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1. Introduction

Generalizeghartondistributions (GPDs)combineour knowledgeaboutthe one-dimensional
partondistribution in the longitudinalmomentumwith the impact-parameteor trans\ersedistri-
bution of matterin a hadronor nucleus[l1, 2]. It is an ambitiousprogramto accesshe spatial
distribution of partonsin the transwerseplaneandthusto provide a 3-dimensionapicture of the
nucleon(nucleus)seeRef. [3] andearlierreferencesherein). This programinvolvesvariousap-
proachesincluding perturbatve QCD, Reggepoles,lattice calculationsgtc. The mainproblemis
that,while thepartonicsubprocessanbecalculatederturbatiely, thecalculationof GPDsrequire
non-perturbatie methods.GPDsenterhardexclusive processessuchasdeeplyvirtual Compton
scattering(DVCS); however, they cannotbe measuredlirectly but insteadappearin corvolution
integrals,thatcannotbeeasilycorverted.Hencethe strat@y is to guesgshe GPD,basedn various
theoreticalconstraintsandthencomparet with the data. In thefirst approximationthe GPD is
proportionalo theimaginarypartof aDVCS amplitude thereforetheknowledge(or experimental
reconstructionpf the DVCS amplitudemay partly resole the problem,provided the phaseof the
DVCS amplitudeis alsoknown. In otherwords,a GPD canbe viewed astheimaginarypartof an
antiquark-nucleomscatteringamplitude or a quark-nucleoramplitudein the u channel.Interestin
deeplyvirtual Comptonscattering(DVCS) ep — eyp is triggeredby the prospectdo useit asa
toolin studiesof GPDs.

DVCS is being measureddy differentexperimentalgroupsin variouskinematicalregions:
at JLab, at relatively low enegies, closeto the resonanceegion, but with high intensity beams
(statistics)andfor variousspin configurationsat CERN, by the COMPASS Collaborationwith a
fixedmuontarget,andat HERA - bothwith afixedtarget(HERMES)andin ep collider mode(H1
andZEUS).

At HERA the DVCS cross-sectiohasbeenmeasured4, 5], in diffractive ep interactions,
asa function of Q%, W andt thatarerespectiely the photonvirtuality, the invariantmassof the
y*p systemandthe squaredt-momentuntransferredat the protonvertex; the diagramin Fig. ??a
shaws the productionof areal photonat HERA.

The Q? evolution of the DVCS amplitudehasbeenstudiedin several papersmainly in the
contet of perturbatve quantumchromodynamicgQCD) [6, 7] andrecentlyin [8]. Thet de-
pendencen mary paperswasintroducedby a simplefactorizedexponentialin t, which however
contradictehe Reggepoletheory Sincethe electron-protorscatteringat HERA is dominatedoy
asinglephotonexchangethe calculationof the DVCS scatteringamplitudereduceso thatof the
yp — yp amplitude,which at high enegies, in the Regge pole approachjs dominatedby the
exchangeof positive-signatureReggeonsassociatedvith the Pomeronandthe f-trajectorieq9].
Fig. ??b shaws this DVCS in a Regge-fctorizedform. In this figure g, » arethe four-momenta
of theincomingandoutgoingphotons,p; » arethe four-momentaof the incomingand outgoing
protons,r is the four-momentumof the Reggeonexchangedn thet channelr? =t = (qp — gp)?
ands =W? = (q; + p1)? is thesquarectentre-of-masenegy of theincomingsystem.

Unlessspecified(asin the deepinelasticscattering(DIS) limit, discussedn Sec.3 andfor
vector mesonproduction),g3 = 0, and hence,for brevity, g7 = —Q?. In the uppervertex Vi,
Fig. 1b, avirtual photonwith 4-momentunt;, anda Reggeon(e.g. Pomeron)with 4-momentum
r, enteranda real photon,with 4-momentunt, = g; + r (or avectormeson)appearsn thefinal
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Figure 1: Reactionep — epy resultingin deeplyvirtual Comptonscattering(DVCS) (left panel)and a
DVCSamplitudein a Regge-factorizedorm (right panel).

stateasanoutgoingparticle. Thevertex Vi depend®n all the possibleinvariantsconstructedvith
theabove 4-momentay; (g3, 12,1 -], wherer? =t < 0,¢% = —Q? < 0. Thethreeinvariantsarenot
independensincethe mass-sheltonditionfor the outgoingphoton,g3 = (ou +r)? = 0, provides
therelation
g2 Q*—t
2 2
Hence,the vertex can be consideredas a function of the invariants[Q?,q - r] or [t,qr - r].
This doesnot meanthatthe variablescannotappearseparatelyout it could alsohappenthatq; - r
becomesscalingvariable andconsequentlyhevertex will finally dependnaqs -r only. It depends
on the dynamicsof the processand, for the moment,we preferto keept, apartfrom Q?, asthe
secondndependenvariable.
Electroproductiorof a vectormesongivesanotherexamplesincein this case(qy +r)? = M2,
andthevariableq; - r becomes

