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Abstract: Exclusive 7° electroproduction is analyzed within the handbag approach based on Generalized Parton
Distribution (GPDs) factorization. We consider the leading-twist contribution together with the transversity effects.
It is shown that the transversity GPDs Hy and Er are essential in the description of the #° cross section. Predictions

for the future Electron-Ion Collider of China (EicC) energy range are provided. It is found that transversity domin-

ance o > o, observed at low energies, is valid up to the EicC energy range.
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I. INTRODUCTION

The study of the hadron structure is one of the key
problems in modern physics. Some time ago, while ana-
lyzing exclusive processes, a new object was proposed,
Generalized Parton Distributions (GPDs) [1-3]. It was
found that the exclusive processes at a large photon virtu-
ality @, such as the deeply virtual Compton scattering
(DVCS) [4- 6] and deeply virtual meson production
(DVMP) [7-9], factorize into hard subprocesses that can
be calculated perturbatively and GPDs [4-6]. Generally,
this factorization was proved in the leading-twist amp-
litude with a longitudinally polarized photon.

GPDs are complicated nonperturbative objects that
depend on 3 variables, i.e., x - the momentum fraction of
a proton carried by the parton, & - skewness, and ¢ - mo-
mentum transfer. GPDs contain information about the
longitudinal and transverse distributions of the partons in-
side the hadron. They give information on its 3D struc-
ture; see, e.g., [10].

In the forward limit (¢ = 0,7 = 0), GPDs become equal
to the corresponding parton distribution functions
(PDFs). The form factors of hadrons can be calculated
from GPDs through integration over x [4]. Using Ji sum
rules [4], the parton angular momentum can be extracted.
More information on GPDs can be found e.g. in [7, 11,

12].

The study of exclusive meson electroproduction is
one of the most effective ways of accessing GPDs. An
experimental study of 7° production was performed by
CLAS [13] and COMPASS [14]. These experimental
datasets can be adopted to constrain the models of GPDs.
Electron-Ion Colliders (EICs) are the next generation of
colliders for investigating the nucleon structure in the fu-
ture. USA and China both plan to build EICs in the next
20 years [15—17]. The GPDs are one of the most import-
ant aspects that need to be studied for the EICs [18].

The theoretical study of DVMP in terms of GPDs is
often based on the handbag approach, in which, as men-
tioned before, the amplitudes factorize into the hard sub-
process and GPDs [2—5]; see Fig. 1. This amplitude con-
tains another non-perturbative object distribution amp-
litude, which can be used to probe the two-quark com-
ponents of the meson wave function. One of the popular
ways of constructing GPDs is using the so-called Double
Distribution (DD) [19], which constructs ¢ dependencies
of GPDs and connects them with PDFs, modified by a #-
dependent term. The handbag approach with the DD form
of GPDs was successfully applied to light vector meson
(VM) leptoproduction at high photon virtualities Q2
[20—22] and pseudoscalar meson (PM) leptoproduction
[23]. In this work, we compute the 7° production by ap-
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Fig. 1.  (color online) The handbag diagram for the meson
electroproduction of protons.

plying the handbag approach to the kinematics for EIC in
China (EicC). Our prediction for 7° production is helpful
for estimating the meson cross section at EicC in the fu-
ture.

In the leading twist approximation, the amplitudes of
the pseudoscalar meson leptoproduction are sensitive to
the GPDs H and E. It was found that these contributions
to the longitudinal cross section o are not sufficient for
describing the physical observables in the 7° production
at sufficiently low Q2 [23]. The essential contributions
from the transversity GPDs Hr, Et are needed [24] to be
consistent with the experiment. Within the handbag ap-
proach, the transversity GPDs together with the twist-3
meson wave function [24] contribute to the amplitudes of
transversely polarized photons, which produce the trans-
verse cross section o, which is much larger with respect
to the leading twist o..

We discuss the handbag approach and the properties
of meson production amplitudes in Section II. We show
that the transversity GPD contributions, which have the
twist-3 nature, lead to a large transverse cross section.

