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We investigate the charmonium-nucleon interaction, focusing on its connection with the internal
structure of the nucleon encoded in the gravitational form factors. To describe this interaction, we employ
an effective potential based on the QCD multipole expansion within the leading chromoelectric dipole
approximation. In this framework, the potential is expressed in terms of the energy and pressure
distributions inside the nucleon. We first construct these distributions from the gravitational form factors
fitted to lattice-QCD data. The remaining model parameters are then fixed by requiring that the resulting
***J=ψ -N potential reproduce the Hadrons to Atomic nuclei from Lattice QCD (HAL QCD) potential
outside the short-distance region, as well as the scattering phase shift estimated from the HAL QCD data.
Based on this potential, we evaluate the J=ψ -N correlation function and further investigate the ψð2SÞ-N
system. We then examine the sensitivity of these correlation functions to the nucleon D-form factor.
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I. INTRODUCTION

Confinement mechanism is one of the central open
problems in QCD. Since quarks and gluons are confined
inside hadrons and do not exist in isolation, understanding the
internal structure of hadrons is essential for clarifying the
dynamics of confinement. In this direction, ongoing and
future experimental programs, such as those at Jefferson Lab
(JLab) and the Electron-Ion Collider, are expected to provide
detailed information on hadronic structure through the
gravitational form factors (GFFs).
The GFFs are defined as hadron matrix elements of the

energy-momentum tensor (EMT) and provide access to the
spatial distributions of energy, spin, pressure, and shear
forces inside hadrons. In particular, the nucleon D-form
factor, which corresponds to the spatial component of the
matrix element of the EMT, characterizes the internal stress
distribution, including the pressure and shear-force distri-
butions, and is closely related to the mechanical stability of

the nucleon [1,2]. Although the forward limit of the
nucleon GFFs associated with the mass and spin of the
proton have been extensively studied, the D-term, defined
at the forward limit of the D-form factor, has not yet been
experimentally established. It is therefore often referred to
as the “last unknown global property” of the proton [1].
The nucleon D-form factor and pressure distributions

have been extensively investigated using lattice QCD and
various effective approaches [3–55]. However, substantial
theoretical uncertainties still remain, and different
approaches give quantitatively different predictions for
the nucleon internal properties. To reduce these uncertain-
ties, experimental information on the nucleon mechanical
properties is essential.
In the JLab-CLASexperiment, the quark contribution to the

pressure distribution inside the nucleon was first extracted
from a scattering process known as deeply virtual Compton
scattering (DVCS) [56]. Similarly, shear stresses within the
nucleon have also been constrained though analyses of
processes such as DVCS and near-threshold quarkonium
photoproduction [57–59]. However, it should be noted that
the GFFs and the corresponding pressure distributions are not
measured directly in these experiments. Rather, they are
inferred from experimental observables through analyses
based on generalized parton distributions (GPDs). Since such
extractions of GFFs and pressure distributions require theo-
retical analyses or model assumptions, some information on
the underlyingmechanical structuremaybe lost or obscured in
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this procedure [60–64]. This motivates the search for com-
plementary observables that can access the nucleon pressure
distribution and theD-form factor fromadifferent perspective.
In light of these considerations,we explore the possibility of

probing the nucleon GFFs through physical processes differ-
ent from DVCS and near-threshold quarkonium photopro-
duction. In particular, we focus on the quarkonium-nucleon
systemwhere the potential can be related to the nucleon GFFs
as discussed later (Sec. III A). Therefore, this system may
serve as an alternative probe for the nucleon GFFs. To access
the quarkonium-nucleon interaction, we consider femtoscopy,
which is typically used to access information on hadron-
hadron interactions. In recent years, led in particular by the
ALICE experiment at the LHC, substantial progress has been
made in measuring two-particle correlation functions, and a
wide range of femtoscopic data has become available for
various hadronic systems [65–84]. In this paper,we investigate
whether quarkonium-nucleon femtoscopy can serve as an
alternative probe of the nucleon GFFs.
The quarkonium-nucleon system can be effectively

