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The x dependence of hadrons’ generalized parton distributions (GPDs) F ðx; ξ; tÞ is the most difficult to
extract from the existing known processes, while the ξ and t dependence are uniquely determined by the
kinematics of the scattered hadron. We study the single diffractive hard exclusive processes for extracting
GPDs in the photoproduction. We demonstrate quantitatively the enhanced sensitivity on extracting the x
dependence of various GPDs from the photoproduction cross sections, as well as the asymmetries
constructed from photon polarization and hadron spin that could be measured at JLab Hall D by GlueX
Collaboration and future facilities.
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Introduction.—The generalized parton distributions
(GPDs), F ðx; ξ; tÞ, provide rich information on the con-
fined spatial distributions of quarks and gluons inside a
bound hadron (for reviews, see [1–4]). The Fourier trans-
form of their t dependence at the forward limit ξ → 0
provides tomographic quark and gluon images of the
hadron in its transverse plane as functions of the active
parton momentum fraction x [5,6]. The x moments of
GPDs are responsible for many emergent hadronic proper-
ties such as the hadron’s mass [7–10] and spin [11], as well
as its internal pressure and shear force [12–14].
Experimental measurement of GPDs requires a 2 → 3

exclusive process at a minimum, as sketched in Fig. 1(a), in
which a hadronN of momentum p is scattered (or diffracted)
to a hadronN0 of momentum p0 by exchanging a virtual two-
parton stateA� of momentumΔ≡ p − p0 and invariant mass
t ¼ Δ2, which undergoes a hard exclusive scattering with the
colliding particle B ¼ ðlepton; photon; pionÞ of momentum
p2 toproduce twoback-to-backparticlesCðq1Þ andDðq2Þ.To
ensure the separation between the hard scattering H and the
probed GPD F , it is necessary to require the transverse
momentum of the produced particles C and D to be much
larger than the invariantmassof theexchangestateA�, jq1T j ¼
jq2T j≡ qT ≫

ffiffiffiffiffijtjp
(or equivalently, the hard collision time to

be much shorter than the lifetime of the A�) to suppress the
quantum interference between the H and F [15,16]. We
referred to such an exclusive process for extracting GPDs as

the single diffractive hard exclusive process (SDHEP). By
exchanging different A�, SDHEP can probe different GPDs,
F → H; H̃; E; Ẽ;…, of different flavors [1–4]. A number
of 2 → 3 SDHEPs have been proposed for extracting GPDs
[17–26], among which is the deeply virtual Compton scatter-
ing (DVCS) [17,18], corresponding toB ¼ C ¼ electron and
D ¼ γ. In addition, a few 2 → 4 SDHEPs have also been
proposed for extracting GPDs [27–30].
Once the scattered hadron momentump0 is measured, the

t, ξ≡ Δþ=ð2PþÞ with P ¼ ðpþ p0Þ=2, and collision
energy of the hard exclusive subprocess ðΔþ p2Þ2 are fully
determined. For an SDHEP to be sensitive to the x depend-
ence ofGPDs, the remaining freedomof the hard subprocess
H, such as the qT (or the angle) of the produced particleC or
D, needs to be entangledwith x, which is proportional to the
relative momentum of the two exchanged partons [16]. For
theDVCS, the exchange stateA�ðΔÞ in Fig. 1 can be a virtual
photon for the Bethe-Heitler process, a qq̄ pair for quark
GPDs, and a pair of gluons for gluon GPDs, if we neglect
terms further suppressed by powers of Q2 ¼ −ðp2 − q1Þ2.
Since the relativemomentumof the twoexchangedpartons is

FIG. 1. (a) Sketch of 2 → 3 SDHEP needed for extracting
GPDs. (b) Sample diagram for the SDHEP in Eq. (1).
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decoupled from external variation ofQ2 at leading order, the
measured DVCS cross sections probe GPDs through their
“moments,” like

