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Gravitational form factors (GFFs), defined through the matrix elements of the energy-momentum
tensor, provide critical insights into the internal structure of nucleons and nuclei. In particular,
their Fourier transforms in the Breit frame yield spatial distributions of mass, pressure, and
shear force densities associated with both quark and gluon constituents. This work presents
recent measurements of near-threshold 𝐽/𝜓 photoproduction on the proton, performed in Hall
C at Jefferson Lab, utilizing data from the electronic decay channels of the 𝐽/𝜓. These results
enable the extraction of gluonic gravitational form factors (gGFFs), offering a novel probe of
the gluon dynamics within the nucleon. The analysis employs a holographic QCD framework
to interpret the threshold behavior of the cross sections and to facilitate the extraction of the
gGFFs. The implications of these measurements are discussed in the context of upcoming
experimental programs, including the near-threshold electro- and photoproduction studies with
SoLID at Jefferson Lab and the Υ production program at the Electron-Ion Collider using the
ePIC detector. These future efforts are expected to significantly improve the precision of gGFF
determinations and provide essential tests of their universality across different kinematic regimes.
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1. Introduction

The study of nucleon and nuclear structure has entered a transformative phase, driven by new
experimental and theoretical developments that allow access to gravitational form factors (GFFs).
These fundamental quantities encode intrinsic mechanical properties of hadrons, including mass,
pressure, and shear force distributions. When extended to nuclei, GFFs offer promising new avenues
for exploring the dynamics of nuclear matter. The Fourier transform of specific combinations of
GFFs in the Breit frame reveals the spatial distribution of energy, analogous to how electromagnetic
form factors determine the charge distribution within the proton. A detailed discussion of the
proton’s GFFs, particularly from Deep Virtual Compton Scattering (DVCS), and the extraction
of quark-sector contributions can be found in Ref. [1]. However, gluons, the mediators of the
strong force and a dominant source of the nucleon’s mass, play an equally essential role. In this
presentation, I will focus on the gravitational form factors associated with gluons.

The matrix element of the QCD energy-momentum tensor for quarks or gluons reads [2]:

⟨𝑝 𝑓 , 𝑠 𝑓 |𝑇 𝜇,𝜈
𝑞,𝑔 (0) |𝑝𝑖 , 𝑠𝑖⟩ = (1)

𝑢̄(𝑝 𝑓 , 𝑠 𝑓 )
(
𝐴𝑞,𝑔 (𝑡)𝛾{𝜇𝑃𝜈} + 𝐵𝑞,𝑔

𝑖𝑃{𝜇𝜎𝜈}𝜌Δ𝜌

2𝑀𝑁

+ 𝐶𝑔,𝑞

Δ𝜇Δ𝜈 − 𝑔𝜇𝜈Δ2

𝑀𝑁

+ 𝐶̄𝑞,𝑔 (𝑡)𝑀𝑁𝑔
𝜇,𝜈

)
𝑢(𝑝𝑖 , 𝑠𝑖)

where (𝑝𝑖 , 𝑠𝑖) and (𝑝 𝑓 , 𝑠 𝑓 ) correspond to the momentum and polarization of the incoming and
outgoing nucleon, respectively, 𝑃 = (𝑝𝑖 + 𝑝 𝑓 )/2, 𝑡 = Δ2 = (𝑝 𝑓 − 𝑝𝑖)2. 𝐴𝑞,𝑔 (𝑡), 𝐵𝑞,𝑔 (𝑡),
𝐶𝑞,𝑔 (𝑡), and 𝐶̄𝑞,𝑔 (𝑡) are the quarks and gluons GFFs of the nucleon. It is worth noting that
𝐽 (𝑡) = 1/2[𝐴(𝑡) + 𝐵(𝑡)] where 𝐽𝑞+𝑔 (0) = 1/2 is the total spin of the proton.

The first experimental extraction of the quark gravitational form factor (GFF) 𝐷 (𝑡) = 4𝐶 (𝑡)
was achieved through analyses of Deep Virtual Compton Scattering (DVCS) data, leading to the
determination of the quark pressure distribution within the proton in the Breit frame [3]. To gain
further insight into the internal dynamics of the proton, particularly the distribution of quark energy
contribution to the proton mass, it is essential to extract the quark GFF 𝐴𝑞 (𝑡). This, in turn, requires
a precise determination of the generalized parton distribution (GPD) 𝐻𝑞 over a wide kinematic range
in the four-momentum transfer 𝑄2, the Bjorken scaling variable 𝑥, and the momentum transfer 𝑡, at
fixed skewness 𝜉 = 0, using the DVCS process. Ongoing experimental efforts at Jefferson Lab [4],
and future measurements at the Electron-Ion Collider (EIC) [5], aim to fulfill this objective and
advance our understanding of the quark sector’s contribution to the nucleon’s gravitational structure.