described by soft gluonic interactions within the framework
of theQCDmultipole expansion.An important feature of this
framework is that the resulting potential can be related to the
nucleon GFFs through the energy and pressure distributions
inside the nucleon. Previous studies based on this approach
have investigated the J=ψ-N correlation function [85].
However, its connection to the nucleon GFFs, especially
to the D-form factor, has not been fully explored. In this
study, we investigate the sensitivity of charmonium-nucleon
correlation functions to the nucleonD-form factor, focusing
on the J=ψ-N and ψð2SÞ-N systems. More specifically, as a
first step toward evaluating the charmonium-nucleon corre-
lation functions, we construct the nucleon GFFs using an
ansatz fitted to the lattice-QCD results [36]. Using these
GFFs, we obtain the energy and pressure distributions inside
the nucleon and then describe the charmonium-nucleon
potential. The remaining model parameters are fixed so that
the resulting J=ψ-N potential and scattering phase shift are
consistent with the estimates obtained using the Hadrons to
Atomic nuclei from Lattice QCD (HAL QCD) data for the
J=ψ -N potential [86]. With this setup, we study the sensi-
tivity of the J=ψ-N and ψð2SÞ-N correlation functions to the
nucleon D-form factor.
It should be noted that the quarkonium-nucleon femto-

scopy approach considered in this study also involves
theoretical modeling, such as the parametrization of the
nucleon GFFs. Therefore, the purpose of this study is not to
extract the nucleon GFFs in a model-independent manner
but rather to examine whether the quarkonium-nucleon
correlation function can be sensitive to them. Since this
femtoscopic approach uses a physical process different
from DVCS and near-threshold quarkonium photoproduc-
tion, it may provide a complementary perspective on how
nucleon GFFs can be probed.
The remainder of this paper is organized as follows. In

Sec. II, we introduce an ansatz for the nucleon GFFs and

determine the parameters by fitting the ansatz to the lattice-
QCD results. In Sec. III, we review the effective approach to
the charmonium-nucleon system based on the QCD multi-
pole expansion. We then evaluate the J=ψ-N potential and
the corresponding scattering phase shift and discuss the
applicability of the present effective-potential approach. In
Sec. IV, we evaluate the charmonium-nucleon correlation
functions and discuss their sensitivity to the nucleonD-form
factor. Finally, we summarize our findings in Sec. V.

II. ANSATZ FOR THE NUCLEON
GRAVITATIONAL FORM FACTORS AND
ENERGY AND PRESSURE DISTRIBUTIONS

In this study, we analyze the charmonium-nucleon corre-
lation function by using a gluonic effective potential derived
from the QCD multipole expansion. In this framework, the
effective potential is expressed in terms of the energy and
pressure distributions inside the nucleon. Since these distri-
butions are defined through the nucleon GFFs, in this section,
we start with the definition of the nucleon GFFs and briefly
introduce the corresponding energy andpressure distributions.
The nucleon GFFs are defined through the nucleon

matrix element of the EMT as

hNðp0; s0ÞjTμνðxÞjNðp; sÞi

¼ ūðp0; s0Þ
�
AðtÞPμPν

MN
þ JðtÞ iðPμσνρ þ PνσμρÞΔρ

2MN

þDðtÞΔμΔν − gμνΔ2

4MN

�
uðp; sÞeiðp0−pÞx; ð1Þ

where AðtÞ, JðtÞ, and DðtÞ are the GFFs; σμν ¼ i
2
½γμ; γν�;

