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γ�γ → BB̄ is the golden process to access chiral-even di-baryon generalized distribution amplitudes
(GDAs) as deeply virtual Compton scattering has proven to be for the generalized parton distributions. In
the framework of colinear quantum chromodynamics factorization, where the leading twist amplitude is the
convolution of GDAs and a perturbatively calculable coefficient function, we study the scattering
amplitude for the baryonic channels where B is a spin 1=2 baryon such as the nucleon or hyperon Λ, Σ.
Taking into account the interfering quantum electrodynamics amplitude, we calculate the cross section of
the e�γ → e�BB̄ process, which can be experimentally studied in e−eþ as well as in electron-ion facilities.
We explore both the final state polarization summed case and the polarization dependent effects. Numerical
estimates are presented for e−γ → e−pp̄ using motivated models for GDAs. Our results show that a first
extraction of baryon-antibaryon GDAs from experimental measurements is feasible at Belle II.
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I. INTRODUCTION

Generalized distribution amplitudes (GDAs) [1–3] and
the closely related generalized parton distributions (GPDs)
[1,4,5] are hadronic matrix elements of light-cone bilocal
operators that can be used for a hadron tomography [6–9].
Moreover, GDAs and GPDs offer indirect access to
gravitational form factors (GFFs), which in turn enable
us to address the longstanding puzzle of nucleon spin
decomposition [4,10–12] and to explore the mechanical
properties of the hadron [13–26]. GDAs are the s − t
crossed quantities of the hadronic GPDs, and both of them
can be expressed in terms of double distributions (DDs)
[1,5]. The DDs are often used to construct the GPD model
for the extraction of GPDs from experimental measure-
ments. Thus, the study of GDAs can provide us comple-
mentary information on GPDs and vice versa. The second
moments of GDAs give access to the timelike GFFs, from
which the spacelike GFFs can be derived via dispersion
relations.
As most hadrons are not stable, their GPDs are difficult

to probe experimentally. In contrast, the hadronic GDAs
can be studied through hadron pair production, which
enables measurements for both stable and unstable hadrons.

In the reactions γ�γ → hh̄ and γ� → hh̄γ, the momentum
square of the virtual photon is chosen so that it is large
enough to satisfy the quantum chromodynamics (QCD)
collinear factorization criteria. The amplitudes of these
two-photon reactions can then be expressed in terms of the
chiral-even hadronic GDAs, which describe the amplitudes
for qq̄ → hh̄ [2,27–36]. In addition, the authors of Ref. [37]
recently proposed that chiral-odd hadronic GDAs can be
extracted from the production of two meson pairs in eþe−

annihilation. In 2016, the Belle Collaboration reported the
first measurement of the cross section for γ�γ → π0π0 [38],
from which the quark GDAs and GFFs of the pion were
extracted [29]. With data taking recently underway at Belle
II at much higher luminosity, measurements of γ�γ → π0π0

with unprecedented precision are expected in the near
future.
For the production of a baryon-antibaryon pair, the

amplitude of γ� → BB̄γ is expressed in terms of the
baryon-antibaryon GDAs, where the virtual photon can
come from eþe− annihilation, namely, eþe− → γ� → BB̄γ,
and it is accessible at BESIII and the proposed Super Tau-
Charm Facility (STCF) [39]. However, the initial state
radiation process also contributes to eþe− → BB̄γ, and it is
described by the timelike electromagnetic form factors (EM
FFs) of the baryon [36]. Since extensive measurements of
the timelike EM FFs of the baryon octet are already
available [40–56], the baryon-antibaryon GDAs can be
extracted from the future measurements of eþe− → BB̄γ. In
this work, we study the baryon-antibaryon GDAs in the
reaction e�γ → e�BB̄, which can be measured at Belle II,
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the proposed STCF, and electron-ion colliders [57] through
ultraperipheral collisions. We also provide the polarization-
dependent cross section for the final baryon or antibaryon,
since the baryon spin vectors can be determined from their
subsequent decays, such asΛ → Nπ and Σ → Nπ, whereN
denotes a nucleon. The polarization-dependent cross sec-
tion enables the definition of additional spin observables,
from which further information on the GDAs can be
extracted.
This paper is organized as follows. In Sec. II, we

introduce the center-of-mass frame of the baryon-anti-
baryon pair in the process e�γ → e�BB̄ and define the
twist-2 baryon-antibaryon GDAs as well as the baryon EM
FFs. In Sec. III, the hadron tensor of γ�γ → BB̄ is expressed
in terms of the timelike Compton FFs, and we then derive
the corresponding cross sections, including the polarization
of the final-state baryon. Numerical estimates for the cross
sections, based on models of the baryon EM FFs and
GDAs, are presented in Sec. IV. Finally, our main results
are summarized in Sec. V.

