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We study the near-threshold exclusive photoproduction of heavy vector mesons (quarkonia J/y and Y)
off the proton within the framework of generalized parton distribution (GPD) factorization. The gluon
GPDs are computed using a spectator model in which the proton emits a gluon and the remaining
constituents are treated as a single spectator particle. Model parameters are determined by fitting the gluon
unpolarized and helicity collinear parton distribution functions from global analyses. We compare our
results with the latest near-threshold J/y production data from the GlueX and J/w-007 experiments at
Jefferson Laboratory, finding good agreement for both differential and total cross sections. Predictions are
also provided for Y' photoproduction, which can be tested at future electron-ion colliders.
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I. INTRODUCTION

Understanding the gluonic structure of hadrons is a
central goal in QCD and hadronic physics. Gluons, which
mediate the strong interaction, dominate the nonperturba-
tive dynamics inside hadrons. However, because they do
not couple directly to electroweak probes, gluon distribu-
tions are more difficult to access experimentally than those
of quarks. Near-threshold exclusive photoproduction of
heavy quarkonia, such as J/y and Y, has emerged as a
particularly promising channel for probing gluon distribu-
tions in nucleons [1-8]. In the heavy-quark limit, contri-
butions from light quarks are strongly suppressed, and the
process proceeds predominantly through gluon exchange
[9]. Near threshold, the cross section is sensitive to the
gluon condensate (P|F?|P) in the nucleon [5,6], which is
closely related to the gluonic trace anomaly contribution to
the nucleon mass.

Recent measurements of yp — J/yp near threshold by
the GlueX and J/w-007 collaborations at Jefferson
Laboratory (JLab) [10-12] have stimulated considerable
theoretical interest. Numerous studies have analyzed this
process using different approaches [13-31]. A similar
program for Y photoproduction is planned at future
facilities such as the Electron-Ion Collider (EIC) in the
U.S. [32-36] and the Electron-ion collider in China (EicC)
[37,38]. In the heavy-quark limit, the photoproduction
cross sections can be expressed in terms of the gluon
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gravitational form factors (GFFs) of the proton
[15,18,19,21,39,40]. Together with first-principles lattice
QCD calculations of GFFs [41,42], these measurements
offer a unique opportunity to unveil key aspects of the
gluonic structure of the proton, including the quantum
anomalous energy, mass radius, spin, and mechanical
properties [43—46].

In this work, we adopt the generalized parton distribution
(GPD) factorization framework for near-threshold heavy
quarkonium production [18-20]. Similar to the high-energy
regime, the amplitude factorizes into a hard part, the
quarkonium distribution amplitude and gluon GPDs. The
large momentum transfer in near-threshold kinematics
corresponds to a large skewness parameter & for the
GPDs. In the limit £ — 1, the amplitude is dominated by
the leading moments of the GPDs.

One of the main objectives of hadronic physics is to
achieve a three-dimensional picture of hadron structure in
terms of quark and gluon degrees of freedom. GPDs
provide a unifying framework for this purpose, parametriz-
ing off-forward matrix elements of bilocal QCD operators
[47,48]. They encode information on both longitudinal
momentum distributions and transverse spatial distribu-
tions of partons, as well as their contributions to hadron
spin and other properties [43,49—-54]. While quark GPDs in
nucleons and mesons have been studied extensively
[55-60], gluon GPDs remain less explored [61,62]. Experi-
mentally, GPDs are typically accessed through hard exclu-
sive processes such as deeply virtual Compton scattering
[63-65] and deeply virtual meson production [66—68]. In
contrast to these high-energy, small-£ measurements, near-
threshold photoproduction of heavy quarkonium offers a
unique window into the large-¢ behavior of gluon GPDs.

Here, we compute the differential and total cross sections
for near-threshold photoproduction of J/w and Y by
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FIG. 1.

evaluating the relevant gluon GPDs within a spectator model
approach [69-71]. In this model, the proton is treated as a two-
body system consisting of an active gluon and a spectator that
carries the quantum numbers of the three valence quarks. The
nonperturbative nucleon-gluon-spectator vertex is modeled
with two dipolar form factors [70]. The model parameters are
fixed by reproducing the gluon unpolarized and helicity
collinear parton distribution functions (PDFs) from global
fits at an initial scale ug = 2 GeV.

