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We estimate the leading order amplitudes for exclusive photon and meson electroproduction reactions at
large Q? in the valence region in terms of skewed quark distributions. As experimental investigations can
currently only be envisaged at moderate valueQf 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 fuBb56-282(199)03521-3

PACS numbgs): 12.38.Bx, 13.60.Fz, 13.60.Hb, 13.60.Le

[. INTRODUCTION the skewed parton distributions. We also present the model-
izations for these distributions that will be used in our cross
Much of the internal structure of the nucleon has beersection estimates.
revealed during the last two decades through itfdusive In Sec. lll, the leading order PQCD amplitudes for DVCS
scattering of high energy leptons on the nucleon in theand longitudinal electroproduction of mesons are presented
Bjorken—or “deep inelastic scattering{(DIS)—regime de- in some detail. This is an extension of our previous works
fined by Q?,v— andxg=Q?%/2Mv finite. Simple theoreti- [5,6].
cal interpretations of the experimental results can be reached In Sec. IV, we investigate the power corrections to the
in the framework of QCD, when one sums over all the posdeading order amplitudes when the virtuality of the photon is
sible hadronic final states. in the regionQ?~1—20 Ge\?. The correction due to the
With the advent of the new generation of high-energy,intrinsic transverse momentum dependence is known to be
high-luminosity lepton accelerators combined with large acimportant to get a successful description of they* y tran-
ceptance spectrometers, a wide varietgxtlusiveprocesses  sition form factor, for which data exist in the ran@¥~1
in the Bjorken regime are considered as experimentally ac—10 Ge\?. For the pion electromagnetic form factor in the
cessible. In recent years, a unified theoretical description dfansition region before asymptotia is reached, the power
such processes has emerged through the formalism introducerrections due to both the transverse momentum depen-
ing new generalized parton distributions, the so-called “off-dence and the soft overlap mechanism are quantitatively im-
forward parton distributions’(OFPD’y, commonly also de- portant. We will therefore take these form factors as a guide
noted as skewed parton distributions. It has been shown thé&b calculate the corrections due to the parton’s intrinsic trans-
these distributions, which parametrize the structure of thererse momentum dependence in the DVCS and hard meson
nucleon, allow us to describe, in leading order perturbativeelectroproduction amplitudes. In addition, for the meson
QCD (PQCD), various exclusive processes in the near for-electroproduction amplitude, an estimate is given for the
ward direction. The most promising ones are deeply virtuacompeting soft overlap mechanism, which—in contrast to
compton scatteringDVCS) and longitudinal electroproduc- the leading order perturbative mechanism—does not proceed
tion of vector or pseudoscalar mesaisee Refs[1-4] and  through one-gluon exchange.
references therein to other existing literajuriglaybe most In Sec. V, we give numerical estimates for different ob-
of the recent interest and activity in this field has been trig-servables for DVCS and for the electroproduction of vector
gered by the observation of [li], who showed that the sec- mesonsp!™?, » and pseudoscalar mesom$*?, 7. We
ond moment of these OFPD’s measures the contribution afive several examples of experimental opportunities to ac-
the spin and orbital momentum of the quarks to the nucleomress the OFPD’s at the current high-energy lepton facilities:
spin. Clearly this may shed a new light on the “spin-JLab E.=6 GeV) [7,8], HERMES E.=27 Ge\) and
puzzle.” COMPASS €,=200 GeV.
In Sec. Il, we introduce the definitions and conventions of Finally, we give our conclusions in Sec. VI.
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y.
y2 FIG. 2. “Handbag” diagrams for DVCS.
C1 03 Y2 + _ . . . .
C, where A"=0 everywhere. This is always possible if one
-yf2 ignores the problems associated with the boundary condi-
tions at infinity. Since we only deal with localized systems
Hyperplane y*=0 this is not a true restriction. In this gauge we hdve=L,

=1. While staying in the gaugd*=0 we still have the
freedom to make a gauge transformation which depends only
FIG. 1. Path chosen for the gauge invariant definition of a bilo-on (y*,y?). This allows us to go to a gauge wheyéA®
cal product of quark fields. Note that the segméntlies in the +y2A2=0 in the plane y =0. This is the 2-dimensional
planey” =0. version of the radial, or Schwinger-Fock, gaU§é. In this
gauge we have,=1 which completes our argument, that is
there exists a curve and a gauge such that the link operator is
the identity operator. In the following it will always be un-

1

II. REVIEW OF SKEWED PARTON DISTRIBUTIONS

A. Preliminary: bilocal operators and gauge invariance derstood that the bilocal quark field produ¢sy*=0) are
In the following we often encounter bilocal products of in this gauge, which is thus a convenient choice for model
quark fieldsy at equal light-cone time of the form evaluations of the matrix elements of these operators.
W(—yl2) P(yl2)|y+ -0, (1) B. Definitions of skewed parton distributions

To set the framework of this work, we briefly review how
wherey* is the light-cone time, witty ™= (y°+y3)/\/2. At  the nonperturbative nucleon structure information enters the
leading twist one has the further restrictign=(y*,y2,0) leading order PQCD amplitude for DVCS and hard meson
=0, that is the bilocal product needs only be evaluated alon§lectroproduction.

a light-cone segment of lengsti . For our purposes we need ~ For DVCS, Ji[1] and Radyushkifh2] have shown that the
to consider the more general case where onlyis set to  leading order amplitude in the forward direction can be fac-
zero (y* =0 is understood in the remainder of this section torized in a hard scattering pawhich is exactly calculable
The product of fields at different points is not invariant in PQCD and a soft, nonperturbative nucleon structure part
under a local color gauge transformation. To enforce gaugas is illustrated in Fig. 2. In these so-called “handbag” dia-
invariance, one replaces E@) by grams, the nucleon structure information can be param-
etrized, at leading order PQCD, in terms of four generalized
structure functions, which conserve quark helicity. It was

W(=yI2)L(—yI2—yl2)§(yl2), @ shown in Refs[10,11], that at leading twist, two more func-
tions appear which involve a quark helicity flip. However,
where the link operatok is defined by the authors of Ref[.12] have shown that in reactions which

would involve these helicity flip distributionsuch as exclu-
_ sive electroproduction of transversely polarized vector me-
L(—y/2—yl2)=P(e”eAd), (3)  song, this contribution vanishes due to angular momentum
and chirality conservation in the hard scattering. This was

In Eq. (3), the path ordered product is evaluated along aargued[lz] to hold at leading order in @ and to all orders

curve C joining the points—y/2 andy/2 andA is the matrix In perturbation theory. In this work, we will restrict ourselves

) ; . to the four distributions which conserve quark helicity. Then,
valued color gauge field. So in a general gauge, bilocal prod;

ucts of quark fields are not defined independently of the[the matrix elem_ent _of the bilocal quark operator, representing
. 2 I he lower blob in Figs. 2a and 2b, can be expressed at lead-

gauge field. To simplify the analysis it is therefore conve-ing twist in the notation of Ji. in terms of the OFPD's

nient to choose a curv€ and a gauge such that the link =~ ~_""7" '

operator reduces to the identity. H,H.E,E as

Among the many possibilities we choose the curve shown
on Fig. 1, where it is understood that =0. We then spliL
into 3 factorsLq,L,,L3 corresponding to the segments !Or any other one which allows us to replace the link operator by

C,,C,,C; indicated on Fig. 1. We first go to the gauge the identity.
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P* I — y
Efdy ey <p’|wﬁ(—%)¢a(§)lp>

y+:§L:O

1 _ _ A,
=Z{<y>aﬁ H%x,g,t)N(p')y*N(pHEq<x,§,t>N(p'>ia*K2—mNN<p>}
~ — ~ — A*
+(yw—)aﬁ[H‘*<x,§,t>N<p'>y+y5N(p)+E%x,f,t)N(p')%ZmNN(p)“, @

wherey is the quark fieldN the nucleon spinor anahy the  helicity averaged wheredd and E are helicity dependent
nucleon mass. In writing down Ed4) one uses a frame fynctions. They depend upon three variablesg, t. The
where the virtual photon momentumy* and the average  jight-cone momentum fractionis defined byk* =xP*. The
nucleon momentuniP* (see Fig. 2 for the kinematigare variable¢ is defined byA* = —2¢ P*, whereA=p’ —p and
collinear along thez-axis and in opposite direction. We de- t=A2. Note that Z—xg/(1—xg/2) in the Bjorken limit.

note the lightlike vectors along the positive and negativeThe support inx of the OFPD's is[—1,1] and a negative

zdirections as p*= I?*/\/E(l,o,o,l). and n#= 1P"-1/ momentum fraction corresponds with the antiquark contribu-
J2(1,0,0~-1) respectively, and define light-cone COMPO- tion.

nentsa™ by atz(aoiaa)/\/z_ In this frame, the physical To simplify the presentation, we will také’ = ¢ in the
momenta have the following decomposition: following. As shown in Eqs(9)—(11), these two variables
have the same value in the Bjorken limit. The kinematic
1 o m variable &, which represents the longitudinal momentum
Pr=5(pt+p'*)=p*+ 51, (5)  fraction of the transfen, is bounded by
- Q? V—AZ2
gk=—(2&") p¥+| —| n¥, (6) O<é<——<1. (12)
m
At=p'#—ph=—(2§) P+ (£m?) nA+ AL, (7)

A glance at Figs. 2a, 2b shows that the active quark with
momentumk — A/2 has longitudina(+ componentmomen-
Q2 _ tum fraction x+ ¢, whereas the one with momentui
—,—§m2 n¥—Af, +A/2 has longitudinal momentum fraction— £. As noted
48 by Radyushkif 2], since negative momentum fractions cor-
(8) respond to antiquarks, one can identify two regions accord-
ing to whethellx|> ¢ or |x| <& .

q'#=gr—Ak= —2(¢ - §) pret

where the variables?, ¢ and ¢ are given by When x> ¢, both quark propagators represent quarks,
whereas forx<— ¢ both represent antiquarks. In these re-
o A2 gions, the OFPD's are the generalizations of the usual parton
m2=my?— R (9) distributions from DIS. Actually, in the forward direction,
the OFPD’sH andH respectively reduce to the quark den-
sity distribution q(x) and the quark helicity distribution
p. 2m? |8 x Aq(x):
2§'=Tq —1+ 1+Q - BX ,
m? (P-q)? 1-.8
(10 HY(x,0,0=q(x), HYx00=Aq(x), (13
QZ_AZ Bj Xg . . .
2¢6=2¢ (12) whereq and Aq are defined by the Fourier integrals on the

Q2+HZ(2§I)24) 1 Xg®

light cone[13]:?
-3 g [13]

In Eq. (4), the OFPD'sHY,E%,HY,EY are defined for one  2Note the typing errors in Eq$120), (121) of Ref.[6], where the
quark flavor =u, d ands). The functionsH andE are  factors 27 should be replaced by
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P’ = alXPTY T/l -
ax)=7—| dye (pl¥(O)y-ng(y)|p)ly+=y, 0. (14

Aq(X)=Z—Wf dy” €™ (pS|¢(0)y-nyst(V)IPSly+y, o (19)

In Egs.(14), (15), p represents the initial nucleon momentum 1
in the DIS process an@ is the longitudinal nucleon spin HY(x,£,t)= 1+§{fq (X,g,0)} for §<x<1,
projection. From Eqs(14), (15) the quark distributions for

negative momentum frac_tions are related to th_e antiquark 1

distributions agy(—x)=—q(x) andAq(—x)=+Aq(x). HA(x,&,1) = 1+§{fq(x LD = 19-X,2,0} 17
In the region— £<x< ¢, one quark propagator represents

a quark and the other one an antiquark. In this region, the for —g<x<¢,

OFPD’s behave like a meson distribution amplitude.

An alternative, but equivalent, parametrization of the ma-
trix elements of the bilocal operators has been proposed by (X&) = 1+§{ =X}, for —l=x=-¢
Radyushkin[2] by expressing the longitudinal momentum

fractions with respect to the initial nucleon momentym \yheref? are the quark anéd the anti-quark NFPD's respec-
instead of the average momenturof Fig. 2. In this nota-  tjvely.

tion, the active quark has momentukT=Xp" and A™ The “double” nature of the skewed parton distributions
=—{p*. The two variables< and ¢ are related to the pre- according to whether @x<¢ (0<X</) or é<x<1 (¢
viously introduced momentum fractioxsand § by: <X=1) was made more transparent by Radyushkin by ex-
pressing the quark momenta connected to the lower blob of
B X—=1¢/12 B /2 Fig. 2in a fractionx of the initial nucleon momentump and
X= 1-0/2" §=1_§/2' 16 4 fractiony of the momentum transfex as shown in Fig. 3.