In beginning of Section III, we investigate the role of
transversity GPDs in the cross sections of the #° lepto-
production at CLAS and COMPASS energies and show
that our results are in good agreement with the experi-
ment. Subsequently, we perform predictions for 7° cross
sections at EicC energies.

II. HANDBAG APPROACH. PROPERTIES OF
MESON PRODUCTION AMPLITUDES

In the handbag approach, the meson photoproduction
amplitude is factorized into a hard subprocess amplitude
H and GPDs F, which include information on the had-
ron structure at sufficiently high Q?. Note that for the
leading twist amplitudes with longitudinally polarized
photons the factorization was proved [2, 3]. In what fol-
lows, we consider the twist-3 contributions from trans-
versity GPDs Ht and Et as well. Factorization of these
twist-3 amplitudes is an assumption. The process of the
handbag approach is shown in Fig. 1.

The subprocess amplitude is computed employing the
modified perturbative approach (MPA) [25]. The power
k2 /Q? corrections are considered in the propagators of
the hard subprocess H together with the nonperturbative
k, -dependent meson wave function [26, 27]. The power
corrections can be treated as an effective consideration of
the higher twist contribution. The gluonic corrections are
regarded in the form of the Sudakov factors. Resumma-
tion of the Sudakov factor can be done in the impact para-
meter space [25].

The unpolarized ep — en®p cross section can be de-
composed into a number of partial cross sections, which
are observables of the process y*p — n%p

d’c 1 (dor doL dorr
S9 (=T, oL 2
didg 27r( @ TEq Tees Ty,
d
+ 2e(1 + ) cos b ‘;LT). )

The partial cross sections are expressed in terms of
the y*p — 7% helicity amplitudes. When we omit the
small My__, amplitude, they can be written as follows

d% =% || Movor P +1 Moo, .

d% % (I Mo-s P 421 Mos s P).

dZ:T = %RC[M*O—,++MO—,O+:| ,

A @)
with

k= 16m(W? —m?) A(W2,-Q2, m?). 3)

Here, A(x,y,z) is defined as A(x,y,z) = (x2 +y* + %) — 2xy—

2xz—-2yz.
The amplitudes can be written as
Mo- o+ =%O g(l?),
Moo =1~ 1) -5 iz (E,
Mo- s+ :%0 1 - X(Hy),
Moy s = - %’ ﬁ@ﬂ, (4)

. 1.
where ey = Vdra with a = EY is the fine structure con-
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xp is the Bjorken variable with xg = Q?/(W? + Q> —m?).
m is the proton mass and mp is the meson mass.

At the leading-twist accuracy, the PM production is
only sensitive to the polarized GPDs H and E, which
contribute to the amplitudes of longitudinally polarized
virtual photons [23]. The (F) in Eq. (4) with F = H,E are
the convolutions of the hard scattering amplitude Ho, o+
and GPDs F

1
(F) = f A Hye0 P, ©)

The hard part is calculated employing the k-depend-
ent wave function [26, 26], describing the longitudinally
polarized mesons. The amplitude H is represented as the
contraction of the hard part M, which can be computed
perturbatively, and the non-perturbative meson wave
function ¢,,, which can be found in Ref. [23]

2nay d’k
Hress = 2l f o [ Tomrouni) M ()

The GPDs are constructed adopting the double distri-
bution representation [19]

1 1=l
F(x,g,t)zj:l dp[l y dys(p+Ey—x)w(p,y,1), ®)

which connects GPDs F with PDFs /4 via the double dis-
tribution function w. For the valence quark double distri-
bution, it is

3 [(1-lph* -]

w(p,y,1) = h(p, t) 1 ) ©

The ¢ dependence in PDFs £ is presented in the
Regge form

h(p,1) = Ne®=10Pp=e O (1 — pyP, (10)

and a(r) = a(0) +a’t is the corresponding Regge traject-
ory. The parameters in Eq. (10) are fitted from the known
information about PDFs [28] e.g., or from the nucleon
form factor analysis [29]. We consider the Q? evolution
of GPDs through the of evolution of the gluon distribu-
tion, as in Eq. (9); see [20]. The evolution was tested for
valence quarks as well. It is approximately calculated for

the kinematical range in this work. We are working in the
range 2 < Q% < 7 GeV?2. The parameters of GPDs are de-
termined at the middle point Q> = 4 GeV?2. In these very
limited Q* range, the explicit form of the GPDs evolu-
tion is not so essential.

