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I. INTRODUCTIONSum rules relating the form-fators of eletron with the ross setions of eletro-prodution proesses at e+e� high energy ollisions were �rstly derived in 1974 [1℄. In aseries of papers the ross setions of proesses suh ase+e� ! (2e�e+)e+; (e�)e+; (e�2)e+; (e��+��)e+were alulated in the so alled peripheral kinematis, when the jet (onsisting of the setof partiles noted in parentheses) is moving losely to the initial eletron diretion in theenter of mass referene frame (CMS). These ross setions do not derease as a funtionof the CMS total beam energy ps. Moreover, they are enhaned by a logarithmial fatorln(s=m2e),whih is harateristi for Weizsaker-Williams approximation. The ontributionto the ross setion for muon pair prodution due to the so alled bremsstrahlung mehanism(orresponding to the virtual photon onversion into muon - anti-muon pair) was obtainedin Ref. [1, 2℄: �e+e�!e��+��e+ = �4��2 " ln s2m2e�2!�7718�2 � 1099162 � + onst# (1)where �2 = �26 .In Ref. [3℄ Barbieri, Mignao and Remiddi alulated the slope of the Dira form fatorof the eletron for q2 ! 0: F 01(0) = �28�2�2 �7718�2 � 1099162 � : (2)The fat that the same oeÆients appear in Eqs (1) and (2) suggests that a relation existsbetween inelasti ross setion and elasti form fators. This relation was later on derivedin Ref. [2℄.Here we disuss an extension of these studies to strong interating partiles, onsideringQED interations in the lowest order of perturbation theory. We derive sum rules whihrelate the nuleon and light nulei form fators with the di�erential ross setions of eletronsattering on the orresponding hadrons in peripheral kinematis. This kinematis orre-sponds to the region of very small values of Bjorken parameter xB in deep inelasti satteringexperiments. 2



This paper is organized as follows. After desribing the relevant proesses in peripheralkinematis, in terms of Sudakov variables (Setion II), we remind the analytial properties ofthe advaned and the retarded parts of the virtual Compton sattering amplitudes (SetionII). Then briey the problem of restoring gauge invariane and formulation of the modi�edoptial theorem are disussed.Following the QED analysis of Ref. [2℄, we introdue the light one projetion of Comptonsattering amplitude integrated on a ontour in the s2 plane, where s2 is the invariant masssquared of the hadroni jet.Sum rules (Setion III) arise when the Feynman ontour in the s2 plane is losed tothe left real axes singularities of the Compton amplitude and to the right ones. Sum rulesobtained in suh a way ontain the left hand ut ontribution whih is diÆult to interpretein terms of ross setions. Moreover, ultraviolet divergenies of ontour integral arisingfrom Pomeron Regge pole ontribution are present. Therefore, the �nal sum rules onsistof di�erenes, onstruted in suh a way to ompensate the Pomeron ontributions and theleft hand uts, as well.The appliations to di�erent kinds of targets, as proton and neutron, deuteron and lightnulei are expliitely given. Appendix A is devoted to an estimation of the ross setion ofproton photoprodution of a p�p pair arising from e�et of identity of protons in �nal statein the framework of a simple model. In Appendix B the details of kinematis of reoil targetpartile momentum is investigated in terms of Sudakov's approah.A. Sudakov parametrizationLet us onsider the proess presented in Fig. 1, where the inelasti eletron hadroninteration ours through a virtual photon of momentum q. The partile momenta areindiated in the �gure: p2 = M2, p21 = p021 = m2. The total energy is s = (p + p1)2 and themomentum transfer from the initial to the �nal eletron is t = (p1 � p01)2.Let us introdue some useful notations, in order to alulate the di�erential ross setionfor the proess of Fig. 1, where the the hadron is a proton in peripheral kinematis, i.e,s� �t 'M2. Therefore s = (p1 + p)2 = M2 +m2e + 2pp1 ' 2pp1 = 2ME �M2 � m2e.The di�erential ross setion an be written as:d� = 12 � 2 � 2sX jMj2d�: (3)3



