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THE QCD POMERON IN e+e� COLLISIONS �J. Kwiei«skiDepartment of Theoretial PhysisH. Niewodniza«ski Institute of Nulear PhysisRadzikowskiego 152, 31-342 Craow, Polandand L. MotykaInstitute of Physis, Jagellonian UniversityReymonta 4, 30-059 Craow, Poland(Reeived April 19, 1999)The ontribution of the QCD pomeron to the proesses: e+e� !e+e�J= J= and e+e� ! e+e� hadrons (with tagged eletrons) is dis-ussed. We fous on reations whih our via photon�photon ollisions,with virtual photons oming from the Weizsäker-Wiliams spetrum of theeletrons. We stress the importane of the non-leading orretions to theBFKL equation and take into aount dominant non-leading e�ets whihome from the requirement that the virtuality of the exhanged gluons alongthe gluon ladder is ontrolled by their transverse momentum squared. The�� ross-setions are found to inrease with inreasing �� CM energyW as (W 2)�P while the ross-setion for J= prodution is found to in-rease as (W 2)2�P . The parameter �P is slowly varying with energyW andtakes the values �P � 0:23�0.35 depending on the proess. We also analyzethe ontribution of the soft pomeron for the total �� ross-setion. Weompare results of our alulations to the reent data from LEP.PACS numbers: 12.38.�t, 13.60.Hb, 13.60.Le, 13.65.+i1. IntrodutionTwo photon reations are an important part of physis whih is beingstudied in urrent e+e� experiments at LEP1 and LEP2 and whih willalso be intensively analyzed in future e+e� olliders. The available photon-photon energy and photon virtualities ontinuously inrease with the in-reasing energy of the e+e� pair. Therefore the data from LEP1 and LEP2� Presented by L. Motyka at the Craow Epiphany Conferene on Eletron�PositronColliders, Craow, Poland, January 5�10, 1999.(1817)



1818 J. Kwiei«ski, L. Motykaand the expeted results from the TESLA and NLC provide us with anexellent opportunity to study virtual photon sattering in the di�rativeregime. Moreover, with proper experimental uts, it is possible to studyobservables dominated by the perturbative QCD ontributions. The theo-retial desription of suh proesses is based on expetations onerning highenergy limit in perturbative QCD whih is at present theoretially fairly wellunderstood [1, 2℄. The leading high energy behaviour is ontrolled by thepomeron singularity whih orresponds to the sum of ladder diagrams withreggeized gluons along the hain. This sum is desribed by the Balitzkij,Fadin, Kuraev, Lipatov (BFKL) equation [3℄.The perturbative QCD pomeron exhange e�ets an be observed onlyin spei� onditions and even then not in the unambiguous form. In orderto minimize the ontribution of the other mehanisms ompeting with theQCD pomeron and to guarantee the validity of the alulations based onperturbative QCD one has to hose arefully the proesses to analyze. Thevirtualities of the gluons along the ladder should be large enough to assurethe appliability of the perturbative expansion. The neessary hard salemay be provided either by oupling of the ladder to sattering partiles,that ontain a hard sale themselves, or by large momentum transfer arriedby the gluons. Moreover, to distinguish the genuine BFKL from DGLAPevolution e�ets it is onvenient to fous on proesses in whih the saleson both ends of the ladder are of omparable size. Finally, one requiresthat the non-perturbative e�ets should fator out in order to minimize thetheoretial unertainties.The two lassial proesses whih an probe the QCD pomeron in epand in �p ollisions are the deep inelasti events aompanied by an en-ergeti (forward) jet [4, 5℄ and the prodution of large pT jets separatedby the rapidity gap [6℄. The former proess probes the QCD pomeron inthe forward diretion while the latter re�ets the elasti sattering of par-tons via the QCD pomeron exhange with non-zero (and large) momentumtransfer. Another possible probe of the QCD pomeron at (large) momentumtransfers an be provided by the di�rative vetor meson photoprodutionaompanied by proton dissoiation in order to avoid nuleon form-fatore�ets [7, 8℄.In this talk we shall analyze two measurements in e+e� ollisions, om-plementary to those listed above. Namely we fous on double di�rative J= prodution in  ollisions and on the total �� ross setion. The formerproess is unique sine in priniple it allows to test the QCD pomeron forarbitrary momentum transfers [9℄. The hard sale is given by the relativelylarge mass of the -quark. The total �� ross-setion has been studied byseveral authors [10, 11℄, however our approah has the novel feature of tak-ing into aount dominant non-leading orretions to the BFKL equation.