The remaining part of the paper is organized as follows. In
Sec. II, we introduce the GPD factorization formalism for
near-threshold photoproduction of heavy quarkonium and
discuss the parametrization of gluon GPDs. In Sec. III, we
present the calculation of twist-2 gluon GPDs at nonzero
skewness within the spectator model. In Sec. I'V, we determine
the model parameters, show the dependence of GPDs on x,
and compare our predictions for J/y production with that
data from JLab, and provide predictions for the photo-
production of Y. Finally, Sec. V summarizes our findings.

II. GPD FRAMEWORK FOR THE NEAR-
THRESHOLD PHOTOPRODUCTION OF HEAVY
QUARKONIUM

We begin by reviewing the GPD factorization framework
for near-threshold photoproduction of heavy quarkonium
[18-20], illustrated in Fig. 1. The kinematics are described
by the Mandelstam invariants
s=(p+q)2(M+My)*, t=(p'-p)=(d-q)?* (1)
where s = W? is the squared center-of-mass energy, t = A?
is the squared four-momentum transfer, M is the proton
mass, and My is the produced meson mass. The four-
momenta of the incoming photon, incoming proton, out-
going proton, and outgoing meson are denoted by ¢, p, p’,
and ¢/, respectively, satisfying the on-shell conditions,

p/2:p2:M2’ qu—QZIO, q/ZIM%/. (2)
Here Q? = 0 corresponds to photoproduction; the analysis
can be extended to finite virtuality (i.e., large-Q® lepto-
production) when Q7 is large. We work in the center-of-
mass frame of the photon-proton system, as shown in
Fig. 2, with results being Lorentz invariant. Choosing the
incoming proton along the 4z direction, the four-momenta

Examples of leading Feynman diagrams that contribute to the exclusive photoproduction of the heavy vector meson.

can be expressed in terms of Lorentz scalars as [72,73]

s —M? s —M?
q: a()aov_ 5
NG NG

s+ My — M? .
q = <7,—[p’6|81n9,0,—lp’c|0059 :
24/s
M> - M’
p= (27" 0.0.° ,
2\/s 2/s
— M2 + M?
p/:<$,|p;|sme,o,|pg|cose), (3)
N

where the magnitude of the outgoing three-momentum |p..|
is expressed as

Pl = ([S—(Mv%—M)iEs— (My, — M) ])1/2’ @

and the scattering angle @ is fixed as

25t + (s = M?)? — M3 (s + M?)
0sf =
2/5lpt|(s = M?)

(5)

The skewness parameter, defined as E=—A-q/(2P-q) =
(pt=p™)/(pt+p'") with P = (p’ + p)/2, evaluates to

fo_ =My (©)
2M? + M3 — 25—t
p/
0 _ q
p 7 ——
> = \N\\NNNN N\
/
, /
4
/
/

FIG. 2. Kinematics for the heavy vector-meson photoproduc-
tion in the center-of-mass frame.
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FIG. 3. Left panel: £ values on the (W, —¢) plane in the kinematically allowed region with M, = 3.097 GeV. Right panel: £ values
on the (W, —t) plane in the kinematically allowed region with My = 9.46 GeV.

In the heavy-quark limit My > M (which implies
W > M), the incoming proton moves nearly along the
light-front + direction, defined by x* = (x° 4 x%)/v/2. At
threshold, /s — M + My, the momentum transfer squared
becomes

2

L (7)
M+ My

which is of order MMy, in the heavy-quark limit.

As W increases, the allowed region of —¢ forms a band
bounded by the backward (cos@ = +1) and forward
(cos® = —1) limits, denoted as |#],,;,(W) and ¢, (W),
respectively. Near threshold, both of them are of order
MM, and significantly larger than M>. Figure 3 displays
the skewness & over the allowed (W, —¢) region for J /y and
Y production.

A key feature of near-threshold kinematics is that |z| is
large and & approaches 1 in the heavy-quark limit. Combined
with QCD factorization in the GPD framework, this ensures
that the photoproduction amplitude of heavy quarkonium is
dominated by the lowest moments of the gluon GPDs.
Therefore, after averaging over initial proton spins and
summing over final spins and photon/meson polarizations,
the t-differential cross section can be written as [18-20]

@ . aEMeé (]677.'6(5)
dt — 4W? —=M>)? 3M3

2
e 0)P1G(1.E)1%, (8)

where e, is the heavy-quark electric charge in units of the
proton charge, agy and ag are the electromagnetic and
strong running couplings, respectively, and yyg(0) stands
for the nonrelativistic quarkonium wave function at the
origin in the nonrelativistic QCD framework [74], which
corresponds to the quarkonium distribution amplitude. In the
unpolarized case, the hadronic matrix element squared
|G(t,&)]* reads

