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There has been growing interest in the near-threshold production of heavy quarkonium which can access
the gluonic structure in the nucleon. Previously [Y. Guo et al., Phys. Rev. D 103, 096010 (2021)], we studied
this process with QCD and showed that it can be factorized with the gluon generalized parton distributions in
the heavy quark limit. We further argued that the hadronic matrix element is dominated by its leading
moments corresponding to the gluonic gravitational form factors (GFFs) in this limit. Since then, there have
been many new developments on this subject. More experimental measurements have been made and
published, and the lattice simulation of gluonic GFFs has been improved as well. In this work, we make an
important revision to a previous result and perform an updated analysiswith the new inputs.We also study the
importance of the large momentum transfer to extract these gluonic structures reliably in this framework.
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I. INTRODUCTION

The gluonic structures have been an important topic in
QCD and hadronic physics. On the one hand, gluons that
mediate the strong interaction play a prominent role at the
nonperturbative scale in the hadron. On the other hand, they
are free of electroweak interaction and much harder to
probe than quarks. Consequently, there has been rising
interest in the exclusive electro/photoproductions of heavy
quarkonium. Assuming suppressed contributions from the
intrinsic heavy quarks, these processes are dominated by
the exchange of gluons and thus can be used to access the
gluonic structures. Experiments with such purposes are
planned in the future Electron-Ion Collider [1], whereas at
Jefferson Laboratory (JLab), the near-threshold production
of J=ψ that requires less energy has been proposed and
measured, which revealed exciting results [2–5].
There have been many theoretical developments in the

literature to analyze this process [6–21]. In the previous
work of three of the authors [22], we showed that the
near-threshold photoproduction of heavy quarkonium can

be factorized with gluon generalized parton distributions
(GPDs), extending the factorization proved for the diffrac-
tive production in the collinear limit [23,24]. Utilizing the
heavy quark limit, we also argued that the hadronic matrix
element will be dominated by the leading moments that
correspond to the gluonic gravitational form factors (GFFs)
near the threshold. These GFFs carry important information
about the nucleon such as their mass, angular momentum,
and mechanical properties [25–31]. Although a complete
determination of the gluonicGFFs from thesemeasurements
alone is still model dependent [4], it provides us with an
effective tool to handle such problems.
In this work, we perform an updated analysis of the near-

threshold J=ψ production following the previous work for
two main reasons. First, we note that there was a missing
factor of 2 in the hadronic matrix element Gðξ; tÞ in
Ref. [22] due to a mix of conventions. Besides, there have
been many new developments on this subject ever since our
previous work. More data have been measured and pub-
lished recently by the J=ψ 007 riment at JLab Hall C [4]
and the GlueX Collaboration at Hall D [5]. Moreover,
the lattice QCD simulation of gluonic GFFs has been
improved [32]. The large-ξ expansion essential for relating
this process to the gluonic GFFs requires careful treat-
ments. Consequently, we will present more detailed analy-
ses of these new results in this work.

II. REVISED FORMULA

We start by noting that the definition of gluon GPDs in
Eq. (16) of the previous work [22] includes an extra factor
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of 1
2
from the trace operator Tr, which should be removed.

Correspondingly, the extra factor of 1
2
in Eq. (24) in

Ref. [22] shall be removed as well. The revision will
leave the main cross section formula unchanged, i.e.,
Eqs. (13) and (17) in Ref. [22]. However, one needs to
substitute the gluon GPDs with the corrected definition
that reads

Fgðx;ξ; tÞ≡ 1

ðP̄þÞ2
Z

dλ
2π

eiλxhP0jFaþi

�
−
λn
2

�
Faþ
i

�
λn
2

�
jPi;

ð1Þ

where the index a sums over all colors. The Fgðx; ξ; tÞ can
be parametrized as [26,33]

Fgðx; ξ; tÞ ¼
1

2P̄þ ūðP0Þ
�
Hgγ

þ þ Eg
iσþαΔα

2MN

�
uðPÞ; ð2Þ

where Hg and Eg are the well-known Hgðx; ξ; tÞ and
Egðx; ξ; tÞ GPDs. The hadronic matrix element Gðξ; tÞ
remains as [22]

