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Deeply virtual electroproduction of photons and mesons on the nucleon:
Leading order amplitudes and power corrections
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We estimate the leading order amplitudes for exclusive photon and meson electroproduction reactions at
large Q2 in the valence region in terms of skewed quark distributions. As experimental investigations can
currently only be envisaged at moderate values ofQ2, we estimate power corrections due to the intrinsic
transverse momentum of the partons in the meson wave function and in the nucleon. To this aim, the skewed
parton distribution formalism is generalized so as to include the parton intrinsic transverse momentum depen-
dence. Furthermore, for the meson electroproduction reactions, we calculate the soft overlap type contributions
and compare them with the leading order amplitudes. We give first estimates for these different power correc-
tions in kinematics which are relevant for experiments in the near future.@S0556-2821~99!03521-3#

PACS number~s!: 12.38.Bx, 13.60.Fz, 13.60.Hb, 13.60.Le
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I. INTRODUCTION

Much of the internal structure of the nucleon has be
revealed during the last two decades through theinclusive
scattering of high energy leptons on the nucleon in
Bjorken—or ‘‘deep inelastic scattering’’~DIS!—regime de-
fined byQ2,n→` andxB5Q2/2Mn finite. Simple theoreti-
cal interpretations of the experimental results can be reac
in the framework of QCD, when one sums over all the p
sible hadronic final states.

With the advent of the new generation of high-energ
high-luminosity lepton accelerators combined with large
ceptance spectrometers, a wide variety ofexclusiveprocesses
in the Bjorken regime are considered as experimentally
cessible. In recent years, a unified theoretical descriptio
such processes has emerged through the formalism intro
ing new generalized parton distributions, the so-called ‘‘o
forward parton distributions’’~OFPD’s!, commonly also de-
noted as skewed parton distributions. It has been shown
these distributions, which parametrize the structure of
nucleon, allow us to describe, in leading order perturba
QCD ~PQCD!, various exclusive processes in the near f
ward direction. The most promising ones are deeply virt
compton scattering~DVCS! and longitudinal electroproduc
tion of vector or pseudoscalar mesons~see Refs.@1–4# and
references therein to other existing literature!. Maybe most
of the recent interest and activity in this field has been tr
gered by the observation of Ji@1#, who showed that the sec
ond moment of these OFPD’s measures the contribution
the spin and orbital momentum of the quarks to the nucl
spin. Clearly this may shed a new light on the ‘‘spi
puzzle.’’

In Sec. II, we introduce the definitions and conventions
0556-2821/99/60~9!/094017~28!/$15.00 60 0940
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the skewed parton distributions. We also present the mo
izations for these distributions that will be used in our cro
section estimates.

In Sec. III, the leading order PQCD amplitudes for DVC
and longitudinal electroproduction of mesons are presen
in some detail. This is an extension of our previous wo
@5,6#.

In Sec. IV, we investigate the power corrections to t
leading order amplitudes when the virtuality of the photon
in the regionQ2'1220 GeV2. The correction due to the
intrinsic transverse momentum dependence is known to
important to get a successful description of thep0g* g tran-
sition form factor, for which data exist in the rangeQ2'1
210 GeV2. For the pion electromagnetic form factor in th
transition region before asymptotia is reached, the po
corrections due to both the transverse momentum dep
dence and the soft overlap mechanism are quantitatively
portant. We will therefore take these form factors as a gu
to calculate the corrections due to the parton’s intrinsic tra
verse momentum dependence in the DVCS and hard me
electroproduction amplitudes. In addition, for the mes
electroproduction amplitude, an estimate is given for
competing soft overlap mechanism, which—in contrast
the leading order perturbative mechanism—does not proc
through one-gluon exchange.

In Sec. V, we give numerical estimates for different o
servables for DVCS and for the electroproduction of vec
mesonsr (6,0), v and pseudoscalar mesonsp (6,0), h. We
give several examples of experimental opportunities to
cess the OFPD’s at the current high-energy lepton facilit
JLab (Ee>6 GeV! @7,8#, HERMES (Ee527 GeV! and
COMPASS (Em5200 GeV!.

Finally, we give our conclusions in Sec. VI.
©1999 The American Physical Society17-1
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II. REVIEW OF SKEWED PARTON DISTRIBUTIONS

A. Preliminary: bilocal operators and gauge invariance

In the following we often encounter bilocal products
quark fieldsc at equal light-cone time of the form

c̄~2y/2!c~y/2!uy150 , ~1!

wherey1 is the light-cone time, withy65(y06y3)/A2. At
leading twist one has the further restrictionyW'5(y1,y2,0)
50, that is the bilocal product needs only be evaluated al
a light-cone segment of lengthy2. For our purposes we nee
to consider the more general case where onlyy1 is set to
zero (y150 is understood in the remainder of this sectio!.

The product of fields at different points is not invaria
under a local color gauge transformation. To enforce ga
invariance, one replaces Eq.~1! by

c̄~2y/2!L~2y/2→y/2!c~y/2!, ~2!

where the link operatorL is defined by

L~2y/2→y/2!5P~e2 i *C A•dl!. ~3!

In Eq. ~3!, the path ordered product is evaluated along
curveC joining the points2y/2 andy/2 andA is the matrix
valued color gauge field. So in a general gauge, bilocal pr
ucts of quark fields are not defined independently of
gauge field. To simplify the analysis it is therefore conv
nient to choose a curveC and a gauge such that the lin
operator reduces to the identity.

Among the many possibilities we choose the curve sho
on Fig. 1, where it is understood thaty150. We then splitL
into 3 factors L1 ,L2 ,L3 corresponding to the segmen
C1 ,C2 ,C3 indicated on Fig. 1. We first go to the gaug

FIG. 1. Path chosen for the gauge invariant definition of a b
cal product of quark fields. Note that the segmentC2 lies in the
planey250.
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where A150 everywhere. This is always possible if on
ignores the problems associated with the boundary co
tions at infinity. Since we only deal with localized system
this is not a true restriction. In this gauge we haveL15L3

51. While staying in the gaugeA150 we still have the
freedom to make a gauge transformation which depends
on (y1,y2). This allows us to go to a gauge wherey1A1

1y2A250 in the plane y250. This is the 2-dimensiona
version of the radial, or Schwinger-Fock, gauge@9#. In this
gauge we haveL251 which completes our argument, that
there exists a curve and a gauge such that the link operat
the identity operator. In the following it will always be un
derstood that the bilocal quark field products~at y150) are
in this gauge,1 which is thus a convenient choice for mod
evaluations of the matrix elements of these operators.

B. Definitions of skewed parton distributions

To set the framework of this work, we briefly review ho
the nonperturbative nucleon structure information enters
leading order PQCD amplitude for DVCS and hard mes
electroproduction.

For DVCS, Ji@1# and Radyushkin@2# have shown that the
leading order amplitude in the forward direction can be fa
torized in a hard scattering part~which is exactly calculable
in PQCD! and a soft, nonperturbative nucleon structure p
as is illustrated in Fig. 2. In these so-called ‘‘handbag’’ d
grams, the nucleon structure information can be para
etrized, at leading order PQCD, in terms of four generaliz
structure functions, which conserve quark helicity. It w
shown in Refs.@10,11#, that at leading twist, two more func
tions appear which involve a quark helicity flip. Howeve
the authors of Ref.@12# have shown that in reactions whic
would involve these helicity flip distributions~such as exclu-
sive electroproduction of transversely polarized vector m
sons!, this contribution vanishes due to angular moment
and chirality conservation in the hard scattering. This w
argued@12# to hold at leading order in 1/Q and to all orders
in perturbation theory. In this work, we will restrict ourselve
to the four distributions which conserve quark helicity. The
the matrix element of the bilocal quark operator, represen
the lower blob in Figs. 2a and 2b, can be expressed at le
ing twist, in the notation of Ji, in terms of the OFPD
H,H̃,E,Ẽ as

1Or any other one which allows us to replace the link operator
the identity.

-

FIG. 2. ‘‘Handbag’’ diagrams for DVCS.
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P1

2p E dy2eixP1y2
^p8uc̄bS 2

y

2DcaS y

2D up&U
y15yW'50

5
1

4 H ~g2!abFHq~x,j,t !N̄~p8!g1N~p!1Eq~x,j,t !N̄~p8!is1k
Dk

2mN
N~p!G

1~g5g2!abF H̃q~x,j,t !N̄~p8!g1g5N~p!1Ẽq~x,j,t !N̄~p8!g5

D1

2mN
N~p!G J , ~4!
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wherec is the quark field,N the nucleon spinor andmN the
nucleon mass. In writing down Eq.~4! one uses a frame
where the virtual photon momentumqm and the average
nucleon momentumPm ~see Fig. 2 for the kinematics! are
collinear along thez-axis and in opposite direction. We de
note the lightlike vectors along the positive and negat
z-directions as p̃m5P1/A2(1,0,0,1) and nm51/P1

•1/
A2(1,0,0,21) respectively, and define light-cone comp
nentsa6 by a6[(a06a3)/A2. In this frame, the physica
momenta have the following decomposition:

Pm5
1

2
~pm1p8m!5 p̃m1

m̄2

2
nm, ~5!

qm52~2j8! p̃m1S Q2

4j8
D nm, ~6!

Dm[p8m2pm52~2j! p̃m1~j m̄2! nm1D'
m , ~7!

q8m[qm2Dm522~j82j! p̃m1S Q2

4j8
2j m̄2D nm2D'

m,

~8!

where the variablesm̄2, j8 andj are given by

m̄25mN
22

D2

4
, ~9!

2j85
P•q

m̄2 F211A11
Q2 m̄2

~P•q!2G→B j xB

12
xB

2

,

~10!

2j52j8
Q22D2

Q21m̄2~2j8!2
→
B j xB

12
xB

2

. ~11!

In Eq. ~4!, the OFPD’sHq,Eq,H̃q,Ẽq are defined for one
quark flavor (q5u, d and s). The functionsH and E are
09401
e

helicity averaged whereasH̃ and Ẽ are helicity dependen
functions. They depend upon three variables:x, j, t. The
light-cone momentum fractionx is defined byk15xP1. The
variablej is defined byD1522j P1, whereD[p82p and
t5D2. Note that 2j→xB /(12xB/2) in the Bjorken limit.
The support inx of the OFPD’s is@21,1# and a negative
momentum fraction corresponds with the antiquark contri
tion.

To simplify the presentation, we will takej85j in the
following. As shown in Eqs.~9!–~11!, these two variables
have the same value in the Bjorken limit. The kinema
variable j, which represents the longitudinal momentu
fraction of the transferD, is bounded by

0,j,
A2D2/2

m̄
,1. ~12!

A glance at Figs. 2a, 2b shows that the active quark w
momentumk2D/2 has longitudinal~1 component! momen-
tum fraction x1j, whereas the one with momentumk
1D/2 has longitudinal momentum fractionx2j. As noted
by Radyushkin@2#, since negative momentum fractions co
respond to antiquarks, one can identify two regions acco
ing to whetheruxu.j or uxu,j .

When x.j, both quark propagators represent quar
whereas forx,2j both represent antiquarks. In these r
gions, the OFPD’s are the generalizations of the usual pa
distributions from DIS. Actually, in the forward direction
the OFPD’sH and H̃ respectively reduce to the quark de
sity distribution q(x) and the quark helicity distribution
Dq(x):

Hq~x,0,0!5q~x!, H̃q~x,0,0!5Dq~x!, ~13!

whereq andDq are defined by the Fourier integrals on th
light cone@13#:2

2Note the typing errors in Eqs.~120!, ~121! of Ref. @6#, where the
factors 2p should be replaced by 4p.
7-3



M. VANDERHAEGHEN, P.A.M. GUICHON, AND M. GUIDAL PHYSICAL REVIEW D60 094017
q~x!5
p1

4p E dy2eixp1y2
^puc̄~0!g•nc~y!up&uy15yW'50 , ~14!

Dq~x!5
p1

4pE dy2eixp1y2
^pSiuc̄~0!g•ng5c~y!upSi&uy15yW'50 . ~15!
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In Eqs.~14!, ~15!, p represents the initial nucleon momentu
in the DIS process andSi is the longitudinal nucleon spin
projection. From Eqs.~14!, ~15! the quark distributions for
negative momentum fractions are related to the antiqu
distributions asq(2x)52q̄(x) andDq(2x)51Dq̄(x).

In the region2j,x,j, one quark propagator represen
a quark and the other one an antiquark. In this region,
OFPD’s behave like a meson distribution amplitude.

An alternative, but equivalent, parametrization of the m
trix elements of the bilocal operators has been proposed
Radyushkin@2# by expressing the longitudinal momentu
fractions with respect to the initial nucleon momentump
instead of the average momentumP of Fig. 2. In this nota-
tion, the active quark has momentumk15Xp1 and D1

52zp1. The two variablesX and z are related to the pre
viously introduced momentum fractionsx andj by:

x[
X2z/2

12z/2
, j[

z/2

12z/2
. ~16!

In terms of the variablesX, z and t, so-called ‘‘non-forward
parton distributions’’~NFPD’s! f q(X,z,t) were introduced
by Radyushkin@2#. They are equivalent to the OFPD’s an
are related to them by
r

09401
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Hq~x,j,t !5
1

11j
$ f q~X,z,t !% for j<x<1,

Hq~x,j,t !5
1

11j
$ f q~X,z,t !2 f q̄~z2X,z,t !% ~17!

for 2j<x<j,

Hq~x,j,t !5
1

11j
$2 f q̄~z2X,z,t ! %, for 21<x<2j,

wheref q are the quark andf q̄ the anti-quark NFPD’s respec
tively.

