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F 2 AT LOW Q2 AND � AT HIGH ENERGIES�B. BadeªekDepartment of Physis, Uppsala UniversityP.O.Box 530, 751 21 Uppsala, SwedenandInstitute of Experimental Physis, Warsaw UniversityHo»a 69, 00-681 Warsaw, PolandJ. Kwiei«ski and A.M. Sta±toyDepartment of Theoretial PhysisH. Niewodniza«ski Institute of Nulear Physis,Radzikowskiego 152, 31-342 Craow, Poland(Reeived Marh 4, 1999)The parametrisation of the photon struture funtion in the low Q2region is formulated. It inludes the VMD ontribution and the QCD im-proved parton model omponent suitably extrapolated to the lowQ2 region.The parametrisation desribes reasonably well existing experimental dataon � for real photons and the low Q2 data on �� . Preditions for �and for �� for energies whih may be aesssible in future linear ollidersare also given.PACS numbers: 13.60.�r, 12.38.�tThe struture funtion of the photon is desribed at large sales Q2 bythe QCD improved parton model [1�3℄. It is expeted however that in thelow Q2 region the Vetor Meson Dominane (VMD) ontribution [4℄ mayalso beome important. Here, as usual, Q2 = �q2 where q denotes thefour momentum of the virtual photon probing the real photon with fourmomentum p. The CM energy squared W 2 of the � system is W 2 =(q + p)2.� Presented by J. Kwiei«ski at the Craow Epiphany Conferene on Eletron�PositronColliders, Craow, Poland, January 5�10, 1999.y Foundation for Polish Siene fellow.(1807)



1808 B. Badeªek, J. Kwiei«ski, A.M. Sta±toIn this talk we wish to present the representation of the photon struturefuntion whih inludes both the VMD ontribution together with the QCDimproved parton model term suitably extrapolated to the low Q2 region.This representation of the photon struture funtion is based on the exten-sion of similar representation of the nuleon struture funtion to the aseof the photon �target� [5, 6℄. Possible parametrization of the photon stru-ture funtion whih extends to the low Q2 region has also been disussedin Ref. [7℄. There do also exist several mirosopi models desribing theenergy dependene of the total  ross-setion [8℄.Our representation of the struture funtion F2(W 2; Q2) is based on thefollowing deomposition:F2(W 2; Q2) = FVMD2 (W 2; Q2) + F partons2 (W 2; Q2) ; (1)where in what follows we shall onsider the struture funtion of the photon,i.e. F2 � F 2 . The terms FVMD2 (W 2; Q2) and F partons2 (W 2; Q2) denote theVMD and partoni ontributions respetively. The VMD part is given bythe following formula:FVMD2 (W 2; Q2) = Q24� Xv=�;!;� M4v �v(W 2)2v(Q2 +M2v )2 ; (2)where Mv is the mass of the vetor meson v and �v(W 2) denotes the vtotal ross-setion. The parameters v an be determined from the leptoniwidths � ve+e� [4, 5℄: 2v� = �2Mv3� ve+e� : (3)The partoni ontribution is expressed in terms of the struture funtionFQCD2 obtained from the QCD improved parton model analysis of the photonstruture funtion in the large Q2 region [6℄:F partons2 (W 2; Q2) = Q2Q2 +Q20FQCD2 (�x;Q2 +Q20) ; (4)where �x = x�1 + Q20Q2� = Q2 +Q20W 2 +Q2 (5)with x denoting the Bjorken variable, i.e. x = Q2=(2pq). The parameterQ20 should have its magnitude greater than the mass squared of the heaviestvetor meson inluded in the VMD part and its value will be taken to bethe same as in Ref. [6℄, i.e. Q20 = 1:2 GeV2.



F 2 at Low Q2 and � at High Energies 1809The � total ross-setion �� is related in the following way to thephoton struture funtion:��(W 2; Q2) = 4�2�Q2 F2(W 2; Q2) : (6)After taking in equation (6) the limit Q2 = 0 (for �xed W ) we obtainthe total ross-setion �(W 2) orresponding to the interation of two realphotons. The representation (1) and equations (2) and (4) give the followingexpression for this ross-setion:�(W 2) = �� Xv=�;!;� �v(W 2)2v + 4�2�Q20 FQCD2 (Q20=W 2; Q20) : (7)In the large Q2 region the struture funtion given by Eq. (1) beomesequal to the QCD improved parton model ontribution FQCD2 (x;Q2). TheVMD omponent gives the power orretion term whih vanishes as (1=Q2)for large Q2. The modi�ations of the QCD parton model ontribution (i.e.replaement of the parameter x by �x de�ned by equation (5), the shift ofthe sale Q2 ! Q2 +Q20 and the fator Q2=(Q2 +Q20) instead of 1) are alsonegligible at large Q2 and introdue the power orretions whih vanish as1=Q2.In the quantitive analysis of �� and of �(W 2) we have taken theFQCD2 from the LO analysis presented in Ref. [9℄.The VMD part was estimated using the following assumptions:1. The numerial values of the ouplings 2v are the same as those usedin Ref. [5℄. They were estimated from relation (3) whih gives thefollowing values :2�� = 1:98 2!� = 21:07 2�� = 13:83 : (8)2. The ross-setions �v are represented as the sum of the Reggeon andPomeron ontributions:�v(W 2) = Rv(W 2) + Pv(W 2) ; (9)where Rv(W 2) = aRv �W 2W 20 ��R ; (10)Pv(W 2) = aPv �W 2W 20 ��P (11)