4
60 = e { (1= o ) BB - 28:08 + )

+a—amﬁEﬁ} (9)

where H, = H,(1,¢) and E, = E,(t,¢&) are defined as the
leading moments of GPDs,

/1 dxHY(x, &, 1) = Hy(1, &),

0

/1 dxEI(x, &, 1) = Ey(1,£),

0

(10)

with x denoting the longitudinal momentum fraction of the
active gluon. The renormalization scales for the wave
function and GPDs have been omitted and should be taken
of order My,.

The expressions in Egs. (8)—(9) are evaluated at a generic
&. As mentioned above, near the threshold £ should be set to
1 in principle. However, physical values are £ ~ 0.6 at the
J/y threshold and & ~ 0.8 at the Y threshold. The authors
of Ref. [18] have confirmed the validity of these expres-
sions for generic £ by showing that they generalize the
results of Ref. [75]. Moreover, finite meson mass correc-
tions, particularly important for J/y, can be partially
incorporated by using the physical &.

The total cross section is obtained by integrating Eq. (8)
over the kinematically allowed ¢ range,

tmax dg
= dt{ —|.
’ /min (dt>
The complete set of gluon GPDs for a spin-1/2 target

was derived in Ref. [76]. The corresponding light-cone
correlator is defined as the off-forward matrix element of a

(11)
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bilocal operator [47],

g dz= . .
F.g[l]](x’A;/Lﬂ/):/zzezk»z<p/;l/|F;L]<_§>
b4

2B\ (2
wa(5:3)7(3)

where one-particle states are normalized covariantly as
(p'lp) =2p°(27)*6°) (p' — p), 2 and X' denote the helic-
ities of the incoming and outgoing protons, respectively; i,
j are transverse indices, a, b are color indices, and

Z Z
wa(-5:3)
Z

-
= 0+9_’0l;0+’70L:|
|: 2 2 ab

p;l) |z+:0+,zl:0L’

(12)

7H=0" ,ZLZOL

= Pexp [—ig /T dy‘Aj(OJ’,y_,OJ_)TC} (13)

2 ab

is the Wilson line that ensures color gauge invariance of the
correlator. Here F%” is the gluon field strength tensor, P
denotes path ordering, and the generator of SU(3) group is
defined as (7¢),, = —if .. in the adjoint representation,
with f,;. denoting the structure constant. In the light-front
gauge (A" =0), the Wilson line reduces to unity.
The twist-2 gluon GPDs for an unpolarized proton appear
in the parametrization of the correlator in Eq. (12) accord-
ing to [47],

Fo(x, Ay 2, 2) = 87 F9lid) (x, A, 2, )

a(p' A') <7+Hg(x, &)

N[ —

ic™

S BN Jup D). (19

where 67 = —g" and o** = i[y*.1"]/2.

III. GLUON GPDS IN THE SPECTATOR MODEL

In this Section, we present an analytical calculation of
the gluon GPDs HY(x,&,t) and EY(x,&,f) at nonzero
skewness & in the proton using a spectator model [69].
A variant of this model, incorporating a spectral function
for the spectator mass, has previously been used to compute
twist-2 gluon transverse momentum dependent distribution
(TMD) distributions [70,71]. For the following discussion,
it is convenient to introduce the polarization states of the
proton in an arbitrary direction,

a AN
|p;S) = cos (2) |p;+) + sin <2> e p; -,

(p'; S| = cos (g) (p's+|+ sin(%) e {p'—

. (15)

which express the incoming (outgoing) proton states with
both longitudinal and transverse polarizations as a super-
position of states with definite light-cone helicities |p; +)
and |p; =) ((p; +| and (p’; —|) [77]. In the rest frame of the
proton, the state |p;S) describes a particle whose three-
dimensional spin vector is

S =(S1,8%,4) = (sinacos ¢, sinasin ¢, cos a). (16)

Replacing the helicity states in the matrix element (12)
according to

(p | = (p';S|, Ip;d) = |p;S), (17)

a general correlator F(x,A;S) for arbitrary spin orienta-
tions can be constructed by an appropriate choice of the
spin vector [61],

F(x,A;S) = ! [F(x,A;+,+) + F(x, A; =, =)] + %/I[F(x, A;+,+) = F(x, A;—, =)