II. GENERALIZED DISTRIBUTION
AMPLITUDES IN e�γ → e�BB̄

We consider the production of a baryon-antibaryon pair
in the following exclusive process:

e�ðk1Þγðq2Þ → e�ðk2ÞBðp1; S1ÞB̄ðp2; S2Þ; ð1Þ

where the momenta are indicated in parentheses. We denote
the spin vectors of the baryon and antibaryon as S1 and S2,
respectively, and these spin vectors can be determined from
the subsequent decays of hyperons. To describe this
process, it is convenient to define the following variables:

s ¼ ðk1 þ q2Þ2; ðk1 − k2Þ2 ¼ ðq1Þ2 ¼ −Q2;

ŝ ¼ P2 ¼ ðp1 þ p2Þ2; ðp1Þ2 ¼ ðp2Þ2 ¼ m2; ð2Þ

where m is the baryon mass. We choose two lightcone
vectors n and ñ, with n · ñ ¼ 1, which are built from the
photon momenta q1 and q2, as:

n ¼
ffiffiffi
2

p
Q

Q2 þ ŝ
q2; ñ ¼

ffiffiffi
2

p

Q

�
q1 þ

Q2

Q2 þ ŝ
q2

�
: ð3Þ

Then, the lightcone components vþ ¼ v · n and v− ¼ v · ñ
are defined for a Lorentz vector v.
The final cross sections will be presented in the center-

of-mass frame of the baryon-antibaryon pair, as described
by Fig. 1. We choose a coordinate system with the z-axis
along the momentum q1, and the baryon momenta p1 and
p2 lie in the x − z plane. The polar angle of p1 is denoted as
θ, and φ is the azimuthal angle between the lepton plane
and the hadron plane. These angles can be expressed in
terms of Lorentz invariants,

cos θ ¼ q1 · ðp2 − p1Þ
β0ðq1 · q2Þ

;

sinφ ¼ 4ϵαβγδpα
1p

β
2k

γ
1q

δ
1

β0 sin θ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sQ2ŝðs − ŝ −Q2Þ

p ;

where the convention ϵ0123 ¼ 1 is used, and β0 is the
baryon velocity,

β0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2

ŝ

r
: ð4Þ

Note that the spin vectors S1 and S2 are defined within their
own rest frames, namely x1y1z1 and x2y2z2 in Fig. 1. These
vectors are given by

Sμ1 ¼ ð0; Sx1; Sy1; Sz1Þ;
Sμ2 ¼ ð0; Sx2; Sy2; Sz2Þ:

In e�γ → e�BB̄, theC-even baryon-antibaryon pairs can
be produced in subprocess (a) where the real photon fuses
with the virtual photon emitted by the lepton. The ampli-
tude of this subprocess can be expressed in terms of the
baryon GDAs using the QCD collinear factorization valid
in the generalized Bjorken regime (Q2 ≫ ŝ;Λ2

QCD), as
illustrated by Fig. 2. The baryon GDAs are QCD non-
perturbative quantities that describe the amplitude for the
process qq̄ → BB̄. At the leading-twist level, the amplitudes

FIG. 1. Center-of-mass frame of the baryon-antibaryon pair for
the process e�γ → e�BB̄.

FIG. 2. Feynman diagram for the QCD subprocess (a)
γ�γ → BB̄. The crossed diagram is obtained by interchanging
the photon-quark vertices.
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will be investigated using the twist-2 chiral-even GDAs for a
baryon-antibaryon pair, which are defined as [58]

Pþ
Z

dx−

2π
eizP

þx−hB̄ðp2ÞBðp1Þjq̄ð−x−Þγþqð0Þj0i

¼Φq
Vðz;ζ0; ŝÞūðp1Þγþvðp2ÞþΦq

Sðz;ζ0; ŝÞ
Pþ

2m
ūðp1Þvðp2Þ;

Pþ
Z

dx−

2π
eizP

þx−hB̄ðp2ÞBðp1Þjq̄ð−x−Þγþγ5qð0Þj0i

¼Φq
Aðz;ζ0; ŝÞūðp1Þγþγ5vðp2Þ

þΦq
Pðz;ζ0; ŝÞ

Pþ

2m
ūðp1Þγ5vðp2Þ; ð5Þ

where the lightcone gauge is used, and we omit to write the
factorization scale dependence of the GDAs. In Eq. (5), z is
the momentum fraction carried by the quark, and the
skewness parameter ζ0 is given by

ζ0 ¼
Δ · n
P · n

; ð6Þ

with Δ ¼ p2 − p1. This parameter is related to the baryon
polar angle by ζ0 ¼ −β0 cos θ.
The C-odd baryon-antibaryon pairs may originate from a

virtual photon emitted by the lepton, which is denoted as
subprocess (b) in Fig. 3. The amplitude of this subprocess
can be written as the timelike baryon EM FFs,

hB̄ðp2ÞBðp1Þjq̄ð0Þγμqð0Þj0i

¼ Fq
VðŝÞūðp1Þγμvðp2Þ þ Fq

SðŝÞ
Δμ

2m
ūðp1Þvðp2Þ; ð7Þ

and these FFs are also related to the first moments of
baryon GDAs [58]. In the literature, the electric and
magnetic FFs GE and GM are commonly used, and they
can be obtained from a linear combination of Fq

