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RADIATIVE CORRECTIONS TO CHIRAL AMPLITUDESIN QUASIPERIPHERAL KINEMATICSV. Bytev a, E. Barto² b, M. V. Galynskii , E. A. Kuraev a*aJoint Institute for Nulear Researh141980, Dubna, RussiabInstitute of Physis, Slovakia Aademy of Sienes84511, Bratislava, SlovakiaInstitute of Physis, Belarus Aademy of Sienes220072, Minsk, BelarusReeived 22 Marh 2006Chiral amplitudes for two-jet proesses in the quasiperipheral kinematis are alulated at the Born and one-loop orretion levels. The amplitudes of subproesses desribing the interation of a virtual and a real photonwith reation of a harged fermion pair for various hiral states are onsidered in detail. Similar results arepresented for the Compton subproess with a virtual photon. Contributions of the emission of virtual, soft, andhard real additional photons are taken into aount expliitly. The relevant ross setions expressed in terms ofimpat fators are in agreement with the struture-funtion approah in the leading logarithmi approximation.Contributions of the next-to-leading terms are presented in analyti form. Auray estimation is disussed.PACS: 11.10.Gh, 12.20.Ds, 13.60.Fz1. INTRODUCTIONMuh attention was paid during the last deades(see [1℄ and the referenes therein) to di�erent proessesof the kinda1(p1; Æ1) + a2(p2; Æ2)! jet(�1)1 + jet(�2)2 ; (1)where a1;2 = e�; ; (p1 + p2)2 = s� m2i ;and Æi(�i) desribe the polarization states of the initialand jet partiles. Below, we hooseÆ1 = Æ2 = +1without a loss of generality (see Fig. 1). These pro-esses an be studied at high-energy ollisions of theinitial partiles in peripheral kinematis, i.e., small an-gles � of the emission of jet partiles to the diretion oftheir parent partile (the enter-of-mass (ms) frame ofthe initial partiles is implied), see Fig. 2. A remark-able property of nondereasing of the di�erential and*E-mail: kuraev�theor.jinr.ru
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a1
2Fig. 1. General diagram for the proesstotal ross setions as funtions of the ms total energyps in this kinematis is ommonly known [2℄. Thisproperty is a onsequene of the presene of a masslessvetor partile (photon) in the sattering hannel state.The ontributions of Feynman diagrams with fermionsand the interferene of amplitudes of these types aresuppressed ompared with the photon exhange ones.Beause the orresponding ross setions of the rele-259 5*
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Fig. 2. Kinematis of a quasiperipheral proessvant QED proesses are numerially large, they providean essential bakground in the study of the e�ets ofweak and strong interations. In addition, these pro-esses an be used for monitoring and alibration pur-poses.Unfortunately, very small emission angles annot bemeasured in pratie. We therefore suggest onsideringproesses (1) in the so-alled quasiperipheral kinemat-is, whih implies the values of emission angles to besmall ompared with unity but muh larger thanmE = 2mps ;wherem is a harateristi mass of the jet onstituents:2mips � �i � 1; m2i � �q2 � s;q = �p1 +Xi pi1 = �Xi pi2 + p2; (2)with pi1; pi2 being the 4-momenta of partiles fromjet1;2 and q the momentum of the t-hannel virtualphoton. The quasiperipheral kinematis provides theindependene from the energy of di�erential ross se-tions but has auray of the order of �2 � the orderof ontributions of negleted terms ompared to thoseonsidered.Another important property of the quasiperipheralkinematis is the independene of spin states from thea1 � jet1 and a2 � jet2 bloks of a proess. We antherefore set Æ1;2 = +1. This fat an be seen by usingGribov's form of the Green's funtion of an exhangedphoton with momentum q:g��q2 = 1q2 �g��? + 2s [p1�p2� + p2�p1� ℄� ; (3)whih results in the amplitudeM (12) = �i4��q2 g��(q)J1�(q)J2�(�q) == 8��is�q2 �1�2; (4)where J1;2 are the urrents assoiated with bloks 1 and2 of the Feynman diagram (Fig. 1) and their light-oneprojetions (LP) are de�ned as