2
1 i
+ 5S‘L [F(x, A;—, +) + F(x, As+, =)] + ESZL [F(x,A;—,+) — F(x, A;+, -)]. (18)
The explicit calculations employ the standard light-front helicity spinors for the proton [78],
V2pt 4+ M -pl +ipt
(1) 1 pL+ipt (5.2) 1 V2pt+M (19)
up,+)=—7=7m— D—) = = .
V2Pt | Vapt - M 22pt | pl-ip?
pLtipl —V2p*t+M
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FIG. 4. Kinematics for gluon GPDs in the spectator model. The
gluon lines with crosses correspond to the specific Feynman rules
for the gluon field strength tensor.

The analysis in Ref. [9] revealed that the two-gluon
exchange mechanism dominates photoproduction of heavy
quarkonium and yields numerical results consistent with
the experimental data of near-threshold J/y photoproduc-
tion. Figure 4 shows the Feynman diagram at leading order
used to compute the twist-2 gluon GPDs in Eq. (14). The
proton is modeled as a bound state consisting of an active
gluon carrying momentum kj:% and a single spin-1/2
spectator particle with the momentum P — k. Therefore, the
tree-level scattering amplitude M, (S) is given by [70]

MG(S) = (P = kIF{|p:$)

Ve ). 20)
2

= ﬁc(P - k)
where i1.(P — k) is the spectator spinor with color index c,
and

; A . AN ([ (K =5 (no)
ox(1-3) -oalor ) (- 242)

represents the Feynman rule for the field strength tensor
appearing in the definition of the correlator [79,80]. Here
n. are the light-like vectors satisfying n3 =0 and
n, -n_ = 1. The nucleon-gluon-spectator vertex y;,bc is

modeled as [70]

where g7 , are the model-dependent form factors analogous
to Dirac and Pauli form factors, but obviously they are not
equivalent because the vertex in Eq. (22) involves the
nonperturbative color interaction. In order to characterize
the nonperturbative physics, we adopt the dipolar form
factors

- AN (k+4)?

Gtr =912 (kl i%) = Kl.2|(k:|:%)—22_[\§|2

(1= x) (kL £59% + L%(0)]
[y +5)7 + L3 (A3)P

= —Ki2 ) (23)

where the superscript +(—) corresponds to the vertex of the
outgoing (incoming) gluon. Here x; , are the normalization
parameters representing the strength of the vertex, Ay is a
cutoff parameter, A | represents the transverse component
of the momentum transfer, and

L%(0) = xM% — x(1 — x)M?,
L3(A%) = xM% + (1 —x)A% — x(1 —x)M?, (24)

where My is the mass of the spectator, and the gluon mass
M, is set to 0 GeV. Additionally, the on-shell condition for
the spectator, (P — k)> = M%, implies that the gluon is off
shell,

(kig);f(x, (klign (e 4P 4+13(0)

1—x
(25)

The introduction of dipolar form factors not only cancels
the singularities of gluon propagators, but also ensures the
convergence of the correlator after evaluating the k|
integral.

i . .
y;’bc = pe {91_7;4 +g o O p”] , (22) Acgordmg to Fig. 4, the correlator [Eq. (14)] at the tree
level in the spectator model reads
|

_n ij— 7 1 a1\ Juk A\t s _ , iu _ A\\)-
Fox, A2, ) = / e

(27)* Dgpp

where
A\ 2 A\ 2

Here all color and spinor indices are contracted.
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In the calculations, we encounter two types of k~
integrals,

+00 1
1= / dk~
—00 DGPD

C=-8(x+&(x=)(1 —x)(P)". (30)

The gluon distributions in x satisfy the Bose symmetry
[47,67], leading to H(x, &, ) = H(—x, &, t) and E(x, &, 1) =
E(—x,&,1). As shown in Eq. (10), the integrals of gluon
GPDs over x are restricted to x > 0, only the two poles at
k5 and k3 in Eqgs. (28)—(29) need to be considered,

(k=4 —ie
k= 2/ 1
2 2‘L 2(x + &P (31)
K+ M3 -
;=P —= X 2
e 2(1 —x)P+ (32)

corresponding to the incoming gluon propagator (k — A/2)
and the spectator propagator (P — k), respectively. The pole
positions depend on x, so the k™ integration is performed by
contour integration in two x regions, using the replace-
ments

! ~2zi o
k=8 +ie anrpp ok ~R) (33

! —2ri o
(P_kV_A@+4€*20_xﬂH5@ —k3).  (34)

2ri
tEmEE 0sxsé
I= 2z 1 <1 (35)
TR f<x<l,
27i k3
-2 0<x<¢
C k) k—k7)° )
Ik o 2ri ( 2 k; ' 2 g) (36)
o <=l

where the region 0 < x < & corresponds to a cut through the
incoming gluon, and £ <x <1 to a cut through the
spectator.