VðŝÞ and
Fq
SðŝÞ,

GEðŝÞ ¼
X
q

eq½Fq
VðŝÞ þ ðτ − 1ÞFq

SðŝÞ�;

GMðŝÞ ¼
X
q

eqF
q
VðŝÞ; ð8Þ

with τ ¼ ŝ=ð4m2Þ.

III. SCATTERING AMPLITUDES AND
CROSS SECTIONS

A. Hadron tensor

In subprocess (a), C-even baryon-antibaryon pairs are
produced, and the corresponding helicity amplitude can be
written as

Aλ1λ2 ¼ ϵμ1ðλ1ÞTμνϵ
ν
2ðλ2Þ; ð9Þ

where λ1 and λ2 denote the helicities of the virtual and real
photons, respectively. The hadron tensor Tμν is defined by
the matrix element of the time-ordered product of two EM
currents,

Tμν ¼ i
Z

d4xe−iq1·xhB̄ðp2ÞBðp1ÞjTfjemμ ðxÞjemν ð0Þgj0i:

ð10Þ

At the leading twist, the hadron tensor is expressed in terms
of four timelike Compton FFs F i,

Tμν¼−
ffiffiffi
2

p

Q

�
gμνT

�
ζ0FVūðp1Þγþvðp2ÞþF S

Pþ

2m
ūðp1Þvðp2Þ

�

−iϵμνT

�
FAūðp1Þγþγ5vðp2ÞþFP

Pþ

2m
ūðp1Þγ5vðp2Þ

��
;

ð11Þ
and these FFs are given at leading order in αs by

ζ0FV ¼
X
q

e2q
2

Z
1

0

dz
2z − 1

zz̄
Φq

Vðz; ζ0; ŝÞ;

F S ¼
X
q

e2q
2

Z
1

0

dz
2z − 1

zz̄
Φq

Sðz; ζ0; ŝÞ;

F i ¼
X
q

e2q
2

Z
1

0

dz
1

zz̄
Φq

i ðz; ζ0; ŝÞ for i ¼ A;P; ð12Þ

where we introduce the notation z̄≡ 1 − z. In Eq. (11), gμνT
and ϵμνT are transverse tensors,

gαβT ¼ gαβ − nαñβ − nβñα;

ϵμνT ¼ ϵμναβñαnβ:

The hadron tensor Tμν written above represents the
leading-twist contribution at the zeroth order in αs.

FIG. 3. Feynman diagram for the bremsstrahlung subprocess
(b) where the photon-baryon-antibaryon coupling is described by
the timelike baryon EM FFs. The crossed diagram is obtained by
interchanging the photon-lepton vertices.
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When contracted with the polarization vectors of trans-
versely polarized photons, it leads to the leading-twist
amplitudes without a helicity flip. However, the longi-
tudinal virtual photon will contribute to the amplitude if
one includes the higher-twist corrections [30]. At the
higher order of αs, the gluon GDAs also contribute, and
the transversity gluon GDAs introduce the third transverse
tensor [59] τμν;ρσT ¼ ðgμρT gνσT þ gμσT gνρT − gμνT gρσT Þ=2, corre-
sponding to amplitudes with a two-unit photon helic-
ity flip.
Equation (11) corresponds to the timelike counter-

part of the hadron tensor in deeply virtual compton
scattering (DVCS), in which the spacelike Compton
FFs are expressed in terms of GPDs. It has been
shown that the extraction of GPDs from DVCS data is
an inconclusive endeavor since so-called “shadow
GPDs” yield vanishing contributions to the spacelike
Compton FFs, a feature commonly referred to as the
deconvolution problem [60]. In contrast, GDAs are
expanded in Gegenbauer (CðiÞ

n ð2z − 1Þ) and Legendre
(Plðζ0Þ) polynomials according to their evolution
equations [3,27]. Deconvoluting the z-dependence of
GDAs therefore does not suffer from the same ambi-
guities as deconvoluting the x-dependence of GPDs.
Moreover, the angular distribution of the baryon-
antibaryon pair in the final state provides direct access
to the ζ0-dependence and, albeit indirectly, to the
z-dependence of the GDAs.