Several frameworks exist for decomposing the proton mass; a comprehensive review can be
found in Ref.[6] and references therein. Among them, Ji’s mass decomposition[7], inspired by
the virial theorem, provides a physically intuitive partitioning of the nucleon mass into quark and
gluon components. Within this framework, the total gluonic contribution is further separated into
two distinct parts: a tensor glueball component, carrying the quantum numbers of the graviton
2++, and a scalar glueball component, associated with dilaton-like quantum numbers 0++. The
scalar component is particularly important, as it is linked to the nucleon matrix element of the trace
anomaly of the QCD energy-momentum tensor and is scale invariant. This term encapsulates the
breaking of classical scale invariance in quantum chromodynamics and defines the characteristic
energy scale of the strong interaction.
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In this presentation, I will focus on the determination of the gluons GFFs using the measurement
of near threshold photoproduction of the 𝐽/𝜓 meson in Hall C experiment 𝐽/𝜓-007 at Jefferson
Lab and will provide the gluonic mass distribution profile in the Breit frame as well as the gluon
pressure profile, both extracted from the experimental data.

2. The 𝑱/𝝍-007 experiment at Jefferson Lab

The Jefferson Lab experiment E12-16-007 [8] also known as 𝐽/𝜓-007 proposed to search
for the LHCb pentaquark, was performed in Hall C at Jefferson Lab and consisted of using the
CEBAF electron beam at an energy of 10.6 GeV passing through an 8.5% copper radiator upstream
of a central pivot of rotation of two high momentum spectrometers (HMS & SHMS). The mixed
beam of electrons and photons passed through a 15 cm liquid hydrogen target located at this pivot
producing 𝐽/𝜓 particles. The 𝐽/𝜓 e+e− and 𝜇+𝜇− pair decays were detected in the HMS and SHMS,
respectively. While the recoil proton was not measured estimates of the incoherent background,
where an extra pion is produced, as well as the Bethe-Heitler contamination were found to be
negligible and consistent with our description of the invariant mass of the leptons pair spectrum
identifying the 𝐽/𝜓 peak. After detectors efficiency corrections for each spectrometer, and combined
spectrometers acceptance corrections at different kinematics settings, the doubly-differential cross
sections where unfolded in two-dimensional bins of different photon energy 𝐸𝛾 and four momentum
transfer to the proton 𝑡. The description of the experiment and resulting differential cross sections
are shown in ref. [9] in comparison with several cross section models [10–15] .

3. Gluonic gravitational form factors 𝑨𝒈 and 𝑪𝒈 determination

To extract the gluonic form factors 𝐴𝑔 (𝑡) and 𝐶𝑔 (𝑡), we performed two-dimensional fits across
photon energy 𝐸𝛾 and momentum transfer 𝑡 of the differential cross sections using the holographic
QCD model developed by Mamo and Zahed (M-Z) [11, 16]. A next-to-leading order general-
ized parton distribution (GPD) analysis of data from the 𝐽/𝜓-007 and GlueX experiments [17],
employing Bayesian inference techniques to extract these gluonic form factors, is also detailed in
Ref. [18]. The emphasis on the holographic approach stems from its inherently non-perturbative
nature, making it particularly suitable for modeling near-threshold 𝐽/𝜓 photoproduction.

In the M-Z holographic model the cross section is expressed as follows [11, 16]:

𝑑𝜎

𝑑𝑡
=

N2𝑒2

64𝜋(𝑠 − 𝑚2
𝑁
)2

×
[𝐴𝑔 (𝑡) + 𝜂2𝐷𝑔 (𝑡)]2

𝐴2
𝑔 (0)

× 𝐹 (𝑠, 𝑡, 𝑀𝐽/𝜓, 𝑚𝑁 ) ×
(−2𝑡 + 8𝑚2

𝑁
)

4𝑚2
𝑁

, (2)

𝐴𝑔 (𝑡) and 𝐷𝑔 (𝑡) shapes are fully calculated in this model (see [16]). The normalization constant
N2𝑒2 = (7.768)2 nb/GeV6 is taken from [11]. For a consistent comparison with the lattice QCD
calculations of Ref. [19] we chose a tripole functional form for both 𝐴𝑔 (𝑡) and 𝐶𝑔 (𝑡) form factors