Gðt; ξÞ ¼ 1

2ξ

Z
1

−1
dxAðx; ξÞFgðx; ξ; tÞ; ð3Þ

where the Wilson coefficient Aðx; ξÞ reads

Aðx; ξÞ≡ 1

xþ ξ − i0
−

1

x − ξþ i0
: ð4Þ

On the other hand, the extra factor of 1
2
does affect the

relations between the gluon GPDs and GFFs. Removing
the extra factor of 1

2
in the gluon GPDs causes an extra

factor of 2 to be multiplied to each gluonic GFF when
expanding the GPDs in terms of their moments.
Consequently, in the unpolarized case, we have

jGðt;ξÞj2¼ 4

ξ4

��
1−

t
4M2

N

�
E2
2

−2E2ðH2þE2Þþð1−ξ2ÞðH2þE2Þ2
�
; ð5Þ

where an extra factor of 4 appears accordingly, compared to
the Eq. (26) in Ref. [22]. The same factor of 4 should be
multiplied to the polarized jGðt; ξÞj2 in Eqs. (58) and (59)
in Ref. [22] as well. Recall that the GFFsH2 ≡H2ðt; ξÞ and
E2 ≡ E2ðt; ξÞ follow the same definition as Ref. [22] that
reads

Z
1

0

dxHgðx; ξ; tÞ ¼ Ag
2;0ðtÞ þ ð2ξÞ2Cg

2 ≡H2ðt; ξÞ;
Z

1

0

dxEgðx; ξ; tÞ ¼ Bg
2;0ðtÞ − ð2ξÞ2Cg

2 ≡ E2ðt; ξÞ: ð6Þ

In Fig. 1, we compare the total cross sections predicted
with the improved lattice simulation of the gluonic
GFFs [32] to the two measurements by the GlueX
Collaboration in 2019 [3] and 2023 [5], respectively,
without tuning any parameters. The consistency seems
better compared to the one in previous work before the
revision [22]. More detailed analyses regarding the extrac-
tion of GFFs with differential cross section measurements
by both the GlueX Collaboration and the J=ψ 007 experi-
ment [4] will be presented in the next section.

III. ANALYSES OF THE NEAR-THRESHOLD
J=ψ PRODUCTION DATA

To extract the gluonic GFFs from the near-threshold J=ψ
photoproduction measurements, recall that the cross section
formula in the previous work reads [22]

dσ
dt

¼ αEMe2Q
4ðW2 −M2

NÞ2
ð16παSÞ2
3M3

V
jψNRð0Þj2jGðt; ξÞj2: ð7Þ

The same formula applies after the revision except that the
revised hadronic matrix element Gðt; ξÞ in Eq. (5) has an
extra factor of 4.
We parametrize the two GFFs AgðtÞ and CgðtÞ in tripole

forms,

FIG. 1. A comparison of the total cross sections predicted with
gluonic GFFs from the improved lattice simulation [32] to the
two measurements by the GlueX Collaboration in 2019 [3] and
2023 [5]. The J=ψ 007 experiment [4] did not measure the total
cross section directly and will be discussed in the next section for
the differential cross section analysis.
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AgðtÞ ¼
Agð0Þ�
1 − t

m2
A

	
3
; ð8Þ

CgðtÞ ¼
Cgð0Þ�
1 − t

m2
C

	
3
; ð9Þ

ignoring the BgðtÞ. The forward Agð0Þ is fixed according to
the gluon parton distribution function (PDF) from global
analysis to be 0.414 [34]. Then, we are left with three
parameters: mA, Cgð0Þ, and mC to be determined from the
near-threshold production measurements, for which we
consider the combination of the recently published data
from the J=ψ 007 experiment [4] and the GlueX
Collaboration [5].
Before moving on to the data analysis, we must first

comment that the relation between the near-threshold J=ψ
production cross sections and the gluonic GFFs is justified
in the heavy quark limit only, where the momentum transfer
squared jtj approaches infinity and the skewness parameter
ξ approaches 1. Thus, the extraction of the gluonic GFFs
relies on the so-called large-ξ expansion that is most
applicable in the ξ → 1 limit. However, we can only have
measurements with finite momentum transfer squared jtj
and skewness ξ < 1 in reality—the J=ψ 007 measurements
only cover the region with ξ < 0.6, whereas the GlueX
measurements extend to the larger-ξ region but with limited
data points as shown in Fig. 2. Out of the 124 differential
cross section data points combining the J=ψ 007 and
GlueX measurements, 85 have ξ > 0.4, while only 33 have
ξ > 0.5. Also associated with the increasing ξ is the
decreasing quality in the data due to the lack of events

at large jtj, adding an additional challenge to the reliable
extraction of the gluonic GFFs.
Accordingly, we can either focus on the large-jtj data

where the statistical uncertainties will be huge or consider
the medium or even lower-jtj data as well where the
systematical uncertainties could be the dominant effect.
These possibilities will be studied in more details in the
following subsections.

