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We investigate ¢-meson electroproduction off the proton target, i.e., y*p — ¢ p, by employing a tree-level ef-
fective Lagrangian approach in the kinematical ranges of Q% = (0-4) GeV2, W = (2-5) GeV, and |t| < 2GeV?.
In addition to the universally accepted Pomeron exchange, we consider various meson exchanges in the ¢ channel
with the Regge method. Direct ¢-meson radiations in the s- and u-channels are also taken into account. We find
that the Q? dependence of the transverse (or) and longitudinal (oy) cross sections are governed by Pomeron
and (ag, fo) scalar-meson exchanges, respectively. Meanwhile, the contributions of (7, ) pseudoscalar- and
/f1(1285) axial-vector-meson exchanges are much more suppressed. The results of the interference cross sections
(ovr, o) and the spin-density matrix elements indicate that s-channel helicity conservation holds at 0=
(1-4) GeV?. The result of the parity asymmetry yield P ~ 0.95 at W = 2.5 GeV, meaning that natural-parity
exchange dominates the reaction process. Our numerical results are in fair agreement with the experimental data
and thus the use of our effective Reggeized model is justified over the considered kinematical ranges of 02, W,

and t.
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I. INTRODUCTION

Exclusive electroproduction of vector mesons is a suitable
place to test model predictions in a kinematic region where
the transition between the hadronic and partonic domains is
involved according to the ranges of the photon virtuality Q?
and the photon center-of-mass (c.m.) energies W. The ZEUS
and H1 Collaborations at HERA accumulated a lot of data
for electroproductions of p- [1,2], w- [3], and ¢- [2,4,5] light
vector-mesons over wide ranges of Q> and W (e.g., 2.5 <
0? < 60GeV? and 35 < W < 180 GeV at H1 [2]). The scale
is large enough for perturbative quantum chromodynamics
(pQCD) to be employed. Meanwhile, the Cornell group at the
Laboratory of Nuclear Studies (LNS) at Cornell University
[6-8], the CLAS Collaboration at Jefferson Lab [9-13], and
the HERMES Collaboration at DESY [14-17] performed the
experiments of vector-meson electroproductions at relatively
low Q7 and W values (e.g., 1.0 < 0> < 7.0 GeV? and 3.0 <
W < 6.3 GeV at HERMES). Then we get access to the soft
scale and pose a question. What ranges in Q> and W are more
adequate for the hadronic or partonic descriptions?

A series of works on electro- and photoproductions of light
vector mesons was carried out by Laget et al. previously
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based on the Regge phenomenology [18-21]. The exchanges
of meson Regge trajectories and of a Pomeron trajectory
are considered in the ¢ channel with phenomenological form
factors for each vertex. The Q° and ¢ dependences on the
cross sections at low photon energies (W =~ afew GeV) are
reasonably described. Then Ref. [22] developed the work
for p-meson electroproduction by employing an effective
Lagrangian approach with the updated CLAS data [9,10].
The transverse and longitudinal parts of the cross sections are
examined in some detail. The separated components help us to
pin down the role of different meson exchanges and Pomeron
exchange as well, which is difficult only with the study of the
unpolarized total cross section.

In this paper, we take a similar approach for ¢-meson
electroproduction and test whether our hadronic descrip-
tion is applicable or not in the kinematical ranges of Q° =
(0-4) GeV?, W = (2-5) GeV, and |f| < 2GeV?. We examine
the Q% and ¢ dependences on the transverse, longitudinal, and
interference parts of the cross sections. The latter enables
us to test s-channel helicity conservation (SCHC). The spin-
density matrix elements of the produced ¢ meson are also
analyzed in the helicity frame which is in favor of SCHC.
Parity asymmetry is calculated to check the relative strengths
of natural to unnatural parity exchanges in the ¢ channel.

For this purpose, we utilize our recent results for ¢-meson
photoproduction, y p — ¢p [23], where the relative contri-
butions among the Pomeron and various meson exchanges
were discussed in detail by analyzing a vast amount of CLAS
data [24,25]. The basic formalism used in Ref. [23] applied to
the present work. However, the s-channel nucleon resonance
contribution is excluded for brevity, although our kinematical
range covers some high-mass resonance regions. Indeed, in
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Electron Plane (lab) ~ Production Plane (c.m.)

FIG. 1. Graphical representation of the electron scattering
(e€’y*) and hadron production (y*¢p) planes for the ep — €'¢p
reaction defined in the laboratory (lab) and y* p center-of-mass (c.m.)
frames, respectively.

¢-meson photoproduction, the N* contribution is found to be
crucial only for the backward ¢-meson scattering angles with
small magnitudes and does not change much the integrated
cross sections [23], whereas the data for electro- and photo-
productions of p- [22,26] and w- [12,27] vector mesons imply
the necessity for the s-channel N* contribution. We find that
our hadronic approach provides a very successful description
of the available experimental data over the considered kine-
matical ranges of Q?, W, and ¢.

The remaining part of this paper is organized as follows.
In Sec. II, we define the kinematics of ¢-meson electropro-
duction process. In Sec. III, we explain the general formalism
of the effective Lagrangian approach. We present and discuss
the numerical results in Sec. IV. The final section is devoted
to the summary.

