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NON-PERTURBATIVE DIFFRACTIVE SCATTERING �H.G. DoshInstitut für Theoretishe der Physik, der Universität HeidelbergHeidelberg, Germany(Reeived Otober 26, 1999)In the Model of the Stohasti Vauum the infrared behaviour of QCD isapproximated by a Gaussian stohasti proess in the gluon �eld strength.This assumption leads already to on�nement for non-Abelian gauge the-ories. The main part of the ontribution is dediated to the appliation ofthe model to soft high energy reations as hadron�hadron sattering andeletroprodution. The speial role of the odderon is also investigated.PACS numbers: 12.38.Aw, 12.38.Lg1. Introdution1.1. General remarksTo my opinion the most exiting new feature of Quantum Chromo Dy-namis (QCD) as ompared to quantum �eld theories disussed before itsappearane is the phenomenon of on�nement. Whereas the onsequenesof on�nement on hadron spetrosopy have been studied extensively andhave led to an at least qualitative understanding of the �partile zoo�, itsimpliations on high energy sattering are muh less obvious. The lassialwork of Low and Nussinov [1,2℄ has shown that a simple two gluon exhangeis already able to reprodue qualitatively essential features of soft hadron�hadron sattering. The modi�ation of the two gluon exhange exhange byonsidering non-perturbative gluon exhange related to spei� propertiesof the QCD vauum [3℄ has not only put the Low Nussinov model on a morerational basis (in the latter validity of perturbation theory was implied evenfor distanes as large as hadron radii) but also explained a striking featureof high energy hadron�hadron sattering, namely the quark additivity rule.On the other hand the most promising senario for on�nement, the dualsuperondutor model of 't Hooft and Mandelstam [4, 5℄ makes it plausible� Presented at the XXXIX Craow Shool of Theoretial Physis, Zakopane, Poland,May 29�June 8, 1999. (3813)



3814 H.G. Doshthat the gluoni string formed in hadrons plays also an important role insattering and it has been shown that suh a piture an indeed explainsome systematis observed in the sattering of hadrons of di�erent sizes [6℄.The model of the stohasti vauum [7,8℄ on whih I shall onentrate inthis approah yields on�nement for non-Abelian gauge theories under verygeneral assumptions and an be also applied to high energy sattering. Itleads to a formation of a olor�eltri string inside hadrons and shows thatthis string plays an essential role in hadron�hadron sattering. Quark addi-tivity does thus no longer hold, but it turns out that the di�erent hadronsizes lead to the orret ratios of hadroni ross setions. Sine many di�er-ent approahes may lead to similar phenomenologial features it is importantto apply proposed models to a large variety of proesses in order to obtainsome insight into the basi mehanisms governing hadron�hadron sattering.In this talk I do not intend to give an exhaustive review of the subjet but Ishall present only the prinipal assumption and some results of the spei�approah presented here. For more details I refer to the original literatureand some spei� reviews [9�11℄1.2. NotationThe notation I am using in the following is:for the olor potential: AF� (x) olor F = 1 : : : 8 ;for the gluon �eld strength tensor:FF�� := ��AF� � ��AF� + gsfGHFAG�AH� :Lie-Algebra valued quantities are denoted by bold fae symbols:A� =XC AC� �C=2; F �� =XC FF�� �C2 :The approah to non-perturbative QCD is based on quantization by fun-tional integration written symboliallyhF ( ;A)i = 1N Z D D � DAF ( ;A)eiSQCD[ ; � ;A℄ (1)with S[ ; � ;A℄ = R d3xdx0LQCD. We shall work mostly in the quenhedapproximation, i.e. no internal loops are taken into aount in the integra-tion.



