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The g, p0, andr
0
L electroproduction reactions are studied in the Bjorken regime. They are sensit

to the recently introduced off-forward parton distributions. A factorized model for these distributio
is shown to be able to interpret the few existingr

0
L data. Calculations are given in different kinematics

and experimental perspectives are discussed. [S0031-9007(98)06261-9]
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Deep-inelastic lepton scattering (DIS) in the Bjorke
regime (Q2 ! ` and xB ­ Q2y2pq finite) has been
shown to be a very informative tool for studying nucleo
structure [1]. In particular, polarized DIS experimen
have revealed that only about 23% of the nucleon sp
is carried by the quark spin [2]. This has spurred
search for new experiments to measure and underst
the remaining nucleon spin. To this end, exclusive dee
virtual Compton scattering in the Bjorken regime has be
proposed recently [3,4] as a means to access a new t
of parton distributions, referred to as off-forward parto
distributions, generalizations of the parton distribution
measured in DIS. It has been shown [3] that their seco
moment gives access to the sum of the quark spin and
quark orbital angular momentum to the nucleon spin.
has been proposed [5] that these distributions can also
accessed through the hard exclusive electroproduction
mesons (p0, r0, . . .).

In this Letter, we calculate at the same time the lea
ing order of theg, p0, andr

0
L (i.e., longitudinally polar-

izedr0) electroproduction amplitudes and present the fi
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estimates for the exclusive cross sections. We show th
the three reactions are highly complementary as apart fro
isospin factors, they depend on the same off-forward pa
ton distribution (OFPD’s). The simple ansatz that we us
for the OFPD’s seems to be supported by the fewr

0
L elec-

troproduction data. We then explore the experimental o
portunities which may allow one to determine the OFPD’s

The leading twist amplitude for deeply virtual Compton
scattering (DVCS) in the forward direction was shown
[3] to be given by the handbag diagrams of Fig. 1(a
To calculate the hard electroproduction amplitude, it i
convenient to use a frame where the virtual photo
momentumqm and the average nucleon momentumPm

[see Fig. 1 for the kinematics] are collinear along thez
axis and in opposite directions. Furthermore, one defin
the lightlike vectorsp̃m ­ P1y

p
2 s1, 0, 0, 1d and nm ­

1ys
p

2 P1d s1, 0, 0, 21d, where light-cone componentsa6

are defined bya6 ; 1y
p

2 sa0 6 a3d.
The light-cone matrix element of the bilocal quark op

erator that enters in these hard electroproduction reactio
[represented by the lower blob in Figs. 1(a) and 1(b)] is a
leading twist given by
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whereC is the quark field andN the nucleon spinor. In
Eq. (1), the OFPD’sHq, Eq, H̃q, Ẽq are defined for one
quark flavor (q ­ u, d, ands) and depend upon the vari-
ablesx, j, and t. The light-cone momentum fractionx
is defined byk1 ­ xP1. The variablej is defined by
D1 ­ 22j P1, whereD ; p0 2 p and t ­ D2. Note
that2j ! xBys1 2 xBy2d in the Bjorken limit. The sup-
port in x of the OFPD’s isf21, 1g. A glance at Figs. 1(a)
and 1(b) shows that the active quark with momentu
k 2 Dy2 has a longitudinal (1 component) momentum
fractionx 1 j, whereas the one with momentumk 1 Dy2
has a longitudinal momentum fractionx 2 j. There-
m

fore, one can identify two regions according to wheth
jxj . j or jxj , j. When x . j, both quark propa-
gators represent quarks, whereas forx , 2j both rep-
resent antiquarks. In these regions, the OFPD’s are
generalizations of the usual parton distributions from DI
In the region2j , x , j, one quark propagator repre
sents a quark and the other one an antiquark. In this reg
the OFPD’s behave like a meson distribution amplitude.
this paper we shall restrict our considerations to the n
forward direction because this kinematical domain is t
closest to the one of the inclusive DIS, which we want
use as a guide. In this domain, the contribution ofE and
© 1998 The American Physical Society
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Ẽ, which goes likeD, is suppressed. So we shall kee
only H andH̃ in the following development and note tha
the inclusion ofE and Ẽ is straightforward according to
Eq. (1).