The QCD Pomeron in e+e� Collisions 1819This re-analysis has beome neessary when the next-to-leading orretionsto the BFKL kernel were obtained [12℄, whih alter substantially the resultsobtained at the leading order. It turns out that the magnitude of the next-to-leading (NLO), i.e. O(�2s), ontribution to the QCD pomeron interept isvery large for the values of the QCD oupling within the range whih is rel-evant for most experiments. This means that the NLO approximation aloneis not reliable and one has to perform resummation to all orders. Unfortu-nately the exat result of this resummation is unknown. It may however bepossible to pin down ertain dominant ontributions of well de�ned phys-ial origin and perform their exat resummation [13, 14℄. In our approahwe shall use the so alled onsisteny onstraint whih limits the availablephase spae for the real gluon emission by imposing the requirement thatthe virtuality of the exhanged gluons along the hain is dominated by theirtransverse momentum squared. Let us remind that the form of the LOBFKL kernel where the gluon propagators ontain only the gluon trans-verse momentum squared et. is only valid within the region of phase spaerestrited by this onstraint. Formally however, the onsisteny onstraintgenerates subleading orretions. It an be shown that at the NLO aurayit generates about 70 % of the exat result for the QCD pomeron interept.The very important merit of this onstraint is also the fat that it automat-ially generates resummation of higher order ontributions whih stabilizesthe solution [14℄. 2. The total �� ross-setionThe ollisions of virtual photons may be studied experimentally only assubproesses of reations between harged partiles. In priniple, one is ableto unfold the photoni ross-setion from the leptoni data, however thisproedure requires additional assumptions whih inrease the systematiunertainty of the result. It seems to be more sensible to formulate thepreditions for the e+e� ross-setions with the properly hosen uts andompare them diretly with the e+e� data. Therefore we use the equivalentphoton approximation whih allows us to express the leptoni ross-setionthrough a onvolution of the photoni ross-setion and the standard �uxfators. Thus the ross-setion for the proess e+e� ! e+e�+X (averagedover the angle � between the lepton sattering planes in the frame in whihthe virtual photons are aligned along the z axis) is given by the followingformula [11℄:



1820 J. Kwiei«ski, L. MotykaQ21Q22d�dy1dy2dQ21dQ22 = � �2��2 hP (T)=e+(y1)P (T)=e�(y2)�TT��(Q21; Q22;W 2)+P (T)=e+(y1)P (L)=e�(y2)�TL��(Q21; Q22;W 2)+P (L)=e+(y1)P (T)=e�(y2)�LT��(Q21; Q22;W 2)+P (L)=e+(y1)P (L)=e�(y2)�LL��(Q21; Q22;W 2)i ; (1)where P (T)=e (y) = 1 + (1� y)2y ; (2)P (L)=e(y) = 21� yy ; (3)where y1 and y2 are the longitudinal momentum frations of the parentleptons arried by virtual photons, Q2i = �q2i (i = 1; 2) where q1;2 denote thefour momenta of the virtual photons andW 2 is the total CM energy squaredof the two (virtual) photon system, i.e. W 2 = (q1+ q2)2. The ross-setions�ij��(Q21; Q22;W 2) are the total ross-setions for the proess �� ! X andthe indies i; j =T,L denote the polarization of the virtual photons. Thefuntions P (T)=e (y) and P (L)=e(y) are the transverse and longitudinal photon�ux fators.