II. KINEMATICS

Let us first specify kinematics of the ¢-electroproduction
process ep — e¢p drawn in Fig. 1 graphically. The four-
momenta of the involved particles described in the hadron
production plane are given by

y (k) + p(p1) = ¢(k2) + p(p2). ey

in parentheses, where

b =(/k* =@, 0,0, k),

ky = (\/m7 psin,, 0, pcosb,),

p1 = (\/m 0, 0, —k),

P2 = (\/PZ+—MZ7 —psinfy, 0, —pcosby). )

They are defined in the y*p center-of-mass (c.m.) frame
where the z axis is set to be parallel to the direction of the
virtual photon and the y axis normal to the hadron produc-
tion plane along ki x k. Here, the magnitudes of the three-
momenta of the initial and final particles are given by

k= A(— Q% M3 W2)2 /W) = My /v? + O2/W,
P=)»(M42,,M[%/,W2)%/(2W), 3)

where the Kiillén function is defined as A(x, y, z) = x> + y* +
i 2(xy + yz + zx).

We define some relevant variables as follows:

() 0* = —kf > 0, the negative four-momentum squared
of the virtual photon, i.e., photon virtuality;

(i) W2 = (ki + p1)* = M} + 2Myv — Q?, the square of
the invariant mass of the y*p system, where v = E, —
E, is the energy transfer from the incident electron to
the virtual photon in the laboratory (lab) frame;

(iii) ¢t = (k; — k»)?, the squared four-momentum transfer
from the y* to the ¢. ' = |t — tyinl, tmin being the
minimal value of ¢ at fixed Q% and W ;

(iv) 0., the angle between the incident and scattered elec-
trons;

(v) @, the angle between the electron scattering (ee’y™)
and hadron production (y*¢p) planes;

(vi) 64, the c.m. ¢-meson angle relative to the virtual
photon direction.

III. THEORETICAL FRAMEWORK

We employ an effective Lagrangian approach here. The
production mechanisms under consideration are drawn with
the relevant Feynman diagrams in Fig. 2, which includes
Pomeron (P) (a), Reggeized f;(1285) axial-vector (AV) me-
son, (7, n) pseudoscalar (PS) meson, and (ay, fo) scalar (S)
meson exchanges in the ¢ channel (b), and direct ¢-meson
radiations via the proton in the s and u channels (¢ and d).

We can write the invariant amplitude as

M= 8:()\,)IZN/()\,f)MMVMN()Ni)GuO‘y)a )

the helicities of the particles being given in parentheses. The
forms of the invariant amplitudes are in complete analogy to
the ¢-meson photoproduction case [23] for the corresponding

JI'IL Pomeron *{71 % 2(?: | } 0
/\ /\
pip)  plp) P b

(@) ®)

. ) v ¢
D p p P
© <d>

FIG. 2. Tree-level Feynman diagrams for y*p — ¢p, which in-
clude Pomeron (a), Reggeized f;(1285) axial-vector-meson, (77, 1)
pseudoscalar-meson, and (ay, fo) scalar-meson exchanges in the ¢
channel (b), and direct ¢-meson radiations via the proton in the s
and u channels (c and d).
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FIG. 3. Quark diagram for Pomeron exchange in the DL model,
based on the Pomeron-isoscalar-photon analogy.

diagrams. The Dirac spinors of the incoming and outgoing
nucleons are designated by uy and wuy, respectively. €, and
¢, denote the polarization vectors of the virtual photon and
the ¢ meson, respectively. The extension of the photo- to
electroproduction of mesons entails an additional longitudinal
component (A, = 0) for the virtual-photon polarization vector
in addition to the transverse (A,, = %1) ones:

where E,« = \/k* — 0% = (Myv — Q*)/W. The polarization
vectors of the virtual photon and the ¢ meson satisfy the
conventional completeness relations [22]

kiukiy
k?

> D enOy)er(hy) = gy —

A, =0,%1

ky ko
3 sﬂ(x)sm):—[gw— w2 } ©6)

2
A=0,=%1 Mcb

A. Pomeron exchange

Figure 2(a) draws the Pomeron exchange that governs the
scattering process in the high-energy and small ¢ regions. We
follow the Donnachie-Landshoff (DL) model [28] where a
microscopic description of the Pomeron exchange in vector
meson photo- and electroproduction is given in terms of
nonperturbative Reggeized-two-gluon exchange based on the

1 1
e(£l) = 7(0’ Fl, =i, 0), €(0) = —=(k, 0, 0, Ey»), Pomeron-isoscalar-photon analogy (see Fig. 3) [29,30].
2 Ve As a consequence, the invariant amplitude for the Pomeron
®) exchange can be expressed as
|
kb kY Kk, - k k)
= (7~ S (o~ e ()]
ks ks ks

One finds that the last term in the square bracket on the
right-hand side (r.h.s.) breaks the gauge invariance and the fol-
lowing modification is performed to make it gauge invariant
[31]:

_ (pr+ Pk -k
(p1+p2) -k

Other prescriptions for the spin structure for conserving the
gauge invariance are detailed in Ref. [32] but are not used
in this work, because qualitative descriptions of ¢-meson
electroproduction with them are found to be very poor. The
scalar function in Eq. (7) is given by

Ky — kY

®

1/ s \2®® in
Mp(s, 1) = C]P’Fqb(t)FN(t); (5) eXp[—jan»(t)}-
9

The strength factor is determined to be Cp = 3.6 and the
energy-scale factor to be sp = (My + M, )2. Fy(t) and Fy(t)
stand for the nucleon isoscalar electromagnetic (EM) form
factor [18,33] and the form factor of the yP¢ coupling
[34,35], respectively, and take the forms

Fu(t) = AM2 — 2.8t
VT M2 =) (1 =071
ZugAé
F,(t) = . 10
=@ nmireraz—

The mass scale Ay is proportional to the quark mass of the
loop diagram in Fig. 3 and is chosen to be A7 = M as done
previously. The momentum scale is given by u? = 1.1 GeV?
and the Pomeron trajectory is known to be ap () = 1.08 +
0.25t¢.