The relation with the previously introduced momentum frac-

In terms of the variableX, ¢ andt, so-called “non-forward 10N X is readily seen to b&=x+{y. In terms of the vari-
parton distributions”(NFPD's) f9(X,,t) were introduced ablesx,y,t, Radyushkin then introduc€@,14] the so-called
by Radyushkin2]. They are equivalent to the OFPD’s and double distributiong=9, K% for quarks andr9, K9 for the
are related to them by anti-quarks, according to

—_ — 1 1-X LT+ Hyo— ~
<p'|w<ow+¢(z>|p>|z+:zfo=N(p')fN(p)-fodxfo dyfe 00" AT FaR y )
N _ A,
—e/ P YA DZ Ry )+ N(p)io T 5 ——N(p)
2my

1 -X Slent +y,— ~ ent A uA Yo~
X f dx f Tdyfe it AT ARy, —ete AT KRy ), (19)
0 0

with both’x andy positive andx+y=<1. The double distri- [
butions are related to the NFPD’s through integrals oyer f (X,g,t)—Jo dy Fi(X=gy,y.b), for X<¢,
[2,14):

. with X=1—X andle—g. Relations similar to Eq(19)
fAX, )= fmdy FA(X—=¢y,y,t), for X=¢, hold for the anti-quark distribution§™. Analogously to Eq.
0 (18), one defines the helicity dependent double distributions

F andK through the matrix element of a bilocal axial vector
(199  operator.

094017-4



DEEPLY VIRTUAL ELECTROPRODUCTION OF PHOTOS!. .. PHYSICAL REVIEW D 60 094017

A The second moment of the OFPD’s is relevant for the
nucleon spin structure. It was shown in REf] that there
) ip+gA ex!sts a(color) gauge-invariant decomposition of the nucleon
Ip—yA =ip+(1-%—y)A spin:
1
5= Jgt g, (24
p p=p+A

whereJ, and J4 are respectively the total quark and gluon
angular momentum. The second moment of the unpolarized

i ~ 2
FIG. 3. Diagram to denote the argumemtsy and A< of the OFPD’s att=0 gives

double distributions.

+1
Besides coinciding with the quark distributions at vanish- Jq=%J dx x[HY(x,£,t=0)+E9(x,£,t=0)], (25
ing momentum transfer, the skewed parton distributions have -1

interesting links with other nucleon structure quantities. The i L

first moments of the OFPD’s are related to the elastic fornf?1d this refation is independent &f The quark angular mo-
factors of the nucleon through model independent sum rule®€NtumJ, decomposes as

[1]. By integrating Eq.(4) over x, one gets the following 1

relations for one quark flavor: \]qZEAE +Lg, (26)

+1
f dx HI(x, &) =F(t), whereA2/2 andL, are respectively the quark spin and or-
-1 bital angular momentum. AA3, is measured through polar-
(20 ized DIS experiments, a measurement of the sum rule of Eq.
+1 g (25) in terms of the OFPD'’s, provides a model independent
Jll dx E(x,&,1)=F3(1), way to determine the quark orbital contribution to the
nucleon spin and thus from EQ4) the gluon contribution.

+1 ~
f dx Hq(x,g,t)=gi(t), C. Modelization of the skewed parton distributions
-1
21) Ultimately one wants to extract the skewed parton distri-
i butions from the data but, in order to evaluate electroproduc-
f dx E9(x, &) =hd(t). tion observables, we need a first guess for them. We shall
-1 restrict our considerations to the near forward direction be-

cause this kinematical domain is the closest to inclusive DIS,

The elastic form factors for one quark flavor on the right-which we want to use as a guide. Sirfe@andE are always
hand sidegrhs) of Egs.(20), (21) have to be related to the multiplied by the momentum transfer, this means that the

physical ones. Restricting to the d ands quark flavors,  ampjitudes are dominated IbyandH which we discuss first.
the Dirac form factors are expressed as

Fﬁ’p=2F§’+FT+FS, F‘l‘/p=2F2+F:‘L’+F§, 22 ' 1. é-independent ansatz for H. and H '
The simplest ansatz, already used in our previous works

whereF} andF} are the proton and neutron electromagnetic[s’e]' IS to write H andH as a product of a form factor and

form factors respectively. The strange form factor is given byar?uﬁrk. dIIdStI:IbUIIOH function, neglecting agydependence,

FYP=F$, but since it is small and not so well known we set VNICN Yields:

it to zero in the following numerical evaluations. Relations HYP(x, £,t)=u(x) FYP(t)/2

similar to Eq.(22) hold for the Pauli form factor§&§. For 7 . '

the axial vector form factors one uses the isospin decompo-

sition: HYP(x,&,0)=d(x) FP(1), (27

s/ —
1 H p(X,g,t)—O,

1 1 1
ulp_— + = 0 dip_ _ — + = 0_ 23
9a7=29aT 204 Oa 29AT 294 @3 whereu(x), d(x) ands(x) are the unpolarized quark distri-

butions. Obviously the ansatz of E@Q7) satisfies both Eq.
The isovector axial form factog, is known from experi- (13) and the sum rule of Eq20), if one uses the valence
ment, with go(0)~1.267[15]. For the unknown isoscalar quark distributions normalized as:
axial form factorg%, we use the quark model relation:

0 _ 1(+1 +1
ga(t)=3/5ga(t). For the pseudoscalar form factbfl, we _J' dx U(X :f dx du(x)=1 28
have relations similar to E423). 2Jo W(x) 0 d/(0=1. @8
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For all the calculations presented in this paper, we shall use d-QUARK OFPD (based on MRST98)
the parametrization MRSTY46] for the quark distributions.

To modelH9, we need the corresponding polarized quark
distributions. For this we follow the recent work of REE7],
where a next to leading order QCD analysis of inclusive
polarized deep-inelastic lepton-nucleon scattering was per-
formed and which yields an excellent fit of the world data. In
this analysis, the input polarized densitiest a scaIeQS
=1 Ge\?) are given by:

AUV(XvQS) =7nuAy XO'25qJV(XrQS)|

Ady(x,Q3) = 7g Ag x>Z1dy(x,Q3), (29)

0)

H (%, &,

=0)

Hix, &, t

AQ(x,Q3) = 7gAs X>57%5(x,Q3),

where we assume a $B) symmetric sea, i.eAaEAU _
=Ad=As andSrepresents the total sea. On the rhs of Egs. 4 I S

(29), the normalization factoré,,,A4,Ag are determined so 08 06 04 02 0 02 04 06 08 1
that the first moments of the polarized densities are given by . _
74, M4, 77q Tespectively. For the valence quark densitigs, FIG. 4. ¢ dependence of the OFPB® att=0 using the ansatz

and 54 were fixed in Ref[17] by the octet hyperojg decay (based on the MRST986] quark distributionsas described in the
constants which yield: text. Upper panel: valence down quark OFPD, lower panel: total

down quark OFPD. The thin lines€0) correspond with the or-

+1 dinary d-quark distributions(MRST98 parametrization af?=2
7Iu=f dxAuy(x)=0.918 Ge\?).
0
(30) ~
+1 ~ ~ Y(1=X-y)
nd=f dx Ady(x)~ —0.339. Fq(x,y,t>=F?(t)/Fi(O)q(x)6W, (32
0

The first moment of the polarized sea quark density wadvhere similarly to Eq(27), thet-dependent part is given by

determined by the fit of Ref17] which givesyg~—0.054.  the form factorF,. Similarly for the helicity dependent
Our ansatz foH is to multiply the polarized quark dis- double distribution, this ansatz yields:

tributions of Eq.(29) by the axial form factor, neglecting any y(1-%—y)

¢-dependence and sea contribution, which yields 'Eq(},y,t)Zgi(t)/gi(O)AQ&)G(1_—;()3- (33

u/p — u/p u/p

HPPOGED = Auv(x) 8aT(1/G,7(0), 3y Starting from Eq(32), the OFPDHY is then constructed by

RAP(x, &,t)=Ady(x) g¥P(t)/g¥P(0). using Egs(17) and(19). Analogously, the OFPBi is con-

structed starting from E¢33).
One can check that Eq13) is verified by construction and As an example, we show on Fig. 4 the dependencé on
that, using Eqs(23) and the quark model relation to evaluate predicted by this model for the valenckquark and total
the axial form factorgsy ? andg%", the sum rule of Eq21)  d-quark skewed distributions.
is satisfied within 10%. _
3. The skewed distributions E and E

2. §-dependent ansatz for H and H The modelization of andE, which correspond to helic-

To generate the dependence énwe start from the ity flip amplitudes, is more difficult as we do not have the
double distributions introduced in E€L8). As shown in Fig.  DIS constraint for thex-dependence in the forward limit.
3, the momentum flow in the double distributions is decom-However, as already pointed ol,andE are multiplied by
posed in a part along the initial nucleon momentprand a  a momentum transfer and therefore their contribution is sup-
part along the momentum transtr Therefore, a reasonable pressed at small Nevertheless it was argued by the authors
guess for the helicity independent double distributionof Ref.[18] that the pion exchange, which contributes to the
F(x,y,t) was proposed in Refl14], as a product of a quark region— ¢é<x=<¢ of E, may be non negligible at smaltue
distribution functionq(x), describing the momentum flow to the proximity of the pion pole dt= mi. We follow there-
alongp, and an asymptotic “meson-like” distribution ampli- fgre the suggestion of Reffl8,19 and evaluat& assuming
tude~y(1—x—y), describing the momentum flow alodg it is entirely due to the pion poléBy contrast we continue to
Properly normalized, this yields: neglect the contributions due Ebsince there is no dangerous
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1 X
wapole:®(_§$xgg)hA(t) E q)as(g)- (36)
which satisfies the sum rule of EB5).

As there is no dangerous pole in the caseepft seems
safe to neglect its contribution to the amplitude at snhall
which of course does not mean tHaitself is small. In this
respect it is amusing to note that, if one adopts Eoan
ansatz similar to the one fdt, Eq. (27), that is

u/p — u/p
FIG. 5. Factorization for the leading order hard meson electro- ER(x.&,0=u(x) F7(1)/2,

production amplitude. Ed/p(x,g,t)zd(x) Fg/p(t), 37
pole in this case.According to this hypothesis, since the

S/p =S
pion exchange is isovector, we must have B (%60 =0,

and if one uses this ansatz to evaluate the total spin carried
by the quarks through the sum rule of Eg5), one get the
results shown in Table I. We can see that, even though there
is little theoretical basis for the ansatz of E§7), we get the
reasonable result that 43% of the nucleon spin in carried by
the quarks. This is consistent with a recent QCD sum rule
estimatd 23] (at a low scalgwhere the gluons were found to
contribute to half of the nucleon spin. Note that only the

=u/p T=d/p 1
EVP=—EIP=2E, pore. (34)

Thet-dependence cE‘,T,po,e(x,f,t) is fixed by the sum rule
(21) pseudoscalar form factdr,(t):

AESN ga(2my)? information from the unpolarized parton distributions has
f_l dx E )(X,&t):hA(t)HT. (35  been used to evaluate the quark contribution to the spin of
M the nucleon.

By using the decomposition of the total quark spipas
where E®=EYP_EYP denotes the isovector OFPD and in Eq.(26) and by using the most recent values measured at
where we have approximated the pseudoscalar form factdhe Spin Muon CollaboratiofSMC) [24] for the quark he-
by its pion pole dominance expression. licity distributionsAu, Ad andAs, one can extract the quark

In the region— é<x=<¢, the quark and antiquark couple orbital angular momentum contribution to the nucleon spin.
to the pion field of the nucleon. Therefore, this couplingUsing the factorizedé-independent ansatz, the orbital con-
should be proportional to the pion distribution amplitude. Fortribution is estimated in Table | to yield about 15% of the
the latter we take the asymptotic form, which is well sup-nucleon spin.
ported now by experimentsee discussion in Sec. IV)A
Expressing the quark’s longitudinal momentum fractioin 4. Other models of the skewed distributions

the pion in the symmetric range 1<z<1, the asymptotic Some model calculations of the skewed distributions ex-
distribution amplitude®,; is given by ®54(z)=3/4 (1 jst. A bag model evaluation of the skewed distributi¢26]
—27%), and is normalized ag’idz ®,(z)=1. The light-  found (at a low scalgthat they depend weakly ofi How-
cone momentum fractions of the quark and antiquark in th%ver, a calculation in the chiral quark soliton mo(ﬂen_]
pion which couples to the lower blobs in Figs. 2, 5, arefound (also at a low scalea strong dependence @hand
respectively given by ( x/¢)/2 and (1-x/£)/2. Therefore,  exhibits in particular fast “crossovers” 4| = ¢. The chiral
E-pole is finally modelled as quark soliton model is based on the lafgg-picture of the

TABLE I. The evaluation of the spin sum rule using théndependent factorized ansatz for the OFPD’s
as described in the text. The column denoted by SMC contains the experimentally detdrdiheontri-
butions of the different quark flavors to the nucleon spin, measured through semi-inclusive spin asymmetries.
Note that the model calculation implies a fraction of 0.57 for the gluon contribution to the nucleon spin.