R
dxF ðx; ξ; tÞ=ðx − ξÞ [16],whichmakes it

very difficult to extract the full x dependence of GPDs [31].
Although QCD evolution of GPDs could introduce some
sensitivity to the x dependence [32], the event rate drops very
quickly when Q2 increases.
In this Letter, we study the sensitivity in extracting GPDs

from exclusive photoproduction [16,33,34],

NðpÞ þ γðp2Þ → N0ðp0Þ þ πðq1Þ þ γðq2Þ: ð1Þ

The corresponding QCD factorization was justified in
Ref. [16] by treating this process as a crossing process
of the exclusive diphoton production in diffractive pion-
nucleon collisions [15]. We calculate the leading-order
(LO) short-distance hard parts and find that the transverse
momentum (or the polar angle θ) of the final-state pion is
clearly entangled with the relative momentum of the two
exchanged partons. Variation of observed qT can provide
enhanced sensitivity to the x dependence of GPDs.With the
crossing kinematics, this process provides more enhanced x
sensitivity in the ERBL-region of GPDs defined to be the
region where jxj ≤ jξj, and the diphoton production in
pion-nucleon scattering is more sensitive to the DGLAP-
region (jxj > jξj) [15]. In addition, with the well-controlled
polarization of the initial-state photon beam at JLab Hall D
[35] and polarized hadron targets, we introduce asymme-
tries of cross sections constructed from the photon beam
polarization and target spin and demonstrate quantitatively
the enhanced capability of extracting various GPDs and
their x dependence from measurements at JLab Hall D and
future facilities.
Kinematics and observables.—In Fig. 2, we describe the

kinematics of the SDHEP in Eq. (1) in terms of two frames
and two planes. The Lab frame is chosen to be the center-
of-mass (c.m.) frame of the colliding hadron NðpÞ and
photon γðp2Þ with the ẑlab along the momentum p, and x̂lab
on the N → N0 diffractive plane defined by the momentum
p and p0. The SDHEP frame is the c.m. frame of the final-
state π-γ pair, which is the same as the c.m. of the hard

scattering subprocess, with ẑ along the momentum Δ of A�,
while the initial-state photon travels along the −ẑ direction
and x̂ lies on the diffractive plane. The ẑ and the observed π
momentum q1 define the scattering plane, and the angles
ðθ;ϕÞ define the direction of the observed π in the SDHEP
frame. Choosing the (x̂lab; ẑlab) and (x̂; ẑ) of these two
frames on the same diffractive plane makes the Lorentz
transformation between them simpler.
The SDHEP frame in Fig. 2 is very similar to the Breit

frame for describing the lepton-hadron semi-inclusive deep
inelastic scattering (SIDIS) in the Trento convention [36] if
one corresponds the hadron N and N0 to the colliding
electron and scattered electron in SIDIS, respectively, and
the diffractive plane and scattering plane to the leptonic
plane and hadronic plane in SIDIS, respectively. But,
unlike the highly virtual photon exchanged between the
colliding lepton and hadron in SIDIS, the A� is a “long-
lived” state with a low enough virtuality.
Both the colliding photon and hadron target at JLab Hall

D can be polarized longitudinally. In addition, the photon
can have linear polarization ζ and the hadron can have a
transverse spin sT , defined by the azimuthal angles, ϕγ and
ϕs in the Lab frame, respectively.
Having a pion in the final state eliminates the contribu-

tion from A� being a virtual photon due to charge parity, so
that the leading contribution to the SDHEP in Eq. (1) is
from channels with A� being a collinear parton pair. The
corresponding scattering amplitude can be factorized into
GPDs for the hadron transition N → N0, a distribution
amplitude (DA) for the formation of the final-state pion,
and perturbatively calculable coefficients [16]

M½F ;eF �
Nγλ→N0πγλ0

¼
X
f;f0

Z
1

−1
dx

Z
1

0

dzD̄f0=πðzÞ

× ½F f
NN0 ðx;ξ; tÞeCff0

λλ0 ðx;zÞþ eF f
NN0 ðx;ξ; tÞCff0

λλ0 ðx;zÞ�; ð2Þ

where f ¼ ½qq̄� and ½gg� for quark and gluon GPDs,
respectively, if N0 ¼ N, or f ¼ ½qq̄0� for transition GPDs
with N ≠ N0, and correspondingly, f0 ¼ ½qq̄� or ½qq̄0� for
the pion DA D̄f0=π . The hard coefficients Cff0

