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Understanding the internal structure of the proton—including the distributions of quarks and gluons and
their contributions to proton properties such as mass—remains a central challenge in quantum
chromodynamics (QCD). While quark generalized parton distributions (GPDs) have been studied
extensively, a consistent approach that simultaneously extracts quark parton distribution functions (PDFs),
gravitational form factors (GFFs), and gluon GPDs from experimental constraints is still lacking.
Moreover, the role of gluons in proton mass generation, particularly through the trace anomaly mechanism,
requires deeper theoretical and phenomenological exploration. In this study, we begin by extracting quark
GPDs in protons using a parametrization method based on the electromagnetic form factors provided by
light-front holographic QCD (LFHQCD), from which we derive both quark PDFs and their GFFs. Our
contribution lies in adopting a distinct functional form for wðx; tÞ and extending this approach to model
gluon GPDs. Our calculations show consistency with experimental data and lattice QCD results and
successfully reproduce soft Pomeron behavior. Furthermore, we investigate near-threshold J=ψ production
using gauge/string duality to quantify the contribution of the trace anomaly to the proton mass. Our results
indicate that the parametrization method provides a consistent framework for describing both quark and
gluon structure, bridging GPDs, PDFs, and GFFs. The analysis of J=ψ production confirms that the trace
anomaly contributes significantly (∼24%) to the proton mass, with the calculated cross-section dependence
on momentum transfer t in agreement with experimental observations. This work advances the under-
standing of proton structure by integrating quark and gluon degrees of freedom and elucidating the origin of
proton mass within QCD.

DOI: 10.1103/rw4k-wn3d

I. INTRODUCTION

A central challenge in modern strong interaction physics
is to unravel the origin of mass in the visible universe.
While the Higgs mechanism endows elementary particles
with their intrinsic masses, it accounts for only about 1% of
the proton’s mass. The remaining 99% emerges dynami-
cally from the complex interactions of quantum chromo-
dynamics (QCD), the theory of the strong force.
Understanding this profound generation of mass from
nearly massless constituents (quarks and gluons) represents
one of the deepest questions in contemporary nuclear and
particle physics [1].

This pursuit necessitates a detailed, three-dimensional
picture of the proton’s internal structure, a goal that has
driven decades of experimental and theoretical effort.
Generalized parton distributions (GPDs) have emerged
as the fundamental theoretical framework for such a
comprehensive description [2]. These nonperturbative
objects, functions of the longitudinal momentum fraction
x, the skewness ξ, and the four-momentum transfer squared
t, provide a unified picture of the nucleon. In specific limits,
GPDs reduce to the well-known parton distribution func-
tions (PDFs) and electromagnetic form factors (EFFs).
Crucially, their first moments are linked to the gravitational
form factors (GFFs), which encode the spatial distributions
of mass, spin, and mechanical properties like pressure and
shear forces inside the proton [1,3–6]. Through a Fourier
transform in transverse momentum transfer, GPDs offer
access to the three-dimensional tomography of the nucleon,
mapping partons in both longitudinal momentum and
transverse position [2,7].
A pivotal decomposition of the proton mass within QCD

separates it into four gauge-invariant contributions: the
quark kinetic energy (Mq), the gluon kinetic energy (Mg),
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the quark mass term (Mm), and the trace anomaly term
(Ma) [8–12]. The trace anomaly, arising from the breaking
of classical scale symmetry in quantum chromodynamics,
is of particular contemporary interest. It is intrinsically
connected to the gluonic structure of the proton and is
believed to contribute significantly to its mass. A promising
avenue to probe this elusive component is through the
exclusive photoproduction of heavy quarkonia, such as
J=ψ , near the production threshold in electron-proton
scattering (ep → e0p0J=ψ) [13–18]. The dominance of
the gluon-exchange mechanism in this process provides
a direct window into the proton’s gluonic GPDs and, by
extension, the gravitational form factors related to the mass
structure.
Despite significant advances from lattice QCD calcu-

lations and global fits to experimental data, a first-princi-
ples, model-consistent extraction of both quark and gluon
GPDs and GFFs from a unified QCD-inspired framework
remains a challenge. Furthermore, while the connection
between threshold J=ψ production and the trace anomaly
has been theorized, a direct calculation of the cross section
within a holographic QCD approach that naturally incor-
porates nonperturbative dynamics and explicitly uses com-
puted GFFs as input is lacking. Most analyses rely on
factorization theorems that may have limitations near
threshold, and few studies self-consistently propagate the
QCD scale evolution of coupling constants and anomalous
dimensions into the final observable.
The light-front holographic QCD (LFHQCD) framework

employed in this work is a phenomenological model, not a
first-principles calculation from QCD. The results pre-
sented here are therefore inherently model-dependent.
Nevertheless, LFHQCD provides a well-motivated and
analytically tractable approach that captures key nonper-
turbative features of QCD, such as confinement and chiral
symmetry breaking. We compare our predictions with
experimental data and lattice QCD results to assess their
reliability. We begin by deriving the proton’s electromag-
netic form factors within LFHQCD and subsequently
construct the associated quark GPDs. From these, we
self-consistently extract both the PDFs and the quark
GFFs. We then generalize this formalism to determine
the gluon GPDs and GFFs within the same consistent
model. Our results are consistent with available experi-
mental data and lattice QCD computations, while also
exhibiting features characteristic of the soft Pomeron
exchange. Finally, leveraging the gauge/string duality,
we directly compute the cross section for exclusive J=ψ
photoproduction in ep collisions. This holographic
approach circumvents traditional factorization complexities
by calculating the scattering amplitude in the gravitational
dual theory. Crucially, we use our previously obtained
GFFs as direct input and incorporate the energy-scale
dependence via the two-loop QCD β-function and the
anomalous dimension γm. This allows us to establish a