�1 = 1sJ1;�p2�; �2 = 1sJ2;�p1� : (5)The LP fators �i are independent of s in the limit ass!1.At this stage, we introdue Sudakov's parameteri-zation of 4-momenta,pi1 = �ip2 + xip1 + p?i1;Xi xi = 1; �i = p2i1sxi ;pj2 = yjp2 + �jp1 + p?j2;Xi yj = 1; �j = p2j2syj ;q = �p2 + �p1 + q?; q2 � �q2; p2?j = �p2j ;Xi pi1 = q; Xi pi2 = �q: (6)
Sudakov's longitudinal parameters � and � of the ex-hanged photon with momentum q are related to thejet invariant masses squared,s1 = (q + p1)2 � �q2 + s�;s2 = (�q + p2)2 � �q2 � s�: (7)Here, we use the on-shell onditionp2i1 = p2j2 = 0;the onservation law, and introdue the Eulidean two-dimensional vetors (pi?p1;2) = 0:We note that the urrent onservation onditionJ1�q� = J2�q� = 0leads to1sp�2J1� = � 1s�q�?J1�; 1sp�1J2� = � 1s� q�?J2�: (8)We use the property that the matrix elements vanishat small q as an important hek of the alulations(see (4)).The di�erential ross setion an be written in termsof the Cheng �Wu impat fators [3℄:d�(12) = �2�2 d2q(q2)2 Z d� (�1)1 Z d� (�2)2 ;Z d� (�i)i = Z j�(�i)i (q)j2d�i; i = 1; 2 ; (9)with260



ÆÝÒÔ, òîì 130, âûï. 2 (8), 2006 Radiative orretions to hiral amplitudes : : :d�1 = (2�)4 Z ds1Æ p1 + q �Xi pi1!��Yi d3pi12"i1(2�)3 ;d�2 = (2�)4 Z ds2Æ p2 � q �Xi pi2!��Yi d3pi22"i2(2�)3 : (10)
The impat fators R d�i are independent of s. In theases where a jet onsists of one, two or three partiles,we have Z d�(1)1 = 2�;d�(2)1 = d2p11dx12(2�)2x1x2 ;p11 + p21 = q; x1 + x2 = 1;d�(3)1 = d2p11d2p21dx1dx24(2�)5x1x2x3 ;x1 + x2 + x3 = 1;p11 + p21 + p31 = q: (11)
For onversion of the initial photon with momentump1 and hirality � to the harged fermion�antifermionpair, �(q) + (p1; �)! e+(q+) + e�(q�; �); (12)we aept the desription of hiral states of the photonand lepton developed in [4℄:ê�(p1) = N(q̂�q̂+p̂1!�� � p̂1q̂�q̂+!�);(e�)2 = 0; (e�e��) = �1;N2 = 2s1�+�� ; s1 = 2q+q�; �� = 2p1q�;!� = 1 + �52 ; � = �1: (13)Chiral states of fermions are de�ned asu� = !��u; v� = !�v:Hereafter, we imply that hiral states of subproess (12)are de�ned as amplitudes with a de�nite hiral state��� of the initial photon (�) and one eletron (�) fromthe pair. The LP fator of the photon ��� in the Bornapproximation has the form�;++B = Nf0�u(q�)!�q̂+q̂ p̂2s !+v(q+); (14)�;+�B = Nf0�u(q�) p̂2s q̂q̂�!�v(q+);f0 = �ip4��: (15)