Qu-r= (1.1)

MG —af—r? MG+ Q7 t

. > (1.2)

ql =
Theinterplayof the Q?- andt-dependence the DVCS amplitudewasrecentlydiscussedn
Ref.[10], wherethe existenceof a new, universalvariablez wassuggestedThe basicideais that
Q? andt, both having the meaningof the squarednassof a virtual particle (photonor Reggeon),
shouldbetreatedon the samefooting, by meansa new variable,definedas

z= g+t =—-Q*+t, (1.3)

in the sameway asthevectormesommasssquareds addedo the squareghotonvirtuality, giving
Q? = Q2+ M2 in the caseof vectormesonelectroproductioril 1].

In this contritution we presentan explicit modelfor DVCS with Q?- andt-dependencede-
terminedby the y*Py vertex. We suggesthe useof the new variabledefinedin Eq. (1.3) with its
possiblegeneralizatiorio vectormesonrelectroproduction,

z=t— (QP+M2) =t —Q? (1.4)
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or virtual photon(leptonpair) electroproduction,

z=t—(Q+Q}). (1.5)

whereQ3 = —q3. Differentlyfrom Ref.[10], herewe introducethe new variableonly in theupper
y*Py vertex, to whichthe photonscouple.

2. A DVCSamplitude

Similarto [8], we consideronly the helicity conservingamplitude.
Accordingto theideasof Regge-factorization Fig. ??b, this DVCS amplitudecanbe written
as

A5, Q) prpyp = —AVa(t, QA)Va(t)(—is/s0) Y, (2.1)

whereA, is anormalizatiorfactog Vi (t, Q?) is the y*Py vertex, Va(t) is the pPp vertex anda (t) is

theexchangedeggetrajectory Thescatteringamplitudeis asumof all possibleReggeexchanges,
with positive signaturein reactionsunderconsideration.In the HERA collider region, the main

contribution comesfrom the PomeronP) and f-mesontrajectoriesthe Pomerorbeingdominant.
In afuture detailedanalysesvith moredatapointsavailable,these(andothersub-leadingRegge

poleexchangegsanbeappendedby theirinterferencdpossiblecuts),makinghoweverthesituation
much more complicated. For this reasonwe collect all theseRegge exchangesn a singleone,

calledandeffective trajectory which we assumeo be of alogarithmicform:

a(t)=a(0)—ailn(1— ast). (2.2)

Sucha trajectoryis nearly linear for small |t|, reproducingthe forward cone of the differ-
ential crosssection,while its logarithmic asymptoticgprovidesfor the large-anglescalingbeha-
ior [13, 16], typical of hardcollisionsat smalldistanceswith powverlaw fall-off in |t|, andobeying
quarkcountingrules[14, 15]. Let usremindthatwe arereferringto the dominantPomeroncon-
tribution plus a secondarytrajectory e.g. the f-Reggeon. Being aware of the importanceof this
sub-leadingcontritution at HERA enegies(evenmoresoin interpretingfixed-tagetdataof HER-
MES), neverthelessve cannotafford the duplicationof the numberof free parameterstherefore
we includeit effectively by rescalingthe parametersUItimately, the Pomerorandthe f-Reggeon
have the samefunctionalform, differing only in the valuesof their parametersFurthermorethe
Pomeron[18] itself is unlikely to be a singleterm, so insteadof including several Regge terms
with mary free parametersit may be reasonabléo comprisethemin a singleterm, calledeffec-
tive Reggeonor effective Pomerondependingon the kinematicalregion of interest.Althoughthe
parametersf this effective Reggeon(Pomeron)e.g. its interceptandslope)canbe closeto the
true one(whoseform is at besta corvention),for the above reasorthey never shouldbetakenfor
granted.