Let us de�ne two light-like vetors:~p = p� p1M2s ; ~p1 = p1 � pm2sand a transversal vetor, q?, suh that ~pq? = p1q? = 0:Therefore ~p2 = O  m2M4s2 ! and similarly ~p2 = O  m4M2s2 !. Terms of orderO  M2s ; m2M2! ompared those of order 1 will be systematially negleted. In the Laboratorysystem, with an appropriate hoie of the axis, the four vetors are written, in expliit form,as: ~p1 � p1 = E(1; 1; 0; 0), and ~p = M2 (1;�1; 0; 0), and q? = (0; 0; qx; qy), q2? = �~q2 < 0,whih is essentially a two-dimensional vetor. Let us express the four momentum of theexhanged photon in the Sudakov parametrization, in in�nite momentum frame, as funtionof two (small) parameters � and � (Sudakov parameters):q = �~p+ �~p1 + q?: (4)The on-mass shell ondition for the sattered eletron an be written as:p021 �m2 = (p1 � q)2 �m2 = �~q2 + s�� � �s� �m2 = 0 (5)where we use the relation: 2p1~p1 = 2p1  p1 � pm2s ! = m2; (6)similarly one an �nd 2p~p = M2.From the de�nition, Eq. (4), and using Eq. (5), the momentum squared of the virtualphoton is: q2 = s�� � ~q2 = �~q2 +m2�21� � < 0:The variable � is related to the invariant mass of the proton jet, the set of partiles movinglose to the diretion of the initial proton:s2 = (q + p)2 �M2 + ~q2 ' s�negleting small terms as s�� and �M2 (Weizsaker-Williams approximation [4℄). We dis-uss later the onsequenes of suh approximation on the s dependene of the ross setion.In these notation the phase spae of the �nal partiled� = (2�)4 d3p012�01(2�)3�n1 d3qi2�i(2�)3 Æ4(p1 + p� p01 � nXi qi); (7)4
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FIG. 1: Feynman diagram for inelasti eletron hadron sattering .introduing an auxiliary integration on the photon transferred momentum R d4qÆ4(p1 � q �p01) = 1 an be written asd� = (2�)�3Æ4((p1 � q)2 �m2)d4qd�H ; (8)where d�H is the hadron phase spae:d�H = (2�)4Æ4(p+ q � nXi qi)�n1 d3qi2�i(2�)3 : (9)In the Sudakov parametrization:d4q = s2d�d�d2q? ' ds22s d(s�)d2~q; (10)one obtains: d� = ds22s d2~q(2�)�3d�H: (11)The matrix elements, expressed in terms of the Sudakov parameters an be rewritten in theform: M = 4��q2 u(p01)�u(p1)J �Hg��: (12)It is onvenient to use here the Gribov representation of the numerator of the (exat)Green funtion in the Feynman gauge for the exhanged photon:g�� = (g?)�� + 2s (~p�~p1� + ~p� ~p1�): (13)All three terms, in the right hand side of the previous equation, give ontributions to thematrix element proportional to 1 : sM2 : Ms :5



So, the main ontribution (with power auray) isM = 4��q2 2su(p01)p̂u(p1)J �Hp1� = 8��sq2 NJ �Hp1�s ; (14)with N = 1su(p01)p̂u(p1). One an see expliitly the proportionality of the matrix elementof peripheral proesses to s, in the high energy limit, s � �t. It follows from the relationPpol jN j2 = 1s2Trp̂01p̂p̂1p̂ = 2 and from the fat that the quantity 1sJ �Hp1� is �nite in thislimit. Suh term an be further transformed using the onservation of the hadron urrentJ �Hq� ' (�p1 + q?)�J �H = 0, whih leads to1sJ �Hp1� = 1s� ~q � ~JH = j~qjs2 (~e � ~JH); (15)where ~e = ~q=j~qj is the polarization vetor of the virtual photon. As a result, one �nds:X jMj2 = (8��s)2j~qj2"(~q)2 +m2 �s2s �2#2 2s22 � ~JH � ~e�2 : (16)With the help of Eqs. (7,14,16) the ross setion for the onsidered proess an be writtenas: d�(e+p!e+jet) = �2d2q~q2ds2� "(~q)2 +m2 �s2s �2#2 s22 (~e � ~JH)2d�H : (17)Let us note that the di�erential ross setion at ~q2 6= 0 does not depend on the CMSenergy ps. In the logarithmi (Weizsaker-Williams) approximation, the integral over thetransverse momentum ~q, at small ~q2, gives rise even to large logarithm:�t̀ot = �� ln s2Q2M4m2! Z 1sth ds2s2 �(+p!X)tot (s2); (18)where sth = (M+m�)2�M2, Q2 is the harateristi momentum transfer squared, Q2 'M2,and we introdued the total ross setion for real polarized photons interating with protons:�(+p!X)tot (s2; q2 = 0) = ��s2 Z ( ~JH � ~e)2d�H : (19)The di�erential ross setion (18) is losely related (due to the optial theorem) with the s-hannel disontinuity of the forward amplitude for eletron-proton sattering with the sameintermediate state: a single eletron and a jet, moving in opposite diretions (see Figs. 2a,6
