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1. Introduction

Generalizedpartondistributions(GPDs)combineour knowledgeabouttheone-dimensional
partondistribution in the longitudinalmomentumwith the impact-parameter, or transversedistri-
bution of matterin a hadronor nucleus[1, 2]. It is an ambitiousprogramto accessthe spatial
distribution of partonsin the transverseplaneandthusto provide a 3-dimensionalpictureof the
nucleon(nucleus)(seeRef. [3] andearlierreferencestherein).This programinvolvesvariousap-
proaches,includingperturbative QCD,Reggepoles,latticecalculations,etc. Themainproblemis
that,while thepartonicsubprocesscanbecalculatedperturbatively, thecalculationof GPDsrequire
non-perturbative methods.GPDsenterhardexclusive processes,suchasdeeplyvirtual Compton
scattering(DVCS); however, they cannotbe measureddirectly but insteadappearin convolution
integrals,thatcannotbeeasilyconverted.Hencethestrategy is to guesstheGPD,basedonvarious
theoreticalconstraints,andthencompareit with the data. In the first approximation,the GPD is
proportionalto theimaginarypartof aDVCSamplitude,therefore,theknowledge(or experimental
reconstruction)of theDVCS amplitudemaypartly resolve theproblem,providedthephaseof the
DVCS amplitudeis alsoknown. In otherwords,a GPDcanbeviewedastheimaginarypartof an
antiquark-nucleonscatteringamplitude,or a quark-nucleonamplitudein theu channel.Interestin
deeplyvirtual Comptonscattering(DVCS) ep � eγ p is triggeredby the prospectsto useit asa
tool in studiesof GPDs.

DVCS is being measuredby different experimentalgroupsin variouskinematicalregions:
at JLab,at relatively low energies,closeto the resonanceregion, but with high intensitybeams
(statistics)andfor variousspinconfigurations,at CERN,by theCOMPASSCollaboration,with a
fixedmuontarget,andatHERA - bothwith afixedtarget(HERMES)andin ep collidermode(H1
andZEUS).

At HERA the DVCS cross-sectionhasbeenmeasured[4, 5], in diffractive ep interactions,
asa function of Q2, W andt that arerespectively the photonvirtuality, the invariantmassof the
γ
�
p systemandthesquared4-momentumtransferredat theprotonvertex; thediagramin Fig. ??a

shows theproductionof a realphotonatHERA.

The Q2 evolution of the DVCS amplitudehasbeenstudiedin several papers,mainly in the
context of perturbative quantumchromodynamics(QCD) [6, 7] and recently in [8]. The t de-
pendencein many paperswasintroducedby a simplefactorizedexponentialin t, which however
contradictstheReggepole theory. Sincetheelectron-protonscatteringat HERA is dominatedby
a singlephotonexchange,thecalculationof theDVCS scatteringamplitudereducesto thatof the
γ
�
p � γ p amplitude,which at high energies, in the Reggepole approach,is dominatedby the

exchangeof positive-signatureReggeons,associatedwith thePomeronandthe f -trajectories[9].
Fig. ??b shows this DVCS in a Regge-factorizedform. In this figure q1 � 2 arethe four-momenta
of the incomingandoutgoingphotons,p1 � 2 arethe four-momentaof the incomingandoutgoing
protons,r is the four-momentumof theReggeonexchangedin the t channel,r2 � t ��� q1 � q2 	 2
ands � W2 �
� q1 � p1 	 2 is thesquaredcentre-of-massenergy of theincomingsystem.