We note that in the ombinationp̂2q̂ = p̂2q̂?;we an regard the 4-vetor q as a two-dimensional ve-tor q� = q?�.The property of the LP fators�1;2(q)! 0 as jqj ! 0is a onsequene of gauge invariane, as we have notedabove.The relevant impat fators areZ d�;+�B = �� Z d2q�dx�x+x� q2x2��+�� ;�� = q2�x� ; x+ + x� = 1; q+ + q� = q: (16)The LP amplitudes �;��B and the orrespondingimpat fators an be obtained by applying of the spaere�etion operator.We onsider the pair prodution proess by a pho-ton on an eletron in the ase of de�nite hiral statesof all the partiles,(p1; � = +) + e�(p2; �)!! e+(q+;�) + e�(q�;�) + e�(p02; �): (17)Using the impat fator of a spetator eletron inthe lowest order of the perturbation theory with asingle-partile jet e�(p2; �) + �(�q)! e�(p02),��2 = �u(p02) p̂1s !�u(p2);j��2 j2 = 1; Z d�2 = 2�; (18)we obtain the ross setion of pair photoprodution onthe eletron with de�nite hiral states of the initial pho-ton and positron from the pair (it is independent of thehiral state of the spetator)d�;++B;�d� = d�;��B;�d� = 2x2+�3�2q2�+�� ;d�;+�B;�d� = d�;�+B;�d� = 2x2��3�2q2�+�� ;d� = d2q d2q�dx�x+x� : (19)In onsidering the proess of single photon emissionat peripherial sattering of high-energy eletrons, wealso sete�(p2; �) + e�(p1; � = +)!! e�(p01;+) + (k1; � = �) + e�(p02; �); (20)261
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qFig. 3. Photon impat fator diagramwith de�nite hiral statesê�(k1) = N1(p̂01p̂1k̂1!�� � k̂1p̂01p̂1!�);N21 = 2u��0 ; u = 2p1p01;� = 2p1k1; �0 = 2p01k1: (21)The LP fator of the eletron �e;�� is given by�e;++B = N1f0�u(p01)!�p̂1q̂ p̂2s !+u(p1) ;�e;+�B = �N1f0�u(p01) p̂2s q̂p̂01!+u(p1) : (22)The orresponding impat fators areZ d�e;++B = �� Z d2k1 dx1x1x0 q2��0 ;Z d�e;+�B = �� Z d2k1 dx1x1x0 q2(x0)2��0 ; (23)where x1 and x0 are the energy frations of the pho-ton and the sattered eletron from the jet. From theonservation law and the on-shell onditions, we havex1 + x0 = 1; p1 0 + k1 = q;� = k21x1 ; �0 = 1x1x0 (x1p� x0k1)2: (24)The di�erential ross setions have the formd�e;++B;�d� = d�e;��B;�d� = 2�3q2�2��0 ;d�e;+�B;�d� = d�e;�+B;�d� = 2�3(x0)2q2�2��0 ;d� = d2k1 dx1d2qx1x0 : (25)

This paper is organized as follows. In Se. 2, we on-sider the virtual (in the one-loop approximation) andsoft real photon emission ontribution to the photonimpat fator. In Se. 3, similar alulations are pre-sented for the eletron impat fator. In Ses. 4 and 5,we onsider the emission of an additional hard photonin ollinear and nonollinear kinematis. Some gen-eral remarks are given in the Conlusions. In parti-ular, we disuss the validity of the struture-funtionapproah in the leading and next-to-leading approxi-mations. The relevant one-loop integrals are listed inAppendix A. Appendix B ontains expliit expressionsfor nonleading ontributions arising from virtual andsoft real photon emission. These nonleading ontribu-tions expressed in terms of a K-fator turn out to bequantities of the order of unity for typial experimentalonditions.2. PHOTON IMPACT FACTOR: VIRTUALAND SOFT PHOTON CONTRIBUTIONSWe an divide all diagrams (see Fig. 3) into sev-eral types, some of whih (Fig. 3a,d and e,h) anbe obtained by simple exhanges of hiralities and 4-momenta of partiles:Re[�;+�+; i (�;+�Born)�℄ == Re[�;+��; i (�;+�Born)�(q� ! q+; q+ ! q�)℄; (26)with i = �V; V;B for the self-energy, vertex, andbox-type Feynman diagram ontribution, respetively.Here, the subsript desribes the absorption of a vir-tual photon by an eletron (�) (Fig. 3a�d) or positron(+) line (Fig. 3e�h).262



ÆÝÒÔ, òîì 130, âûï. 2 (8), 2006 Radiative orretions to hiral amplitudes : : :One lass of radiative orretions to the eletron im-pat fator onsists of the renormalized eletron massoperator and the vertex funtion with only one o�-shelleletron or positron (see Figs. 3a,d and f,g). Its ontri-bution an be written as [5℄�;���;�V = (4��)3=216�2 �u(q�) p̂2s p̂1 � q̂+��+ �� �2�32 � ll + 12 l+� ê�++ Z d4ki�2 �(�q̂+ + p̂1 � k̂)ê�(�q̂+ � k̂)�(0)(�2)(q) #�� !�v(q+);�;��+;�V = (4��)3=216�2 �u(q�)�� �2�32 � ll + 12 l�� ê�++ Z d4ki�2 �(q̂� � k̂)ê�(q̂� � p̂1 � k̂)�(0)(2)(�q) #�� q̂� � p̂1��� p̂2s !�v(q+);ll = ln m2�2 ; l� = ln ��m2 ;
(27)

with the denominators (0); (2); (�2); (q); (�q) de�ned be-low (see Appendix A). After integration, we obtain�;+��;�V == �f0N �2� �l+ � 12� �u(q�) p̂2s p̂1q̂�!+v(q+);�;+++;�V == f0N �2� �l� � 12� �u(q�)q̂+p̂1 p̂2s !�v(q+): (28)
After multiplying these with the relevant Born am-plitude, we obtain [6℄2�;+��;�V (�;+�Born)� = 8�2�+��x�(qq�)�l� � 12� : (29)We note that the �V ontribution does not satisfythe gauge ondition (vanishing as q2 at small q). Butwe see in what follows that the total sum does satisfythe gauge ondition.The ontribution of the vertex funtions with a vir-tual photon an be written as