1810 B. Badeªek, J. Kwiei«ski, A.M. Sta±towith �R = �0:4525; �P = 0:0808 (12)and W 20 = 1GeV 2 [10℄.3. The pomeron ouplings aPv are related to the orresponding ou-plings aPp ontrolling the pomeron ontributions to the total p ross-setions assuming the additive quark model and reduing the totalross-setions for the interation of strange quarks by a fator equal 2.This gives: aP� = aP! = 23aPp ;aP� = 12aP� : (13)4. The reggeon ouplings aRv are estimated assuming additive quarkmodel and duality (i.e. dominane of planar quark diagrams). Wealso assume that the quark ouplings to a photon are proportional tothe quark harge with the �avour independent proportionality fator.This gives: aR� = aR! = 59aRp ;aR� = 0 : (14)5. The ouplings aPp and aRp are taken from the �t disussed in Ref. [10℄whih gave: aRp = 0:129mb; aPp = 0:0677mb : (15)In Fig.1 we ompare our preditions with the data on �(W 2) [11�14℄.We show experimental points orresponding to the �low� energy region (W <10 GeV) [11�13℄ and the reent preliminary high energy data obtained by theL3 and OPAL ollaborations at LEP [14℄. We an see that the representation(7) for the total  ross-setion desribes the data reasonably well. It shouldbe stressed that our predition is essentially parameter free. The magnitudeof the ross-setion is dominated by the VMD omponent yet the partonipart is also non-negligible. The latter term is in partiular responsible forgenerating steeper inrease of the total ross-setion with inreasing W thanthat embodied in the VMD part whih is desribed by the soft pomeron



F 2 at Low Q2 and � at High Energies 1811ontribution. The derease of the total ross-setion with inreasing energyin the low W region is ontrolled by the Reggeon omponent of the VMDpart (see Eqs. (9), (11) and (12)) and by the valene part of the partoniontribution.
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Fig. 1. Comparison of our preditions for �(W 2) based on equation (7) withexperimental results [11�14℄.In Fig. 2 we show preditions for the total  ross-setion as the fun-tion of the total CM energy W in the wide energy range whih inludes theenergies that might be aessible in future linear olliders. We also showin this Figure the deomposition of �(W 2) into its VMD and partoniomponents. We see that at very high energies these two terms exhibit dif-ferent energy dependene. The VMD part is desribed by the soft pomeronontribution whih gives the W 2� behaviour with � = 0.0808 (12). The par-toni omponent inreases faster with energy sine its energy dependenere�ets inrease of FQCD2 (�x;Q20) with dereasing �x generated by the QCDevolution [9℄.This inrease is stronger than that implied by the soft pomeron exhange.As the result the total  ross-setion, whih is the sum of the VMD andpartoni omponents does also exhibit stronger inrease with the inreasingenergy than that of the VMD omponent. It is however milder than theinrease generated by the partoni omponent alone, at least for W < 103GeV. This follows from the fat that in this energy range the magnitude
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Fig. 2. The total  ross-setions �(W 2) (ontinuous line) alulated from equa-tion (7) and plotted as the funtion of the CM energy W in the wide energy rangewhih inludes the region that will be aessible in future linear olliders. We alsoshow separately the VMD (dotted line) and partoni (dashed line) omponentsof �(W 2). They orrespond to the �rst and the seond term on the r.h.s. ofequation (7), respetively.of the ross-setion is still dominated by its VMD omponent. We foundthat for su�iently high energies W the total  ross-setion �(W 2)desribed by Eq. (7) an be parametrized by the e�etive power law depen-dene �(W 2) � (W 2)�e� with �e� slowly inreasing with energy withinthe range �e� � 0:1 � 0:12 for 30 GeV < W < 103 GeV.In Fig. 3 we ompare our preditions for ��(W 2; Q2) based on equa-tions (1), (2), (4) and (6) with the experimental data in the low Q2 re-gion [12℄. We an see that in this ase the model is also able to give a gooddesription of the data.Finally in Fig. 4 we show our results for ��(W 2; Q2) plotted as thefuntion of Q2 for di�erent values of the total CM energy W . We notiethat for low values Q2 the ross-setion does only weakly depend upon Q2.In the large Q2 region it follows the 1=Q2 saling behaviour modulated bythe logarithmi saling violations implied by perturbative QCD.To sum up we have presented an extension of the representation devel-oped in Refs. [5,6℄ for the nuleon struture funtion F2 for arbitrary values
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Q2 [GeV2]Fig. 3. Comparison of preditions for ��(W 2; Q2) in the low Q2 region based onequations (1), (2), (4) and (6) with experimental results [12℄.

Fig. 4. Plot of ��(W 2; Q2) as the funtion of Q2 for di�erent values of the CMenergy W .
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