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FIG. 2: Feynman diagram for e+e� sattering at the order �3.2b) where, by Cutkovsky rule, the denominators of the "utted" lines in the Feynman graphof Fig. 2b must be replaed by: 1q2 �M2 + i0 ! �2�iÆ(q2 �m2): (20)For the spin averaged forward sattering amplitude one has:�sA(s) = 4s��2 Z d2q?~q2(q2)2 Z ds2s2 �(�p!X)(s2; q) (21)with �(�p!X)(s2; q) = Z 4��2 � 2 � 2s2 ( ~JH � ~e)2d�H : (22)From the formulae given above one obtainsd�s �AeY!eYd2q = 2sd�eY!eYd2q ; (23)where �AeY!eY is the forward sattering amplitude, averaged over the spin states. Thisrelation an be onsidered the di�erential form of the optial theorem.Let us now onsider the disontinuity of forward sattering amplitude with the initialhadron intermediate state, we all it a "pole ontribution". For the ase of elasti eletron-proton sattering we have d�s �Aep!epd2q = (4��)2(q2)2s(2�)2S; (24)with S = Tr(P̂ +Mp)�(q)(P̂ 0 +Mp)�(�q)�;and �(q) = F1p̂1 � 12MF2q̂p̂1:A simple alulation gives Sp = 2s2[(F1)2 + �(F2)2℄, with � = ~q2=(4M2p ).7



For the ase of eletron-deuteron sattering we use the eletromagneti vertex of deuteronin the form [5℄< ��0(P 0)jJEM� (q)j��(P ) >= d�[F1(��0���)� F32M2d (��0�q)(��q)℄ + F2[���(q��0�)� ��0�� (��q)℄;(25)where d� = (P 0 + P )�; q� = (P 0 � P )� and ��(P ) is the polarization vetor of deuteron inhiral state �, with the following properties:�2 = �1; (�(P )P ) = 0; X� ��(P )����(P )� = g�� � P�P�M2d : (26)For the forward sattering amplitude, averaged over the spin states one �nds:d�s �Aed!edd2q = 2s(4��)23(q2)2(2�)2T; (27)with T = 2(F1)2 + (F1 + 2�d(1 + �d)F3)2 + 2�d(F2)2; �d = ~q24M2d : (28)We note that the amplitude orresponding to rossed box-type Feynman diagram has a zeros-hannel disontinuity.II. VIRTUAL COMPTON SCATTERING ON PROTONLet us examine the di�erent ontributions to the total amplitude for virtual photonCompton sattering on a proton (hadron). Keeping in mind the baryon number onservationlow we an separate all possible Feynman diagram to four lasses. In one, whih will benamed as lass of retarded diagram ( the orresponding amplitude is denoted as A1) theinitial state photon is �rst absorbed by nuleon line and after emitted the sattered photon.Another lass (advaned, A2), orresponds to the diagrams, in whih sattered photon is�rst emitted along the nuleon line and the point of absorption is loated after. The thirdlass orresponds to the ase when both photons do not interat with initial nuleon line.The orresponding amplitude is denoted as AP . The fourth lass ontains diagrams in whihonly one of external photons interats with the nuleon line. The orresponding notation isAodd (see Fig. 3): A��(s; q) = A��1 (s; q) + A��2 (s; q) + A��P (s; q) + Aodd: (29)8
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FIG. 3: Illustration of retarded (a) and advaned (b) virtual photon emission and absorbtiondiagrams. The diagram ontaining Pomeron is not onsidered here.The amplitude A��P (s; q) orresponds to the Pomeron type Feynman diagram (Fig. 4e) andgives the non-vanishing ontribution to the total ross setions in the limit of a large invariantmass squared of initial partiles s2 ! 1. The fourth lass amplitude an be relevant inexperiments measuring harge-odd e�ets and it will not be onsidered here. One an showexpliitly that the amplitudes for eah of the four lasses are gauge invariant. The argumentsin favor of this, are essentially the same as for the QED ase [6℄.Let us disuss now the analytial properties of the retarded part of the forward Comptonsattering of a virtual photon on a proton, A1(s2; q) (see Fig. 4) in the s2 plane. Due togeneral priniples, the singularities - poles and branh points - are situated on the real axis.These singularities are illustrated in Fig. 5. On the right side the pole at s2 = 0orrespond to one nuleon exhange in the s2 hannel (Fig. 5a), the right hand ut starts atthe pion-nuleon threshold, s2 = (M +m�)2�M2. The left ut, related with the u hannel3-nuleon state of the Feynman amplitude is illustrated in Fig. 4f. It is situated rather farfrom the origin at s2 = �8M2. It an be shown that it is the nearest singularity of the righthand ut. Really, the u-hannel ut orresponding to 2�N state an not be realized withoutexoti quantum number states (see Fig. 4h).