JtidxxH I dx x(H+E) SMC Lq
u, 28 51 Au,=.77+.10=.08 - .13
d, 11 —-12 Ad,=—.52+.14+ 09 20
u,+d, .39 51 Au,+Ad,=.25 .07
ULy 34 62 Au,+2Au=.79 —.09
d+d 18 -.19 Ad,+2Ad=—.50 16
(U+u)+(d+d) 52 43 >=.29 .07
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nucleon as a heavy semiclassical system whdse@alence near future, we neglect here the scale dependence of the

quarks are bound by a self-consistent pion field. The crossskewed distributions. At very high values @7, the scale

overs in this model can be interpreted as being due to mesolependence should be considered. This scale dependence is

exchange type contributions in the regieré<x<¢, which  described by generalized evolution equations that are under

are not present in the bag model calculation and which aretensive investigation in the literature.

also not contained in the phenomenological ansatz of Egs.

(32), (33) for the double distributiongsee Ref[22] for a

detailed discussion of these meson-exchange type contribu- Ill. LEADING ORDER AMPLITUDES FOR DVCS

tions to the skewed quark distributiondt was noticed in AND HARD ELECTROPRODUCTION OF MESONS

Ref.[21] that this crossover behavior jad = ¢ could lead to

an enhancement of observables, which will be interesting to

quantify. Factorization proofs for DVCS have been given by sev-
As a last remark, as we are mainly interested in this papeeral authorg25,26. They give the theoretical underpinning

in giving estimates for electroproduction reactions in the vawhich allows us to express the leading order DVCS ampli-

lence region at only moderately large values @f (1  tude in terms of OFPD’s. Using the parametrization of Eq.

~20 Ge\?), which is where experiments of exclusive elec- (4), the leading order DVCS tensétf'’y s follows from

troproduction reactions can be performed currently or in thehe two handbag diagrams of Fig. 2 as

A. DVCS

1 N 1
X—&+ie XxX+é—ie

v 1 vy v v 1
Hi'o. Dvcszi[pﬂn +p'nt—gH ]J,ldx

_ _ A
HBved X &ON(P') 7.N(P) + EBcd X, EON(P )i et N(p)}

X
1 P AMVKN 1 1
+§[_|8 pKn)‘]JfldXx—§+ie_x+§—ie
~ — - — A-n
X Hl%vcs(X,fat)N(p'))’-”)’sN(p)+Egvcs(xyfat)N(p’)Ysm N(p)}, (39

with gg105= +1. We refer to Ref[6] for the formalism to ance is violated by the real photon except in the forward
calculate DVCS observables starting from the DVCS tensodirection. In fact q, H{"5 pycs~A, . This violation of

of Eq. (38). gauge invariance is a higher twist effect of orde®4tom-

In the DVCS on the proton, the OFPD’s enter in the com-pared to the leading order terhi*’y oy cs. SO in the limit

bination Q% it is innocuous but for actual experiments it matters.
Actually for any cross section estimate one needs to choose a
HEod X, £,1) = fHu/p+ lHd/p_,_ EHs/p, (39) gauge and this explicit gauge dependencg for nonzero angles
9 9 9 is unpleasant. In the absence of a dynamical gauge invariant
5 5 higher twist calculation of the DVCS amplitude, we propose
and similarly forH, E andE. to restore gauge invariance in a heuristic way based on
For the #° pole contribution to the DVCS amplitude, physical considerations. We propose to introduce the gauge
which contributes to the functio&R, s, the convolution invariant tensoHgycs:
integral in Eq.(38) can be worked out analytically. By using
Egs.(34), (36) one obtains: a®

HEVcs=HE6. bves— 7+ (A\ HL'o. bved, (4D
+1
J dx
“1

1 1 _ (a-q")
EpDVCS()(ié!t)

X—&tle xtg—ie wherea* is a four-vector specified below. Obvioustfy -

1 respects gauge invariance for both the virtual and the real
=— 2 ha(t). (400  photon:
The leading order DVCS amplitude of E@9), is exactly d,HpVes=0, 4, HEVcs=0. (42)

gauge invariant with respect to the virtual photon, i.e.
g, H{s bves=0. However, electromagnetic gauge invari- Furthermore, as
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s Hi’. oves= — (A )WHUs bes: (43
the gauge restoring term gives zero in the forward direction
(A, =0) which is natural. We choosa”=p* becausep
-q’ is of orderQ?, which gives automatically a gauge restor-

ing term of ordeiO(1/Q?). This choice fora* is furthermore

motivated by the fact that in the derivation of the leading
order amplitude of Eq(38), only thep* components at the
electromagnetic vertices are retaingd. The above argu-
ments lead to the following DVCS amplitude:

b’#

Hves=HE 0 pbvest =~ (A H'6 pves: (49) . .
(p-q’) FIG. 6. Leading order diagrams to hard meson electroproduc-
which is now gauge invariant with respect to both the virtualtion.
and real photons. We will illustrate the influence of this ) i ~ ~
gauge invariance prescription, by comparing DVCS observ'—[hgpgr?spma”zed i and E) and polarized ki and E)

ables calculated with Eq44) and with the leading order According to the above discussion, we give predictions

formula of Eq.(38). only for the meson electroproduction cross section by a lon-
gitudinal virtual photon. The longitudinay{ + p—M+p

B. Hard electroproduction of mesons two-body cross sectiodo, /dt is

The OFPD's reflect the structure of the nucleon indepen- do, 1
dently of the reaction which probes the nucleon. In this —= 5 o
sense, they are universal quantities and can also be accessed, dt  16m(s— myA(s,—Q%mgy)
in different flavor combinations, through the hard exclu- 1
sive electroproduction of mesons=2=,7, ... p%", 0, ¢, =3 S IME(aw=0hi:hy |2 (45)
...—{see Fig. % for which a QCD factorization proof was 2y h,

given in Refs|[3,4]. According to Ref[4], the factorization  \hereh,, h/, are the initial and final nucleon helicities and

applies when the virtual photon is longitudinally polarized here the standard kinematic function(x,y,z) is defined
because in this case, the end-point contributions in the mes

wave function are power suppressed. Furthermore, it was A(X,Y,2) = X2+y2+ 72— 2xy—2xz—2yz,  (46)
shown that the cross section for a transversely polarized pho- . ) TN - - )
ton is suppressed by @f compared to a longitudinally po- Which givesA(s,— Q% my) = 2my|q. |, where|q| is the vir-

larized photon. tual photon momentum in the lab system. As the way to

Collins et al. [4] also showed that leading order PQCD extract do /dt from the fivefold electroproduction cross

predicts that the longitudinally polarized vector meson chanS€ction Is a matter of convention, all results thw, /dt in

nels (pE,i w_, ¢,) are sensitive only to the unpolarized this paper are given with the choice of the flux factor of Eq.

OFPD’s H and E) whereas the pseudo-scalar chalnnels In Eq. (45), M" is the amplitude for the production of a
(7", 7, ...) aresensitive only to the polarized OFPD'B( meson with\ ;=0 by a longitudinal photon. In the valence
and E). It was shown in Ref[12] that the leading twist region, the leading order amplitude is given by the hard scat-
contribution to exclusive electroproduction of transverselytering diagrams of Fig. 6T part in Fig. 5. The amplitudes
polarized vectors mesons vanishes at all orders in perturbav - for pE and 7° electroproduction were calculated in
tion theory. In comparison to meson electroproduction reacRefs.[5] (see also Ref[27]) for which the following gauge
tions, we recall that DVCS depends at the same timbaih  invariant expressions were found:

L. 41 1 d(2)]1 (2 1 1
MPE__Ie§6{deZ pz §f_1dxx—§+ie+x+§—ie
_ _ A
x<4ms>[H20<x,§,t>N<p'>y-nN(p)+E,‘jo(x,f,tm(p')io“x%mm], (47)
L L N
L _ 41 1 q)ﬂ'(z) 1+t 1 1
Mwo—"%amdz z Ef,ldxx_g+ie+x+g_ae
~ — ~ — A-n
X(47Tas)[H:—0(xv'§!t)N(p,)‘yn‘}/SN(p)_FE:-O(Xafvt)N(p,)ﬂYSZ_rnNN(p)]! (48)
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where® ,(z) and® .(z) are thep and 7 distribution ampli- 1

tudes(DA) respectively. The factor 4/9 is a color factor cor- HE, (x.61)=— §H5/p- (53

responding with one-gluon exchange. From EdS), (48),

one sees that the leading order longitudinal amplitude for L i _

meson electroproduction behaves &3.1As the phase space Besides t?e Iong|tUQ|naI electroproduction amphtude Eq.

factor in the cross section EG45) behaves as @ at fixed (48) for 7r°, one again has analogous expressions for other

xg and fixedt, this leads to a Q°® behavior ofdo, /dt at neutral pseudqscala_r mesons such asthstarting from the

large Q2 and at fixedxg and fixedt. quark s_tates{wnh spin S=0) for pseudoscalar mesons and
According to the considered reaction, the proton OFPD'd€dlecting any mixing for they:

enter in different combinations due to the charges and isos-

pin factors. For the electroproduction pP, which corre- 0 1 — _
sponds to the quark stafaith spin S=1) |m°) = E{|UU>— [dd)}, (54)
o o=
0= {luw) - [dd), (49) .
|n>=%{IUU>+Idd>—2|SS>}, (55)
the corresponding skewed distribution is given by:
. 1 (2 1 one obtains for the polarized OFPD’s:
— ] _pulpy “pdp
HPE(x,g,t) \/5{3H + 3 H ] (50
~ 2. 1.
p - / d/
For the longitudinal electroproduction of thhe and ¢, vec- Hoo(X,&,1) = E(g"'u P+ §H p}! (56)
tor mesons, the amplitudes have an expression analogous to
Eq.(47) in terms ofH E)L anngL . By considering thes and
¢ mesons as pure quark statesth S=1) AP (x,&1) = i Eﬁu/p_ EH“’M Eﬁs/p .
s 63 3 3
1 (57)

|w)= ﬁ{luﬁﬂlo@}, |)=]s9), (51)

For the charged meson charmel% and 7=, we obtain
from |p*)=—|ud) and|p~)=|du) for the corresponding
] longitudinal electroproduction amplitudéshich have been

one then obtains for the corresponding OFPD’s:

(52)  given previously for thep™ in Ref. [28] and for thew™ in

2 1
_Hu/p_ _Hd/p
Refs.[29,19):

1
P = —
HE (6,60 = | 5HP =3

%

L 41] (1, D (2)]1 (+1 —2/3 1 1/3 1
Mp+__'e§6[ fodz z }Ef_ldxl—lli% x—E+ie |23 xTé-ie
x<4ms>[H<3>(x,§,t>ﬁ<p'>y.nN(p>+E<3><x,§.t>ﬁ<p'>ia“r;—nf*l\l(m], (58)
N
L AL @)1+ f—23) 1 13 1
M”i__'e§5Uodz z }Efldx[—l/s X—Etie |23 xtE-ie
~ — ~ — A-n
><(47Tas)(H‘S)(X,f,t)N(p’)y-rWsN(p)+E(a)(x,f,t)N(p’)ysmN(p)}, (59

where theu- andd-quark charges appear in front of the direct In all of the above we have only given the expressions for
and crossed terms and where the following isovector formgne OFPD’sH andH, but exactly the same isospin relations
for the corresponding OFPD's enter: are valid for the OFPD’€ andE. In particular, the isovector

HE)(x,&,t)=HYP — HYP, (600  OFPDE® provides a prominent contribution to the charged
B B B pion electroproduction amplitude because it contains the
H®(x,&,t)=HYP—HYP, (61)  t-channel pion pole contribution, given by E®6). As seen
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before for ther® pole contribution in case of the DVCS, the calculations for vector meson electroproduction shown be-
convolution integral for the charged pion pole contribution inlow, we will also use the asymptotic DA for the vector
Eq. (59 can also be worked out analytically. In the case ofmesons®
the 7% electroproduction amplitude, one has:
dy(z2)=1,62(1-2), (67)
+1 —€y — €y ~
Jfl O rie " xFé—ie| TmpollX &) with f,~0.216 GeV,f,~0.195 GeV andf,~0.237 GeV
determined from the electromagnetic desay-e*e™.
When evaluating the leading order meson electroproduc-
= 2_§(eu_ed)hA(t)- (62 tion amplitudes at relatively low scales, we use the value of
the strong coupling which was also used in the QCD sum
In the amplitudes for longitudinal meson eIectroproduc-rUle analysis of the vector meson di_stribution ampzlitudes of
tion Egs. (58), (59), the meson distribution amplituded ~ Ref-[31]: as(u=1 GeV)~0.56. At high values 0", the
enter. For the pion, recent d4@0] for the #°* y transition ~ "unning of the coupling has to be considered. However, the

form factor up t0Q?=9 Ge\2, which will be briefly dis- average virtuality of the exchanged gluon in the leading or-
cussed in Sec. IV A, support t,he asymptotic form: der meson electroproduction amplitudes can be considerably

less than the extern&)?, which is therefore not the “opti-
®_(2)= \/Ef 62(1—2) 63) mal” choice for the renormalization scale. In the next sec-
K ’T ' tion, we will study the inclusion of the transverse momentum
with f_=0.0924 GeV from the pion weak decay. With this dependence in the considered hard scattering processes and

asymptotic DA for the pion, the charged pion pole contribu-;v\'ll(la::eg bISoib\l/?rttjoalidal?rth;hiorrfggr?r?éliznangt?oicat:eoao I;[rr:e
tion to the amplitudeM ;1 can be worked out by using Eq. g€ g Y. P 9 g Ping

. . constant will then be calculated within the convolution inte-
(62), where we insert the pion pole formula of E®5) for

. . gral, through an infraredIR) finite expression, which re-
the induced pseudoscalar form facté) ha(t). By using  g,ces to the standard running coupling at larger scales.
the Goldberger Treiman relatiog, /f ,=9g,yn/My, Where

0.nn IS thearNN coupling constant, we finally obtain for the
pion pole part of the amplituda ;t :

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

. AND SOFT OVERLAP CONTRIBUTION
M. (7" —pole=ie 2 Q F,(Q?)