A. Analysis with large-jtj data
We start with a rather extreme optionwherewe consider the

data with large momentum transfer squared jtj only; i.e., we
select the data with ξ > 0.5.1 As mentioned above, there are
only 33 data points in this region, which are too few to
determine all three parameters mA, Cgð0Þ, and mC. Indeed,
by fitting all three of them to the data with ξ > 0.5 by a
standard χ2 analysis with the IMINUIT Python interface
of MINUIT2 package [35,36], we obtain mξ>0.5

A ¼ 2.38�
0.08 GeV, Cξ>0.5

g ð0Þ ¼ −16� 34, and mξ>0.5
C ¼ 0.60�

0.26 GeV. The unreasonably large best-fit value and stat-
istical uncertainty of Cgð0Þ indicate that the CgðtÞ form
factor cannot be effectively constrained with the large-jtj
data. The AgðtÞ form factor, on the other hand, is better
constrained benefiting from the forward constraint from
gluon PDFs. Consequently, we have to utilize other infor-
mation about the gluonic GFFs, e.g., the ones from lattice
simulations [32,37], as the reference values to fix the
undetermined parameters and avoid potential overfitting.
In Table I, we summarize the results from various fits that

fix the parameters differently, where in the first row we list
the reference values from the global-fitted gluon PDF for
the Agð0Þ [34] and lattice simulations of GFFs [32] for the
other three parameters. Among all the fits, sets 2 and 3
seem more realistic and exhibit no signs of overfitting and
describe the data fine with reduced χ2s around 1.3. On the
other hand, both sets 1 and 4 have undetermined parameters
with unreasonably large values and uncertainties though
their reduced χ2s look fine. Such observation indicates the
potential overfitting in these sets. As for sets 5 and 6, their
large reduced χ2s imply that a one-parameter fit may not be
able to describe the large-jtj data well.
We also comment on the size of reduced χ2s in the fits

which seems rather large for fits with only 33 data points.
The main reason is the anomalously rising behavior in the
t-dependence of the measured differential cross sections by
the GlueX Collaboration, which has been discussed with
more details in Ref. [5] (see, for instance, Fig. 13 therein).
Such behaviors were not observed in the J=ψ 007 experi-
ment, partially due to its limit kinematical coverage at large
jtj as shown in Fig. 2. Other than that, the GlueXFIG. 2. Differential cross section data points together with

contours of equal ξ on the ðEb;−tÞ plane in the kinematically
allowed region with MJ=ψ ¼ 3.097 GeV. Each dot represents a
data point from the J=ψ 007 experiment at JLab Hall C (circle)
[4] or GlueX Collaboration at Hall D (square) [5].

1The large-jtj and large-ξ conditions can be used interchange-
ably near the threshold as shown in Fig. 2—it requires a
minimum jtj to reach a certain ξ, and larger ξ requires larger jtj.
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measurements are in good agreement with the measure-
ments by the J=ψ 007 experiment. Also note that the GlueX
data have about 20% normalization uncertainties (about 4%
for the J=ψ 007 experiment) that we did not include since
the two datasets seem consistent except for this rising
t-dependence observed by GlueX. This would lead to lower
reduced χ2 if included.
For the analysis here, when we select large-jtj data, such

behaviors observed in the large-jtj region will be more
pronounced, which cannot be described well by the tripole
formused here. This caused the overfitting behavior observed
for the Cgð0Þ here, and it will continue to make the reduced
χ2s larger even when we extend to include the medium- or
lower-jtj data aswewill show in the following subsections. To
check this argument, we perform the same fits but to the J=ψ
007 data only and obtain much lower reduced χ2s for the
fits here and in the following subsections. For instance, we
obtain mξ>0.5