After selecting the appropriate helicity combinations and
carrying out the k£~ integrals in Eq. (26), the twist-2 gluon
GPDs can be constructed as

OS):SS

64M2 3A2 fJZkL 0<x<§7 Oﬁxﬁfﬁ

H(x, & 1) = N5<» | 37)
tarear S kL e, E<x <1,
L sM
1_52 0 N05“55
8M753A2 fd kL DO<r<5 5 0 S X S 57
Ex &)= e (38)
N X
4M*A2 szkLDx:qq, E<x<1,
with A2 = —(1 = &)1 — 4£2M?. The explicit forms of the

numerators Ny, N and denominators Dgy, are lengthy and
are collected in the Appendix.

Now, we have successfully constructed the gluon GPDs
from a covariant parametrization for the p — gX vertex.
This method differs from the commonly used method based
on the double distributions first proposed in Ref. [81]. A
crucial property of the latter method is that the so-
constructed GPDs satisfy the so-called polynomiality con-
ditions [81]. Namely, the x” moments of GPDs must be an
Nth order polynomial of &. Here, the denominators of
GPDs depend on &, as shown in Egs. (A5)-(A6), so
H(x,&,t) and E(x,&,t) clearly do not satisfy the poly-
nomiality conditions.

In the forward limit (A — 0), the model resulting gluon
unpolarized and helicity PDFs have been derived

The integrals then become in Ref. [70],
1100 = [ Py {2 (M M)y = M(1 ) 4+ &2
+ 2k (k7 + xM5%) g3 + 2k M?(1 = x)(4g] — xg3) }. (39)
9 = [ s ey U 2 = 0)2Man = (M = M)gs] + 205 = M(1 =),
— [(Mx +M) (L%(0) + (1 = x)(Mx — M)?) + 2Mxk? | g, }[2M g, — (Mx + M)g,]. (40)
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TABLE 1. Model parameters with uncertainties obtained from
the simultaneous fit.

Parameter Central value Uncertainty
Ky 6.503 +0.388
Ky 3.591 +0.199
My 1.341 £0.028
Ay 0.474 +0.014

IV. NUMERICAL RESULTS

A. Parameter determination and derived quantities

The present spectator model adopted in the calculation is
similar to that in Ref. [70] except we refrain from including
a spectral function for the spectator mass. The model
contains four free parameters: the normalization constants
k1.5 the cutoff Ay which regulates the large k; behavior;
and the spectator mass My which is taken larger than the
proton mass (My > M). To describe the x dependence of
the distributions reliably, we determine these parameters by
simultaneously fitting the unpolarized PDF [Eq. (39)] and
the helicity PDF [Eq. (40)] to the next-to-leading-order
(NLO) NNPDF3.1 parametrization of f9(x) [82] and the
NLO NNPDFpoll.1 parametrization of g, (x) [83] at the
scale py = 2 GeV. The fitted results and their uncertainties
are listed in Table I.

In Fig. 5, we the numerical results of the simultaneous fit
of xf{(x) (left panel) and xg{,(x) (right panel) at
o = 2 GeV. The red bands in the two panels represent
the NNPDF3.1 NLO dataset for xf{(x) [82] and the
NNPDFpoll.l1 NLO dataset for xg{, (x) [83], the green
bands represent the uncertainty bands of the fit, and the
black solid curves represent the results of the central
parameter values.

Using the fitted parameters, we first compute the average
longitudinal momentum fraction carried by gluons, defined

as the second Mellin moment of f9(x)
I
(x), = / dxx f{(x) = 0.421 £ 0.060. (41)
0

The result is consistent with the recent lattice result 0.427
(92) at the same scale [84].

Additionally, the gluon helicity contribution to the
proton spin is

1
59— / dxgl, (x) = 0.121 £0.038,  (42)
0

and the total gluon angular momentum in the Ji decom-
position [43] is calculated as

1
J ==

1
5 / dxx[HY(x,0,0) + E9(x,0,0)] = 0.090 + 0.015,
0

(43)

which is half of the recent lattice value 0.187(46) [84]. This
deviation mainly comes from the difference between the
model result and the NNPDFpoll.1 NLO dataset for the
helicity distribution in the simultaneous fit.