A systematic study of higher twist corrections to hard

9aNN — exclusive processes is beyond the scope of the present work.
X —t+m? N(P)¥sN(P), (64 oyr limited goal is to model here two important mechanisms
g which give rise to power corrections to the leading ampli-

tude.
o First, we will consider the intrinsi¢or primordia) trans-
verse momentum dependence of hard exclusive processes.
When one neglects the intrinsic transverse momentum of the
active quark, the hard exclusive electroproduction ampli-
2 tudes can be written as a one-dimensional convolution of a

as 2y — 16masfs hard scattering operator and a non-perturbative soft quantity
FA(QY)=—{03—. (65) - S -

Q? which depends only on the longitudinal momentum fractions

of the quark. This neglect of the parton intrinsic transverse

For the 7, the transition form factor has also been mea-momentum is exact only up to corrections of ord@z_t/ '
sured in Ref[30], which also supports an asymptotic shape Second, for the meson electroproduction reactions, which

whereF . represents the pion electromagnetic FF. The lea
ing order pion pole amplitude is obtained by using in Eg.
(64) the asymptotic pion FIF2°, which is given by(see also
Sec. IV B):

for the # distribution amplitude: contain a one-gluon exchange, soft “overlap” mechanisms
can compete with the leading order amplitude at lo@ér
P, (2)=f,62(1-2). (66)  Values. In the case of meson form factdFs) both correc-

tions have been studied in detail by several groups. It turns

For the normalization, we adopt the value used in Rgg],  Out that including these corrections allows a quantitative in-

which in the notation of Eq(66) is given by: f,~0.138 terpretation of the available data for the FFQ?t values

GeV. down to a few Ge¥. We will briefly review these correc-
For the vector mesons, no experimental determination ofions for them®y* y transition FF and the pion electromag-

the DA exists besides its normalization. Both recent updated

QCD sum rule analysg$1,32 and a calculation in the in-

stanton model of the QCD vacuuf3] favor a DA for the 3Because we want to use the same convention for the[ B

longitudinally polarizedp meson that is rather close to its (67)] for all vector mesons, we changed our definitionf gfcom-

asymptotic form. The calculations in both models differ pared to our earlier work, i.ef, of this work corresponds with

however in the deviations from the asymptotic form. In all \2f, used in Refs[5,6].
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@=-g*<0) where we have written the isospin structure for a positively
I GR) . charged pion moving with large momentup). and where
} 0 ’Y><j>=.: 0 the normalization factor 1/6=1/\/2N, corresponds to the
Yo — Pr v Brodsky-Lepage conventidi37]. The hard scattering opera-
@=0) tor Ty in Eq. (68) is calculated from the diagrams of Fig. 7

(a) ®) by keeping thelzL depgndence in the intermediate quark
propagators. Its evaluation yields:

FIG. 7. Leading order dire¢d) and crossedb) diagrams to the
w0y* y transition form factor.

1
(z,kL;Q2>:( )2@| == ]
netic FF forQ? values in the range-420 Ge\2. Our aim is 3\2 zQP+k2 zQ%+k:
to introduce the notations and to set the stage to calculate (70

these corrections for the hard electroproduction. We will see .
that the DVCS is analogous to the®y* y FF because the where the factor 1/(32) is due to the squared quark charges

leading order diagrams involve no gluon exchange. The leadn the 7° state[Eq. (54)]. When thek, dependence is ne-
ing order diagrams for meson electroproduction, which proglected inTy, the transverse momentum integral in E8)
ceed through a one- gluon exchange mechanism, are analgcts only on¥ (z k,) and one finds back the usual expres-
gous to those for the pion electromagnetic FF. sion for the 7%y* y FF in terms of the pion distribution
amplitude® _(z), which depends only om

A. Intrinsic transverse momentum dependence

in #%y* ¥ FF and in DVCS @ (1 D(2)
The calculation of ther®y* y transition FF will serve as Fao.,(Q%) — J; dz 276 Tu(z,Q%). (7))
our starting point to calculate the corrections due to intrinsic

transverse momentum dependence for the case of DVC

The leading order contribution to the’y* y transition FF is

given by the diagrams of Fig. 7 which involve a one-

dimensional convolution integral over the quark’s longitudi- j

nal momentum fractiorz. The corrections to the leading or-

der amplitude have been estimated by various grasps

Ref.[34] for a recent comparative discussiolVe start here where we have indicated explicitly the factorization scale

from the method used in Reff35] which is based on the ug. Forug much larger than the average value of the quark

modified factorization approach of Ref&6] and which we transverse momentun® , depends only weakly opr and

will extend to the case of hard electroproduction reactions. we will neglect this dependence in the following. Using the
In this modified factorization approach, the amplitude cor-asymptotic DA Eq(63) for ® ., one obtains from Eq.71)

responding to the two diagrams of Fig. 7 is expressed as e well known leading order PQCD result:

three-fold convolution integral over the quark’s longitudinal

momentum fractiorz and its relative transverse momentum e

IZL of the hard scattering operat®y, and the pion light-cone F a0y V(Q ) ? (73
wave function¥ _(z,k,):

%‘he pion distribution amplitudé  is defined as

HE dZIZl
167°

. 1
‘I’W(Z.ki)=% P (Z, pp), (72

To investigate the corrections to th€'y* y FF whenQ?
is not asymptotically large, one needs an ansatz for the non-

2
L " c .02 .
Y (zk)Tu(z2 ke 5Q%). perturbative wave functio® _(z,k, ) in order to perform the

(68) integral of Eq.(68) over bothz and IZL . For the soft meson
wave function, we follow Ref[35] and adopt a Gaussian

form for the dependence dn :

F 71.O),*

The pion wave functionlfw(z,lzl) represents the amplitude
to find a pion in a valencegq state, where one quark has

longitudinal momentum fractiorz and relative transverse (2) 872 1 K2

=~ . . . . . T 1
momentunk, . The pion light-cone wave function is defined Vo(z,k )= —J— — p{ 5 4 , (74
by the following bilocal quark matrix element at equal light- 26 ozz T2z

H + _ .
cone time ¢ =0): which satisfies Eq(72). The parametes in Eq. (74) is re-
_ 1 —iepty- 0% ik .G lated to the average squared transverse momerikiin of
Vo(zk )= % f dy” etz J dey, e " the quarks in the meson. For the pion, this free parameter has
been fixed in Ref[38] through the axial anomaly which
. leads to the condition
X(0[d(0) "> u(y)| 7w (p.))

b 1 . 3
=0 - fo dz\lfw(z,kL=O)=\F. (75

m
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Using the asymptotic DA fof> . in the Gaussian ansatz Eq. 7’y y FORM FACTOR
(74) for ¥, the condition Eq(75) yields o 025
5 Bonst =
o=8m%f2~0.67 Ge\. (76) - 4 cELLO
) 02 |
Furthermore using the Gaussian ansatz ¥y with an ng 0.175
asymptotic DA, one finds that the probabili,q of the © 015
valence quark Fock state of the meson, which is defined as 0125
fl dzlzL . ) 0.1
Pyo= dzJ W(z,k, )%, (77) .
aq 0 1673 | (z,k, | 0.075
0.05 |
is given by P;Ta= 2m?t2/o=1/4. For the average squared 0025 |
transverse momentum defined by 0 T T P P T T T T
0 1 2 3 4 5 6 7 8 9 10
_ Q?(GeV?)
. 1 (1 d’k, ., .
(ki)= p—Jo dz 1672 ki|W(z,k)[? (78 FIG. 8. Results for ther®y* y transition form factor of the
aq leading order PQCD predictioflashed-dotted linecompared with

. the prediction including transverse momentum dependehde
one obtains an average quark transverse momentum fihe). Data are from CELLJ39] and CLEO[30].

V(K?) = o5~0.366 GeV. ~ ~

In Fig. 8 we show theQ? dependence of the®y*y FF Ed. (38) proportional toH,H,E andE. Guided by the lead-
evaluated with the asymptotic DA for the pion. The CLEO ing order DVCS amplitude, we expect the contribution from
data[30] which extend to the higheQ? values (9 Ge\?), these four OFPD's to be dominant and do not consider other
clearly approach the leading order PQCD result of @8). h!gher twist OI_:PD’s in this work. Starting from the h_andbag
The correction to the ©2 scaling behavior in the range diagrams of Fig. 2 for DVCS, we evaluate the amplitude by

1-10 GeV is rather well described—as found in Refs. KE€PING the transverse momentum dependence of the quarks
propagating between the two electromagnetic vertices, as

[35]—by the calculation including the intrinsik, depen- a5 discussed above for the?y* y FF. In analogy to Eq.
dence and using th(f Gaussian ansatz of(E4).for the pion  (gg) for the #°y* y FF, the calculation of the DVCS ampli-
wave function. Thik, dependence results in a reduction of tude leads to a three-fold convolution integral over the lon-
the 7%y* y FF compared to the leading order result wigh  gitudinal and transverse componentskdfee Fig. 2 for the
decreases. At a valu®@?>~3 Ge\?, this reduction is about definition).

20%. Let us first consider the generalization of E@)—

We now study the intrinsic transverse momentum depentepresenting the lower blob in Fig. 2—when the momentum
dence for DVCS, which is a higher twist correction to thek in Fig. 2 has both a longitudinal componerit’(=xP™")
leading order DVCS amplitude of E(B8). Our strategy isto  and a transverse componekt J. We parametrize the bilocal
evaluate the power corrections due to the intrinsic transversguark operators matrix element at equal light-cone time
momentum dependence only for the leading twist terms i{y"=0) as

— Ji(xPT)y~ > K, -y , y y
P*fdy e/ fdzyie Y (p Iﬁ—g) v*l/f(z)lp)

=H9x,k, ,&1N(p’)y"N(p)+Eqterm, (79)
yt=0

and

=H9(x,k, ,&ON(P") ¥ ysN(p)+E term,
+=0
’ (80)

P [ayeer [ 6, e o] -3 v e 3]

where we have introducedk, -dependent OFPD's  Similarly to Eq.(72), where integrating the meson wave
HI(x,K, ,&,t),E9,HY and EY. Remark that in writing down function overk, leads to the meson distribution amplitude,

Egs.(79), (80), we use a gauge as discussed in Sec. Il A, fowve find back the OFPIH(x,&,t) introduced in Eq/(4) by
which the gauge link between the quark fields is equal tdntegrating thek, -dependent distributiond (x,k, ,¢,t), that
one. is
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dzlﬁ R only in the denominators of thgnasslessquark propagators
Hq(x,g,t)zf 3 H9(x,k, ,&1), (81) where it is most important. The quarks propagating between
8m the electromagnetic vertices in Fig. 2 have four-momenta

(k+q—A/2) in the direct diagram andk{q+A/2) in the

and_ similar_ly forE,H a_de. Indeed, one readilyyerifies that ¢ossed diagram respectively. Therefore, the transverse mo-
by integrating both sides of Eqé79), (80) overk, and by

using Eq.(81), one finds back the leading twist parametriz::x-menta n tt]e propagators ark, (- AL/Z)_ for the d|r.ect dia-
tion of Eq. (4) for the lower blob in Fig. 2. gram and k, + A, /2) for the crossed diagram. This leads to