direct, quantitative link between the measured cross section
and the proton’s mass decomposition. The primary objec-
tives of this study are therefore: (1) to derive a unified set of
quark and gluon GPDs and GFFs from the LFHQCD
framework; (2) to compute the cross section for threshold
J=ψ photoproduction using these GFFs within a gauge/
gravity duality model; and (3) to quantitatively extract the
contribution of the QCD trace anomaly to the proton mass
from the comparison of our calculation with experimental
data. Our methodology combines nonperturbative holo-
graphic modeling with the constraints of QCD renormal-
ization group flow.
The significance of this work is twofold. Theoretically, it

demonstrates the power of holographic QCD to provide a
consistent, parameter-lean description of multiple facets of
nucleon structure—from electromagnetic form factors to
gravitational properties. Practically, it provides a novel
estimate of the trace anomaly’s contribution to the proton
mass within the LFHQCD framework, offering a bench-
mark for future experiments at facilities like the Electron-
Ion Collider (EIC). Our finding that the trace anomaly
accounts for approximately 24.0% of the proton mass
provides further support for the understanding of the
emergence of hadronic mass from QCD, consistent with
existing lattice and phenomenological determinations.
In contrast to our previous studies, where Ref. [6]

utilized the VQCD model with distinct parameter sets
for different observables and Ref. [4] employed a unified
parameter set but omitted the trace anomaly in J=ψ
production, the present work advances these studies by
extracting both quark and gluon PDFs to determine the
gravitational form factors and including the trace anomaly
contribution in the J=ψ cross-section calculation.
The remainder of this paper is structured as follows.

Section II details the calculation of quark and gluon
GPDs within the proton using the LFHQCD approach.
Section III presents the computation of the J=ψ photo-
production cross section via gauge/string duality and our
subsequent determination of the trace anomaly contribu-
tion. Finally, Sec. IV summarizes our key results and
discusses their broader implications for strong interaction
physics.

II. GENERALIZED PARTON DISTRIBUTIONS

Among the various observables, the EFFs are the most
straightforward to measure experimentally and compute
theoretically, with a wealth of existing research [19–26].
Therefore, in this section, we derive the proton’s GPDs,
PDFs, and GFFs starting from the EFFs obtained within the
LFHQCD model.

A. The electromagnetic form factors

Proton EFFs are key observables for probing nucleon
structure and dynamics. Elastic electron scattering off
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spin-1=2 protons is fully described by two form factors: the
Dirac form factor F1 and the Pauli form factor F2 [25,26]

hP0jJμð0ÞjPi ¼ ūðP0Þ
�
γμF1ðtÞ þ

iσμνqν
2M

F2ðtÞ
�
uðPÞ; ð1Þ

where P and P0 are the initial and final four-momenta of the
proton, respectively, q ¼ P0 − P is the four-momentum
transfer and t ¼ q2 ¼ −Q2, M is the proton mass, and
σμν ¼ i

2
½γμ; γν� is the commutator of the gamma matrices. In

the light-front formalism, the Dirac and Pauli form factors
can be extracted from the light-front spin-conserving and
spin-flip matrix elements of the Jþ current

hP0;↑j J
þð0Þ
2Pþ jP;↑i ¼ F1ðtÞ; ð2Þ

hP0;↑j J
þð0Þ
2Pþ jP;↓i ¼ q1 − iq2

2M
F2ðtÞ; ð3Þ

In the higher-dimensional gravity theory in the bulk, the
spin-nonflip amplitude for the electromagnetic transition
arises from the coupling between an external electromag-
netic field ANðx; zÞ propagating in anti–de Sitter (AdS)
space and a fermionic mode ΨPðx; zÞ, as expressed by the
left-hand side of the equation below.

Z
d4xdz

ffiffiffi
g

p
Ψ̄0

Pðx; zÞeBNΓBANðx; zÞΨPðx; zÞ

∼ ð2πÞ4δ4ðP0 − P − qÞϵμuðP0ÞγμF1ðtÞuðPÞ; ð4Þ

where ΓB ¼ ðγμ;−iγ5Þ. eBN denotes the five-dimensional
vielbein, with N being the curved spacetime index and B
the local Lorentz index. Protons are represented by wave
functions Ψþ and Ψ−, which correspond to the nucleon’s
positive and negative chirality components, respectively.

ΨþðzÞ ∼ zτþ1=2e−k
2z2=2; Ψ−ðzÞ ∼ zτþ3=2e−k

2z2=2; ð5Þ

where τ represents the twist of the component. These
correspond, respectively, to a positive-chirality component
with orbital angular momentum L ¼ 0 and a negative-
chirality component with L ¼ 1, both sharing the same
normalization. The spin-nonflip nucleon elastic form factor
F1 is expressed in terms of Ψþ and Ψ−

F1ðtÞ ¼ Σg�
Z

dz
z4

Vðt; zÞΨ2
�ðzÞ: ð6Þ

The effective charges g� are fixed by the underlying spin-
flavor structure and Vðt; zÞ represents the five-dimensional
mode of the electromagnetic field.
The nucleon spin-flip electromagnetic form factor arises

from the nonminimal coupling term

Z
d4xdz

ffiffiffi
g

p
Ψ̄0

Pðx; zÞeMA eNB ½ΓA;ΓB�FMNðx; zÞΨPðx; zÞ

∼ ð2πÞ4δ4ðP0 − P − qÞϵμuðP0Þ σ
μνqν
2M

F2ðtÞuðPÞ; ð7Þ

where ½ΓA;ΓB� ¼ 2ηAB and FMN ¼ ∂MAN − ∂NAM repre-
sents the electromagnetic field strength tensor. The spin-flip
nucleon elastic form factor F2 is

F2ðtÞ ¼ χ

Z
dz
z3

Vðt; zÞΨþðzÞΨ−ðzÞ; ð8Þ

where χ is determined by the measured magnetic moment
from experiments.
In light-front quantization, a hadron state jHi is

expressed as a superposition of infinitely many Fock
components jNi, jHi ¼PN ψN=HjNi,where ψN=H denotes
the light-front wave function (LFWF) of the N-particle
component with normalization

P
N jψN=Hj2 ¼ 1. Thus, the

form factor is expressed as an infinite sum of contributions

FHðtÞ ¼ ΣτςτFτðtÞ; ð9Þ

where normalization at t ¼ 0; Fτð0Þ ¼ 1; FHð0Þ ¼ 1 indi-
cates that Στςτ ¼ 1.