Unlessspecified(as in the deepinelasticscattering(DIS) limit, discussedin Sec.3 andfor
vector mesonproduction),q2

2
� 0, and hence,for brevity, q2

1
� � Q2. In the uppervertex V1,

Fig. 1b, a virtual photonwith 4-momentumq1, anda Reggeon(e.g. Pomeron)with 4-momentum
r, enteranda realphoton,with 4-momentumq2

� q1 � r (or a vectormeson)appearsin thefinal
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Figure 1: Reactionep 6 epγ resultingin deeplyvirtual Comptonscattering(DVCS)(left panel)and a
DVCSamplitudein a Regge-factorizedform (right panel).

stateasanoutgoingparticle.Thevertex V1 dependson all thepossibleinvariantsconstructedwith
theabove4-momenta,V1 7 q2

1 8 r2 8 q1 9 r : 8 wherer2 � t ; 08 q2
1
� � Q2 ; 0< Thethreeinvariantsarenot

independentsincethemass-shellconditionfor theoutgoingphoton,q2
2
�=� q1 � r 	 2 � 0, provides

therelation

q1 9 r � � q2
1 � r2

2
� Q2 � t

2
< (1.1)

Hence,the vertex can be consideredas a function of the invariants 7Q2 8 q1 9 r : or 7 t 8 q1 9 r : .
This doesnot meanthat thevariablescannotappearseparatelybut it couldalsohappenthatq1 9 r
becomesascalingvariable,andconsequentlythevertex will finally dependonq1 9 r only. It depends
on the dynamicsof the processand,for the moment,we prefer to keept 8 apartfrom Q2 8 asthe
secondindependentvariable.

Electroproductionof avectormesongivesanotherexamplesincein this case� q1 � r 	 2 � M2
V ,

andthevariableq1 9 r becomes

q1 9 r � M2
V � q2

1 � r2

2
� M2

V � Q2 � t
2

< (1.2)

The interplayof theQ2- andt-dependencein theDVCS amplitudewasrecentlydiscussedin
Ref. [10], wheretheexistenceof a new, universalvariablez wassuggested.Thebasicideais that
Q2 andt, bothhaving themeaningof thesquaredmassof a virtual particle(photonor Reggeon),
shouldbetreatedon thesamefooting,by meansanew variable,definedas

z � q2
1 � t � � Q2 � t 8 (1.3)

in thesamewayasthevectormesonmasssquaredis addedto thesquaredphotonvirtuality, giving
Q̃2 � Q2 � M2

V in thecaseof vectormesonelectroproduction[11].
In this contribution we presentanexplicit modelfor DVCS with Q2- andt-dependencesde-

terminedby theγ
�
Pγ vertex. We suggesttheuseof thenew variabledefinedin Eq. (1.3) with its

possiblegeneralizationto vectormesonelectroproduction,

z � t � � Q2 � M2
V 	 � t � Q̃2 (1.4)
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or virtual photon(leptonpair) electroproduction,

z � t � � Q2
1 � Q2

2 	 8 (1.5)

whereQ2
2
� � q2

2. Differentlyfrom Ref. [10], herewe introducethenew variableonly in theupper,
γ
�
Pγ vertex, to which thephotonscouple.

2. A DVCS amplitude

Similar to [8], weconsideronly thehelicity conservingamplitude.
Accordingto theideasof Regge-factorization,Fig. ??b, this DVCS amplitudecanbewritten

as
A� s8 t 8 Q2 	 γ > p ? γ p

� � A0V1
� t 8 Q2 	 V2

� t 	 � � is@ s0 	 α A t B 8 (2.1)

whereA0 is anormalizationfactor, V1
� t 8 Q2 	 is theγ

�
Pγ vertex, V2

� t 	 is the pPp vertex andα � t 	 is
theexchangedReggetrajectory. Thescatteringamplitudeis asumof all possibleReggeexchanges,
with positive signaturein reactionsunderconsideration.In the HERA collider region, the main
contribution comesfrom thePomeron(P) and f -mesontrajectories,thePomeronbeingdominant.
In a futuredetailedanalyseswith moredatapointsavailable,these(andothersub-leading)Regge
poleexchangescanbeappendedby their interference(possiblecuts),makinghoweverthesituation
muchmorecomplicated.For this reason,we collect all theseReggeexchangesin a singleone,
calledandeffective trajectory, whichweassumeto beof a logarithmicform:

α � t 	 � α � 0	�� α1 ln � 1 � α2t 	 < (2.2)

Sucha trajectoryis nearly linear for small C t C , reproducingthe forward coneof the differ-
ential crosssection,while its logarithmicasymptoticsprovidesfor the large-anglescalingbehav-
ior [13, 16], typicalof hardcollisionsatsmalldistances,with power-law fall-off in C t C , andobeying
quarkcountingrules[14, 15]. Let us remindthatwe arereferringto thedominantPomeroncon-
tribution plus a secondarytrajectory, e.g. the f -Reggeon.Being awareof the importanceof this
sub-leadingcontributionatHERA energies(evenmoresoin interpretingfixed-targetdataof HER-
MES), neverthelesswe cannotafford the duplicationof the numberof free parameters,therefore
we includeit effectively by rescalingtheparameters.Ultimately, thePomeronandthe f -Reggeon
have thesamefunctionalform, differing only in thevaluesof their parameters.Furthermore,the
Pomeron[18] itself is unlikely to be a single term, so insteadof including several Reggeterms
with many freeparameters,it maybereasonableto comprisethemin a singleterm,calledeffec-
tive Reggeonor effective Pomeron,dependingon thekinematicalregion of interest.Althoughthe
parametersof this effective Reggeon(Pomeron)(e.g. its interceptandslope)canbe closeto the
trueone(whoseform is at besta convention),for theabove reasonthey never shouldbetakenfor
granted.

For convenience,andfollowing theargumentsbasedon duality (seeRef. [17] andreferences
therein),the t dependenceof the pPp vertex is introducedvia the α � t 	 trajectory:V2

� t 	 � ebα A t B
whereb is a parameter. A generalizationof this conceptis appliedalsoto theupper, γ

�
Pγ vertex

by introducingthetrajectory
β � z	 � α � 0	D� α1 ln � 1 � α2z	 8 (2.3)
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wherethe valueof the parameterα2 may be differentin α � t 	 andβ � z	 (a relevant checkwill be
possiblewhenmoredatawill be available). Hencethe scatteringamplitude(6), with the correct
signature,becomes

A� s8 t 8 Q2 	 γ > p ? γ p
� � A0ebα A t B ebβ A zB � � is@ s0 	 α A t B � � A0eA bE L B α A t BFE bβ A zB 8 (2.4)

whereL G ln � � is@ s0 	 .
The model containsa limited numberof free parameters.Moreover, most of them can be

estimateda priori. The productα1α2 is just the forward slopeα H of the Reggeon( I 0< 2 GeVJ 2

for thePomeron,but muchhigherfor f and/orfor aneffectiveReggeon)1. Thevalueof α1 canbe
estimatedfrom thelarge-anglequarkcountingrules[13, 14, 15]. In a dualmodel,thevalueof α1

canbeestimatedfrom the large-anglequarkcountingrulessince,for large t ( C t C�KLK 1 GeV2), the
amplitudegoesroughly (for moredetailsseeRefs.[16]) as M eJ α1 ln A J t B �N� � t 	 J α1. In this case
the power α1 is relatedto the numberof quarksin a collision [13, 14, 15].Theamplitude(2.4),
however, doesnotscaleexactlysinceit containsanextras� dependentfactor, for which reasonthe
aboveargumentsareonly approximate.Wemadetrialswith α1 rangingfrom 1 to 4 andfoundlittle
variationof the resultingfits, moreover thebestχ2 wasachievedwith α1 close1< Following this
indication,wefixedα1 at1, thusreducingthenumberof thefreeparametersby one.

We fix theinterceptof our effective Reggeon,dominatedby thePomeron,at α � 0	 � 1< 258 as
anaverageover thesoft+hardPomerons2. Finally, therearegoodreasonsto setthevalueof the
scalingparameterequalto theinverseslope,s0

� 1@ α H <
The above valuesof the parametersshouldnot be taken for granted,ratherthey shouldbe

consideredasstartingpoints(inputs)in fitting themodelto thedata(see[19]).