It was found that at low Q?, data on the PM leptopro-
duction also requires the contributions from the trans-
versity GPDs Hy and Er=2Hr+ Et, which determine
the amplitudes My_ .. and My, ., respectively. Within
the handbag approach, the transversity GPDs are accom-
panied by a twist-3 meson wave function in the hard
amplitude H [24] which is the same for both the M. .+
amplitudes in Eq. (4). For the corresponding transversity
convolutions, we have forms similar to (6), as follows:

1
(Hr) = f dxHo- ++(x, ..) Hr;
-1

1
(Er) = f AHy () B (11

There is a parameter yp in the twist-3 meson wave
function which is large and enhanced by the chiral con-
densate. In our calculation, we adopt up = 2 GeV at a
scale of 2 GeV.

The Ht GPDs are connected with the transversity
PDFs as follows:

and 6(p) = Ntp'"* (1 - p) [q(p) + Ag(p)],
(12)

h1(p,0) = 6(p);

by employing the model [30]. We define the ¢ -depend-
ence of it as in Eq. (10).

The information on Et can be obtained now only in
the lattice QCD [31]. The lower moments of £% and E4
were found to be quite large, have the same sign and be
of a similar size. As a result, we have large Et contribu-
tions to the n° production. This is parameterized by the
form as in Eq. (10).

III. TRANSVERSITY EFFECTS IN 7 MESON
LEPTOPRODUCTION

In this section, we present our results on 7° leptopro-
duction based on the handbag approach. In the calcula-
tion, we adopt the leading contribution Eq. (2) together
with the transversity effects described in Eq. (11), which
are essential at low Q?. The amplitudes are calculated
based on the PARTONS collaboration code [32] that was
modified in Fortran employing results of the GK model
for GPDs [24].

In Fig. 2, we present the model results for the 7° pro-
duction cross section compared with the CLAS experi-
mental data [13]. The transverse cross section, in which
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Fig. 2.  (color online) Cross section of 7° production in the CLAS

o =or+e€0L, red lines represent o, blue lines depict orr.

the Er and Ht contributions are important [24] domin-
ates at low Q. At small momentum transfer, the Hy ef-
fects are visible and provide a nonzero cross section. At
|| ~ 0.3 GeV?, the Er contribution becomes essential in
or and results in a maximum for the cross section. A
similar contribution from Er is observed in the interfer-
ence cross section ot [24]. For the calculations we use
the parameters in Table 1. Details for A parameterization
can be found in [24]. The fact that we describe well both
unseparated o =or+eor and ory cross sections indic-
ates that the transversity Hr and Etr effects were ob-
served at CLAS [13]. Note that in this experiment it was
not possible to separate o1, and or. The model produces
at CLAS kinematics the leading twist %(Itl =0.3 GeV?) ~

few nb/GeV2. This is about two orders of magnitude
smaller with respect to o. Thus, we see that or determ-
ined by the twist 3 effects gives a dominant contribution
to unseparated ¢. This prediction of the model [24] was
confirmed by the JLab Hall A collaboration [33] by us-
ing the Rosenbluth separation of the n° electroproduc-
tion cross section.

Our results for COMPASS kinematics are shown in
Fig. 3. It can be seen that Model I gives results about two
times larger with respect to the COMPASS data [14].
That was the reason for changing to model parameters
that permit describing both CLAS and COMPASS data.
New parameters for Model II are exhibited in Table 2
[34]. Because Er contribution is essential in the op and
oTT Cross sections, parameterization changes mainly the
energy dependence of this GPD. Other GPDs are slightly
changed to be consistent with experiments; see Fig. 2 and
Fig. 3, in which both model results are shown.