9



III. SUM RULESFollowing Ref. [6℄ let us introdue the quantityZC ds2p�1p�1A�p!�p1��s2(~q2)2 = dId~q2 ; (30)with the Feynman ontour C in the s2 plane as shown in Fig. 5a.Sum rules appear when one onsiders the equality of the path integrals along the ontoursobtained by deformating C in suh a way to be losed to the left and to the right side (Fig.5). As a result one �nds: F (~q2) = d�leftd~q2 � d�el � d�Beld~q2 = d�ineld~q2 ; (31)where d�leftd~q2 indiates the ontribution of left ut 1;d�Beld~q2 = 4��2Z2(~q2)2 :The latter is generally the Born ross setion of the sattering of an eletron on any hadronwith harge Z, when the strong interation is swithed o�, and d�eld~q2 is the elasti eletronhadron ross setion, when the strong interation is swithed on, in the lowest order of QEDoupling onstant. This quantity an be expressed in terms of eletromagneti form fatorsof orresponding hadrons.Using the notation �2, for the generalized form fators squared, one an write the follow-ing expression for the sattering of eletrons on a hadron Y with harge Z:Z2 � �2(�~q2) = 2~q2��2 d�eY!eXd~q2 : (32)For a spin-zero target the quantity �2 oinide with its squared harge form fator.For the ase of eletron sattering on a spin one-half partile (proton, 3He,3H), whih isdesribed by two form fators, F1 (Dira) and F2 (Pauli) one an write:Z2i � F 21i(�~q2)� �iF 22i(�~q2) = 2~q2��2 d�eYi!eXid~q2 ; (33)1 The equality of the numbers in (1,2) derives from the absene of left ut ontribution, whih is known forplanar Feynman diagram amplitudes. 10



with �i = ~q24M2i ;Zp = Z3H = 1;Z3He = 2:For the sattering of eletron on deuteron we have:1� 13[2F 21 (�~q2) + [F1(�~q2) + 2�d(1 + �d)F3(�~q2)℄2 + 2�dF 22 (�~q2)℄ = 2~q2��2 d�ed!eXd~q2 : (34)These equations an be diretly tested in experiments with eletron-hadron olliders.Let us onsider the di�erential form of these sum rules: dd~q2 (~q2)2F (~q2)�����~q2=0, whih anbe expressed in terms of the stati properties of hadrons, suh as harge radii, anomalousmagneti moments, et. and of the photo-prodution total ross setion.Considering formally this derivative at ~q2 = 0 we obtaindd~q2�2Y j~q2=0 = 2�2� 1Zsth ds2s2 �Y!Xtot (s2): (35)Unfortunately the sum rule in this form an not be experimentally veri�ed, due to thedivergene of the integral in the right hand side of this equation. This is due to the inreasingof the photoprodution ross setion at large values of the initial CM energy squared s2, asa onsequene of the Pomeron Regge pole ontribution. The universal harater of Pomeroninteration with the nuleons an be on�rmed by the data olleted in the Partile DataGroup [7℄: [�p(s2)� �n(s2)℄js2!1 = [2�p(s2)� �d(s2)℄js2!1 ! 0: (36)In Ref. [8℄ the di�erene of proton and neutron sum rule was derived13 < r2p > + 14M2 h�2n � �2pi = 2�2� Z 1!n d!! h�p!X(!)� �n!X(!)i : (37)We use here the known relationsF1(�~q2) = 1� 16~q2 < r2 > +O((~q2)2);F2(0) = �;with < r2 >; �-are the harge radius squared and the anomalous magneti moment ofnuleon (in units �h=M).In Ref. [8℄, it was veri�ed that this sum rule is ful�lled within the experimental errors:both sides of the equation equal 1.925 mb. Here the Pomeron ontribution is ompensatedin the di�erene of proton and neutron total ross photo-prodution ross setions.11