FromEq.(2.4) theslopeof theforwardconeis

B� s8 Q2 8 t 	 � d
dt

ln CA C 2 � 2 b � ln
s
s0

α H
1 � α2t

� 2b
α H

1 � α2z 8 (2.5)

which, in theforwardlimit, t � 0 reducesto

B� s8 Q2 	 � 2 b � ln
s
s0

α H � 2b
α H

1 � α2Q2 < (2.6)

Thus,the slopeshows shrinkagein s8 asexpected,andobserved in all diffractive processes,and
antishrinkagein Q2 - anovel featurein Regge-typemodels.Shrinkagein Q2 8 andtheQ2 � evolution
on thewhole,is abasicfeatureof perturbativeQCD.Hereit is correlatedby theform of theRegge
trajectoryandthet � dependenceof theamplitude.Thiscorrelationstronglyconstrainsthemodel.

Detailedfits of thismodelto theDVCSdatafrom HERA canbefoundin [19].

1As emphasizedin a numberof papers,e.g. in Ref. [12], thewide-spreadprejudiceof theflatnessof thePomeron
in electroproductionis wrongfor at leasttwo reasons:oneis that it wasdeducedby fitting datato a particulareffective
Reggeon(seethe relevant discussionabove) andthe secondis that the Pomeronis universal,andits nonzeroslopeis
well known from hadronicreactions.

2This is anobvioussimplificationandwe arefully awareof thevarietyof alternativesfor theenergy dependences,
e.g. thatof a dipolePomeron,asin Ref. [17], a soft plusa hardone,ase.g. in Ref. [6]. Ultimately, from QCD’s BFKL
equation[18] aninfinite numberof Pomeronsingularitiesfollows unlesssimplificationsareused.For thepresentstudy
in termof thenew, z, variablethesimplestsupercriticalPomeron[6] with aneffective interceptis suitable.
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As alreadymentioned,with a replacementQ̃2 � Q2 � M2
V 8 the modelcanbe appliedalsoto

vectormesonelctroproduction.

3. Photoproduction- and DIS limits

In theQ2 � 0 limit theEq.(2.4)becomes

A� s8 t 	 � � A0e2bα A t B � � is@ s0 	 α A t B 8 (3.1)

wherewerecognizeatypicalRegge-behavedphotoproduction(or, for Q2 � m2
H 8 on-shellhadronic� H 	 ) amplitude. The relateddeepinelasticscatteringstructurefunction is recoveredby setting

Q2
2
� Q2

1
� Q2 andt � 0, to geta typical elasticvirtual forwardComptonscatteringamplitude:

A� s8 Q2 	 � � A0ebA α A 0B J α1 ln A 1E α2Q2 BFB eA bE ln A J isO s0 BFB α A 0B ∝ � � 1 � α2Q2 	 J α1 � � is@ s0 	 α A 0B < (3.2)

For not too large Q2 the contribution from longitudinalphotonsis small (it vanishesfor Q2=0).
Moreover, athighenergies,typicalof theHERA collider, theamplitudeis dominatedby thehelicity
conservingPomeronexchangeand,sincethefinal photonis realandtransverse,the initial oneis
alsotransverse- to theextentthathelicity is conserved.Hencetherelevantstructurefunctionis F1

that,at leadingorder, is relatedto F2 by theCallan-Grossrelation,to beusedin obtainingeq.(3.3).
For t � 0 (with x I Q2 @ svalid for larges), thestructurefunctionassumestheform:

F2
� s8 Q2 	 I

� 1 � x	 Q2

παe
ℑA� s8 Q2 	 @ s8 (3.3)

whereαe is theelectromagneticcouplingconstantandthenormalizationis σt
� s	 � 4π

s ℑA� s8 Q2 	 <
The resultingstructurefunction hasthe correct(requiredby gaugeinvariance)Q2 � 0 limit and
approximatescalingbehavior in x for largeenoughsandQ2.