�;���;V = (4��)3=216�2 Z d4ki�2 �u(q�)�(q̂� � k̂) p̂2s (q̂� � q̂ � k̂)�(p̂1 � q̂+)ê�!�v(q+)(0)(2)(q)(��+) ;�;��+;V = (4��)3=216�2 Z d4ki�2 �u(q�)ê�(q̂� � p̂1)�(�q̂+ + q̂ � k̂) p̂2s (�q̂+ � k̂)�!�v(q+)(0)(�2)(�q)(���) : (30)Using the list of integrals (see Appendix A for the no-tation), we obtain2�+��;V (�+�B )� = �2j�+�B j2 �2� �� ��12L�14��++2q22a l++3q22a lq�q2J02q� ;2�+++;V (�++B )� = �2j�++B j2 �2� �� ��12L�14���+2q22~a l�+3q22~a lq�q2J0�2�q� ;a = �+ � q2; ~a = �� � q2: (31)
The other ontributions�++�;V (�++B )�;�+�+;V (�+�B )�;�;+�+;�V (�+�B )�;

and �;++�;�V (�++B )�are equal to zero.We reall that we work in the framework of the un-renormalized �eld theory. The regularization proedureonsists in replaing the ultraviolet ut-o� logarithmL = ln �2m2as L! 2ll � 92(see [5℄).The most ompliated ase is the alulation ofthe box-type ontribution. It an be written as (seeFig. 3,h,)263



V. Bytev, E. Barto², M. V. Galynskii, E. A. Kuraev ÆÝÒÔ, òîì 130, âûï. 2 (8), 2006�;���;box = (4��)3=216�2 Z d4ki�2 �u(q�)�(q̂� � k̂) p̂2s (q̂� � q̂ � k̂)ê�(�q̂+ � k̂)�!�v(q+)(0)(�2)(2)(q) ;�;��+;box = (4��)3=216�2 Z d4ki�2 �u(q�)�(q̂� � k̂)ê�(q̂� � p̂1 � k̂) p̂2s (�q̂+ � k̂)�!�v(q+)(0)(�2)(2)(�q) : (32)
All the details about loop alulations and relevantintegrals an be found in Appendix A. It is worthmentioning that in the ase of the box-type ontribu-tion, both hiral amplitudes � = +1 and � = �1 arenonzero.An additional real soft photon emission ontribu-tion to the LP fator has the standard form�;���soft = �;��B p4��� q�q�k � q+q+k� e(k)� : (33)The orresponding ontribution to the impat fator isZ d3k16!�3 X� j�;���soft j2j!<�"�" ; (34)where " is the energy of the initial eletron in the msframe. The result isd�;��soft = �� d�;��B �(ls � 1)�ll + ln (�)2x+x��++ 12 l2s � 12 ln2 x+x� � �26 � ; (35)� = �"" ; ls = ln s1m2 :We here use the smallness of the angle between 3-momenta of pair omponents in beams in the msframe. The smallness of the emission angles allows per-forming the angular integration in (34) in the frame S0oiniding with the ms frame [7℄.After summing all ontributions (27), (30), and (32)and adding the soft photon ontribution, we expliitlysee the anellation of an auxiliary parameter � andthe squared large logarithm:2 hd�;+��;box + d�;+��;�V + d�;+��;V i+ d�;+�soft = �2� ��d��B �(ls�1)(4 ln�+3�2 ln(x+x�))+K;�SV � : (36)