A ¼ 2.10� 0.29 GeV, Cξ>0.5
g ð0Þ ¼ −0.5� 2.6,

and mξ>0.5
C ¼ 1� 1.6 GeV with a reduced χ2 of 0.46 when

fitting to only the J=ψ 007 data with ξ > 0.5. Although the
relative uncertainties are larger due to the reduced sample size,
the overfitting behavior seems to disappear. In Fig. 3, we
also present the corresponding extracted GFFs and compare
them with the lattice results. We note that the rising
t-dependence of the measured differential cross section by
the GlueX Collaboration might be due to other sources
beyond the scope of this work.
With these results, we remark that with the limited data at

large jtj not much information can be extracted about the
gluonic GFFs, especially the CgðtÞ form factor. Excluding
the fits with undetermined parameters or large reduced χ2s,
the remaining ones cannot constrain the CgðtÞ form factor
well unless when one of the parameters is fixed. While the
AgðtÞ form factor is better constrained owing to the forward
constraint from the gluon PDF, the extracted tripole mass
mA still depends on the values of the fixed parameters, the
Cgð0Þ particularly. Since the lattice simulation of the CgðtÞ
form factor has the largest uncertainties at t ¼ 0 [32],

the reliability of the extracted mA would be affected
accordingly. Therefore, it is crucial to obtain more data
with higher quality in the analysis to better constrain the
gluonic GFFs.

B. Analysis including medium-jtj data
Given the limited constrainingpowerwith only the large-jtj

data due to the insufficient data, one compromising choice is
to include more data with medium jtj. As we decrease the cut
in jtj or the skewness ξ, we effectively reduce the statistical
uncertainties while enhancing the systematical uncertainties.
Then, the general philosophy is to find the cut that balances
the two uncertainties to maximally utilize the data. Although
the proper estimation of the systematical uncertainties
from the higher order effects and large-ξ expansion will be
extremely involving and beyond the scope of this work, we
could still include themedium-jtj data in the fit and study their
effects for discussion.
With that in mind, we repeat the above analysis with the

85 data when selecting ξ > 0.4. The extended set of data
does constrain the three parameters better. Consequently,

TABLE I. A summary of the best-fit parameters of the ξ > 0.5
data with reduced χ2 fitting to the combined differential cross
section data from the J=ψ 007 experiment [4] and the GlueX
Collaboration [5]. The reference values are from the gluon PDF [34]
for the Agð0Þ and lattice simulations [32] for the other three.
Parameters listed as “fixed” are fixed to be the reference values.

Set Agð0Þ mA (GeV) Cgð0Þ mC (GeV) Reduced χ2

Reference 0.414 1.64 −0.48 1.07 � � �
1 fixed 2.38(08) −16ð34Þ 0.60(26) 1.34
2 fixed 2.53(12) fixed 1.41(09) 1.39
3 fixed 2.46(08) −1.20ð20Þ fixed 1.33
4 fixed fixed 0.014(03) 13(14) 1.25
5 fixed 2.14(03) fixed fixed 1.70
6 fixed fixed 0.29(06) fixed 2.63

FIG. 3. A comparison of the AgðtÞ (up) and CgðtÞ (down) form
factor extracted with the differential cross section data from the
J=ψ 007 experiment only [4] selecting ξ > 0.5 and the lattice
simulation results [32]. Bands correspond to 1σ statistical
uncertainties.
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we obtain mξ>0.4
A ¼ 2.07� 0.05 GeV, Cξ>0.4

g ð0Þ ¼ −1.2�
0.4, andmξ>0.4

C ¼ 0.91� 0.10 GeV from a three-parameter
fit. This, together with the other fits that fix the parameters
differently, is summarized in Table II as set 1. Unlike the
previous case where many of the parameters cannot be
determined, no signs of overfitting are observed here by
virtue of the extra inputs. Among all the fits, set 1 has the
lowest reduced χ2 as expected. Meanwhile, since the mC
obtained in set 1 is close to the reference value, the two-
parameter fit in set 3 that fixes the mC looks similar.
The other two-parameter fit in set 2 shows slightly worse
results, whereas the one-parameter fits in sets 4 and 5 do not
seem to work. Thus, we consider the three-parameter fit in
set 1 for further analysis.
In Fig. 4, we compare the GFFs extracted in set 1 with

