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Baryon-antibaryon generalized distribution amplitudes (GDAs) give an access to timelike gravitational
form factors (GFFs), which are complementary to the spacelike ones, which can be deduced from the
hadronic generalized parton distributions (GPDs) measured in deep exclusive electroproduction processes.
They allow to probe the GFFs of unstable baryons in the baryon octet, since the second moments of
hadronic GDAs lead to the timelike GFFs. These GDAs can be measured in the process ete~ — BBy, in
the generalized Bjorken regime where the invariant mass of the BB pair is near threshold at high energy
facilities, such as BESIII, Belle II, and the proposed Super Tau-Charm Facility. In this work, we investigate
this process using the QCD collinear factorization framework, where the scattering amplitudes are
expressed in terms of the baryon timelike electromagnetic (EM) FFs and Compton FFs. We also provide a
numerical estimate of the cross sections with a model for baryon-antibaryon GDAs. Our work provides us a
possibility to extract the timelike baryon GFFs from near future experimental measurements, and these
GFFs may be further used to study longstanding questions in hadronic physics such as the baryon spin

decomposition and D-term.
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I. INTRODUCTION

The hadronic matrix elements of the energy-momentum
tensor (EMT) are key physical quantities that reveal the
inner structures of hadrons, and they are parameterized in
terms of EMT form factors (FFs), which are also known as
gravitational FFs (GFFs) in the literature. The study of
GFFs is related to currently hot topics in hadronic physics,
such as spin decomposition [1-3], mass radius [4-9], and
mechanical properties of the hadron [10-18]. It is impos-
sible to directly probe the EMT FFs by experiment as the
gravitational interaction is too week. Fortunately, the
generalized parton distributions (GPDs) of the nucleon
can be accessed by the exclusive processes such as deeply
virtual Compton scattering (DVCS) and timelike Compton
scattering (TCS), where only electromagnetic (EM) and
strong interactions are involved. The second moments
of hadronic GPDs are the spacelike EMT FFs, and the
study of GPDs is considered as an alternative to probe the
GFFs. Thus, accessing hadronic GPDs with unprecedented
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precision is a top scientific priority for the forthcoming
Electron-Ion Collider (EIC).

It is well known that most hadrons are not stable, and we
cannot access their GPDs by exclusive proces.ses.1 For
example, only the nucleon GPDs can be probed at existing
or future lepton-nucleon facilities in the baryon octet and
decuplet families. Transition GPDs like N - Aor N - N*
enter the description of electroproduction amplitudes such
as DVCS with N — A [23] or N — N* baryon transition
(see the review [24] and references therein). They allow but
a first step in the study of unstable baryons.

However, one can investigate the generalized distribution
amplitudes (GDAs) of unstable hadrons through the pro-
duction of a hadron-antihadron pair such as y*y — hh
[5,25-31] and y* — hhy [32-34], where the hh GDAs
describe the amplitude of ¢g — hi under the QCD
factorization. The second moments of GDAs allow us to
access the timelike GFFs, and the spacelike GFFs can be
deduced from the timelike ones using dispersion relation
techniques. Thus, a complete picture of GFFs may be
obtained from the study of the hadronic GDAs. For the
production of a pseudoscalar meson pair, recent measure-
ments of the cross sections for y*y — MM and y* — MMy
have been reported by the Belle [35,36] and BABAR [37]
collaborations, respectively. The dipion GDA and the pion

'"The 7 meson case is an exception thanks to the study of
Sullivan processes [19-22].
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GFFs were extracted from a theoretical analysis of Belle
results [5].

