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We apply perturbative QCD to investigate the near threshold heavy quarkonium photoproduction at large 
momentum transfer. From an explicit calculation, we show that the conventional power counting method 
will be modified and the three quark Fock state with nonzero orbital angular momentum dominates the 
near threshold production. It carries a power behavior of 1/(−t)5 for the differential cross section. We 
further comment on the impact of our results on the interpretation of the experiment measurement in 
terms of the gluonic gravitational form factors of the proton.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

In Refs. [1,2], Kharzeev and collaborators proposed the near 
threshold photoproduction of heavy quarkonium as a way to ad-
dress the origin of the proton mass [3–10]. It has attracted a 
strong interest from the community [11–30] due to potential mea-
surements of these processes at the current and future facili-
ties, including JLab-12 GeV [31,32], electron-ion colliders (EIC) in 
US [33,34] and China [35].

The original arguments of Refs. [1,2] are based on the vector-
meson-dominance and the expansion near the threshold J/ψN →
J/ψN system [36–38]. Progress has been made to compute di-
rectly the differential cross section for γ N → J/ψN in various 
models and more recently in QCD analysis [15,23,26]. These devel-
opments are greatly needed to build a solid ground for the future 
measurements. The goal of this paper is to show how we can apply 
perturbative QCD to understand the near threshold heavy quarko-
nium production and answer the following critical question: does 
this process provide a direct measurement of the gluonic gravita-
tional form factors, hence to probe the origin of the proton mass?

Near the threshold region, the momentum transfer is large: 
−t ∼ 2 GeV2 and 10 GeV2 for J/ψ and ϒ, respectively, where t
is the momentum transfer squared from the nucleon target. The 
large momentum transfer makes a strong argument to apply per-
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turbative QCD, and we will follow the factorization framework 
of the nucleon form factors [39–47] and the non-relativistic QCD 
(NRQCD) [48] for the heavy quarkonium production. Because much 
of the scattering amplitude is calculable in perturbative QCD, this 
provides a unique method to unveil the physics mechanism for the 
threshold heavy quarkonium production and offers a clear answer 
to the above mentioned question.

Another immediate outcome of our analysis is the power be-
havior of the differential cross section at large (−t). The power 
behavior has been assumed in the phenomenological studies, see, 
e.g., Refs. [13,21,22,49]. Our calculations will provide a solid foun-
dation for this practice. We will also show, more importantly, the 
conventional power counting method [50–52] have to be modified 
around threshold.

We take the threshold limit in our derivations, i.e., Wγ p ∼
MV + Mp , where Wγ p represents the center of mass energy and 
MV and Mp for the heavy quarkonium and proton masses, re-
spectively. To determine the leading contribution, we introduce a 
parameter [53]: χ = M2

V +2Mp MV

W 2
γ p−M2

p
, which goes to 1 at the threshold. 

We will expand the amplitude in terms of (1 − χ). By applying 
this expansion, in particular, we will show that the commonly as-
sumed 1/(−t)4 power behavior for the differential cross section is 
actually suppressed by (1 − χ).

To further simplify our analysis, we apply the heavy quark 
mass limit with the following hierarchy in scales: W 2

γ p ∼ M2
V �

(−t) � �2
Q C D , where �Q C D represent the non-perturbative scale. 

Under this limit, the scattering amplitude can be separated into 
two parts: the part associated with the photon-quarkonium tran-
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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Fig. 1. Typical Feynman diagram contributions to threshold J/ψ photoproduction at 
large momentum transfer with two-gluon exchange (left) and three-gluon exchange 
(right). The complete results comes from all permutations of the gluon attachments 
to the upper and lower parts of the above diagrams. Due to C -parity conservation, 
there is no contribution from the three-gluon exchange diagrams.

sition and the part describing gluon interactions with the nucleon 
states. As a result, the dominant t-dependence comes from the nu-
cleon side and can be calculated following that of the gluonic form 
factors calculations [47].