B. f1(1285) axial-vector meson exchange

We first consider Reggeized f;(1285) AV meson among
meson exchanges depicted in Fig. 2(b). Its importance is indi-
cated in elastic p-p scattering and elastic photoproduction of
p and ¢ mesons due to its special relation to the axial anomaly
through the matrix elements of the flavor singlet axial vector
current [36] and is confirmed more specifically in ¢-meson
photoproduction done by the authors [23]. Thus we include
f1(1285) AV-meson exchange in ¢-meson electroproduction.

The effective Lagrangian for the AVV vertex is obtained
from the hidden gauge approach [37]

£}’¢fl = g}/¢’f|EuvaﬂaﬂAvakak(baflﬂv (11D

where f; denotes the f;(1285) field with its quantum number
16(JP€) = 0F(17+). The experimental data for the branching
ratio (Br) Bry,_.4, = 7.5 x 107* and the decay width 'y, =
22.7 MeV [38] lead to

gyos = 0.17GeV~? (12)
from Eq. (11).
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The effective Lagrangian of the AV meson interaction with
the nucleon takes the form

- KfiNN
Ly = _gleNN|:V/L -1 211l/IN

yumav}f{‘ysN (13)

The coupling constant g, vy is obtained to be [39]
grnny =2.5%£0.5, (14)

and we use the maximum value ggyy = 3.0. Although the

tensor term can have an effect on ¢-meson electroproduction,

we take the value of k,yy to be zero in this work for brevity.
The corresponding invariant amplitude reads

2
M;‘L]v _ iM¢gV¢f1gf1NN6MWﬂ |:_gom + ‘Itagzki|
M3

2
l‘—MfI
A, KANN o »
—- . kig, 15
X[V +2MN)/J/%1|7/51,3 (15)

where g, = k, — k;. We substitute the exchange of the entire
f1(1285) Regge trajectory for the above single f;(1285) me-

son exchange as [40]
g, (-1
— P;.{egge(t) = <i>
J1 Sf1

Feyn _
P O=1000
1

o
X /i
sin[ray, (1)] Tlay, ()]

Dy, (1), (16)

such that the spin structures of the interaction vertices are kept
and the Regge propagator effectively interpolates between
small- and large-momentum transfers and can contribute to
the high energy region properly. The Regge trajectory is
determined to be ay, (1) = 0.99 + 0.028¢ [36] and the energy-
scale factor sy, = 1 GeV?. The odd signature factor is given
by [36]

—1 +exp(—imay (1))
7 .

The invariant amplitude is modified by introducing the
following form factors:

Dyi(t) = (17)

Svor = SyonFren Q5 1),  gann — gannFran(t), (18)

where
2 a2 2
A M f1 A 7

h
chbfn(t’Qz) = 2 2 2’
Afl—t Aq—i-Q

A% —M%
Ff]NN(l) = .12 .ls (19)
NG —t

which are normalized at r = MJ%I and Q> =0 as Fyp =
FleN =1.

C. Pseudoscalar- and scalar-meson exchanges

Figure 2(b) also includes the contributions of the ¢#-channel
(m, n) PS- and (ap, fo) S-meson exchange diagrams. The EM
interaction Lagrangians for the PS- and S-meson exchanges,

respectively, can be written as

e
Lyos = S P8 A 05,

Eg v
L5 = MLW)FM GBS, (20)
¢

where ® = 7%(135,07), n(548,07) and S = a¢(980, 0"),
70(980, 01). The field-strength tensors for the photon and ¢-
meson are given by F*' = 9*A” — 9VA* and ¢*¥ = 3*¢" —
d"¢", respectively, and e the unit electric charge. The EM
coupling constants are deduced from the ¢ — Py and ¢ —
Sy decay widths

3
D@ B (M- MG
W T My \ 2, )
3
r = i@ M Q1)
T3 g\ My )

With the ¢-meson branching ratios of Bry_,, =1.30 x
1073, Bry_,;, = 1.303 x 1072, Bry_.qy, = 7.6 x 107>, and
Bry_p, =322 x 10~* and the value of Iy =4.249 MeV

[38], we obtain
8ynp = —0.14, 8ynp = —0.71,
8yapp = —0.77,  gype = —2.44. 22)

The strong interaction Lagrangians for the PS- and S-
meson exchanges read

Lony = —igonvNPysN,
Lsyy = —gsnvNSN, (23)

respectively. We use the following strong coupling constants
determined by the Nijmegen potential [41,42]:

gnNN = 634,
gpnvy = —0.51. 24)

We obtain the invariant amplitudes for PS- and S-meson
exchanges as

gxwvn = 13.0,
gaONN = 495,

€ 8yep8ONN

e riokagys,
M, t_MCQD 1aK28Y5

MY =i
M — © 28yse8suy
§ M¢t—M§+iF5MS

respectively, where we use M,, = 980 MeV, M; = 990 MeV,
and Iy, 7, = 75 MeV [38].

Here, we also consider the form factors F,4(t, 0?%) and
Fynn(t) for each vertex describing the dependence on the ¢
and Q7 similar to Egs. (18) and (19):

(ky - kog"” — K'KY), (25)

2
Ay =My A

2
FyM¢(th): A}zw_t A2+Q2’
q
A2, — M
Fynn(t) = —5—1, (26)
A2, —1

where M = (P, S).

