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COLOUR DIPOLESAND DEEPLY VIRTUAL COMPTON SCATTERING�Ruben SandapenDepartment of Physis and Astronomy, University of Manhester, M13 9PL, UKe-mail: truben�theory.ph.man.a.uk(Reeived June 28, 2002)I report on an analysis of Deeply Virtual Compton Sattering (DVCS)within the dipole model, done in ollaboration with M. MDermott andG. Shaw. The two models onsidered here are distint in their stru-ture and impliations. They both agree with the available ross-setiondata on DVCS from HERA (see M. MDermott, R. Sandapen, G. Shaw,Eur. Phys. J. C22, 655 (2002)). Preditions for various asymmetries arealso given.PACS numbers: 12.38.Bx, 12.40.NuWhy DVCS? On the theory side, we have an expliitly proven fatorisa-tion theorem [3℄, valid for asymptoti Q2, whih expresses the amplitude asa onvolution in perturbatively alulable oe�ients with generalised par-ton distributions1. A dipole analysis2 of DVCS is omplementary to thisformal QCD analysis: going beyond leading twist, we an, in priniple, es-tablish quantitatively a regime in Q2 for whih the formal pQCD approahis valid. Furthermore, at the lepton level, the interferene of DVCS withthe purely real Bethe�Heitler (BH) proess o�ers a unique opportunity toisolate the real and imaginary DVCS amplitude via various azimuthal angleasymmetries [7℄.The dipole model is valid at low x, when a fatorisation of time-salesallows us to express the forward di�rative amplitude as a onvolution inthe photon wave funtions and the dipole ross-setion as shown in (1)A(s; t = 0) = sZ dz d2dT 	��(dT; z;Q2) �d 	(dT; z; 0) : (1)� Presented at the X International Workshop on Deep Inelasti Sattering (DIS2002)Craow, Poland, 30 April�4 May, 2002.1 Leading order and next to leading order alulations have sine been done [4, 5℄.2 Donnahie and Dosh provided a dipole analysis in [6℄.(3567)



3568 R. SandapenThe onserved quantities during the interation are the dipole size dT andthe longitudinal momentum fration z arried by the quark. Sine the �nalstate photon is real, the �nal photon wave funtion is evaluated atQ2 = 0.For small dipole size dT, the photon wave funtion an be alulated per-turbatively using the usual �i� QED vertex (see e.g [9℄). The hallenge isto model the dipole ross-setion3, �d, whih enodes all the dynamis (per-turbative and non-perturbative) of the dipole�proton interation. Colourtranspareny ditates �d to vanish as r2 as r2 ! 0. On purely geometrialgrounds, we expet a monotoni inrease of �d with dT and �d to beomehadron-like at large dT. We assume no �avour and z dependene. As for theenergy dependene, dipole models fall into two main lasses: either diretdependene on W or via x. It is an ongoing issue whether saturation e�etsshould be inorporated in dipole models. One of the models presented heredoes inlude saturation e�ets while the other does not.The FKS (Forshaw, Kerley, Shaw) dipole ross-setion [10℄ is a sum ofa soft and a hard term, eah with Regge-like energy dependene.�̂ �W 2; dT� = aS0P s (asn; dT) �d2TW 2��S + P h �ahn; dT�� exp (��HdT) �d2TW 2��H ; (2)where P s(asn; dT) and P h(ahn; dT) are polynomials in dT. A distintive featureof the FKS model is that the authors modify the photon wave funtion atlarge dT using a shifted Gaussian [10℄f(dT) : ��� �z; dT; Q2� ���2 ! ��� �z; dT; Q2� ���2 f(dT) :All the free parameters in the FKS have been suessfully �tted to F2 andreal photoabsorption data [10℄ and the model has been used to preditFD2 [11℄. In its present form, the FKS model does not inlude saturatione�ets. We use this �tted dipole ross-setion to make a no-free parameterpreditions for DVCS.The MFGS (MDermott, Frankfurt, Guzey and Strikman) model [12℄makes diret ontat with pQCD, as for small dT (dT < dT;C), it is diretlyrelated to the gluon distribution in the proton, through the well-known equa-tion [13℄̂�pQCD(x; dT) = �2d2T3 �s � �Q2� xg �xg; �Q2� ; �Q2 = �d2T : (3)3 A number of authors have proposed di�erent models, see e.g [8℄ for an overview.