For corvenienceandfollowing the agumentsbasedon duality (seeRef. [17] andreferences
therein),thet dependencef the pPp vertex is introducedvia the a(t) trajectory: Va(t) = O
whereb is a parameterA generalizatiorof this conceptis appliedalsoto the upper y*Py vertex
by introducingthetrajectory

B(z) = a(0) — a1In(1— a22), (2.3)



DVCS L. Jenlovszky

wherethe value of the parameteir, may be differentin a(t) and3(z) (a relevantcheckwill be
possiblewhenmoredatawill be available). Hencethe scatteringamplitude(6), with the correct
signaturepecomes

A(S,t, Qz)y*payp _ 7Aoeba(t)ebB(Z) (—IS/So)a(t) — 7Aoe(b+L)a(t)+bﬁ(Z)7 (24)

wherelL = In(—is/s).

The model containsa limited numberof free parameters.Moreover, mostof them canbe
estimateda priori. The producta;as, is just the forward slopea’ of the Reggeon(=x 0.2 GeV 2
for the Pomeronput muchhigherfor f and/orfor aneffective Reggeon). Thevalueof a; canbe
estimatedrom the large-anglequarkcountingrules[13, 14, 15]. In adualmodel,the valueof a;
canbe estimatedrom the large-anglequark countingrulessince,for larget (|t| >>1 Ge\?), the
amplitudegoesroughly (for more detailsseeRefs.[16]) as~ e 9N(=Y) — (_t)=%_ |n this case
the power a; is relatedto the numberof quarksin a collision [13, 14, 15].Theamplitude(2.4),
however, doesnot scaleexactly sinceit containsanextras—dependentactor for which reasorthe
abore agumentsareonly approximateWe madetrials with a; rangingfrom 1 to 4 andfoundlittle
variationof the resultingfits, moreaer the bestx? wasachieved with a; closel. Following this
indication,we fixed a; at 1, thusreducingthe numberof thefree parameterfy one.

We fix theinterceptof our effective Reggeon,dominatedby the Pomeronat o (0) = 1.25, as
anaverageover the soft+hardPomerong. Finally, therearegoodreasondo setthe valueof the
scalingparameteequalto theinverseslope,so = 1/a’.

The above valuesof the parametershouldnot be taken for granted,ratherthey shouldbe
consideredsstartingpoints(inputs)in fitting the modelto the data(se€[19]).

FromEg. (2.4) theslopeof theforward coneis

a’ a’

d s
B(s.0%t) = —In|A2 =2 In( = 2 2.
which, in theforwardlimit, t = O reducego
S o
B(ssQ’)=2|b+In({=)|a" +2b——. 2.6
Q) [ - <50> - 1+ axQ? (2.6)

Thus, the slopeshaws shrinkagein s, asexpected,andobsenedin all diffractive processesand

antishrinkagén Q? - anovel featurein Regge-typemodels.Shrinkagen Q?, andthe Q°—evolution

onthewhole,is abasicfeatureof perturbatve QCD. Hereit is correlatedby theform of the Regge

trajectoryandthet— dependencef theamplitude.This correlationstronglyconstrainghe model.
Detailedfits of this modelto the DVCS datafrom HERA canbefoundin [19].

1As emphasizedh a numberof papersg.g. in Ref.[12], thewide-spreagrejudiceof the flatnessof the Pomeron
in electroproductioris wrongfor atleasttwo reasonsoneis thatit wasdeducedy fitting datato a particulareffective
Reggeon(seethe relevant discussiorabove) andthe seconds thatthe Pomeronis universal,andits nonzeroslopeis
well known from hadronicreactions.

2Thisis anobvious simplificationandwe arefully awareof the variety of alternatvesfor the enegy dependences,
e.g.thatof adipole Pomeronasin Ref.[17], asoftplusahardone,ase.g.in Ref.[6]. Ultimately, from QCD’s BFKL
equation[18] aninfinite numberof Pomerorsingularitiesfollows unlesssimplificationsareused.For the presenstudy
in termof thenew, z, variablethe simplestsupercriticalPomeror{6] with aneffective interceptis suitable.
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As alreadymentionedwith a replacementj2 = @ + M?, the modelcanbe appliedalsoto
vectormesorelctroproduction.

3. Photoproduction- and DI S limits
In theQ? — 0 limit the Eq. (2.4) becomes
A(s,t) = —Ae?® M) (—is/50) ), (3.1)

wherewe recognizeatypical Regge-behaed photoproductiorfor, for Q> — mé, on-shellhadronic
(H)) amplitude. The relateddeepinelasticscatteringstructurefunction is recoreredby setting
Q3 = Q% = Q? andt = 0, to getatypical elasticvirtual forward Comptonscatteringamplitude:

A(s,Q?) = — AgeP@(0)—aiin(1+a:Q%) gb+In(~is/s0))a(0) — (14 0Q%) " (—is/5)? @, (3.2)

For not too large Q? the contritution from longitudinal photonsis small (it vanishesfor Q?=0).