B. Unpolarized cross section

We sum only over the two polarization states of the
antibaryon, and the resulting cross section consists of two
components,

dσðS1Þ
dŝdQ2dðcos θÞdφ ¼ 1

2

dσ̄
dŝdQ2dðcos θÞdφ

þ dσ̂ðS1Þ
dŝdQ2dðcos θÞdφ : ð13Þ

The first term represents the unpolarized cross section,
which remains after summing over the polarization states of
the baryon. The second term depends on the baryon spin
vector S1 and corresponds to the single-spin correlation.

We introduce a few dimensionless parameters to describe
the cross sections for e�γ → e�BB̄,

ϵ ¼ 1 − y

1 − yþ y2

2

; y ¼ q1 · q2
k1 · q2

;

x ¼ Q2

Q2 þ ŝ
; λ ¼ 1

ðβ0Þ2
: ð14Þ

Given that the cross sections become very cumbersome,
particularly when baryon polarizations are included, it is
convenient to define some coefficients expressed in terms
of ϵ and x,

ω1¼ 1−2xð1−xÞð1−ϵÞ;
ω5¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵð1þ ϵÞ

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2xð1−xÞ

p
ð2x−1Þ;

ω2¼ 1−2xð1−xÞð1þ ϵÞ; ω6¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵð1þ ϵÞ

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2xð1−xÞ

p
;

ω3¼ 2ϵxð1−xÞ; ω7¼ 1− ð1−xÞð1− ϵÞ;
ω4¼ 1−2xð1−xÞ; ω8¼ 1− ð1−xÞð1þ ϵÞ: ð15Þ

We first calculate the unpolarized cross sections, and
the contribution of subprocess (a) to the differential
cross section is obtained using the hadron tensor of
Eq. (11),

dσ̄G
dŝdQ2dðcosθÞdφ¼ α3emβ0

8πs2Q2

1

1− ϵ
fjFAj2 − jF Sj2

þ 2ReðFAF �
PÞ þ

ŝ
4m2

ðjFPj2 þ jF Sj2Þ
þ ðβ0Þ2 cos2 θ½jFV j2 þ 2ReðF SF �

VÞ
− jFAj2�− ðβ0Þ4 cos4 θjFV j2g; ð16Þ

where the four twist-2 GDAs appear in the timelike
Compton FFs, and this GDA contribution is indepen-
dent on the azimuthal angle φ. It is straightforward to
calculate the contribution of the bremsstrahlung sub-
process (b), which is described by the timelike baryon
EM FFs of Eq. (8),

dσ̄B
dŝdQ2dðcos θÞdφ ¼ α3emβ

3
0

4πs2
1

ϵŝ
fω1ð2λ − 1ÞjGMj2 þ ½ω2jGMj2 þ 2ω3ðλ − 1ÞðjGEj2 − jGMj2Þ� cos2 θ

þ ½ω3jGMj2 þ ω4ðλ − 1ÞðjGEj2 − jGMj2Þ� sin2 θ þ ω5½ðλ − 1ÞjGEj2 − λjGMj2�
× sin ð2θÞ cosφ − ω3½ðλ − 1ÞjGEj2 − λjGMj2� sin2 θ cos ð2φÞg; ð17Þ

and the dependence on the azimuthal angle appears in this contribution. Then, the interference contribution of the
two amplitudes of subprocesses (a) and (b) is written as
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dσ̄I
dŝdQ2dðcos θÞdφ ¼ el

α3emβ0
8πs2

ffiffiffi
2

p
β0

Q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ŝϵð1 − ϵÞp f2ω6½ReðG�

MFVÞ þ ReðG�
EF SÞ� cos θ − 2ðβ0Þ2ω6½λReðG�

MFVÞ

−ðλ − 1ÞReðG�
EFVÞ� cos3 θ þ 2½ω7ReðG�

MFAÞ þ ω8ReðG�
EF SÞ� sin θ cosφ

− ðβ0Þ2ω8½λReðG�
MFVÞ − ðλ − 1ÞReðG�

EFVÞ� sin ð2θÞ cos θ cosφg; ð18Þ

where el is the charge of the lepton e�. After integration over the azimuthal angle, the differential cross sections are
expressed as

dσ̄G
dŝdQ2dðcos θÞ ¼

α3emβ0
4s2Q2

1

1 − ϵ
fjFAj2 − jF Sj2 þ 2ReðFAF �

PÞ þ
ŝ

4m2
ðjFPj2 þ jF Sj2Þ

þ ðβ0Þ2 cos2 θ½jFV j2 þ 2ReðF SF �
VÞ − jFAj2� − ðβ0Þ4 cos4 θjFV j2g;