065201-4



INVESTIGATION OF ELECTROPRODUCTION OF ¢ ...

PHYSICAL REVIEW C 101, 065201 (2020)

D. Direct ¢-meson radiation term

It is argued that the direct ¢-meson radiation term drawn
in Figs. 2(c) and 2(d) gives a small contribution to the un-
polarized cross sections but a very distinct contribution to
some polarization observables in ¢-meson photoproduction
[23,43]. Thus it is interesting to include this term in ¢-meson
electroproduction.

The effective Lagrangians for the direct ¢-meson radiation
contributions can be written as

\ 7 KN v L
L,y = —eN[y,L — _2MN 00 :|NA’ ,
Lony = —8enwN [yﬂ - —2¢NN 0 ]qu, Q7
My

where the anomalous magnetic moment of the proton is k, =
1.79 [38] and the vector and tensor coupling constants for the
¢ meson to the nucleon are determined to be gyyy = —0.24
and KoNN = 0.2 [44]

The ¢-radiation invariant amplitudes are computed as

€8yNN K¢NN
s = T2 (y“ ~ i, ol )(qs +My)

. KN
x [ y*FP +iF?P c"Pkys ),
(V | iy 2My 18
EZHNN
Mg];ad,u= _MN( MFp—i-lez

x(y"—

for the s and u channels, respectively, with the EM form
factors being involved. ¢, are the four momenta of the
exchanged particles, i.e., g; = k1 + p; and g, = p>» — k.

Note that the Ward-Takahashi identity (WTI) is violated
when a different form for the form factor Fl” is used for the
electric terms of the two invariant amplitudes. Thus we use
the same form and can check the sum of them restores the
WTI as

MNGﬂakla>(qu + MN)

KoNN g
k , 28
ZZMN o 2ﬂ> (28)

1
Mraa,s(€ = k1)

€8yNN _

_QzuNf(¢ "’NN<¢*162 M*))

x (2k; - p1 — Q) F} uy,

Mue = k)

= Sy g @R P 0D
x <¢* 4 o Al lé2¢*)>uN, (29)

such that M (e — ki) o< (Ff' — F{") = 0. We follow the
suggestion given by David and Workman [45] for the form
factors:

Mg = (MGseq o + Moy )Fe(s, u)’ FI(Q%)

+ My () F Q%) + My v ()’ FY (@),
(30)

Here, a common form factor is introduced which conserves
the on-shell condition and the crossing symmetry:

Fo(s,u) =1 —[1 — Fy(I[1 — Fy(w)] 31)
with
A4
Fy(x) = ————. x=(s,u). 32)
Ay + (x — M)

Since the magnetic terms are self-gauge-invariant, the form of
Eq. (32) is just used for them.

Now, we give some details for the Dirac () and Pauli (£;)
form factors by using their relations with the Sachs one (Gg )
[46]:

Gr(Q?) = Fi(Q%) — kntF(0%),
Gu(Q*) = unGg(Q*) = Fi(Q*) + kv F2(Q%),  (33)
where 7 = Q? /4M[2, and, correspondingly,

2 2
FL(Q%) = Ge(Q )1+ TGy (Q )’
+7
2 Gu(0®) — Ge(0?)
Q%) = it (34)

The Sachs form factors are parametrized for the proton and
the neutron in the literature by

GL(0%) ~ Gp(Q*), Gh(0%) =~ n,Gp(Q?),

au,T n
GL(0Y) ~ ——E1T Gh0Y), G0 ~ 11,Gp(QY) (35)
1+ bt
with the dipole-type of form factor
1 2
Gp(Q)) = | ———55—= (36)
P 14+ 02(2)2/12

where the electric root-mean-squared charge radius of the
proton is given by (0.863 & 0.004) fm [47].

IV. NUMERICAL RESULTS AND DISCUSSIONS

We now discuss our numerical results from the present
work. The remaining model parameters are the cutoff masses
involved in the form factors. The cutoff masses for the 7
dependent form factors for meson exchanges are determined
to be A a5, =14 and Ay, =0.6 GeV and that for the
¢-meson radiations in Eq. (32) to be Ay = 1.0 GeV. We have
shown that those phenomenological form factors provide a
good description of ¢-meson photoproduction at the consid-
ered energy region W = (2-3) GeV and at even much higher
one W < 10 GeV as well in our recent work [23]. The cutoff
masses for the Q? dependent form factors [Aﬁ / (Af] + 0%)]
for all meson exchanges are chosen to be A, = 0.9 GeV in
common.

The cross section dependence on the angle ® of meson
electroproduction is decomposed into the transverse (T), lon-
gitudinal (L), and interference (TT, LT) parts as

d 1
d% = 2—(0 + gorr cos 2® + /2¢(1 + &)or 1 cos <I>),
T
(37)
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o [ub]

FIG. 4. Total cross sections for y*p — ¢p are plotted as
a function of W for five different photon virtualities Q* =
(0, 0.5, 1.0, 2.2, 3.0) GeV?. The ¢ photoproduction (Q? = 0) data
are from Refs. [48] (diamond), [49] (circle), and [50] (triangle). The
Cornell [8] (star) and CLAS [13] (square) data correspond to the
results at 0% = 2.2 GeV>.

where 0 = o1 + g¢oL. We refer to Appendix A for the explicit
expressions for the T-L separated differential cross sections.
If helicity is conserved in the s channel (SCHC), then the
second and third terms vanish. The virtual-photon polarization
parameter ¢ is defined by

2% ,60,77"
&= [1 + —tanz—:| . (38)

0 2

In all our calculations, we fix it to be ¢ = 0.5 because the
available data to be used are carried out with the value close
to 1t.