The ‘‘double’’ nature of the skewed parton distribution
according to whether 0<x<j (0<X<z) or j<x<1 (z
<X<1) was made more transparent by Radyushkin by
pressing the quark momenta connected to the lower blo
Fig. 2 in a fractionx̃ of the initial nucleon momentump and
a fractiony of the momentum transferD as shown in Fig. 3.
The relation with the previously introduced momentum fra
tion X is readily seen to beX5 x̃1zy. In terms of the vari-
ablesx̃,y,t, Radyushkin then introduced@2,14# the so-called
double distributionsFq, Kq for quarks andFq̄, Kq̄ for the
anti-quarks, according to
^p8uc̄~0!g1c~z!up&uz15zW'505N̄~p8!g1N~p!•E
0

1

dx̃ E
0

12 x̃
dy$e2 i ( x̃p12yD1)z2

Fq~ x̃,y,t !

2ei ( x̃p11 ȳD1)z2
Fq̄~ x̃,y,t !%1N̄~p8!is1k

Dk

2mN
N~p!

3E
0

1

dx̃ E
0

12 x̃
dy$e2 i ( x̃p12yD1)z2

Kq~ x̃,y,t !2ei ( x̃p11 ȳD1)z2
Kq̄~ x̃,y,t !%, ~18!
ns
or
with both x̃ andy positive andx̃1y<1. The double distri-
butions are related to the NFPD’s through integrals ovey
@2,14#:

f q~X,z,t !5E
0

X̄/ z̄
dy Fq~X2zy,y,t !, for X>z,

~19!
f q~X,z,t !5E
0

X/z

dy Fq~X2zy,y,t !, for X<z,

with X̄[12X and z̄[12z. Relations similar to Eq.~19!

hold for the anti-quark distributionsf q̄. Analogously to Eq.
~18!, one defines the helicity dependent double distributio
F̃ andK̃ through the matrix element of a bilocal axial vect
operator.
7-4
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Besides coinciding with the quark distributions at vanis
ing momentum transfer, the skewed parton distributions h
interesting links with other nucleon structure quantities. T
first moments of the OFPD’s are related to the elastic fo
factors of the nucleon through model independent sum r
@1#. By integrating Eq.~4! over x, one gets the following
relations for one quark flavor:

E
21

11

dx Hq~x,j,t !5F1
q~ t !,

~20!

E
21

11

dx Eq~x,j,t !5F2
q~ t !,

E
21

11

dx H̃q~x,j,t !5gA
q~ t !,

~21!

E
21

11

dx Ẽq~x,j,t !5hA
q~ t !.

The elastic form factors for one quark flavor on the rig
hand sides~rhs! of Eqs. ~20!, ~21! have to be related to th
physical ones. Restricting to theu, d and s quark flavors,
the Dirac form factors are expressed as

F1
u/p52F1

p1F1
n1F1

s , F1
d/p52F1

n1F1
p1F1

s , ~22!

whereF1
p andF1

n are the proton and neutron electromagne
form factors respectively. The strange form factor is given
F1

s/p[F1
s , but since it is small and not so well known we s

it to zero in the following numerical evaluations. Relatio
similar to Eq.~22! hold for the Pauli form factorsF2

q . For
the axial vector form factors one uses the isospin decom
sition:

gA
u/p5

1

2
gA1

1

2
gA

0 , gA
d/p52

1

2
gA1

1

2
gA

0 . ~23!

The isovector axial form factorgA is known from experi-
ment, with gA(0)'1.267 @15#. For the unknown isoscala
axial form factor gA

0 , we use the quark model relation
gA

0(t)53/5gA(t). For the pseudoscalar form factorhA
q , we

have relations similar to Eq.~23!.

FIG. 3. Diagram to denote the argumentsx̃, y and D2 of the
double distributions.
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The second moment of the OFPD’s is relevant for t
nucleon spin structure. It was shown in Ref.@1# that there
exists a~color! gauge-invariant decomposition of the nucle
spin:

1

2
5Jq 1 Jg , ~24!

whereJq and Jg are respectively the total quark and gluo
angular momentum. The second moment of the unpolari
OFPD’s att50 gives

Jq5
1

2 E21

11

dx x@Hq~x,j,t50!1Eq~x,j,t50!#, ~25!

and this relation is independent ofj. The quark angular mo-
mentumJq decomposes as

Jq5
1

2
DS1Lq , ~26!

whereDS/2 andLq are respectively the quark spin and o
bital angular momentum. AsDS is measured through polar
ized DIS experiments, a measurement of the sum rule of
~25! in terms of the OFPD’s, provides a model independ
way to determine the quark orbital contribution to th
nucleon spin and thus from Eq.~24! the gluon contribution.

C. Modelization of the skewed parton distributions

Ultimately one wants to extract the skewed parton dis
butions from the data but, in order to evaluate electroprod
tion observables, we need a first guess for them. We s
restrict our considerations to the near forward direction
cause this kinematical domain is the closest to inclusive D
which we want to use as a guide. SinceE and Ẽ are always
multiplied by the momentum transfer, this means that
amplitudes are dominated byH andH̃ which we discuss first.

1. j-independent ansatz for H and H˜

The simplest ansatz, already used in our previous wo
@5,6#, is to writeH andH̃ as a product of a form factor an
a quark distribution function, neglecting anyj dependence,
which yields:

Hu/p~x,j,t !5u~x! F1
u/p~ t !/2,

Hd/p~x,j,t !5d~x! F1
d/p~ t !, ~27!

Hs/p~x,j,t !50,

whereu(x), d(x) ands(x) are the unpolarized quark distr
butions. Obviously the ansatz of Eq.~27! satisfies both Eq.
~13! and the sum rule of Eq.~20!, if one uses the valence
quark distributions normalized as:

1

2E0

11

dx uV~x!5E
0

11

dx dV~x!51. ~28!
7-5
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For all the calculations presented in this paper, we shall
the parametrization MRST98@16# for the quark distributions.

To modelH̃q, we need the corresponding polarized qua
distributions. For this we follow the recent work of Ref.@17#,
where a next to leading order QCD analysis of inclus
polarized deep-inelastic lepton-nucleon scattering was
formed and which yields an excellent fit of the world data.
this analysis, the input polarized densities~at a scaleQ0

2

51 GeV2) are given by:

DuV~x,Q0
2!5hu Au x0.250uV~x,Q0

2!,

DdV~x,Q0
2!5hd Ad x0.231dV~x,Q0

2!, ~29!

Dq̄~x,Q0
2!5h q̄ AS x0.576S~x,Q0

2!,

where we assume a SU~3! symmetric sea, i.e.Dq̄[Dū

5Dd̄5D s̄ andS represents the total sea. On the rhs of E
~29!, the normalization factorsAu ,Ad ,AS are determined so
that the first moments of the polarized densities are given
hu ,hd ,h q̄ respectively. For the valence quark densities,hu
andhd were fixed in Ref.@17# by the octet hyperonb decay
constants which yield:

hu5E
0

11

dx DuV~x!'0.918

~30!

hd5E
0

11

dx DdV~x!'20.339.

The first moment of the polarized sea quark density w
determined by the fit of Ref.@17# which givesh q̄'20.054.

Our ansatz forH̃q is to multiply the polarized quark dis
tributions of Eq.~29! by the axial form factor, neglecting an
j-dependence and sea contribution, which yields

H̃u/p~x,j,t !5DuV~x! gA
u/p~ t !/gA

u/p~0!,
~31!

H̃d/p~x,j,t !5DdV~x! gA
d/p~ t !/gA

d/p~0!.

One can check that Eq.~13! is verified by construction and
that, using Eqs.~23! and the quark model relation to evalua
the axial form factorsgA

u/p andgA
d/p , the sum rule of Eq.~21!

is satisfied within 10%.

2. j-dependent ansatz for H and H˜

To generate the dependence onj, we start from the
double distributions introduced in Eq.~18!. As shown in Fig.
3, the momentum flow in the double distributions is deco
posed in a part along the initial nucleon momentump and a
part along the momentum transferD. Therefore, a reasonabl
guess for the helicity independent double distributi
F( x̃,y,t) was proposed in Ref.@14#, as a product of a quark
distribution functionq( x̃), describing the momentum flow
alongp, and an asymptotic ‘‘meson-like’’ distribution ampl
tude;y(12 x̃2y), describing the momentum flow alongD.
Properly normalized, this yields:
09401
se
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Fq~ x̃,y,t !5F1
q~ t !/F1

q~0!q~ x̃!6
y~12 x̃2y!

~12 x̃!3
, ~32!

where similarly to Eq.~27!, the t-dependent part is given b
the form factor F1. Similarly for the helicity dependen
double distribution, this ansatz yields:

F̃q~ x̃,y,t !5gA
q~ t !/gA

q~0!Dq~ x̃!6
y~12 x̃2y!

~12 x̃!3
. ~33!

Starting from Eq.~32!, the OFPDHq is then constructed by
using Eqs.~17! and~19!. Analogously, the OFPDH̃q is con-
structed starting from Eq.~33!.

As an example, we show on Fig. 4 the dependence oj
predicted by this model for the valenced-quark and total
d-quark skewed distributions.

3. The skewed distributions E and E˜

The modelization ofE andẼ, which correspond to helic-
ity flip amplitudes, is more difficult as we do not have th
DIS constraint for thex-dependence in the forward limit
However, as already pointed out,E and Ẽ are multiplied by
a momentum transfer and therefore their contribution is s
pressed at smallt. Nevertheless it was argued by the autho
of Ref. @18# that the pion exchange, which contributes to t
region2j<x<j of Ẽ, may be non negligible at smallt due
to the proximity of the pion pole att5mp

2 . We follow there-

fore the suggestion of Refs.@18,19# and evaluateẼ assuming
it is entirely due to the pion pole.~By contrast we continue to
neglect the contributions due toE since there is no dangerou

FIG. 4. j dependence of the OFPDHd at t50 using the ansatz
~based on the MRST98@16# quark distributions! as described in the
text. Upper panel: valence down quark OFPD, lower panel: to
down quark OFPD. The thin lines (j50) correspond with the or-
dinary d-quark distributions~MRST98 parametrization atQ252
GeV2).
7-6
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pole in this case.! According to this hypothesis, since th
pion exchange is isovector, we must have

Ẽu/p52Ẽd/p5
1

2
Ẽp2pole . ~34!

The t-dependence ofẼp2pole(x,j,t) is fixed by the sum rule
~21! pseudoscalar form factorhA(t):

E
21

11

dx Ẽ(3)~x,j,t !5hA~ t !→ gA~2mN!2

2t1mp
2

, ~35!

where Ẽ(3)[Ẽu/p2Ẽd/p denotes the isovector OFPD an
where we have approximated the pseudoscalar form fa
by its pion pole dominance expression.

In the region2j<x<j, the quark and antiquark coupl
to the pion field of the nucleon. Therefore, this coupli
should be proportional to the pion distribution amplitude. F
the latter we take the asymptotic form, which is well su
ported now by experiment~see discussion in Sec. IV A!.
Expressing the quark’s longitudinal momentum fractionz in
the pion in the symmetric range21<z<1, the asymptotic
distribution amplitudeFas is given by Fas(z)53/4 (1
2z2), and is normalized as*21

11dz Fas(z)51. The light-
cone momentum fractions of the quark and antiquark in
pion which couples to the lower blobs in Figs. 2, 5, a
respectively given by (11x/j)/2 and (12x/j)/2. Therefore,
Ẽp2pole is finally modelled as

FIG. 5. Factorization for the leading order hard meson elec
production amplitude.
09401
or

r
-

e

Ẽp2pole5Q~2j<x<j!hA~ t !
1

j
FasS x

j D , ~36!

which satisfies the sum rule of Eq.~35!.
As there is no dangerous pole in the case ofE, it seems

safe to neglect its contribution to the amplitude at smallt,
which of course does not mean thatE itself is small. In this
respect it is amusing to note that, if one adopts forE an
ansatz similar to the one forH, Eq. ~27!, that is

Eu/p~x,j,t !5u~x! F2
u/p~ t !/2,

Ed/p~x,j,t !5d~x! F2
d/p~ t !, ~37!

Es/p~x,j,t !50,

and if one uses this ansatz to evaluate the total spin car
by the quarks through the sum rule of Eq.~25!, one get the
results shown in Table I. We can see that, even though th
is little theoretical basis for the ansatz of Eq.~37!, we get the
reasonable result that 43% of the nucleon spin in carried
the quarks. This is consistent with a recent QCD sum r
estimate@23# ~at a low scale! where the gluons were found to
contribute to half of the nucleon spin. Note that only th
information from the unpolarized parton distributions ha
been used to evaluate the quark contribution to the spin
the nucleon.

By using the decomposition of the total quark spinJq as
in Eq. ~26! and by using the most recent values measured
the Spin Muon Collaboration~SMC! @24# for the quark he-
licity distributionsDu, Dd andDs, one can extract the quark
orbital angular momentum contribution to the nucleon sp
Using the factorized,j-independent ansatz, the orbital con
tribution is estimated in Table I to yield about 15% of th
nucleon spin.