We can extend the study of GDAs to the production of a
baryon-antibaryon pair, and the amplitude of this process is
expressed in terms of baryon-antibaryon GDAs. To satisfy
the QCD factorization criteria [25], the photon virtuality
needs to be much larger than the invariant mass of the baryon
pair. The measurements of the reactions y* — BBy are
possible at BESIII, Belle II, and the proposed Super Tau-
Charm Facility (STCF) [38], where the virtual photon comes
from a e"e” annihilation. Since the real photon can be
emitted from the initial lepton in e*e~ — BBy, one also
needs to consider the contribution of the initial state
radiation (ISR) process in the extraction of baryon GDAs;
the ISR contribution is described by the baryon EM FFs,
similarly to the Bethe-Heitler process in the DVCS reaction.
Recently, extensive experimental measurements have been
reported on the timelike EM FFs of the baryon octet, such
as nucleons [39-45], A [46-48], Z [49-53], and E [54,55].
The subsequent theoretical analysis of these measurements
can be found in Refs. [56—65]. Thus, the time has come to
investigate the baryon-antibaryon GDAs in e*e~ — BBy
with the baryon EM FFs as inputs. Actually, the process
ete” — BBy has frequently been used for the recent
measurements of baryon EM FFs [41,45,48,51,52]. In this
work, we investigate the baryon-antibaryon GDAs for the
process ete™ — BBy using QCD factorization, and theo-
retical formulas and numerical estimates are presented at
leading twist and leading order in «;.

The present paper is organized as follows. In Sec. II, we
discuss the kinematics of e*e~ — BBy, and introduce the
definition of the four leading-twist chiral-even® baryon-
antibaryon GDAs. The relations between GDAs and time-
like FFs are discussed in Sec. III. The scattering amplitudes
for the ISR and QCD processes are given, respectively, in
terms of timelike EM baryon FFs and Compton FFs in
Sec. IV. We introduce the models of EM FFs and baryon
GDAs in Sec. V, and derive numerical estimates for the
various contributions to the cross section for the production
of a proton-antiproton pair. In Sec. VI we calculate and
discuss a forward-backward baryon asymmetry which is
proportional to the interference of the ISR and QCD
amplitudes, and is thus linear in baryon-antibaryon
GDAs. Our results are summarized in Sec. VIL

II. GENERALIZED DISTRIBUTION
AMPLITUDES IN e*e~ — BBy

The baryon GDAs were first proposed to study the
process yy — BB at large energy and momentum transfer
[66] as well as the reversed process [67], in a simplified
handbag model; these cross sections were expressed in

*The four existing chiral-odd baryon-antibaryon GDAs do not
contribute to our process.

terms of the first moments of GDAs. In addition, the meson
GDAs can be probed in the process y* — MMy, where
virtual photon comes from the e~e™ annihilation, and its
virtuality is large enough to satisfy the QCD factorization
[32]. In this work, we extend this process to the production
of a baryon-antibaryon pair,

e (ky)et (ko) = v*(q1) = B(p1)B(p2)r(q2). (1)
We define the following variables,

u= (k- 612)2»
A=p,—p. (2)

(@1)* = (ki + k)2,
§=P=(pi+p)*

©u
I

The lightcone vectors n and 7 are given by the photon
momenta ¢g; and ¢,,

V2s i

2 s
gy, fi= \/:<QI - qu>- (3)
sS—5 S N

For a Lorentz vector v, the lightcone components v+ =
v-n and v~ = v - n are defined, and the transverse com-
ponent is given by

v = g7 v, )
with
TR g

g

The parameter {, corresponds to the light-cone fraction of
the momentum A,

_A-n

é’O_P-n’

(6)

and one can obtain A} = ¢'AA, =4m* — (1 -3)3,
where m is the baryon mass.

In the center-of-mass frame of the baryon—antibaryon
pair, the z axis is chosen along the momentum ¢, and the
momenta of the baryon pair lie in the x-z plane, as
illustrated by Fig. 1. The polar angle of p; is denoted as 6,

p1 = (P).|p1]sin6,0, |py|cosb), (7)

and it can be expressed as

q1- (P2 — p1)
0=—-———- 8
cos ﬂO(QI'QZ) ( )
with
4 2
fo=1/1-. (9)

N
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FIG. 1. The Center-of-mass frame of the baryon-antibaryon pair
for the process e~ (k;)e™ (k2) = 7"(q1) = B(p1)B(p2)r(42)-

Combining Egs. (6) and (7), we obtain the relation
Lo = Pocos@. The azimuthal angle ¢ between the lepton
plane and the hadron plane is given by

—de a b %
sin(p _ ' aprsd192P1%1 , (10)
Posin@/uss(8 —u—s)
where the convention €23 = 1 is used.