dσ̄B
dŝdQ2dðcos θÞ ¼

α3emβ
3
0

2s2
1

ϵŝ
fω1ð2λ − 1ÞjGMj2 þ ½ω2jGMj2 þ 2ω3ðλ − 1ÞðjGEj2 − jGMj2Þ� cos2 θ

þ ½ω3jGMj2 þ ω4ðλ − 1ÞðjGEj2 − jGMj2Þ� sin2 θg;
dσ̄I

dŝdQ2dðcos θÞ ¼ el
α3emβ0
4s2

ffiffiffi
2

p
β0

Q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ŝϵð1 − ϵÞp f2ω6½ReðG�

MFVÞ þ ReðG�
EF SÞ� cos θ

− 2ðβ0Þ2ω6½λReðG�
MFVÞ−ðλ − 1ÞReðG�

EFVÞ� cos3 θg: ð19Þ

In the cross sections, the physical quantities we are interested in are the baryon GDAs, which only exist in Eqs. (16) and
(18). If we take the difference of the cross sections in the processes e−γ → e−BB̄ and eþγ → eþBB̄, only the interference
term will remain. Thus, we can employ the lepton charge asymmetry to extract the GDAs from the interference term, in
close analogy to the deeply virtual Compton scattering. In addition, one can make use of the exchange of ðθ;φÞ →
ðπ − θ; π þ φÞ in the cross sections. The charge conjugation of the baryon-antibaryon pairs differs between subprocesses (a)
and (b). Consequently, Eqs. (16) and (17) remain unchanged under this exchange, whereas Eq. (18) changes sign. We can
define a asymmetry as

Āðθ;φÞ ¼
dσ̄ðθ;φÞ
d cos θdφ −

dσ̄ðπ−θ;φþπÞ
d cos θdφ

dσ̄ðθ;φÞ
d cos θdφ þ dσ̄ðπ−θ;φþπÞ

d cos θdφ

; ð20Þ

and only the interference contribution survives in the numerator. Furthermore, a forward-backward asymmetry may be
defined by integrating the azimuthal angle φ from π=2 to 3π=2 and subtracting the integral over the complementary region,

ĀFBðθÞ ¼
R 3π=2
π=2 dφ dσ̄ðθ;φÞ

d cos θdφ −
R
2π
3π=2 dφ

dσ̄ðπ−θ;φÞ
d cos θdφ −

R π=2
0 dφ dσ̄ðπ−θ;φÞ

d cos θdφR 3π=2
π=2 dφ dσ̄ðθ;φÞ

d cos θdφ þ
R
2π
3π=2 dφ

dσ̄ðπ−θ;φÞ
d cos θdφ þ R π=2

0 dφ dσ̄ðπ−θ;φÞ
d cos θdφ

: ð21Þ

The numerator of ĀFB is denoted as
R
Δφ dφ

dΔσ̄ðθ;φÞ
d cos θdφ, which is expressed as

dσ̄FB
dŝdQ2dðcos θÞ ¼

Z
Δφ

dφ
dΔσ̄ðθ;φÞ
d cos θdφ

¼ el
α3emβ0
2πs2

ffiffiffi
2

p
β0

Q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ŝϵð1 − ϵÞp fπω6½ReðG�

MFVÞ þ ReðG�
EF SÞ� cos θ − πðβ0Þ2ω6½λReðG�

MFVÞ

−ðλ − 1ÞReðG�
EFVÞ� cos3 θ − 2½ω7ReðG�

MFAÞ þ ω8ReðG�
EF SÞ� sin θ

þ ðβ0Þ2ω8½λReðG�
MFVÞ − ðλ − 1ÞReðG�

EFVÞ� sin ð2θÞ cos θg: ð22Þ

This yields a new observable for accessing the baryon GDAs from the interference term.
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C. Single-spin correlation

We now present the single-spin correlation for
e�γ → e�BB̄. The pure QCD contribution is written as
the timelike Compton FFs,

dσ̂GðS1Þ
dŝdQ2dðcos θÞdφ ¼ α3emβ

2
0

32πs2Q2ð1 − ϵÞ

×

ffiffiffî
s

p

m
½−β0 sinð2θÞ ImðFVF �

SÞ
þ 2 sin θ ImðFAF �

PÞ�Sy1: ð23Þ

In contrast, its counterpart, Eq. (16), probes the real parts of
the products of two Compton FFs F iF �

j , while, by
including baryon polarizations, we gain access to their
imaginary parts. This provides complementary information
to the unpolarized cross sections. In addition, we can also

sum over the two polarization states of the baryon and
obtain the single-spin correlation that is dependent on the
spin vector S2 of the antibaryon using the following
replacements,

ðθ;φÞ → ðπ − θ; π þ φÞ;
ðSx1; Sy1; Sz1Þ → ð−Sx2;−Sy2; Sz2Þ: ð24Þ

Then, the second term in Eq. (23) changes sign for the S2
case, whereas the sign of the first term remains unchanged.
Thus, one can infer that the spin vector of the baryon or
antibaryon is always perpendicular to the hadron plane, as
illustrated in Fig. 1. The first term in Eq. (23) induces a
parallel alignment between the spin vectors of the produced
baryon and antibaryon, while the second term leads to an
antiparallel alignment.