Pμ ¼ ðpμ þ p0μÞ=2 is the average momentum, Δμ ¼ p0μ −
pμ is the momentum transfer, and t ¼ Δ2; MN is a nucleon
mass; and uðp; sÞ is the Dirac spinor with spin s. In the
following, we focus on the case with s ¼ s0.
To parametrize the momentum-transfer dependence of

the GFFs, we assume the ansatz1

1Perturbative-QCD counting rules predict, up to logarithmic
corrections, AðtÞ; JðtÞ ∼ 1=t2; DðtÞ ∼ 1=t3 at asymptotically large
jtj [87]. For simplicity, we employ tripole parametrizations for all
GFFs,which therefore do not reproduce the perturbative asymptotic
behavior of AðtÞ and JðtÞ. We have also performed the analysis
using dipole parametrizations for AðtÞ and JðtÞ, consistent with the
perturbative power behavior, and confirmed that the resulting
changes are mainly confined to the short-distance region and do
not qualitatively affect our main conclusion concerning the sensi-
tivity of the correlation function to theD-term.More fundamentally,
the effective charmonium-nucleon interaction employed in Sec. III
is constructed within the leading soft-gluon multipole approxima-
tion, while effects beyond this approximation become increasingly
relevant in the very-short-distance region. Therefore, within the
present framework, enforcing the perturbative asymptotic behavior
of the input GFFs specifically to refine the potential in this region
would have only limited physical significance.
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AðtÞ ¼ 1

ð1 − t=Λ2
AÞ3

JðtÞ ¼ 1=2
ð1 − t=Λ2

JÞ3

DðtÞ ¼ D0

ð1 − t=Λ2
DÞ3

; ð2Þ

where ΛA;J;D are model parameters and D0 represents the
D-term defined by the forward-limit value of the D-form
factor, D0 ¼ Dð0Þ. We determine these parameters by
fitting the parametrizations in Eq. (2) to the lattice-QCD
GFF data reported in Ref. [36], yielding ΛA ¼ 1.75 GeV,
ΛJ ¼ 1.93 GeV, ΛD ¼ 1.01 GeV, and D0 ¼ −2.69.

As seen in Fig. 1, the ansatz in Eq. (2) gives a reasonable
description of the momentum-transfer dependence of the
lattice-QCD results, although the D-form factor has a
relatively large uncertainty around the forward limit.
The energy and pressure distributions inside the nucleon

are obtained from the Fourier transform of the matrix
element of the EMT in the Breit frame, where Pμ ¼
ðP0; 0; 0; 0Þ and Δμ ¼ ð0; Δ⃗Þ:

T̃μνðr⃗Þ ¼
Z

d3Δ⃗
ð2πÞ3 e

−ir⃗·Δ⃗ hNðp0ÞjTμνðx ¼ 0ÞjNðpÞi
ūðp0ÞuðpÞ : ð3Þ

Using this static EMT, the energy distribution ϵðrÞ and
pressure distribution pðrÞ are introduced as

ϵðrÞ ¼ T̃00ðrÞ

pðrÞ ¼ 1

3
δijT̃ijðrÞ: ð4Þ

The numerical results are shown in Figs. 2. These dis-
tributions are used in the evaluation of the charmonium-
nucleon potential discussed in the following section.

III. EFFECTIVE FRAMEWORK FOR THE
CHARMONIUM-NUCLEON SYSTEM

In this section, we first briefly review the effective
approach to the charmonium-nucleon system based on
the QCDmultipole expansion. We then evaluate the J=ψ-N
potential and compare it with the lattice-QCD result to
examine the applicability of the present approach. We also
examine the corresponding scattering phase shift by solv-
ing the Schrödinger equation.

A. Charmonium-nucleon potential from the QCD
multipole expansion

Since the charmonium states such as J=ψ and ψð2SÞ are
compact bound states of a heavy charm quark and
antiquark, their low-energy interactions with a nucleon
are mediated by soft gluonic fields and are expected to be
described in terms of the dipole-type interaction of the
compact charmonium state with these gluonic fields. This
picture can be formulated more systematically using the
QCD multipole expansion, which is based on the meth-
odology of the operator product expansion [88,89]. At the
leading order in this framework, the low-energy nucleon-
charmonium scattering amplitude is factorized into the
chromoelectric polarizability of the nS charmonium state,
αnS, and the nucleon matrix element of a gluonic operator,

M ¼ 1

2
αnShNðp0ÞjE2jNðpÞi; ð5Þ

where E represents the chromoelectric field (the strong
coupling constant is absorbed).