In Ref. [9℄ a similar ombination of ross setions was onsidered for A=3 nulei:23 < r23He > �13 < r23H > � 14M2 h�23He � �23Hi = 2�2� Z 1!th d!! h�3He!X(!)� �3H!X(!)i :(38)In a similar way, the ombination of ross setions of eletron sattering on proton anddeuteron leads to the relation13 < r2d > �F3(0)3M2d � 16M2d F2(0)2�2[13 < r2p > � 14M2p �2p℄ = 2�2� 1Z!th d!! [�d!Xtot (!)�2�p!Xtot (!)℄;(39)where !th for deuteron and proton are di�erent: (!th)d = 2; 2MeV; (!th)p = m�+ m2�2Mp � 140MeV.We use here a similar expansion for the deuteron form fator F1, normalized to F1(0) = 1,and introdue its square harge radius. The numerial values for the other quantities anbe found in Ref. [10℄:F2(0) = �MdMp�d; �d = 0:857; 2F3(0) = 1 + F2(0)�M2dQd; Qd = 0:2859 fm2:We �nd for the left side of formula (39) using the data from Ref. [7℄ and the parametriza-tion from Ref. [11℄:2�2�� 0:260Z0:020 d!! �d!Xtot (!) + 16Z0:260 d!! ��d!Xtot (!)� 2�p!Xtot (!)�� = 0:86fm2 (40)IV. CONCLUSIONSThe left ut ontribution has no diret interpretation in terms of ross setion. In analogywith QED ase, it an be assoiated with the ontribution to the ross setion of the proessep ! e2p�p, eletro-prodution of a proton antiproton pair on a proton target, arising theidentity of the two protons in the �nal state.Fortunately the threshold of this proess is loated quite far. Using this fat we anestimate its ontribution in the framework of a QED-like model with nuleons and pions(�-mesons), omitting form fator e�ets (so we put them equal to the oupling onstants ofnuleons with pions and vetor mesons).In this paper we applied the optial theorem, whih onnets the s-hannel disontinuityof the forward sattering amplitude with the total ross setion. This statement holds for the12



omplete sattering amplitude, whereas we onsider only part of it, A1. We an expliitlypoint out on the Feynman diagram (see Fig. 4 g), ontributing to A2, whih has threenuleon s-hannel state. The relevant ontribution an be interpreted as the identity e�etof proton photo-prodution of a p�p pair.The expliit alulation in the framework of our approah is given in Appendix A. Theorder of magnitude I of the ontribution to the derivative with respet to ~q2 at ~q2 = 0, ofthe sattering amplitudes entering in the sum rules isI = g4M2�3s22min :In order to estimate the strong oupling onstant, the PDG value for the total ross setionof sattering of pion on proton, was taken: ��ptot = 20 mb [7℄. Keeping in mind the �-meson t-hannel ontribution ��p � g4=(4�m2�) and the minimal value of the three nuleon invariantmass squared s2min = 8M2p one �nds I � (1=15) mb. Comparing this value with the typialvalues of the right and left hand sides of the sum rules, whih is of order of 2 mb, we estimatethe error arising by omitting the left ut ontribution and by replaing our inomplete rosssetion, by a measurable one, at the level of 3%.Using the data [7℄ for p and d ross setions and the parametrization from Ref. [11℄we �nd < rd > � 1:94 fm:This quantity in a satisfatory agreement with predition of models based dispersion relations[12℄ where is < rd >� 2 fm. The reason for a disrepany whih does not exeed the errorof 3% inherent to our approah) an be attributed to the lak of data for p and d rosssetions near the threshold.V. ACKNOWLEDGEMENTThe authors are thankful to S.Dubnika for areful reading of the manusript and valuabledisussions. One of us (E.A.K.) is grateful to the Institute of Physis, Slovak Aademy ofSienes, Bratislava for warm hospitality and (M.S.) is grateful to Slovak Grant Agenyfor Sienes VEGA for partial support, Gr.No. 2/4099/25. One of us (E.A.K.) is gratefulto DAPNIA/SPhN, Salay, where part of this work was done. A. V. Shebeko (KHFIT,13