Two types of subprocesses contribute to the reaction
e"et — BBy, and we can distinguish them by the charge
conjugation C of the baryon-antibaryon pair. The C-even
baryon pair comes from the subprocess (a): e"et —
y* = BBy. At leading order in a,, the amplitude of
subprocess (a) can be factorized into the hard part y* —
qqy and the soft part g — BB using the QCD factorization
as illustrated by Fig. 2, and the soft part is parameterized by
the baryon GDA. In the lightcone gauge, we define the
leading-twist chiral-even baryon-antibaryon quark GDAs
for a spin-% baryon pair [66],

Pt / dX~e*P" (B(pa)B(py)|a(=x")r*q(0)[0)

-+

P
=@ (2.£0.8)i(p1)r T v(p2) + P¢(z.8o.5) > (p1)v(p2)s

P+/dX_€iZP+'x<B<P2)B(P1)|Q(_x_>7+75q(0)|0>
= @4 (2.0.8)a(p1)r rsv(p2)

pt
"‘q)%(zyé'o»@)z (P1)rsv(pa), (11)

—U
m
where z is the momentum fraction carried by the quark g,
and we omit to write the factorization scale dependence of

the GDAs. One can obtain the following relations using the
charge conjugation symmetry,

q)?(Z, C()y 3‘) = (I)?(Za _é’()a §)5 for l = VaA’ Pv
(2,0, 8) = — (2, =L, 9), (12)

and we note Xx=1-—x. In Fig. 3, the C-odd baryon-
antibaryon pair is produced from the ISR subprocess (b):

FIG. 2. The QCD subprocess (a) y* — BBy, where the blob
represents the baryon-antibaryon GDAs. A second Feynman
diagram should be added, it is obtained by interchanging the
photon vertices.

|
A
|

¢« Il U
FIG. 3. The ISR subprocess (b) e~e* — y*y — BBy; the

photon-baryon-antibaryon coupling is described by the timelike
baryon EM FFs.

e"e™ — y*y — BBy and its amplitude is expressed in terms
of the timelike baryon EM FFs.

III. GENERALIZED DISTRIBUTION AMPLITUDES
AND TIMELIKE FORM FACTORS

For a spin-% baryon-antibaryon pair, the timelike FFs of
vector and axial-vector currents are defined as
(B(p2)B(p1)13(0)r*q(0)]0)

- oA
=Fy(8)a(p)rv(p,) +F§(S)ﬁu(p1)v(pz),
(B(p2)B(p1)13(0)r*r5(0)]0)

= Y6 a(p)rrs0(p) + FH@) 3 i(prso(p). (19

and a linear combination of F,(3) and F{(3) leads to the
timelike electric and magnetic FFs,

v
Gu(3) = Fy(3). (14)

where 7 = §/(4m?). These timelike FFs are related to the
first moments of baryon GDAs [66]
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1
/ dz09(2,£0,3) = FU(5) for i = V. A, P,
0

1
/ dz®4(z, 8. 3) = LoFY(3). (15)

0

The hadronic matrix elements of the EMT operator are
parameterized in terms of the EMT FFs. In the spacelike
region, one finds the parametrization of these matrix
elements in Refs. [1,68-72]. The timelike EMT FFs
(GFFs) for a baryon can be obtained by taking the s-f
crossed expression of the corresponding spacelike matrix
element,

(B(p2)B(p1)|Tq(0)[0)

] CARAY o pEpY g
= u(p1)|A1(3) ——+ DU(8) ————

AP
T

+C1(3)mg” |v(p2)- (16)