𝐴𝑔 (𝑡) = 𝐴𝑔 (0)
(
1 − 𝑡

𝑚2
𝐴

)−3

, 𝐶𝑔 (𝑡) = 𝐶𝑔 (0)
(
1 − 𝑡

𝑚2
𝐶

)−3

(3)

in our fitting procedure of the differential cross sections, where 𝐴𝑔 (0) is the average momentum
fraction carried by the gluons in the nucleon and determined by the CT18 global parametrization [20]
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Figure 1: Left panel: The 𝐴𝑔 (𝑘2) form factor (𝑘2 = |𝑡 |) extracted from our two-dimensional cross section
data in the holographic QCD approach [11, 22] (orange dash-dot curve), compared to the latest lattice
calculation [19] (blue dotted curve). In all cases the form factors used are of tripole functional form. The
shaded areas show the corresponding uncertainty bands. Right panel: The extracted 𝐷𝑔 (𝑘2) = 4𝐶𝑔 (𝑘2)
form factor with the same color scheme as the left panel.

of the world DIS data, 𝐴𝑔 (0) = ⟨𝑥⟩𝑔 = 0.414 ± 0.008. The three other parameters, namely 𝑚𝐴,
𝐶 (0) and 𝑚𝐶 are free parameters determined by the two-dimensional fit of the differential cross
section data of the 𝐽/𝜓 − 007 experiment.

The mass radius is expressed as

⟨𝑟2
𝑚⟩𝑔 =

1
𝐴𝑔 (0)

6
𝑑𝐴𝑔 (𝑡)
𝑑𝑡

����
𝑡=0

− 6
𝐶𝑔 (0)
𝑀2

𝑁

=
18
𝑚2

𝐴

− 6
1

𝑀2
𝑁

𝐶𝑔 (0)
𝐴𝑔 (0)

(4)

Table 1: The gluonic GFFs fit parameters and proton mass radius determined from the 𝐽/𝜓 − 007 experi-
ment [29] through a two-dimensional fit using the holographic QCD approach [11, 16, 22]. The corresponding
proton mass radius is also reported according to eq. (4). In all cases we used the tripole functional functional
form for all GFFs. We compare these results to the latest lattice calculations [19].

Theoretical approach 𝜒2/n.d.f 𝑚𝐴 (GeV) 𝑚𝐶 (GeV) 𝐶𝑔 (0)
√︁
⟨𝑟2

𝑚⟩𝑔 (fm)

Holographic QCD 0.925 1.575±0.059 1.12±0.21 -0.45±0.132 0.755±0.067

Lattice 1.641± 0.043 1.07± 0.12 -0.483± 0.133 0.7464±0.055

We note that the holographic QCD approach gives results consistent with the lattice QCD
calculations results [19] .

To perform our fit and define the radius listed in Table 1 we have neglected 𝐵𝑔 (𝑡) and ignored
𝐶̄𝑔 (𝑡). The holographic QCD approach is a non-perturbative approach that seems to agree well with
lattice QCD, although the lattice calculations are still being performed away from the pion physical
mass (m𝜋=400 MeV). Measurements of 𝐽/𝜓 electro and photo-production on a proton have been
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proposed and approved at Jefferson Lab using the SoLID [23] while measurements of both electro
and photo-production using a smaller dipole size, namely Υ, are part of the science program at the
EIC [5, 24]. Both of these proposed future measurements would enhance our confidence on the
extraction of the GFFs with higher statistical precision and minimal theoretical uncertainty due to
controlled approximations.

4. Gluon mechanical properties in the Breit frame

Of course, there is more information in the gluons form factors compared to just the gluon mass
radius. Therefore, to provide the full gluon energy density profile and other mechanical properties,
we perform a Fourier transform of combinations of the corresponding form factors and provide
mass, pressure and shear forces densities as a function of distance 𝑟 in the Breit frame. Here, again
we have no other choice but to assume 𝐵𝑔 (𝑡) ∼ 0 and ignore 𝐶̄𝑔 (𝑡) for now.

Gluon Expt.