FIG. 1. Momentum transfer dependence of the GFFs based on
the ansatz in Eq. (2), fitted to the lattice QCD results [36].

FIG. 2. The radial dependence of the energy distribution (top)
and pressure distribution (bottom) inside a nucleon, calculated
from the ansatz in Eq. (2).
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The diagonal and nondiagonal chromoelectric polar-
izabilities of physical charmonia are still not precisely
determined. In the heavy-quark and large-Nc limits, they
can be evaluated perturbatively by treating the quarkonium
as a Coulombic system [89,90]. The leading-order result is

αnS ¼
16πn2

3g2N2
c
cna30; ð6Þ

where c1 ¼ 7=4, c2 ¼ 251=8, and a0 ¼ 16π=ðg2NcmQÞ is
the Bohr radius of the quarkonium, with g being the strong
coupling constant evaluated at the scale of the quarkonium
radius and the charm quark mass mQ. Using a Bohr
radius obtained by fitting the J=ψ and ψð2SÞ masses
within the Coulombic description, Ref. [90] estimated
α1S ≃ 0.2 GeV−3, α2S ≃ 12 GeV−3. However, these esti-
mates are valid within the heavy-quark, large-Nc, and
Coulombic approximations and depend strongly on the input
parameters. In fact, another evaluation within a similar
framework gives α1S ≃ 4.1 GeV−3 [91]. Therefore, the
perturbative values obtained from Eq. (6) should not be
regarded as quantitatively well-determined values for physi-
cal charmonium.
Several attempts have been made to determine the

chromoelectric polarizabilities phenomenologically. Com-
bining a quarkonium-nucleon effective field theory with
lattice-QCD data gives α1S ≃ 0.24 GeV−3 [92]. An analysis
of the lattice-QCD J=ψ–N potential gives [93]

α1S ¼ 1.6� 0.8 GeV−3: ð7Þ

More reliable phenomenological information is available
for the nondiagonal polarizability from the decay
ψð2SÞ → J=ψππ, for which jα2S→1Sj ¼ ð1.18� 0.01�
0.05Þ GeV−3 has been extracted from experimental data
[94–96]. In contrast, no comparably reliable determination
of the diagonal polarizability α2S is currently available.
In the present study, we therefore use α1S ¼ 1.6 GeV−3,

following Ref. [93], which is directly related to the J=ψ–N
potential considered here. For α2S, we instead vary its value
as a parameter because no sufficiently reliable determina-
tion is presently available. The Cauchy-Schwarz inequality,
α1Sα2S ≥ jα2S→1Sj2, may provide an additional constraint
on α2S once α1S and α2S→1S are determined more accurately.
A more precise and independent determination of the
diagonal chromoelectric polarizabilities, from lattice
QCD or other phenomenological approaches, will therefore
be important for reducing the uncertainty of quarkonium-
nucleon interactions.
The nucleon matrix element in Eq. (5) can be expressed

in terms of the energy and pressure distributions inside the
nucleon. To see this, the chromoelectric field operator E2 is
rewritten in terms of the gluon field strength Gα

μν and the
gluonic part of the QCD energy-momentum tensor, TG

00, as

E2 ¼ −
1

4
g2Gα

μνGαμν þ g2TG
00: ð8Þ

Furthermore, the first term can be related to the trace
anomaly. In general, the trace anomaly consists of thegluonic
anomalous contribution and the quark-mass contribution. A
recent study based on the skyrmion approach suggests that
the nucleonmatrix element of the quark-mass contribution is
relatively small comparedwith that of the gluonic anomalous
contribution [40]. Therefore, the quark-mass contribution is
expected to play only a minor role in Eq. (5). Motivated by
this expectation, we take, for simplicity, the chiral limit in the
light-quark sector, including the heavier-quark contributions.
In this limit, the trace of the EMT relevant to the nucleon
matrix element is given solely by the gluonic anomalous
operator, Tμ