4. Other models of the skewed distributions

Some model calculations of the skewed distributions e
ist. A bag model evaluation of the skewed distributions@20#
found ~at a low scale! that they depend weakly onj. How-
ever, a calculation in the chiral quark soliton model@21#
found ~also at a low scale! a strong dependence onj and
exhibits in particular fast ‘‘crossovers’’ atuxu5j. The chiral
quark soliton model is based on the large-Nc picture of the

-

’s

etries.
in.
TABLE I. The evaluation of the spin sum rule using thej-independent factorized ansatz for the OFPD
as described in the text. The column denoted by SMC contains the experimentally determined@24# contri-
butions of the different quark flavors to the nucleon spin, measured through semi-inclusive spin asymm
Note that the model calculation implies a fraction of 0.57 for the gluon contribution to the nucleon sp

*21
1 dx x H *21

1 dx x (H1E) SMC Lq

uv .28 .51 Duv5.776.106.08 2.13
dv .11 2.12 Ddv52.526.146.09 .20
uv1dv .39 .51 Duv1Ddv5.25 .07

u1ū .34 .62 Duv12Dū5.79 2.09

d1d̄ .18 2.19 Ddv12Dd̄52.50 .16

(u1ū)1(d1d̄) .52 .43 (5.29 .07
7-7
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nucleon as a heavy semiclassical system whoseNc valence
quarks are bound by a self-consistent pion field. The cro
overs in this model can be interpreted as being due to me
exchange type contributions in the region2j<x<j, which
are not present in the bag model calculation and which
also not contained in the phenomenological ansatz of E
~32!, ~33! for the double distributions~see Ref.@22# for a
detailed discussion of these meson-exchange type cont
tions to the skewed quark distributions!. It was noticed in
Ref. @21# that this crossover behavior atuxu5j could lead to
an enhancement of observables, which will be interesting
quantify.

As a last remark, as we are mainly interested in this pa
in giving estimates for electroproduction reactions in the
lence region at only moderately large values ofQ2 (1
;20 GeV2), which is where experiments of exclusive ele
troproduction reactions can be performed currently or in
so

m

,

g

.e
ri-
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near future, we neglect here the scale dependence of
skewed distributions. At very high values ofQ2, the scale
dependence should be considered. This scale dependen
described by generalized evolution equations that are un
intensive investigation in the literature.

III. LEADING ORDER AMPLITUDES FOR DVCS
AND HARD ELECTROPRODUCTION OF MESONS

A. DVCS

Factorization proofs for DVCS have been given by se
eral authors@25,26#. They give the theoretical underpinnin
which allows us to express the leading order DVCS am
tude in terms of OFPD’s. Using the parametrization of E
~4!, the leading order DVCS tensorHL.O. DVCS

mn follows from
the two handbag diagrams of Fig. 2 as
HL.O. DVCS
mn 5

1

2
@ p̃mnn1 p̃nnm2gmn#E

21

11

dxF 1

x2j1 i e
1

1

x1j2 i eG
3FHDVCS

p ~x,j,t !N̄~p8!g.nN~p!1EDVCS
p ~x,j,t !N̄~p8!iskl

nkDl

2mN
N~p!G

1
1

2
@2 i«mnklp̃knl#E

21

11

dxF 1

x2j1 i e
2

1

x1j2 i eG
3F H̃DVCS

p ~x,j,t !N̄~p8!g.ng5N~p!1ẼDVCS
p ~x,j,t !N̄~p8!g5

D•n

2mN
N~p!G , ~38!
rd

rs.
se a
gles

riant
se
on

uge

real
with «0123511. We refer to Ref.@6# for the formalism to
calculate DVCS observables starting from the DVCS ten
of Eq. ~38!.

In the DVCS on the proton, the OFPD’s enter in the co
bination

HDVCS
p ~x,j,t !5

4

9
Hu/p1

1

9
Hd/p1

1

9
Hs/p, ~39!

and similarly forH̃, E and Ẽ.
For the p0 pole contribution to the DVCS amplitude

which contributes to the functionẼDVCS
p , the convolution

integral in Eq.~38! can be worked out analytically. By usin
Eqs.~34!, ~36! one obtains:

E
21

11

dxF 1

x2j1 i e
2

1

x1j2 i eG ẼDVCS
p ~x,j,t !

52
1

2j
hA~ t !. ~40!

The leading order DVCS amplitude of Eq.~38!, is exactly
gauge invariant with respect to the virtual photon, i
qn HL.O. DVCS

mn 50. However, electromagnetic gauge inva
r

-

.

ance is violated by the real photon except in the forwa
direction. In fact qm8 HL.O.DVCS

mn ;D' . This violation of
gauge invariance is a higher twist effect of order 1/Q2 com-
pared to the leading order termHL.O. DVCS

mn . So in the limit
Q2→` it is innocuous but for actual experiments it matte
Actually for any cross section estimate one needs to choo
gauge and this explicit gauge dependence for nonzero an
is unpleasant. In the absence of a dynamical gauge inva
higher twist calculation of the DVCS amplitude, we propo
to restore gauge invariance in a heuristic way based
physical considerations. We propose to introduce the ga
invariant tensorHDVCS

mn :

HDVCS
mn 5HL.O. DVCS

mn 2
am

~a•q8!
~ql8 HL.O. DVCS

ln !, ~41!

wheream is a four-vector specified below. ObviouslyHDVCS
mn

respects gauge invariance for both the virtual and the
photon:

qn HDVCS
mn 50, qm8 HDVCS

mn 50. ~42!

Furthermore, as
7-8
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ql8 HL.O. DVCS
ln 52~D'!lHL.O. DVCS

ln , ~43!

the gauge restoring term gives zero in the forward direct
(D'50) which is natural. We chooseam5 p̃m becausep̃
•q8 is of orderQ2, which gives automatically a gauge resto
ing term of orderO(1/Q2). This choice foram is furthermore
motivated by the fact that in the derivation of the leadi
order amplitude of Eq.~38!, only the p̃m components at the
electromagnetic vertices are retained@1#. The above argu-
ments lead to the following DVCS amplitude:

HDVCS
mn 5HL.O. DVCS

mn 1
p̃m

~ p̃•q8!
~D'!l HL.O. DVCS

ln , ~44!

which is now gauge invariant with respect to both the virtu
and real photons. We will illustrate the influence of th
gauge invariance prescription, by comparing DVCS obse
ables calculated with Eq.~44! and with the leading orde
formula of Eq.~38!.

B. Hard electroproduction of mesons

The OFPD’s reflect the structure of the nucleon indep
dently of the reaction which probes the nucleon. In t
sense, they are universal quantities and can also be acce
in different flavor combinations, through the hard exc
sive electroproduction of mesons—p0,6,h, . . . ,r0,6,v,f,
. . . —~see Fig. 5! for which a QCD factorization proof wa
given in Refs.@3,4#. According to Ref.@4#, the factorization
applies when the virtual photon is longitudinally polariz
because in this case, the end-point contributions in the me
wave function are power suppressed. Furthermore, it
shown that the cross section for a transversely polarized p
ton is suppressed by 1/Q2 compared to a longitudinally po
larized photon.

Collins et al. @4# also showed that leading order PQC
predicts that the longitudinally polarized vector meson ch
nels (rL

0,6 , vL , fL) are sensitive only to the unpolarize
OFPD’s (H and E) whereas the pseudo-scalar chann
(p0,6,h, . . . ) aresensitive only to the polarized OFPD’s (H̃

and Ẽ). It was shown in Ref.@12# that the leading twist
contribution to exclusive electroproduction of transvers
polarized vectors mesons vanishes at all orders in pertu
tion theory. In comparison to meson electroproduction re
tions, we recall that DVCS depends at the same time onboth
09401
n
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the unpolarized (H and E) and polarized (H̃ and Ẽ)
OFPD’s.

According to the above discussion, we give predictio
only for the meson electroproduction cross section by a l
gitudinal virtual photon. The longitudinalgL* 1p→M1p
two-body cross sectiondsL /dt is

dsL

dt
5

1

16p~s2mN
2 !L~s,2Q2,mN

2 !

1

2 (
hN

(
hN8

uM L~lM50,hN8 ;hN!u2, ~45!

wherehN , hN8 are the initial and final nucleon helicities an
where the standard kinematic functionL(x,y,z) is defined
by

L~x,y,z!5Ax21y21z222xy22xz22yz, ~46!

which givesL(s,2Q2,mN
2 )52mNuqW Lu, whereuqW Lu is the vir-

tual photon momentum in the lab system. As the way
extract dsL /dt from the fivefold electroproduction cros
section is a matter of convention, all results fordsL /dt in
this paper are given with the choice of the flux factor of E
~45!.

In Eq. ~45!, M L is the amplitude for the production of
meson withlM50 by a longitudinal photon. In the valenc
region, the leading order amplitude is given by the hard sc
tering diagrams of Fig. 6 (TH part in Fig. 5!. The amplitudes
M L for rL

0 and p0 electroproduction were calculated i
Refs.@5# ~see also Ref.@27#! for which the following gauge
invariant expressions were found:

FIG. 6. Leading order diagrams to hard meson electroprod
tion.
M r
L
0

L
52 ie

4

9

1

Q F E
0

1

dz
Fr~z!

z G 1

2 E
21

11

dxF 1

x2j1 i e
1

1

x1j2 i eG
3~4pas! H Hr

L
0

p
~x,j,t !N̄~p8!g•nN~p!1Er

L
0

p
~x,j,t !N̄~p8!iskl

nkDl

2mN
N~p!J , ~47!

M p0
L

52 ie
4

9

1

Q F E
0

1

dz
Fp~z!

z G 1

2 E
21

11

dxF 1

x2j1 i e
1

1

x1j2 i eG
3~4pas! H H̃p0

p
~x,j,t !N̄~p8!g•ng5N~p!1Ẽp0

p
~x,j,t !N̄~p8!g5

D•n

2mN
N~p!J , ~48!
7-9
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whereFr(z) andFp(z) are ther andp distribution ampli-
tudes~DA! respectively. The factor 4/9 is a color factor co
responding with one-gluon exchange. From Eqs.~47!, ~48!,
one sees that the leading order longitudinal amplitude
meson electroproduction behaves as 1/Q. As the phase spac
factor in the cross section Eq.~45! behaves as 1/Q4 at fixed
xB and fixedt, this leads to a 1/Q6 behavior ofdsL /dt at
largeQ2 and at fixedxB and fixedt.

According to the considered reaction, the proton OFP
enter in different combinations due to the charges and is
pin factors. For the electroproduction ofr0, which corre-
sponds to the quark state~with spin S51)

ur0&5
1

A2
$uuū&2udd̄&%, ~49!

the corresponding skewed distribution is given by:

Hr
L
0

p
~x,j,t !5

1

A2
H 2

3
Hu/p1

1

3
Hd/pJ . ~50!

For the longitudinal electroproduction of thevL andfL vec-
tor mesons, the amplitudes have an expression analogo
Eq. ~47! in terms ofHvL

p andHfL

p . By considering thev and

f mesons as pure quark states~with S51)

uv&5
1

A2
$uuū&1udd̄&%, uf&5uss̄&, ~51!

one then obtains for the corresponding OFPD’s:

HvL

p ~x,j,t !5
1

A2
H 2

3
Hu/p2

1

3
Hd/pJ , ~52!
ct
rm

09401
r

s
s-

to

HfL

p ~x,j,t !52
1

3
Hs/p. ~53!

Besides the longitudinal electroproduction amplitude E
~48! for p0, one again has analogous expressions for ot
neutral pseudoscalar mesons such as theh. Starting from the
quark states~with spin S50) for pseudoscalar mesons an
neglecting any mixing for theh:

up0&5
1

A2
$uuū&2udd̄&%, ~54!

uh&5
1

A6
$uuū&1udd̄&22uss̄&%, ~55!

one obtains for the polarized OFPD’s:

H̃p0
p

~x,j,t !5
1

A2
H 2

3
H̃u/p1

1

3
H̃d/pJ , ~56!

H̃h
p~x,j,t !5

1

A6
H 2

3
H̃u/p2

1

3
H̃d/p1

2

3
H̃s/pJ .

~57!

For the charged meson channelsr6 and p6, we obtain
from ur1&52uud̄& and ur2&5udū& for the corresponding
longitudinal electroproduction amplitudes~which have been
given previously for ther6 in Ref. @28# and for thep6 in
Refs.@29,19#!:
M r6
L

52 ie
4

9

1

Q F E
0

1

dz
Fr~z!

z G 1

2 E
21

11

dxF H 22/3

21/3J 1

x2j1 i e
1H 1/3

2/3J 1

x1j2 i eG
3~4pas!H H (3)~x,j,t !N̄~p8!g.nN~p!1E(3)~x,j,t !N̄~p8!iskl

nkDl

2mN
N~p!J , ~58!

M p6
L

52 ie
4

9

1

Q F E
0

1

dz
Fp~z!

z G12 E21

11

dxF H 22/3

21/3J 1

x2j1 i e
1H 1/3

2/3J 1

x1j2 i eG
3~4pas!H H̃ (3)~x,j,t !N̄~p8!g•ng5N~p!1Ẽ(3)~x,j,t !N̄~p8!g5

D•n

2mN
N~p!J , ~59!
for

s

ed
the
where theu- andd-quark charges appear in front of the dire
and crossed terms and where the following isovector fo
for the corresponding OFPD’s enter:

H (3)~x,j,t !5Hu/p 2 Hd/p, ~60!