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(a) (b)Fig. 1. The QCD pomeron exhange mehanism of the proesses (a) ��1 (Q21)�2 (Q22)! X and (b) �  ! J= J= .The ladder diagram orresponding to the perturbative ontribution tothe di�rative subproess �1(Q21)�(Q22) ! X is shown in Fig. 1(a). The



The QCD Pomeron in e+e� Collisions 1821ross-setions �ij��(Q21; Q22;W 2) are given by the following formulae:�ij��(Q21; Q22;W 2) = PS(Q21; Q22;W 2)ÆiTÆjT+ 12�Xq k2max(Q22;x)Zk20 d2k�k4 1=xZ�min(k2;Q22) d�G0jq (k2; Q22; �)�i(k2; Q21; x�) ; (4)where k2max(Q22; x) = �4m2q +Q22�1x � 1� ; (5)�min(k2; Q2) = 1 + k2 + 4m2qQ2 (6)and x = Q222q1q2 : (7)In Eq. (4) we sum over four quark �avours with mq ! 0 for light quarks andm = 1:5 GeV. The lower limit of integration over k2 appearing in Eq. (4)is taken to be k20 = 1 GeV2 in order to subtrat the ontribution from thenonperturbative region from the perturbative part of the amplitude. Thefuntions G0iq (k2; Q2; �) are de�ned as below: [11, 15℄G0Tq (k2; Q2; �) = 2�em�s(k2 +m2q)e2q� �maxZ0 d�Z d2p0� Æ "� � 1 + p02 +m2qz(1� z)Q2 + k2Q2!#�("(z2 + (1� z)2)� pD1 � p+ kD2 �2#+m2q � 1D1 � 1D2�2) ; (8)G0Lq (k2; Q2; �) = 8�em�s(k2 +m2q)e2q� �maxZ0 d�Z d2p0� Æ "� � 1 + p02 +m2qz(1� z)Q2 + k2Q2!#�"z2(1� z)2 � 1D1 � 1D2�2# ; (9)



1822 J. Kwiei«ski, L. Motykawhere z = 1 + �2 ; (10)p = p0 + (z � 1)k ; (11)D1 = p2 + z(1� z)Q2 +m2q ;D2 = (p+ k)2 + z(1� z)Q2 +m2q : (12)In the formulae given above as well as throughout the rest of the text we areusing the one loop approximation for the QCD oupling �s with the numberof �avours Nf = 4 and set �QCD = 0:23 GeV. The funtion PS(Q21; Q22;W 2)orresponds to the ontribution from the region k2 � k20 in the orrespondingintegrals over the gluon transverse momenta. It is assumed to be dominatedby the soft pomeron ontribution whih is estimated from the fatorisationof its ouplings, i.e.PS(Q21; Q22;W 2) = �SP�(Q21)p(Q21;W 2)�SP�(Q22)p(Q22;W 2)�SPpp : (13)We assume that this term is only ontributing to the transverse part. Inequation (13) the ross-setions �SP�(Q2i )p(Q2i ;W 2) and �SPpp are the soft pome-ron ontributions to the �p and pp total ross setions and their parametri-sation is taken from Refs [16, 17℄. Their W 2 dependene is, of ourse, uni-versal i.e. �SPpp = �2p �W 2W 20 ��SP(0)�1 ;�SP�(Q2i )p(Q2i ;W 2) = ��(Q2)�p�W 2W 20 ��SP(0)�1 (14)with W0 = 1 GeV and �SP(0) � 1:08. The funtion �T(k2; Q2; xg) satis�esthe Balitzkij, Fadin, Kuraev, Lipatov (BFKL) equation whih, in the leadingln(1=x) approximation has the following form:�i(k2; Q2; xg) = �0i (k2; Q2; xg)+�S(k2; Q2; xg)ÆiT + 3�s(k2)� k2 1Zxg dx0x0 1Zk20 dk02k02� ��i(k02; Q2; x0)� �i(k2; Q2; x0)jk02 � k2j + �i(k2; Q2; x0)p4k04 + k4 � : (15)