μ ¼ ðβðgsÞ=2gsÞGα
μνGαμν, where gs is the strong

coupling constant renormalized at a low-energy scale, and
βðgsÞ is the beta function of gs.
At the leading order in the β function, the scattering

amplitude becomes

M ¼ 1

2
αnS

�
1

4
·
32π2

bg2s
g2hNðp0ÞjTμ

μjNðpÞi

þg2hNðp0ÞjTG
00jNðpÞi

�
; ð9Þ

with b ¼ ð11Nc − 2NfÞ=3, Nc ¼ 3, and Nf ¼ 3. In the
conventional treatment, the gluonic part of the EMT, TG

00,
appearing in the second term is approximated by
the full EMT T00 with a phenomenological parameter:
hN0jTG

00jNi ¼ ξhN0jT00jNi. Meanwhile, recent lattice-
QCD simulations [36] have provided information on the
nucleon matrix element of TG

00 itself. Thus, in principle,
introducing the parameter ξ is no longer necessary. However,
a direct use of the lattice data would require additional
Ansätze for the gluonic GFFs, as in Eq. (2), with several
model parameters. To avoid this complication associated
with a multiparameter fit of the gluonic GFFs, we adopt the
conventional prescription with a single parameter ξ.
To discuss the nucleon-charmonium interaction, we

convert the scattering amplitude into an effective potential
by taking the Fourier transform with respect to the
momentum transfer Δ⃗. Using Eq. (4), we arrive at the
conventional nucleon-charmonium potential based on
the QCD multipole expansion,

VðrÞ ¼ −αnS
4π2

b

�
g2

g2s

�
½νϵðrÞ − 3pðrÞ�; ð10Þ

with ν ¼ 1þ ξbg2s=ð8π2Þ. Note that the radial coordinate r
in this potential originates from the Fourier transform of the
nucleon matrix element and denotes the spatial coordinate
of the energy and pressure distributions of nucleon.
Therefore, it is conceptually different from the relative
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distance r� between the charmonium and the nucleon. In
the present analysis, the charmonium is treated as a
pointlike particle located at a distance r from the center
of the nucleon, and then the radial coordinate r is identified
with the relative distance, r ¼ r�.

B. Numerical evaluation of J=ψ-N potential

To perform the numerical analysis based on the nucleon-
charmonium potential in Eq. (10), we specify the parameter
values used in this framework. For the J=ψ-N system, we
use the estimate α1S ¼ 1.6� 0.8;GeV−3 as a reference
value, as discussed above. Indeed, this value was evaluated
using g2=g2s ¼ 1.37� 0.37 and ν ¼ 1.5� 0.1 in the pre-
vious study [93]. However, these parameters still involve
sizable uncertainties. Therefore, in this study, we adopt

ðα1S; g2=g2s ; νÞ ¼ ð1.6 GeV−3; 1; 1.5Þ ð11Þ

as a reference parameter set. This set is selected to
reproduce the scattering phase shift obtained from the
lattice-QCD data [86], as discussed later. Given the fact that
the correlation function is constructed from the relative
wave function of the J=ψ-N pair [see Eq. (16)], reproduc-
ing the phase shift serves as a useful benchmark for
studying the correlation function.
Using the parameter set in Eq. (11), the energy-density

and pressure distributions in Fig. 2, we numerically
evaluate the J=ψ-N potential. The resulting potential is
presented in Fig. 3 (black dashed line) together with the
lattice-QCD result [86]. In the HAL QCD study [86], the
potential has been calculated separately for the spin-1=2
and spin-3=2 channels. For comparison with our result, we

construct the spin-averaged potential: Vspin avg ¼
1
3
Vðs¼1=2Þ þ 2

3
Vðs¼3=2Þ. As shown in Fig. 3, the observed

potential is consistent with the lattice-QCD result in the
long-distance region. However, a significant deviation
appears in the short-distance region below 1 fm.
At short quarkonium-nucleon separations, finite-size,

nonlocal, and higher-multipole effects beyond the leading
soft-gluon multipole approximation may become relevant.
To treat such short-distance effects in a simple phenom-
enological manner, we consider the following simple
spatial distribution of quarkonium:

ρQQ̄ ¼ 1

ð2πσ2QQ̄Þ3=2
exp

�
−

r2

2σ2QQ̄

�
; ð12Þ

where σQQ̄ characterizes the spatial size of the quarkonium
state. In the present work, we take σJ=ψ ¼ 0.3 fm as typical
values for the corresponding charmonium sizes. By smear-
ing the potential with this quarkonium spatial distribution,
we phenomenologically incorporate the short-distance
effects discussed above, in particular those associated with
the finite spatial size of the quarkonium. The smeared
potential is then defined as

VsmearðrÞ ¼
Z

d3r0ρQQ̄ðjr − r0jÞVðr0Þ: ð13Þ

After this smearing procedure, the resulting potential
becomes consistent with the lattice-QCD result down to
r ≃ 0.3 fm, as shown in Fig. 3 (blue solid line).

C. J=ψ-N scattering phase shift

With the J=ψ-N potential at hand, we next solve the
Schrödinger equation for the relative motion of the char-
monium-nucleon two body system,

�
−
∇2

2μ
þ VðrÞ

�
ψðr; k�Þ ¼ Ecmψðr; k�Þ; ð14Þ

where μ ¼ mQ̄QMN=ðmQ̄Q þMNÞ is the reduced mass of
the charmonium-nucleon system, with mQ̄Q being the
charmonium mass. The relative energy Ecm is given by
Ecm ¼ k�2=ð2μÞ with k� being the relative momentum. The
relative wave function of the J=ψ-N pair is written as
ψðr; k�Þ, reflecting its dependence on k�. Since the HAL
QCD calculation suggests that the s-wave contribution
dominates the low-energy J=ψ-N scattering [86], we focus
on the s-wave component in what follows. The wave
function is then written as

ψðr; k�Þ ¼ 1ffiffiffiffiffiffi
4π

p uðr; k�Þ
rk�

; ð15Þ

where uðr; k�Þ satisfies the following differential equation:
d2uðr;k�Þ

dr2 þ ½k�2 − 2 μV�uðr; k�Þ ¼ 0. For the boundary

FIG. 3. The J=ψ-N potential. The dashed line shows the
potential calculated using Eq. (10), while the blue solid line
shows the smeared potential given in Eq. (13). These potentials
are compared with the averaged potential evaluated from the
HAL QCD data [86]. The values of t=a shown for the HAL QCD
data denote the ratio of Euclidean time separation and lattice
spacing.
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condition at the origin, we impose uðr → 0Þ ∼ r to avoid a
divergence at the origin. At large distances, the wave
function is normalized such that it approaches the free
spherical wave in the absence of the interaction,
ψ freeðr; k�Þ ¼ sinðrk�Þ=rk�. The scattering phase shift is
then extracted from the asymptotic behavior of the inter-
acting wave function. The resulting phase shift is shown in
Fig. 4. The phase shift obtained with the bare potential
deviates from the lattice-QCD result, while the smeared
potential yields the result much closer to the estimation
from the HAL-QCD data [86]. This indicates that the
reference parameter set in Eq. (11) is appropriate, and the
corresponding wave function provides a reasonable
description of the J=ψ-N two-body system.

IV. CHARMONIUM-NUCLEON CORRELATION
FUNCTION AND ITS SENSITIVITY TO THE

NUCLEON D-TERM

In this section, we evaluate the charmonium-nucleon
correlation function using the wave function obtained in the
previous section. The correlation function is calculated
using the Koonin-Pratt formula,

Cðk�Þ¼ 1þ
Z

dr3SðrÞðjψðr;k�Þj2− jψ freeðr;k�Þj2Þ; ð16Þ

where SðrÞ is the source function assumed as a Gaussian
source, SðrÞ ¼ exp ½−r2=ð4R2Þ�=ð4πR2Þ3=2. Here, the
source size is set to R ¼ 1.0 fm, which is a typical value
for pp collisions.