H̃ (3)~x,j,t !5H̃u/p2H̃d/p. ~61!
s
In all of the above we have only given the expressions

the OFPD’sH andH̃, but exactly the same isospin relation

are valid for the OFPD’sE andẼ. In particular, the isovector

OFPDẼ(3) provides a prominent contribution to the charg
pion electroproduction amplitude because it contains
t-channel pion pole contribution, given by Eq.~36!. As seen
7-10
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before for thep0 pole contribution in case of the DVCS, th
convolution integral for the charged pion pole contribution
Eq. ~59! can also be worked out analytically. In the case
the p1 electroproduction amplitude, one has:

E
21

11

dxF 2eu

x2j1 i e
1

2ed

x1j2 i eG Ẽp2pole~x,j,t !

5
3

2j
~eu2ed!hA~ t !. ~62!

In the amplitudes for longitudinal meson electroprodu
tion Eqs. ~58!, ~59!, the meson distribution amplitudesF
enter. For the pion, recent data@30# for thep0g* g transition
form factor up toQ259 GeV2, which will be briefly dis-
cussed in Sec. IV A, support the asymptotic form:

Fp~z!5A2 f p6z~12z!, ~63!

with f p50.0924 GeV from the pion weak decay. With th
asymptotic DA for the pion, the charged pion pole contrib
tion to the amplitudeM p6

L can be worked out by using Eq
~62!, where we insert the pion pole formula of Eq.~35! for
the induced pseudoscalar form factor~FF! hA(t). By using
the Goldberger Treiman relationgA / f p5gpNN /mN , where
gpNN is thepNN coupling constant, we finally obtain for th
pion pole part of the amplitudeM p6

L :

M p1
L

~p12pole!5 ie A2 Q Fp~Q2!

3
gpNN

2t1mp
2

N̄~p8!g5N~p!, ~64!

whereFp represents the pion electromagnetic FF. The le
ing order pion pole amplitude is obtained by using in E
~64! the asymptotic pion FFFp

as , which is given by~see also
Sec. IV B!:

Fp
as~Q2!5

16pas f p
2

Q2
. ~65!

For theh, the transition form factor has also been me
sured in Ref.@30#, which also supports an asymptotic sha
for the h distribution amplitude:

Fh~z!5 f h6z~12z!. ~66!

For the normalization, we adopt the value used in Ref.@30#,
which in the notation of Eq.~66! is given by: f h'0.138
GeV.

For the vector mesons, no experimental determination
the DA exists besides its normalization. Both recent upda
QCD sum rule analyses@31,32# and a calculation in the in
stanton model of the QCD vacuum@33# favor a DA for the
longitudinally polarizedr meson that is rather close to i
asymptotic form. The calculations in both models diff
however in the deviations from the asymptotic form. In
09401
f
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calculations for vector meson electroproduction shown
low, we will also use the asymptotic DA for the vecto
mesons:3

FV~z!5 f V6z~12z!, ~67!

with f r'0.216 GeV, f v'0.195 GeV andf f'0.237 GeV
determined from the electromagnetic decayV→e1e2.

When evaluating the leading order meson electroprod
tion amplitudes at relatively low scales, we use the value
the strong coupling which was also used in the QCD s
rule analysis of the vector meson distribution amplitudes
Ref. @31#: as(m51 GeV!'0.56. At high values ofQ2, the
running of the coupling has to be considered. However,
average virtuality of the exchanged gluon in the leading
der meson electroproduction amplitudes can be consider
less than the externalQ2, which is therefore not the ‘‘opti-
mal’’ choice for the renormalization scale. In the next se
tion, we will study the inclusion of the transverse momentu
dependence in the considered hard scattering processe
will then be able to adapt the renormalization scale to
average gluon virtuality. The corresponding strong coupl
constant will then be calculated within the convolution int
gral, through an infrared~IR! finite expression, which re-
duces to the standard running coupling at larger scales.

IV. CORRECTIONS TO LEADING ORDER AMPLITUDE:
INTRINSIC TRANSVERSE MOMENTUM DEPENDENCE

AND SOFT OVERLAP CONTRIBUTION

A systematic study of higher twist corrections to ha
exclusive processes is beyond the scope of the present w
Our limited goal is to model here two important mechanis
which give rise to power corrections to the leading amp
tude.

First, we will consider the intrinsic~or primordial! trans-
verse momentum dependence of hard exclusive proces
When one neglects the intrinsic transverse momentum of
active quark, the hard exclusive electroproduction am
tudes can be written as a one-dimensional convolution o
hard scattering operator and a non-perturbative soft quan
which depends only on the longitudinal momentum fractio
of the quark. This neglect of the parton intrinsic transve
momentum is exact only up to corrections of order 1/Q2.

Second, for the meson electroproduction reactions, wh
contain a one-gluon exchange, soft ‘‘overlap’’ mechanis
can compete with the leading order amplitude at lowerQ2

values. In the case of meson form factors~FF! both correc-
tions have been studied in detail by several groups. It tu
out that including these corrections allows a quantitative
terpretation of the available data for the FF atQ2 values
down to a few GeV2. We will briefly review these correc-
tions for thep0g* g transition FF and the pion electromag

3Because we want to use the same convention for the DA@Eq.
~67!# for all vector mesons, we changed our definition off r com-
pared to our earlier work, i.e.f r of this work corresponds with
A2 f r used in Refs.@5,6#.
7-11
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netic FF forQ2 values in the range 1;20 GeV2. Our aim is
to introduce the notations and to set the stage to calcu
these corrections for the hard electroproduction. We will
that the DVCS is analogous to thep0g* g FF because the
leading order diagrams involve no gluon exchange. The le
ing order diagrams for meson electroproduction, which p
ceed through a one-gluon exchange mechanism, are a
gous to those for the pion electromagnetic FF.

A. Intrinsic transverse momentum dependence
in p0g* g FF and in DVCS

The calculation of thep0g* g transition FF will serve as
our starting point to calculate the corrections due to intrin
transverse momentum dependence for the case of DV
The leading order contribution to thep0g* g transition FF is
given by the diagrams of Fig. 7 which involve a on
dimensional convolution integral over the quark’s longitu
nal momentum fractionz. The corrections to the leading o
der amplitude have been estimated by various groups~see
Ref. @34# for a recent comparative discussion!. We start here
from the method used in Refs.@35# which is based on the
modified factorization approach of Refs.@36# and which we
will extend to the case of hard electroproduction reaction

In this modified factorization approach, the amplitude c
responding to the two diagrams of Fig. 7 is expressed a
three-fold convolution integral over the quark’s longitudin
momentum fractionz and its relative transverse momentu
kW' of the hard scattering operatorTH and the pion light-cone
wave functionCp(z,kW'):

Fp0g* g~Q2!5E
0

1

dzE d2kW'

16p3
Cp~z,kW'!TH~z,kW' ;Q2!.

~68!

The pion wave functionCp(z,kW') represents the amplitud
to find a pion in a valenceqq̄ state, where one quark ha
longitudinal momentum fractionz and relative transvers
momentumkW' . The pion light-cone wave function is define
by the following bilocal quark matrix element at equal ligh
cone time (y150):

Cp~z,kW'!5
1

A6
E dy2 ei (zpp

1)y2 E d2yW' e2 ikW'•yW'

3^0ud̄~0! g1g5 u~y!up1~pp!&U
y150

,

~69!

FIG. 7. Leading order direct~a! and crossed~b! diagrams to the
p0g* g transition form factor.
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where we have written the isospin structure for a positiv
charged pion moving with large momentumpp and where
the normalization factor 1/A651/A2Nc corresponds to the
Brodsky-Lepage convention@37#. The hard scattering opera
tor TH in Eq. ~68! is calculated from the diagrams of Fig.
by keeping thekW' dependence in the intermediate qua
propagators. Its evaluation yields:

TH~z,kW' ;Q2!5S 1

3 A2
D 2A6 H 1

zQ21kW'
2

1
1

z̄Q21kW'
2 J ,

~70!

where the factor 1/(3A2) is due to the squared quark charg
in the p0 state@Eq. ~54!#. When thekW' dependence is ne
glected inTH the transverse momentum integral in Eq.~68!

acts only onCp(z,kW') and one finds back the usual expre
sion for the p0g* g FF in terms of the pion distribution
amplitudeFp(z), which depends only onz:

Fp0g* g~Q2! →
Q2→` E

0

1

dz
Fp~z!

2A6
TH~z;Q2!. ~71!

The pion distribution amplitudeFp is defined as

EmF d2kW'

16p3
Cp~z,kW'!5

1

2A6
Fp~z,mF!, ~72!

where we have indicated explicitly the factorization sca
mF . For mF much larger than the average value of the qu
transverse momentum,Fp depends only weakly onmF and
we will neglect this dependence in the following. Using t
asymptotic DA Eq.~63! for Fp , one obtains from Eq.~71!
the well known leading order PQCD result:

Fp0g* g~Q2! →
Q2→` 2 f p

Q2
. ~73!

To investigate the corrections to thep0g* g FF whenQ2

is not asymptotically large, one needs an ansatz for the n
perturbative wave functionCp(z,kW') in order to perform the
integral of Eq.~68! over bothz andkW' . For the soft meson
wave function, we follow Ref.@35# and adopt a Gaussia
form for the dependence onkW' :

Cp~z,kW'!5
Fp~z!

2A6

8p2

s zz̄
expH 2

1

2

kW'
2

s zz̄
J , ~74!

which satisfies Eq.~72!. The parameters in Eq. ~74! is re-
lated to the average squared transverse momentum^kW'

2 & of
the quarks in the meson. For the pion, this free parameter
been fixed in Ref.@38# through the axial anomaly which
leads to the condition

E
0

1

dzCp~z,kW'50!5A 3

f p
. ~75!
7-12
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Using the asymptotic DA forFp in the Gaussian ansatz Eq
~74! for Cp , the condition Eq.~75! yields

s58 p2 f p
2 '0.67 GeV2. ~76!

Furthermore using the Gaussian ansatz forCp with an
asymptotic DA, one finds that the probabilityPqq̄ of the
valence quark Fock state of the meson, which is defined

Pqq̄5E
0

1

dzE d2kW'

16p3
uC~z,kW'!u2, ~77!

is given by Pqq̄
p

52p2f p
2 /s51/4. For the average square

transverse momentum defined by

^kW'
2 &5

1

Pqq̄
E

0

1

dzE d2kW'

16p3
kW'

2 uC~z,kW'!u2, ~78!

one obtains an average quark transverse momentum
A^kW'

2 &5As/5'0.366 GeV.
In Fig. 8 we show theQ2 dependence of thep0g* g FF

evaluated with the asymptotic DA for the pion. The CLE
data@30# which extend to the highestQ2 values (;9 GeV2),
clearly approach the leading order PQCD result of Eq.~73!.
The correction to the 1/Q2 scaling behavior in the rang
1–10 GeV2 is rather well described—as found in Ref
@35#—by the calculation including the intrinsickW' depen-
dence and using the Gaussian ansatz of Eq.~74! for the pion
wave function. ThiskW' dependence results in a reduction
thep0g* g FF compared to the leading order result whenQ2

decreases. At a valueQ2'3 GeV2, this reduction is abou
20%.

We now study the intrinsic transverse momentum dep
dence for DVCS, which is a higher twist correction to t
leading order DVCS amplitude of Eq.~38!. Our strategy is to
evaluate the power corrections due to the intrinsic transv
momentum dependence only for the leading twist terms
fo
l t

09401
s
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-
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Eq. ~38! proportional toH,H̃,E and Ẽ. Guided by the lead-
ing order DVCS amplitude, we expect the contribution fro
these four OFPD’s to be dominant and do not consider o
higher twist OFPD’s in this work. Starting from the handb
diagrams of Fig. 2 for DVCS, we evaluate the amplitude
keeping the transverse momentum dependence of the qu
propagating between the two electromagnetic vertices
was discussed above for thep0g* g FF. In analogy to Eq.
~68! for the p0g* g FF, the calculation of the DVCS ampli
tude leads to a three-fold convolution integral over the lo
gitudinal and transverse components ofk ~see Fig. 2 for the
definition!.

Let us first consider the generalization of Eq.~4!—
representing the lower blob in Fig. 2—when the moment
k in Fig. 2 has both a longitudinal component (k15xP1)
and a transverse component (kW'). We parametrize the biloca
quark operators matrix element at equal light-cone ti
(y150) as

FIG. 8. Results for thep0g* g transition form factor of the
leading order PQCD prediction~dashed-dotted line! compared with
the prediction including transverse momentum dependence~full
line!. Data are from CELLO@39# and CLEO@30#.
P1 E dy2 ei (xP1)y2 E d2yW' e2 ikW'•yW' ^p8uc̄S 2
y

2D g1 cS y

2D up&U
y150

5Hq~x,kW' ,j,t !N̄~p8!g1N~p!1Eq term, ~79!

and

P1 E dy2ei (xP1)y2 E d2yW' e2 ikW'•yW' ^p8uc̄S 2
y

2D g1g5 cS y

2D up&U
y150

5H̃q~x,kW' ,j,t !N̄~p8!g1g5N~p!1Ẽq term,

~80!
e
e,
where we have introduced kW'-dependent OFPD’s
Hq(x,kW' ,j,t),Eq,H̃q and Ẽq. Remark that in writing down
Eqs.~79!, ~80!, we use a gauge as discussed in Sec. II A,
which the gauge link between the quark fields is equa
one.
r
o

Similarly to Eq. ~72!, where integrating the meson wav
function overkW' leads to the meson distribution amplitud
we find back the OFPDH(x,j,t) introduced in Eq.~4! by
integrating thekW'-dependent distributionsH(x,kW' ,j,t), that
is
7-13
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Hq~x,j,t !5E d2kW'

8p3
Hq~x,kW' ,j,t !, ~81!

and similarly forE,H̃ andẼ. Indeed, one readily verifies tha
by integrating both sides of Eqs.~79!, ~80! over kW' and by
using Eq.~81!, one finds back the leading twist parametriz
tion of Eq. ~4! for the lower blob in Fig. 2.