Table 1. Regge parameters and normalizations of the GPDs at a scale of 2 GeV. Model 1.

—100 1)

do/dt(v*p — 7°p) [ nb/GeV? ]

—200F N\

Q? = 2.21 GeV?, x5 = 0.28

o

€0+ o7
orr
arT
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Model 11

1

—300

1
0.5 1.0 1.5

[t] [GeV?)

2.0

energy range together with the data [13]. Black lines describe
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20
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do/dt(v*p — 7°p) [ nb/GeV? |

w0}/

W =7GeV, Q* =2 GeV?

U
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Model IT

.

0 02 04 0.6
It] [GeV?]

1.0

Fig. 3. Models results at COMPASS kinematics. Experi-
mental data are from [14], solid curve is the prediction of
Model I and dashed line presents the results of Model I1.

The average COMPASS kinematics results for the
cross sections are [14]

(

(

d

‘;TU =—(6.1+1.3+0.7) nb/GeV?,
d

IIT) =(1.5+0.5+0.3) nb/GeV>.

dr

(13)

Model II gives the following results at the same kin-

ematics

d
(0T _ 6.4 nb/GeV?,
dr
dO’LT 2
(=) =01 nb/GeV?,

(14)

GPD a(0) B B o' /GeV~2 b/GeV™2 N Ne
E 0.48 5 5 0.45 0.9 14.0 4.0
Er 0.3 4 5 0.45 0.5 6.83 5.05
Hr - - - 0.45 0.3 1.1 0.3
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Table 2. Regge parameters and normalizations of the GPDs
at a scale of 2 GeV. Model II.

GPD a(0) o /GeV~? b/GeV2 N N4

E,.p. 0.32 0.45 0.6 182 52
Er —0.1 0.45 0.67 29.23 21.61
Hr - 0.45 0.04 0.68 —0.186

which is close to the COMPASS results in Eq. (13). Mod-
el I gives cross sections that are about two times larger
with respect to Model II. This is the same effect as we see
in Fig. 3. This means that COMPASS provides essential
constrains on the Et contribution.

Using new GPDs parameterization may be important
at EicC because its energy range lies not far from that of
COMPASS. In future analyzes, we will give predictions
for both GPDs models I and II, as at higher energies, a
detailed study of transversity GPDs can be done.

In Fig. 4 and Fig. 5 we show the W and Q? dependen-
cies of the ¢ and opr cross sections in the EicC energy
range. We show results for W =38,12,16 GeV and
0% =2,5,7 GeV? that are typical for EicC kinematics. The
cross sections ot are rather small and difficult to distin-
guish on these figures. Thus we separate them into indi-
vidual Fig. 6 and Fig. 7, where the W and Q” dependen-
cies of o are shown in pb/GeV?2. We use the same W
and Q7 values as for Fig. 4 and Fig. 5. One can see that

—— W =8 GeV.Model I

***** W = 8 GeV, Model IT
—— W =12 GeV, Model T
''''' W =12 GeV, Model 1T
—— W =16 GeV, Model T
''''' W = 16 GeV, Model IT

Q? = 2 GeV?

do/dt(y"p — 7°) [ nb/GeV? |

all cross sections decrease with increasing W and Q2.
Model II gives typically smaller results with respect to
Model I. At EicC kinematics, we get a rather small lead-
ing twist cross section o, which is about one order of
magnitude smaller with respect to or. This means that
the dominance of twist-3 transversity effects observed at
low energy [24, 33] is valid up to high EicC energies. Our
predictions on #’production give the possibility of per-
forming a more detailed test on the energy dependencies
of the transversity GPDs in future EicC experiments.
Now, we shall briefly discuss whether it is really pos-
sible to analyze the energy dependencies of transvesity
GPDs Hr and Et from experimental data on cross sec-
tions. In experiments (see, e.g., [13]) usually, the unsep-
arated cross sections o =eor +or, orr and orr are
measured. o is determined by the twist-2 contribution. It
is rather small and can be omitted in our estimations.
Thus o « o1 here. We will not discuss here o rhere.
We see that if
do T do TT
dr T dr

this means that in this range the essential contribution
comes from the My, amplitude (see (2). At CLAS and
COMPASS energies, this approximately happened at
|| = 0.3 GeV2. This means that at this momentum trans-