B. Gluon GPDs

In Fig. 6, we plot the gluon GPDs xH(x,&,t) and
xE(x,&,t) vs x at different & with r=1,, or
|A || =0 GeV. The qualitative behaviors of the two dis-
tributions are similar, with a negative sign. As ¢ increases,
the magnitudes of GPDs decrease, and the differences
between the discontinuous points in the 0 < x < ¢ and
& < x < 1 regions approach 0. These curves have substan-
tial magnitudes in the small x region, while they are largely
suppressed in the region x > 0.6.

5 T T 0. 6 T T
NNPDF3. 1 NLO
central value 0.4 ]
4 uncertainty band 7
0.2 _
3 ]
R = 0.0
& w2
"y 1% 0.2F ]
-0.4 ]
1 4 NNPDFpoll. 1 NLO
_0.6 F central value
uncertainty band
0 ; : -0.8 : L
0.001 0.01 0.1 1 0.001 0.01 0.1 1

X

FIG. 5.
NNPDFpoll.l NLO dataset for xg{, (x) [83] (right panel).

X

Simultaneous fit of the model results in Egs. (39)-(40) to the NNPDF3.1 NLO dataset for xf7 (x) [82] (left panel) and the
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0.0
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FIG. 6. Gluon GPDs xH(x, &, t) (left panel) and xE(x, &, 1) (right panel) as functions of x at t = #,;, or |A| | = 0 for £ = 0.1, 0.5, 0.9,

respectively.

An observation is that both GPDs exhibit discontinuities
at x = £. This discontinuous behavior is a direct feature of
our leading-order spectator model calculation. It originates
from the switching of the dominant pole contributions in
the k= contour integration when the longitudinal momen-
tum fraction x crosses the skewness parameter &, as dictated
by the analytic structure in Egs. (34)—(36). While such
discontinuities would require careful treatment in processes
like DVCS that involve the principal-value integrals with
1/(x — &£+ ie) propagators, they are entirely harmless for
the present study. Our computation of near-threshold
quarkonium photoproduction involves only the lowest
Mellin moments of GPDs, i.e., their integrals over x. A
finite discontinuity at a single point has no impact on the
value of a definite integral. Therefore, the key quantities
Hy(t,£) and E,(1,&) entering the cross section are well
defined.

C. Near-threshold J/y and Y photoproduction

We note that a recent study in Ref. [85] provides a good
description of the differential and total cross sections for
near-threshold J/y photoproduction. Two important dis-
tinctions exist between that work and the present analysis.
First, Ref. [85] computes gluon GFFs using a light-front
gluon-spectator model [86], in which the light-front wave
functions are constrained by the soft-wall anti-de Sitter
(AdS)/QCD framework, whereas we employ a different
spectator model to calculate gluon GPDs. Second, in
Ref. [85] the J/w — 007 dataset with photon energies
closest to those of the GlueX measurement are shown
together in a single plot and compared to one theoretical
curve; here, we compare experimental measurements at
distinct average photon energies separately to the corre-
sponding theoretical predictions.

We now present model predictions for the differential
cross section [Eq. (8)] of near-threshold photoproduction of

heavy quarkonium as a function of ¢ at various average
photon energies (E,), and for the total cross section
[Eq. (11)] as a function of the laboratory photon energy E,.

We first analyze all available data for near-threshold J /y
photoproduction from the GlueX [10,11] and J/w — 007
experiments [12]. These data include differential cross
sections in 15 photon-energy bins and total cross sections,
with the GlueX23 measurements on the differential cross
section covering the full near-threshold kinematic region.
They have been analyzed in recent theoretical studies on
gluonic properties of the proton [13-30]. For the param-
eters related to the J/y production [18], we adopt
agy = 1/137, ag=0.3, e.=2/3, M =0.938 GeV,
M, =3.097 GeV, and the J/y wave function at the
origin [87,88]

1.0952
|WNR(0)|2 =

(GeV)3. (44)