Next we must evaluate the hard scattering operator for théh.e following generalization of the leading order DVCS am-
handbag diagrams of Fig. 2. We keep ﬂEp dependence plitude of Eq.(38):

d2k . _
- [HBycdx K, EON(P')y-N(p) + E term)
ar

R 1 - - +1
Hied ko= P+ B [ x|

« 1 I 1 n 1 P W MVKN f+1d f dzlzl
X—E tie xtE,—ie| plTiEMTRMI | dx| oy
FB K, £ ON(P) v nysN(p) +E : 82
X[Hpved XKy ,&N(p")y-nysN(p)+ E term] X—f_+ie X+E.—ie| (82
|
with needs to model th&, -dependent OFPD’s. We will model
L \2 here only the OFPD'$1(x,k, ,£,t) andH, as they give the
fo=i+ E K +A_L 83) dominant contribution to the DVCS amplitude in the near
= Q? L=2 /" forward direction. Therefore we will neglect the contribution

from the OFPD’sE andE.
One readily sees from Eqé82), (83) that by neglecting the T generate th&, -dependent OFPD’s, we start from the
transverse momenta in the quark denominators compared tuble distributions which we model in the near forward
Q? and by using Eq(81), one finds back the leading order direction by a Gaussian ansatz by analogy with what was
DVCS amplitude of Eq(38). done in Eq.(74) for the pion wave function. This yields for
In order to estimate the DVCS amplitude of £§2), one  the helicity independent double distributiéi:

- ~ y(1-Xx— 472 1 k?
Fa(x,y,k, ,t):F‘l‘(t)/F‘l‘(O)q(x)Gy( = 3y)[ W~ exp{—z—i] . (84)
(1-%° Loy(1-X-y) ry(1-%-y)
For the helicity dependent double distributiBfl, our ansatz yields
- . ~ y(1-X-y) 4772 1 k?
Fa(x,y,k, ,H)=90%(t)/g%(0)Aq(x)6 = = expp—zs————=— | 85
Gy ke D =g0IOR(0)AAR6 = = e 2 oyl (85

When integrating Eq.{(84) over k, , one finds back the In the same way, when integrating E@5) overk, , one
double distributiorF? of Eq. (32), i.e. Eq.(84) satisfies the  finds back the helicity dependent double distributfeh of

normalization Eq. (33).
The Gaussian ansatz of Eq84), (85) depends upon one
42K free parameteiwr which is related to the average squared
Fq(7<,y,t)=f = Fa(x,y,k, ,t). (86)  transverse momentum of the quarks in the nucleon. We take
8 here the same value as determined for the pion in(E&g).
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FIG. 10. Leading order dired) and crossedb) diagrams to
the 7 electromagnetic form factor involving one-gluon exchange.
Soft overlap contributioric) to the 7 form factor. There are analo-
gous diagrams where the virtual photon couples to the lower quark
line, which are not shown here.

FIG. 9. Impact parameteb) dependence of the OFPBY for
the valence down quark, using the model andd@sed on the
MRST98 quark distributionsas described in the text.

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

Having modelled thék, -dependent double distributions, the Having discussed the intrinsic transverse momentum de-

k. -dependent OFPD'sf andH are then obtained from Eq. pendence of the DVCS amplitude, we now turn to the hard
(84) using thek, dependent analogues of E¢$7) and(19).  meson electroproduction reactions. As before, where we
When calculating thé, -dependence for the hard meson have made the parallel between th€y* y FF and DVCS,
electroproduction reactions in Sec. IV B, we will find it con- we will find it very instructive to study the intrinsic trans-
venient to introduce the OFPD’s in impact parameter spaceverse momentum dependence of the hard meson electropro-
They are obtained by taking the Fourier transform of theduction amplitudes by comparison with the charged pion

IZL -dependent OFPD’s with respectko: electromagnetic FF. In contrast with th€y* y FF, the lead-
a2k - - ing order contribution to the pion electromagnetic FF pro-
Hq(x,ﬁ,g,t)=J—i2 e PHI(x,k, ,£t), (87) ceeds through one-gluon exchange as shown in Figs. 10a,
(27) 10b.

~ i To calculate the form factor, we consider the process in a
whereb plays the role of a transverse distance between th?rame(e.g. Breit framg where the initial(final) pion moves

active quarks. Using Eq81), one readily verifies that the large  momentum along the positivénegative

ordinary OFPD’s correspond to a zero transverse d'Stance:z—direction and where the momentum transfered by the vir-

tual photon points along the negatizelirection. We denote
the longitudinal momentum fractions of the quarks in the

o ) initial (final) pion by x (y) and their relative transverse mo-
We show in Fig. 9 the impact parameter dependence for the

g menta byk, (I',). The expression of the pion electromag-
valence down quark OFPH, using the a_nsan of Eq84). netic form factor including the transverse momentum depen-
Note that the values at the origib£0) in Fig. 9 can be dencies is given by the six-fold convolution integral:
directly read off from the corresponding ordinary OFPD dis- '
played in Fig. 4.

1 -
o HA(x,b=0,¢,t) = HI(x, &,1). (88)

1 d2l, (1 d2k R I .
FW<Q2>=f dyf if dxf — Wy, T Ty XK, QD)W (XK, ). (89)
0 167°3J)o 1672

The hard scattering operator in E89) can be easily calcu- line. It has been shown in Ri40] that the most important
lated by the diagrams of Figs. 10a, 10b and two other diatransverse momentum dependenceTip comes from the
grams where the virtual photon couples to the lower quarlgluon propagator. The reason is that if one neglects the trans-
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verse momentum dependence, the gluon virtuality then derantage to express E(B9) in impact parameter space. The
pends quadratically on the quark longitudinal momentunpion wave function in impact parameter space is obtained
fractions & andy). In contrast, the virtuality of int_erm_ediate from ¥ _(x,k,) by the Fourier transform
quark lines depends only linearly upon the longitudinal mo-

. . 2-’
mentum fractions. Therefore the gluon propagator weights . k, kB .
most heavily the end-point regions and it is important in Vo(x,b)= (2 e P (x,ky ), (92)
these regions to include the transverse momentum depen-

dence to get a consistent PQCD calculation. We keep thergynere b represents the transverse separation between the
fore the transverse momentum dependencg.pbnly in the quarks in the pion. For the Gaussian ansatz of &d),
gluon propagator, which simplifies considerably the integralw (x 5) is given b

of Eq. (89). Using the symmetry of the integrand in E§9) e 9 y

underx«x andy«y, this yields forT,: . ®_(x) 1
V_(x,b)=4m exp{ 50 b2 xﬁ (93
A (21/6)? 2\6
TH(y1IL7XvkL;Q ):—(47TOIS) 5 . L .
9 2 The hard scattering operator in impact parameter space is
given by

1
X = > ’
xyQ@+(k, —1,)?

where the factor(4/9) is a color factor due to one-gluon

exchange. Neglecting the transverse momenta dependence in 4 oo 1

Ty and using asymptotic DA’s, one obtains the well known =3 (16mas(ur)) 5 Kol VxybQ),
leading order PQCD result fd¥ .:

(90) . d?m, - - .
TH(x,y,b:Q2)=fﬁe' mETH(xy,m, Q)

(94)
2
F_(Q?) szm 167 ay(Q?) 17 (91) where the strong coupling is evaluated at the renormalization
g Q2 ' scale ug to be specified shortly, and where the modified

Bessel functiorK, in Eq. (94) is obtained by Fourier trans-
The calculation of the full six-fold convolution integral of forming the gluon propagatdin Eg. (90)] with spacelike
Eqg. (89 can be simplified by noting that the hard scatteringfour-momentum. AsP _ and T, depend only on the magni-
operatorTy of Eq. (90) depends only on the transverse mo-tde b) of b, Eq.(89) for the pion FF reduces to a three-fold
mentum differencen, =k, —1, . Therefore, one has the ad- convolution integral:

1 1 >dbb
F (@)= | ax [ dy [ G Tuy 6@ (y.b). 95
0 0 o 8m
|
To calculate the hard scattering operator of &4), one has A 1 A2
to specify the renormalization scajes in the strong cou- a?"(Q%)=— 2t 3 QcD 5[ (99
pling constant. Here we follow the recent work of Rigfl] Bo [InQ IAGep  Agep™

and take it asu§= (xy/2)Q?, which represents in a sense the

average gluon virtuality in the leading order diagrams for thewhere 8= 11—-2/3N; and Ag¢p is the QCD scale param-
pion FF. Near the endpoints, where the quark longitudinakter. The first term in Eq(96) is the standardone-loop
momenta vanishx~0 or y~0), the gluon virtuality be- asymptotic freedom expression and the second term ensures
comes very small and one leaves the region where the PQCthat the coupling has no ghost pole Qf:AéCD. At Q?
result for the running coupling can be used. An often used=0, the coupling constant takes on the finite vatugQ?
practice is to freeze the coupling at low gluon virtuality at =0)=4m/B, (~1.40 forN¢=3), which depends only upon
some finite value £ 0.5). Instead of thisd hocprocedure, group symmetry factors. Therefore, E§6) provides a cou-
the pion FF was evaluated in Ré#1] using the infrared Pling that can be used from low to high values@? without
(IR) finite analytic model forag of Refs.[42,43. In Ref. ~ any adjustable parameters other th@gcp. The value of
[42], Shirkov and Solovtsov have deduced from theAocp in the one-loop case can be fixed from(M?)

asymptotic freedom expression fag and by imposingQ?  ~0.34 and results it gr,~280 MeV [42]—where the su-
analyticity, the following IR finite result for théone-loop  perscript refers to the analytic model of E@6) [it was
strong coupling: noted in Ref[42] that this value ofAgt, corresponds with
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AEp~230 MeV when using the modified minimal subtrac-

tion (MS) scheme in the usual renormalization group solu-
tion]. As an example one obtains from E(6) aZ"(1
GeV?)~0.43. Having fixedAqcp, the convolution integral
of Eg. (95) for the pion form factor can now be evaluated 05 |-
with the IR finite strong coupling of Eq96), as proposed
recently in Ref[41].

The result is shown in Fig. 11, where the leading order
PQCD expression of E¢91) for the pion form factofdotted
line) is compared with the result including the intrinsic trans-
verse momentum dependen¢gashed-dotted line As is
seen from Fig. 11, the leading order PQCD result is ap-
proached only at very larg®?. The correction including the
transverse momentum dependence gives a substantial sup- :
pression at loweQ? (about a factor of two aroun@?~5 0 T T T T
GeV?). At these lowerQ? values, the inclusion of the trans- , ¥
verse momentum dependence renders the PQCD calculation
internally consistent in the sense that the dominant contribu- F|G. 11. Results for ther electromagnetic form factor of the
tions come from regions in which the coupling is relatively leading order PQCD prediction withoutlotted ling and with
small. In addition to the reduction due to the transverse mo¢dashed-dotted lineinclusion of the corrections due to intrinsic
mentum dependence there is an additional suppression duettansverse momentum dependence. The dashed curve shows the
the Sudakov effect which ensures that at Ian’e soft gluon result for the soft overlap contribution of Fig. @ and the total
exchange between quarks is suppressed due to gluonic radigsult(full line) is the sum of the dashed and dashed-dotted lines.
tive corrections. At the intermediate values@f shown in ~ The “data” points from Refs[44] (CEA) and[45] (Cornel) were
Fig. 11, the exponential reduction due to the Sudakov fornPbtained indirectly from pion electroproduction.
factor was calculated and found to be small provided one has
already taken into account the intrinsic transverse momen-
tum dependence, as was also noted in [38]. Only at very We now transpose the result for the pion electromagnetic
large values ofQ?, the Sudakov form factor takes over and FF and study the transverse momentum dependence in hard
yields an additional reduction compared with the one due taneson electroproduction amplitudes. Keeping the transverse
the intrinsic transverse momentum dependence. As we giveiomentum dependence of the hard scattering operator only
in this paper only predictions for low and intermedi&@ in the gluon propagators, we obtain for the longitudinal elec-
values, we will not consider the Sudakov effect. troproduction amplitude o,ﬁE:

PION ELECTROMAGNETIC FORM FACTOR
0.7

0.6 @ CORNELL

a CEA

Q*F, (GeV?)

o(kL 55( )fo flG 5 (2V6)W (2,1, +24))
+1 d%k N _
Xf_ldXJ 877‘: [HEE(X,kL,§,t)N(p’)y~nN(p)+Eterm](477aS(,u§))
><l ! + ! (97)
E 2 e 2 2 > 2 .
Z(x— f)Q (IZL—I*L—AZ—L +ie z(x+§)2§ —FL_AZ_L) e

When neglecting the transverse momenta dependeﬁgiwd Il in the gluon propagators in Eq97) and by using the
normalization conditions for the wave functionfanalogous as Eq72) for the pionl and the normalization condition for the
OFPD’s[Eqg. (81)], we find back the leading ord@lﬁ electroproduction amplitude of E¢47).