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Kharkov, Ukraina) and V. V. Burov (JINR) are aknowledged for detailed informationabout the kinematis of the deuteron disintegration region.VI. APPENDIX A: EFFECTOF IDENTITYOF PROTONS TO THE CROSS SEC-TION OF 2p�p PHOTO-PRODUCTION CROSS SECTIONThe ontribution to the s-hannel disontinuity of the part of the sattering amplitudeA�p!�p2 , arising from the interferene of the amplitudes for the reation of a proton-antiproton pair of bremsstrahlung type, due to identity of protons in the �nal state hasthe form: �sA2(s; q) = �16g4s2 Z ds2d�3 S(q21 �m2�)(q22 �m2�) ; (41)with q1 = P1 � P; q2 = P2 � P andS = 14Sp(P̂ +M)5(P̂1 +M)V1(P̂3 �M)V2(P̂2 +M)5;where V1 = 5 q̂�P̂3+Md3 p̂1 + p̂1 P̂1�q̂+Md1 5;V2 = 5�q̂+P̂2+Md2 p̂1 + p̂1�P̂3+q̂+Md3 5;d1;2;3 = (q � P1;2;3)2 �M2; s2 = (P + q)2 �M � q2.The element of phase volume an be written as:d�3 = (2�)4Æ4(P + q � P1 � P2 � P3)�31 d3Pi2Ei(2�)3 :Here we onsider pions interating with nuleons with oupling onstant g. A similarexpression an be written for the ase when one or both pions are replaed by �-meson. Itan be shown that the orresponding ontributions are approximately one order of magnitudesmaller than those from pions.We use Sudakov's parametrization of momenta:q = � ~P + �p1 + q?; P = ~P + M2s p1; Pi = �i ~P + �ip1 + Pi?: (42)Using the formulae given above all the relevant quantities an be written as:Z ds2d�3 = 14(2�)3 d2P1d2P2d�1d�2�1�2�3 ;�1 + �2 + �3 = 1; ~P1 + ~P2 + ~P3 = ~q (43)
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and s2 = s� = �M2 + 3X1 ~P 2i +M2�i ;q2i = � ~P 2i + (1� �i)2�i ; i = 1; 2; di = �s2�i + 2~q ~Pi � ~q2; i = 1; 2; 3: (44)Note that the quantities Vi an be written asV1 = s5A13 + 5q̂p̂1d3 � p̂1q̂5d1 ; V2 = s5A23 � 5q̂p̂1d2 + p̂1q̂5d3 ; (45)with A13 = �1d1 � �3d3 ; A23 = �2d2 � �3d3 :In this form, the gauge invariane of the ontribution to the forward sattering amplitudeis expliitly seen, namely this quantity vanishes at ~q ! 0, (we see that replaements q̂p̂1 =q̂?p̂1; p̂1q̂ = p̂1q̂? in V1;2 an be done).The alulation of the trae leads to the result:Ss2 = A13A23S1 + A13 � 1d3 + 1d2 �S2 + A23 � 1d3 + 1d1 �S3 + � 1d3 + 1d1 � � 1d3 + 1d2 �S4; (46)with S1 = M4 + 12M2~q2 + (PP1)(P2P3) + (P3P1)(P2P )� (PP3)(P2P1);S2 = M22 [�2(~q ~P2)� �3(~q ~P3)� (�1 + 2�3)(~q ~P1)℄ + 12[(~q ~P3)[(P1P2)��2(PP1)� �1(PP2)℄ + (~q ~P2)[(P1P3) + �3(PP1)� �1(PP3)℄�(~q ~P1)[(P3P2)� �2(PP3)� �3(PP2)℄℄;S3 = M22 [�3(~q ~P3)� �1(~q ~P1) +(�2 + 2�3)(~q ~P2)℄ + 12[(~q ~P1)[�(P3P2)��3(PP2) + �2(PP3)℄ + (~q ~P2)[(P1P3)� �3(PP1)� �1(PP3)℄�(~q ~P3)[(P1P2)� �1(PP2)� �2(PP1)℄℄:S4 = ��3~q22 [M2�3 + �1(PP2) + �2(PP1)� (P1P2)℄; (47)The invariants entering in this expression have the form2PPi = ~P 2i +M2(1 + �2i )�i ; 2PiPj = (�i ~Pj � �j ~Pi)2 +M2(�2i + �2j)�i�j :The numerial integration of this expression on�rms the estimation given above within10%. 16