In Fig. 7 we plot the model results (solid curves) for the
differential cross sections as functions of —¢ at different
(E,) compared with the experimental data measured at
different —¢ bins. The triangle, circle, and square data
points correspond to the data from GlueX19 [10], GlueX23
[11], and J/w — 007 [12], respectively. The blue bands
depict the uncertainties from the model parameters.
Overall, the model describes the data reasonably well,
with slight deviations at (E,) = 9.86 and 10.82 GeV. The
differential cross sections exhibit the characteristic diffrac-
tive peak at forward ¢ and an exponential fall-off at larger
momentum transfer. The GlueX23 data (circles) span the
entire physical 7 range; at the lowest average energy (E,) =
8.93 GeV an enhancement appears at the largest |z,
possibly signaling contributions beyond the pure #-channel
mechanism (e.g., u- or s-channel exchanges) [23,89].
While our model does not reproduce this enhancement
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FIG. 7. Differential cross sections for yp — J/yp as functions of —t at different average photon energies 8.2 GeV < E, < 11.8 GeV
compared with data from GlueX19 [10] (triangles), GlueX23 [11] (circles), and J/w — 007 [12] (squares). The bands depict the
parameter uncertainties.
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FIG. 8. Total cross section for yp — J/yp as a function of E,

compared with data from GlueX19 [10] (triangles) and GlueX23
[11] (circles). The band depicts the parameter uncertainty.

at 8.93 GeV, similar features emerge at (E,) = 9.86 and
10.82 GeV.

In Fig. 8, we present the total cross section as a function
of E,. The model prediction (curve) agrees very well with
the GlueX19 and GlueX23 data.

Finally, we present predictions for Y photoproduction,
using ag = 0.2, ¢, = —1/3, My = 9.46 GeV, and the Y
wave function at the origin [87,88]

(45)

In Fig. 9 we show the predicted differential cross sections
near threshold ((E,) = 57.2 GeV, left) and farther above
threshold ((E,) = 70 GeV, right). The total cross section is
displayed in Fig. 10. The larger bottom-quark mass makes
the heavy-quark limit more reliable for Y production,

8E-6 T T T

6E-6 | (E)=57.2 GeV 1
Y4E-6 [ .
[}
(€5
~
o)
g \
=
=l
B L i
3 2E-6
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0. 001 T T T T
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FIG. 10. Predicted total cross section of yp — Yp is plotted as
a function of E,.

reducing theoretical uncertainties from higher-order cor-
rections. However, the production rate is strongly sup-
pressed by the heavy quark mass, leading to cross sections
much smaller than that for J/y. Verification of these results
awaits more precise future measurements.

V. SUMMARY

In this work we studied the near-threshold exclusive
photoproduction of heavy quarkonia within the GPD
formalism, employing a spectator model for the proton.
The amplitudes of these processes are dominated by the
leading moments of gluon GPDs, offering a probe of gluon
distributions at large skewness £. The model parameters
were determined by simultaneously fitting f4(x) from
the NNPDF3.1 parametrization and g¢f, (x) from the
NNPDFpoll.1 parametrization at y, = 2 GeV. The gluon
GPDs HY(x,&,t) and EY(x,&,t) at nonzero & were

1E-4 T T T T
(E)=70 GeV

9 1E-5
[}
(&)
~
Q
=
+
=
® L
3 1E-6

1E-7 1 1 1 1

1 2 4 8 10

6
-t [GeV?]

FIG. 9. Predicted differential cross sections of yp — Yp are plotted as functions of —z at (E,) = 57.2 GeV (left panel) and (E,) =

70 GeV (right panel).
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calculated analytically at tree level via two-gluon exchange,
separately in the regions 0 <x < &and £ < x < 1.

Several gluon-related quantities were extracted and
compared with recent lattice results. The gluonic contri-
bution to the quantum anomalous energy is estimated
reliably as there is a good agreement between our model
and lattice data for the average gluon momentum fraction.
The differential and total cross sections for J/y photo-
production were computed and compared with the latest
JLab data from GlueX and J/y-007 experiments, showing
good overall agreement. Finally, we presented predictions
for Y photoproduction, as the heavy-quark limit is more
suitable to employ here. These predictions can be tested at
future EIC and EicC.