One can use dispersion relations to relate the timelike GFFs
to the spacelike ones, as illustrated in Fig. 4. Thus, we can
acquire a complete picture of the EMT FFs through the
study of the timelike ones. The timelike GFF CY(8) of
Eq. (16) breaks the conservation law of EMT, and it must
vanish when summing over quark flavors and gluon. These
EMT FFs are expressed by the second moments of baryon
GDAs except for C9(3),

vB — eTe” B (TCS)

eB — eyB (DVCS)
Spacelike GFFs

Dispersion relation

P

Unphysical region

2(2z = 1)@ (2,0,8) = =219 (8),
2(22-1)@§(2.80.3) =D9(8) +[A(8) = 279(3)](So)-

(17)

J, o
Jy

The inner structure of hadrons can be revealed with the
help of the EMT FFs. For a spin—% baryon, the angular
momentum (AM) carried by quark flavor g can be given by
the EMT FF J9(0) = J4, which is the sum of the orbital
AM L? and helicity contribution S?. The latter is related to
the axial FF F§(3) of Eq. (13) as ¢ =1F%(0), and the
quark orbital AM is expressed as [1]

= J4(0) —%FZ(O). (18)

Thus, the spin decomposition of the baryons, nucleons as
well as A, X and E, can be probed by studying the leading-
twist GDAs of Eq. (11). In addition, we can use the EMT
FF D4(8) to study the D-terms of baryons [73],

D= ZDq

where DY is the gluonic EMT FF, and is related to the
gluonic GPDs or GDAs. The D-term is a renormalization-
scale invariant quantity, and it is also known as the last
global unknown charge of hadrons, which has attracted a
lot of attention in the past decades.

) + D9(0 (19)

(oo

ey — eBB
Timelike GFFs

0

4m? §=(p1+p2)®

FIG. 4. Spacelike and timelike EMT FFs are probed by different reactions, and the former ones can be obtained from the latter ones

using dispersion relation.
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IV. SCATTERING AMPLITUDES
AND CROSS SECTIONS

To describe the leading twist amplitude of subprocess (a)
in Fig. 2, we first introduce the hadron tensor for
y* — BBy,

T =i [ e o (B(ps)B(p) T () 5(0)}0)
(20)

where a C-even baryon-antibaryon pair is produced. At
leading twist, the hadron tensor T, only receives contri-
bution from the transversely polarized photons,

T = \/_{g‘; [Coj:v“(l?l)}’ v(pz)+Fs—+u(p1) (Pz)]

- iey | Fanlprotps) + Frg () ot)|

(21)

where the transverse tensor €7 = ¢***fi,n is defined, and
the hadron tensor satisfies the electromagnetic gauge
invariance condition 7,4} =T,,q5 = 0. The functions
F; can be regarded as the timelike version of the
Compton FFs in DVCS, and they are expressed at leading
(zeroth) order in «; in term of the four leading-twist GDAs,

cofv—z /
Fs—z /

8,

(I)q Z 50’ )’

1
DI (2,0,5) 25[‘1’?(2,50»@) - ®7(z.£y.8)] fori=V.8,

1
DI (2,80,8) = E[cp?(z,go,S) +®7(2,80,8)] fori=A,P.

(23)

Then, the contribution of subprocess (a) to the differential
cross section is expressed as

dGG
dsdud(cos 0)de
agmﬂo 1 "
P - A + 2R )
L 30F P+ 1F5P)
4m?
+ (Bo) cos®0[| Fy [* + 2Re(FsFy) — | Fal?]
- Goyeostol P (24)
where the ¢ parameter is given by
-1
€ = y i y= ql 612 (25)