The evaluation of Eq(97) requires us to perform a six-fold convolution integral in analogy with @§) for the pion

electromagnetic FF. To make the calculation tractable, we will limit ourselves here to the forward directiom\whkede In

this case, the gluon propagators depend only on the transverse momentum diffélreﬂ?;e and one can use the impact
parameter space, as for the pion form factor. Using(E#). for the wave function and E¢87) for the OFPD, Eq(97) for the

hard p! electroproduction amplitude becomes in the forward directibn=0):
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R 41(Q% (1 (=dbb
L S ey
Mpf(kl)_ |e9 Q(Zg) Jo dzf0 ype (246) ¥ ,(z, b)

+1 _ 1
X ﬁl dx[HSE(x,b,g,t)N(p')y- nN(p) + E term] (417013(#%))ETH(X,g,z,b;QZ), (98)

whereTy(x,£,2,b;Q?) represents the hard gluon propagators in impact parameter space. It is given by

1 (- 1 1
Th(x,£,2,b;Q%) = Zfo dm m, Jo(bm,) 2 + 7
Z(X—§)2—§—mf+ie z(x+§)2—§+mf—ie

1

:E(_igHgl)HZ(X—@/(Zf)Qb]+KO[\/z(x+§)/(2§)Qb] for x=¢ (99)

1
=51 Kol VZ(£-2)/(28) Q b]+Ko[ vz (x+§)/(2§) Q b}, for  0<x<¢, (100

where the analytical results are obtained through a contouwrontribution to meson electroproduction by analogy with the
integration in the complex plane. The modified Bessel funcsoft overlap to the pion electromagnetic FF.

tion K, originates from Fourier transforming a gluon propa-  The overlap contribution to the pion electromagnetic FF is
gator with spacelike momentum which appears in the direcéhown in Fig. 10c. Its calculation is most easily performed in
diagram when &x<¢ and in the crossed diagram. The the frame where the spacelike virtual photon has only a
Hankel functionH" in Eq. (99) originates from Fourier ansversal momenturd, (ie. g*=0 and Q?=G?). Ak
transforming a gluon propagator with timelike momentum,y,,,oh the final result for the FF cannot depend on the ref-
which appears in the direct diagram when ¢. In Eqs_(9.9_), erence frame in which one performs the calculations, the
(100, the analytical expressions @, are given for positive .\, jation in a frame wherg" #0 is more complicated due

values ofx. The expression dT; for negative values ok is to additionalZ-graph contributiongsee e.g. Refl46] for a
directly seen to be minus the expression for positive Value%omprehensive discussion

of x. . 4 .
. : S Indeed, in a frame whem@" # 0, one obtains two types of
For the estimates of meson electroproduction, which in; ntributions to the FF. The first corresponds to the light-
qlqde the transver.se momentum dependence, we use'the ﬁgne time ordering in the diagram of Fig. 10c, where the
finite strong coupling of Eq(96), as in the case of the pion initial pion consists of partons with light-cone momeita

form factor. The scal@g at which the strong couplings in and (o' —k*) before the interaction, and where the final

Eq.(99) is evaluated, is given by the largest mass scale in the . . . )
hgrcg sc):attering which v?/e canzake asg pion consists of an active parton with momenturk® (

+q9*) and a spectator parton of momentum’ (—k*). In
5 this case, the non-perturbative objects at both meson sides
) , (101) are the pion light-cone wave functiods,, as defined before.
The second type of contribution corresponds to the situa-
tion where the virtual photon creates a quark-antiquark pair
for the direct diagram and with light-cone momentaq” —k™) andk* prior (in light-
cone time to the interaction with the bound state. In contrast
9 ) to the first type of contribution, these so-call@djraph con-

Q
pa= ma><( |x— ¢ 258" 2

(102 tributions cannotbe expressed as the product of two pion
light-cone wave functions. Indeed, it involves the amplitude
for a parton to split into a meson and another parton, which

for the crossed diagram. is a different non-perturbative object than a meson light-cone

wave function. However, as pair creation from a photon with
zero momentuny ™ = 0 is not possible for light-cone time
ordered diagrams, these pair creationZegraph contribu-
tions vanish whem ™ =0. Therefore, it is very convenient to

For hard exclusive reactions that proceed through oneestimate the soft overlap contribution to the pion FF in the
gluon exchange at leading order, soft “overlap” mecha-frameq™ =0 where only the first contribution survives, and
nisms can compete with the leading order amplitude at interwhich is given by the Drell-Yan formulg47] as a product of
mediate values ofQ?. We will estimate the soft overlap two meson light-cone wave functions:

Q
Ha= ma><( X+ ] 258" 2

C. Soft overlap mechanism for pion electromagnetic FF
and for meson electroproduction reactions
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™, PL different from the one used before in the calculation of the
’)’f leading order amplitude for hard meson electroproduction.
L aq) We will use this different choice of frame only to provide an

estimate for the soft overlap contribution and will therefore
show the results for the leading order and overlap amplitudes
(2, k1) (¢ —z,—ks — 1q) separately. To add the leading order and overlap amplitudes
coherently, one would have to perform a Lorentz boost.
Making the choicey™ =0, we show in Fig. 12 the leading
(f»—a% ) (+,L) components of the external and quark momenta in
the overlap diagram, where the components refer here to
’ the initial nucleon momentum, to keep a close analogy to the
p p overlap calculation for the pion FF. In the present work, we
FIG. 12. Soft overlap contribution to the meson electroproduc-Will only evaluate the contribution from the region<(x
tion amplitude. =<{ in Fig. 12, in which case the meson vertex can be pa-
rametrized by the usual meson wave function. In order to
1 42Kk B estimate also the _contribution outside this region, v_vb(en
FfTOft(QZ)=f dzJ L U _(z,K, +zq)¥ (zK,). >{, we would again need to know how to parametrize the
0 1673 nonperturbative object where a quark splits into a quark and
(103 a meson. We postpone to future work the investigation of
) ) this problem.
In the arguments of the soft meson wave functions in Eq. | the region Bsx</ we can parametrize the valence

(103, the relative transverse momenta enter. Using thgark state of a longitudinally polarized vector meson as:
Gaussian ansatz of E¢74) for the soft pion wave function

v _in Eq. (103), one obtains: 1 r1 d2k,
_ |v>=—J dzJ—\If (z,k,)
W ant 1 [o2)?1 Q7 Bl e T
Fof(Q%)=—| dz —exp — .
a Jo 2.6 | zz 4oz7 !
10 — —
(104 Xﬁquqﬁqlqm (105

The soft overlap contribution of Eq104) to the pion elec-
tromagnetic FF is shown in Fig. 11, calculated with the
asymptotic distribution amplitude fob .. It is seen from
Fig. 11 that although the soft overlap contribution drops
faster than )2, one has to go to rather large valuesQ@#
before the perturbative one-gluon exchange contributio
dominates. In the intermedia®? range shown in Fig. 11, - .
the soft overlap contribution makes up more than half of the ~ { ax (k' "k’ 1) [ (k™ k) )

total form factor. One also sees from Fig. 11 that the sum of - .

the soft overlap and the perturbative one-gluon exchange =2k* (2m)3 8(k' T —k*) 8%k’ —K,) Sy -
contributions, corrected for transverse momentum depen- (106)
dence, is compatible with the existing data. When comparing

to the reported data for the pion electromagnetic FF, one haphe light-cone valence wave functick, in Eq. (105 de-
. L
to be aware however that these sparse data are rather impigs., s non the quark relative light-cone momentum fraction

cise at the large@? values, as they are obtained indirectly . o
from pion electroproduction experiments througlinzodel- (2) and the_ quark relative transv_erse T“O’T‘e”t“_“l‘) (in the
meson. This valence wave funct|dn\,L is given, in analogy

dependentextrapolation to the pion pole. .
We now calculate the soft overlap contribution to longi- with Eq. (69) for the pion, and for a meson with,, =0, by
tudinal electroproduction of mesons, which is shown in Fig.the bilocal quark matrix element at equal light-cone time

12. As we are interested in this paper in the study of mesoy " =0):

electroproduction reactions at a non-zero transierthe

choice of frame to suppresg-graph contributions com- - 1 L . o

pletely is not as obvious as in the form factor case. Among Vv, (z,k,)= % f dy” e'(zPv)y f d?y, e e

the natural choices, one has now the possibility to choose a

frame whereq® = 0 or a frame wherd ™ = 0. As we are

concerned in this work with the kinemgtical regime of large ><<o|a(o) YT ay)|Vi(py))
Q? and small momentum transfer A?, it seems natural to

estimate the overlap contribution in a frame whegfe=0,

which will suppressZ-graph contributions at the virtual pho- The flavor structure for different vector mesons
ton vertex. We remark that the choice of framé=0 is  (p°p~,w,¢) is understood implicitly in Eqs(105), (107).

where 14/3 is a color normalization factor angl, andq;,

are the quark and antiquark states in Fig. 12 with helicities
N=+1/2 (1) and\=—1/2 (]). The quark states are nor-
Imalized aq37]

. (107

yt=0
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We next have to evaluate the lower blob in the overlapNFPD as in Eq.(81). The term corresponding with the
diagram of Fig. 12. As we restrict ourselves to the contribu-OFPD E is neglected here. We remark that in the infinite
tion from the region & x</, this lower blob corresponds to momentum limit, where one neglects the quark transverse
the amplitude to find @ q state at the nucleon side. In the momentum compared with its longitudinal momentum, Eq.
calculation of the leading order meson electroproduction am(108) yields the Lorentz structurg (™) that appears in the
plitude, when using a frame where the initial nucleon’s transleading order amplitude of Eq4).
versal momentum is zero, this amplitude is parametrized by We can now calculate the amplitude of the soft overlap
the “meson-like” part of the NFPD's. In theg* =0 frame me_chanism by taking the matrix element of the electromag-
with non-zero transversal momentum , the relative quark Netc current” between the vector meson stitg) and the
transverse momentum will appear as an argument in th&1d) state at the nucleon side of EG.08). This yields:

IZL—dependent NFPD. Therefore, in thes@=</{ region the

lower blob in Fig. 12 is: My, sor=(—i1€)N(p")y"N(p)
_ ¢ d2k - X . ¢ d% . X
N(p")»"N(p) - fodxf 877; f(x,kﬁz—gql,g,t) X deXI a3 okt oot
1 jgataq Xt (V€| +aa)
— + : 1 o . (Vild-e ,
><4_ mp+ |QTQL QiQT> (108 4 mp+ THL T HLHIT

R (109
In Eq.(108), fis thek, -dependent unpolarized NFRBs we

are interested to calculate longitudinally polarized vector mewheree is the photon polarization vector. By using the vec-
son electroproduction which is related to the ordinary tor meson state of Eq4105), Eq. (109 can be worked out as

X
2

N

X
Z:Z1ki+

>

1 aq.