N0<x<§

+ 16k ME (1 + £)*[g g7
—giM(=1+&)(x—xE+ &3 +¢)))]

—X*(4+3E(-4+£(2+9)))))
+ (=1 +x)(1 4 3x)&2))
+ Mx(1+ &) (-8
X g3 (x = &) (=2 &(x + &) (M + My —

— g5 (M(x> + x%& + x(—1
— 2xE(—1 4+ &) + X2+ E(-2 + E(-2+ 38))))))] + 16M>E (x + )

Mx+ Mx&) + g7 (1 + 8 2Mx (-1 + x)§ + M(x = &) (1 +¢)))
+ g (1 +E) (g (x + E(M(x = &) (=1 4 &) + 2Mx (=1 + x)¢)
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APPENDIX: THE NUMERATORS AND
DENOMINATORS OF GLUON GPDS IN
EQS. (37)-(38)

The numerators in Eqs. (37)—(38) are listed as follows:

4k - Ay {793 (=1 4+ x)2A% (x + &) (x + & + 2xE) + 4g; g3k AT (1 + €)% (x + &)[—& + x(=1 + 2¢)]
M(x+&)(=1+ &) + g5 (65 &(x + &) (Mx + M(~1 +x)

— Mx¢)

—4MA3 [g7 (1 + &) (4gf M(x + &) (x + (-1 4 x)*& — x&2)
— g My (x 4+ &) (2x + (=1 + x)x& + (1 = 3x)&) + M(1 4 &) (& +

XE(=4+&+28) +x°(6 - £(8 - 39))

=gy (x + &) (gf (1 + )My (=1 + x)&(x + &) + M (=1 + &) (=2x> = 2x¢
=2(=1+x)x)& +

(=2 +x +3x2 = 3x%)&)

—4grEM (=1 +x)* + My (=14 &)))]}

{16gzg+k4 (1 4+ 4+ (x+ &) + 0791 (=1 +x)3(1 + x)AY (x + &)

+ 80595 k1 (=1 4+ x)AT (1 4 &) (x + &)(=3 + x¢)
+M(—x — &4 (=34 x)&)) + g5 (—Mx(x(—=1 + &)

2(1-8-8)

( —g7(1 =& (297
K1+ (4-
M(1+

- 3263 M(1 +¢)]
— (=14 &) + M(& +2¢*
M(=2+x = &) (x + &) + g5 (=Mx(x = 3&)(x + &) + M((=3 + §)&

£)&) + x&(=2 4+ &(7 +¢)))))] + 8M (=1 + x)AT [g5 (x + &) (g (1 + &) (Mx (=1 + x)(x + &)
X)(1=&)(x+ (1 =x)¢) + g3 (M(1 —x +x*)&
—gl( +E2GIM(x +&)(2+x7 = &= x(1 +&)) + g5 (=Mx(x(=1 + x - 3¢)

—g; (x + &) (gf (=1 + E)(Mx(x + &)
-xE&(34¢)

= Mx? = Mx(1 + x)E(1 + &) (—x — (1 —x)¢)))
=& +&) —M(1+x)

X (=14 &)+ (1 + &) —xE(=2+£(3 4 £)))))] + 16M° (x + &)[g5 (x + &) (2g{ (1 + &) (~Mxx*

+ Mx(1=2(1 = x)x)& + M(x - &)(1 - &)(x
+ 2Myé(x + &+ £ — x£2)))

+ (1 =x)&)) + g3 (x = &)(=Mx* + M(1 +2(=1 4 x)x)&
=27 (14 &)(=g3 (x = &)((M — My)x* = 2(My + M(—1 + x))x¢&

+ (M(1 = (3=x)x) + My(=1=2(1 —x)x))& + M(1 — x)&) 4+ 297 2Mx (=1 + &) (x> + (=1 + x)&?)

+ M((2 = x)x> = x26+ (x(3 = 2(2 = x)x)

(M + My)) u}

A7

=2)2+ &)+ 16(1 +&)dgrg; M*(1 - x)(x = (1 - &)
+95 (x + &) (4g! MP(1 + x)3 (-1 + &) + g5, (-1 + x)AT (1

+xE) + AME (M + My)x — M(1 — x)x¢&

(A1)
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The denominators are given by

D™ = {4(x + &M (-1 +x) + M¥(1 +&)] + [(-1 + x)A, + 2k, (1 +&)]*}
X AE[(=1 + x?)AT +4M>(x* = &) 4+ 4T (-1 + &)] + 4x(-1+ )k, - A}, (A5)

Dey=' = {4(x = &)[MP(—1 +x) = MX(~1 + &)] + [(-1 + x)A | + 2k, (-1 + &)}
X {4(x + )M (=1 + x) + ME(1 +&)] + [(=1 + )AL + 2k, (1 + &)]*}. (A6)
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