1—y+§ ki q

The contribution of the ISR subprocess (b) to the cross
section has been investigated in Refs. [74,75], and depends
on the baryon EM FFs of Egs. (13) and (14). In this work,
this cross section will be discussed in the center-of-mass
frame of the baryon-antibaryon pair, and it is given by

dgdujféii 0)dg j:sﬂ o [bo + b100s%0 + basin’6
Fi= 262_5,[) dquJ?(z, $o.8) fori=AP, (22) + by sin(20) cos ¢ + bysin®6 cos(2¢)],
' (26)
where only the C-even GDAs contribute, and they are
defined as where the coefficients b; read
|
by = [1 = 2x(1 — x)(1 +€)](24 = 1)|Gy|?,
by = [1=2x(1 = x)(1 = €)]|Gy|* +dex(x = 1)(A = D[|Ge|* = |Gu ],
by = 2ex(x = 1)|Gy > + [1 = 2x(1 = x)](A = D[|Gg|* = |Gy [].
by = /e(1 = €)y/2x(x = 1)(2x — 1)sgn(p)[(2 = DG = AGy .
by = 2ex(1 = x)[(A = 1)|Gl? = 2|Gy[2]. (27)

The dimensionless parameters x and / are defined as x = s/(s — §) and 1 = 1/(f,)?, respectively. In Eq. (27), sgn(p) is the

sign function for the variable p = § — 5 — 2u.

In addition, we need to consider the contribution coming from the interference of the two amplitudes for subprocesses

(a) and (b),
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doy _ a3nPo \/ZBO
dsdud(cos0)dp  8zs’ | /3se(l + ¢€)

where the coefficients c; are expressed as

[cocos @ + ¢;c0s*0 + ¢, sin @ cos @ + c5 sin (26) cos O cos ¢, (28)

co = 2sgn(p)/e(1 — €)y/2x(x — 1)[Re(FyGyy) + Re(FsGp)l.

c1 = 2(Bo)’sgn(p)V/e(1 = €)/2x(x = 1)[(2 = 1)Re(FyGy) — ARe(Fy Gy )],
¢y = 2[1 = (1 = x)(1 + €)]Re(FAGyy) +2[1 = (1 —x)(1 — €)|Re(FsG}),
3 = (fo)*[1 = (1 = x)(1 = e)][(2 = Re(FyGf) — ARe(FyGyy)l- (29)

The timelike Compton FFs depend on the baryon GDAs,
which only appear in the cross sections of Egs. (24) and
(28). There are no Compton FFs in the cross section of the
ISR subprocess (b), which gives the largest contribution in
e"et — BBy; this may be understood, provided that the
timelike Compton FFs and GFFs are of the comparable
magnitude, by the simple scaling rule:

© [
%
>
W | =

1

dUG:dUI:dJISR ~ = (30)

A full extraction of baryon GDAs from the cross section
necessitates studying the interference contribution in
Eq. (28). This is because baryon GDAs are complex
functions, meaning Eq. (24) alone cannot fully constrain
the reconstruction of the timelike Compton FFs. Crucially,
the interference term allows the extraction of the Compton
FFs’ imaginary phases, provided the EM FFs are used as
inputs. If we consider the exchange of (0, ¢) - (7 — 0,7 +
@) in the cross sections, Egs. (24) and (26) will remain the
same, however, a minus sign will appear in Eq. (28)
because of the different charge conjugation of the
baryon-antibaryon pair in the subprocesses (a) and (b).
Thus, the interference contribution can be obtained from
taking the difference of the cross-section in this
exchange, do(BB) — do(BB) = 2doy.

V. NUMERICAL ESTIMATES
OF THE CROSS SECTIONS

For the numerical calculation of the cross sections, we
need to use the EM FFs and GDAs as inputs, and we
explain here the models of the EM FFs and GDAs that are
adopted in this work. The effective proton EM FF contains
two ingredients [56],

>There exist other parametrizations [58] which incorporate
both the vector meson dominance model and analytic continu-
ation techniques to develop a unified description of timelike and
spacelike EM FFs for nucleons. Using such a parametrization will
not make much difference in our analysis since experimental data
constrain all models in the kinematical range we explore.