Quark Lattice
Gluon Lattice
Total Lattice

Figure 2: The gluon energy density 𝑟2𝜖 contribution in the Breit frame, according to [25], with 𝐴 and 𝐷

GFFs extracted using the holographic QCD approach [11, 16, 22] (Green curve). The other bands are the
more recent lattice results from [26]. The shaded area shows the corresponding uncertainty band for every
contribution. Note that the lattice result uses a dipole-dipole combination of the form factors

For the gluons mass density profile we used the expression [25]:

𝜖𝑔 (𝑟) = 𝑀

{
𝐴𝐹𝑇
𝑔 (𝑟) + 𝐶̄𝐹𝑇

𝑔 (𝑟) + 1
4𝑀2

1
𝑟2

𝑑

𝑑𝑟

(
𝑟2 𝑑

𝑑𝑟

[
𝐵𝐹𝑇
𝑔 (𝑟) − 𝐷𝐹𝑇

𝑔 (𝑟)
] )}

= 𝑀

{
𝐴𝐹𝑇
𝑔 (𝑟) − 1

4𝑀2
1
𝑟

𝑑

𝑑𝑟

(
𝑟2 𝑑

𝑑𝑟
𝐷𝐹𝑇

𝑔 (𝑟)
)}

(5)

where 𝐷𝐹𝑇
𝑔 (𝑟) and 𝐷𝐹𝑇

𝑔 (𝑟) are Fourier transform of 𝐴(𝑡) and 𝐷 (𝑡) given by
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𝐴𝐹𝑇
𝑔 (𝑟) =

∫
𝑑3𝚫

(2𝜋)3 𝑒
−𝑖𝚫·𝒓 𝐴𝑔 (Δ2) = 𝐴𝑔 (0)

𝑚3
𝐴

32𝜋
(1 + 𝑚𝐴𝑟)𝑒−𝑚𝐴𝑟 (6)

𝐷𝐹𝑇
𝑔 (𝑟) =

∫
𝑑3𝚫

(2𝜋)3 𝑒
−𝑖𝚫·𝒓𝐷𝑔 (Δ2) = 𝐷𝑔 (0)

𝑚3
𝐶

32𝜋
(1 + 𝑚𝐶𝑟)𝑒−𝑚𝐶𝑟 (7)

Figure 2 shows the profile mass density compared to the latest lattice result [26]. Here 𝐴𝑔 (𝑟)
and 𝐷𝑔 (𝑟) are determined using experiment 𝐽/𝜓 −007 data while setting 𝐵𝑔 (𝑟) = 0 while ignoring
𝐶̄𝑔 (𝑟) consistent with lattice QCD calculations. However, it is worth noting that its contribution
subtract strength to 𝐴𝑞 while adding strength to 𝐴𝑔 since 𝐶̄𝑞 (𝑟) is negative according to Ref. [27, 28]
and 𝐶̄𝑔 (𝑟) = −𝐶̄𝑞 (𝑟). Using 𝐶̄𝑔 will only make the gluon energy contribution larger.
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Figure 3: Left panel: The 𝑟2𝑝𝑔 (𝑟) pressure in the Breit frame in the holographic QCD approach [11, 16, 22]
(orange dash-dot curve), compared to the lattice calculation [19] (blue dotted curve). In this lattice calculation
the functional form of the 𝐷 (𝑡) form factor is a tripole is a tripole. The shaded areas show the corresponding
uncertainty bands. Right panel: The extracted shear forces density 𝑟2𝑠𝑔 (𝑟) of the gluons in the same Breit
frame and color scheme as the left panel.

The pressure 𝑟2𝑝(𝑟) and the shear forces 𝑟2𝑠(𝑟) densities in the Breit frame involve only the
𝐷 form factur and are given by [25]:

𝑟2𝑝(𝑟) = 1
6𝑀

𝑑

𝑑𝑟

(
𝑑

𝑑𝑟
𝐷𝐹𝑇 (𝑟)

)
, 𝑟2𝑠(𝑟) = − 1

4𝑀
𝑟3 𝑑

𝑑𝑟

(
1
𝑟

𝑑

𝑑𝑟
𝐷𝐹𝑇 (𝑟)

)
(8)

Here we used the tripole functional form for 𝐶𝑔 (𝑡) form factor to compare directly to the lattice
calculations of Ref. [19]. The experimental gluons results [29] of pressure and shear forces densities
in the Breit frame as a function of distance 𝑟 are shown in Fig. 3.

Finally, it is worth mentioning that the statistical precision of these results will be dramatically
improved using the SoLID [23] detector in Hall A at Jefferson Lab. Furthermore, the universal
aspect of the extracted gluons GFFs in the threshold region will ultimately be confirmed or refuted
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at the EIC using 𝐽/𝜓 electroproduction at large center of mass energies and wide range of 𝑡. and
through the electro- and photo-production of Υ near-threshold [5, 24].
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