The QCD Pomeron in e+e� Collisions 1823In what follows we shall onsider the modi�ed BFKL equation in whihwe restrit the available phase-spae in the real gluon emission by the on-sisteny onstraint: k02 � k2 x0xg : (16)This onstraint follows from the requirement that the virtuality of the ex-hanged gluons is dominated by their transverse momentum squared. Theonsisteny onstraint (16) introdues the non-leading ln(1=x) e�ets and inthe next-to-leading approximation exhausts about 70% of the entire next-to-leading orretions to the QCD pomeron interept. The modi�ed BFKLequation takes the following form:�i(k2; Q2; xg) = �0i (k2; Q2; xg)+�S(k2; Q2; xg)ÆiT + 3�s(k2)� k2 1Zxg dx0x0 1Zk20 dk02k02�24�i(k02; Q2; x0)��k2 x0xg � k02�� �i(k2; Q2; x0)jk02 � k2j + �i(k2; Q2; x0)p4k04 + k4 35 : (17)The inhomogeneous terms in equations (15), (17) are the sum of two ontri-butions �0i (k2; Q2; xg) and �S(k2; Q2; xg)ÆiT. The �rst term �0i (k2; Q2; xg)orresponds to the diagram in whih the two gluon system ouples to avirtual photon through a quark box and are given by following equations:�0i (k2; Q2; xg) =Xq 1Zxg dz ~G0iq(k2; Q2; z) ; (18)where ~G0Tq(k2; Q2; z) = 2�eme2q�s(k2 +m2q)� 1Z0 d�� [�2 + (1� �)2℄[z2 + (1� z)2℄�(1� �)k2 + z(1 � z)Q2 +m2q k2+2m2q � 1z(1� z)Q2 +m2q � 1�(1� �)k2 + z(1� z)Q2 +m2q �� ; (19)



1824 J. Kwiei«ski, L. Motyka~G0Lq(k2; Q2; z) = 16�emQ2k2e2q�s(k2 +m2q)� 1Z0 d�� [�(1� �)℄[z2(1� z)2℄[�(1� �)k2 + z(1� z)Q2 +m2q℄[z(1 � z)Q2 +m2q℄� : (20)The seond term �S(k2; Q2; xg)ÆiT, whih is assumed to ontribute onlyto the transverse omponent, orresponds to the ontribution to the BFKLequation from the nonperturbative soft region k02 < k20 . Adopting the strongordering approximation k02 � k2 it is given by the following formula:�S(k2; Q2; xg) = 3�s(k2)� 1Zxg dx0x0 k20Z0 dk02k02 �T (k02; Q2; x0) : (21)The last integral in equation (21) an be interpreted as a gluon distributionin a virtual photon of virtuality Q2 evaluated at the sale k20. At low valuesof x0 it is assumed to be dominated by a soft pomeron ontribution and anbe estimated using the fatorisation of the soft pomeron ouplings:k20Z0 dk02k02 �T (k02; Q2; x0) = �2x0gp(x0; k20)��(Q2)�p ; (22)where gp(x0; k20) is the gluon distribution in a proton at the sale k20 andthe ouplings ��(Q2) and �p are de�ned by equation (14). We adopt theparametrization of the gluon struture funtion taken from Ref. [15℄ i.e.xg(x; k20) = 1:57(1 � x)2:5 whih is onsistent with the DIS data.In Fig. 2 we show our results for �TT��(Q21; Q22;W 2) plotted as the fun-tion of the CM energy W for three di�erent values of Q2 where Q21 = Q22 =Q2. We plot in this �gure:1. the pure QCD (i.e. �hard�) ontribution obtained from solving theBFKL equation with the onsisteny onstraint inluded (see Eq. (17))and with the inhomogeneous term ontaining only the QCD impatfator de�ned by equations (18), (19), (20),2. the �mixed" ontribution generated by the BFKL equation (17) withthe soft pomeron ontribution de�ned by equations (21), (22) inludedin the inhomogeneous term,3. The �full" ontribution whih also ontains the soft pomeron term (13).