Next we must evaluate the hard scattering operator for
handbag diagrams of Fig. 2. We keep thekW' dependence
d
r

09401
-

e

only in the denominators of the~massless! quark propagators
where it is most important. The quarks propagating betw
the electromagnetic vertices in Fig. 2 have four-mome
(k1q2D/2) in the direct diagram and (k2q1D/2) in the
crossed diagram respectively. Therefore, the transverse

menta in the propagators are (kW'2DW '/2) for the direct dia-

gram and (kW'1DW '/2) for the crossed diagram. This leads
the following generalization of the leading order DVCS am
plitude of Eq.~38!:
HDVCS
mn ~kW'!5

1

2
@ p̃mnn1 p̃nnm2gmn#E

21

11

dxE d2kW'

8p3
@HDVCS

p ~x,kW' ,j,t !N̄~p8!g•nN~p!1E term#

3F 1

x2j21 i e
1

1

x1j12 i eG1
1

2
@2 i«mnklp̃knl#E

21

11

dxE d2kW'

8p3

3@H̃DVCS
p ~x,kW' ,j,t !N̄~p8!g•ng5N~p!1Ẽ term#F 1

x2j21 i e
2

1

x1j12 i eG , ~82!
l

ar
n

e
rd
as

r

with

j65j1
2j

Q2 S kW'6
DW '

2
D 2

. ~83!

One readily sees from Eqs.~82!, ~83! that by neglecting the
transverse momenta in the quark denominators compare
Q2 and by using Eq.~81!, one finds back the leading orde
DVCS amplitude of Eq.~38!.

In order to estimate the DVCS amplitude of Eq.~82!, one
to

needs to model thekW'-dependent OFPD’s. We will mode
here only the OFPD’sH(x,kW' ,j,t) and H̃, as they give the
dominant contribution to the DVCS amplitude in the ne
forward direction. Therefore we will neglect the contributio
from the OFPD’sE and Ẽ.

To generate thekW'-dependent OFPD’s, we start from th
double distributions which we model in the near forwa
direction by a Gaussian ansatz by analogy with what w
done in Eq.~74! for the pion wave function. This yields fo
the helicity independent double distributionFq:
Fq~ x̃,y,kW' ,t !5F1
q~ t !/F1

q~0!q~ x̃!6
y~12 x̃2y!

~12 x̃!3 F 4p2

s y~12 x̃2y!
expH 2

1

2

kW'
2

s y~12 x̃2y!
J G . ~84!

For the helicity dependent double distributionF̃q, our ansatz yields

F̃q~ x̃,y,kW' ,t !5gA
q~ t !/gA

q~0!Dq~ x̃!6
y~12 x̃2y!

~12 x̃!3 F 4p2

s y~12 x̃2y!
expH 2

1

2

kW'
2

s y~12 x̃2y!
J G . ~85!
ed
ake
When integrating Eq.~84! over kW' , one finds back the
double distributionFq of Eq. ~32!, i.e. Eq.~84! satisfies the
normalization

Fq~ x̃,y,t !5E d2kW'

8p3
Fq~ x̃,y,kW' ,t !. ~86!
In the same way, when integrating Eq.~85! over kW' , one
finds back the helicity dependent double distributionF̃q of
Eq. ~33!.

The Gaussian ansatz of Eqs.~84!, ~85! depends upon one
free parameters which is related to the average squar
transverse momentum of the quarks in the nucleon. We t
here the same value as determined for the pion in Eq.~76!.
7-14
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Having modelled thekW'-dependent double distributions, th
kW'-dependent OFPD’sH and H̃ are then obtained from Eq
~84! using thekW' dependent analogues of Eqs.~17! and~19!.

When calculating thekW'-dependence for the hard meso
electroproduction reactions in Sec. IV B, we will find it co
venient to introduce the OFPD’s in impact parameter spa
They are obtained by taking the Fourier transform of
kW'-dependent OFPD’s with respect tokW':

Hq~x,bW ,j,t !5E d2kW'

~2p!2
eikW'•bWHq~x,kW' ,j,t !, ~87!

wherebW plays the role of a transverse distance between
active quarks. Using Eq.~81!, one readily verifies that the
ordinary OFPD’s correspond to a zero transverse distan

1

2p
Hq~x,bW 50,j,t !5Hq~x,j,t !. ~88!

We show in Fig. 9 the impact parameter dependence for
valence down quark OFPDHV

d using the ansatz of Eq.~84!.
Note that the values at the origin (b50) in Fig. 9 can be
directly read off from the corresponding ordinary OFPD d
played in Fig. 4.

FIG. 9. Impact parameter~b! dependence of the OFPDHV
d for

the valence down quark, using the model ansatz~based on the
MRST98 quark distributions! as described in the text.
-
ia

ar
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B. Intrinsic transverse momentum dependence
in pion electromagnetic FF and in hard meson

electroproduction reactions

Having discussed the intrinsic transverse momentum
pendence of the DVCS amplitude, we now turn to the h
meson electroproduction reactions. As before, where
have made the parallel between thep0g* g FF and DVCS,
we will find it very instructive to study the intrinsic trans
verse momentum dependence of the hard meson electro
duction amplitudes by comparison with the charged p
electromagnetic FF. In contrast with thep0g* g FF, the lead-
ing order contribution to the pion electromagnetic FF p
ceeds through one-gluon exchange as shown in Figs.
10b.

To calculate the form factor, we consider the process i
frame ~e.g. Breit frame! where the initial~final! pion moves
with large momentum along the positive~negative!
z-direction and where the momentum transfered by the
tual photon points along the negativez-direction. We denote
the longitudinal momentum fractions of the quarks in t
initial ~final! pion by x ~y! and their relative transverse mo

menta bykW' ( lW'). The expression of the pion electroma
netic form factor including the transverse momentum dep
dencies is given by the six-fold convolution integral:

FIG. 10. Leading order direct~a! and crossed~b! diagrams to
the p electromagnetic form factor involving one-gluon exchang
Soft overlap contribution~c! to thep form factor. There are analo
gous diagrams where the virtual photon couples to the lower qu
line, which are not shown here.
Fp~Q2!5E
0

1

dy E d2 lW'

16p3E0

1

dx E d2kW'

16p3
Cp~y, lW'!TH~y, lW' ,x,kW' ;Q2!Cp~x,kW'!. ~89!
t

ans-
The hard scattering operator in Eq.~89! can be easily calcu
lated by the diagrams of Figs. 10a, 10b and two other d
grams where the virtual photon couples to the lower qu
-
k

line. It has been shown in Ref.@40# that the most importan
transverse momentum dependence inTH comes from the
gluon propagator. The reason is that if one neglects the tr
7-15
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verse momentum dependence, the gluon virtuality then
pends quadratically on the quark longitudinal moment
fractions (x andy). In contrast, the virtuality of intermediat
quark lines depends only linearly upon the longitudinal m
mentum fractions. Therefore the gluon propagator weig
most heavily the end-point regions and it is important
these regions to include the transverse momentum de
dence to get a consistent PQCD calculation. We keep th
fore the transverse momentum dependence ofTH only in the
gluon propagator, which simplifies considerably the integ
of Eq. ~89!. Using the symmetry of the integrand in Eq.~89!

underx↔ x̄ andy↔ ȳ, this yields forTH :

TH~y, lW' ,x,kW' ;Q2!5
4

9
~4pas!

~2A6!2

2

3
1

xyQ21~kW'2 lW'!2
, ~90!

where the factor~4/9! is a color factor due to one-gluo
exchange. Neglecting the transverse momenta dependen
TH and using asymptotic DA’s, one obtains the well know
leading order PQCD result forFp :

Fp~Q2! →
Q2→` 16p as~Q2! f p

2

Q2
. ~91!

The calculation of the full six-fold convolution integral o
Eq. ~89! can be simplified by noting that the hard scatteri
operatorTH of Eq. ~90! depends only on the transverse m
mentum differencemW '[kW'2 lW' . Therefore, one has the ad
e
th
na

C
e
at

he
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vantage to express Eq.~89! in impact parameter space. Th
pion wave function in impact parameter space is obtain
from Cp(x,kW') by the Fourier transform

Cp~x,bW !5E d2kW'

~2p!2
ei kW'•bWCp~x,kW'!, ~92!

where bW represents the transverse separation between
quarks in the pion. For the Gaussian ansatz of Eq.~74!,
Cp(x,bW ) is given by

Cp~x,bW !54p
Fp~x!

2A6
expH 2

1

2
s b2 xx̄J . ~93!

The hard scattering operator in impact parameter spac
given by

TH~x,y,bW ;Q2!5E d2mW '

~2p!2
ei mW '•bWTH~x,y,mW ' ;Q2!

5
4

3
„16pas~mR

2 !…
1

2p
K0~Axy b Q!,

~94!

where the strong coupling is evaluated at the renormaliza
scale mR to be specified shortly, and where the modifi
Bessel functionK0 in Eq. ~94! is obtained by Fourier trans
forming the gluon propagator@in Eq. ~90!# with spacelike
four-momentum. AsCp andTH depend only on the magni
tude~b! of bW , Eq. ~89! for the pion FF reduces to a three-fo
convolution integral:
Fp~Q2!5E
0

1

dx E
0

1

dy E
0

` db b

8p
Cp~x,b!TH~x,y,b;Q2!Cp~y,b!. ~95!
-

ures
To calculate the hard scattering operator of Eq.~94!, one has
to specify the renormalization scalemR in the strong cou-
pling constant. Here we follow the recent work of Ref.@41#
and take it asmR

25(xy/2)Q2, which represents in a sense th
average gluon virtuality in the leading order diagrams for
pion FF. Near the endpoints, where the quark longitudi
momenta vanish (x'0 or y'0), the gluon virtuality be-
comes very small and one leaves the region where the PQ
result for the running coupling can be used. An often us
practice is to freeze the coupling at low gluon virtuality
some finite value (;0.5). Instead of thisad hocprocedure,
the pion FF was evaluated in Ref.@41# using the infrared
~IR! finite analytic model foras of Refs. @42,43#. In Ref.
@42#, Shirkov and Solovtsov have deduced from t
asymptotic freedom expression foras and by imposingQ2

analyticity, the following IR finite result for the~one-loop!
strong coupling:
e
l

D
d

as
an~Q2!5

4p

b0
F 1

ln Q2/LQCD
2

1
LQCD

2

LQCD
2 2Q2G , ~96!

whereb051122/3Nf and LQCD is the QCD scale param
eter. The first term in Eq.~96! is the standard~one-loop!
asymptotic freedom expression and the second term ens
that the coupling has no ghost pole atQ25LQCD

2 . At Q2

50, the coupling constant takes on the finite valueas(Q
2

50)54p/b0 ('1.40 forNf53), which depends only upon
group symmetry factors. Therefore, Eq.~96! provides a cou-
pling that can be used from low to high values ofQ2 without
any adjustable parameters other thanLQCD . The value of
LQCD in the one-loop case can be fixed fromas(M t

2)
'0.34 and results inLQCD

an '280 MeV @42#—where the su-
perscript refers to the analytic model of Eq.~96! @it was
noted in Ref.@42# that this value ofLQCD

an corresponds with
7-16
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LQCD
MS̄ '230 MeV when using the modified minimal subtra

tion (MS̄) scheme in the usual renormalization group so
tion#. As an example one obtains from Eq.~96! as

an(1
GeV2)'0.43. Having fixedLQCD , the convolution integral
of Eq. ~95! for the pion form factor can now be evaluate
with the IR finite strong coupling of Eq.~96!, as proposed
recently in Ref.@41#.

The result is shown in Fig. 11, where the leading ord
PQCD expression of Eq.~91! for the pion form factor~dotted
line! is compared with the result including the intrinsic tran
verse momentum dependence~dashed-dotted line!. As is
seen from Fig. 11, the leading order PQCD result is
proached only at very largeQ2. The correction including the
transverse momentum dependence gives a substantial
pression at lowerQ2 ~about a factor of two aroundQ2'5
GeV2). At these lowerQ2 values, the inclusion of the trans
verse momentum dependence renders the PQCD calcul
internally consistent in the sense that the dominant contr
tions come from regions in which the coupling is relative
small. In addition to the reduction due to the transverse m
mentum dependence there is an additional suppression d
the Sudakov effect which ensures that at largeQ2, soft gluon
exchange between quarks is suppressed due to gluonic r
tive corrections. At the intermediate values ofQ2 shown in
Fig. 11, the exponential reduction due to the Sudakov fo
factor was calculated and found to be small provided one
already taken into account the intrinsic transverse mom
tum dependence, as was also noted in Ref.@35#. Only at very
large values ofQ2, the Sudakov form factor takes over an
yields an additional reduction compared with the one due
the intrinsic transverse momentum dependence. As we
in this paper only predictions for low and intermediateQ2

values, we will not consider the Sudakov effect.
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We now transpose the result for the pion electromagn
FF and study the transverse momentum dependence in
meson electroproduction amplitudes. Keeping the transv
momentum dependence of the hard scattering operator
in the gluon propagators, we obtain for the longitudinal ele
troproduction amplitude ofrL

0 :

FIG. 11. Results for thep electromagnetic form factor of the
leading order PQCD prediction without~dotted line! and with
~dashed-dotted line! inclusion of the corrections due to intrinsi
transverse momentum dependence. The dashed curve show
result for the soft overlap contribution of Fig. 10~c! and the total
result ~full line! is the sum of the dashed and dashed-dotted lin
The ‘‘data’’ points from Refs.@44# ~CEA! and @45# ~Cornell! were
obtained indirectly from pion electroproduction.
e

ct
M r
L
0

L
~kW'!52 ie

4

9

1

Q S Q2

2j D E
0

1

dzE d2 lW'

16p3
~2A6!Cr~z, lW'1z DW '!