Non-Perturbative Di�rative Sattering 38151.3. Some non-perturbative resultsBefore I ome to the more tehnial points let me just show shortly thata nonperturbative treatment is unavoidable in high energy sattering. If wewant to alulate a dimensional quantity, e.g. p�pp we have:p�pp = f(�s)��1dp�ppd� = 0 = f 0(�s) 1� d�sd� � 1�2 f(�s)from this follows: f 0(�s)f(�s) = 1�(�s) (2)with the �-funtion:�d�sd� = �(�s) = � 12� �11� 23nf� �2s +O(�3s) :Integrating equation (2) yields:f(�s) = f(�0) exp0� �sZ�0 d�0�(�0)1Awhih annot be expanded in a power series in �s around �s=0, beauseterms like e1=�s ourring on the right hand side ause an essential singular-ity. In sattering we use the ommon kinematial notation for a proessa + b !  + d: s = W 2 = (pa + pb)2; t = (pa � p)2. If partile ais a (virtual) photon, we denote its virtuality by Q2 = �p2a.We onsider the following kinematial region: t < 1 GeV2; W > 20 GeV.We shall extensively use the optial theorem relating the total rosssetion to the imaginary part of the elasti forward sattering:�tot = 1s ImT (s; 0) :Axiomati �eld theory leads to the Martin�Froissart bound:�tot = O(log2[s℄) :The Regge piture gives a very suessful desription of high energysattering, I therefore reapitulate a few essential features.



3816 H.G. DoshThe Regge-ansatz for the sattering amplitude is:T (s; t) = �(t)exp[i��(t)℄ � S℄sin[��(t)℄ s�(t) : (3)Regge trajetories �(t) are given in the following TableSoft (DL) pomeron: �P (t) = 1:08 + 0:25t=GeV2; S = 1Reggeon: �R(t) = 0:5 + t=GeV2; �S = 0�Searhed for:Odderon: �O(0) � 1 S = �1Hard pomeron: �hP (0) > 1:1 S = 1The interepts larger than 1 annot desribe the true asymptoti be-haviour sine they would lead to a violation of the Froissart�Martin bound.The sattering amplitude (3) has therefore to be modi�ed by unitarity termsat really high energies whih are however beyond the present experimentallimits. 2. High energy sattering in eikonal approximationIn soft high energy sattering there are two di�erent sales: hard ones,the .m. energy W = ps and eventually the photon virtuality Q2 and softones, namely the momentum transfer t , and the sizes of hadrons.As an e�et of hard energy sale W the partons move in the CM-frameon (nearly) light-like trajetories and an eikonal (semi-lassial) treatmentis possible.We shall follow the treatment given by Nahtmann [12℄ and onsider�rst quarks moving in an external �lassial' olour �eld and then inor-porate quantization by using a non-perturbative model for the funtionalintegration over all external �eld on�gurations denoted by h: : :iA.A quark moving along a trajetory � in a olor Field A� piks up aphase fator: P exp[�igs R� A�dx�℄Two quarks moving on lightlike paths: �� = (x0;�~b =2; x3 = x0) reeivethus the fator:P exp264�igs Z�+ A�dx�375P exp264�igs Z�� A�dx�375depending on the impat parameter b :



Non-Perturbative Di�rative Sattering 3817The T -matrix element for the (�titious) quark�quark sattering in thequenhed approximation is thus given by:T (s; t) = isZ d2b ei~q~bJ(~b)J(~b) = 1Z Z DA exp[�iSYM ℄P exp"�igs Z�+ A�dx�#�P exp"�igs Z�� A�dx�#� *P exp"�igs Z�+ A�dx�# � P exp"�igs Z�� A�dx�#+A :This expression an in priniple be evaluated, e.g. on the lattie (withgauge �xing) but the lightlike path shrinks in Eulidean metris to (nearly)a point, so at least we have to use for the next time models in order toevaluate the integration over the external olour �elds.x3x0
~x

~R1
~R2

~b
Fig. 1. Wegner�Wilson loops formed by the paths of quarks and antiquarks insidetwo mesons. ~R1 and ~R2 are the vetors in the transverse plane from the middlelines to the quark lines of meson 1 and 2 respetively. For the antiquarks theorresponding vetors are �~R1 and �~R2. The front lines of the loops guaranteethat the mesons behave as singlets under loal gauge transformations.