The QCD Pomeron in e+e� Collisions 1825
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W [GeV]Fig. 2. Energy dependene of the ross-setion �TT��(Q21; Q22;W 2) for the proess�(Q21)�(Q22)! X for various hoies of virtualities Q2 = Q21 = Q22 orrespondingto Eq. (4). For eah hoie of the virtuality there are shown four urves taking intoaount hard e�ets only (�hard part�), hard amplitude with some soft pomeronontributions added (�mixed�), the full ross-setion inluding both soft and hardpomeron ontributions (�full result�). We also show the �full result� with low saleof �s in the impat fators: �2 = (k2 +m2q)=4.We also show results obtained by hanging the sale of the strong oupling�s in the impat fators from k2 +m2q to (k2 +m2q)=4. The sale of �s inthe BFKL equation is the same in the both ases. The omponents of theross-setion for whih at least one of the photons is longitudinally polarizedhave very similar energy dependene to �TT��(Q21; Q22;W 2) and give togetherabout 60% of the transverse�transverse ontribution.We see from this �gure that the e�ets of the soft pomeron ontributionare non-negligible at low and moderately large values of Q2 < 10 GeV2 andfor moderately large values of W < 100 GeV. The QCD pomeron howeverdominates already at Q2 = 40 GeV2. We also see from this �gure thatfor low energies W < 40 GeV the phase-spae e�ets are very important.For W > 40 GeV or so one observes that the ross-setion exhibits the



1826 J. Kwiei«ski, L. Motyka TABLE IComparison of the theoretial results to L3 data for e+e� ! e+e�X with Etag > 30GeV, 30 mrad < �tag < 66 mrad. We show in the table d�=dY binned in Yobtained from experiment and the results of our alulation whih take into aountperturbative pomeron only (hard) and both perturbative and soft pomerons (hard+ DL) for two di�erent hoies of sale of the �s in impat fators and for e+e�CM energy 91 GeV and 183 GeV. hd�=dY i [fb℄Theory (BFKL+DL)�Y Data � QPM �s[(k2 +m2q)=4℄ �s(k2 +m2q)Hard Hard + DL Hard Hard + DL91 GeV2�3 480� 140� 110 76 206 34 1633�4 240� 60� 50 114 237 53 1734�6 110� 30� 10 60 109 29 74183 GeV2�3 180� 120� 50 51 68 25 423�4 160� 50� 30 70 86 34 494�6 120� 40� 20 70 85 35 47e�etive power-law behaviour ���(W ) � (W 2)�P . The (e�etive) exponentinreases weakly with inreasing Q2 and varies from �P = 0:28 for Q2 =2:5 GeV2 to �P = 0:33 for Q2 = 40 GeV2. This (weak) dependene of thee�etive exponent �P with Q2 is the result of the interplay between soft andhard pomeron ontributions, where the former beomes less important atlarge Q2.Using Formula (1) integrated over the virtualities in the range allowed bythe relevant experimental uts, we have alulated the total ross-setion forthe proess e+e� ! e+e�+X for LEP1 and LEP2 energies and onfrontedresults of our alulation with the reent experimental data obtained by theL3 ollaboration at LEP [18℄. Comparison of our results with experimen-tal data is summarized in Table I. We show omparison for d�=dY , whereY = ln(W 2=Q1Q2) with subtrated Quark Parton Model (QPM) ontribu-