B. Quark GPDs

In LFHQCD, the electromagnetic form factors of protons
can be expressed as [25,26]

Fp
1 ðtÞ ¼ Fτ¼3ðtÞ; ð10Þ

Fp
2 ðtÞ ¼ χp½ð1 − γpÞFτ¼4ðtÞ þ γpFτ¼6ðtÞ�; ð11Þ

where τ is the twist of the Fock state: τ ¼ 3 corresponds to
the three-quark state with L ¼ 0, τ ¼ 4 to states with
L ¼ 1, and τ ¼ 6 to higher Fock states. χp and γp represent
the proton anomalous magnetic moment and the probability
of higher Fock state, respectively. The electromagnetic
form factors of neutrons can be expressed as

Fn
1ðtÞ ¼ −

r
3
½Fτ¼3ðtÞ − Fτ¼4ðtÞ�; ð12Þ

Fn
2ðtÞ ¼ χn½ð1 − γnÞFτ¼4ðtÞ þ γnFτ¼6ðtÞ�; ð13Þ

where r, χn and γn denote the SUð6Þ breaking parameter,
neutron anomalous magnetic moment, and probability of
higher Fock state, respectively. FN

1 ðtÞ and FN
2 ðtÞ represent

the Dirac form factor and Pauli form factor of the nucleon,
respectively, N ¼ p, n. The form factor of any twist can be
expressed as [27]

FτðtÞ ¼
1

NðτÞB
�
τ − 1;

1

2
−

t
4λ

�
; ð14Þ
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where NðτÞ ¼ Γðτ − 1ÞΓð1=2Þ=Γðτ − 1=2Þ is the renorm-
alization constant and Bðu; νÞ ¼ ΓðuÞΓðνÞ=Γðuþ νÞ is the
Euler beta function. For integer τ, Eq. (14) generates the
pole structure

FτðtÞ ¼
1

ð1 − t
M2

0

Þð1 − t
M2

1

Þð1 − t
M2

τ−2
Þ : ð15Þ

where M2
n ¼ 4λðnþ 1

2
Þ, n ¼ 0; 1; 2…τ − 2. Equation (14)

can also be written as Bðτ − 1; 1 − αðtÞÞ with Regge
trajectory

αðtÞ ¼ 1

2
þ t
4λ

: ð16Þ

This is the trajectory of the vector meson ρ and λ is fixed by
the ground state mass of the ρ meson: λ ¼ ð0.548 GeVÞ2.
The integral form of the form factor is

FτðtÞ ¼
1

NðτÞ
Z

1

0

dwðx; tÞ
dx

wðx; tÞ−t4λ−1
2½1 − wðx; tÞ�τ−2dx;

ð17Þ

where x represents the longitudinal momentum fraction
with x∈ ð0; 1Þ and w satisfies the constraint conditions
wð0; tÞ ¼ 0 and wð1; tÞ ¼ 1. The form factor remains
invariant under any choice of wðx; tÞ that satisfies the
conditions.
The electromagnetic form factor can be written as the

zeroth order moment of GPD: FτðtÞ ¼
R
1
0 Hτðx; tÞdx, and

then we can obtain

Hτðx; tÞ ¼ qτðx; tÞetfðx;tÞ; ð18Þ

with

qτðx; tÞ ¼
1

NðτÞ
dwðx; tÞ

dx
½1 − wðx; tÞ�τ−2wðx; tÞ−1=2; ð19Þ

fðx; tÞ ¼ −
1

4λ
lnðwðx; tÞÞ; ð20Þ

where qτðx; 0Þ and fðx; tÞ represent the PDF and the profile
function, respectively.
For x → 0, GPD can be expressed as [28]

Hτðx; tÞ ∼ x−t=4λqτðx; 0Þ; ð21Þ

which motivated by Regge theory, describes small-x
behavior. For x → 1, GPD can be expressed as [29–31]

qτðx; tÞ ∼ ð1 − xÞ2τ−3; ð22Þ

which corresponds exactly to the Drell-Yan inclusive
counting rule for large x.

Combining equations Eqs. (21) and (22), we assume that
the form of wðx; tÞ is

wðx; tÞ ¼ x1−xe−c0ð1−2xÞð1−xÞ2ec1x0.5ð1−xÞ3t=ð1þc3t2Þ; ð23Þ

where the parameters c0 ¼ 0.1, c1 ¼ 4.2, and c3 ¼ 0.05 are
obtained by fitting the experimental PDF data for the u
quark and the lattice gravitational form factors for the u
quark. c0 is fixed by matching the quark PDF xuðxÞ
extracted from our light-front holographic QCD model
to the PDF4LHC15 data at x ¼ 0.001 (the smallest x value
provided by the experimental dataset). Meanwhile, c1 is
determined by fitting the computed gravitational form
factor AuðQ2Þ to lattice QCD GFF data. c3 ¼ 0.05 is
chosen such that the gravitational form factors remain
unchanged in the small-t region, but adequately suppress
their contributions in the large-t region. Within the scope of
our research, we have also performed a sensitivity check by
varying the coefficient c3 by �20% and examining the
resulting change in the form factor. The form factor
changes by less than 2.5% under this variation, indicating
that our results are stable against the uncertainty in the
coefficient. This parameter remains unchanged across
different flavors.
The sum rules relating the GPDs and the electromagnetic

form factors [32]. The PDF of quarks are

uðx; 0Þ ¼
�
2 −

r
3

�
qτ¼3ðx; 0Þ þ

r
3
qτ¼4ðx; 0Þ; ð24Þ

dðx; 0Þ ¼
�
1 −

2r
3

�
qτ¼3ðx; 0Þ þ

2r
3
qτ¼4ðx; 0Þ: ð25Þ

The gravitational form factors of valence quarks are

AuðtÞ ¼
Z

1

0

xuðx; tÞetfðx;tÞ; ð26Þ

AdðtÞ ¼
Z

1

0

xdðx; tÞetfðx;tÞ: ð27Þ

As shown in Figs. 1 and 2, our calculation results are
consistent with experimental measurements and the lattice.