3818 H.G. DoshFor models it is muh safer to ensure gauge invariane and indeed, inatual sattering proess we have to deal with hadrons and not with quarksand therefore near eah quark there is an antiquark moving on a (nearly)lightlike trajetory too and we have in the femtouniverse the piture depitedin Fig. 1 whih may serve as a building blok for hadron�hadron sattering[13, 14℄.A quark antiquark pair in a olor singlet state moving in a olor �eld A�on parallel lightlike lines piks thus up as phase fator a trae of Wegner�Wilson-loop: W+ = tr0B� 1NC P exp264�igs IS+ A�dx�3751CAwhih depends on the transversal extension ~R of the loop.The T -matrix element for dipole�dipole sattering (quenhed) reads:T (s; t; ~R+; ~R�; z+; z�) = isZ d2bei~q~bJ(~b; ~R+; ~R�; z+; z�) ;J(~b; ~R+; ~R�; z+; z�) = hW+W�iA j~q j2 = �t:For onsisteny the impat parameter b has to be the distane of thelightone baryenter of the partons [15℄ (see �gure 2), the pro�le funtion Jdepends therefore (weakly) on the longitudinal momentum fration z of thepartons.
����������� 6hhhhhhhhhhh�q+; (1 � z+) �q�; (1� z�)q+; z+ q+; z+z+ ~R+ z� ~R�~bdd t dtFig. 2. The de�nition of the impat parameter. z� is the fration of longitudinalmomentum arried by the quark on the path ��.A hadroni sattering proess h1 + h2 ! h3 + h4 is given by:T (s; t) = Z dz+dz�d2R+d2R�T (s; t; ~R+; ~R�; z+; z�)� 1(~R+; z+) 2(~R�; z�) �3(~R+; z+) �4(~R�; z�) ; (4)where  h(~R+; z+) is a transverse (light one) wave funtion depending onthe transverse oordinates ~R and the longitudinal momentum fration z.



Non-Perturbative Di�rative Sattering 3819We have to onstrut a model for the sattering of dipoles, where thedipoles may be large and hene the sattering proess has to be treatednonperturbatively. This is in ontradistintion to quarkonium�quarkoniumsattering where the dipoles are assumed to be small and hene the sat-tering an be treated perturbatively, but the distribution funtion is non-perturbative, see e.g. [16, 17℄.In order to arrive at the sattering amplitudes for baryons [14℄, we haveto onstrut the analogs of the traes of the loops W in the way depited in�gure 3
������ ������������ �������������� ��x(1) x(1)0x(2) x(2)0x(h) x(h)0x(3) x(3)0

Fig. 3. The path of a baryon onstruted from quark pathsThe analogue of the dipole as starting point for a meson is the followingexpression �ab�a0b00(�+1)a;a0(�+2)b;b0(�+3);0 (5)with �i = �(x(h); x(i))�(x(1); x(i)0)�(x(i)0 ; x(h)0)and �(� )ab = 0�P Z exp24�igs Z� A�dx�351Aab :Sine in SU(3) we have: �ab�a;a0�b;b0�;0 = �a0b00 we an express Eq. (5)through Wegner�Wilson loops (without traes):�ab�a0b00(�+1)a;a0(�+2)b;b0(�+3);0 �ab�a0b00(W+1)a;a0(W+2)b;b0(W+3);0with(W+i)a;a0 = ��(x(h); x(i))�(x(i); x(i)0)�(x(i)0 ; x(h))�(x(h)0 ; x(h))�a;a0 : (6)For pratial � and also for phenomenologial � reasons we shall workoften in the diquark piture, where the distane between two quarks is zero(small).



3820 H.G. DoshSine two quarks oupled antisymmetrially qa qb�ab transform in SU(3)like an antiquark �q the baryon in the diquark piture an be treated like ameson. 3. Model of the stohasti vauum (MSV)The model of the stohasti vauum (MSV) [7, 8℄ (for reviews see[9�11, 18, 19℄) is the underlying model for non-perturbative QCD used inthe following for alulating soft high energy sattering. I shall only skethroughly the prinipal ideas and onsequenes of the model and refer to theoriginal literature and reviews for more details. The basi assumption of themodel is that the infrared behaviour of QCD an be approximated by aGaussian stohasti proess in the gluon �eld strength.Formally this an be written as:Zjkj<� DAC� eSYM� Z D FC�� exp��g2s Z dxdyFF��(x)K�1FG����(x; y)FG��(y)� : (7)So the full domain of nonperturbative QCD is governed by the singleorrelator KFG����.In order to make the non-loal orrelator gauge invariant we have paralleltransported all olor �elds to a referene point y:F ��(x; y) = �(x; y)F ��(x)�(y; x) (8)
�������

��
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F (0; y) F (x; y)
If we neglet the dependene on the referene point y the most generalform for the orrelator KFG���� ontains two independent salar funtions, Dand D1.



