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Electroproduction of 7 above the resonance region is analyzed in the Regge model for m + p
exchanges. The importance of the roles of the pion and the proton form factors in the process
is discussed in comparison with the existing models of Kaskulov and Mosel and of Vrancx and
Ryckebusch. The present model with a proton form factor of a simple dipole-type is shown to yield
a better description of DESY and JLab data over those models for the high Q? and —t region up

to 5 GeV?2.
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Recent experiments on the electroproduction of 7T at
JLab has drawn attention because the data from the ex-
periment cover a wide range of the photon momentum
transfer Q2 at high energy W [1-3]. Analyses of electro-
production data have shown that the cross sections of the
process are largely determined by the pion and the nu-
cleon electromagnetic form factors that include informa-
tion about the hadron structure [4—6]. Therefore, elec-
troproduction plays a role not only in understanding the
production mechanism but also in testing various sorts
of form factors originating either from phenomenological
or from some theoretical basis on Quantum Chromody-
namics (QCD) [5,7].

One interesting feature of the process is that empirical
data at large momentum transfer Q? and high energy W
require a large contribution of the s-channel proton pole
to the transverse cross section dor/dt in order to repro-
duce a set of four separated differential cross sections,

do dor doy, dorr
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in a consistent manner. The longitudinal cross section
dor,/dt follows the pion-pole dominance with the form

*E-mail: tkchoi@yonsei.ac.kr
TE-mail: kong@kau.ac.kr
tE-mail: bgyu@kau.ac.kr

factor F(Q?) of a monopole type from p-meson domi-
nance, as expected from

2

dO’L X |g7rNNF7r(Q2)| . (2)
For an enhancement of s-channel exchange, therefore, in
the Regge model for t-channel meson exchange, Kaskulov
and Mosel (KM) [5] introduced an s-dependence of the
charge form factor F; to the proton pole term to imple-
ment the contributions of the N* resonances based on
the Bloom-Gilman duality [8], i.e.,
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which results in Eq. (43) of Ref. 5. Within a framework
similar to that of KM, Vrancx and Ryckebusch (VR)
showed a fit of cross sections by using the proton charge
form factor F of a dipole type [6],

Fp(@%s) = (14+Q%/A2,.(5)) ", (4)
in which case the cutoff mass has an energy s-
dependence. As shown in Ref. [6], however, the validity
of such form factors of proton in these works are ques-
tionable for the large —t region, which is particularly
true for very recent data [3].

In this work we investigate the process

Y (k) +p(p) = 7 (q) + n(p) (5)
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Fig. 1. (Color online) The Q*-dependence of proton charge
form factors used in the models of Refs. [5] and [6] and the
present work. The curves from KM and VR are estimated at
5= Mg.

based on an extension of our previous works [9] to elec-
troproduction. Our purpose here is to find another set of
possible parameters for the pion and the proton charge
form factors to fit the cross sections. Avoiding complica-
tions in the parameterization of the proton charge form
factor as in Egs. (3) and (4), we reconsider the proton
form factor of a simple dipole type as in Eq. (4), but now
it has a constant cutoff mass that can be adjusted. We
then examine whether that proton form factor is valid
up to —t ~ 5 GeV? at large Q2 and high energy W.

For clarity, we work with a simple model consisting of
7+ p Regge pole exchanges. In order to maintain gauge
invariance of the production amplitude, we have used the
Gross-Riska prescription [10] for proton and pion charge
form factors to constrain the respective longitudinal com-
ponents from coupling to virtual photon. Thus, the pro-
duction amplitude can be written as

M= aN(p/)\/ﬁ[Ma,p +Mt,7'r +Mt,/)] UN(p)’ (6)
with
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Fig. 2. (Color online) Differential cross sections at very
forward angles —t < 0.3 GeV? and small Q2. The solid line
results from the present work with A, = 0.78 GeV and A; =
1.55 GeV. The dotted line is from the KM model with A, =
0.775 (left) and 0.63 (right) GeV and Fs(Q?,s) in Eq. (43)
in Ref. 5. The dashed line is from the VR model with A, =
0.655 GeV and F,(Q?s) in Eq. (4). Data are taken from
Ref. [14] for Q? = 0.35 GeV? and from Ref. [15] for Q@ = 0.7
GeV? (DESY).