The contribution of the bremsstrahlung subprocess to the differential cross section is expressed as

dσ̂BðS1Þ
dŝdQ2dðcos θÞdφ ¼ α3emβ0

4πs2ϵŝ
mffiffiffî
s

p ImðGMG�
EÞf2½ω3 sin θ sinð2φÞ − ω5 cos θ sinφ�Sx1

þ ½ω2 sinð2θÞ þ 2ω5 cosð2θÞ cosφ − 2ω3 sinð2θÞ cos2 φ�Sy1g; ð25Þ

where the coefficients ωi are defined by Eq. (15). Similarly, we can obtain the single-spin correlation for the S2 case using
the replacements in Eq. (24). The spin vector of the baryon (or antibaryon) lies entirely within the x − y plane of its rest
frame. Finally, we calculate the interference contribution of subprocesses (a) and (b),

dσ̂IðS1Þ
dŝdQ2dðcos θÞdφ ¼ elα3emβ0

8πs2Q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ŝϵð1 − ϵÞp

��
β0

�
ω8 ImðG�

MF SÞ sinφþ ω8

4m2

ŝ
ImðG�

MFVÞcos2θ sinφ

þ ω7

4m2

ŝ
ImðG�

EFAÞsin2θ sinφ
�
þ ω7 Im

�
G�

M

�
FP þ 4m2

ŝ
FA

��
cos θ sinφ

� ffiffiffî
s

p

m
Sx1

þ
�
β0

�
ω6 ImðG�

MF SÞ sin θ − ω8 Im
�
G�

M

�
F S þ

4m2

ŝ
FV

��
cos θ cosφþ ω6

2m2

ŝ

× ImððG�
M −G�

EÞFVÞ sinð2θÞ cos θ þ ω8

2m2

ŝ
ImððG�

M −G�
EÞFVÞ sinð2θÞ sin θ cosφ

�

− ω7 Im

�
G�

M

�
FP þ 4m2

ŝ
FA

��
cosφ

� ffiffiffî
s

p

m
Sy1 þ

�
2ω7 Im

�
G�

E

�
FP þ 4m2

ŝ
FA

��
sin θ sinφ

− β0ðω7 ImðG�
MFAÞ − ω8 ImðG�

MFVÞÞ sinð2θÞ sinφ
�
Sz1

�
: ð26Þ

To obtain the counterpart of Eq. (26), which depends on S2,
an additional minus sign must be included following the
replacements in Eq. (24). The interference term shows that
the produced baryon or antibaryon can be polarized along
the z-axis of its rest frame, which does not exist in Eqs. (23)
and (25).

IV. NUMERICAL ESTIMATES OF THE CROSS
SECTIONS

In this section, we present numerical estimates for
e�γ → e�pp̄ cross sections and asymmetries, using mod-
els of the proton EM FFs based on experimental
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information and a simple but motivated model for proton
GDAs derived in our former work [36]. This will provide
guidance for future experimental measurements that will
ultimately lead to more realistic models of GDAs.
Much experimental information exists on the modulus of

the proton EM FFs on the spacelike and timelike regions
[61–75]. As discussed in [36], we neglect the unknown
phases of the FFs and use a two component description [69]
that fits experimental data in a satisfactory way. In this
work, we do not repeat the parametrization of proton EM
FFs, as the details can be found in Refs. [36,69].
Our model [36] for the nucleon-antinucleon GDAs is

based on an analogy with the measured ππ GDAs and the
decomposition coming from the evolution equations
(which are the same for both GDAs). The phases of the
NN̄ GDAs are unknown, and we neglect their effects, while
the moduli are constrained by the sum rules which relate
them to the quark momentum content of the hadron (the Rq

measuring the ratio of momentum carried by quark q in the
hadron, as measured in deep inelastic scattering). This
allows us to estimate the proton Compton FFs F S and
FV as

F S ¼
X
q

e2q
2

Z
1

0

dz
2z − 1

zz̄
Φq

NN̄ðz; ζ0; ŝÞ;

ζ0FV ¼ F S cos θ; ð27Þ

with

Φq
NN̄ðz; cos θ; ŝÞ ¼

3ð2αþ 3Þ
5Bðαþ 1; αþ 1Þ z

αð1 − zÞαð2z − 1Þ

× ½B̃q
10ðŝÞ þ B̃q

12ðŝÞP2ðcos θÞ�; ð28Þ

where α ¼ 1.157 is obtained from fits to ππ experimental
data and is very close to the asymptotic prediction α ¼ 1.
Bða; bÞ are Euler’s beta functions. In our simple model, we
neglect the imaginary phases for the complex functions B̃nl
and write,

B̃q
10ðŝÞ ¼ −

10Rq

9

�
1þ 2m2

ŝ

�
FqðŝÞ;