The model fails at large Q2 8 whereBjorken scalingis known to be badly violated. In this
domainReggebehavior shouldbereplacedby (or appendedwith) theDGLAP evolution,asshown,
for example,in Ref. [20]. An explicit modelinterpolatingbetweenReggebehavior at small-and
intermediateQ2 andtheapproximatesolutionof theDGLAP equationat largeQ2 wasdeveloped
in Ref. [21]. In any case,a "global fit" to DVCS andDIS datawould requirealsotheinclusionof
boththelongitudinalandtransversephotons.

4. From DVCS to GPD

As shown in [22, 23], the imaginarypartof theDVCS amplitude,in thefirst approximation,
is proportionalto a generalpartondistribution (GPD).By introducingtheskewnessvariableξ �
x 1 � t @ � 2Q2 	 @ 2 � x � xt @ Q2 , theDVCSamplitude(or aGPD)canbewrittenin termsof s8 t 8 Q2

or x8 ξ 8 t.
TheFourier-Besselintegral

q� x8 b	 M 1
2π

∞

0
d P � tJ0

� bP � t 	 ℑA� x8 t 	

6
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providesa mixedrepresentationof longitudinalmomentumandtransversepositionin theinfinite-
momentumframe.

Numericalcalculationsof thex (partons’momentain thelongitudinaldirection)andb (impact
parameter)of the quarkdistributions with nonlinearRegge trajectoriesin a relatedmodel were
madein [3].

5. Conclusions and discussion

The modelpresentedin this papermay have two-fold applications.On onehand,it canbe
usedby experimentalistsasa guide. Thefits to thedatacouldbe improved,whenmoredataare
available,by accountingfor the Pomeronand f -Reggeoncontributionsseparatelyaswell asby
usingexpressionsfor Reggetrajectorieswhich take exactly into accountanalyticityandunitarity.
Ontheotherhand,themodelcanbeusedto studyvariousextremeregimesof thescatteringampli-
tudein all thethreevariablesit dependson. For thatpurpose,however, thetransitionfrom Regge
behavior to QCD evolution at largeQ2 shouldbeaccountedfor. A formula interpolatingbetween
thetwo regimes(ReggepoleandasymptoticQCD evolution) wasproposedin Ref. [21] for t � 0
only. Its generalizationto non zero t values[24] is possiblealsoby applying the ideasandthe
modelpresentedin this paper. Its applicability in bothsoft andharddomainscanbeusedto learn
aboutthetransitionbetweenperturbative (QCD)andnon-perturbative (Reggepoles)dynamics.

Our approachcombineselementsof theanalyticS� matrix theory, namelyReggepolesand
duality, known to be efficient for "soft" collisionsat large distances,with the small-distancepar-
tonic picture. The interfaceandmergeof theseseeminglyorthogonalapproachesmaybring new
ideasaboutthetransitionform perturbative to non-perturbative physics.Much of this information
is encodedin the form of the complex Regge trajectories.Recently, explicit modelsfor deeply
virtual Comptonscatteringamplitudes(DVCS)appearedin theliterature[25].

In a perspective, onemay think of extendingthe asymptoticRegge-polemodel to the low-
energy resonanceregion by incorporatinga dualamplitude,e.g.,DAMA. Thecrossing-symmetric
propertiesof dual amplitudeswill make possiblethe inclusionof the t K 0 region in DVCS and
resultingGPD. It may alsohelp to connectthe high-energy (Regge)region with the low-energy
(resonance)domain,wherenew datafrom JLabis expected.

Independentlyof the pragmaticuseof this modelasa instrumentto guideexperimentalists,
givenits explicit form, it canberegardedalsoasanexplicit realizationof thecorrespondingprin-
ciple [?] of exclusive-inclusiveconnectionin variouskinematicallimits.
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