3E
21

11

dxE d2kW'

8p3
@Hr

L
0

p
~x,kW' ,j,t !N̄~p8!g•nN~p!1E term#„4pas~mR

2 !…

3
1

2 F 1

z̄~x2j!
Q2

2j
2S kW'2 lW'2

DW '

2
D 2

1 i e

1
1

z~x1j!
Q2

2j
1S kW'2 lW'2

DW '

2
D 2

2 i eG . ~97!

When neglecting the transverse momenta dependencieskW' and lW' in the gluon propagators in Eq.~97! and by using the
normalization conditions for ther wave function@analogous as Eq.~72! for the pion# and the normalization condition for th
OFPD’s @Eq. ~81!#, we find back the leading orderrL

0 electroproduction amplitude of Eq.~47!.
The evaluation of Eq.~97! requires us to perform a six-fold convolution integral in analogy with Eq.~89! for the pion

electromagnetic FF. To make the calculation tractable, we will limit ourselves here to the forward direction whereDW '50. In
this case, the gluon propagators depend only on the transverse momentum differencekW'2 lW' and one can use the impa
parameter space, as for the pion form factor. Using Eq.~92! for the wave function and Eq.~87! for the OFPD, Eq.~97! for the
hardrL

0 electroproduction amplitude becomes in the forward direction (DW '50):
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M r
L
0

L
~kW'!52 ie

4

9

1

Q S Q2

2j D E
0

1

dzE
0

` db b

4p
~2A6! Cr~z, b!

3E
21

11

dx@Hr
L
0

p
~x,b,j,t !N̄~p8!g•nN~p!1E term# „4pas~mR

2 !…
1

2
TH~x,j,z,b;Q2!, ~98!

whereTH(x,j,z,b;Q2) represents the hard gluon propagators in impact parameter space. It is given by

TH~x,j,z,b;Q2!5
1

2pE0

`

dm'm' J0~b m'!F 1

z~x2j!
Q2

2j
2m'

2 1 i e

1
1

z~x1j!
Q2

2j
1m'

2 2 i eG
5

1

2p H 2 i
p

2
H0

(1)@Az ~x2j!/~2j! Q b#1K0@Az ~x1j!/~2j! Q b#J , for x>j, ~99!

5
1

2p
$2K0@Az ~j2x!/~2j! Q b#1K0@Az ~x1j!/~2j! Q b#%, for 0,x,j, ~100!
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where the analytical results are obtained through a con
integration in the complex plane. The modified Bessel fu
tion K0 originates from Fourier transforming a gluon prop
gator with spacelike momentum which appears in the dir
diagram when 0,x,j and in the crossed diagram. Th
Hankel functionH0

(1) in Eq. ~99! originates from Fourier
transforming a gluon propagator with timelike momentu
which appears in the direct diagram whenx.j. In Eqs.~99!,
~100!, the analytical expressions ofTH are given for positive
values ofx. The expression ofTH for negative values ofx is
directly seen to be minus the expression for positive val
of x.

For the estimates of meson electroproduction, which
clude the transverse momentum dependence, we use th
finite strong coupling of Eq.~96!, as in the case of the pio
form factor. The scalemR at which the strong couplingas in
Eq. ~98! is evaluated, is given by the largest mass scale in
hard scattering, which we can take as

mR
25maxS ux2ju z

Q2

2j
,

1

b2D , ~101!

for the direct diagram and

mR
25maxS ux1ju z

Q2

2j
,

1

b2D , ~102!

for the crossed diagram.

C. Soft overlap mechanism for pion electromagnetic FF
and for meson electroproduction reactions

For hard exclusive reactions that proceed through o
gluon exchange at leading order, soft ‘‘overlap’’ mech
nisms can compete with the leading order amplitude at in
mediate values ofQ2. We will estimate the soft overlap
09401
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contribution to meson electroproduction by analogy with t
soft overlap to the pion electromagnetic FF.

The overlap contribution to the pion electromagnetic FF
shown in Fig. 10c. Its calculation is most easily performed
the frame where the spacelike virtual photon has only

transversal momentumqW' ~i.e. q150 and Q25qW'
2). Al-

though the final result for the FF cannot depend on the
erence frame in which one performs the calculations,
calculation in a frame whereq1Þ0 is more complicated due
to additionalZ-graph contributions~see e.g. Ref.@46# for a
comprehensive discussion!.

Indeed, in a frame whereq1Þ0, one obtains two types o
contributions to the FF. The first corresponds to the lig
cone time ordering in the diagram of Fig. 10c, where t
initial pion consists of partons with light-cone momentak1

and (pp
12k1) before the interaction, and where the fin

pion consists of an active parton with momentum (k1

1q1) and a spectator parton of momentum (pp
12k1). In

this case, the non-perturbative objects at both meson s
are the pion light-cone wave functionsCp as defined before

The second type of contribution corresponds to the sit
tion where the virtual photon creates a quark-antiquark p
with light-cone momenta (q12k1) and k1 prior ~in light-
cone time! to the interaction with the bound state. In contra
to the first type of contribution, these so-calledZ-graph con-
tributions cannot be expressed as the product of two pi
light-cone wave functions. Indeed, it involves the amplitu
for a parton to split into a meson and another parton, wh
is a different non-perturbative object than a meson light-co
wave function. However, as pair creation from a photon w
zero momentumq1 5 0 is not possible for light-cone time
ordered diagrams, these pair creation orZ-graph contribu-
tions vanish whenq150. Therefore, it is very convenient t
estimate the soft overlap contribution to the pion FF in t
frameq150 where only the first contribution survives, an
which is given by the Drell-Yan formula@47# as a product of
two meson light-cone wave functions:
7-18
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Fp
so f t~Q2!5E

0

1

dzE d2kW'

16p3
Cp~z,kW'1 z̄qW !Cp~z,kW'!.

~103!

In the arguments of the soft meson wave functions in
~103!, the relative transverse momenta enter. Using
Gaussian ansatz of Eq.~74! for the soft pion wave function
Cp in Eq. ~103!, one obtains:

Fp
so f t~Q2!5

4p2

s E
0

1

dzS Fp~z!

2A6
D 2

1

zz̄
expH 2

Q2 z̄2

4szz̄
J .

~104!

The soft overlap contribution of Eq.~104! to the pion elec-
tromagnetic FF is shown in Fig. 11, calculated with t
asymptotic distribution amplitude forFp . It is seen from
Fig. 11 that although the soft overlap contribution dro
faster than 1/Q2, one has to go to rather large values ofQ2

before the perturbative one-gluon exchange contribu
dominates. In the intermediateQ2 range shown in Fig. 11
the soft overlap contribution makes up more than half of
total form factor. One also sees from Fig. 11 that the sum
the soft overlap and the perturbative one-gluon excha
contributions, corrected for transverse momentum dep
dence, is compatible with the existing data. When compa
to the reported data for the pion electromagnetic FF, one
to be aware however that these sparse data are rather im
cise at the largerQ2 values, as they are obtained indirect
from pion electroproduction experiments through a~model-
dependent! extrapolation to the pion pole.

We now calculate the soft overlap contribution to long
tudinal electroproduction of mesons, which is shown in F
12. As we are interested in this paper in the study of me
electroproduction reactions at a non-zero transferD, the
choice of frame to suppressZ-graph contributions com
pletely is not as obvious as in the form factor case. Amo
the natural choices, one has now the possibility to choos
frame whereq1 5 0 or a frame whereD1 5 0. As we are
concerned in this work with the kinematical regime of lar
Q2 and small momentum transfert5D2, it seems natural to
estimate the overlap contribution in a frame whereq150,
which will suppressZ-graph contributions at the virtual pho
ton vertex. We remark that the choice of frameq150 is

FIG. 12. Soft overlap contribution to the meson electroprod
tion amplitude.
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different from the one used before in the calculation of t
leading order amplitude for hard meson electroproducti
We will use this different choice of frame only to provide a
estimate for the soft overlap contribution and will therefo
show the results for the leading order and overlap amplitu
separately. To add the leading order and overlap amplitu
coherently, one would have to perform a Lorentz boost.

Making the choiceq150, we show in Fig. 12 the leading
(1,') components of the external and quark momenta
the overlap diagram, where the1 components refer here t
the initial nucleon momentum, to keep a close analogy to
overlap calculation for the pion FF. In the present work,
will only evaluate the contribution from the region 0<x
<z in Fig. 12, in which case the meson vertex can be
rametrized by the usual meson wave function. In order
estimate also the contribution outside this region, whenx
.z, we would again need to know how to parametrize t
nonperturbative object where a quark splits into a quark
a meson. We postpone to future work the investigation
this problem.

In the region 0<x<z we can parametrize the valenc
quark state of a longitudinally polarized vector meson as

uVL&5
1

A3
E

0

1

dzE d2kW'

16p3Azz̄
CVL

~z,kW'!

3
1

A2
uq↑ q̄↓1q↓ q̄↑&, ~105!

where 1/A3 is a color normalization factor andq↑↓ and q̄↑↓
are the quark and antiquark states in Fig. 12 with helicit
l511/2 (↑) and l521/2 (↓). The quark states are nor
malized as@37#

^ ql8~k81,kW8'! u ql~k1,kW'! &

52 k1 ~2p!3 d~k812k1! d2~kW8'2kW'! dl8l .

~106!

The light-cone valence wave functionCVL
in Eq. ~105! de-

pends upon the quark relative light-cone momentum fract
~z! and the quark relative transverse momentum (kW') in the
meson. This valence wave functionCVL

is given, in analogy

with Eq. ~69! for the pion, and for a meson withpW V'50, by
the bilocal quark matrix element at equal light-cone tim
(y150):

CVL
~z,kW'!5

1

A6
E dy2 ei (zpV

1)y2 E d2yW' e2 ikW'•yW'

3^0uq̄~0! g1 q~y!uVL~pV!&U
y150

. ~107!

The flavor structure for different vector meson
(r0,r6,v,f) is understood implicitly in Eqs.~105!, ~107!.

-
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We next have to evaluate the lower blob in the over
diagram of Fig. 12. As we restrict ourselves to the contrib
tion from the region 0<x<z, this lower blob corresponds t
the amplitude to find aqq̄ state at the nucleon side. In th
calculation of the leading order meson electroproduction a
plitude, when using a frame where the initial nucleon’s tra
versal momentum is zero, this amplitude is parametrized
the ‘‘meson-like’’ part of the NFPD’s. In theq150 frame
with non-zero transversal momentumqW' , the relative quark
transverse momentum will appear as an argument in
kW'-dependent NFPD. Therefore, in the 0<x<z region the
lower blob in Fig. 12 is:

N̄~p8!g1N~p! • E
0

z

dxE d2kW'

8p3
f S x,kW'1

x

2z
qW' ,z,t D

3
1

4

1

Ax ~z2x!p1
uq↑q̄↓1q↓q̄↑&. ~108!

In Eq. ~108!, f is thekW'-dependent unpolarized NFPD~as we
are interested to calculate longitudinally polarized vector m
son electroproduction!, which is related to the ordinary
th
A
l

en

-

f
a
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NFPD as in Eq.~81!. The term corresponding with th
OFPD E is neglected here. We remark that in the infin
momentum limit, where one neglects the quark transve
momentum compared with its longitudinal momentum, E
~108! yields the Lorentz structure14 (g2) that appears in the
leading order amplitude of Eq.~4!.

We can now calculate the amplitude of the soft over
mechanism by taking the matrix element of the electrom
netic currentJm between the vector meson stateuVL& and the
uqq̄& state at the nucleon side of Eq.~108!. This yields:

MVL , so f t5~2 i e!N̄~p8!g1N~p!

3 E
0

z

dx E d2kW'

8p3
f S x,kW'1

x

2z
qW' ,z,t D

3
1

4

1

Ax ~z2x!p1
^ VL u J•e u q↑q̄↓1q↓q̄↑ &,

~109!

wheree is the photon polarization vector. By using the ve
tor meson state of Eq.~105!, Eq. ~109! can be worked out as
MVL , so f t5~2 i e!N̄~p8!g1N~p!3 E
0

z

dxE d2kW'

8p3
f S x,kW'1

x

2z
qW' ,z,t D 1

A6
CVLFz5

x

z
,kW'1S 12

x

2z D qW 'G
3

1

4 x p1 $^ q↑~xp1,kW'1qW'! u J•e u q↑~xp1,kW'!&1^ q↓~xp1,kW'1qW'! u J•e u q↓~xp1,kW'!&%, ~110!
n
-

rse
leon

ni-
h

where the relative quark momentum arguments enter in
vector meson valence wave function and in the NFPD.
we only give predictions in this work for the longitudina
electroproduction amplitude, we only keep the good curr
componentJ1, i.e. J•eL5J1

•eL
2 ~whereeL is the polariza-

tion vector for a longitudinal photon!. For the current opera
tor J1, the quark matrix elements in Eq.~110! yield:

^ ql8~xp1,kW'1qW'! uJ1u ql~xp1,kW'!&

5ū~xp1,kW'1qW' ;l8! g1 u~xp1,kW' ;l!