Colour Dipoles and Deeply Virtual . . . 3569In an attempt to go beyond leading log, dT-dependene is inluded in thesales �Q and xg [12℄. For large dipole size, dT > dT;�, where dT;� is thepion size, �d is mathed onto the pion�proton ross-setion. The dipoleross-setion is linearly interpolated between dT;C and dT;�. What is theappropriate value for dT;C? At moderate x , dT;C = 0:246 fm, orrespondingto Q = Q0 = 1:6 GeV. However, for su�iently low x, the strong rise inthe gluon distribution makes the dipole ross-setion for small dT exeedthat for large dT. To prevent this, dT;C is made to shift to inreasinglysmall values as x dereases. In this way, saturation e�ets are inluded. For� = 4, this orretion is not important for the HERA region but does beomeimportant above it. For an exlusive proess suh as DVCS, it is neessaryto use the generalised (or skewed) gluon distribution in (3), whih hasan additional dependene (as ompared to the ordinary gluon distribution)on the skewedness parameter Æ = x. For our alulation, we adapted the(leading order) skewed evolution pakage of Freund and Guzey [14℄, withCTEQ4L gluon distributions as input.To see the relative ontribution of di�erent dipole sizes to the amplitude,we integrate out the angular and z dependene in Eq. (1). The results areshown in Fig. 1. The FKS model has a larger ontribution from large dipoles
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Fig. 1. Pro�les in transverse dipole size for di�erent Q2 values and W = 75GeV,FKS (solid line) and MFGS (dashed line).than the MFGS model although the forward amplitudes obtained by inte-grating over dT are similar. We assume the usual exponential t dependeneof the di�erential ross-setion and use a value4 of 7 GeV�2 for the slopeparameter B to alulate the photon-level total ross-setion, �(�p! p).The theoretial preditions, whih inlude the small ontribution of the realpart of the amplitude, are ompared to H1 data points in Fig. 2. We re-onstrut the real amplitude using analytiity. The FKS amplitude being4 This is the value used by H1 in their analysis.
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Fig. 2. The energy (atQ2=4:5GeV2) dependene andQ2 dependene (W =75GeV)of the photon level DVCS ross-setion, FKS (solid line) and MFGS (dashed line).a sum of two Regge terms, the real part is easily omputed using the sig-nature fators. As for the MFGS amplitude, we have to do a two power �tto the imaginary amplitude �rst. The FKS real amplitude shows a steeperenergy dependene at very high energies as an be learly seen in Fig. 3.
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Fig. 3. The energy dependene (at Q2 = 4:5GeV2) of the real and imaginary partsof the DVCS amplitude, FKS (solid line) and MFGS (dashed line). � is the realto imaginary parts ratio. Dotted line for FKS model, at Q2 = 0.As mentioned in the introdution, we an isolate the real and imaginaryparts of the DVCS amplitude via various azimuthal angle asymmetries, de-�ned and disussed in [1℄. I simply highlight here that in the speial frameof referene [1, 7℄ hosen for our alulation, the pure BH ross-setion hasa residual � dependene. It is neessary to subtrat o� the BH ontributionin de�ning the Azimuthal Angle Asymmetry (AAA) (see Eq. (37) of [1℄)so that AAA beomes diretly proportional to the real DVCS amplitude in



Colour Dipoles and Deeply Virtual . . . 3571the joint limit of low x and high Q2. In this limit, the harge asymmetry(Eq. (39) in [1℄) is also diretly proportional to the real DVCS amplitude,while the Single Spin Asymmetry (SSA)(Eq. (38) in [1℄) is propotional to theimaginary DVCS amplitude. Our preditions for AAA and CA are shownin Fig. 4 5.
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Fig. 4. Asymmetries for �xed x = 10�4 at two values of Q = 2; 3GeV2, aessiblein the HERA kinemati range.We have used two di�erent dipole models to make preditions for DVCS.There is good agreement with H1 data for both models, even beyond theHERA region, despite only one of them inluding saturation e�ets. A morepronouned di�erene is found for the real amplitude, at very high energies.Experimental measurements of these asymmetries will allow us to test ourpreditions.It is a pleasure to thank the organisers for this very interesting workshop.I am also happy to thank M. MDermott, J. Forshaw and G. Shaw for helpfuldisussions and the University of Manhester for �nanial support.REFERENCES[1℄ M. MDermott, R. Sandapen, G. Shaw, Eur. Phys. J. C22, 655 (2002).[2℄ C. Adlo� et al., H1 Collaboration, Phys. Lett. B517, 47 (2001).[3℄ J.C. Collins, A. Freund, Phys. Rev. D59, 074009 (1999).[4℄ A. Freund, M. MDermott, Phys. Rev. D65, 091901(R) (2002).[5℄ A. Freund, M. MDermott, Phys. Rev. D65, 074008 (2002); A. Freund,M. MDermott, Eur. Phys. J. C23, 651 (2002); A. Belitsky et al., Phys.Lett. B474, 163 (2000); L. Frankfurt et al, Phys. Rev. D58, 114001 (1998);Erratum D59, 119901 (1999).5 M. MDermott adapted a ode from [4℄ to produe Fig. 4.
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