λλ0 and eCff0
λλ0 are

helicity amplitudes for the photon scattering off a collinear
on-shell parton pair f with λ and λ0 denoting the photon
helicities in the SDHEP frame. Under the parity invariance,
they can be reduced to two helicity-conserving amplitudes
(Cþ, eCþ) and two helicity-flipping ones (C−, eC−). Their
explicit forms are collected in Supplemental Material [37].
The correction to the factorization in Eq. (2) is suppressed
by powers of jtj=q2T ≪ 1.
The differential cross section for the SDHEP in Eq. (1) is

dσ
djtjdξ d cos θ dϕ ¼ 1

2π

dσ
djtj dξ d cos θ ½1þ λNλγ ALL

þ ζ AUT cos 2ðϕ − ϕγÞ þ λNζ ALT sin 2ðϕ − ϕγÞ�; ð3Þ
FIG. 2. Frames for the process in Eq. (1). The vectors of sT and
ζ refer to the transverse spin and linear polarization of the
colliding nucleon N and photon γ, respectively.
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where λN and λγ are the net helicities of the initial-state
nucleon and photon, respectively. In Eq. (3), we introduced
the unpolarized differential cross section,

dσ
djtj dξ d cos θ ¼ πðαeαsÞ2

�
CF

Nc

�
2 1 − ξ2

ξ2s3
ΣUU; ð4Þ

with ΣUU and the polarization asymmetries given by

ΣUU ¼ jM½eH�
þ j2 þ jM½eH�

− j2 þ jfM½H�
þ j2 þ jfM½H�

− j2;

ALL ¼ 2Σ−1
UU Re ½M½eH�

þ fM½H��
þ þM½eH�

−
fM½H��

− �;

AUT ¼ 2Σ−1
UU Re ½fM½H�

þ fM½H��
− −M½eH�

þ M½eH��
− �;

ALT ¼ 2Σ−1
UU Im ½M½eH�

þ fM½H��
− þM½eH�

−
fM½H��

þ �; ð5Þ

whose two subscripts are for hadron spin and photon
polarization, respectively, with U for “unpolarized,” L
for “longitudinal polarized,” and T for “linearly polarized
photon,” leaving the situation of transversely polarized
hadron to a future publication. The helicity amplitudes

M½eH�
� and fM½H�

� in Eq. (5) are given as convolutions of GPDeH and H, respectively, and for example,

M½eH�
� ¼

Z
1

−1
dx

Z
1

0

dz eHðx; ξ; tÞD̄ðzÞC�ðx; z; θÞ ð6Þ

with corresponding hard coefficients given in Supplemental
Material [37]. In this Letter, we focus on contributions from
quark GPDs and leave the contribution of gluon GPDs to a
future publication.
Enhanced x sensitivity.—While GPDs’ t and ξ depend-

ence can be directly measured, their x dependence (as well
as the z dependence of DA) is only probed via convolutions
as in Eq. (2). As explained in Ref. [16], the LO hard
coefficient C for almost all known processes for extracting
GPDs has its x dependence decoupled from the measured
hard scale(s), e.g., for DVCS [17,18],

CLO
DVCSðx; ξ; xB;Q2Þ ¼ 1

x� ξ ∓ iε
CðxB;Q2Þ: ð7Þ

Consequently, experimental variation of the probing scale
of these processes, such as ðxB;Q2Þ here, has little
influence on the x convolution of GPDs. Since the
unpinched x poles in Eq. (7) are only localized at �ξ,
experimental measurements of DVCS may only constrain
the diagonal values of GPDs F ðξ; ξ; tÞ through the imagi-
nary parts and the limited “moments,”

F 0ðξ; tÞ ¼ P
Z

1

−1
dx

F ðx; ξ; tÞ
x − ξ

; ð8Þ

with P indicating principle-value integration. Such lack of
sensitivity to the full x dependence of GPDs is also true for
other known processes, including the deeply virtual meson
production (DVMP) [19,20], photoproduction of lepton
[21] or photon pair [25,38,39], and the exclusive Drell-Yan
process [22].
Having only the moment sensitivity is far from enough to

map out the x distribution of GPDs. One can easily
construct null solutions to Eq. (8) that give zero to the
moments, diagonal values, and forward limit [31], at which
ðξ; tÞ → 0 and GPDs reduce to parton distribution func-
tions. Such solutions are termed shadow GPDs, which are
invisible to processes that only possess moment-type
sensitivity. Although QCD evolution of GPDs in response
to the variation of the probing scale might help with
this situation [40], the nature of logarithmic high-order
contribution makes the improvement numerically not
appreciable [31] unless one goes to a sufficiently high
scale [32] where the exclusive cross section itself dimin-
ishes, making it difficult to reach the desired precision.
In contrast, the hard coefficients for the SDHEP in