FFL(0)(2g — k) - €, (11)

respectively. Q? = —k? is the virtual photon momen-
tum and ¢’ = ¢ — k is the t-channel momentum trans-
fer. The gauge-invariant p meson exchange is denoted by
M. ,, with the transition form factor F,(Q?) at the ypm
coupling vertex with the coupling constant g,,r = 0.22
GeV~!. For the meson-baryon coupling constants, we
use g-nyn = 13.4 and g,nny = 3.4 with x, = 6.1.

To reggeize the t-channel meson exchange, we simply
replace the Feynmann pole with the Regge pole which
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Fig. 3. (Color online) Differential cross sections at forward angles —¢ < 1 and Q* up to 4 GeV?. The solid line results from
the present work with A, = 0.65 GeV and A = 1.55 GeV. Notations are the same as in Fig. 2 for the dotted line with A = 0.68
GeV and the dashed line with A, = 0.655 GeV. Data are taken from the Fr-1 [16] (squares), Fr-2 [1,17] (triangles), and w-CT

[2] (circles) experiments at JLab.

can be collectively written as

R¥(s,t)

-~ Day(t)+1-1)

—iTa ag(t)—J
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for the ¢ meson of arbitrary spin J. In the present work,

we use the complex phase e~ () for both the 7 and
the p exchanges with the trajectories

ax(t) = 0.7(t —m?2), (13)
a,(t) = 0.83t+0.53, (14)
respectively.

Let us now discuss how to choose the pion and the
proton charge form factors in Eqs. (10) and (11), which

are needed to model the 71 electroproduction process.
In the small —t and low Q2 region (see Fig. 2 below,
for instance), cross section data show the longitudinal
cross section dop/dt to be large in comparison to the
others. This is a manifestation of the dominance of the

pion exchange with the charge form factor

1

Fr(Q%) = T10Q2/A2

(15)
which is parameterized as a monopole-type from the vec-
tor meson dominance. The cutoff mass is, therefore,
A = m,, which is somewhat larger than A, = 0.71 GeV
fitted to the measurement of the on-shell form factor in

the elastic eN scattering process. In the v*p — 7 n pro-
cess, however, the pion exchange proceeds via off-shell
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Fig. 4. (Color online) Contribution of the meson exchange in the unseparated cross section doy /dt. The dash-dot-dotted
line is the contribution from 7 exchange. The dash-dotted line corresponds to the contribution of m + p. The solid line results
from p(proton) + 7 + p exchanges with A, = 0.65 GeV and A; = 1.55 GeV. Data are taken from Ref. [3].

propagation; we, thus, consider A, to be a fitting pa-
rameter to be varied in the range 0.6~ 0.8 GeV in this
work.

The proton exchange in the s-channel, though added
to restore gauge invariance, plays a role in the transverse
cross section dop /dt, which corresponds to photoproduc-
tion of 71 at the photon point Q? = 0. It is reasonable
to assume N* contributions in the resonance region [5,6].
The Q? dependence of the proton form factor, called the
Dirac form factor, F1(Q?) is determined from the Sachs
electric and magnetic form factors Gg(Q?) and G (Q?)

by using the relation

F(Q) = GE(QQ)liTTGM(QZ), (16)

where 7(Q?) = Q?/4M% and F;(0) = 1. In the measure-
ment of the on-shell form factors of a nucleon, G (Q?)
and G7(Q?) are applied and parameterized as

Gp(Q) =Gp(Q), Gu(Q) =mGp(Q?), (17)

where

Gp(Q%) = (1+Q*/A])~

’ (18)
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of the dipole type with A? = 0.71 GeV? fitted to the
empirical data [11]. Gg(0) =1 and G (0) = pp = 2.793
normalized for the proton state. As mentioned in the
beginning, we adopt in this work the proton charge form
factor F1(Q?) given in Eq. (16), together with Eqgs. (17),
and (18) above. Note that by the definition in Eq. (16),
followed by Eqs. (17) and (18), the proton charge form
factor F;(Q?) in this work differs not only by the cutoff

mass A pp- (s) but also by the overall factor (H'T” ) from

1+7
that of VR [6] given in Eq. (4).