C— ¢ d%k, . X . 1
My, sort=(—1€)N(p") ¥y "N(p) X Jodxjgf X,k¢+2—§ql,§,t =¥y,

V6

1 B " . "
X axpr W arxpT k) [J-efay(xp™ k) +(ay(xp™ ko +a,) [ J-e[ay(xp™ k) (110

Where the I’e|ative quark momentu-m arguments enter in thﬁ'] the frameq+zo considered hera}ﬂ:(o'alio) and EI/_’“
vector meson valence wave function and in the NFPD. As:(l 0,0,0), which yieldss, =1/2.

we only give predictions in this work for the longitudinal Té) (’av’alu’ate the soft O\berlap formula E412 for meson
electroproduction amplitude, we only keep the good current , N
componend™, i.e.J-e,=J"-¢ (wheree, is the polariza- electroproduction, we need to model tﬂq—dependen_t
tion vector for a longitudinal photonFor the current opera- NFPD forx<{. We do that by analogy with the gaussian

tor J*, the quark matrix elements in E€L10) yield: ansatz of Eq(74) for the soft part of the meson wave func-
) tion, that is:
(an(xp* k. +d,) 37 an(xp™ k,)) 42
R N N N >, T
=u(xp,k, +qg, ;\) ¥y u(xpt,k, N FOGkL, ED=F(x0) — ——+
— 1__
=(2xp*) drr- (111 "Ng( z)
With Eq. (111), the soft overlap amplitude for production of (|2l’)2
a longitudinally polarized vector meson by a longitudinal xXexp) — v E— X</,
photon can finally be written as: 2 UNZ<1 Z)
MY, sor=(—i€)eN(p")y"N(p) (113
1¢ ok, - where oy is now related to the average squared transverse
x—fdxf—f XK, +==q, .t N . 9¢€ sq
V6 Jo 8 2f momentum of the quarks in the meson state at the nucleon
side. The ordinary unpolarized NFPEx,{,t) entering in
<P, | 7= X = . X\ - (112 Eq. (113 is modelled as discussed before through its defini-
Vi IS 2 a. tion Eq.(19) in terms of the double distribution and through
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the ansatz of Eq(32) for the double distributions. With the l+p—1+ plp, n'n, yp
ansatz of Eq(113 for the NFPD and Eq(74) for the soft
meson wave functiofwith parametewr, for the longitudi-
nally polarized vector mesgnthe integral over transverse
momentum in the soft overlap formula of E4.12) can be
worked out analytically as:

Q' =25GeV, x5, =03

(nb/GeV sr?)
2

g _ 102
MbL,SOfs(—ie)iN(p')fN(p) ﬁs
4772 ¢ o 2%0 '
><f\,L —UN+UVLJ0dX fP(x,,t) E 10.1:‘ s
Q2 (1-x/0) 10 2, By, = 200 GeV L E,=27GeV ¢ E,
XeXp[ C 2(ontoy)  X¢ } (114 R ellgb(de Y oMy e
L v (deg) Oy (deg) Oy (deg)

wherefy, appears in the asymptotic meson distribution am-  FIG. 13. Comparison between the angular dependence of the

plitude as given before in E¢67). We remark that E¢(114) leading o_rder predictions _for the? (full Iine_s), mt (thicl§, upper
is a generalization of the overlap formula of E#j04) for the dashed Ilne)sleptpprodugtlon and DVCSthick dotted I|n_e§; in-
pion FF using a Gaussian ansatz for the transverse momeplane cross sections &°=2.5 GeV, xg=0.3 and for different
tum dependence. Note also that the overlap amplitude i?eam energiesiE, =200 GeV (COMPASS, E.-=27 GeV
purely real. In contrast, the leading order meson electropro. \ERMES, Ee-=6 GeV (JLah. The BH (thin dotted lines and
total y (dashed-dotted lingsross sections are also shown. For the

tion amplit includin rrections for the intrinsi ) . ) :
duction amplitude, including corrections fo € SIc IzT+, the result excluding the pion pole is also shottimin, lower

transverse momentum dependence, is complex and is fur- .
. e . dashed lines
thermore dominated by its imaginary part. Therefore, one

can expect to find qualitative differences with respect to the,,qq section for different beam energies. According to our
case of the form factor. _ __estimate, the unpolarizedi,{’ y) cross section in the forward

In the actual calculations of this work, we use as f'rStregion is dominated by the BH process in the few GeV re-
guess foroy, andoy, the same value as found befd®d.  gion T get a clear dominance of the DVCS process one
(76)] for the pion: o, ~oy~0.67 GeV. In principle, the needs a beam energy in the 100 GeV range. In the valence

parametelry could be fixed independently however, if data region (xg=~0.3) and for aQ? value of Q?~2.5 Ge\, one

are available. sees that aE ,=200 GeV, the DVCS cross section is about
two orders of magnitude larger than the BH in the forward
V. RESULTS AND DISCUSSION direction. By going to smallexg, the BH cross section in-

creases. This is due to the fact that in the BH process the

In this section we present results for several observablesxchanged photon has 4-momentugi-(q’) which gives a
for meson electroproduction and DVCS. We will show the 1/t behavior to the amplitude. The value ih the forward
leading order predictions and the effects of the power corgirection ¢,,;,,) becomes very small for smali values. The
rections discussed in the previous section. In our previougesulting sharp rise of the BH process in the forward direc-
work [5,6], we gave predictions for the leading order ampli- tion at smallxg puts therefore a limit on the region where the
tudes using a simplg-independent factorized ansatz for the pvCS can be studied experimentally. At COMPASS kine-
OFPD's. Therefore, thg-dependent ansatz used here allowsmatics, x;=0.1 seems to be the lower limit. Although the
us to study quantitatively the dependence on the skewednegy is not a limiting factor at highkg, one cannot go too
in the OFPD’s. close toxg=1 in order to stay well above the resonance

We first show in Fig. 13 the angular and energy depenregion_
dence of the leading order meson electroproduction and |, Fig. 13, the leading order predictions for thgand 7+
DVCS differential cross sections in kinematics accessible afiyefo|d differential electroproduction cross sections are also
JLab, HERMES and COMPASS. For the electroproduction.ompared in the same kinematics and one again observes
of photons, one cannot disentangle the DVCS from thgnat the virtual photon flux boosts the cross sections as one
Bethe-Heitler (BH) process where the photon is radiated jes to higher beam energies. In the valence regign (
from an electron line. In our calculations we add coherently%0_3), thep? cross section is about an order of magnitude
thg BH ar]d D\./C.S amplitudes. From a phenpmenolog|ca|arger than the DVCS cross section. For thé electropro-
point of view, it is clear that the bgst situation to stydy duction cross section, one remarks on the prominent contri-
DVCS occurs when the BH process is negligible. For fixed ™ . . ~ : .
Q2 andxg, the only way to favor the DVCS over the BH is Pution of the charged pion pol©FPDE), which gives a
to increase the virtual photon flux and this amounts to inflatter t-dependence than the contribution of the OFRD
crease the beam energy. This is seen on Fig. 13 where weecause th& contribution comes with a momentum transfer
compare separately the BH, the DVCS and the cohererih the amplitude.
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In Fig. 14 we compare in COMPASS kinematics, the ¢=120°. When the angle between the real and virtual pho-
leading order predictions fqasE electroproduction using the tons is in the 0= —5° region, a rather large asymmetry is
é-dependent ansatz and &independent ansatz which we predicted, even though the cross section is dominated by the
used in our previous worf6,6]. Both calculations in Fig. 14 BH process. We also show on Fig. 15 the effect of e
use the MRST98 parton distributiof$6] as input and thus pole in the OFPLE to the DVCS. One sees that at small
the OFPD’s in both cases reduce to the same quark distribéngles(smallt), the effect of ther® pole is quite modest and
tions in the forward limit and satisfy the first sum rule. Oneincreases at larger angles.
sees that the cross sections differ by a factor of two, which We furthermore illustrate the effect of the gauge restoring
indicates that the skewedness of the OFP®jsriori cannot  term for the DVCS amplitude in E¢44). We have plotted in
be neglected in the analysis. Fig. 15 the SSA both for the gauge invariant and non gauge

Although it is clear from Fig. 13 that a high energy beaminvariant amplitudes. For the non gauge invariant amplitude
such as planned at COMPASS is preferable, one can try tef Eq.(38), the SSA is shown both in the radiative gauge and
undertake a preliminary study of the hard electroproductionn the Feynman gauge. As expected, all predictions are iden-
reactions using the existing facilities such as HERMES otical at small angle. At larger angles the gauge dependence
JLab, despite their lower energy. Concerning JLab, the higlglearly shows up, especially in the Feynman gauge.
luminosity available compensates for the low cross section, As the SSA accesses the imaginary part of the DVCS
and its good energy and angular resolution permits us t@amplitude, the real part of the BH-VCS interference can be
identify in a clean way exclusive reactions. To make a preaccessed by reversing the charge of the lepton beam since
liminary exploration of the reaction mechanisms in the fewthis changes the relative sign of the BH and DVCS ampli-
GeV regions and to test the onset of the scaling, the meaudes. We have given in Ref6] an estimate for the™e™
surement of thepE leptoproduction through its decay into asymmetry at 27 GeV, which yields a comfortable asymme-
charged pions seems the easiest from the experimental poitry in the small angle region. This may offer an interesting
of view as the count rates are the highest. An experiment topportunity for HERMES, although the experimental
explore thep? electroproduction at JLab at 6 GeV with the (e*e™) subtraction might be delicate to perform.

CLAS detector has been propodéed. Before considering the extraction of the OFPD’s from

For they leptoproduction at low energies, we suggest thatelectroproduction data, it is compulsory to demonstrate that
an exploration of DVCS might be possible if the beam isthe scaling regime has been reached. In Fig. 16, we show the
polarized. The electron single spin asymmet85A) does forward longitudinal electroproduction cross sections as a
not vanish out of plane due to the interference between th&unction of Q? and compare the L.O. predictions for differ-
purely real BH process and the imaginary part of the DVCSent mesons. The leading order amplitude for longitudinal
amplitude. Therefore, even if the cross section is dominatedlectroproduction of mesons was seen to behave @s 1/
by the BH process, the SSA Isear in the OFPD’s. To Therefore, the leading order longitudinal cross section
illustrate the point, we show on Fig. 15 the unpolarized crosslo /dt for meson electroproduction behaves a®®l/In
section for a 6 GeV beam and the SSA at an azimuthal anglEig. 16, we give all predictions with a coupling constant
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FIG. 16. Scaling behavior of the leading order predictions for
the forward differential electroproduction cross sectibr /dt on
the proton, for vector mesorieft pane) and pseudoscalar mesons
(right pane) using a coupling constant frozen at a scale 1 &&%r
the 7" channel, the pion pole contributidfull line, (7)ol is
shown separately from thid contribution[dashed line, (r*)n_p_].
Also shown is the scaling behavior of the forward transverse cross
sectiondo/dt for the leading order DVCS cross secti@ashed-
dotted line in left pangl

channel is interesting as there is no competing diffractive
contribution, and therefore allows us to test directly the

=120°). Upper part shows the differential cross section: Dvcsquark OFPD’s. The three vector meson channgfs, (o',

including the#° pole contribution(dashed ling BH (dotted ling,
total y excluding thew° pole contribution(dashed-dotted lineand
total y including the#° pole contribution(full line). In the lower

DVCS amplitude(calculated in radiative gaupexcluding ther®
pole (dashed ling and including thew® pole (full line). We also
show the result for the gauge invariant DVCS amplitude, excluding
the 7° pole (dashed-dotted line

frozen at a scale 1 GéVas explained in Sec. IV B. When
using a running coupling evaluated at the s&@feone prob-
ably underestimates the cross section in the rapge 1-10
Ge\?, as the average gluon virtuality in the L.O. meson elec-
troproduction amplitudes is considerably less tiggh This
is similar to what was observed for the pion form factor. The
effect of the running of the coupling will be discussed further
on when we also include the intrinsic transverse momentum
dependence. This will allow us to adapt the renormalization
scale entering the running coupling to the gluon virtuality, as
discussed in Sec. IV B.

By comparing the different vector meson channels in Fig.
16, one sees that tm{{ channel yields the largest cross sec-
tion. The w,_ channel in the valence regiorxd~0.3) is

) are highly complementary in order to perform a flavor
separation of the unpolarized OFPD*' andHY.

_ ( _ For the pseudoscalar mesons which involve the polarized
part, the electron single spin asymmetry is shown for the L.O.OFPD’s, one again remarks in Fig. 16 on the prominent con-

Q* do/dt (GeV” nb)

700 [
600 [
500:
o

300 |

200

Y +poY+p

t= tmin

x,=03

2 4 6 8

10

12

L 1 M L
14 16 18 20
Q* (GeV?)