A. J=ψ-N correlation function

We first present the J=ψ-N correlation function calcu-
lated using the wave function obtained from the smeared
potential, as shown in Fig. 5. The resulting correlation

function is larger than C ¼ 1, indicating the attractive
J=ψ -N interaction. As k� increases, the correlation function
smoothly decreases and approaches C ¼ 1. This behavior
is qualitatively consistent with the spin-averaged result
obtained from the HAL QCD data using a model-inde-
pendent analysis [97].
In Fig. 5, we have used the valueD0 ¼ −2.69, which has

been fixed from the lattice QCD data for the GFFs [36], as
discussed in Sec. II. However, the lattice results still have
sizable uncertainties in the D-form factor near the forward
limit [36]. Therefore, in the present study, we vary the value
of D0 and examine the sensitivity of the J=ψ-N correlation
function to the D-term. Specifically, we vary D0 within the
range D0 ¼ −2.69� 1 and the resulting correlation func-
tions are shown in Fig. 6. As can be seen from the figure,
the correlation function exhibits a weak dependence onD0,
indicating that the J=ψ-N correlation function does not
directly reflect the magnitude of D0.

B. ψð2SÞ-N correlation function

Within the potential analysis based on the QCD multi-
pole expansion, the magnitude of the charmonium-nucleon
potential is strongly affected by the chromoelectric polar-
izability αnS, as seen from Eq. (10). Since the pressure
distribution is related to the D-term through the Fourier
transform of the nucleon EMT matrix element, the D-term
dependence of the potential can be enhanced with a large
αnS. Indeed, a previous study has suggested that the
chromoelectric polarizability of ψð2SÞ can take a large
value, α2S ¼ 24� 12; GeV−3 [93]. This motivates us to
turn to the ψð2SÞ-N system, where the D-term dependence
is expected to be more clearly reflected in the charmonium-
nucleon correlation function.
In contrast to the J=ψ-N system, lattice-QCD results for

the corresponding ψð2SÞ-N potential are not currently

FIG. 4. The J=ψ-N scattering phase shifts as a function of Ecm.
The results obtained in this work are compared with those
evaluated by solving the Schrödinger equation with the spin-
averaged HAL QCD potential shown in Fig. 3.

FIG. 5. The J=ψ-N correlation function as a function of k�. The
black solid line is obtained using the smeared J=ψ–N potential,
and the result is compared with the model-independent analysis
based on the HAL QCD potential [97].
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available. Therefore, in the numerical evaluation,wevaryα2S
in the range α2S ¼ 10− 36 GeV−3 [88,93,98], while the
other parameters, g2=g2s and ν, are fixed to the same values as
those used in the J=ψ-N analysis. Furthermore, when
evaluating the smeared potential, we use σψð2SÞ ¼ 0.5 fm.
With these setups, we calculate the ψð2SÞ-N correlation
function, as shown in Fig. 7. Here,we also varyD0 within the
range D0 ¼ −2.69� 1. For α2S ¼ 10 GeV−3, the correla-
tion function is larger thanC ¼ 1. However, asα2S increases,
the correlation function decreases and becomes smaller than
C ¼ 1 around α2S ¼ 12 GeV−3. This behavior shows that

the overall structure of the ψð2SÞ-N correlation function is
mainly governed by the value of α2S. Nevertheless, the
variation of D0 also produces a visible change in the
correlation function, unlike in the J=ψ -N case. In particular,
this sensitivity toD0 is pronounced in the small-k� region. To
see this point more clearly, we also show the same result on a
logarithmic scale. In addition, to quantitatively evaluate the
D-term dependence, the correlation functions at k� ≈ 0 are
plotted against the D-term value in Fig. 8. These log-scale
plots further confirm that the dependence on D0 becomes
more visible in the ψð2SÞ-N correlation function, although
its visibility varies with α2S.