In Fig. 1, we present the Q?-dependence of the pro-
ton charge form factors Fi(Q?) adopted in the models
of KM, VR, and the present work for comparison. The
dashed line describes the form factor F1(Q?) in Eq. (18)
with A; = 0.84 GeV, which is in good agreement with
experimental data of Refs. [12] and [13]. The dotted line
is from the transition form factor Fi(Q*, s — M?) in the
KM model (Eq. (43) of Ref. [5]) while the dash-dotted
line is from the form factor in Eq. (4) for the VR model.
The solid line results from the Dirac form factor Fy(Q?)
with A; = 1.55 GeV used in the present work.

While differences in the proton form factor among the
models are apparent, the cutoff mass A, based on the
pion form factor in Eq. (15), common to all models,
should be different from one another for an agreement
with experiment. The KM model divides the cutoff mass
into three parts: A, = 0.775 GeV for Q2 < 0.4 GeV?,
0.63 GeV for 0.6 < Q? < 1.5 GeV?, and 0.68 GeV for
Q? > 1.5 GeV2. The VR model fixed A, = 0.655 GeV,
regardless of the Q? range with a smaller coupling con-
stant g- vy = 13.0. We use A, = 0.78 GeV for the DESY
data and A, = 0.65 GeV for the JLab data with the
coupling constants concerning m and p being the same
as those of the KM model.

Figure 2 shows four differential cross sections result-
ing from the KM model, the VR model, and the model
used in this work for the small —¢ and Q? region. Note
that these model predictions are made within our sim-
ple framework of proton + m + p exchanges where ne-
glecting the higher-spin meson exchange employed in the
KM and the VR models, which is by two orders of mag-
nitude smaller than @ 4 p. Therefore, the differences
between the models are basically the differences of the
proton form factors together with the cutoff A, as dis-
cussed above. In this analysis, we fix the cutoff mass
A1 = 1.55 GeV over whole range of Q% and —t for the
proton form factor in Eq. (16) while the VM model uses
Appe(s) = 0.84+(2.19—0.84)(1—Mg/s)(GeV). The KM
form factor would yield A; = 1.48 GeV in the limit of
s — Mg, as estimated in correspondence with the same
form factor for the VM model [6]. Thus, all the cutoff
masses for the proton form factors in these models are
almost two times larger than the A; = 0.84 GeV fitted
to the on-shell form factor from experimental data, sug-
gestive of an N* contribution or an off-shell effect in the
s-channel.

In the high-Q? region, the JLab data for small —t

-L1093-
Q’=1.75, W=2.48 Q=335 W=231
€=0.589 e=0.449
— —— This work
L L -+ =+ KM model
% 10 E E — = VR model
Q | F — - = VR with strong FF
=) E E
EN N
S w0'F =
= E E
© 2 L
< 10T F E
107 g 3
Eoo Lo v 1y 1 E |
0 1 2 3 4 S 0 1 2 3 4 S5

t[GeVY] t[GeV’]

Fig. 5. (Color online) —¢ dependence of the unseparated
cross section doy /dt. Notations are the same as in Fig. 3 for
solid, dotted and dashed lines. The dash-dash-dotted line is
from the VR model with the inclusion of the strong hadronic
form factor given in Eq. (28) of Ref. 6. Data are taken from
Ref. 3.

and large —t are presented in Fig. 3 and Fig. 4. Our
model reproduces those cross sections with a reduced
value A; = 0.65 GeV while using an fixed A, = 1.55
GeV, which is independent of @Q? and —t momentum
transfer.

The change in A, due to a variation of Q? can be
understood as a change in the measurement of the charge
radius of pion,

aFx
dQ2 QQ:O

which reads < 72 >= 0.384 fm? for A, = 0.78 GeV and
< r2 >=0.55 fm? for A, = 0.65 GeV. This is sensible
because the size of the pion will increase with higher
resolution as Q2 increases.

Based on the present model with cutoff masses consis-
tent with DESY and JLab data, we analyze the unsepa-
rated cross section

<ri>=-6 =6/A2, (19)

doy = dor + edor, (20)

at the high Q2 and large —t region. We note in Fig. 4
that the contribution of p exchange becomes noticeable
in this kinematical region. We should point out that the
sign of ypm coupling is of importance in reproducing the
data. A comparison of model predictions is given in Fig.
5 for the cross section at high @2 and —t up to 5 GeVZ2.
The result confirms the present work to be more reliable
for wider applications than the others.
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