Figure 4 displays the results of the total cross sections as
a function of W for five different photon virtualities Q. The
slowly rising total cross sections with increasing W are kept
for all values of Q? due to the dominant Pomeron contribution.
The agreement with the experimental data [48—50] is good
at the real photon limit Q*> = 0 over the whole energy range.
The magnitude of the total cross section when Q% = 0.5 GeV?
reaches the level around 40% relative to that when Q° = 0.
The results get more suppressed for higher values of Q7.

It is essential to investigate the separated components of
the cross sections to clarify the different role of considered
meson exchanges. The CLAS Collaboration [13] extracted
the interference cross sections to be orr = —1.1 & 3.1 nb and
orr = 2.2+ 1.1 nb from six bins of the do /d® data mea-
sured in the range of W = (2.0-3.0) GeV and Q* = (1.4-3.8)
GeV? using the relation Eq. (37). The matrix element is
extracted as well to be rgg = 0.33 £ 0.12 from five bins of the
polar angular distribution W (cos 8y ). With the additional as-
sumption of SCHC, the ratio of the longitudinal to transverse
cross section is obtained to be R = o /o = 1.05 £ 0.38.
Also, r1171 =0.38+£0.23 and R =0.72 £ 0.3 are obtained
from eight bins of the angular distribution W (¥ = ¢y — ®)
under the SCHC approximation. Lastly, the longitudinal cross
section is calculated to be oy (Q? = 2.21GeV?) =4.5+ 1.1
nb using the values of the average ratio R = 0.85 £ 0.24
and of the average cross section 0 = 6.9 = 1.7 nb [13]. The
definitions of the matrix elements will be given later [51].

(a) W=2.5GeV

10" F 3
o' oL L
= 10
= N
6 ANY
10 F =~ 3 AN,
~N—_
< —
1L >~ dL
10 N

(b) W=2.8 GeV

(c) W=4.7 GeV

3 10
3 10'
\

0

. TN 3
S — — N T - 10
< Nooo_ T
IF 1107

[\S}
w
~
1 oF
—_
)
w
~

10'F Jp—
2 10°f 3 R
6 [— . -
1 ~ & ~
100 F : iF ~.
\.\. \.\.
5 I \.\ ~.
107 F ~ot
0 1 2 3 40 1 2
Q* [GeV?Y]

FIG. 5. Transverse oy [(a)-(c)] and longitudinal oy [(d)—(f)] cross sections are plotted as functions of Q for three different c.m. energies
labeled on each subplot. The green dotted, cyan dot-dot-dashed, blue dot-dashed, and red dashed curves stand for the contributions from the
individual Pomeron, AV-meson, PS-meson, and S-meson exchanges, respectively. The black solid curves indicate the total contribution. The

CLAS data in (a) and (d) are extracted from Ref. [13].
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L e ——— e 10
(2) W=2.5 GeV (b) W =2.8 GeV (c) W =47 GeV
5t 1t 1t 15
)
=,
13 7—_ o 0
1t 1-5

2 3 40 1 2 3 4

ot [nb]

() W =4.7 GeV

Q* [GeV?]

FIG. 6. The same as in Fig. 5 but for the interference cross sections oty (upper panels) and o1 (lower panels), respectively.

Figure 5 depicts the results of the transverse (o) and longi-
tudinal (o) cross sections as functions of @ in the upper and
lower panels, respectively, for three different c.m. energies
W. We find that a predominant mechanism that contributes
to the transverse cross section or is the Pomeron exchange.
The individual AV-, PS-, and S-meson exchanges all have
little influences on or for three W = (2.5, 2.8, 4.7) GeV
energy values. The contribution of the Pomeron exchange at
W = 2.5GeV and Q%> = 2.21 GeV? is in very good agreement
with the CLAS data as shown in Fig. 5(a). However, it is
quite the opposite in the case of p-meson electroproduction.
That is, the PS-meson exchange governs the transverse cross
section or due to the M1 spin transition ¥ + 7%(n) — p°
and Pomeron exchange is relatively much more suppressed
at low c.m. energies (W ~ afew GeV) and low photon vir-
tualities (Q> ~ afew GeV?) [22]. In this work, employing
a strong form factor for the PS-meson exchange obviously
overestimates the available ¢-meson electroproduction CLAS
data. Thus we use a rather small value of the cutoff mass as
Az, =0.6 GeV.

Meanwhile, the contribution of the Pomeron exchange
alone for the longitudinal cross section op, is an order of
magnitude smaller than that for o at W = 2.5 GeV and Q* =
(1-4) GeV? as shown in Fig. 5(d). The difference becomes
larger for higher c.m. energies W = 2.8, 4.7 GeV. The inclu-
sion of S-meson exchange to the Pomeron exchange gives a
sufficiently better description of or. That is how the S-meson
exchange form factor is determined, i.e., A4, 5, = 1.4 GeV. As
displayed in Figs. 5(d)-5(f), the contribution of the S-meson
exchange for or, is highly enhanced relative to o and even
prevails over that of the Pomeron exchange over all the ranges
of W and Q. All the amplitudes for the longitudinal photons

must vanish at the limit Q> = 0 and this behavior is imposed
explicitly in our calculation. For both or and oy, cases, the
contribution of the AV-meson exchange is comparable to that
of the PS-meson exchange or even more suppressed.