Non-Perturbative Di�rative Sattering 3821
KFG����(x; y) = hg2sFF��(x; y)FG��(0; y)i = ÆFGhg2sFF i12(N2 � 1)��(Æ��Æ�� � Æ��Æ��)D(x2)�+ �12 ��x� (x�Æ�� � x�Æ��) + 12 ��x� (x�Æ�� � x�Æ��)�� D1(x2)(1� �)	 : (9)In an Abelian gauge theory without monopoles, like QED, the homo-geneous Maxwell equations imply: � = 0, i.e. only the term with D1 anontribute.Gaussian fatorization implies:DFAFBFCFDE = DFAFBEDFCFDE+DFAFCEDFBFDE+ DFAFDEDFBFCE : (10)The model is therefore haraterized by essentially two parameters: Thevalue of the orrelator at zero distane (the gluon ondensate [20℄) and theorrelation length.Under this assumption we an evaluate the Eulidean Wegner�Wilsonloop of width r and length x4 using the non-Abelian Stokes theorem [21�23℄:�P exp ��igs I A�dx���A = �P exp ��igs Z F �� d����� : (11)The stati potential is then obtained as:V (r) = limx4!0 �1x4 log ��P exp ��igs Z F �� d������ :Inserting (9) and (10) we obtain linear on�nement for non-Abelian gaugetheories: V (r)! r ��24NC hg2sFF iZ dx2D(x2) : (12)Sine only the term proportional to D ontributes, an Abelian gauge theorywithout monopoles annot lead to on�nement and a non-Abelian one leadsto on�nement only if � 6= 0. Lattie alulations [24, 25℄ have shown thatthis typial non-Abelian term is indeed dominant in QCD, sine � � 0:8.The model yields also the orret spin struture of potentials betweenheavy quarks [26�28℄.



3822 H.G. DoshLet me emphasize that an Abelian gauge theory with magneti monopolesan have � 6= 0 and hene leads to on�nement. Furthermore, the assump-tion of a Gaussian proess is neessary for diret appliations, but the on-vergene of luster expansion alone is already enough in order to yield linearon�nement [7℄.The physial reason for on�nement an also be investigated in themodel. One an alulate the gauge invariant olor �eld energy densityprodued by a stati quark�antiquark pair and obtains that a olor eletri�ux tube is formed. The results of the alulations with the model of thestohasti vauum [29℄ show qualitative agreement with numerial alula-tions on the lattie [30℄ (in SU(2)-gauge theory):
-2

0

2

-2

0

2

0

5

10

15

-2

0

2

-2

0

2

0

5

10

15

r [a]

x3 [a] -5

0

5

-5
-2.5

0
2.5

5

0

1

2

3

4

-5

0

5

-5
-2.5

0
2.5

5

0

1

2

3

4

r [a] x3 [a]

Fig. 4. The energy density of the olour �elds indued by a stati quark antiquarkpair as alulated in the MSV (top) [29℄ and on the lattie (bottom) [30℄. 4. Appliation of the MSV to high energy sattering4.1. Formalism and general resultsWe now use the MSV as desribed in Setion 3 in order to alulatethe dipole�dipole sattering amplitude derived in the eikonal approah inSetion 2. The basi formalism of this setion has been developed in [13,14℄, the appliation to high energy proesses involving (virtual) photons in[15, 31℄; energy dependene has been inorporated in [32℄.The starting point is equation (3):J(~b; ~R+; ~R�; z+; z�) = hW+W�iA (13)