The first moments of these OFPD’s are related to t
elastic form factors as [3]Z 11

21
dxHqsx, j, td ­ F

q
1 std , (2)

Z 11

21
dxH̃qsx, j, td ­ G

q
Astd . (3)

According to the considered reaction, the proton OFPD
enter in different combinations due to the charges a
isospin factors. For the DVCS on the proton, this com
bination is H

p
DVCSsx, j, td ­ s4y9dHuyp 1 s1y9dHdyp 1

s1y9dHsyp , and similarly forH̃. For the electroproduction
of r0 and p0 on the proton, the isospin structure yield
the combination H

p
r0 sx, j, td ­ s1y

p
2d hs2y3dHuyp 1

s1y3dHdypj and H̃
p
p0sx, j, td ­ s1y

p
2d hs2y3dH̃uyp 1

s1y3dH̃dypj. The elastic form factors for one quark
flavor that appear in Eqs. (2) and (3) have to be relat
to the physical ones. Restricting oneself to theu, d,
ands quark flavors, this yieldsF

uyp
1 ­ 2F

p
1 1 Fn

1 1 Fs
1

and F
dyp
1 ­ 2Fn

1 1 F
p
1 1 Fs

1, where F
p
1 and Fn

1 are
the proton and neutron electromagnetic form facto
respectively, and where the strange form factor
given by F

syp
1 ; Fs

1 (­ 0 in the following calcula-
tions). For the axial vector form factors, one uses t
isospin decomposition:G

uyp
A ­ s1y2dGA 1 s1y2dGo

A and
G

dyp
A ­ 2s1y2dGA 1 s1y2dGo

A. The isovector axial form
factor GA is known from experiment [GAs0d ø 1.26] and
p
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for the unknown isoscalar axial form factorGo
A we use the

quark model relation:Go
Astd ­ s3y5dGAstd.

Using the parametrization of Eq. (1) for the lower blo
in Figs. 1(a) and 1(b), the leading order DVCS amplitu
was derived in Ref. [3]. Notice that although the leadin
order DVCS amplitude (denoted asH

mn
L.O. DVCS in the

following) is exactly gauge invariant with respect to th
virtual photon, it is gauge invariant with respect to the re
photon only in the forward direction. This violation o
gauge invariance is a higher twist effect that is innocuo
in the limit Q2 ! `, but for actual experiments it may
matter. We have investigated this by restoring gau
invariance in the following heuristic way:

H
mn
DVCS ­ H

mn
L.O. DVCS 1

p̃m

sp̃ ? q0d
sD'dl Hln

L.O. DVCS ,
(4)

where the corrective term is a higher twist effect a
vanishes in the forward direction. We checked th
for the cross sections and in the kinematics that
have explored, the effect of this gauge correcting te
according to Eq. (4) is numerically negligible.

The factorization between the short- and long-distan
processes in the DVCS amplitude to all orders in pertur
tion theory was addressed in several recent works [6–
For the electroproduction ofp0 and r

0
L, a QCD factor-

ization proof was given in Ref. [5] and is illustrated i
Fig. 1(b). It generalizes previous results [9,10] and a
plies when the virtual photon is longitudinally polarize
because in this case the end-point contributions in
meson wave function are power suppressed. We ca
lated the leading twist amplitude given by the diagrams
Fig. 1(c) and found the following gauge invariant expre
sions:
(
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where Fszd is the meson distribution amplitude (DA).
For the pion, recent data [11] for thep0gpg transition
form factor up toQ2 ­ 9 GeV2 support the asymptotic
form for the pion DA: Fp szd ­

p
2 fp6zs1 2 zd with

fp ­ 0.093 GeV from the pion weak decay. For the rh
meson, a recent theoretical analysis [12] favors a D
that is also rather close to its asymptotic form, whic
we adopt in this work:Frszd ­

p
2 fr6zs1 2 zd with

fr ­ 0.153 GeV determined from the electromagneti
decayr0 ! e1e2.