C. Gluon GPDs

The gluon PDF in the proton can be written as the sum of
all contributing Fock states, gðxÞ ¼Pτ ςτgτðxÞ. In this
section, we only consider the contribution of the lowest
state τ ¼ 4.
Assuming the gðx; tÞ and the profile fðx; tÞ function of

the gluon are

gðx; tÞ ¼ N
dwðx; tÞ

dx
½1 − wðx; tÞ�2wðx; tÞc2 ; ð28Þ
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fðxÞ ¼ −
1

4λg
lnðwðx; tÞÞ; ð29Þ

The form of wðx; tÞ is the same as that of quarks, only the
parameters are different: c0 ¼ −1.2; c1 ¼ −2.3; N ¼ 3.8.
The parameter N is determined by the gluon gravitational
form factor Agð0Þ calculated from the lattice.
By analogy with equation Eq. (14), we can obtain the

mass spectrum as

M2
n ¼ 4λgðnþ 1þ c2Þ; n ¼ 0; 1; 2: ð30Þ

As noted in Ref. [35], soft interactions are crucial in
high-energy collisions. In particular, the Pomeron—the
Regge trajectory governing diffractive processes—domi-
nates small-angle, high-energy scattering, where perturba-
tive QCD is no longer applicable. Since the inception of
QCD, the Pomeron has been linked to the exchange of two
or more gluons [36]. It interacts with hadrons as a rank-two
tensor and exhibits strong coupling to gluons [37,38].

Consequently, we employ the soft Pomeron model pro-
posed by Donnachie and Landshoff [39], incorporating
their effective Regge trajectory.

αpðtÞ ¼ αpð0Þ þ α0pt; ð31Þ

where intercept αpð0Þ ¼ 1.08 and slope α0p≃
ð0.20–0.25Þ GeV−2, and it is interpreted as a two gluons
bound state in QCD [35]. The Pomeron exchange
mechanism corresponds to the graviton in the dual AdS
theory [40–42].
Since the graviton is massless (M0 ¼ 0 GeV), we

derive c2 ¼ −1 from Eq. (30), and then obtain the
first excited state mass M1 ≃ ð2–2.24Þ GeV with
λg ¼ 1

4α0p
≃ ð1–1.14Þ GeV2. Our result is relatively close

to the predicted mass M ≃ ð1.86–2.4Þ GeV of the 2þþ
glueball by other models [43–47]. In QCD, the ground state
of gravitons does not participate in strong interactions. The
first excited state of the graviton participates in strong
interactions, manifested as a soft Pomeron.
Starting from the proton’s electromagnetic form factor in

the LFHQCD framework, we express it as an integral over
the longitudinal momentum fraction x. By combining the
asymptotic behaviors of GPDs at both small and large x, we
derive the form of ωðx; tÞ and subsequently obtain the
quark GPDs inside the proton. As illustrated in Fig. 1, our
calculated quark parton distribution functions demonstrate
excellent agreement with experimental measurements. The
quark gravitational form factors also show good overall
consistency with lattice QCD results, except for some
discrepancies at low momentum transfer in Fig. 2. These
differences stem from non-negligible contributions of sea
quarks to the gravitational form factors at small Q2, which
rapidly decrease as Q2 increases.
We assume the gluon GPDs share the same functional

form as the quark GPDs, but with different parameters. As
shown in Figs. 3 and 4, our results demonstrate excellent
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0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

x

xq
(x
)

PDF4LHC15 (NLO)

This work

u

FIG. 1. Comparison of the xqðxÞ in the proton (red curve) with
experimental data (blue band) [33] at μ2 ¼ 4 GeV2.

FIG. 2. Comparison of the u=d quark GFF AqðQ2Þ in the proton
(blue curve) with lattice QCD results (red crosses) [34] at
μ2 ¼ 4 GeV2.

FIG. 3. Comparison of the gluon distribution xgðxÞ in the
proton (red curve) with experimental data (blue band) [33] at
μ2 ¼ 4 GeV2.
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agreement with both experimental measurements and
lattice QCD calculations. The high-energy scattering proc-
esses probing gluon contributions are mediated through
soft Pomeron exchange. In QCD, the Pomeron is inter-
preted as a 2þþ bound state of two gluons, while in the dual
AdS theory it corresponds to a graviton. By utilizing the
masslessness of the graviton, we can fix parameter c2 ¼ −1
and subsequently obtain the mass of its first excited state as
M1 ¼ ð2–2.24Þ GeV. This mass range agrees well with
predictions for the 2þþ glueball mass from lattice simu-
lations and other theoretical models.

III. THE PROTON MASS PROBLEM IN
HOLOGRAPHIC QCD

The Higgs boson generates the masses of quarks.
However, its connection to the proton mass and conse-
quently the mass of nuclei and atoms is a separate issue.
The mass of quarks inside the proton, approximately
9 MeV, originates directly from the Higgs mechanism,
while the proton’s total mass is 938 MeV. A key question
emerges: What is the origin of the proton mass? In this
section, we employ holographic QCD to compute the J=Ψ
scattering cross section and investigate the contribution of
the QCD trace anomaly to the proton mass.