Moreover, athighenegies,typical of theHERA collider, theamplitudeis dominatedy thehelicity

conservingPomeronexchangeand, sincethe final photonis real andtrans\erse theinitial oneis

alsotrans\erse- to the extentthathelicity is consered. Hencetherelevantstructurefunctionis F;

that,atleadingorder; is relatedto F, by the Callan-Grosselation,to be usedin obtainingeq.(3.3).
Fort = 0 (with x =~ Q?/s valid for large s), the structurefunctionassumesheform:

10,
TT

e

Fa(s Q) = s Q°)/s (3:3)
wherea, is the electromagneticouplingconstaniandthe normalizationis o;(s) = %TDA(S, Q?).
The resultingstructurefunction hasthe correct(requiredby gaugeinvariance)Q? — 0 limit and
approximatescalingbehaior in x for large enoughs andQ?.

The modelfails at large Q?, whereBjorken scalingis known to be badly violated. In this
domainReggebehaior shouldbereplacedy (or appendedvith) the DGLAP evolution,asshavn,
for example,in Ref.[20]. An explicit modelinterpolatingbetweerRegge behaior at small-and
intermediateQ? andthe approximatesolutionof the DGLAP equationat large Q? wasdeveloped
in Ref.[21]. In ary casea"globalfit" to DVCS andDIS datawould requirealsotheinclusionof
boththelongitudinalandtrans\ersephotons.

4. From DVCSto GPD

As showvn in [22, 23], theimaginarypart of the DVCS amplitude,in the first approximation,
is proportionalto a generalpartondistribution (GPD). By introducingthe skewnessvariableé =
X(1+t/(2Q%))/(2—x+xt/Q?), theDVCS amplitude(or aGPD)canbewrittenin termsof s,t, Q?
orx,é,t.

TheFourierBesseintegral

ax.b) ~ 5 [ o/ R(byOTAX Y
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providesa mixedrepresentationf longitudinalmomentumandtrans\ersepositionin the infinite-
momentunframe.

Numericalcalculation®f thex (partons’'momentan thelongitudinaldirection)andb (impact
parameter)f the quark distributions with nonlinearRegge trajectoriesin a relatedmodelwere
madein [3].

5. Conclusions and discussion

The modelpresentedn this papermay have two-fold applications.On one hand,it canbe
usedby experimentalistaasa guide. Thefits to the datacould be improved, whenmoredataare
available, by accountingfor the Pomeronand f-Reggeoncontritutions separatelyas well asby
usingexpressiondor Reggetrajectorieswhich take exactly into accountanalyticity andunitarity:.
Ontheotherhand,the modelcanbe usedto studyvariousextremeregimesof the scatteringampli-
tudein all thethreevariablesit dependsn. For thatpurposehowever, the transitionfrom Regge
behaior to QCD evolution at large Q? shouldbe accountedor. A formulainterpolatingbetween
thetwo regimes(Reggepole andasymptoticQCD evolution) wasproposedn Ref.[21] fort =0
only. Its generalizatiorto non zerot values[24] is possiblealso by applyingthe ideasandthe
modelpresentedn this paper Its applicabilityin bothsoftandharddomainscanbe usedto learn
aboutthetransitionbetweerperturbatve (QCD) andnon-perturbatie (Reggepoles)dynamics.

Our approactcombineselementsf the analyticS— matrix theory namelyRegge polesand
duality, known to be efficient for "soft" collisionsat large distanceswith the small-distancepar
tonic picture. The interfaceand memge of theseseeminglyorthogonalapproachesnay bring new
ideasaboutthetransitionform perturbatve to non-perturbatie physics. Much of this information
is encodedn the form of the complex Regge trajectories. Recently explicit modelsfor deeply
virtual ComptonscatteringamplitudegDVCS) appearedn theliterature[25].

In a perspeciie, one may think of extendingthe asymptoticRegge-polemodelto the low-
enepy resonanceegion by incorporatinga dualamplitude e.g.,DAMA. Thecrossing-symmetric
propertiesof dual amplitudeswill malke possiblethe inclusionof thet > 0 regionin DVCS and
resultingGPD. It may alsohelp to connectthe high-enegy (Regge)region with the low-enegy
(resonanceflomain,wherenew datafrom JLabis expected.

Independentlyof the pragmaticuseof this modelasa instrumentto guide experimentalists,
givenits explicit form, it canbe regardedalsoasan explicit realizationof the correspondingprin-
ciple[?] of exclusive-inclusize connectionin variouskinematicallimits.
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