the ones from lattice simulation [32]. Still, a negative Cgð0Þ
is favored when including the medium-jtj data, which is
consistent with the lattice simulation. The uncertainty
associated with the extracted Cgð0Þ has been improved
though still sizable, whereas the AgðtÞ form factor remains
better constrained due to the forward constraint from the
gluon PDF. Thus, we note that when including the medium-
jtj data, the observation is consistent with the large-jtj
extraction. However, the gluonic GFFs are better con-
strained with the extra data, allowing us to roughly extract
the gluon GFFs. Keeping in mind that there are still model-
dependence and systematical uncertainties to be clarified in
the extraction, we shall note that, as mentioned above, more
data with higher quality at large/medium jtj are crucial for
better determination of the gluonic GFFs in this framework.
In Fig. 5, we also compare the total cross section

calculated based on the fit in set 1 to the two measurements
by the GlueX Collaboration in 2019 [3] and 2023 [5].
Although these total cross section data are not considered in
the fit, they still show good agreement.

C. Analysis with full data

In the last subsection, we also present the fit to all the 124
differential cross section data. Since about 1=3 of these data

TABLE II. A summary of the best-fit parameters of the ξ > 0.4
data with reduced χ2 fitting to the combined differential cross
section data from the J=ψ 007 experiment [4] and the GlueX
Collaboration [5]. The reference values are from the gluon PDF
[34] for the Agð0Þ and lattice simulations [32] for the other three.
Parameters listed as fixed are fixed to be the reference values.

Set Agð0Þ mA (GeV) Cgð0Þ mC (GeV) Reduced χ2

Reference 0.414 1.64 −0.48 1.07 � � �
1 fixed 2.07(05) −1.21ð37Þ 0.91(10) 1.42
2 fixed 2.25(05) fixed 1.38(04) 1.64
3 fixed 2.14(03) −0.81ð03Þ fixed 1.43
4 fixed 1.88(01) fixed fixed 2.38
5 fixed fixed −0.29ð02Þ fixed 3.74

FIG. 4. A comparison of the AgðtÞ (up) and CgðtÞ (down) form
factor extracted with the combined differential cross section data
from the J=ψ 007 experiment [4] and the GlueX Collaboration
[5] selecting ξ > 0.4 and the lattice simulation results [32]. Bands
correspond to 1σ statistical uncertainties.

FIG. 5. A comparison of the total cross sections calculated
based on the fit to the combined differential cross section data
from the J=ψ 007 experiment [4] and the GlueX Collaboration
[5] selecting ξ > 0.4 and the two GlueX measurements [3,5]. The
band corresponds to 1σ statistical uncertainties.
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have ξ < 0.4 and they will be weighted more than the
others in the fit resulting from their lower relative uncer-
tainties, the systematical uncertainties in this case can get
out of control. Therefore, we consider it as an exercise to
illustrate the effect of the lower-jtj data in the analysis. It
has to be kept in mind that these results should not be taken
too seriously due to the potentially large systematical
uncertainties associated.
Being cautious of that, we fit the three parameters

mA, Cgð0Þ, and mC to all the data and obtain mA ¼
1.88� 0.03 GeV, Cgð0Þ ¼ −1.49� 0.27, and mC ¼ 0.8�
0.05 GeV with the reduced χ2 as 1.89. An explicit
comparison of the extracted GFFs with the lattice simu-
lation [32] is shown in Fig. 6. Quite surprisingly, the
extracted GFFs agree well with the lattice simulation,
which is in accord with the previous finding in Fig. 1 that
the revised cross section formula produces nice consistency
between the lattice simulations and the near-threshold
J=ψ production cross sections. However, since the GFFs
from lattice simulation are mostly in the small-jtj region
where the systematical uncertainty could be large, the

reliability of these statements might be challenged by that
accordingly.