Non-Perturbative Di�rative Sattering 3823with the basi input:W+ = tr0B� 1NC P exp264�igs IS+ A�dx�3751CA :As in Setion 3, equation (11) we use the non-Abelian Stokes Theorem:W+ = tr0� 1NC P exp24�igs Z�+ F ��d���351A (14)and Gaussian fatorization (10) in order to evaluate the expetation valueof two Wegner�Wilson loops:*tr 1NC P exp"�igs Z�+ F ��d���#!�tr 1NC P exp"�igs Z�� F ��d���#!+A :In a straightforward method [13, 14℄ the exponentials in this equation anbe expanded in power series of the �eld strength tensor and Gaussian ap-proximation an be used for the resulting produts. In a more sophistiatedapproah [33℄ one an use the umulant expansion for the produt groupSU(3)
SU(3). For small momentum transfer both methods give similarresults, for values of t � 0:5 GeV2 the seond method is ertainly moreappropriate, sine it guarantees loal unitarity even for small impat pa-rameters. The referene point y introdued in (8) must be ommon to bothsurfaes �+ and ��.A `reasonable' hoie of the surfaes obtained after applying the non-Abelian Stokes theorem has little e�et on the results and an generally beabsorbed in a slightly di�erent hoie of the parameters. The standard hoiefor the surfaes in all phenomenologial appliations is given in �gure 5.The expression obtained in this way ontains I = 0 and both C;P = �1exhange, i.e. in Regge terminology the pomeron and the odderon exhange.The lowest ontribution, i.e. the quadrati term from eah exponentialorresponds to the C = P = +1 exhange, i.e. the pomeron, the ubi termsto C = P = �1 exhange, i.e. the odderon. We ome bak to the odderonproblem later.



3824 H.G. Dosh loop 2loop 1 y
Fig. 5. Somewhat tilted view of the loops after applying the non-Abelian Stoke'stheorem with the referene point y whih is ommon to both surfaes.There is however a fundamental problem:The MSV as approximation to a stohasti proess is primarily man-agable in Eulidean �eld theory (like lattie gauge theory). But for highenergy sattering proesses the Eulidean desription is very deliate, sinethe lightlike paths introdued above shrink to points in Eulidean �eld the-ory. We an however introdue an Minkowski version of the MSV in mo-mentum spae and at the end it turns out that only the Eulidean part ofthe orrelators matter, i.e. we an safely use the Eulidean input.This is done in the following way:(1) We �rst express orrelators through Fourier transforms:hg2 FC��(x; y) FD��(y; y)iB = ÆCDN2 � 1 112 hg2GGi�Z d4k(2�)4 e�ik(x�z)=a((g��g�� � g��g��) �i eDM (k2)+(�g��k�k� + g��k�k� � g��k�k� + g��k�k�)(1� �)idfD1M (k2)dk2 ) :(15)(2) We then evaluate the surfae integral over the sliding sides of thepyramids as volume integrals minus the surfae integral over the basisusing Gauss theorem.



Non-Perturbative Di�rative Sattering 3825(3) We realize that we have integrals over lightlike paths like the onelimT!1 limL!1 TZ�T dx0 LZ�L dx3Æ(x3 � x0) : : : (16)from pyramid `+' and a orresponding expression from `�'. Togetherwith the exponentials from the Fourier transform in (15) this gives riseto the integral:limT!1 : : : limL!1 TZ�T dx0 dx3dy0 dy3 Æ(x3 � x0) Æ(y3 + y0)� exp ihk0(x0 � y0)� k3(x3 + y3)i : : : : (17)Suh an integral yields a fator(2�)2Æ(k0 � k3) Æ(k0 + k3)and hene the orrelator eDM (k2) is evaluated only at k0 = 0 i.e. inthe Eulidean region. The orrelators depending on the Eulideanmomenta ~kT are obtained as two dimensional Fourier transforms ofthe Eulidean orrelators introdued in Setion 3.Before we ome to detailed appliations I want to quote some generalresults:(1) The model introdues no new energy dependene, i.e. the satteringamplitudes T are proportional to s and the ross setions are thereforeenergy independent.(2) The invariants D and D1 of the orrelator (9) lead to ompletely dif-ferent behaviour of the ross setion � with the dipole size R: D, theAbelian, nonon�ning struture leads to � / onst whereas D1, thenon-Abelian, on�ning struture: implies a ross setion whih riseswith the dipole size R, see �gure 6.A further investigation shows [14℄ , that the rise of the ross setion withdipole size is due to an interation of the strings desribed in Setion 3,�gure 4. Hene the same mehanism whih leads to string formation andon�nement also leads to string�string interation in sattering.