5~2 x p1! dl l8 . ~111!

With Eq. ~111!, the soft overlap amplitude for production o
a longitudinally polarized vector meson by a longitudin
photon can finally be written as:

M VL ,so f t
L 5~2 i e!eL

2N̄~p8!g1N~p!

3
1

A6
E

0

z

dx E d2kW'

8p3
f S x,kW'1

x

2z
qW' ,z,t D

3CVLFz5
x

z
, kW'1S 12

x

2z D qW 'G . ~112!
e
s

t

l

In the frameq150 considered here,qm5(0,qW',0) andeL
m

5(1,0,0,0), which yieldseL
251/A2.

To evaluate the soft overlap formula Eq.~112! for meson
electroproduction, we need to model thekW'-dependent
NFPD for x<z. We do that by analogy with the gaussia
ansatz of Eq.~74! for the soft part of the meson wave func
tion, that is:

f ~x,kW'8 ,z,t !5 f ~x,z,t !
4p2

sN

x

z S 12
x

z D
3expH 2

~kW'
8!2

2 sN

x

z S 12
x

z D J , x<z,

~113!

wheresN is now related to the average squared transve
momentum of the quarks in the meson state at the nuc
side. The ordinary unpolarized NFPDf (x,z,t) entering in
Eq. ~113! is modelled as discussed before through its defi
tion Eq. ~19! in terms of the double distribution and throug
7-20
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the ansatz of Eq.~32! for the double distributions. With the
ansatz of Eq.~113! for the NFPD and Eq.~74! for the soft
meson wave function~with parametersVL

for the longitudi-
nally polarized vector meson!, the integral over transvers
momentum in the soft overlap formula of Eq.~112! can be
worked out analytically as:

M VL,so f t
L 5~2 ie!

1

A2
N̄~p8!g1N~p!

3 f VL

4p2

sN1sVL

E
0

z

dx fp~x,z,t !

3expH 2
Q2

2~sN1sVL
!

~12x/z!

x/z J , ~114!

where f VL
appears in the asymptotic meson distribution a

plitude as given before in Eq.~67!. We remark that Eq.~114!
is a generalization of the overlap formula of Eq.~104! for the
pion FF using a Gaussian ansatz for the transverse mom
tum dependence. Note also that the overlap amplitud
purely real. In contrast, the leading order meson electrop
duction amplitude, including corrections for the intrins
transverse momentum dependence, is complex and is
thermore dominated by its imaginary part. Therefore, o
can expect to find qualitative differences with respect to
case of the form factor.

In the actual calculations of this work, we use as fi
guess forsVL

andsN , the same value as found before@Eq.

~76!# for the pion: sVL
'sN'0.67 GeV2. In principle, the

parametersN could be fixed independently however, if da
are available.

V. RESULTS AND DISCUSSION

In this section we present results for several observa
for meson electroproduction and DVCS. We will show t
leading order predictions and the effects of the power c
rections discussed in the previous section. In our previ
work @5,6#, we gave predictions for the leading order amp
tudes using a simplej-independent factorized ansatz for th
OFPD’s. Therefore, thej-dependent ansatz used here allo
us to study quantitatively the dependence on the skewed
in the OFPD’s.

We first show in Fig. 13 the angular and energy dep
dence of the leading order meson electroproduction
DVCS differential cross sections in kinematics accessible
JLab, HERMES and COMPASS. For the electroproduct
of photons, one cannot disentangle the DVCS from
Bethe-Heitler ~BH! process where the photon is radiat
from an electron line. In our calculations we add coheren
the BH and DVCS amplitudes. From a phenomenologi
point of view, it is clear that the best situation to stu
DVCS occurs when the BH process is negligible. For fix
Q2 andxB , the only way to favor the DVCS over the BH i
to increase the virtual photon flux and this amounts to
crease the beam energy. This is seen on Fig. 13 where
compare separately the BH, the DVCS and the cohe
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cross section for different beam energies. According to
estimate, the unpolarized (l ,l 8g) cross section in the forward
region is dominated by the BH process in the few GeV
gion. To get a clear dominance of the DVCS process o
needs a beam energy in the 100 GeV range. In the vale
region (xB'0.3) and for aQ2 value ofQ2'2.5 GeV2, one
sees that atEm5200 GeV, the DVCS cross section is abo
two orders of magnitude larger than the BH in the forwa
direction. By going to smallerxB , the BH cross section in-
creases. This is due to the fact that in the BH process
exchanged photon has 4-momentum (q2q8) which gives a
1/t behavior to the amplitude. The value oft in the forward
direction (tmin) becomes very small for smallxB values. The
resulting sharp rise of the BH process in the forward dir
tion at smallxB puts therefore a limit on the region where th
DVCS can be studied experimentally. At COMPASS kin
matics,xB.0.1 seems to be the lower limit. Although th
BH is not a limiting factor at highxB , one cannot go too
close toxB51 in order to stay well above the resonan
region.

In Fig. 13, the leading order predictions for therL
0 andp1

fivefold differential electroproduction cross sections are a
compared in the same kinematics and one again obse
that the virtual photon flux boosts the cross sections as
goes to higher beam energies. In the valence regionxB

'0.3), therL
0 cross section is about an order of magnitu

larger than the DVCS cross section. For thep1 electropro-
duction cross section, one remarks on the prominent con
bution of the charged pion pole~OFPD Ẽ), which gives a
flatter t-dependence than the contribution of the OFPDH̃,
because theẼ contribution comes with a momentum transf
in the amplitude.

FIG. 13. Comparison between the angular dependence of
leading order predictions for therL

0 ~full lines!, p1 ~thick, upper
dashed lines! leptoproduction and DVCS~thick dotted lines! in-
plane cross sections atQ252.5 GeV2, xB50.3 and for different
beam energies:Em15200 GeV ~COMPASS!, Ee1527 GeV
~HERMES!, Ee256 GeV ~JLab!. The BH ~thin dotted lines! and
total g ~dashed-dotted lines! cross sections are also shown. For t
p1, the result excluding the pion pole is also shown~thin, lower
dashed lines!.
7-21
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FIG. 14. Angular dependenc
of the leading order amplitude
for rL

0 leptoproduction at Em

5200 GeV, Q252.5 GeV2, and
for different values ofxB . The
prediction with aj-dependent an-
satz for the OFPD’s~full lines! is
compared with aj-independent
ansatz for the OFPD’s~dashed-
dotted lines!.
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In Fig. 14 we compare in COMPASS kinematics, t
leading order predictions forrL

0 electroproduction using the
j-dependent ansatz and aj-independent ansatz which w
used in our previous work@5,6#. Both calculations in Fig. 14
use the MRST98 parton distributions@16# as input and thus
the OFPD’s in both cases reduce to the same quark distr
tions in the forward limit and satisfy the first sum rule. O
sees that the cross sections differ by a factor of two, wh
indicates that the skewedness of the OFPD’sa priori cannot
be neglected in the analysis.

Although it is clear from Fig. 13 that a high energy bea
such as planned at COMPASS is preferable, one can tr
undertake a preliminary study of the hard electroproduct
reactions using the existing facilities such as HERMES
JLab, despite their lower energy. Concerning JLab, the h
luminosity available compensates for the low cross sect
and its good energy and angular resolution permits us
identify in a clean way exclusive reactions. To make a p
liminary exploration of the reaction mechanisms in the f
GeV regions and to test the onset of the scaling, the m
surement of therL

0 leptoproduction through its decay int
charged pions seems the easiest from the experimental
of view as the count rates are the highest. An experimen
explore therL

0 electroproduction at JLab at 6 GeV with th
CLAS detector has been proposed@7#.

For theg leptoproduction at low energies, we suggest t
an exploration of DVCS might be possible if the beam
polarized. The electron single spin asymmetry~SSA! does
not vanish out of plane due to the interference between
purely real BH process and the imaginary part of the DV
amplitude. Therefore, even if the cross section is domina
by the BH process, the SSA islinear in the OFPD’s. To
illustrate the point, we show on Fig. 15 the unpolarized cr
section for a 6 GeV beam and the SSA at an azimuthal a
09401
u-

h

to
n
r
h

n,
to
-

a-

int
to

t

e

d

s
le

f5120°. When the angle between the real and virtual p
tons is in the 0°225° region, a rather large asymmetry
predicted, even though the cross section is dominated by
BH process. We also show on Fig. 15 the effect of thep0

pole in the OFPDẼ to the DVCS. One sees that at sma
angles~small t), the effect of thep0 pole is quite modest and
increases at larger angles.

We furthermore illustrate the effect of the gauge restor
term for the DVCS amplitude in Eq.~44!. We have plotted in
Fig. 15 the SSA both for the gauge invariant and non ga
invariant amplitudes. For the non gauge invariant amplitu
of Eq. ~38!, the SSA is shown both in the radiative gauge a
in the Feynman gauge. As expected, all predictions are id
tical at small angle. At larger angles the gauge depende
clearly shows up, especially in the Feynman gauge.

As the SSA accesses the imaginary part of the DV
amplitude, the real part of the BH-VCS interference can
accessed by reversing the charge of the lepton beam s
this changes the relative sign of the BH and DVCS amp
tudes. We have given in Ref.@6# an estimate for thee1e2

asymmetry at 27 GeV, which yields a comfortable asymm
try in the small angle region. This may offer an interesti
opportunity for HERMES, although the experiment
(e1e2) subtraction might be delicate to perform.

Before considering the extraction of the OFPD’s fro
electroproduction data, it is compulsory to demonstrate t
the scaling regime has been reached. In Fig. 16, we show
forward longitudinal electroproduction cross sections a
function of Q2 and compare the L.O. predictions for diffe
ent mesons. The leading order amplitude for longitudi
electroproduction of mesons was seen to behave asQ.
Therefore, the leading order longitudinal cross sect
dsL /dt for meson electroproduction behaves as 1/Q6. In
Fig. 16, we give all predictions with a coupling consta
7-22
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frozen at a scale 1 GeV2 as explained in Sec. IV B. Whe
using a running coupling evaluated at the scaleQ2, one prob-
ably underestimates the cross section in the rangeQ2'1 –10
GeV2, as the average gluon virtuality in the L.O. meson el
troproduction amplitudes is considerably less thanQ2. This
is similar to what was observed for the pion form factor. T
effect of the running of the coupling will be discussed furth
on when we also include the intrinsic transverse momen
dependence. This will allow us to adapt the renormalizat
scale entering the running coupling to the gluon virtuality,
discussed in Sec. IV B.

By comparing the different vector meson channels in F
16, one sees that therL

0 channel yields the largest cross se
tion. The vL channel in the valence region (xB'0.3) is
about a factor of 5 smaller than therL

0 channel, which is to
be compared with the ratio at smallxB ~in the diffractive
regime! wherer0:v59:1. TherL

1 channel, which is sensi
tive to the isovector combination of the unpolarized OFPD
yields a cross section comparable to thevL channel. TherL

1

FIG. 15. DVCS at JLab for out-of-plane kinematics (f
5120°). Upper part shows the differential cross section: DV
including thep0 pole contribution~dashed line!, BH ~dotted line!,
total g excluding thep0 pole contribution~dashed-dotted line! and
total g including thep0 pole contribution~full line!. In the lower
part, the electron single spin asymmetry is shown for the L
DVCS amplitude~calculated in radiative gauge! excluding thep0

pole ~dashed line! and including thep0 pole ~full line!. We also
show the result for the gauge invariant DVCS amplitude, exclud
the p0 pole ~dashed-dotted line!.
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channel is interesting as there is no competing diffract
contribution, and therefore allows us to test directly t
quark OFPD’s. The three vector meson channels (rL

0 , rL
1 ,

vL) are highly complementary in order to perform a flav
separation of the unpolarized OFPD’sHu andHd.

For the pseudoscalar mesons which involve the polari
OFPD’s, one again remarks in Fig. 16 on the prominent c

FIG. 17. DVCS transverse cross sectiondsT /dt ~multiplied
with the scaling factorQ4) in the forward direction (t5tmin). The
leading order result is given by the dashed-dotted line and the re
including the intrinsic transverse momentum dependence is g
by the full line.

.

g

FIG. 16. Scaling behavior of the leading order predictions
the forward differential electroproduction cross sectiondsL /dt on
the proton, for vector mesons~left panel! and pseudoscalar meson
~right panel! using a coupling constant frozen at a scale 1 GeV2. For
the p1 channel, the pion pole contribution@full line, (p1)pole] is

shown separately from theH̃ contribution@dashed line, (p1)n.p.] .
Also shown is the scaling behavior of the forward transverse cr
sectiondsT /dt for the leading order DVCS cross section~dashed-
dotted line in left panel!.
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tribution of the charged pion pole to thep1 cross section.
For the contribution proportional to the OFPDH̃, it is also
seen that thep0 channel is about a factor of 5 below thep1

channel due to isospin factors. In thep0 channel, theu- and
d-quark polarized OFPD’s enter with the same sign, wher
in the p1 channel, they enter with opposite signs. As t
polarized OFPD’s are constructed here from the correspo
ing polarized parton distributions, the difference of our p
dictions for thep0 andp1 channels results from the fact th
the polarizedd-quark distribution is opposite in sign to th
polarizedu-quark distribution. For theh channel, the ansat
for the OFPDH̃ based on the polarized quark distributio
yields a prediction comparable to thep0 cross section.