IV. EXTRACTED MASS AND SCALAR RADII

To make the comparison more intuitive, in this section,
we also consider the extracted mass and scalar radii of the
proton. They can be defined in terms of the GFFs as [29]

hr2mi ¼
�
6
dAðtÞ
dt






t¼0

− 6
Cð0Þ
M2

N

�
;

hr2si ¼
�
6
dAðtÞ
dt






t¼0

− 18
Cð0Þ
M2

N

�
; ð10Þ

where the AðtÞ and CðtÞ form factors are the sums of the
quark and gluon GFFs, respectively. We note that one
complexity arises from the C̄ðtÞ form factor when indi-
vidual contributions from the quark and gluon are consid-
ered [29]. The C̄ðtÞ terms exist in the matrix elements of the
energy-momentum tensor of the quark and gluon sepa-
rately, while they cancel each other when summing over the
quark and gluon: C̄qðtÞ þ C̄gðtÞ ¼ 0 due to current con-
servation [26]. Furthermore, the separation of the quark and
gluon GFFs depends on the renormalization scheme and
scale. Therefore, proton mass and scalar radii can only be
obtained unambiguously with both the quark and gluon
GFFs. Besides the gluon GFFs extracted here, the
quark GPDs and GFFs can be probed by processes such
as deeply virtual Compton scattering (DVCS) [38] where
the CqðtÞ form factor can be extracted with dispersive
analysis [39,40]. In addition, the lattice QCD simulation
also plays a critical role in obtaining the quark GPDs and
GFFs from first-principle calculations [41–48].
With that in mind, we will consider the extra inputs for

the quark GFFs as well to compare the proton mass and
scalar radii. It is quite apparent with Eq. (10) that these
radii depend on the first derivative of the AðtÞ form factor
and the value of the CðtÞ form factor at t ¼ 0, but not the
derivative of CðtÞ. Thus, with the tripole form parametri-
zation in Eqs. (8) and (9), we will need Aqð0Þ, Cqð0Þ, and
the tripole mass mA;q for the quark GFFs. We will
ignore the contributions from the C̄ðtÞ form factors since
they do not affect the full radii when combing quarks
and gluons. Besides, they are of higher twist and much
harder to obtain.
The Aqð0Þ can be simply taken from the global quark

PDFs to be Auþdð0Þ ¼ 0.543� 0.007 [34], where we
ignore the contributions from strange and heavier quarks.
The mA;q and Cqð0Þ cannot be obtained directly from
forward measurements. For the Cqð0Þ, we use the Cuþdð0Þ
from the dispersive analysis of the DVCS measurements to
be −0.41� 0.12 where the 30% relative uncertainty is
estimated based on the potential contamination from higher
moments [31,39]. As for the mA;q, since it is not well

FIG. 6. A comparison of the AgðtÞ (up) and CgðtÞ (down) form
factor extracted with all the combined differential cross section
data from the J=ψ 007 experiment [4] and the GlueX Collabo-
ration [5] and the lattice simulation results [32]. Bands corre-
spond to 1σ statistical uncertainties.
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constrained by the experiments, we consider the dipole
mass from the recent lattice results [48]. We obtain
mlat;dipole

A;uþd ¼ 1.70� 0.06 based on a dipole fit to the

Auþd
20 ðtÞ therein.2
Combing these extra inputs for the quark GFFs with the

gluon ones, we compare the corresponding proton mass
and scalar radii in Fig. 7. The scale/scheme dependence and
evolution effects which are of higher order in αS will be
ignored here for simplicity. With the same quark GFFs, the
four mass and scalar radii are calculated with the gluon
GFFs from lattice simulations [32], the extraction based on
holographic QCD model with the J=ψ 007 measurements
[4], the extraction in this work with ξ > 0.4 data combining
the J=ψ 007 experiment and the GlueX measurements [5],
and the extraction with all data combining the J=ψ 007
experiment and the GlueX measurements, respectively.
Consistent with the arguments before, as we increase the
cut in ξ, there will be fewer measurements with larger

uncertainties, leading to more uncertain mass and scalar
radii correspondingly. On the other hand, the fits with lower
cut in ξ will be associated with larger systematical
uncertainties, e.g., in the fit with all data.
These radii from various extractions are in relatively