Eq. (1), as collected in Supplemental Material [37], have
not only terms in which the x dependence is decoupled
from the external hard scale qT (or equivalently, the polar
angle θ) of the observed pion in the SDHEP frame, like that
in Eq. (7), but also terms in which the x dependence cannot
be factorized as in Eq. (7) and is entangled with the
observed qT (or θ). More precisely, the helicity-conserving
hard coefficients Cþ and eCþ contain terms proportional to
the product of electric charge of quark and antiquark e1e2,
in which the external observable θ is entangled with the
partons’ momentum fractions x and z. Their convolutions
with GPD H and eH lead to the following type of integrals:

Z
1

−1
dx

ðHþ; eHþÞðx; ξ; tÞ
x − xpðξ; z; θÞ þ iϵ

; ð9Þ

with the x pole away from �ξ and entangled with the
externally measured θ in the form

xpðξ; z; θÞ ¼ ξ

�
cos2ðθ=2Þð1 − zÞ − z
cos2ðθ=2Þð1 − zÞ þ z

�
: ð10Þ

Such contribution arises from Feynman diagrams with
the two photons attached to two different fermion lines,
like the one in Fig. 1(b), so that the momentum flow
through the short-distance gluon contains both x depend-
ence from the GPD (and z dependence from DA) and qT (or
θ) dependence. This special gluon propagator is respon-
sible for the xp form in Eq. (10). Such entanglement
provides enhanced sensitivity to the x dependence of GPDs
from the experimentally measured qT or θ distribution.
With z going from 0 to 1, xp in Eq. (10) goes from ξ to −ξ,
scanning through the whole ERBL region of GPDs. This is
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complementary to the high-qT diphoton production in
single diffractive pion-nucleon scattering, which scans
through the whole DGLAP region of GPDs [15].

The four helicity amplitudes M½eH�
� and fM½H�

� cannot be
distinguished by considering only the unpolarized differ-
ential cross section in Eq. (4), from which the two

amplitudes M½eH�
þ and fM½H�

þ with enhanced x sensitivity
cannot be distinguished. Fortunately, with the capability of
polarizing both the photon beam and hadron target at JLab,
various polarization asymmetries can be constructed as
shown in Eq. (5). The single spin asymmetry, AUT , mixes
the helicity-conserving and flipping amplitudes, and then
depends more on the amplitudes with enhanced x sensi-
tivity, especially on their absolute signs. The double spin
asymmetries, ALL and ALT , provide different combinations
of the GPD H and eH. In particular, ALT is given by the
imaginary parts of the amplitudes, which probe the GPD
values in the ERBL region due to the special x pole at
xpðξ; z; θÞ in Eq. (10).
The unpolarized cross section plus three asymmetries in

Eq. (5) can provide good information to disentangle the
GPDs H and eH. If the hadron can also be transversely
polarized, the associated asymmetry can provide new

information to add constraints on the GPD E and eE, which
is beyond the scope of this Letter.
Numerical results.—The CEBAF at JLab is capable of

delivering intense polarized photon beam to its Hall D to
study the SDHEP in Eq. (1) on various hadron targets,
which can also be polarized. We evaluate the production
rate and various asymmetries in Eq. (5) to demonstrate the
enhanced x sensitivity on extracting GPDs. We take the
Goloskokov-Kroll (GK) model [41–44] as the reference
GPD for H and eH, referred to as H0 and eH0, respectively.
As shown in Fig. 3, we construct additional GPDs Hi andeHi with different x dependence from modifying the
reference u-quark GPD by adding various shadow
GPDs, Siðx; ξÞ or eSiðx; ξÞ, or a shadow D-term Dsðx=ξÞ,
which are constructed (in Supplemental Material [37]) to
give zero contribution to the GPD’s forward limit and
moment in Eq. (8). We fix the pion DA to be its asymptotic
form [45]. In order to focus on the x sensitivity from the qT
(or θ) distribution of this particular process, we neglect
evolution effects of GPDs and fix both renormalization and
factorization scales at 2 GeV.
In Fig. 4, we show the unpolarized differential cross