As mentioned above, the near threshold heavy quarkonium pro-
duction is dominated by large momentum transfer. That means the 
power behavior derived in this paper can be applied to most of the 
experimental data. In particular, we will compare our predictions 
to recent experimental data from the GlueX collaboration [13], 
where the agreement provides a strong indication that perturba-
tive QCD is applicable here. This shall encourage further develop-
ments.

The rest of the paper is organized as follows. We will first ex-
amine the threshold kinematics and derive the power counting 
analysis in Sec. 2. We will focus on the major results from our cal-
culations and discuss the interpretation of these results. We leave 
the detailed derivations in a separate publication. In Sec. 3, we 
present phenomenological studies and apply our analysis to recent 
GlueX data on near threshold J/ψ production at JLab. Finally, we 
summarize our paper in Sec. 4.

2. Near threshold kinematics and power counting analysis

Near threshold heavy quarkonium production is generated 
through a hard exclusive process with gluon exchange between 
the heavy quark loop and the nucleon states, as shown in Fig. 1,

γ (kγ ) + N(p1) → J/ψ(kψ) + N ′(p2) , (1)

where we have used J/ψ as an example, kγ and kψ represent the 
momenta for incoming photon and outgoing J/ψ , p1 and p2 for 
incoming and outgoing nucleons. Similar diagrams have been con-
sidered in Ref. [53] where it was argued that the three-gluon ex-
change diagrams dominate the near threshold production of J/ψ . 
However, from our analysis, the contribution from the three-gluon 
exchange diagrams vanishes due to C-parity conservation. Explic-
itly, the three gluons from the nucleon side carry symmetric color 
structure (such as dabc ) [47] while those from the heavy quarko-
nium ( J/ψ ) side are antisymmetric (such as fabc). We notice that, 
however, ηc production will be dominated by the three-gluon ex-
change diagrams.

In order to make the near threshold expansion more evident, it 
is useful to examine the relevant kinematics for the scattering am-
plitude. The center of mass energy squared and momentum trans-
fer squared can be written as: W 2

γ p = (kγ + p1)
2 = (kψ + p2)

2 ∼
M2

V and −t = −(p2 − p1)
2 � M2

V . In the heavy quark mass limit, 
we will have p1 · kγ ∼ p1 · kψ ∼ M2

V , whereas p2 · kγ ∼ p2 · kψ �
M2

V . In addition, the invariant mass of the t-channel two gluon is 
much smaller than heavy quarkonium mass. More importantly, the 
propagators in the heavy quark loop are all of the order 1/MV , 
e.g., 

(
k1 − kψ/2

)2 − M2
c = k2

1 −k1 ·kψ ∼ −M2
c , where Mc represents 

the Charm quark mass and k1 for one of gluon momentum in the 
t-channel.
2

To compute the Feynman diagrams in Fig. 1, we follow the fac-
torization argument for the hard exclusive processes [40], where 
the leading contributions come from the three-valence quark Fock 
state of the nucleon. The three-quark states can be further classi-
fied into zero orbital angular momentum (OAM) and nonzero OAM 
components [54]. We will first examine the contribution from zero 
OAM component, which is referred as twist-3 term.

For the Fock state with zero OAM, the three quarks’ momenta 
are at the same direction as the parenting nucleon and their total 
momentum equals to the nucleon momentum. An important fea-
ture of this contribution is that the nucleon helicity is conserved. 
We take into account all permutations in the gluon attachments 
in both upper and lower parts of Fig. 1. The calculation is compli-
cated but straightforward. In the end, we find that the scattering 
amplitude can be summarized as

A3 = 〈 J/ψ(εψ), N ′↑|γ (εγ ), N↑〉
=

∫
[dx][dy]	(x1, x2, x3)	

∗(y1, y2, y3)
1

(−t)2

× Ū↑(p2)/kγ U↑(p1)M(3)
ψ (εγ , εψ , {xi}, {yi}) , (2)

where P̄ = (p1 + p2)/2, {x} = (x1, x2, x3) represent the momentum 
fractions carried by the three quarks, [dx] = dx1dx2dx3δ(1 − x1 −
x2 − x3), and 	3(xi) is the twist-three distribution amplitude of 
the proton [41,55]. The spinor structure in Eq. (2) is a consequence 
of the leading-twist amplitude which conserves the nucleon he-
licity. This is similar to the A form factor calculation in Ref. [47]. 
Furthermore, we find that M(3)