Although ultimately one wants to extract the OFPD’
from data, in order to evaluate electroproduction o
servables, we need a first guess for the OFPD’s.
this end, we assume that, at small2t, Hq is propor-
tional to the unpolarized quark distribution for which
we take the MRS (So) parametrization [13]. The va-
A
h

c

s
-
o

lence parts of the quark distributions are normalized a
1
2

R11
0 dx uV sxd ­

R11
0 dx dV sxd ­ 1. Our factorized

ansatz thus yields Huypsx, j, td ­ s1y2dusxdFuyp
1 std,

Hdypsx, j, td ­ dsxdFdyp
1 std, and Hsypsx, j, td ­ 0, and

obviously satisfies the sum rule Eq. (2). Similarly, we as
sume thatH̃qsx, j, td is proportional to the polarized quark
distribution. For the latter we adopt the parametrization
of Ref. [14]:DuV sxd ­ cosQDsxd fuV sxd 2 s2y3ddV sxdg,
DdV sxd ­ cosQDsxd f2s1y3ddV sxdg, with cosQDsxd ­
s1 1 Hos1 2 xd2y

p
x d21, and Ho ­ 0.06 such

that the Bjorken sum rule is satisfied. We haveR11
0 dxDuV sxd ­ 0.98 and

R11
0 dxDdV sxd ­ 20.27,

which leads to the correct proton to neutron magneti
moment ratio mpymn ø 21.47. Our ansatz forH̃q

yields H̃uypsx, j, td ­ DuV sxdGuyp
A stdyG

uyp
A s0d and
5065
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FIG. 1. (a) Handbag diagram for DVCS (the crossed diagra
is not shown); (b) diagram for the factorized meson electr
production amplitude; (c) leading order diagrams for the ha
scattering partTH of the meson electroproduction amplitude.

H̃dypsx, j, td ­ DdV sxdGdyp
A stdyG

dyp
A s0d. One can check

that the sum rule of Eq. (3) is satisfied. Note that a
suggested by the bag model estimate of Jiet al. [15],
we have omitted any dependence of the OFPD’s onj.
Note also that this first guess for the OFPD’s is reasonab
in the regionjxj . j where the OFPD’s generalize the
ordinary parton distributions. In the regionjxj , j,
which contributes but is not predominant for the kine
matical situations we consider in this Letter, this can b
only a rough guess. Though the uncertainty it implies
probably small by the fact that our OFPD’s satisfy th
sum rules, this point should be improved in the future.

In Figs. 2 and 3 we show our results for the cros
sections. In Fig. 2, the total longitudinalr0

L electro-
production cross section is shown as a function of th
c.m. energyW for different values ofQ2. At high en-
ergies, the perturbative two-gluon exchange mechani
(PTGEM) [9,16] dominates forQ2 > 6 GeV2. The PT-
GEM cross section, calculated with Eq. (5) of [16] an
using the CTEQ3L [17] gluon distribution, is shown in
5066
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FIG. 2. Total longitudinal cross section forr
0
L electroproduc-

tion. Data from NMC [18] (triangles) atQ2 ­ 5.5 (highest
point), 8.8 and 16.9 (lowest point) GeV2, E665 [19] (black
circles) at Q2 ­ 5.6 GeV2, and ZEUS [20] (open circles) at
Q2 ­ 8.8 (upper points) and16.9 GeV2 (lower points). Calcu-
lations are shown atQ2 ­ 6 GeV2 (full lines), Q2 ­ 9 GeV2

(dashed lines), andQ2 ­ 17 GeV2 (dash-dotted lines). The
curves which grow at high W correspond with gluon exchange
whereas the curves which are peaked belowW ø 10 GeV cor-
respond with quark exchange. The incoherent sum of bo
mechanisms is also shown.