We present the results of the interference cross sections ot
and oy in the upper and lower panels in Fig. 6, respectively.
The overall results are the decrease of the absolute magnitudes
with increasing W for all contributions, indicative of SCHC at
relatively higher values of W and Q. The meson-exchange
contributions are all close to zero for orr and the total
contribution is entirely dependent on the Pomeron exchange
which is the strongest at Q* = 0 and gradually decreases with
increasing Q%. At Q% > 1GeV?, the results are consistent
with zero for all values of W, which are within the CLAS
data at W =2.5 GeV and Q? =2.21 GeV? as shown in
Fig. 6(a).

Different patterns are observed for the results of the in-
dividual opr cross sections in comparison to opp as seen
in Figs. 6(d)-6(f). The overall positive sign applies to the
Pomeron contribution for opr. It is peaked at about 0.3 GeV?
and falls off with increasing Q. The signs of the PS- and S-
meson contributions are the same each other but are opposite
to that of the Pomeron contribution. The CLAS data shown in
Fig. 6(d) is close to the Pomeron contribution. However, the
inclusion of PS- and S-meson exchanges pulls down oy and
finally the total contribution reaches zero at Q> = 2.21 GeV>.
That is one more reason why PS-meson exchange should be
suppressed in ¢-meson electroproduction. The small increase
of the cutoff masses for both the PS- and S-meson form factors
from the present ones makes the total results of oy worse. The
AV-meson exchange contributes almost negligibly to both orr
and orr. However, note that its contribution to ot is much
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(a) W=23 GeV

. (b) W=2.5GeV
(2.0-2.6GeV) | | ™

(2.0-3.0 GeV) |

6(Q?) [nb]

(©) W =2.8GeV
(2.0-3.7GeV) | |

(d) W =4.7 GeV
(4-6 GeV) |

FIG. 7. Total cross sections are plotted as functions of Q” for
four different c.m. energies labeled on each subplot. The curves
are defined in the caption of Fig. 5. The circle [11] and square
[13] data are from the CLAS Collaboration. The star and triangle
data from the Cornell [8] and HERMES Collaboration [14], respec-
tively. (b),(c),(d) The photoproduction points at Q> = 0 are from
Refs. [48,49].

more sensitive than that to o under the variation of the cutoff
mass Ay,

Figure 7 depicts the results of the unpolarized total cross
sections as functions of Q? for four different c.m. energies W.
The model parameters are all constrained previously from the
study of the separated cross sections although the available

e (a) (Q) =22 GeV? |
(W)=2.5GeV
~
@]
| N—
85
2 L L N L
107, 0.5 1 15 2
¥ [GeV?]
— ot (©) (Q¥ = 0.43 GeV? |
@F% (W)y=2.9 GeV
O 2
| S—— 10 E
—~ 1
She 10'F
35 =
8—/ 100 F N N = -
85 S
1L , N L
107 0.5 1 15 2
£ [GeV?]

data on a Rosenbluth separation [52] are too poor to be a
reliable basis for verifying the ¢-meson electroproduction
mechanism. It is interesting that the unpolarized cross sections
are also well described over the whole kinematical ranges of
W and Q?, since the Pomeron exchange is mainly responsible
for describing the experimental data. Although small, the
effects of meson exchanges are revealed at larger values of Q?
mostly due to the milder slope of the S-meson contribution
than the Pomeron one. Our effective hadronic model accounts
for the points at the real photon limit Q* = 0 as expected from
Fig. 4,

The results of the differential cross section do/dt are
displayed in Fig. 8(a) at Q> = 2.2 GeV? and W = 2.5 GeV
as a function of ¢/ = |t — tyin|, Where fy;, stands for the
minimum value of ¢ at fixed values Q% and W. Figures 8(b)—
8(d) depict the results of do/dt, which are multiplied by
the factor [(Q? +M¢%)/Mq%]2 to eliminate the ¢-propagator
dependence, as functions of —¢ for the three different pho-
ton virtualities Q> at W = 2.9 GeV. They corroborate our
finding that the dominant contribution is the Pomeron ex-
change by which the ¢ dependence is properly described.
The strength of the S-meson exchange becomes larger
than that of the Pomeron exchange at |t| 2 1.5 GeV2. It
should be mentioned that the ag- and r-meson contributions
are more important than those of the f; and 1 mesons,
respectively.

We present the results of the ratio of the longitudinal
to transverse cross section R =op /ot in Fig. 9 at W =
2.5 GeV although the Cornell data (circle) correspond to
W =2.9 GeV. Our results yield R < 0.2 for the Pomeron

— ot (b) (Q?) = 0.23 GeV? |
@F% (W)=2.9 GeV
LD -
\-
. ==
I - )
-
107 0.5 1 15 2
-t [GeV?]
— ok (d) (Q%) = 0.97 GeV?
@F% (W)=2.9 GeV
0 2
| S—— 10 E
=
§‘~e 10'F
d1=
N 0
| — 100 F
8=
10"

0 0.5 1 1.5 2
-t [GeV?]