about a factor OT 5 smaller_ than tfpﬁ Chz_innel, W_h'Ch '_S to FIG. 17. DVCS transverse cross sectidor/dt (multiplied

be compared with the ratio at smadg (in the diffractive  \ith the scaling factoQ?) in the forward direction {=t,.;). The
regime wherep®: w=9:1. Thep,” channel, which is sensi- leading order result is given by the dashed-dotted line and the result
tive to the isovector combination of the unpolarized OFPD’s,including the intrinsic transverse momentum dependence is given
yields a cross section comparable to thechannel. Thep,” by the full line.
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_2§ FIG. 19. Longitudinal forward differential cross section ﬁﬁfr
10 ‘ E— = ‘ electroproduction. Calculations compare the quark exchange
10 ) ) mechanism(dotted line$ with the two-gluon exchange mechanism
Q° (GeVY) (dashed linesand the sum of botltfull lines). Both calculations

include the corrections due to intrinsic transverse momentum de-
FIG. 18. Longitudinal differential cross Secti(ﬂhﬂ_ /dt in the pendence as described in the text. The data are from NMC
forward direction (=ty;,) for yf p—plp . The leading order re-  angles [49], E665(solid circles [50], ZEUS 93(open circles[51]
sult is given by the dashed line and the result including the intrinsicand ZEUS 950pen squared52].
transverse momentum dependence is given by the full line. The
calculation of the soft overlap contribution is given by the dashed-

dotted line. . . . R .
(multiplied with the scaling facto®®) with the result includ-

ing the transverse momentum dependence in the handbag
N ) N ) diagrams as described in Sec. IV A. One observes the onset
tribution of the charged pion pole to the cross section. ¢ the scaling a<Q? runs through the range 2—-10 G&V
For the contribution proportional to the OFR®, it is also  similar to what was also observed for th€y* y FF, which
seen that ther® channel is about a factor of 5 below the' s also described at leading order by handbag type diagrams
channel due to isospin factors. In thé channel, thar and  (see Fig. 7. It will therefore be interesting to measure elec-
d-quark polanzed OFPD’s enter with the same sign, whereagoproduction reactions in the rang@’~2-10 GeV to
in the 77" channel, they enter with opposite signs. As thestudy the onset of this scaling. In addition, the preasymptotic
polarized OFPD’s are constructed here from the corresponcffects(in the valence regioncan teach us about the quark’s
ing polarized parton distributions, the difference of our pre-intrinsic transverse momentum dependence.
dictions for ther® and#" channels results from the fact that  |n Fig. 18, we show how the power corrections modify
the polarizedd-quark distribution is opposite in sign to the the L.O. prediction for the longitudinal’ electroproduction.
polarizedu-quark distribution. For they channel, the ansatz QOne sees that the inclusion of the intrinsic transverse mo-
for the OFPDH based on the polarized quark distributions mentum dependence leads to an appreciable reduction of the
yields a prediction comparable to the cross section. cross section at the lowed? values, before the scaling re-
For the DVCS, the leading order amplitude is constant ingime is reached. Therefore, the question arises as to how
Q and is predominantly transverse. Therefore, the L.Oimportant are the other competing mechanisms in this lower/
DVCS transverse cross sectidarr/dt shows a 10* behav-  intermediateQ? region. We show in Fig. 18 the estimate of
ior in Fig. 16. To test this scaling behavior, one needs ofthe soft overlap mechanism of Fig. 12, where the meson is
course a kinematical situation where the DVCS dominateproduced without invoking a gluon exchange. As discussed
over the BH. As the L.O. DVCS amplitude does involve hardin Sec. IV C, in this work we are only able to estimate the
gluon exchange as for meson electroproduction, it is a rathesoft overlap contribution from the regigr|<&. To estimate
clean observable to study the onset of the scalin@inin  the contribution which is neglectedx{=¢), we show pre-
Fig. 17, we compare the L.O. DVCS transverse cross sectiodictions for different values okg, as for larger values of

094017-24



DEEPLY VIRTUAL ELECTROPRODUCTION OF PHOTOS!. .. PHYSICAL REVIEW D 60 094017

Y+popl+p:Qi=5.6,9,13, 17,27 GeV? value of the quark’s momentum fraction yielding a com-
plex amplitude. The form factor is therefore comparable to
the real part of the hard electroproduction amplitude. As the
imaginary part of the hard electroproduction amplitude is
numerically by far larger than its real part in the kinematics
considered here, the competirigeal) soft overlap mecha-
nism might well dominate the real part of the amplitude at
the lowerQ?, without dominating the predictions calculated
with the total L.O. electroproduction amplitude.

At present, no experimental data for thgelectroproduc-
tion at largerQ? exist in the valence regiorxg~0.3). How-
ever, at smaller values ofg, the reactiony* pHpE p has
been measured at rather laiQé. We will therefore compare
our results to see how these data approach the valence re-
gion, where one is sensitive to the quark OFPD’s. For the
purpose of this discussion, we call the mechanism of Fig. 5
which proceeds through the quark OFPD’s, the quark ex-

change mechanisf@EM). It is well known that, besides the
) QEM of Fig. 5, p° electroproductioniand, more generally,
10 Wlo neutral vector meson electroproductiocan also proceed
(GeV) . .
through a two-gluon exchange mechanism, where it has

FIG. 20. Longitudinal forward differential cross section fdf ~ MOstly been studied in the past. For this latter, Frankfurt,
electroproduction. Calculations show the sum of the quark exKoepf and Strikmarj48] calculated longitudinapy electro-
change and two-gluon exchange mechanisms for different values gfroduction at lowkg and largeQ? through a perturbative two
Q? (in GeV?) as indicated on the curves. The data are from NMCgluon exchange mechanistRTGEM). In this PTGEM, the
[49], E665[50], ZEUS 93[51] and ZEUS 9952]. two quarks connecting to the lower blob in Fi§) are re-
placed by two gluon lines. We have implemented this model
for the PTGEM, in which the longitudinal forward differen-
tial pE electroproduction cross section was found 48):

E665 : 07 = 5.6 GeV?

NMC: 07 =6,9,17 GeV?
ZEUS 93 : (7 =6,9,17 GeV*
ZEUS 95 : Q7 = 13,27 GeV*

!

—_
=
w
T

0O O « e

do /dt(t=t_. ) (nb/GeV?)

10 ¢

Xg, the region which is neglected becomes smédfharte on
Fig. 18 that at largexg, the minimalQ? value which is
kinematically possible in order to be above threshold, in-

creasep One sees from Fig. 18 that the overlap contribution

to the longitudinal electroproduction amplitude drops ap- dot
proximately as 1%, which is indeed the expected result at —° »*N=VN

=127°T_ ¢+ e-Mya? 2 (remQON2
large Q2 [4]. At xg=0.3 andQ?~3 Ge\?, our estimate for dt voereMyas(Q)mil (aenQNG)

t=0

the soft overlap contribution is already more than a decade

below the hard electroproduction amplitude including the am d ) 2 )
transverse momentum dependence.xAt=0.6, where the X 1+'§m x Gr(x,Q%)| T(Q?),
approximation that we make in the calculation of the soft

overlap contribution is on much safer side, one still observes (115

that the soft overlap contribution does not dominate over the
hard amplitude and is more than a factor of 5 below the hard

amplitude including thd@-dependence, as one approachesWhereG
Q?~10 Ge\ . This behavior is quite different compared

with the overlap contribution to the pion electromagnetic FF.

From Fig. 11, we indeed see that a similar calculafigsing

also a Gaussian ansatz for the-dependence, with the same R R
parameterr) yields atQ?~ 10 Ge\? an overlap contribution 1 f dz dk, W\(z,k )/[2(1—2)]
to the pion electromagnetic FF which is twice as large as the
leading order PQCD prediction including the

IZL -dependence. Our estimate for the overlap contribution in-
dicates therefore that one is in a more favorable situation
with longitudinal meson electroproduction compared with ) o
the pion electromagnetic FF case. Numerically, the main redS €qual to 3 if one uses the normalization of Ezp) for the

son for this is that in the FF case, the gluon in the L.O.vector meson wave funtio®(z,k,) with the asymptotic
diagram is purely spacelike yielding a real quantity whereaglistribution amplitude. The factof(Q?) in Eq. (115 ac-

in the L.O. meson electroproduction diagram, the exchangedounts for preasymptotic effects and was calculated in Ref.
gluon can be both spacelike or timelike according to thg48] as

+(x,Q?) is the unpolarized gluon distribution and

w=> (116

fdz Pk, P(z,K,)
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2 2
foldzfoQ dZIZl\PV(z,EL)( - %AL)A(Z,IZL Q?)
T(Q¥)= AP , (117
f dzf d%k, W\(z,k, ) /[z(1-2)]
0 0

where A, is the two-dimensional Laplacian operator in bution dominates. The QEM mechanism, which is propor-

transverse momentum space, and where we introduced thienal to thequark distributions will dominate in the valence

notation region. Due to thesea quarkdistribution, it also contributes
and rises in the large W region but quite less than the

Q* PTGEM. In Fig. 19, the forward differential Iongitudinaf

Q2+ (K2 +m?)/[z(1-2)] (118 electroproduction cross section is shown as a function of the
c.m. energyW for three values oQ? (5.6, 9 and 27 Ge¥).

The correction of Eq(117) is due to the Fermi motion of the The figure shows the contributions of both mechanisms. The

quarks in the vector meson and is equivalent to the intrinsiPTGEM and QEM cross sections are both calculated with

transverse momentum degree of freedom that we introduceie MRST98 parton distribution parametrizatiofds], in-

in Sec. IV. Likewise, it results in a significant suppression ofcluding their evolution. For the QEM, we include the

A(zk, Q%)=

the cross section a&@” decreasefT(Q?)—1 asQ*—x]. k, -dependence effects as discussed in Sec. IV. One sees
Intuitively, it is clear that the PTGEM should dominate at from Fig. 19 that the PTGEM explains well the fast increase
high c.m. energies, that is smad, where thegluondistri- ¢ high energy of the cross section but it is clear that it
i substantially underestimates the data at lower energies
Y+p—om +n (aroundW=10 Ge\). This is where the QEM is expected to

contribute sincesg is then in the valence region. The QEM
describes well the change of behavior of the ddilee a
plateau at lower W. The incoherent sum of both mecha-
nisms is also indicated. Figure 20 shows this incoherent sum
of the two mechanisms for oth€? values, up to the largest
Q? value of 27 GeV, measured at ZEUS. It is seen that both
W andQ? dependences are rather well reproduced. This pro-
vides a good indication that the deviation from the PTGEM
of the data at lower energies can be attributed to the onset of
the QEM. The present calculation strengthens our previous
conclusion5] about the onset of the QEM at lowdf and at
large Q2. The calculation uses now a phenomenological
¢-dependent ansatz for the OFPD’s based on the most recent
Martin-Roberts-Stirling-Thorne 1998VMIRST98 parametri-
10} zation for the parton distributions. Furthermore, the calcula-
tion also includes the power corrections due the intrinsic
transverse momentum dependence both in the QEM as dis-
R cussed in Sec. IV, and in the PTGEM using the formalism
107 [Eq. (115] of Ref.[48].

—
=]

do, /dt(t=t_) (ub/GeV>)

—_
<
(

1 2 3 4 5 678910 Finally we show in Fig. 21 how our calculations for
Q" (GeV™) ¥§ p— 7" n compare with the few data at largef. For the

FIG. 21. Q?-dependence for the longitudinal forward differen- sake of comparison Wlth the Calfulatlons of Rgg]’ we
tial electroproduction cross sectiatv, /dt for y*p—m'n atxs &S0 show the L.O. predictions fét and for the pion pole

=0.24. The leading order pion pole contributi@otted ling andH uszlng a running coupling constafeixtrapolated to the Iower
contribution (dashed-dotted lineare shown using a running cou- Q Values with Agcp=0.2 GeV. Our results are compatible
pling constant withA ocp=0.2 GeV. Also showr(dashed lingis with those of Ref[29] where it was also found that in the
the calculation including the power corrections to the pion polevalence region, the pion pole dominates the p—7'n
contribution(intrinsic transverse momentum dependence and overcross section. We furthermore show in Fig. 21 our predic-
lap contribution to the pion PEas well as the sum of the pion pole tions including the power corrections. For the power correc-
andH contribution including the power correctiofsll line). The  tions to the pion pole contribution we use E64), where we
data are from Ref45]: the points atQ?=1.2 and 2.0 Ge¥corre-  include in the pion electromagnetic FF the transverse mo-
spond withxg~0.24, whereas the point °=3.3 GeV\? corre- mentum dependence and the soft overlap contribution as
sponds withxg~0.35. shown in Fig. 11. It is seen that in the forward kinematics of
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Fig. 21, these power corrections enhance the leading ordedectroproduction amplitude, we have estimated, in addition,
predictions for the cross sections substantially, which is alsthe competing soft overlap mechanism, which—in contrast
indicated by the sparse data. It will be most valuable to havéo the leading order perturbative mechanism—does not pro-
more accurate data for the longitudinal cross sections foceed through one-gluon exchange. The soft overlap contribu-
pion electroproduction to check the consistency of the powetion is found not to be dominant in contrast to the pion FF
correction calculations. Of particular interest should be thecase. Our estimates for these different power corrections
ratio of =" versus«®, because ther* process, which is show that by measuring exclusive electroproduction reac-
dominated by the pion pole contribution, has an amplitudeions in the rang&®?~2-10 Ge\?, one will be able to study
with a large real part in contrast to the channel, where the the onset of the predicted scaling. In addition, the preasymp-

pion pole contribution is absent. totic effects(in the valence regioncan teach us about the
quark’s intrinsic transverse momentum dependence in the
VI. CONCLUSION nucleon.

] o o ) In conclusion, we believe that a broad new physics pro-
We have given in this work predlctlons for leading Ord?rgram, i.e. the study oéxclusivereactions at larg®? in the
observables for DVCS and various meson electroproductiofgjence region, where the quark exchange mechanism domi-
reactions in the valence region at |af@21_ using a nates, opens up. Although these exclusive experiments at
¢-dependent ansatz for the OFPD's. We have indicated somgrge Q2 are quite demanding, we think that both the scaling
observables and kinematical conditions where experimentggion and the onset of the scaling region promise to be

are already planned or can be performed. As tiee®tusive  syfficiently rich to motivate an extensive experimental inves-
experiments can currently only be performed at not too highigation at different facilities.

values ofQ?, we have estimated the power corrections due

to the_ intrinsic transverse momentum dependgnce of t_he par- ACKNOWLEDGMENTS
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