A. Nucleon mass decomposition

In order to study the question of the origin of the proton
mass, One should begin with the QCD energy-momentum
tensor (EMT) [9,18,48,49]. It is represented as

Tμν ¼ −Fμλ
a Faν

λ þ ημν

4
Fαβ
a Fa

αβ þ iΨ̄γðμDνÞΨ ¼ Tμν
g þ Tμν

q ;

ð32Þ

where AðμBνÞ ≡ AμBνþBμAν

2
. Fμλ

a , ημν, Ψ, γμ and Dν are the
gluon field strength, the Minkowski metric, the quark field,

the four-dimensional gamma matrix and the covariant
derivative, respectively. The trace of the EMT can be
represented as

Tα
α ¼

βðgÞ
2g

Fαβ
a Fa

αβ þmð1þ γmÞΨ̄Ψ; ð33Þ

where βðgÞ, m and γm represent the QCD beta function, the
current quark mass and the anomalous dimension, respec-
tively. The tensor can be decomposed into traceless and
trace components

Tμν ¼
�
Tμν −

ημν

4
Tα

α

�
þ ημν

4
Tα

α ¼ Tμν
1 þ Tμν

2 : ð34Þ

The traceless component Tμν
1 can be further separated into

gluon and quark parts Tμν
1 ¼ Tμν

g;kin þ Tμν
q;kin which represent

the contribution of kinetic energy and the trace component
Tμν
2 can also be written in two parts Tμν

2 ¼ Tμν
m þ Tμν

a ,
namely the contribution of the current quark and anomaly.
Then we can obtain

Tμν ¼ Tμν
q;kin þ Tμν

g;kin þ Tμν
m þ Tμν

a : ð35Þ

The matrix elements of EMT can be represented as

hPjTμνjPi ¼ 2PμPν; hPjTα
αjPi ¼ 2M2: ð36Þ

Following Lorentz symmetry, one can parametrize their
matrix elements as

hPjTμν
q;kinjPi ¼ 2a

�
PμPν −

ημν

4
M2

�
; ð37Þ

hPjTμν
g;kinjPi ¼ 2ð1 − aÞ

�
PμPν −

ημν

4
M2

�
; ð38Þ

hPjTμν
m jPi ¼ 1

2
bημνM2; ð39Þ

hPjTμν
a jPi ¼ 1

2
ð1 − bÞημνM2: ð40Þ

Then the proton mass can be expressed as

M ¼ Mq þMg þMm þMa; ð41Þ

with

Mq ¼
3a
4
M; Mg ¼

3ð1 − aÞ
4

M;

Mm ¼ b
4
M; Ma ¼

1 − b
4

M: ð42Þ

FIG. 4. Comparison of the gluon GFF AgðQ2Þ in the proton
(blue curve) with lattice QCD results (red crosses) [34] at
μ2 ¼ 4 GeV2.
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The parameter a is determined by the twist-two operator
matrix elements for both quarks and gluons and the
parameter b is related to the twist-four operator F2.

B. Exclusive photoproduction of J=ψ in ep scattering

In this section, we begin with a concise overview of the
ep → e0γ�p → e0p0J=ψ process kinematics. Our analysis
will be conducted in the center-of-mass frame of the γ� − p
system [50]. Then we can obtain

jq⃗γj ¼
1

2
ffiffiffi
s

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2 − 2ðq2γ þM2Þsþ ðq2γ −M2Þ2

q
; ð43Þ

jq⃗V j ¼
1

2
ffiffiffi
s

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2 − 2ðM2

V þM2Þsþ ðM2
V −M2Þ2

q
; ð44Þ

where q2γ is the squared four-momentum of the virtual
photon. q⃗γ, q⃗V ,MV and s ¼ W2 ¼ ðp1 þ q1Þ2 are the three
momenta of the virtual photon, the three momenta of the
J=ψ , the mass of the J=ψ and the virtual photon-proton
c.m. energy, respectively. The square of transferred
momentum can be expressed as

t ¼ q2γ þM2
V − 2EγEV þ 2jqγjjqV j cos θ; ð45Þ

where Eγ , EV and θ represent the energy of the virtual
photon, the energy of the J=ψ and scattering angle,
respectively.
The cross section of the photoproduction process takes

the form

σγp→pJ=ψ ¼
e2
R
dthPjϵ ·JðqÞjP0kihP0kjϵ� ·JðqÞjPi

64πMKWjPcmj
; ð46Þ

where K ¼ W2−M2

2M and Pcm represents the incoming proton
momentum in the c.m. frame

jPcmj2 ¼
W4 − 2W2ðM2 þ q2γÞ þ ðM2 − q2γÞ2

4W2
: ð47Þ

The t-transfer in the low-s region is constrained between
tmin ≡ tjcos θ¼1 and tmax ≡ tjcos θ¼−1, as shown in Fig. 5.

C. Cross section computation via holography

In this section, we use holography to calculate the cross
section [18,51,52]. We incorporate charm quarks into the
theory through the addition of a D7-brane with the action

SD7 ¼ −TD7

Z
d8ξe−ϕ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
− detðGab þ 2πα0ϜabÞ

p
¼ −TD7

Z
d8ξe−ϕ

ffiffiffiffiffiffiffi
−G

p �
1þ ð2πα0Þ2

4
ϜabϜ

ab þ � � �
�

ð48Þ

where TD7 ¼ ð32π6g2α04Þ−1, ξ, ϕ, Gab and Ϝab are the D7-
brane tension, the world-volume coordinates on the D7
branes, the dilaton, the induced metric and the gauge field
strength tensor, respectively. The induced metric can be
expressed as

ds2D7 ¼
R2

z2
ημνdxμdxν −

R2

z2
�
1− z2

z2m

�dz2−�1− z2

z2m

�
R2dΩ2

3;

ð49Þ

where R, z and zm are the AdS radius, the holographic
coordinate and hard truncation, respectively.
Ϝ can be expressed as

Ϝ ¼ F þ F̄; ð50Þ

where F and F̄ are the electromagnetic gauge field strength
tensors and heavy vector meson field strength tensors,
respectively. The wave function of the shell photon can be
written as

Aμ ∝ ϵμχðzÞeiqγ ·x; ð51Þ

where ϵμ represents the polarization vector, satisfying
ϵμ · qγ ¼ 0. The wave function of mesons can be
expressed as