B̃q
12ðŝÞ ¼

10Rq

9

�
1 −

4m2

ŝ

�
FqðŝÞ; ð29Þ

where Ru ¼ 1=3, Rd ¼ 1=6, and m is the proton mass
instead of the pion mass. FqðŝÞ is the monopole FF,

FqðŝÞ ¼
1

½1þ ðŝ − 4m2Þ=Λ2� ; ð30Þ

where Λ ¼ 1.928 GeV is the cut-off parameter. We also
neglect resonance contributions in the GDAs, which are
expected to play an important role in the resonance regions.
The Compton FFs FA and FP are related to the axial-
vector GDAs Φq

A and Φq
P, respectively. Since no studies on

the axial-vector GDAs are currently available, we assume
that FA and FP are proportional to the axial charge,

FA ¼ FP ¼ gAF S; ð31Þ

with

gA ¼ euguA þ edgdA: ð32Þ

In this work, we adopt guA ¼ 0.832 and gdA ¼ −0.417 for the
axial charges [76].
In our numerical estimates, the kinematics are chosen

according to Belle II for e−γ → e−pp̄. We use the differ-
ential cross sections after integration over the azimuthal
angle, which are given in Eqs. (19) and (22). In Fig. 4, the
cross section of the bremsstrahlung process is shown
using the model for the proton EM FFs. In the left panel,
we setQ2 ¼ 30 GeV2 and take s ¼ 40 GeV2 and 50 GeV2

as typical values, where the black (magenta) curves
correspond to cos θ ¼ 0.2 (0.6). The invariant mass
of the proton-antiproton pair is chosen within the range
2.0 GeV < W ¼ ffiffiffî

s
p

< 2.7 GeV. The bremsstrahlung

FIG. 4. Differential cross section of the bremsstrahlung process in e−γ → e−pp̄.
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cross section shows a weak dependence on the polar angle
cos θ. In the right panel of Fig. 4, we reduce Q2 from
30 GeV2 to 15 GeV2, where s ¼ 30 GeV2 and 40 GeV2

are used, and the red (blue) curves correspond to cos θ ¼
0.2 (0.6). The bremsstrahlung contribution varies signifi-
cantly when comparing the results at Q2 ¼ 15 GeV2 and
Q2 ¼ 30 GeV2 in Fig. 4 for fixed s ¼ 40 GeV2. This
variation originates from the parameter ϵ. For instance,
we have ϵ ¼ 0.81 at W ¼ 2.1 GeV, Q2 ¼ 15 GeV2, and
s ¼ 40 GeV2, while increasingQ2 to 30 GeV2 reduces ϵ to
0.27. Consequently, according to Eq. (19), the correspond-
ing cross section becomes about three times larger, in
agreement with the behavior observed in Fig. 4. Note that
our predictions of the bremsstrahlung contribution can be
considered as accurate estimates, since only the modulus of
the timelike proton electric and magnetic FFs are used as
inputs, which have been well constrained by experiment.
The differential cross section of the pure QCD process is

depicted in Fig. 5, where the model of proton-antiproton
GDAs is used. The same conventions are adopted as Fig. 4,
and we choose Q2 ¼ 30 GeV2 and 15 GeV2 in the right
and left panels, respectively. Compared with the brems-
strahlung contribution shown in Fig. 4, the GDA contri-
bution to the process e−γ → e−pp̄ is smaller at
Q2 ¼ 30 GeV2. However, the GDA contribution increases
significantly when Q2 decreases from 30 GeV2 to
15 GeV2. This enhancement arises from the prefactor
1=½Q2ð1 − ϵÞ� in Eq. (19). As Q2 changes from 30 GeV2

to 15 GeV2 with fixed W ¼ 2.1 GeV and s ¼ 40 GeV2,
this factor increases by approximately an order of magni-
tude, which is consistent with our numerical results for the
GDA contribution. Thus, we can find a kinematical region
where the GDA contribution may be larger than the
bremsstrahlung contribution, which should be helpful for
the extraction of the baryon GDAs.
For the interference term of two subprocesses, we use

Eq. (22) instead of Eq. (19) for numerical estimates since
more GDAs can be extracted from the angular dependence
in this forward-backward asymmetry. The differential cross

section of Eq. (22) is depicted in Fig. 6. In the top panel, we
take cos θ ¼ �0.2 (�0.6) for the black (magenta) curves,
with Q2 ¼ 30 GeV2 fixed. The solid and dashed lines
correspond to s ¼ 40 GeV2 and s ¼ 50 GeV2, respec-
tively. The magnitude of the interference term is compa-
rable to that of the pure QCD contribution at
Q2 ¼ 30 GeV2, as shown in Fig. 5. In the bottom panel,
s ¼ 30 GeV2 (40 GeV2) is fixed for the dashed (solid)
curves at Q2 ¼ 15 GeV2, with the red and blue curves
corresponding to cos θ ¼ �0.2 and cos θ ¼ �0.6, respec-
tively. An enhancement of the interference term is observed
when Q2 decreases from 30 GeV2 to 15 GeV2, which also
arises from the prefactor in Eq. (22). Our numerical results
can only be regarded as order-of-magnitude estimates for
the interference term and the pure QCD contribution, since
the proton-antiproton GDAs are poorly known. Further
theoretical studies of GDAs are necessary to obtain precise
predictions, and precise experimental analysis of the
reaction is mostly needed.
After integrating over the azimuthal angle, one can see