The QCD Pomeron in e+e� Collisions 1827tion. We see that the ontamination of the ross-setion by soft pomeron issubstantial. The data do also favour the smaller value of the sale of �s. Ingeneral, the results of our alulation lay below the data, however the errorbars are still quite large, so that the disrepany is not very pronouned.Let us also mention that uts applied to obtain the data shown in Table 1admit rather low  energies i.e. below 10 GeV [18℄, whih probably is notsu�ient to justify the validity of high energy limit in QCD.3. Exlusive J= produtionThe experimental aspets of the measurement of double exlusive J= prodution are di�erent from those for the virtual photons sattering. Name-ly, sine the -quark provides the energy sale, we may perturbatively de-sribe the ross-setion for the proess of exlusive J= prodution in whihalmost real photons take part. It is an important feature beause the photon�ux in eletron is dominated by low virtualities. On the other hand one maymeasure the produed J= -s through theirs deay produts with no need oftagging of the eletrons. Thus, it is preferred to fous on events with anti-tagged leptons. The ross-setion for the proess e+e� ! e+e� + Y foranti-tagged e� orresponds to the prodution of the hadroni state Y in ollision and is given by the following onvolution integral: [19℄�e+e�!e+e�+Y = 1Z0 dy1 1Z0 dy2�(W 2 �W 2Y 0)�!Y (W 2)f=e(y1)f=e(y2) ;(23)where the  system invariant mass squared W 2 is related to the lepton CMenergy squared s by the simple formula: W 2 = y1y2s. The �ux fator takesthe form:f=e(y) = �em2� �1 + (1� y)2y ln Q2maxQ2min � 2m2ey� 1Q2min � 1Q2max�� (24)and Q2min = m2ey2(1� y) ; (25)Q2max = (1� y)E2beam�2max : (26)The lower limit follows from the kinematis of photon emission from a lep-ton whereas the upper one arises from the upper limit �max for the leptonsattering angle. The minimal invariant mass squared of the hadroni sys-tem W 2Y 0, the angle �max and the beam energy Ebeam depend on the proess



1828 J. Kwiei«ski, L. Motykaand experimental onditions. For di�rative J= prodution we shall hoose�max = 30 mrad in aordane with LEP onditions and WY 0 = 15 GeV.The formalism that we shall employ to evaluate the ross-setion of thesub-proess  ! J= J= is very similar to this used in the previous se-tion. However some modi�ation are neessary in order to adopt to spei�features of the proess. First of all we have to go beyond the forward on-�guration of the pomeron by the use of the BFKL equation with non-zeromomentum transfer. Besides that, we introdue a parameter s0 in the prop-agators of exhanged gluons instead of the infra-red ut-o� k20 applied in theprevious ase. This parameter an be viewed upon as the e�etive represen-tation of the inverse of the olour on�nement radius squared. Sensitivityof the ross-setion to its magnitude an serve as an estimate of the sen-sitivity of the results to the ontribution oming from the infrared region.It should be noted that formula (27) gives �nite result in the limit s0 = 0.While analyzing this proess we use the asymptoti (high-energy) form ofthe amplitude, negleting the phase spae e�ets.The imaginary part ImA(W 2; t = �Q2P) of the amplitude for the onsid-ered proess whih orresponds to the diagram in Fig. 1(b) an be writtenin the following form:ImA(W 2; t = �Q2P) = Z d2k� �0(k2; Q2P)�(x;k;QP)��k + QP2 �2 + s0� ��k � QP2 �2 + s0� : (27)In this equation x = m2J= =W 2 where W denotes the total CM energy ofthe  system, mJ= is the mass of the J= meson, QP=2 � k denote thetransverse momenta of the exhanged gluons and QP is the transverse partof the momentum transfer.The impat fator �0(k2; Q2P) desribes the J= transition indued bytwo gluons and the diagrams de�ning this fator are illustrated in Fig. 3.In the nonrelativisti approximation they give the following formula for�0(k2; Q2P) [7, 20℄:�0(k2; Q2P) = C2 p�em�s(�2)24 1�q2 � 1m2J= 4 + k235 ; (28)where C = q83�mJ= fJ= (29)with q = 2=3 denoting the harge of a harm quark and�q2 = m2J= +Q2P4 ; (30)