Āμ ∝ ςμφðzÞeik·xYlðS3Þ; ð52Þ

where ςμ represents the vector-meson polarization vector
with ςμ · k ¼ 0 and Yl represents the spherical harmonics
on S3. The mass spectrum can be written as

FIG. 5. The variation of
ffiffiffiffiffiffiffiffiffiffiffi
−tmin

p
(red curve) and

ffiffiffiffiffiffiffiffiffiffiffi
−tmax

p
(blue curve) with W for q2γ ¼ 0, M ¼ 0.94 GeV and
MV ¼ MJ=ψ ¼ 3.10 GeV. Note that tmin ¼ tmax at the threshold
energy Wtr ¼ M þMJ=ψ ¼ 4.04 GeV.
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Mn;l ¼
2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðnþ lþ 1Þðnþ lþ 2Þp

zm
: ð53Þ

We can fix the truncation of zm ¼ 2
ffiffi
2

p
Mψ

through the ground

state mass of J=ψ meson.
We are now starting to calculate the matrix elements

hPjϵ · JjP0ki in the gauge gravity duality. The boundary
current insertion JðqÞ generates a gauge field excitation in
the AdS bulk, which subsequently scatters with the proton
field through graviton and dilaton exchange processes. This
interaction amplitude can be represented as

hPjϵ · JðqÞjP0ki

¼ i
fψ

Z
d4xdzeiðq−kÞx

Z
d4x0dz0eiðP−P0Þx0

×

�
δSD7ðq; k; zÞ

δgMN
GMNM0N0 ðxzx0z0Þ δSBðP;P

0; zÞ
δgM0N0

þ δSD7ðq; k; zÞ
δϕðxzÞ Dðxz; x0z0Þ δSBðP;P

0; zÞ
δϕðx0z0Þ

�
ð54Þ

where fψ , GMNM0N0 , D and SB are the decay constant, the
graviton bulk-to-bulk propagator, dilaton bulk-to bulk
propagator and the action of baryon field, respectively.
This matrix element can be represented by boundary
operators Tμν and FμνFμν [18,53]

hPjϵ ·JðqÞjP0ki

≈
−2k2

fψR3

Z
zm

0

dz
δSD7ðq;k;zÞ

δgμν

z2

R2
hPjTgTT

μν jP0i

þ 6k2

8fψR3

Z
zm

0

dz
δSD7ðq;k;zÞ

δϕ

z4

4
hPj1

4
Fμν
a Fa

μνjP0i; ð55Þ

where k ¼ 4π2

N2
c
R3 and TgTT

μν are the five-dimensional gravi-

tational constant and the transverse-traceless part of the
gluon energy-momentum tensor. Notably, only the gluonic
Tμν contributes here. This reflects the fact that the graviton
is emitted from a J=ψ state, and in QCD heavy quarkonia
exclusively couple to gluonic fields rather than light quarks.
The holographic realization of this feature stems from the
quarkonium-graviton coupling being localized in the
asymptotic AdS region (z ∼ 0), which corresponds to pure
gluodynamics with heavy quarks in the dual picture,
whereas light quark dynamics are encoded at larger z
regions.
From Eq. (48), we can directly obtain

δSD7ðq; k; zÞ
δgμν

¼ −2KD7

Z
dΩ2

3Y
lðS3Þ z

R
φðzÞ

�
1 −

z2

z2m

�

×

�
Πμν − ημν

ηαβΠαβ

4

�
; ð56Þ

δSD7ðq; k; zÞ
δϕ

¼ −KD7

Z
dΩ2

3Y
lðS3ÞR

z
φðzÞ

�
1 −

z2

z2m

�

×

�
1þ 2

z2

z2m

�
ηαβΠαβ

6
; ð57Þ

with

Πμνðqγ; kÞ ¼ qðμγ kνÞϵ · ςþ ϵðμςνÞqγ · k

þ qðμγ ςνÞk · ϵþ kðμϵνÞqγ · ς: ð58Þ
In actual experimental conditions, direct measurement of

the forward matrix element is kinematically forbidden.
Instead, experimentalists determine the off-forward matrix
element and perform an extrapolation to the forward limit.
The general parametrization scheme for the proton’s off-
forward matrix elements is [54,55]

hP0jTμν
g jPi¼ ūðP0Þ

�
ðAq;gþBq;gÞγðμP̄νÞ−

P̄μP̄ν

M
Bq;g

þCq;g
ΔμΔν−ημνΔ2

M
þ C̄q;gMημν

�
uðPÞ; ð59Þ

where P̄ν ¼ PνþP0ν
2

and Δμ ¼ Pμ − P0μ. A, B, C, and C̄ are
all gravitational form factors which depend only on t ¼ Δ2.
Taking the trace of Eq. (59), we can obtain

hP0jTμν
g jPi ¼ hP0jβðgÞ

2g
Fμν
a Fa

μνþmγmΨ̄ΨjPi

¼ ūðP0Þ
�
AgMþBgΔ2

4M
−
3CgΔ2

M
þ 4C̄gM

�
uðPÞ:

ð60Þ

Then we can obtain

hP0j βðgÞ
2g

Fμν
a Fa

μνjPi

¼ ūðP0Þ
�
ðAg − γmAqÞM þ ðBg − γmBqÞΔ2

4M

−
3ðCg − γmCqÞΔ2

M
þ 4ðC̄g − γmC̄qÞM

�
uðPÞ: ð61Þ

The transverse traceless part of Tμν
g can be represented as

hP0jTμν
gTT jPi ¼ ūðP0Þ

�
ðAg þ BgÞγðμP̄νÞ −

P̄μP̄ν

M
Bg

þ 1

3

�
ΔμΔν

Δ2
− ημν

��
AgM þ BgΔ2

4M

��
uðPÞ:

ð62Þ

Based on the above discussion, the final expression of
the matrix element is
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hPjϵ · JjP0ki ¼ ūðP0Þ½XΠμνΓμν þ YΠμ
μΓ�uðPÞ; ð63Þ

with

Γμν ¼ ðAg þ BgÞγðμP̄νÞ −
P̄μP̄ν

M
Bg

þ 1

3

�
ΔμΔν

Δ2
− ημν

��
AgM þ BgΔ2

4M

�
; ð64Þ

Γ ¼ g
2βðgÞ

 
ðAg − γmAqÞM þ ðBg − γmBqÞΔ2

4M

−
3ðCg − γmCqÞΔ2

M
þ 4ðC̄g − γmC̄qÞM

!
; ð65Þ

X ¼ 8k2KD7

3R2

Z
dΩ32Y

l¼0ðS3Þ
Z

zm

0

z3ϕðzÞ
�
1 −

z2

z2m

�
dz;

ð66Þ

Y ¼ k2KD7

6R2

Z
dΩ32Y

l¼0ðS3Þ

×
Z

zm

0

z3ϕðzÞ
�
1 −

z2

z2m

��
1þ 2

z2

z2m

�
dz: ð67Þ

The first summation encompasses all possible polariza-
tion states of both the photon and J=ψ meson, which can be
systematically evaluated using the standard polarization
sum formula

X
s¼1;2

ϵμsϵ�νs ¼−ημν;
X

s0¼1;2;3

ςμs0ς
�ν
s0 ¼−ημνþkμkν

M2
ψ
: ð68Þ

The second summation encompasses the spin states of both
the initial and final protons. We can obtain

Is ≡
X
pol

X
spin

jhPjϵ · JjP0kij2

¼ Tr½ðXΠμν
αβΓμν þ YðΠμ

μÞαβΓÞð=PþMÞ
× ðXΠμ0ν0;αβΓμ0ν0 þ YðΠμ0;αβ

μ0 ΓÞð=P0 þMÞ�

−
kβkγ

M2
ψ
Tr½ðXΠμν

αβΓμν þ YðΠμ
μÞαβΓÞð=PþMÞ

× ðXΠμ0ν0 ;α
γ Γμ0ν0 þ YðΠμ0

μ0 Þαγ ÞΓð=P0 þMÞ� ð69Þ

where Πμν ¼ Πμν
αβϵ

αςβ. This expression can be expressed as
a function of W and t.

D. Results

In this section, we numerically calculate the scattering
cross section. First, since the GFF CðtÞ ¼ DðtÞ=4 originate

from higher-order interactions, we assume AðtÞ=DðtÞ ∝ t at
large t. Then the gravitational form factor DðtÞ can be
expressed as

DðtÞ ¼ −3.6
1 − 4.5t

AðtÞ: ð70Þ

The form of this equation follows our previous work [4].
The coefficient 3.6 is the average value ofDð0Þ from lattice
QCD and other methods, and the coefficient 4.5 is then
adjusted to reproduce the lattice QCD results. The ratio
AðtÞ=DðtÞ ∝ t at large t is consistent with the perturbative
theory [56,57]. Then, by comparing Eqs. (39), (40), (60),
and (61), we can obtain

b ¼ ðAqð0Þ þ 4C̄qð0ÞÞð1þ γmÞ: ð71Þ

Combining the asymptotic behavior at small t and large t,
we assume that the form of C̄g=q is

C̄gðtÞ ¼ −C̄qðtÞ ¼
1−bþγm
1þγm

− Agð0Þ
4ð1 − t

c2Þ2
; ð72Þ

where c is a free parameter.
For any physical process with a transfer momentum of t,

the effective coupling constant αsðtÞ can be written as [58]

αsðtÞ ¼
4π

β0 logð−tΛ2Þ
�
1 −

β1
β20

logðlog −t
Λ2Þ

logð−tΛ2Þ
�
; ð73Þ

where Λ ¼ 200 MeV, β0 ¼ 11
3
Nc − 2

3
Nf and β1 ¼ 34

3
N2

c −
2CFNf − 10

3
NcNf with CF ¼ N2

c−1
2Nc

represent the leading
and subleading coefficients of the beta function, respec-
tively. The beta function is [48]

βðtÞ ¼
�
−β0

αsðtÞ
4π

− β1

�
αsðtÞ
4π

�
2
�
gðtÞ; ð74Þ

where gðtÞ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4παsðtÞ

p
. The mass anomalous dimension

γm can be represented as

γmðtÞ ¼ 6CF
αsðtÞ
4π

þ
�
6C2

F þ 97

3
CFNc −

10

3
CFNf

�

×

�
αsðtÞ
4π

�
2

: ð75Þ

As shown in Fig. 6, the total cross section we calculated
is consistent with the experimental results. The calculation
involves two free parameters, b and c. We choose the most
suitable set of parameters based on a χ2 analysis using the
GlueX data: b ¼ 0.04. The reduced chi-squared values for
different b values are χ2=dof ¼ 1.175 (b ¼ 0), 1.09
(b ¼ 0.04), 1.44 (b ¼ 0.10), and 3.43 (b ¼ 0.20),
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indicating that b ¼ 0.04 gives the best fit. The allowed
range from this quantitative analysis is approximately
0 ≤ b ≤ 0.10, which is shaded in Fig. 6, where we adopt
the criterion χ2=dof < 1.5 for an acceptable fit.
Substituting b ¼ 0.04 into Eq. (42) yields that the current
quarks and the trace anomaly contribute approximately
1.0% and 24.0% (with an allowed range of 22.5%–25.0%
given the current experimental uncertainties), respectively,
to the proton’s mass. This result is consistent with the
conclusion of Refs. [9,10,59]. The parameter c ¼ ∞
implies that no extra phenomenological t-dependence is
added to C̄, and the only t-dependence comes from the
anomalous dimension γmðtÞ. Combining Eq. (72), the
gravitational form factor C̄ depends on the trace anomaly
parameter b and the mass anomaly dimension γmðtÞ, which
means it is mainly dominated by gluon condensation and
quark condensation. The evolution of the gravitational form
factor C̄ðtÞ is reflected through the evolution of the mass
anomaly dimension γmðtÞ.
We have also performed a sensitivity check by varying