Fp(g) = F3p(§) + Fosc(p)’ (31)

where the three-pole component F5,(s) gives the dominant
contribution and F . (p) describes a periodic oscillating
behavior. These functions are expressed as

R F
F3p<s): - ’ N2’
(13) (1 =3%)
a 0
Fo(p) = Ae7BP cos(Cp + D), (32)

with

§

p= 3<W—1>. (33)

The modulus of the ratio of the timelike electric and
magnetic FFs is denoted as R(5) =|Gg(3)|/|Gu(5)
and is parameterized as [57]

s

1
1+w?/r,

o=3-2m.

(34)

R(3) =

[14rie ?sin(r;w)],

Then, Gg and G,; are expressed in terms of the effective
EM FF F, and the ratio R,

1427

Ge®)| = Fo)\ [T 30 m

1427

|Gy (8)] = F,(8) RGP +2¢ (35)

The authors of Ref. [57] perform a global analysis of recent
experimental measurements on e'e” — pp, and the
parameters of the effective FF F, and the ratio R are
summarised in Table I. We neglect the imaginary phases of
EM FFs G and G, in the numerical estimate, as our

014048-6
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TABLE 1. Parameters are obtained from a global fit for the
effective FF F), and the ratio R [57].

F, 9.7 D 0.04 | 0.5
A 0.073 m% (Gev?) 071 r, (GeV™H) 15

B (GeV™l) 1.05 m2 (GeV?) 7.1
C (GeV~l) 551 Yo 3

ry (GeV™l) 9.3

knowledge of the imaginary phases is quite limited at the
current stage.

The proton-antiproton GDAs or the timelike Compton
FFs are completely unknown. In this work, we assume that
the vector GDAs are of a similar magnitude for the proton-
antiproton and dipion meson cases,

Q! ~ @ ~ D, (36)

and the latter has been extracted from experimental
measurements [5]. The pion vector GDA is expressed as

. 32a+3)
Dier(2.c056.5) = 5B(a+ 1,a+1)

x [B{y(8) + BY,(5)P5(cos )], (37)

(1 =2)%(2z - 1)

where @ = 1.157, and B(a, b) is Euler’s beta function. The
complex functions B, are dependent on the invariant mass
of the pion pair, and their imaginary parts are given by the
phases 9,

B(8) = By, (3)e™. (38)

Since the relative phase d, — 0, is only determined below
§ = 4 GeV? through the analysis of Belle measurements,
and since perturbative QCD arguments show that the phases
will be suppressed by a, for the large $-region [31,76], we
will ignore the phases §; in our numerical estimate of the
proton pair production. The real parts of B, are para-
meterized as

doysg _ aémﬁS l
dsdud(cosf) 25> €5
dog - agmﬂo 1

dsdud(cosf) 45> 1+e

|Fal? = | Fs|* + 2Re(F 4 Fp) +

0 10R 2m? R
B(llo(s) == 9 1 (1 + g )Fq(s)7

4m?
Ky

o =5t (1= )R, )

with

1
[+ (5—4m?) /A2’

Fy(8) = (40)

where R, =1/3, R, =1/6, A =1.928 GeV, and we
replace the pion mass with the proton mass m. The resonance
contribution is neglected in Eq. (39). The corresponding
Compton FF is expressed as

ez o 27-1
Fp,= —"/d DL(2.80.8). 41
;2 A (2,40, 3) (41)

Combining Eqgs. (41), (36), and (22), we can derive

.7:5 - .’F”,
CoFy = F,cos0, (42)

where cos 6§ appears to make sure that 7y is a even function
of cos 6. Since there are no studies on the axial-vector GDAs
@7 and @, we just express their corresponding Compton
FFs as

Fa=Fp=gaFs (43)

where g, = e, g4 + edgj, and the recent lattice QCD results
indicate ¢4 =0.832 and ¢4 =—0.417 for the axial
charges [77].