ψ can be simplified as

M(3)
ψ = Rψ

(
2H3 +H′

3
)
, (3)

where Rψ ≡ 8eceg6
s

27
√

3M10
ψ

ψ J (0). Here ψ J (0) is the wave function of 

J/ψ at the origin and is related the NRQCD matrix element [48]. 
The coefficient H3 can be summarized as

H3 = I13 + I31 + I12 + I32, (4)

where Ii j = 1
xi x j yi y j x̄2

i ȳi
with x̄i = 1 − xi , ȳi = 1 − yi , and H′

3 =
H3(y1 ↔ y3).

The power behavior of 1/(−t)2 in Eq. (2) comes from the prop-
agators in the lower part and the t-channel gluons. This behavior 
is also consistent with the conventional power counting analy-
sis [50,51]. However, the final result for the differential cross sec-
tion will depend on the amplitude squared in the threshold limit 
χ → 1. For that, we find,

|A3|2 = (1 − χ)Gψ G p3(t)G∗
p3(t) , (5)

which actually vanishes at the threshold. In the above, Gψ is de-
fined as,

Gψ = C2
N

64π2αe2
c (4παs)

6

3M3
ψ

〈Oψ
1 (3 S1)〉 , (6)

where CN = 2
27 is the color factor, 〈Oψ

1 (3 S1)〉 is the color-singlet 
NRQCD matrix element for J/ψ . G p follows the form factor factor-
ization and can be written as

G p3(t) = 1

t2

∫
[dx][dy]	3({x})	∗

3({y}) [
2H3 +H′

3

]
, (7)

where H3 and H′
3 are defined as above. Combining G p3 and G∗

p3, 
this leads to 1/(−t)4 power behavior for the amplitude squared, 
which is consistent with the conventional power counting analysis. 
However, this contribution is suppressed at the threshold.
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The suppression factor (1 −χ) comes from the spinor structure 
in Eq. (2). Similar suppression has also been found in the gener-
alized parton distribution (GPD) framework [56–62] for exclusive 
photoproduction of J/ψ , where the contribution from the GPD H g

is associated with a factor of (1 − ξ) with ξ being the skewness 
parameter [63], see also, [64,65] and references therein. We em-
phasize that the above result (7) can be reproduced through the 
GPD formalism with the large-t GPD H g following that of quark 
GPD at large-t [67].

In order to obtain a nonvanishing contribution at the thresh-
old, we have to go beyond the leading-twist contributions, such 
as those from three-quark Fock state with nonzero OAM. In the 
following, we consider the three-quark Fock state with one unit 
OAM [54]. We call this as twist-4 contribution because it depends 
on the twist-4 distribution amplitudes.

Two important features emerge for nonzero OAM contributions. 
First, as shown in Fig. 1, the partonic scattering amplitudes con-
serve the quark helicities. However, because of a nonzero OAM for 
one of the three-quark state, the helicity of the nucleon states 
will be different. In the sense that nonzero quark OAM con-
tributes to the hadron helicity-flip amplitude. Second, in order 
to get a nonzero contribution, we have to perform the intrinsic 
transverse momentum expansion for the hard partonic scattering 
amplitudes [46], which will introduce an additional suppression 
factor of 1/(−t). Since one unit OAM is involved in the calculation, 
the linear term in this expansion contributes to the final result, 
that can be written in terms of twist-four distribution amplitude 
of the nucleon [46,55]. Here we summarize the final expression 
with the power counting result,

A4 = 〈 J/ψ(εψ), N ′↑|γ (εγ ), N↓〉
=

∫
[dx][dy]�4({x})	∗

3({y})M(4)
ψ ({x}, {y})