good agreement, given that they have the same quark
contributions. However, one may still notice that the scalar
and mass radii extracted with the holographic QCD
approach appear to agree better with the lattice results
with smaller statistical uncertainties compared to ours.
There are two reasons that account for that. First, the
holographic approach works better in the Regge limit t → 0
where more data with higher quality exist. Besides, there is
an undetermined normalization constant in the holographic
QCD approach that is manually fixed [19], with which the
statistical/systematical uncertainties associated are not
accounted for. Therefore, one could consider the difference
between the gluonic GFFs and the scalar/mass radii
extracted with the holographic QCD approach and the
ones here as an estimation of the systematical uncertainties
or model dependence. The main sources of the uncertain-
ties in the extracted radii are from the Cð0Þ, as the Að0Þ is
well determined from the global analysis of PDFs [34].
The CðtÞ form factor has been assigned the pressure or
shear pressure interpretation analogous to the macroscopic
fluid [27,28,39], though it is argued that it should be
considered as the gravitational tensor-monopole moment
according to its role in generating static gravity
nearby [30,49]. Thus, better constraints on the CðtÞ form
factor, especially at t ¼ 0, are crucial not only to improve
the quality of the extracted radii but also to obtain a more
profound understanding of the fundamental mechanic
properties of the nucleon.
To emphasize the gluonic contributions, we also consider

the gluonic mass and scalar radii, which are the gluonic
contributions to the corresponding proton radii renormal-
ized with the gluon momentum fraction Agð0Þ:

hr2mig ¼
1

Agð0Þ
�
6
dAgðtÞ
dt






t¼0

− 6
Cgð0Þ
M2

N

�
;

hr2sig ¼
1

Agð0Þ
�
6
dAgðtÞ
dt






t¼0

− 18
Cgð0Þ
M2

N

�
; ð11Þ

ignoring the contribution from C̄gð0Þ.
In Fig. 8, we compare the pure gluonic proton mass and

scalar radii similar to what we did for the full mass
and scalar radii. The differences among the various
extractions are more significant, and accompanied by
larger uncertainties correspondingly, resulting from the
large deviation and uncertainties in the extracted Cg.
Accordingly, more measurements with higher quality,
especially at large jtj, are of vital importance to further
improve the extraction of the gluonic GFFs and the mass/

FIG. 7. Comparisons of the extracted proton mass (up) and
scalar (down) radii with the same quark GFFs but different gluon
GFFs. The four values from left to right take the gluon GFFs
from lattice simulation [32], holographic QCD extraction [19]
with the J=ψ 007 measurements [4], the extraction in this work
with ξ > 0.4 data combining the J=ψ 007 experiment and the
GlueX measurements [5], and the extraction with all data
combining the J=ψ 007 experiment and the GlueX measure-
ments, respectively. The gray bands indicate potentially large
systematical uncertainties besides the statistical ones.

2Note that a dipole rather than tripole form was used to fit the
lattice results, of which the difference will be taken care of.

UPDATED ANALYSIS OF NEAR-THRESHOLD HEAVY … PHYS. REV. D 108, 034003 (2023)

034003-7



scalar radii from the near-threshold J=ψ production
measurements.
We note again that there could be comparable system-

atical uncertainties associated with these statistical
uncertainties, which should be even more sizable for the
extraction with all data here as we explained in the previous
section. Therefore, we consider the extraction with ξ > 0.4
data as the reference values of this work, which
gives hrmi ¼ 0.77� 0.07 fm and hrsi ¼ 1.20� 0.13 fm
for the full proton mass and scalar radii and

hrmig ¼ 0.97� 0.12 fm and hrsig ¼ 1.58� 0.23 fm for
the pure gluonic ones.

V. SUMMARY AND OUTLOOK

To summarize, in this work, we revise the previous cross
section formula [22] with the factor of 2 mismatch and
perform an updated analysis with the latest lattice simu-
lation of gluonic GFFs [32] and the recently published
data from the J=ψ 007 experiment [4] and GlueX
Collaboration [5]. We show that with the revised formula
the agreement between the gluonic GFFs from lattice
simulation and extraction with GPD factorization gets
improved. On the other hand, we also argue that this
framework requires large momentum transfer squared jtj
and skewness ξ, and thus we perform a series of analyses to
properly address their effects. We show that the gluonic
GFFs can be roughly constrained with a cut of ξ > 0.4.
However, it is crucial to have more high-quality data at
large jtj to improve the extraction.
The critical future developments include studying the

higher-order corrections such as the next-to-leading-order
effects in the strong coupling αS as well as the finite
quarkonium mass correction in Mp=MV . In addition, the
systematical uncertainties from the large-ξ expansion also
require proper treatment.
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