the coefficients in Eq. (70) by �10% and examining the
resulting change in the cross section at the trace anomaly
parameter b ¼ 0.04. Over the entire energy range of our
calculation, the cross section changes by less than 1%
under this variation, indicating that the extracted value of b
is stable against the uncertainty in these coefficients.
As can be further observed from Fig. 6, the larger the

parameter b (corresponding to a smaller trace anomaly), the
smaller the total cross section. In Regge theory, the high-
energy scattering γp → J=ψp is dominated by Pomeron
exchange, whose coupling strength is intrinsically linked to
nonperturbative properties of the gluon field (e.g., gluon
condensation). The observed reduction in the trace anomaly
signifies a suppression of gluon field nonperturbative effects,
thereby diminishing the Pomeron coupling strength and
consequently decreasing the total scattering cross section.
Finally, we plot the total cross section σ for different q2γ

values in Fig. 7. q2γ ¼ 0 and q2γ < 0 correspond to real

photons and virtual photons, respectively. We can see that
the total cross section corresponding to virtual photons is
smaller. The trend is consistent with calculations from other
model [61]. This is because as q2γ increases, the decay rate
of photons becomes faster, resulting in a decrease in the
interaction with quark gluons inside protons.

IV. CONCLUSION

In this study, we have constructed the quark and gluon
GPDs within a phenomenological extension of light-front
holographic QCD (LFHQCD), starting from the electro-
magnetic form factors provided by LFHQCD. From these
GPDs, we then derive the corresponding parton distribution
functions (PDFs) and gravitational form factors (GFFs) of
the proton. Our approach, which incorporates a parame-
trized function respecting both the inclusive counting rules
at large momentum fraction x and Regge theory constraints
at small x, has yielded results in good agreement with
available experimental data and lattice QCD calculations.
This consistency supports the effectiveness of the
LFHQCD framework and our phenomenological extension
in describing the nonperturbative structure of the proton.
The central role of the Pomeron in our analysis of

gluonic contributions merits further discussion. In QCD,
the Pomeron, crucial for small-angle scattering, is inter-
preted as a 2þþ two-gluon bound state. Its dual description
in AdS space corresponds to a graviton. By assuming that
the massless graviton ground state decouples from strong
interactions and that its first excited state manifests as the
2þþ glueball, we obtained a glueball mass in the range
M ¼ ð2.0–2.24Þ GeV. This prediction aligns remarkably
well with results from lattice QCD simulations and other
theoretical models, providing strong support for the holo-
graphic interpretation of Pomeron physics and its connec-
tion to glueball states.
A key achievement of this work is the quantitative

evaluation of the QCD trace anomaly’s contribution to
the proton mass. By calculating the J=ψ photoproduction

FIG. 6. Comparison of the total cross section σðγp → J=ψp)
with GlueX data [60] for various trace anomaly parameters b.

FIG. 7. Total cross section σ for different values of the photon
virtuality q2γ.
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cross section using our complete set of GFFs and incor-
porating the energy-scale dependence of the running
coupling constant (via the two-loop QCD β-function)
and the anomalous dimensions γm, we found excellent
agreement with experimental measurements. This analysis
yielded a trace anomaly contribution of approximately
24.0% to the proton mass. This result is significant as it
bridges insights from different methodologies: it is con-
sistent with both direct experimental extractions and
contemporary lattice QCD predictions, reinforcing the
understanding that a substantial fraction of the proton’s
mass originates not from the Higgs mechanism but from the
dynamical effects of QCD, with the trace anomaly being a
key manifestation.
While our results show compelling agreement with

existing data, several limitations should be acknowledged.
First, in constructing the gluon GPDs, we considered only
the lowest Fock state contribution. Higher Fock states and
more complex gluon configurations could introduce sys-
tematic uncertainties, particularly in the small-x region
where gluon densities are high and nonlinear effects may
become important. Second, our parametrization, while
constrained by general principles, represents a specific
model choice. Exploring alternative functional forms that
satisfy the same boundary conditions could help quantify
model-dependent uncertainties. Finally, while the present
framework successfully describes the energy dependence
of the total cross section σðWÞ, its application to the
differential cross section dσ=dt reveals limitations. This
shortcoming stems from the perturbative treatment of the
running coupling, which is insufficient for describing the
detailed momentum transfer dependence governed by
nonperturbative QCD.
These limitations naturally point to directions for future

research. Subsequent studies should aim to incorporate a
more comprehensive treatment of gluon dynamics, poten-
tially by including higher-twist effects and exploring the
impact of gluon saturation at very small x. Furthermore,
applying this holographic framework to other exclusive

processes, such as deeply virtual Compton scattering
(DVCS) or timelike Compton scattering, would provide
additional stringent tests of the derived GPDs. Extending
the analysis to other hadrons, like neutrons or mesons,
could offer deeper insights into the universality of the
mechanisms discussed here. Finally, a more detailed micro-
scopic study of the glueball spectrum and its coupling
within the holographic model could further elucidate the
connection between Pomeron exchange and gluonic con-
finement dynamics. Future work should also incorporate a
nonperturbative running coupling to enable comparison
with dσ=dt data from GlueX.
In conclusion, this work demonstrates the power of

combining LFHQCDwith constraints from Regge behavior
and counting rules to build a consistent picture of the
proton’s quark and gluon structure. The successful descrip-
tion of GPDs, PDFs, and GFFs, along with the calculated
J=ψ cross sections, provides robust evidence for a signifi-
cant (∼24.0%) trace anomaly contribution to the proton
mass. Our findings not only align with independent
theoretical and experimental results but also solidify the
holographic approach as a valuable tool for probing the
nonperturbative regime of QCD.
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