3826 H.G. Dosh
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Fig. 6. The dependene of the total dipole�dipole ross setion on the size of thedipoles for the Abelian orrelator D1 and the on�ning orrelator D.4.2. Parameters of the model and hadron�hadron satteringIn order to make spei� preditions for various high energy reationswe have to �x the parameters of the model. They are for the MSV itself:(1) the orrelation length;(2) the orrelator at zero distane (Gluon ondensate [20℄);(3) the form of the orrelation funtions;and for the hadrons:(4) the transversal wave funtion of the sattered hadrons;and �nally there is for hadrons a weak dependene on:(5) the longitudinal momentum fration.The parameters of the fundamental orrelator (9) are onstrained by:(1) the string tension, see equation (12);(2) QCD sum rules [20℄ (the gluon ondensate) and �nally we have as mostimportant soure of information;(3) lattie alulations [24, 25, 34℄.For the seond group of parameters we have the following onstraints:� Eletromagneti form fators of hadrons; deay onstants of mesons;and we get some important hints from quark hadron duality and fromthe non-relativisti quark model.� For photons with high virtuality we may use perturbative QCD.



Non-Perturbative Di�rative Sattering 3827These onstraints allow us to estimate the parameters and therefore topredit the dipole�dipole ross setions without using any information fromhigh energy sattering. Using for the orrelation length a � 0:35 fm, thegluon ondensate hg2sFF i � 3 GeV4 1. The transverse radius of proton isestimated from the eletromagneti form fator to � 0:8 fm.In referene [36℄ the dipole�proton ross setions were reonstruted fromthe photoprodution data. The results of this analysis are displayed aspoints with error bars in �gure 7. The solid line shows the predition ofthe MSV [37℄ with the parameters given above. The qualitative agreementshows that it is indeed possible to alulate high energy ross setions fromlow energy data.
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�0-NMC�0-NMCJ=	 -EMCJ=	 -E687�0-FNAL�0; �0-ZEUS�0-H1J=	 -HERAFig. 7. Comparison of our result for the total ross setion for dipole (extension RD)proton sattering with values extrated from ross setions of lepto-prodution ofvetor�mesons by the method of Nemhik et al. [36℄. The solid line is our result [37℄without any �tting of the parameters to high-energy data. The dashed line is theansatz of Nemhik et al. for the total ross setion.In order to determine the parameters more preisely we make use ofexperimental input from proton�proton sattering and adjust the form ofthe orrelators to the results of the lattie alulations. A onvenient form1 In a quenhed theory in whih we are working the gluon ondensate is expeted tobe about a fator 3 larger than in the ase of full QCD, see [35℄



3828 H.G. Doshof the input orrelators whih allows an analyti ontinuation and whihgives a perfet agreement with the lattie data [34℄ is:D�z2a2� = Z d4k(2�)4 eikz=a ~D(k2) ~D(k2) = 27�44�k2 � 9�264 �4 : (18)For the determination of the parameters we also use data from proton�(anti)proton sattering at s= 20 GeV and arrive to the following values:a = 0:346 fm, hg2FF i = 2:49 GeV, � = 0:74; Sp = 0:739 fm.4.3. Results for hadron�hadron satteringOne the parameters ar �xed, we an alulate all possible hadron�hadron ross setions one we know the transversal extension. For the �and K-meson we assume that the: transverse extension is proportional tothe eletromagneti radius. For the J=	 we use the experimental eletro-magneti width. Results of the model are displayed in Table I. TABLE IRatios of di�erent total hadroni ross setions to the proton�proton ross setionat W = 20 GeV. Quantity Model Referene Experiment��p=�pp 0.66 [14℄ 0.63�Kp=��p 0.82 [14℄ 0.87�J=	=�pp 0.12 [38℄ -�	 0=�pp 0.49 [38℄ -Bpp �B�p 1.30 [14℄ 2.48B�p �BKp 0.4 [14℄ 0.3It should be remarked that the orret ratio ��p=�pp � 2=3 is in themodel not a onsequene of quark additivity, but due to the di�erent (mea-sured) eletromagneti radii.4.4. Reations involving photons (real and virtual)For high energies the dominant ontribution to photon hadron intera-tions in the CM or hadron rest frame is the splitting of the photon into aquark antiquark pair and the subsequent interation of the quark�antiquarkpair with the hadron. We an therefore use the general equation (4) also inorder to alulate high energy interations involving photons by hoosing forthe orresponding transverse wave funtion the light one wave funtion ofthe photon. The kinematial and internal variables are de�ned in �gure 8.
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q

