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Hard Electroproduction of Photons and Mesons on the Nucleon
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They, #°, andp) electroproduction reactions are studied in the Bjorken regime. They are sensitive
to the recently introduced off-forward parton distributions. A factorized model for these distributions
is shown to be able to interpret the few existipfj data. Calculations are given in different kinematics
and experimental perspectives are discussed. [S0031-9007(98)06261-9]
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Deep-inelastic lepton scattering (DIS) in the Bjorkenestimates for the exclusive cross sections. We show that
regime Q% — « and xz = Q?/2pq finite) has been the three reactions are highly complementary as apart from
shown to be a very informative tool for studying nucleonisospin factors, they depend on the same off-forward par-
structure [1]. In particular, polarized DIS experimentston distribution (OFPD’s). The simple ansatz that we use
have revealed that only about 23% of the nucleon spitior the OFPD’s seems to be supported by the fewelec-
is carried by the quark spin [2]. This has spurred atroproduction data. We then explore the experimental op-
search for new experiments to measure and understamirtunities which may allow one to determine the OFPD's.
the remaining nucleon spin. To this end, exclusive deeply The leading twist amplitude for deeply virtual Compton
virtual Compton scattering in the Bjorken regime has beerscattering (DVCS) in the forward direction was shown
proposed recently [3,4] as a means to access a new typg] to be given by the handbag diagrams of Fig. 1(a).
of parton distributions, referred to as off-forward partonTo calculate the hard electroproduction amplitude, it is
distributions, generalizations of the parton distributionsconvenient to use a frame where the virtual photon
measured in DIS. It has been shown [3] that their seconchomentumg* and the average nucleon momentur
moment gives access to the sum of the quark spin and ttjeee Fig. 1 for the kinematics] are collinear along the
quark orbital angular momentum to the nucleon spin. ltaxis and in opposite directions. Furthermore, one defines
has been proposed [5] that these distributions can also like lightlike vectorsp* = P*/+/2(1,0,0,1) and n* =
accessed through the hard exclusive electroproduction df/(~2 P*) (1,0,0, —1), where light-cone components®
mesons £, p°,.. ). are defined by™ = 1/v2(a° + a3).

In this Letter, we calculate at the same time the lead- The light-cone matrix element of the bilocal quark op-
ing order of they, #°, andp! (i.e., longitudinally polar- erator that enters in these hard electroproduction reactions
ized p?) electroproduction amplitudes and present the firsfrepresented by the lower blob in Figs. 1(a) and 1(b)] is at
leading twist given by
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whereV is the quark field an&v the nucleon spinor. In! fore, one can identify two regions according to whether
Eq. (1), the OFPD'sHY, E9, H?, E? are defined for one |x| > & or |x| < £. Whenx > £, both quark propa-
quark flavor § = u, d, ands) and depend upon the vari- gators represent quarks, whereas foxx —¢ both rep-
ablesx, &, andz. The light-cone momentum fraction  resent antiquarks. In these regions, the OFPD’s are the
is defined byk* = xP*. The variableé is defined by generalizations of the usual parton distributions from DIS.
At = =26 PT, whereA = p’ — p andt = A2, Note In the region—¢ < x < &, one quark propagator repre-
that2¢é — xp/(1 — xp/2) in the Bjorken limit. The sup- sents a quark and the other one an antiquark. In this region,
port inx of the OFPD’s i —1,1]. A glance at Figs. 1(a) the OFPD’s behave like a meson distribution amplitude. In
and 1(b) shows that the active quark with momentunthis paper we shall restrict our considerations to the near
k — A/2 has a longitudinal £ component) momentum forward direction because this kinematical domain is the
fractionx + &, whereas the one with momentum+ A/2 closest to the one of the inclusive DIS, which we want to
has a longitudinal momentum fraction — ¢. There- use as a guide. In this domain, the contributiorEoénd
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E, which goes likeA, is suppressed. So we shall keepfor the unknown isoscalar axial form factof; we use the
only H andH in the following development and note that quark model relationG3 (1) = (3/5)G4(1).
the inclusion ofE and E is straightforward according to  Using the parametrization of Eqg. (1) for the lower blob

Eqg. (2). in Figs. 1(a) and 1(b), the leading order DVCS amplitude
The first moments of these OFPD’s are related to thevas derived in Ref. [3]. Notice that although the leading
elastic form factors as [3] order DVCS amplitude (denoted &8 o pvcs in the
+1 following) is exactly gauge invariant with respect to the
f dxH(x, &,1) = F{(1), (2)  virtual photon, it is gauge invariant with respect to the real
-1 photon only in the forward direction. This violation of
+1 gauge invariance is a higher twist effect that is innocuous
j dxH(x,&,1) = GL(r). (3) in the limit Q> — =, but for actual experiments it may
-1 matter. We have investigated this by restoring gauge