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k1 k2Fig. 3. The diagrams desribing the oupling of two gluons to the  ! J= transi-tion vertex. fJ= =s3mJ= �J= !l+l�2��2em ; (31)where �J= !l+l� is the leptoni with of the J= meson. In our alulationswe will set fJ= = 0:38 GeV. The funtion �(x;k;QP) satis�es the non-forward BFKL equation whih in the leading ln(1=x) approximation has thefollowing form:�(x;k;QP) = �0(k2; Q2P) + 3�s(�2)2�2 1Zx dx0x0 Z d2k0(k0 � k)2 + s0��� k21k021 + s0 + k22k022 + s0 �Q2P (k0 � k)2 + s0(k021 + s0)(k022 + s0)��(x0;k0;QP)� � k21k021 + (k0 � k)2 + 2s0 + k22k022 + (k0 � k)2 + 2s0 ��(x0;k;QP)� ; (32)where k1;2 = QP2 � kand k01;2 = QP2 � k0 (33)denote the transverse momenta of the gluons. The sale of the QCD oupling�s whih appears in equations (28) and (32) will be set �2 = k2+Q2P=4+m2



1830 J. Kwiei«ski, L. Motykawhere m denotes the mass of the harmed quark. The di�erential ross-setion is related in the following way to the amplitude A:d�dt = 116� jA(W 2; t)j2: (34)Generalization of the onsisteny onstraint (16) to the ase of non-forwardon�guration with Q2P � 0 takes the following form:k02 � (k2 +Q2P=4)x0x : (35)Besides the BFKL equation (32) in the leading logarithmi approximationwe shall also onsider the equation whih will embody the onstraint (35) inorder to estimate the e�et of the non-leading ontributions.The orresponding equation whih ontains onstraint (35) in the realemission term reads:�(x;k;QP) = �0(k2; Q2P) + 3�s(�2)2�2 1Zx dx0x0 Z d2k0(k0 � k)2 + s0��� k21k021 + s0 + k22k022 + s0 �Q2P (k0 � k)2 + s0(k021 + s0)(k022 + s0)��� �(k2 +Q2P=4)x0=x� k02)� �(x0;k0;QP)� � k21k021 + (k0 � k)2 + 2s0 + k22k022 + (k0 � k)2 + 2s0 ��(x0;k;QP)� : (36)We solved equations (32) and (36) numerially setting m = mJ= =2. Briefsummary of the numerial method and of the adopted approximations insolving equations (32), (36) has been given in Ref. [9℄. Let us reall that weused running oupling with the sale �2 = k2 +Q2P=4 +m2 . The parameters0 was varied within the range 0:04 GeV2 < s0 < 0:16 GeV2. It should benoted that the solutions of equations (32, 36) and the amplitude (27) are�nite in the limit s0 = 0. This follows from the fat that both impat fators�0(k2; Q2P) and �(x;k;QP) vanish for k = �QP=2 (see equations (28), (32),(36)). The results with �nite s0 are however more realisti.In Fig. 4 we show the ross-setion for the proess  ! J= J= plottedas the funtion of the total CM energy W . We show results based on theBFKL equation in the leading logarithmi approximation as well as thosewhih inlude the dominant non-leading e�ets. The alulations were per-formed for the two values of the parameter s0 i.e. s0 = 0:04 GeV2 ands0 = 0:16 GeV2. In Fig. 5 we show the t-dependene of the ross-setion



The QCD Pomeron in e+e� Collisions 1831alulated for s0 = 0:10 GeV2. We show in this Figure results for two val-ues of the CM energy W (W = 50 GeV and W = 125 GeV) obtained fromthe solution of the BFKL equation with the non-leading e�ets taken intoaount (see Eq. (36)) and onfront them with the Born term whih or-responds to the two (elementary) gluon exhange. The latter is of ourseindependent of the energy W . The values of the energy W were hosen tobe in the region whih may be aessible at LEP2. Let us disuss ruialfeatures of the obtained results:1. Non leading orretions. We see from Fig. 4 that the e�et of thenon-leading ontributions is very important and that they signi�antlyredue magnitude of the ross-setion and slow down its inrease withinreasing CM energy W .