W2
Q2 = �q2

t � �~q? 2Fig. 8. Sketh of the dynamial and light one variables entering the photonpro-dution o� hadrons: Transverse momentum ~k? resp. extension ~R?; longitudinalmomentum fration z; virtuality of photon: Q2 = �q2, total Energy: s = W 2,momentum transfer ~q.Whereas the photon wave funtion at high virtualities Q2 an be alu-lated by perturbation theory, this is not the ase for low virtualities. Usuallyvetor meson dominane is applied, but we shall show that quark hadronduality allows a more eonomial desription of the photon wave funtionat low virtualities, whih interpolates smoothly to high virtualities and eventakes are of the �hard part of the photon� at low virtualities. This is espe-ially relevant for photon�photon interations.Let us begin with a model investigation with salar photons and quarksas given in [31℄. In suh a ase the �photon�-wave funtion at high virtualitieswould be given by:~ (~k?) = 1~k? 2 + z(1� z)Q2 +m2f ; (~R?) = 12�K0(qz(1 � z)Q2 +m2f j~R? j) : (19)For low Q2 however we expet on�nement to modify these perturbativeexpressions onsiderably.Indeed the struture of (19) is the same as that of a free nonrelativistiGreens funtion: G0(~R?; 0;M) = m� K0(p2mM j~R? j) ; (20)where M = �E stands for the virtuality Q2.As as been pointed out in referene [20℄ the harmoni osillator is avery reasonable model for QCD: it shows both on�nement and asymptoti



3830 H.G. Doshfreedom. We therefore investigate the e�ets of on�nement by omparingthe free Greens funtion (20) with that of the full harmoni osillator whihan be alulated easily.GH(~R?; 0;M) = Xn1;n2  ~n(~R? ) ~n(~R? )(n1 + n2 + 1)! +M : (21)As an be seen from �gures 9 Greens funtions with the shift: M !M+s(M) yield an exellent �t to the exat Greens funtions. Vetor dominaneorresponds to keeping one or a few terms in the sum of equation (21) whihleads visibly to a poorer �t to the wave funtion.
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r rFig. 9. Green funtions (in units of m) of an harmoni osillator as funtion of r(in units of 1=p!m) for di�erent values of M=!. Solid line: exat Green funtionG(r; 0;M), long dashes: our approximation Ga(r; 0;M; s0), i.e., the shifted freeGreen funtion; short dashes: approximation with two resonanes, orrespondingto generalized vetor dominane; dots: free Green funtion.We transfer this proedure to QCD by performing aQ2 dependent shift ofthe �avor massmf ! mf+m(Q2) in the perturbative photon wave funtion.The shift m(Q2) an be �xed by a �t to the phenomenologially knownvetor-urrent twopoint funtion and thus introdues no new parameter.The following linear parametrizations an be used [31℄:me�(Q2) = 0:22 (1:0 �Q2=Q20) ; in GeV, for Q2 � Q20 = 1:05 GeV2,me�(Q2) = 0; for Q2 � Q20 . (22)



Non-Perturbative Di�rative Sattering 3831mse�(Q2) = 0:15 + 0:16 (1:0 �Q2=Q20); in GeV, for Q2 � Q20 = 1:6 GeV2,mse�(Q2) = 0:15; for Q2 � Q20 . (23)We see that above Q2 = 1:05 resp. 1.6 GeV2 the perturbative expressionwith the Lagrangian quark mass is used.The resulting wave funtions for the longitudinal and transverse photonare: ;0 = � ef2�pNÆf �fÆh;��h2z(1� z)QK0(pz(1� z)Q2 +m2(Q2) j~R? j) ; ;1 = � ef2�p2NÆf �ffiei� �zÆh+Æ�h� � (1 � z)zÆh�Æ�h+��pz(1� z)Q2 +m2(Q2)K1(pz(1� z)Q2 +m2(Q2) j~R? j)+m(Q2)Æh+ Æ�h+K0(pz(1� z)Q2 +m2(Q2) j~R? j)g : (24)The longitudinal wave funtion has a fator Q as ompared to the trans-verse wave funtion and vetor meson produtiondominates at large Q2 butone should note that the �hadroni size� of the virtual photon is determinedby 1=pz(1� z)Q2 and that the transverse photon has no suppression atz = 0; and 1; hene a transverse photon an be large (i.e. non-perturbative)even at fairly large values of Q2.We have alulated in the model [15, 31, 39℄ the following reations andompared to experiment (at W = 20 GeV):(�)p! pV ; V = �; �0; �00; !; �; J=	and �p! X without introduing any new parameters.
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Fig. 10. Left: The saled ross setion Q4 �(Q2) for �-prodution in nb. GeV4 asfuntion of Q2 [GeV2℄. The irles are the NMC-results and the diamonds representour predition [15℄ for the quantity Q4 (��L + �T ) with the experimental polariza-tion rate of NMC. Right:The di�erential ross setion, d�=dt(�2T ) [nb GeV�2℄ asfuntion of t [GeV2℄, for � + p! �+ p at Q2 = 6 GeV2. Data from Ref. [40℄.