ACCOfding to the considered reaction, the proton OFPD’Snvariance in the fo”owing heuristic way:
enter in different combinations due to the charges and u
is_osp_in fgcto;s. For the DVCS on the proton, this com- HEY < = HI'O pyes + ~1’7/ (A )y H]M pyves »
bination is Hpycs(x, £,1) = (4/9)H"/? + (1/9)HY/P + (p-q) @)
(1/9)H*/?, and similarly forfl. For the electroproduction . . _ .

of p® and 7° on the Proton, the isospin structure yieldsWhere the corrective term is a higher twist effect and
the combination H:.o(x, &, 1) = (1/+/2){(2/3)H"/» +  Vvanishes in the forward direction. We checked that
(1/3)H/?} and ﬁppo(x £0) = (1)) {2/3)HYP + for the cross sections and in the kinematics that we
(1/3)H%P}. The eITastic form factors for one quark have explored, the effect of this gauge correcting term

flavor that appear in Egs. (2) and (3) have to be relate@cc0rding to Eq. (4) is numerically negligible. .
to the physical ones. Restricting oneself to thed, The factorization between the short- and long-distance

o u/p p 0 s  processes in the DVCS amplitude to all orders in perturba-
ands qu/’frk flavors, thp|s yields'y" ™ = 21';1 TEC Y FL ion theory was addressed in several recent works [6—8].
and F\"" = 2F{ + Fi + Fi, where Fi and Fi are For the electroproduction of° and p?, a QCD factor-
the proton and neutron electromagnetic form factorsization proof was given in Ref. [5] and is illustrated in
respectively, and where the strange form factor isrig. 1(b). It generalizes previous results [9,10] and ap-
given by Ff/p = F] (=0 in the following calcula- plies when the virtual photon is longitudinally polarized
tions). For the axial vector form factors, one uses thebecause in this case the end-point contributions in the
isospin decompositiorﬁ;z/p = (1/2)G4 + (1/2)G4 and meson wave function are power suppressed. We calcu-
GZ/" — —(1/2)G, + (1/2)GS. The isovector axial form Ia_ted the leading twist amphtqde given by the_dlagrams of
factor G, is known from experiment(f,(0) =~ 1.26] and | Fig. 1(c) and found the following gauge invariant expres-

sions:
M'U:L) . 4 XB ! (13(2) ~ Q2
[.’MZLO} = (1647Tax)§§|:j0 dZT}{pM * E”M}
oo . ! ! A0, .0
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where ®(z) is the meson distribution amplitude (DAﬂ. lence parts of the quark distributions are normalized as
For the pion, recent data [11] for the®y*y transition 1 [*'dxuy(x) = [J'dxdy(x) =1. Our factorized
form factor up t0Q” = 9 GeV* support the asymptotic gncat>  thus  vi u/ _ u/p

- . _ N : yields H*/P(x, &,1) = (1/2)u(x)F,"" (1),
form for the pion DA: O (2) = V2 fa62(l =2 Wt oy ey a(o)Fd/7 (), and H¥/7(x.£.1) = 0, and

f= = 0.093 GeV from the pion weak decay. For the rho . . -
meson, a recent theoretical analysis [12] favors a DAobV|oust§at|sf|es the sum “!'e Ea. (2). S|m|I_arIy, WE as-
that is also rather close to its asymptotic form, whichsYme thatf*(x, £, 1) is proportional to the polarized quark

; ; . _ ; distribution. For the latter we adopt the parametrizations
we adopt in this worki®,(z) = v2 £,6z(1 — z) with ' -
f, = 0.153 GeV determined from the electromagnetic °f R€f- [14]: Auy (x) = cosOp (x) Luy(x) = (2/3)dy(x)]
decayp® — ete. Ady(x) = COSG)ZD(X)[tEl/?’)dV(x)]v with cos®p(x) =
Although ultimately one wants to extract the OFPD’S% Jtr {}I{'(l B— xl)< /Vx) Iand_ Hf't. =f 0606 Wsuci:l
from data, in order to evaluate electroproduction ob-N@l e Bjorken sum rule 1S salistied. e have
servables, we need a first guess for the OFPD's. Tdo dxAuy(x) =098 and [, dxAdy(x) = -027,
this end, we assume that, at smalk, H7 is propor- which Ieads. to the correct proton to neutron magnetic
tional to the unpolarized quark distribution for which moment ~rat|o Mp/pn = —147. M/OUF ar:jatz forH?
we take the MRS g,) parametrization [13]. The va- yields H"/?(x,£&,1) = Auy(x)Gy' " (1)/G, " (0) and
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FIG. 2. Total longitudinal cross section fpf electroproduc-
tion. Data from NMC [18] (triangles) ap? = 5.5 (highest
point), 8.8 and 16.9 (lowest point) GéVE665 [19] (black
circles) at Q> = 5.6 GeV?, and ZEUS [20] (open circles) at
0? = 8.8 (upper points) and6.9 GeV? (lower points). Calcu-

(el) (c2) lations are shown ap? = 6 Ge\? (full lines), 0> = 9 GeV?
(dashed lines), an@)?> = 17 Ge\? (dash-dotted lines). The
curves which grow at high W correspond with gluon exchange,
whereas the curves which are peaked belgve= 10 GeV cor-
respond with quark exchange. The incoherent sum of both
mechanisms is also shown.