section in Eq. (4) together with the various asymmetries in
Eq. (5) for π0 production as a function of its polar angle θ in
the SDHEP frame at Eγ ¼ 9 GeV. Since the cos θ depend-

ence of the hard coefficients C− and eC− is multiplicative to
their x and z dependence, they are not visible to the shadow
GPDs. On the other hand, the cos θ dependence of Cþ andeCþ is entangled with their x and z dependence, and
therefore, GPDs with different x dependence lead to
different rate and asymmetries. In particular, the ALT is
sensitive to the imaginary parts of the amplitudes, which
are generated in the ERBL region, and has better sensitivity
to the shadow D-term than the other three observables as
shown in Fig. 4. In general, the oscillation of shadow GPDs
in the DGLAP region causes a big cancellation in their
contribution to the amplitudes, while the sensitivity is more
positively correlated with the GPD magnitude in the ERBL

FIG. 3. Choices of the u-quark GPD models at t ¼ −0.2 GeV2

and ξ ¼ 0.2, by adding shadow GPDs to the GK model.

FIG. 4. Unpolarized rate (a) and polarization asymmetries
(b)–(d) as functions of cos θ at ðt; ξÞ ¼ ð−0.2 GeV2; 0.2Þ, using
different GPD sets as given in Fig. 3. FIG. 5. Same as Fig. 4, but for the pγ → nπþγ process.
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region. The shadow eSi associated with the x dependence of
the polarized GPD eH gives bigger contribution to the

amplitude M½eS�
þ than Si to fM½S�

þ due to charge symmetry
property, so it can be better probed.
For the neutral pion production, we can eliminate terms

proportional to ðe1 − e2Þ2 or ðe21 − e22Þ in the hard coef-
ficients since e1 ¼ e2, which effectively removes a good
number of moment-type terms, giving the maximum
amount of entanglement and the most sensitivity to
GPDs’ x dependence. In Fig. 5, we present the same study
for the pγ → nπþγ process. With different flavor combi-
nation, it provides different x sensitivity. The nγ → pπ−γ
process gives a similar result, but with a smaller production
rate. As demonstrated in Figs. 4 and 5, both the production
rate and asymmetries are sizable and measurable, making
the SDHEP in Eq. (1) uniquely different from DVCS and
others in terms of its enhanced sensitivity for extracting the
x dependence of GPDs.
Summary and outlook.—Extracting the full x depend-

ence of GPDs is very important not only for probing the
tomographic partonic images of hadrons, but also for
predicting and understanding the emergent hadron proper-
ties in terms of various x moments of GPDs. The fact that
the most known processes for extracting GPDs, including
DVCS and DVMP, have only moment-type sensitivity
makes it very difficult to pin down the full x dependence
of GPDs and their flavor dependence due to the possibility
of having an infinite number of shadow GPDs which are
hardly visible to these processes.
In this Letter, we demonstrated quantitatively that the

SDHEP in Eq. (1) is not only accessible by JLab Hall D but
also capable of providing much enhanced sensitivity to the
x dependence of GPDs, as well as the potential to probe the
flavor dependence of GPDs from production rates and
asymmetries involving various mesons. This is possible
because this process has the entanglement of the x flow of
GPDs with the externally observed hard scale [15,16],
which is a critical criterion for searching for new physical
processes to help extract the x dependence of GPDs. Since
multiple GPDs could contribute to the same observables
through convolutions of their x dependence, extracting
GPDs from data is a challenging inverse problem. A global
analysis of multiple processes is necessary for extracting
these nonperturbative and universal GPDs from which we
can picture the spatial distribution of the probability
densities to find quarks and gluons inside a bound hadron.
With the full knowledge of the x, ξ and t dependence of

GPDs, we would be able to not only address how partonic
dynamics impacts the emergent hadronic properties, but
also provide quantitative answers to profound questions,
including what the proton radius is in terms of its transverse
spatial distribution of quarks, rqðxÞ, or gluons, rgðxÞ, how
such radii compare with its electromagnetic charge radius,
and how far from the center of the proton the quarks and
gluons could still be found.
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