VII. APPENDIX B: CORRELATION BETWEEN THE MOMENTUM AND THESCATTERING ANGLE OF RECOIL PARTICLE IN LAB. FRAMEThe idea of expanding four-vetors of some relativisti problem using as a basis two ofthem (Sudakov's parametrization) beomes useful in many regions of quantum �eld theory.It was ruial for studying the double logarithmial asymptoti of the amplitudes of the pro-esses with large transversal momenta. Being applied in ondition of peripheral kinematis,it essentially oinides with the in�nite momentum frame approah.Let us onsider here an appliation to the study of the kinemati of peripheral proessof jet formation on a partile at rest. An experimental approah is the measurement of thereoil partile momentum distribution. For instane this method was used in the proessof eletron-positron pair prodution by linearly polarized photon on eletron in solid target(atomi eletrons). Here the orrelation between the reoil momentum in the initial pho-ton plane and the plane of photon polarization is used to determine the degree of photonpolarization [14℄.The Sudakov's parametrization allows to give a transparent explanation of the orrelationbetween the angle of emission of a reoil partile of mass M , with the reoil momentum inthe laboratory referene frame [14℄:~P 0M = 2 os �psin2 �p ; E 0M = 1 + os2 �psin2 �p ; (48)where ~P 0, E 0 are the three-momentum and the energy of the reoil partile ((E 0)2� (P 0)2 =M2); �p is the angle between the beam axes ~k in the rest frame of target partile(k) + P (P )! jet + P (P 0); s = 2kP = 2M!;P � P 0 = q; P 2 = (P 0)2 = M2:The kinematis orresponds to the main ontribution to the ross setion, for the asewhen the jet moves lose to projetile diretion. Using the Sudakov representation for thetransfer momentum q = � ~P + �k + q?, and the reoil partile on mass shell ondition(P � q)2�M2 � �s�� ~q2 = 0, we obtain for the ratio of the squares of the transversal andlongitudinal omponents of the three-momentum of the reoil partile:tan2 �p = ~q2(�!)2 = 4M2~q2 ; ~q2 = (P 0)2 sin2 �p: (49)Eq. (48) follows immediately from (49). 17



This orrelation was �rstly mentioned in Ref. [15℄ where the prodution of eletrons fromthe matter was investigated. It was proven in Ref. [14℄.Eq. (48) an be applied in experiments with ollisions of high energy protons satteredon protons in the matter.
[1℄ E. A. Kuraev and L. N. Lipatov, Yad. Fiz. 20 (1974) 112.[2℄ E. A. Kuraev, L. N. Lipatov and N. P. Merenkov, Phys. Lett. B 47 (1973) 33.[3℄ R. Barbieri, J. A. Mignao and E. Remiddi, Nuovo Cim. A 11 (1972) 824.[4℄ C. F. von Weizsaker, Z. Phys. 88 (1934) 612; E. Williams Phys. Rev. 45 (1939) 729.[5℄ A.I. Akhiezer and M.P. Rekalo "Eletrodynamis of Hadrons", Kiev, Naukova Dumka, 1978;S. Dubni�ka, Ata Physia Polonia B 27 (1996) 2525.[6℄ V.N. Baier, V. S. Fadin, V. A. Khoze and E. A. Kuraev, Phys. Rep. 78 (1981) 293.[7℄ S. Eidelman et al., Phys. Lett. B 592 (2004) 1.[8℄ E. Barto�s, S. Dubni�ka, and E. A. Kuraev Phys. Rev. D 70 (2004) 117901.[9℄ S. Dubni�ka, E. Barto�s and E. Kuraev, Nul. Phys. (Pro. Suppl.) 126 (2004) 100.[10℄ G. I. Gakh and N. P. Merenkov, JETP 98 (2004) 853.[11℄ P. Rossi et al., Phys. Rev. C 40 (1989) 2412.[12℄ T. Herrmann and R. Rosenfelder, Eur. Phys. J A 2 (1998) 29.[13℄ K. Gottfried, Phys. Rev. Lett. 18 (1967) 1174. ...not used .....[14℄ E. Vinokurov and E. Kuraev, JETP 63 (1972) 1142.[15℄ D.Benaksas and R. Morrison, Phys. Rev. 160 (1967) 1245.

18