that the dependence on Sx1 and Sz1 disappears in the single-
spin correlation. Thus, the y-axis is chosen as the polari-
zation direction in the rest frame of the baryon. We can
express the spin vector of the spin-up baryon as

Sμ1↑ ¼ ð0; 0; 1; 0Þ ð33Þ

and Sμ1↓ ¼ −Sμ1↑ for the spin-down state. The cross sections
for the production of spin-up and spin-down baryons are
given respectively by

dσðS1↑Þ ¼
1

2
dσ̄ þ dσ̂ðS1↑Þ;

dσðS1↓Þ ¼
1

2
dσ̄ − dσ̂ðS1↑Þ: ð34Þ

To see the polarization effect, one can define the following
ratio using the cross sections derived in Sec. III,

FIG. 5. Differential cross section of the pure QCD contribution in e−γ → e−pp̄.
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RðS1↑Þ ¼
�

dσ̂ðS1↑Þ
dŝdQ2dðcos θÞ

�
=

�
1

2

dσ̄
dŝdQ2dðcos θÞ

�
: ð35Þ

The single-spin correlation dσ̂ is proportional to the terms
Im ðFiF�

jÞ, where Fi represents a EM FF or Compton FF, as
indicated by Eqs. (23), (25), and (26). However, the phases
of these FFs, Fi ¼ jFijeiδi , are still unknown, and there is
no reason to assume they vanish. In this work, we show the

maximal single-spin correlation by setting all sinðδi −
δjÞ ¼ 1 in Im ðFiF�

jÞ. The numerical estimate of the ratio
RðS1↑Þ is shown in Fig. 7, based on models of the proton
EM FFs and Compton FFs. We choose typical values for s
and Q2 according to the kinematics of Belle II. The colors
the of curves indicate the different cos θ, with the same
conventions as Fig. 4. We can infer that the polarization
effect is sizable in the cross section.

FIG. 6. Cross section difference Eq. (22) allows measurement of the interference term of e−γ → e−pp̄. It depends on the invariant
mass of the proton-antiproton pair and on the polar angle θ of the nucleon.

FIG. 7. Estimate of ratio RðS1↑Þ in e−γ → e−pp̄ using models of the proton EM FFs and Compton FFs.
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V. SUMMARY

Hadronic GPDs and GDAs are three-dimensional func-
tions that characterize the internal structure of hadrons. The
second moments of GPDs and GDAs give rise to the GFFs
of hadrons in the spacelike and timelike regions, respec-
tively, which reveal key information about hadron structure.
As most hadrons are not stable, it is difficult to access their
GPDs using exclusive processes. However, hadronic GDAs
probed through hadron-pair production processes such as
γ�γ → BB̄ and γ� → BB̄γ provide access not only to
nucleons but also to unstable baryons such as Λ and Σ.
Recently, the Belle Collaboration reported the cross

section for γ�γ → π0π0, where the photons are emitted
from the e� beams [38]. The pion GFFs were subsequently
extracted from these experimental data for the first time
[29]. In this work, we extend the GDA study to a spin-1=2
baryon-antibaryon pair, namely, e�γ → e�BB̄, which can
be measured at Belle II, the proposed STCF, and electron-
ion colliders. In this process, the baryon GDAs are involved
in the two-photon fusion subprocess with the C-even
baryon-antibaryon pairs. In addition, there is the brems-
strahlung subprocess, and the C-odd baryon-antibaryon
pairs are produced. We calculate the theoretical cross
sections for e�γ → e�BB̄. The interference contribution
of two subprocesses can be extracted using the lepton
charge asymmetry, which are expressed in terms of the

baryon GDAs and EM FFs. Since one can determine the
spin vectors of baryons from their decays, such as Λ → Nπ
and Σ → Nπ, we also include the spin vector of the baryon
(or antibaryon) and define the single-spin correlation, from
which additional information on the baryon GDAs can be
probed. We use motivated models of EM FFs and GDAs
to present the numerical estimates for the process
e−γ → e−pp̄, where the kinematics are chosen according
to the Belle II experiment. Our results show that we can
find a kinematical region where the GDA contribution may
dominate the cross section, which can be used for the
experimental measurements of this process. Our study thus
provides useful guidance for the future extraction of baryon
GDAs at Belle II.
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