Fig. 2. It is seen that the PTGEM explains the fast in
crease at high energy of the cross section which is al
confirmed by more recent ZEUS data [21]. However, th
PTGEM substantially underestimates the data at lower e
ergies (aroundW ø 10 GeV), where the quark exchange
mechanism (QEM) of Fig. 1(b) is expected to contribut
sincexB is in the valence region. In Fig. 2 we show the
predictions for the QEM of Eq. (5) using the factorized
ansatz as outlined above. The incoherent sum of bo
mechanisms is also indicated (to calculate the cohere
sum, one would also need to model the off-forward gluo
distribution). Figure 2 provides a strong indication tha
the deviation from the PTGEM of the data at lower ener
gies can be attributed to the onset of the QEM.

The QEM is studied further in Fig. 3 where the angula
dependence of the fivefold differential DVCS,p0 and
r

0
L muoproduction cross section is shown for kinematic

accessible at COMPASS. As the DVCS amplitude i
accessed through photon leptoproduction, it has the sa
final state and therefore interferes with the Bethe-Heitle
(BH) process where the photon is emitted from the lepto
lines. In our calculations we add coherently the BH an
DVCS amplitude. From a phenomenological point o
view, it is clear that the best situation occurs when th
BH process is negligible. For fixedQ2 and s, the only
way to favor the DVCS over the BH is to increase the
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FIG. 3. Comparison between DVCS, BH,p0, and r
0
L for

COMPASS kinematics. Upper part: DVCS (dotted lines
BH (dashed lines), and totalg (full lines). Lower part:
Comparison betweenr0

L (full lines), p0 (dashed lines), and
total g (dotted lines) muoproduction cross sections.

virtual photon flux, and this amounts to increasing th
beam energy. According to our estimate, the unpolariz
sl, l0gd cross section in the forward region is dominate
by the BH process in the few GeV region, say CEBA
or HERMES. To get a clear dominance of the DVC
process one needs a beam energy in the 100 GeV ra
as in the COMPASS project. This is illustrated in th
upper half of Fig. 3 where we show separately the B
the DVCS, and the coherent cross section. In the forwa
direction, the DVCS cross section is more than 1 order
magnitude larger than the BH.

In the lower half of Fig. 3, ther0
L, p0, and g cross

sections are compared. In the valence region (xB ø 0.3),
the r

0
L cross section, which is sensitive to the unpola

ized OFPD’s, is about 1 order of magnitude larger th
the p0 cross section which is sensitive to the polarize
OFPD’s. The DVCS is also about 1 order of magnitud
below ther

0
L cross section due to the additional electr

magnetic coupling. Although ther0
L cross section is the

easiest to measure, thep0 and DVCS cross sections seem
large enough to encourage a study of their experimen
feasibility. The three reactions are highly complementa
due to their different dependence on the OFPD’s. Furth
more, the differential cross sections (dsydt at fixedxB and
t), for DVCS and for meson electroproduction by a long
),
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tudinal photon display a scaling behavior, respectively,
1yQ4 and1yQ6 (the difference being due to the extra gluon
in the hard scattering amplitude for meson electroprodu
tion compared to DVCS). Testing the scaling behavior
a prerequisite for the applicability of this PQCD formalism
in actual experiments.

In summary, we have given the first estimates for th
g, p0, and r

0
L leptoproduction in the Bjorken regime.

Our ansatz for the OFPD’s allows one to interpret th
few existing data in the Bjorken region which gives
us some confidence in our estimates. We have sho
that a potentially fruitful program can be considered a
COMPASS. However, an exploratory window migh
already exist at HERMES and CEBAF (Ee $ 6 GeV)
at least for the meson electroproduction reactions whe
the problem of the Bethe-Heitler background does n
exist. Although some theoretical issues (e.g., higher tw
effects,. . .) remain to be clarified, we are convinced tha
the fundamental interest of the OFPD’s justifies an effo
towards their experimental determination which will ope
up a new domain to study the quarkygluon structure of the
nucleon.
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