Now we use the models of EM FFs and GDAs we have
discussed to calculate the cross sections for the process
ete™ — ppy. After integration over azimuthal angle, the
differential cross sections are expressed as

[bo + b cos*d + b,sin®6)],

SUFpP? +1FsP)
4m?

+ (Bo)*cos®0[| Fy|* + 2Re(FsFy) — | Fal’] = (Bo)*cos*d| Fyl*|.

doy o a?:m (/7’0)2 \/§

= [cocos 6 + c¢icos®d). (44)

dsdud(cos 0) 4% sse(1+¢)

The maximum values are /s = 5.6 GeV and /s =7 GeV for the center-of-mass energy of eTe™ at BESIII and the
proposed STCEF, respectively, and the designed peak luminosity of STCF can be 0.5 x 10* ¢cm™2s~! or higher [38], which
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25

- — ¢0s6=0.6, u=-2 GeV?
9 --- ¢0s0=0.6, u=—4 GeV?
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FIG. 5. The differential cross section of the ISR process
e"et = 'y = ppy.
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FIG. 6. The differential cross section of e”e™ — y* = ppy.

indicates that precise measurements of e~e™ — BBy will
be possible at STCF. We choose /s =4 GeV in this
numerical estimate, and this value should be typical for
these two experimental facilities. To satisfy the QCD
factorization condition s > §, we use the range 2.0 GeV <
W = /5 < 2.7 GeV for the invariant mass of the proton-
antiproton pair.

The cross section of the ISR process is depicted in Fig. 5,
and we choose cos@ = 0.2 and cos@ = 0.6 for the red
and blue lines, respectively. The variable u = —2 GeV? is
fixed for the solid lines, and the dashed ones are for
u = —4 GeV?. Since we only use the magnitude of baryon
EM FFs |G| and |G| as inputs, and these FFs have been
constrained in the recent experiments, the result for the ISR
process should be regarded as a rather precise prediction.
Moreover, this process is not described in terms of a QCD
twist expansion. In Fig. 6, the differential cross section of
e~et — y* — ppy is provided, with same conventions as
those in Fig. 5. The ISR contribution is much larger than the
GDA contribution as expected. However, the latter does not
decrease rapidly with the growing invariant mass of the

baryon pair, which is different from the ISR case. This
behavior appears due to the functional form choosen here
for the nucleon-antinucleon GDAs. As our knowledge is
quite limited for the baryon GDAs, further theoretical and
experimental studies on the baryon-antibaryon GDAs are
necessary for a more precise evaluation of this GDA
contribution.

VI. BARYON-ANTIBARYON ASYMMETRY

The different charge-conjugation properties of the ISR
and QCD process allows to define and exploit a new and
most interesting observable, namely a baryon-antibaryon
asymmetry. This procedure is very similar to the charge
asymmetry observable defined in the TCS process [78] and
used in the first observation of the TCS process in the JLab-
CLAS experiment [79]. Since in the BB center of mass
frame, the baryon and antibaryon 3—-momenta are opposite,
one may define a differential asymmetry as

do(0.p) _ do(z—0.9+nx)
__dcos Odp dcos Odg
A(@, w) T do(0.9) + do(n—0,9p+n)’° (45)
dcos O0dyp dcos O0dgp

or one can integrate over one hemisphere (i.e.
/2 < @ < 3x/2) and subtract the integration over the
complementary region, to get a forward-backward asym-
metry:

f3n/2 d§0 do(0.9) _ 2n dq)d(r(ﬂ—(iq)) _ [m/2 do(n—0.p)
AFB (9) _ /2 dcos Odg 37/2 dcos Odg 0 dcos Odg
32/2 ,  dolo, - do(7—0, 72, do(n—0.9)"
n/ﬂz do dc(:)(A 9(2)(/;+ 32n/2 do ;c(gs 9d($)> +Jo'"de ;c(:s Hdip)
(46)