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1832 J. Kwiei«ski, L. Motyka2. Energy dependene. The ross-setion exhibits approximate (W 2)2�Pdependene. The parameter �P, whih slowly varies with the en-ergy W takes the values �P � 0:23 � 0:28 within the energy range20 GeV < W < 500 GeV relevant for LEP2 and for possible TESLAmeasurements. These results orrespond to the solution of the BFKLequation (36) whih ontains the non-leading e�ets generated bythe onstraint (35). The (predited) energy dependene of the ross-setion ((W 2)2�P ; �P � 0:23�0.28) is marginally steeper than that ob-served in J= photo-prodution [21℄. It should however be rememberedthat the non-leading e�ets whih we have taken into aount althoughbeing the dominant ones still do not exhaust all next-to-leading QCDorretions to the BFKL kernel [12℄. The remaining ontributions areexpeted to redue the parameter �P but their e�et may be expetedto be less important than that generated by the onstraint (35). Theross-setion alulated from the BFKL equation in the leading loga-rithmi approximation gives muh stronger energy dependene of theross-setion (see Fig. 4).3. The value of the ross-setion. Enhanement of the ross-setion isstill appreiable after inluding the dominant non-leading ontribu-tion whih follows from the onstraint (35). Thus while in the Bornapproximation (i.e. for the elementary two gluon exhange whih givesenergy independent ross-setion) we get �tot � 1:9�2:6 pb the ross-setion alulated from the solution of the BFKL equation with thenon-leading e�ets taken into aount an reah the value 4 pb atW = 20 GeV and 26 pb for W = 100 GeV i.e. for energies whih anbe aessible at LEP2.4. Infrared sensitivity. The magnitude of the ross-setion dereases withinreasing magnitude of the parameter s0 whih ontrols the ontri-bution oming from the infrared region. This e�et is however muhweaker than that generated by the onstraint (35) whih gives thedominant non-leading ontribution. The energy dependene of theross-setion is pratially una�eted by the parameter s0.5. The t-dependene. Plots shown in Fig. 5 show that the BFKL e�etssigni�antly a�et the t-dependene of the di�erential ross-setionleading to steeper t-dependene than that generated by the Born term.Possible energy dependene of the di�rative slope is found to be veryweak (see Fig. 5). Similar result was also found in the BFKL equationin the leading logarithmi approximation [8℄.In our alulations we have assumed dominane of the imaginary part ofthe prodution amplitude. The e�et of the real part an be taken into a-
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1834 J. Kwiei«ski, L. Motyka500 pb�1 we predit about 70 events, whih is far below the previous expe-tations [19℄. Besides, if one measures both the J= -s through the leptonideay hannels the rate should be divided by fator of about 20, whih utsdown the statistis to only a few events.4. Disussion and summaryFrom the theoretial point of view, there exist exellent oportunitiesto study the exhange of the QCD pomeron in e+e� olliders. The twogolden-plated measurements for this purpose are exlusive J= produtionand the total �� ross-setion. Both these proesses allow to redue sub-stantially the ontribution of unknown, nonperturbative elements. However,the leptoni ross-setions in both ases are well below 1 pb in LEP2 on-ditions, whih makes the measurement rather di�ult there. Neverthelessthis problem does not appear at the future linear olliders e+e� for whihthe luminosity is expeted to be muh larger than at LEP and moreoverthe ross-setion for di�rative proesses is enhaned due to the photon �uxand the pomeron e�ets. The large expeted statistis enables one to reahthe region of large photon virtualities (for double tagged events) where theperturbative alulations are more reliable.The important point that should be stressed one more is the existeneof large non-leading orretions to BFKL equation, whih in�uene dramat-ially the theoretial estimate of the pomeron interept i.e. the behaviourof the ross-setions as funtions of the energy. The reently alulatedmagnitude of next-to-leading ontribution to the interept (for any relevantvalue of the strong oupling onstant) is omparable or even greater thanthe leading term. This implies a very poor onvergene of the perturbativeseries. Thus one is fored to rely on a resummation sheme. We adopt theso alled onsisteny onstraint, whih is based on the requirement that thevirtualities of gluons exhanged along the ladder are dominated by trans-verse momenta squared. This onstraint introdues at the next-to-leadingorder a orretion to the pomeron interept whih exhausts about 70% ofthe exat QCD result. The main advantage of this approah is that there isa good physial motivation behind it. Moreover it also o�ers an approximateresummation sheme for the perturbative expansion of the interept.Employing this sheme we found signi�ant redution of the preditedvalue of the interept in omparison to the leading value. We �nd that thealulated behaviour of the ross-setions exhibit approximate power lawdependene (W 2)�P with 0:28 < �P < 0:35 for the total �� ross-setionand (W 2)2�P with �P varying from 0.23 to 0.28 for J= prodution. Thishas important onsequenes for the phenomenology, sine the enhanementof the ross-setion although still quite appreiable is muh smaller than that
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