Q? =5 GeV? —— W = 8 GeV,Model I

,,,,, W = 8 GeV, Model 11
—— W =12 GeV, Model T
————— W = 12 GeV, Model II
W = 16 GeV, Model T
,,,,, W = 16 GeV, Model 1

do/dt(v*p — 7°p) [ nb/GeV? |

—15 L L L L 5 L L . )
0.0 0.2 0.4 0.6 0.8 1.0 .0 0.2 0.4 0.6 0.8 1.0
] [GeV?) ] [GeV?]
2.5
Q? =17 GeV? —— W =8 GeV,Model T
20 T W = 8 GeV, Model IT

12 GeV, Model I
12 GeV, Model IT
16 GeV, Model T
= 16 GeV, Model IT

= ===
[T

i
|
=
I

do/dt(y*p — 7°p) [ nb/GeV? ]

1
0.6 0.8 1.0

'] [GeV?]

Fig. 4.

(color online) Models results for o =or+eo and opr cross section at EicC kinematics. W dependencies at fixed Q? are

shown. The curves above the X-axis are predictions of o, and the curves below the X-axis are predictions of orr.
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W =8 GeV —— Q=2 eV Model 1 W =12 GeV —— Q=2 GeV? Model 1
Q?=2GeVZ Model 1l | | /7 N - Q? = 2 GeV2, Model 11
GeV?, Model 1 —— Q=5 GeV?, Model T
GeV?, Model 11 Model I
—— Q? =7 GeV?, Model 1 —— Q? =7 GeV?, Model 1
————— Q2 = 7 GeV2, Model I Q* = 7 GeV2, Model II

do/dt(y*p — 7°p) [ nb/GeV? ]
do/dt(v*p — 7°p) [ nb/GeV?

s : . . . ~ . . . .
0.0 0.2 0.4 0.6 0.8 1.0 %AO 0.2 0.4 0.6 0.8 1.0
[t'] [GeV?] [#] [GeV?]
4
W = 16 GeV —— Q2 =2 GeV2, Model 1

----- Q% = 2 GeVZ, Model 11
—— Q% =5 GeV? Model 1
————— Q2 = 5 GeV?, Model 11
—— Q*=7GeV? Model T
,,,,, ? = 7 GeV?, Model 11

do/dt(v*p — 7°p) [ nb/GeV? ]

© 1 1 1 1
~80 0.2 0.4 0.6 0.8 1.0
|| [GeV?]
Fig. 5.  (color online) Models results for o= or+eo, and orr cross sections at EicC kinematics. 0> dependencies at fixed W are
shown. The curves above the X-axis are predictions of o, and the curves below the X-axis are predictions of orr.

120 50
—— W =8 GeV, Model [ —— W =8 GeV, Model [
, L W=8GeVModelll | | W = 8 GeV Model T1
100+ QF =2 GeV’ —— W =12 GeV, Model I 1ok Q= 5 Gev? —— W =12 GeV, Model I

————— W =12 GeV, Model 11
—— W =16 GeV, Model [
o N / = 16 GeV, Model I

***** W =12 GeV, Model T1
—— W =16 GeV, Model I
**** / = 16 GeV, Model 1T

doyp/dt(v*p — 7°p) [ pb/GeV? ]
dop/dt(v*p — 7°p) [ pb/GeV? |

0.0 02 0.4 0.6 0.8 10 8.0 0.2 04 0.6 0.8 L0
[t'] [GeV?] [t'] [GeV?]
30

—— W =8 GeV, Model I
Q% =7GeV: - W = 8 GeV Model II
—— W =12 GeV, Model I
***** W =12 GeV, Model 1T
—— W =16 GeV, Model I
***** W =16 GeV, Model IT