3832 H.G. DoshGenerally the agreement with experiment is good, exept for �-produtionwhere the model preditions are to large by a fator 2.As an example I show in �gure 10 the (parameter free) preditions forthe Q2 and t-dependene of eletroprodution of �0-mesons.4.5. Soft and hard pomeronAs mentioned above the MSV as it stands predits onstant ross se-tions. In order to overome this shortoming an energy dependene in thespirit of the two pomerons of Donnahie and Landsho� [41℄ was introdued inthe model in [32℄ in (roughly) the following way: If both dipoles are largerthan the orrelation length (a. 0.35 fm) an energy dependene of a softpomeron with interept 1.08 is introdued, if one of the dipoles is smallerthan that orrelation length the energy dependene of a hard pomeron withinterept 1.28 is hosen. In that way a perfet �t to the proton struturefuntion has been obtained over a huge range of W and Q2 values [32℄.Of partiular interest are (�)�(�) interations, beause in that ase onean tune the size of both dipoles by varying the virtualities of the photons.The MSV has been applied to suh reations in [42, 43℄, in �gure 11 the(�)�(�) ross setion is given for real photons and photons with an averagevirtuality of 14 GeV2 as funtion of the CM energyW . Even for real photonsthe energy dependene is markedly stronger than for hadrons, a onsequeneof the onentration of the quarks at small distanes due to the logarithmisingularity of the photon wave funtion (24). It an be seen from the �gure 11that for Q2 = 14 GeV2 the model grossly underestimates the ontribution ofthe hard pomeron. The photon struture funtion is well predited by themodel [43℄.
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Non-Perturbative Di�rative Sattering 38334.6. The odderon problemThe odderon is the C;P partner of the pomeron (i.e. has an intereptnear 1), but is odd under C and P transformations.It has been introduedin [44℄ and shown to be well ompatible with axiomati �eld theory. Itontributes di�erently to pp and �pp sattering and an lead to a di�ereneof the ross setions ��pp � �pp rising with energy W .In QCD the odderon is by no means an odd onept sine three or moregluons an ouple to form a C = P = �1 objet. Therefore it must bepresent in perturbative QCD. This has renewed the interest in the odderon,espeially in perturbative QCD (see [45, 46℄ and referenes there). In prin-iple it is even more important in non-perturbative QCD sine there is nosmall �s suppression!The newer Tevatron data for p�p sattering and extrapolations of pp-sattering by DPR are ompatible with�� = Re[T �pp(t = 0)℄Im[T �pp(t = 0)℄ � Re[T pp(t = 0)℄Im[T pp(t = 0)℄ � 0whih ould not be the ase if there is a sizeable odderon exhange.A possible solution to this problem was proposed in [47℄: If a quark�antiquark pair in the nuleon ouples to a diquark with a size smaller thana. 0.3 fm, the odderon oupling is strongly suppressed as an be seen from�gure 12.
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Fig. 12. �� as a funtion of the �diquark size� r? measured in units of the orre-lation length a � 0:35 fm.This suppression however does not take plae if the proton breaks up[48℄. Therefore a possible way to see the exhange of an odderon is to lookfor eletroprodution of those mesons [46℄ whih an only be produed by



3834 H.G. DoshC = P = �1 exhange and in whih exhange the proton breaks up, i.e.proesses like  + p! �0 +X or  + p! f2 +X. The ross setion for thereation + p! �0+(2P ) resp e+ p! e0+ �0+(2P ) is given in �gure 13;2P stands for a quark diquark 2P-state i.e. N (1=2;�) or N (3=2;�) [46℄.
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