FIG. 8. (a) Differential cross section do /dt is plotted as a function of t' = |t —t,;,| and compared with the CLAS data [13].
(b),(c),(d) do /dt multiplied by the factor [(Q® + M)/M;]* is plotted as functions of —r for three different photon virtualities labeled on
each subplot at W = 2.9 GeV and compared with the Cornell data [6,7]. The curves are defined in the caption of Fig. 5.
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1.5

o
W
—
I

FIG. 9. The ratio of cross sections for longitudinally and trans-
versely polarized photons R = oy /oy is plotted as a function of Q?
at W = 2.5 GeV. The green dotted and black solid curves stand for
the Pomeron and total contributions, respectively. The data are from
the Cornell [7] (circle) and CLAS Collaborations [13] (square).

contribution, meaning that it mainly involves the transverse
component in our given ranges of Q. The agreement is
noticeably better when the S-meson exchange is additionally
included. Note that as the fixed c.m. energy W increases,
the rise of R with respect to Q% becomes smaller as indi-
cated in Fig. 5 where the transverse and longitudinal com-
ponents of the total contribution exhibit the opposite pattern
with W.

matrix elements (SDMEs) [51]. When the experiments cannot

conduct a o1 /ot separation, r; can be represented as

0 4
o _ Py RO

Y 1+ ¢€R

L P

r"-7:1+sR’ for o = (0 — 3),
.

r"f:\/l_el—keR’ for = (5 —8). (39)

We refer to Appendix B for the definitions of the SDMEs pf’.
The matrix elements are described in the helicity frame, where
the ¢ meson is at rest and its quantization axis is chosen to be
antiparallel to the momentum of the outgoing proton in the
c.m. frame of the hadron production process.

The results are shown in Fig. 10 as functions of Q? for nine
different matrix elements labeled on each subplot. If SCHC
holds, all presented matrix elements becomes zero except for
3¢, ri_y, and Im r§_,. It turns out that the SCHC approxima-
tion indeed applies at Q> = (1-4) GeV?2. This conclusion is
consistent with the results of Fig. 6 where SCHC is verified
from the interference cross sections orp and opr. A good
agreement with the CLAS data is obtained for r{j and r|_,.

It is useful to examine the relative contribution between the
natural (N) and unnatural (U) parity exchange processes for
the transverse cross section. The parity asymmetry is defined
by [40,51]

N_ U
Finally, we make our predictions of various matrix ele- pP= % =+ gR)(erl — réo), (40)
ments, denoted by r7; and related to the ¢-meson spin-density or +or
05F 04 1 F 04 1F 04 105
Too Rerjg T
of 1t ] P— 40
05k 1t 1F 1-0.5

Q* [GeV?]

FIG. 10. Various matrix elements are plotted as functions of 0* at W = 2.5 GeV. The extracted data for ry and r|_, are from the CLAS

Collaboration [13].
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and our results yield P >~ 0.85 and 0.95 for the Pomeron and
total contributions, respectively, at W = 2.5 GeV and 0% =
(0 — 4) GeV?2. This observation indicates that the dominant
mechanism of the transverse cross section is the natural-parity
exchange. Also when a purely natural-parity exchange is con-
sidered, e.g., the S-meson exchange, we have the following
relation [12,53]:

1L —rgg+2r, —2r, —2r_, =0. 41)

For the Pomeron contribution, our results yield the values
close to zero. The results from the total contribution yield
2~ 0.1 and thus the dominance of the natural-parity exchange
is again verified.

V. SUMMARY

We have investigated the reaction mechanism of ¢-meson
electroproduction off the proton target based on the gauge-
invariant effective Lagrangians in the tree-level Born ap-
proximation. Each contribution of the Pomeron, Reggeized
f1(1285) AV-meson, (7, ) PS-meson, and (ag, fo) S-meson
exchanges is scrutinized in the ¢ channel diagram employing
the CLAS and Cornell data. The direct ¢-meson radiations via
the proton are also taken into account in the s and u channels
simultaneously to conserve gauge invariance. We summarize
the essential points on which our model calculations have
performed.

(i) The unpolarized cross sections o show slow rising
with increasing W. The results for the real photon
limit Q> = 0 match with the available data very well.
The magnitudes of o become smaller with increasing
07 and the main contribution turns out to be Pomeron
exchange. The cross sections o give us no insight
into what meson exchanges contributes to ¢-meson
electroproduction and thus it is necessary to examine
the T-L separated cross sections.

(i) The Pomeron and S-meson exchanges dominate the
transverse (or) and longitudinal (o1) cross sections,
respectively, at 0> = (0—4) GeV? for three considered
W =25, 2.8, 4.7 GeV photon energies. Pomeron
exchange alone is sufficient to describe the CLAS
data on op at W = 2.5 GeV and Q% = 2.21 GeV>.
Other meson contributions are more suppressed and
the difference between the Pomeron and meson con-
tributions becomes larger as W increases. Also the
CLAS data on op at the same W and Q° values
are accounted for solely by the S-meson exchange.
The Pomeron contribution for ot falls off faster than
the S-meson contribution for oy, as Q2 increases.

(iii) The interference cross sections ot and opr are found
to be useful to clarify the role of AV- and PS-meson
exchanges which is difficult from the study of o and
or. First, for orr, all meson-exchange contributions
are compatible to zero and the total contribution is de-
termined entirely by the Pomeron exchange which is
negative in sign and the strongest at Q*> = 0 and falls
off steadily with increasing Q?. However, note that the
AV-meson exchange is relatively more sensitive than

other meson exchanges under the variation of each
cutoff mass and its role can be more clearly verified
when more experimental data on orp are produced.
Next, for the case of orr, the patterns of each con-
tribution are totally different from orr. The Pomeron
contribution is peaked at about Q%> = 0.3 GeV? and
falls off gradually with increasing Q. The S-meson
and PS-meson contributions also show similar peak
positions. The signs of these two contributions are
the same each other but are opposite to that of the
Pomeron contribution. If the S-meson and PS-meson
contributions increase from the present ones, then the
total contribution will become negative and deviate
from the CLAS data at W =2.5 GeV and Q° =
2.21 GeV?. Thus the S-meson and PS-meson contri-
butions must be small from the present results. The
effect of the AV-meson exchange is almost negligible.
For both ot and o1 cases, the total contribution is
close to zero at Q% = (1-4) GeV?, indicating SCHC.