V. CONCLUSIONS

In this paper, we have investigated the connection
between the nucleon GFFs and the charmonium-nucleon
correlation function in femtoscopy. To describe the char-
monium-nucleon system, we have employed an effective
potential based on the QCD multipole expansion. In this
framework, the potential is expressed in terms of the
nucleon energy and pressure distributions, which are
determined by the nucleon GFFs. By comparing this
potential with the J=ψ-N potential estimated from the
HAL QCD data, we have examined the applicability of this
effective-potential approach. Using this potential, we have
evaluated the J=ψ-N correlation function. Since the
nucleon D-form factor is still not well constrained, we
have studied the sensitivity of the correlation function to the
D-term. We have found that the J=ψ-N correlation function
shows only limited sensitivity to the nucleonD-term within

FIG. 6. The J=ψ-N correlation function. The shaded band
represents the variation of the correlation function when the D-
term parameter is varied within D0 ¼ −2.69� 1.

FIG. 7. The ψð2SÞ-N correlation function for α2S. The top and
bottom panels show Cðk�Þ and logCðk�Þ, respectively. The
shaded bands represent the variation of the correlation function
when the D-term parameter is varied within D0 ¼ −2.69� 1.

FIG. 8. Response of the charmonium-nucleon correlation
function to the value of the D-term in the near-threshold region
(k� ¼ 0). The vertical axis is shown on a logarithmic scale. The
data points are fitted with straight lines, and the slope reflects the
sensitivity to the D-term.
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the present approach. In contrast, our results indicate the
possibility that the ψð2SÞ-N correlation function is more
sensitive to the nucleon D-term, although the relevant
model parameters are not yet well determined in this case.
Recent progress in femtoscopic measurements of two-

particle correlation functions, led in particular by the LHC-
ALICE experiment, has provided valuable information on
hadron-hadron interactions in various systems. In this
context, our findings indicate that quarkonium-nucleon
femtoscopy may offer a complementary way to study
the nucleon GFFs. Although the present analysis does
not aim at a model-independent extraction of the GFFs, it
suggests that two-particle correlation functions can be
sensitive to the internal mechanical structure encoded in
the nucleon D-form factor.
In contrast to conventional approaches based on deeply

virtual exclusive processes, where GFFs are extracted
through analyses of GPDs, the present approach may
provide a complementary way to constrain the GFFs from
femtoscopic observables without first reconstructing GPDs.
Such constraints on GFFs may also be used as additional
input for GPD parametrizations, thereby helping to reduce
ambiguities in the reconstruction of the three-dimensional
nucleon structure encoded in GPDs.
It is worth noting that near-threshold J=ψ photoproduc-

tion may not provide a clean access to the GFFs if the
observed cross sections receive sizable contributions from
open-charm intermediate channels, as suggested in
Ref. [99]. In such a case, the connection between photo-
production observables and the soft-gluon coupling to the
nucleon becomes less direct. Our approach is complemen-
tary in this respect. In contrast to photoproduction analyses,
femtoscopy does not require detailed knowledge of the
initial production mechanism but instead probes the low-
energy J=ψ-N final-state interaction. Moreover, the rel-
evance of the soft-gluon exchange contribution to this

interaction is supported by the recent analysis of J=ψ-N
scattering in Ref. [100], which found that this contribution
dominates over the open-charm coupled-channel contribu-
tion. These observations motivate charmonium-nucleon
femtoscopy as a potentially cleaner probe of the nucleon
gluonic structure and GFFs.
However, to use femtoscopy as a quantitative probe of

the nucleon GFFs, the model parameters entering the
charmonium-nucleon potential must be better constrained.
This is particularly important for the ψð2SÞ-N system,
where the relevant parameters are still not well determined.
This issue will be addressed in future work.
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