251

201

15

10

dopr/dt(vy*p — 7°p) [ pb/GeV? ]

0.0 0.2 0.4 0.6 0.8 1.0
['| [GeV?|

Fig. 6. (color online) Models predictions for ot cross sections (in pb/GeV?2) at EicC kinematics as a function of W at fixed Q2.
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Fig. 7.

fer the < Er > contribution dominates. At || = 0 GeV?
the Et is equal to zero. This means that at this point the
< Ht > contribution is essential.

Thus, using Egs. (2) «(4), we can determine two
quantities

d
< Hy > \/K%(w - 0GeV?),

_ d
< Ep >o \/K%(m = 0.3 GeV?), (15)
and one more in addition
_ dO’TT 2
< Ex(TT) >cc K‘ T(r1=03GeVh| (16)

Eq. (15) is a some approximation based on Et domin-
ance near |f'| ~0.3 GeV?. Eq. (16) gives direct informa-
dO’TT

tion on Er, but is more difficult to study.

Thus, one can try to analyze the W dependencies of
the cross sections at |/| ~0GeV? and || ~ 0.3 GeV? to
determine the energy dependencies of Hr and Er.

The results of the model calculations for the quantit-
ies in Eq. (15) for the GPDs models I and II can be para-

(color online) Models results for o1 cross sections (in pb/GeV?) at EicC kinematics as a function of Q? at fixed W.

meterized as follows:

<H>~AW" 17
We shall estimate n power using the results from Eq.

(15) and ng- directly from the energy dependencies of the

GPDs in the W =3 ~ 15 GeV interval. The results are

<EMolL 2053, ng=05; (18)
<EMdlo. 2072, ny =07 (19)
<Hr> n=08, ny=075. (20)

We see that the energy dependencies of models II and
I are rather different. From (16) we find the same power
as in Eq. (19).

Thus, we find very closed powers n from cross sec-
tion analyzes and directly from GPDs. This mean that we
can really estimate the energy ( xg) dependencies of the
GPDs from experimental data.

IV. CONCLUSION

The exclusive electroproduction of 7° mesons was

123101-7



S.V. Goloskokov, Ya-Ping Xie, Xurong Chen

Chin. Phys. C 46, 123101 (2022)

analyzed here within the handbag approach, in which the
amplitude was factorized into two parts. The first one are
the subprocess amplitudes, which are calculated using &,
factorization [25]. The other essential ingredients are the
GPDs, which contain information about the hadron struc-
ture. The results on the cross sections based on this ap-
proach were found to be in good agreement with data at
HERMES, COMPASS energies at high Q” [24].

The leading-twist accuracy is not sufficient to de-
scribe 7 leptoproduction at low Q2. It was confirmed
[24] that rather strong transversity twist-3 contributions
are required by the experiment. In the handbag approach,
they are determined by the transversity GPDs Ht and Et
in convolution with a twist-3 pion wave function. The
transversity GPDs lead to a large transverse cross section
for 7° production.

Here, we consider two GPDs parameterizations. Mod-
el I was proposed in [24] to obtain a good description of
the CLAS collaboration [13]. Later on the COMPASS ex-

periment produced 7° data at higher energies [14]. Mod-
el I predictions at COMPASS energies are higher with re-
spect to the experiment by a factor of 2. The energy de-
pendencies of the transversity GPDs were modified in
Model II [34], which describes properly both CLAS and
COMPASS data.

In this analysis we perform predictions for unsepar-
ated o, ot and ot cross sections for EicC kinematics
for both models I and II. We confirm that the transversity
dominance o1 > o, observed at low CLAS energies is
valid up to the EicC energies range. Our results can be
applied in future EicC experiments to give additional es-
sential constraints on the transversity GPDs in the EicC
energy range.
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