×Ū↑(p2)U↓(p1)
Mp

(−t)3
, (8)

where �4 is one of the twist-four distribution amplitudes of 
the proton related to the three quark Fock state with one unit 
OAM [46,66]. Similar contribution can be obtained for another 
twist-four distribution amplitude 	4. Here we emphasize a cou-
ple of important points. First, the factor Mp in Eq. (8) indicates 
it is a higher-twist effect. Explicitly, it comes from the parameter-
ization of the twist-four distribution amplitude [55]. Second, the 
nucleon helicity-flip is manifest in the spinor structure. This am-
plitude is negligible at high energy, but will be important at the 
threshold, because it is not suppressed in the limit of χ → 1. The 
amplitude squared can be written as

|A4|2 = m̃2
t Gψ G p4(t)G∗

p4(t) , (9)

where m̃2
t = M2

p/(−t), Gψ is the same as above, and G p4 depend 
on the twist-three and twist-four distribution amplitudes,

G p4(t) = 1

t2

∫
[dx][dy]�4({x})	∗

3({y})H�4 . (10)

The coefficient H�4 is much more complicated as compared to H3.
Eqs. (9) and (5) are the most important results of our analy-

sis. Comparing these two, we find that the twist-four contribution 
is suppressed in 1/t but enhanced at the threshold. These two 
features can be used to disentangle their contributions in experi-
ments. If we limit our discussions in the threshold region, the only 
contribution comes from the twist-four term.

In the literature, the near threshold heavy quarkonium pro-
duction amplitude has been written in terms of the gluonic form 
3

factors. The gluonic form factors at large (−t) have been recently 
calculated in Ref. [47]. Their results show that Ag form factor is 
similar to the above helicity-conserved amplitude, whereas B g and 
C g form factors are associated with the helicity-flip amplitudes. 
By comparing this to the above results, we conclude that the A g

form factor will not be responsible for heavy quarkonium produc-
tion at the threshold. Now, the question becomes: can we re-write 
the near threshold helicity-flip amplitude (Eq. (8)) in terms of 
the gravitation form factors B g/C g or a combination (including 
〈N ′|F 2|N〉)? From a detailed comparison, unfortunately, we are not 
able to build a direct connection between them.1 This may impose 
a challenge to interpret the near threshold heavy quarkonium pho-
toproduction as a measure to the gluonic gravitational form factors. 
It could well be that this interpretation only breaks down at large 
(−t). Therefore, although it is a disappointing answer, the question 
itself deserves further investigations.

Recently, Ref. [26] has suggested that the GPD formalism could 
be applied in near threshold heavy quarkonium production, see 
also the discussion in Ref. [23]. It will be interesting to check this 
statement with our results, where the gluon GPDs at large momen-
tum transfer can be calculated following the example of the quark 
GPDs in [67].

3. Phenomenology applications

To summarize the results in the previous section, we obtain the 
differential cross section at large (−t)

dσ

dt
|(−t)��2

Q C D
= 1

16π(W 2
γ p − M2

p)2

(
|A3|2 + |A4|2

)

≈ 1

(−t)4

[
(1 − χ)N3 + m̃2

t N4

]
, (11)

where N3 and N4 represent the twist-three and twist-four con-
tributions, respectively. They depend on the associated distribution 
amplitudes of the nucleon. We note that there is no interference 
between these two, because their helicity configurations are differ-
ent.

The above two contributions have different power behavior for 
the differential cross sections, one with 1/(−t)4 and one with 
1/(−t)5. Although the current experimental data can not distin-
guish them, high precision future experiments [30,32,34] will be 
able to provide an important test. The most important consequence 
of our power counting analysis is that the leading-twist contribu-
tion is suppressed at the threshold. Away from the threshold point, 
it will start to contribute and may dominate at large (−t) because 
of the leading power feature.

