncertainty is
negligible. However, due to the momentum smearing from
the detector, the slope of the distribution is slightly different
from that of theoretical calculations and the diffraction dips
are fold out. This suggests that the detector response should
be precisely determined to extract the gluon spatial distribution.

At low Q2 0-1 GeV2 for photoproduction, larger Q2 1-3 GeV2

and 3-10 GeV2, the t distribution is illustrated in Fig. 12 with
the systematical error and the statistical error given as Sec.4.1
but not fitting the selected events. The systematical uncertainty
is determined by the maximum deviation for truth and the re-
constructed distribution. Based on it we can get the relative
uncertainty 5% and add it to the plot.

4.3. The Near-Threshold Production Mechanism

For elastic near-threshold J/ψ photoproduction, it can provide
a new window into multi-quark, gluonic, hidden-color corre-
lations of hadronic and nuclear wave-functions in QCD. The
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Figure 13: Projection of J/ψ photoproduction cross section near threshold in
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near-threshold J/ψ production probes the x ∼ 1 configuration in
the target, the spectator partons carry a vanishing fraction x ∼ 0
of the target momentum. This implies that the production rate
behaves near x → 1 as (1 − x)2ns , where ns is the number of
spectators. Then the two gluon and three gluon exchange con-
tributions can be written as [24]:

dσ
dt
= N2gv

(1 − x)2

R2M2 F2
2g(t)

(
W2
γp − m2

p

)2
(7)

dσ
dt
= N3gv

(1 − x)0

R4M4 F2
3g(t)

(
W2
γp − m2

p

)2
(8)

where R is the radius of proton, M is the mass of J/ψ, and Wγp

is the center of mass energy of γp.
The projected results for near-threshold production for

10×100 GeV and 5×41 GeV ep collisions are shown in Fig. 13.
The GlueX results, two and three gluon exchange contributions
are also shown for comparison. All the curve and projection
results are consistent with the GlueX measurements. The error
bars on GlueX measurements represent only statistical uncer-
tainties. In low Wγp < 4.5 GeV region, cross section is domi-
nated by three gluon exchange process and for Wγp > 4.5 GeV
, two gluon exchange process comes to take control. As shown
in the figure, for 10×100 GeV e+p collisions, due to the limited
detector coverage, the center of mass energy can only reach as
low as 4.5 GeV. But for 5×41 GeV e+p collisions, they cover
the whole near-threshold range. The projected statistics is ex-
tremely good, which could give strong constraint to the produc-
tion mechanism near-threshold.

4.4. Trace Anomaly and Proton Mass Decomposition

According to QCD theory, there are four terms of decompo-
sition in nucleon mass as Equation(9)[25]: quark energy Mq,
gluon energy Mg, quark mass Mm and the trace anomaly con-
tribution Ma, and these terms are sensitive to the trace anomaly
parameter b.

Mq =
3
4

(
a −

b
1 + γm

)
MN

Mg =
3
4

(1 − a)MN

Mm =
4 + γm

4 (1 + γm)
bMN

Ma =
1
4

(1 − b)MN

(9)

Recent theoretical efforts from VMD model and Holographic
model [26][27][28] suggest that the trace anomaly parameter
can be extracted by the near-threshold exclusive heavy quarko-
nia process via their production at dσ

dt |t = tmin. In the sim-
ulation, we made the projection of the trace anomaly param-
eter extraction capability at ECCE. The results are shown in
Fig. 14 and Fig. 15, which can provide precise information
on the nucleon mass decomposition. The GlueX result[25]
of the trace anomaly is also shown for comparison. The pro-
jection precision consists of two parts, the statistical error us-
ing similar method as Sec. 4.1 and systematical error defined
in Sec. 4.2. The dσ/dt|t = 0 can be related to the trace
anomaly parameter with Equation(10,11,12)[25], where k2

ab =[
s − (ma + mb)2

] [
s − (ma − mb)2

]
/4s denotes the squared mo-

mentum of center-of-mass of the corresponding two-body sys-
tem, Γ is the decay width of specific channel, α is the fine struc-
ture constant. λ =

(
pN pJ/ψ/mJ/ψ

)
is the energy of nucleon in

the J/ψ rest frame.

dσγN→J/ψN

dt

∣∣∣∣∣∣
t=0
=

3Γ (J/ψ→ e+e−)
αmJ/ψ

(
kJ/ψN

kγN

)2 dσJ/ψN→J/ψN

dt

∣∣∣∣∣∣∣
t=0

(10)

dσJ/ψN→J/ψN

dt

∣∣∣∣∣∣
t=0
=

1
64π

1

m2
J/ψ

(
λ2 − m2

N

) ∣∣∣FJ/ψN

∣∣∣2 (11)

At low energy, the forward amplitude FJ/ψN can be approxi-
mately written as a function of (1-b) in Equation(12, and the
relative uncertainty of dσ/dt|t = 0 can be passed through these
transfer formula to get the Ma/Mp (∝ (1 − b)) uncertainty.

FJ/ψN ≃ r3
0d2

2π2

27

2M2
N −

〈
N

∣∣∣∣∣∣∣ ∑
i=u,d,s

miq̄iqi

∣∣∣∣∣∣∣ N
〉

≃ r3
0d2

2π2

27

(
2M2

N − 2bM2
N

)
≃ r3

0d2
2π2

27
2M2

N(1 − b)

(12)
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Figure 14: Trace anomaly contribution as a function of γp center of mass energy
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Figure 15: Trace anomaly contribution as a function of Q2

r0 is the ”Bohr” radius of J/ψ, and d2 is the Wilson coefficient.
While they can just be seen as constant in the relationship of
dσ/dt|t = 0 and (1−b), so the numerical value is not important,
cause we use the relative error to give the uncertainty.

5. Summary

In this paper, we make a projection of the exclusive J/ψ pho-
toproduction and its measurement by ECCE Tracking system.
The capability of extracting the related physicss opportunities
for ECCE can be projected according to the kinematic depen-
dence and the statistic. For J/ψ detection, ECCE has reason-
able reconstruction efficiency and coverage, with huge statis-
tics. For gluon distribution in proton and nucleus, the projection
of gluon nuclear shadowing effect shows a pretty good capabil-
ity of constraining the gluon nPDF with the exclusive J/ψ mea-
surements. Then according to the simulation results in Sec.4.3,
ECCE can provide a strong constraint to the production mech-
anism near-threshold. And in Sec.4.4, the measurements of
the near-threshold exclusive heavy quarkonia production also
shows a good capability of extracting the trace anomaly param-
eter to provide precise measurements on the nucleon mass de-
composition.
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