As one easily sees from Eq. (28), the interference term is
the only contribution that survives in the numerator and it
does not contribute to the denominator. Denoting the

numerator of Agg as [y, do Zﬁgs(zgg, one gets:
dowy / dAc(0.)
dsdud(cos0)  Ja, " dcosOdg
3 2
— Olemﬂzo V26 [27(ccosO+ c,cos’0)
8rs” \/3se(1+¢)
—4(c,sin@+ c38in(26) cosb)]. (47)

We show on Fig. 7 this difference of cross sections as a
function of the invariant mass of the proton-antiproton pair
W, and u = —2 GeV? (—4 GeV?) is chosen for the solid
(dashed) lines. The colors (red, blue) of lines represent
different values of cos@ (£0.2, +0.6). The cross section
increases from W = 2.0 GeV to 2.1 GeV with the growing
phase space, whereas beyond the peak it decreases as W
rises, due to diminishing Compton FFs and EM FFs. We
find that the interference term is larger than the pure QCD
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The cross section difference [Eq. (47)] allows to measure the interference term of e"e™ — ppy. It depends on the invariant

mass of the proton-antiproton pair and on the polar angle @ of the nucleon.

contribution in Fig. 6, which means that this baryon-
antibaryon asymmetry should play an important role in
the future extraction of baryon GDAs. Let us stress that
almost nothing is known about the baryon-antibaryon
GDAs at the current stage, and the actual GDAs could
be significantly different from the model we use in this
work. Thus, our numerical results of the interference term
and the GDA contribution can be only considered as order-
of-magnitude estimates for the cross section.

VII. SUMMARY

The hadronic GPDs are three-dimensional functions of
hadrons, which are accessed in the exclusive processes such
as the DVCS reaction y*h — yh. The second moments of
GPDs lead to the hadronic matrix elements of the EMT
operator, which are parametrized in terms of EMT FFs. If
we take the s-r crossed channel of DVCS, namely the
reaction y*y — hh, hadronic GDAs are involved. GDAs
can be regarded as the timelike crossed GPDs; thus, the
study of GDAs sheds light on the GPDs and vice versa. The
extraction of GDAs from experimental cross sections is
possible even for the unstable hadrons, and corresponding
measurements can be conducted at many electron-positron
facilities.

In this work, we investigate the process ete™ — BB;/,
which depends on two subprocesses: the ISR process and
ete™ — y* — BBy. The ISR process is described by the
baryon EM FFs, and using QCD factorization, the ampli-
tude of the latter subprocess can be factorized into two
ingredients: the hard amplitude y* — ggy and the non-
perturbative hadronic matrix element describing the proc-
ess qq — BB, known as the baryon-antibaryon GDAs. The
relations between the baryon GDAs and timelike EMT FFs
are discussed, and these FFs can be used to study the spin

decompositions and D-terms of the baryons. We calculate
the cross sections of ete™ — BBy at twist 2, and they are
expressed in terms of the timelike baryon Compton FFs and
EM FFs. Even though there are now no detailed theoretical
or experimental studies on the baryon-antibaryon GDA:s,
we try to build a model for the proton-antiproton GDAs.
For the proton EM FFs, they have been extracted from
recent experimental measurements. Using these proton-
antiproton GDAs and EM FFs, we have provided numerical
estimates for the process ete™ — ppy, which should be
helpful to future measurements of this process at BESIII,
Belle II, and the proposed STCF.

This work is but a first step in the analysis of the reaction
ete™ — ppy. The mass of the nucleon makes quite
uncertain the validity of the assumption § < s where the
GDA factorization is proven. Higher twist corrections of
O(5/s) should be evaluated before any precise extraction of
baryon-antibaryon GDAs. Part of these higher twist cor-
rections, the so-called kinematic higher twist ones [80],
which have been estimated for DVCS and TCS [81,82], can
readily be computed for this reaction, as it has been for the
reaction e"e” — zxy. [33,34]. We shall deal with these
corrections, as well as with the leading-twist NLO correc-
tions in ay, in a future work.
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