(iv) The ¢ dependence of the differential cross sections
do/dt is also well described in the range of |f| =
(0-2) GeV?. The Pomeron exchange dominates over
the whole ¢ regions. Although small, the role of the
meson exchanges are significant only at |¢| > 1 GeV?
mostly from the S-meson exchange. The ratio of the
longitudinal to transverse cross section R = oy /ot
rises linearly with increasing Q®. R for the total
contribution is about 7 times larger than that for the
Pomeron contribution due to the S-meson contribu-
tion and is good agreement with the experimental
data.

(v) We examine various matrix elements defined in he-
licity frame which is in favor of SCHC. We find
that the values of Rerlj, r*,, rl, rl;, Rerl,, and
Im 2, are close to zero at Q> = (1-4) GeV? and thus
SCHC holds. Our results match with the CLAS data
on r(%‘ and rll_l. When we come to p-meson electro-
production, in the similar low Q and W ranges, it is
difficult to draw a firm conclusion concerning SCHC
although most physical observables seem to support
SCHC [10]. On the contrary, SCHC is known to be
broken in w-meson electroproduction because of the
different contributions of Pomeron and various meson
exchanges [12]. Also a small but significant violation
of SCHC is found in ¢-meson electroproduction in
the high ranges of Q% and W [4], where the general-
ized parton distributions (GPD) and factorization of
scales will become relevant.

(vi) The parity asymmetry provides us with the informa-
tion of the relative strength of the natural to unnat-
ural parity exchanges in the ¢ channel for ot. Our
results yield P >~ 0.95, implying that the transverse
cross section is mainly governed by the natural-parity
exchange. Meanwhile, the contribution of the direct
¢-meson radiations via the proton is found to be
almost negligible.

The currently available data on ¢-meson electroproduction
are very limited and new experiments at current or future
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electron facilities are strongly called for. We can gain a deeper
understanding of ¢-meson electroproduction mechanism by
comparing our numerical results with those of the GPD-based
model. It is valuable to extend the present work to electropro-
ductions of p, w, and J/v mesons. The corresponding work
is underway.
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APPENDIX A: T-L SEPARATED DIFFERENTIAL
CROSS SECTIONS

The separated components of the differential cross sections
in the Rosenbluth formula [52] take the forms

1 dor 1 Z _
<5 =5 [ M2,
N dt 2M=i1
1 dop ————
I I M®&=02,
N dt | =
1 dGTT 1 Z —_—
g0 _ - MEI M)
N dt 2ky=i1
1 doir 1 0 Af G ) ) oy
Vi = 3A Z Ay (MO M 4 MO AMOF),

2V2 Ay =%l
(A1)

for vector-meson electroproduction. The common kinematical
factor AV is defined by

N = [327(W? — M2)WK] ™. (A2)
Here, the squared invariant amplitude is expressed as
I | .
MOAP = 2 > Mipaa, M5 s, (A3)

Aishpoh

where the averaging over the incoming nucleon (A;) helicity
and the summation over the outgoing ¢ meson (1) and nu-
cleon (1) helicities are indicated. MT\M:A;AV stands for the
complex conjugate of the amplitude M; ;.- Note that the
differential cross sections have the following relations:

dQ¢ _ T

= (A4)
dr  |kl|pl

APPENDIX B: SPIN-DENSITY MATRIX ELEMENTS

We obtain nine components of the spin-density matrix
elements (SDMEs) of the ¢ meson if those of the virtual
photon are decomposed into the standard set of nine matrices

%@ =0—8)[51]:

o 1 o *
Pa = 5n Z Mo aan, E)W)\’y M,\fxf;xix;’ (BI)

@ Ay oA Aok

where the normalization factors N, are defined by

1
Ny = Nr = 5 Z | Miapa, 1> for a = (0-3),
hy =1 Ay
Ny =N = Z |fo,\;,\,-0|2, for a =4,
Mhirhy
N, = VNiN. for o = (5-8). (B2)

We finally obtain the SDMEs in terms of the helicity ampli-
tudes:

0
P = 2NT Z MM my,

A, =1

oL = —— ZNT Z M, ,\MA,\,

Ay =1

2
P = 2NT Z A Mx Ay My,

Ay =1

3
p)\)t, = 2NT Z )\. M}LK M)Lr)\ )

Ay =1

1
4
P = N_LMAOM;O’

1 A
5 )4 * *
Oiyy = ———— E — (MoM5, 4+ M, M),
AL /—ZNTNL = 2 ( A0 Ay Ady XO)

Py = Z (Mo M5,

- M M*/ 5

7
(MM, Mo, M5,
P = /—2NTNL ,\Z w0 M, + Mas, Misg )

i

8 V *
= ————— —— (Mo M5,
P NN, et ) ( PEALUN

- M)‘)‘V MK/O) 3
(B3)

where the summation over the incoming and outgoing nucleon
helicities are omitted, for brevity, i.e.,

*
E M/\fk;kfky M)\f/\';x,-xy

Aishf

= Mu, M, . (B4)

We have the following relations:

(¢=0,1,4,5,8),
(@=2,3,6,7). (B5)

Py = (— 1~ A YR

pff)a = _(_]))L_A paf)ﬁ)m
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