(c3) (c4)

Fig. 2. It is seen that the PTGEM explains the fast in-
iFs 'C;-o tl'shg%an'?-a?g)b%?agi%?ﬁafrgrf?ﬁet’}/a%ﬁ) r(|tzh: dcﬁﬁigﬁ Céil‘?e‘%;?gbrease at high energy of the cross section which is also
production am'plitude; (c) leading order diagrams for the har onfirmed by more recent ZEU.S data [21]. However, the
scattering parfy of the meson electroproduction amplitude. P TGEM substantially underestimates the data at lower en-

ergies (aroundv = 10 GeV), where the quark exchange

mechanism (QEM) of Fig. 1(b) is expected to contribute

HYP(x, &,1) = Adv(x)Gj/p(t)/Gj/P(O). One can check sincexg is in the valence region. In Fig. 2 we show the
that the sum rule of Eq. (3) is satisfied. Note that agpredictions for the QEM of Eg. (5) using the factorized
suggested by the bag model estimate ofetlial.[15], ansatz as outlined above. The incoherent sum of both
we have omitted any dependence of the OFPD’séon mechanisms is also indicated (to calculate the coherent
Note also that this first guess for the OFPD'’s is reasonablsum, one would also need to model the off-forward gluon
in the region|x| > & where the OFPD’s generalize the distribution). Figure 2 provides a strong indication that
ordinary parton distributions. In the regiokx| < &, the deviation from the PTGEM of the data at lower ener-
which contributes but is not predominant for the kine-gies can be attributed to the onset of the QEM.
matical situations we consider in this Letter, this can be The QEM is studied further in Fig. 3 where the angular
only a rough guess. Though the uncertainty it implies isdependence of the fivefold differential DVC%;° and
probably small by the fact that our OFPD’s satisfy thep? muoproduction cross section is shown for kinematics
sum rules, this point should be improved in the future. accessible at COMPASS. As the DVCS amplitude is

In Figs. 2 and 3 we show our results for the crossaccessed through photon leptoproduction, it has the same
sections. In Fig. 2, the total longitudinal? electro- final state and therefore interferes with the Bethe-Heitler
production cross section is shown as a function of th€BH) process where the photon is emitted from the lepton
c.m. energyW for different values of@2. At high en- lines. In our calculations we add coherently the BH and
ergies, the perturbative two-gluon exchange mechanis@VCS amplitude. From a phenomenological point of
(PTGEM) [9,16] dominates fop? = 6 GeV?. The PT- view, it is clear that the best situation occurs when the
GEM cross section, calculated with Eq. (5) of [16] andBH process is negligible. For fixe@? and s, the only
using the CTEQ3L [17] gluon distribution, is shown in way to favor the DVCS over the BH is to increase the
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Wapop+p+MM=p2 7%y tudinal photon display a scaling behavior, respectively, as
E =200 GeV, =5 GeVE .1/Q4 and1/Q$ (the.dlfferen(.:e being due to the extra gluon
< 10, = 03“ e =05 in the hard scattering amplitude for meson electroproduc-
@ BT £B tion compared to DVCS). Testing the scaling behavior is
% a prerequisite for the applicability of this PQCD formalism
@) in actual experiments.
> In summary, we have given the first estimates for the
g y, 7°, and p; leptoproduction in the Bjorken regime.
- Our ansatz for the OFPD’s allows one to interpret the
=3 few existing data in the Bjorken region which gives
% us some confidence in our estimates. We have shown
o 8 that a potentially fruitful program can be considered at
% COMPASS. However, an exploratory window might
2 already exist at HERMES and CEBAFE( = 6 GeV)
o at least for the meson electroproduction reactions where
T the problem of the Bethe-Heitler background does not
© exist. Although some theoretical issues (e.g., higher twist
<

effects,...) remain to be clarified, we are convinced that
the fundamental interest of the OFPD’s justifies an effort
towards their experimental determination which will open
up a new domain to study the qu#dtuon structure of the

f e ' nucleon.
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FIG. 3. Comparison between DVCS, BH:®, and p{ for
COMPASS kinematics. Upper part: DVCS (dotted lines),
BH (dashed lines), and totay (full lines). Lower part:
Comparison betweep! (full lines), #° (dashed lines), and
total v (dotted lines) muoproduction cross sections.
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