For the DVCS, the leading order amplitude is constan
Q and is predominantly transverse. Therefore, the L
DVCS transverse cross sectiondsT /dt shows a 1/Q4 behav-
ior in Fig. 16. To test this scaling behavior, one needs
course a kinematical situation where the DVCS domina
over the BH. As the L.O. DVCS amplitude does involve ha
gluon exchange as for meson electroproduction, it is a ra
clean observable to study the onset of the scaling inQ2. In
Fig. 17, we compare the L.O. DVCS transverse cross sec

FIG. 18. Longitudinal differential cross sectiondsL /dt in the
forward direction (t5tmin) for gL* p→rL

0p . The leading order re-
sult is given by the dashed line and the result including the intrin
transverse momentum dependence is given by the full line.
calculation of the soft overlap contribution is given by the dash
dotted line.
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~multiplied with the scaling factorQ4) with the result includ-
ing the transverse momentum dependence in the hand
diagrams as described in Sec. IV A. One observes the o
of the scaling asQ2 runs through the range 2–10 GeV2,
similar to what was also observed for thep0g* g FF, which
is also described at leading order by handbag type diagr
~see Fig. 7!. It will therefore be interesting to measure ele
troproduction reactions in the rangeQ2'2 –10 GeV2 to
study the onset of this scaling. In addition, the preasympt
effects~in the valence region! can teach us about the quark
intrinsic transverse momentum dependence.

In Fig. 18, we show how the power corrections mod
the L.O. prediction for the longitudinalrL

0 electroproduction.
One sees that the inclusion of the intrinsic transverse m
mentum dependence leads to an appreciable reduction o
cross section at the lowerQ2 values, before the scaling re
gime is reached. Therefore, the question arises as to
important are the other competing mechanisms in this low
intermediateQ2 region. We show in Fig. 18 the estimate
the soft overlap mechanism of Fig. 12, where the meso
produced without invoking a gluon exchange. As discus
in Sec. IV C, in this work we are only able to estimate t
soft overlap contribution from the regionuxu<j. To estimate
the contribution which is neglected (uxu>j), we show pre-
dictions for different values ofxB , as for larger values of

ic
e
-

FIG. 19. Longitudinal forward differential cross section forrL
0

electroproduction. Calculations compare the quark excha
mechanism~dotted lines! with the two-gluon exchange mechanis
~dashed lines! and the sum of both~full lines!. Both calculations
include the corrections due to intrinsic transverse momentum
pendence as described in the text. The data are from NMC~tri-
angles! @49#, E665~solid circles! @50#, ZEUS 93~open circles! @51#
and ZEUS 95~open squares! @52#.
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xB , the region which is neglected becomes smaller~note on
Fig. 18 that at largerxB , the minimal Q2 value which is
kinematically possible in order to be above threshold,
creases!. One sees from Fig. 18 that the overlap contribut
to the longitudinal electroproduction amplitude drops a
proximately as 1/Q8, which is indeed the expected result
largeQ2 @4#. At xB50.3 andQ2'3 GeV2, our estimate for
the soft overlap contribution is already more than a dec
below the hard electroproduction amplitude including t
transverse momentum dependence. AtxB50.6, where the
approximation that we make in the calculation of the s
overlap contribution is on much safer side, one still obser
that the soft overlap contribution does not dominate over
hard amplitude and is more than a factor of 5 below the h
amplitude including thekW'-dependence, as one approach
Q2'10 GeV2. This behavior is quite different compare
with the overlap contribution to the pion electromagnetic F
From Fig. 11, we indeed see that a similar calculation~using
also a Gaussian ansatz for thekW'-dependence, with the sam
parameters) yields atQ2'10 GeV2 an overlap contribution
to the pion electromagnetic FF which is twice as large as
leading order PQCD prediction including th
kW'-dependence. Our estimate for the overlap contribution
dicates therefore that one is in a more favorable situa
with longitudinal meson electroproduction compared w
the pion electromagnetic FF case. Numerically, the main
son for this is that in the FF case, the gluon in the L.
diagram is purely spacelike yielding a real quantity wher
in the L.O. meson electroproduction diagram, the exchan
gluon can be both spacelike or timelike according to

FIG. 20. Longitudinal forward differential cross section forrL
0

electroproduction. Calculations show the sum of the quark
change and two-gluon exchange mechanisms for different value
Q2 ~in GeV2) as indicated on the curves. The data are from NM
@49#, E665@50#, ZEUS 93@51# and ZEUS 95@52#.
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value of the quark’s momentum fractionx, yielding a com-
plex amplitude. The form factor is therefore comparable
the real part of the hard electroproduction amplitude. As
imaginary part of the hard electroproduction amplitude
numerically by far larger than its real part in the kinemat
considered here, the competing~real! soft overlap mecha-
nism might well dominate the real part of the amplitude
the lowerQ2, without dominating the predictions calculate
with the total L.O. electroproduction amplitude.

At present, no experimental data for therL
0 electroproduc-

tion at largerQ2 exist in the valence region (xB'0.3). How-
ever, at smaller values ofxB , the reactiong* p→rL

0 p has
been measured at rather largeQ2. We will therefore compare
our results to see how these data approach the valenc
gion, where one is sensitive to the quark OFPD’s. For
purpose of this discussion, we call the mechanism of Fig
which proceeds through the quark OFPD’s, the quark
change mechanism~QEM!. It is well known that, besides the
QEM of Fig. 5, r0 electroproduction~and, more generally
neutral vector meson electroproduction! can also proceed
through a two-gluon exchange mechanism, where it
mostly been studied in the past. For this latter, Frankfu
Koepf and Strikman@48# calculated longitudinalrL

0 electro-
production at lowxB and largeQ2 through a perturbative two
gluon exchange mechanism~PTGEM!. In this PTGEM, the
two quarks connecting to the lower blob in Fig.~5! are re-
placed by two gluon lines. We have implemented this mo
for the PTGEM, in which the longitudinal forward differen
tial rL

0 electroproduction cross section was found as@48#:

dsg* N→VN
L

dt
U

t50

512p3GV→e1e2MVas
2~Q!hV

2/~aemQ6Nc
2!

3US 11 i
p

2

d

d lnxD x GT~x,Q2!U2

T~Q2!,

~115!

whereGT(x,Q2) is the unpolarized gluon distribution and

hV[
1

2

E dz d2kW'CV~z,kW'!/@z~12z!#

E dz d2kW'CV~z,kW'!

~116!

is equal to 3 if one uses the normalization of Eq.~72! for the
vector meson wave funtionCV(z,kW') with the asymptotic
distribution amplitude. The factorT(Q2) in Eq. ~115! ac-
counts for preasymptotic effects and was calculated in R
@48# as

-
of
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T~Q2!5S E
0

1

dzE
0

Q2

d2kW'CV~z,kW'!S 2
1

4
D'DA~z,kW' ,Q2!

E
0

1

dzE
0

Q2

d2kW'CV~z,kW'!/@z~12z!#
D 2

, ~117!
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where D' is the two-dimensional Laplacian operator
transverse momentum space, and where we introduced
notation

A~z,kW' ,Q2!5
Q4

Q21~kW'
2 1m2!/@z~12z!#

. ~118!

The correction of Eq.~117! is due to the Fermi motion of the
quarks in the vector meson and is equivalent to the intrin
transverse momentum degree of freedom that we introdu
in Sec. IV. Likewise, it results in a significant suppression
the cross section asQ2 decreases@T(Q2)→1 asQ2→`].

Intuitively, it is clear that the PTGEM should dominate
high c.m. energies, that is smallxB , where thegluon distri-

FIG. 21. Q2-dependence for the longitudinal forward differe
tial electroproduction cross sectiondsL /dt for g* p→p1n at xB

50.24. The leading order pion pole contribution~dotted line! andH̃
contribution ~dashed-dotted line! are shown using a running cou
pling constant withLQCD50.2 GeV. Also shown~dashed line! is
the calculation including the power corrections to the pion p
contribution~intrinsic transverse momentum dependence and o
lap contribution to the pion FF!, as well as the sum of the pion pol

andH̃ contribution including the power corrections~full line!. The
data are from Ref.@45#: the points atQ251.2 and 2.0 GeV2 corre-
spond withxB'0.24, whereas the point atQ253.3 GeV2 corre-
sponds withxB'0.35.
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bution dominates. The QEM mechanism, which is prop
tional to thequarkdistributions will dominate in the valenc
region. Due to thesea quarkdistribution, it also contributes
and rises in the large W region but quite less than
PTGEM. In Fig. 19, the forward differential longitudinalrL

0

electroproduction cross section is shown as a function of
c.m. energyW for three values ofQ2 ~5.6, 9 and 27 GeV2).
The figure shows the contributions of both mechanisms. T
PTGEM and QEM cross sections are both calculated w
the MRST98 parton distribution parametrizations@16#, in-
cluding their evolution. For the QEM, we include th

kW'-dependence effects as discussed in Sec. IV. One
from Fig. 19 that the PTGEM explains well the fast increa
at high energy of the cross section but it is clear tha
substantially underestimates the data at lower ener
~aroundW'10 GeV!. This is where the QEM is expected t
contribute sincexB is then in the valence region. The QEM
describes well the change of behavior of the data~like a
plateau! at lower W. The incoherent sum of both mech
nisms is also indicated. Figure 20 shows this incoherent s
of the two mechanisms for otherQ2 values, up to the larges
Q2 value of 27 GeV2, measured at ZEUS. It is seen that bo
W andQ2 dependences are rather well reproduced. This p
vides a good indication that the deviation from the PTGE
of the data at lower energies can be attributed to the onse
the QEM. The present calculation strengthens our previ
conclusion@5# about the onset of the QEM at lowerW and at
large Q2. The calculation uses now a phenomenologi
j-dependent ansatz for the OFPD’s based on the most re
Martin-Roberts-Stirling-Thorne 1998~MRST98! parametri-
zation for the parton distributions. Furthermore, the calcu
tion also includes the power corrections due the intrin
transverse momentum dependence both in the QEM as
cussed in Sec. IV, and in the PTGEM using the formali
@Eq. ~115!# of Ref. @48#.

Finally we show in Fig. 21 how our calculations fo
gL* p→p1 n compare with the few data at largerQ2. For the
sake of comparison with the calculations of Ref.@29#, we
also show the L.O. predictions forH̃ and for the pion pole
using a running coupling constant~extrapolated to the lowe
Q2 values! with LQCD50.2 GeV. Our results are compatib
with those of Ref.@29# where it was also found that in th
valence region, the pion pole dominates thegL* p→p1 n
cross section. We furthermore show in Fig. 21 our pred
tions including the power corrections. For the power corr
tions to the pion pole contribution we use Eq.~64!, where we
include in the pion electromagnetic FF the transverse m
mentum dependence and the soft overlap contribution
shown in Fig. 11. It is seen that in the forward kinematics

e
r-
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Fig. 21, these power corrections enhance the leading o
predictions for the cross sections substantially, which is a
indicated by the sparse data. It will be most valuable to h
more accurate data for the longitudinal cross sections
pion electroproduction to check the consistency of the po
correction calculations. Of particular interest should be
ratio of p1 versusp0, because thep1 process, which is
dominated by the pion pole contribution, has an amplitu
with a large real part in contrast to thep0 channel, where the
pion pole contribution is absent.

VI. CONCLUSION

We have given in this work predictions for leading ord
observables for DVCS and various meson electroproduc
reactions in the valence region at largeQ2, using a
j-dependent ansatz for the OFPD’s. We have indicated s
observables and kinematical conditions where experim
are already planned or can be performed. As theseexclusive
experiments can currently only be performed at not too h
values ofQ2, we have estimated the power corrections d
to the intrinsic transverse momentum dependence of the
tons in the DVCS and meson electroproduction amplitud
We have taken thep0g* g transition FF and the pion elec
tromagnetic FF as our guidance to estimate these power
rections to both DVCS and hard meson electroproduc
reactions respectively. In this way, we have generalized
skewed parton distribution formalism to include the part
intrinsic transverse momentum dependence. For the me
ys

c

n
nd

of
a

th
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electroproduction amplitude, we have estimated, in additi
the competing soft overlap mechanism, which—in contr
to the leading order perturbative mechanism—does not p
ceed through one-gluon exchange. The soft overlap contr
tion is found not to be dominant in contrast to the pion
case. Our estimates for these different power correcti
show that by measuring exclusive electroproduction re
tions in the rangeQ2'2 –10 GeV2, one will be able to study
the onset of the predicted scaling. In addition, the preasy
totic effects~in the valence region! can teach us about th
quark’s intrinsic transverse momentum dependence in
nucleon.

In conclusion, we believe that a broad new physics p
gram, i.e. the study ofexclusivereactions at largeQ2 in the
valence region, where the quark exchange mechanism d
nates, opens up. Although these exclusive experiment
largeQ2 are quite demanding, we think that both the scali
region and the onset of the scaling region promise to
sufficiently rich to motivate an extensive experimental inve
tigation at different facilities.
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