This will be reflected in the total cross section contributions as 
well, for that we have

σ(Wγ p) =
tmax∫

tmin

dσ

dt
(t) , (12)

where tmin and tmax depend on the center of mass energy Wγ p . At 
the threshold point we have tmin = tmax , so that the total cross sec-
tion vanishes. In Fig. 2, we compare the above two contributions as 
functions of Wγ p for J/ψ and ϒ, respectively, assuming N3 = N4
for an order of magnitude estimate. In order to smooth the con-
tributions at small-(−t), we modify the above t by t − �2 where 
� = 1 GeV to represent a non-perturbative scale. We note that the 

1 We have also checked this for a simpler process such as γπ → J/ψπ and 
found no connection to the gluonic gravitational form factor of pion at large (−t), 
which have also been calculated in Ref. [47].
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Fig. 2. Parametric comparison between the two contributions (twist-3 and twist-4) to the near threshold heavy quarkonium production as functions of the center mass energy 
Wγ p for J/ψ (left) and ϒ (right). Here we plot the cross section contributions in arbitrary unit, assuming the same coefficients for N3 and N4 in Eq. (11). A potential 
twist-5 contribution is also shown in these plots.

Fig. 3. Fit the experimental data from the GlueX collaboration [13] with the leading contribution from the twist-four term in the differential cross section: (left) the differential 
cross section at Eγ ≈ 10.72 GeV assuming 〈tmin〉 ≈ −0.44 GeV2; (right) the total cross section near the threshold.
dominance of twist-4 contribution in both J/ψ and ϒ productions 
around the threshold is insensitive to the choice of �.

We emphasize that the higher-twist contribution beyond the 
twist-four will be negligible. As an example, in Fig. 2 we plot a 
contribution from a potential twist-5 term which scales as 1/(−t)6

for the differential cross section. It is similar to N4 term in Eq. (11)
as m̃4

t N5 and we assume N5 = N4 = N3 in these curves. From 
these plots, we conclude that the twist-four term is the dominant 
contribution for near threshold photoproduction.

In Fig. 3, we apply our power counting analysis to the experi-
mental data from the GlueX collaboration [13]. For the illustration 
purpose, we only include the twist-four term in the differential 
cross section,

dσ

dt
|t wist−4 = N0

(−t − �2)5
, (13)

and the total cross section is calculated by integrating over t . We 
fit the GlueX data with two parameters N0 and �,

�2 = 1.41 ± 0.20 GeV2 , N0 = 51 ± 22 nb ∗ GeV8 , (14)

with a χ2/d.o. f . = 0.48. Fig. 3 shows that our predictions are con-
sistent with the experimental data. The comparison also shows 
that there may need further improvement by including sublead-
ing contributions when the energy is away from the threshold. In 
4

the above analysis we only take into account the power count-
ing predictions. It will be interesting to compute the differential 
cross sections with the nucleon distribution amplitudes [66]. We 
will carry out a comprehensive study in the future.

It is important to note that the above power counting analysis 
was derived for large (−t) differential cross sections. The consis-
tency between our predictions and the GlueX data shall encourage 
further theoretical developments, in particular, in the lower mo-
mentum transfer region where one can study the interplay be-
tween the perturbative and non-perturbative physics. Regarding 
this point, the comparison between J/ψ and ϒ productions will 
play an important role, because they offer different kinematic cov-
erage of momentum transfer due to their large mass difference. 
We expect these processes will be extensively investigated at the 
future EIC [34,35].

4. Summary

In this paper, we have performed a perturbative QCD analy-
sis for the near threshold heavy quarkonium photoproduction at 
large momentum transfer. We have shown that the so-called three-
gluon exchange diagrams do not contribute. The contribution from 
the leading Fock state with zero OAM of nucleon is suppressed at 
threshold. The differential cross section is dominated by the con-
tribution from nonzero OAM Fock state and has a power behavior 
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of 1/(−t)5. This prediction is different from previous assumptions 
in the literature. We have applied the power counting result to the 
GlueX data and found that they agree with each other.

Through explicit calculations, we have shown that there is no 
direct connection between the near threshold heavy quarkonium 
production and the gluonic gravitational form factors of the pro-
ton. We note that, however, under certain approximations the 
connection between them can be built through a GPD formal-
ism [15,23,26]. This approximation is equivalent to assuming that 
the two gluons in the t-channel of the left panel diagram of Fig. 1
carry the same momentum. If we take this approximation, we will 
obtain the same conclusion.
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