We see that the leading-logarithm ontribution(ontaining the fator (ls � 1)) is proportional to theBorn ross setion, and therefore our alulation is inagreement with preditions of the struture-funtionapproah that the leading-logarithm ontribution is ex-atly the � part of the evolution equation kernel (seeSe. 6). All nonleading terms are gathered in the so-alled K-fator.Due to gauge invariane, the right-hand side of (36)inluding the K-fator tends to zero as q2 ! 0. Thisfat provides an important hek of our alulation.The K;�SV fators are presented in the analyti formin Appendix B.The ontribution from the emission of a hard pho-ton, whih eliminates the �-dependene, an be writ-ten as a sum of two parts, one from ollinear and theother from nonollinear kinematis. It is onsideredbelow.3. ELECTRON IMPACT FACTOR: VIRTUALAND SOFT PHOTON CONTRIBUTIONSIn the same way, we alulate the eletron impatfator. All diagrams (see Fig. 4) are divided into sixtypes, the ontribution of three of them to LP (Fig. 4,dand f,h) an be obtained by a simple exhangeRe[�e;+�i;ontr(�e;+�Born)�℄ == Re[�e;+�f;ontr(�e;+�Born)�(p1 ! �p01; p01 ! �p1)℄; (37)where the subsripts orrespond to the interation ofthe virtual photon with the initial (i) or sattered (f)eletron, and ontr = �V; V; box for the self-energy,vertex, and box-type Feynman diagram ontributions,respetively.We evaluate the ontributions of the self-energy(Fig. 4a,b), vertex (Fig. 4e) and box-type (Fig. 4g)Feynman diagrams amplitudes as264



ÆÝÒÔ, òîì 130, âûï. 2 (8), 2006 Radiative orretions to hiral amplitudes : : :�e;+�i;�V = (4��)3=216�2(��) �u(p01) p̂2s (p̂1 � k̂1)�� "Z d4ki�2 �(p̂1 � k̂1 � k̂)ê�(p̂1 � k̂)�(0)e(1)e(q)e + 2�12 ln �m2 � 2 ln m� + 32� ê�#!+u(p1);�e;+�i;V = (4��)3=216�2(��) Z d4ki�2 �u(p01)�(p̂01 � k̂) p̂2s (p̂01 � k̂ � q̂)�(p̂1 � k̂1)e�!+u(p1)(0)e(2)e(q)e ;�e;+�i;box = (4��)3=216�2 Z d4ki�2 �u(p01)�(p̂01 � k̂) p̂2s (p̂01 � k̂ � q̂)ê��!+u(p1)(0)e(1)e(2)e(q)e :
(38)

The �rst two ontribute (see the details in Ap-pendix A):2�e;+�i;V (�e;+�B )� = �2j�e;+�B j2 �2� �� ��12L� 14 � q2I(0)e(2)e(q)e + 3q22d ln q2m2�� �+ 2q22d ln �m2 � ;2�e;+�i;�V (�e;+�B )� = 8�2��0 �ln �m2 � 12��� x0[x0k1 � xp1 0℄q;d = �� q2; l�0 = ln �0m2 � i�:
(39)

The ontribution for the other polarization an be ob-tained by substitution (37).The soft photon ontribution has the standard form(the soft photon energy does not exeed �")d�e;+�soft = d�e;+�B �� �� ��ln um2 � 1��2 ln m� + 2 ln�� lnx0�++12 ln2 um2 � 12 ln2 x0 � �26 � ; (40)where � = �"=", " is the energy of the initial eletronsin the ms frame. We an express the ontribution tothe eletron impat fators with a de�nite hiral stateas2(d�e;+�i;�V +d�e;+�i;V +d�e;+�i;box +d�e;+�f;box )+d�+�e;soft == d�e;+�B �2� �� h�ln um2�1� (4 ln�+3�2 lnx0)+Ke;+�SV i : (41)

We again see the anellation of the auxiliary �photonmass� parameter � and agreement with the preditionof the struture-funtion approah. The Ke;+�SV term ispresented in the analyti form in Appendix B.4. COLLINEAR KINEMATICS OF THEADDITIONAL HARD PHOTON EMISSIONCONTRIBUTIONFor appropriate onsideration of radiation orre-tions to impat fators, we have to onsider an addi-tional hard ollinear photon emission. It is onvenientto distinguish the ollinear and nonollinear kinematisof the emission of a hard photon. For this, we intro-due an auxiliary small parameter �0 � 1. Collinearkinematis orresponds to the ase where the photonemission angle � to the diretion of motion of someharged partile (initial or �nal) does not exeed �0.Nonollinear kinematis orresponds to large emissionangles � > �0. Chiral amplitudes in the nonollinearkinematis an be alulated using the methods devel-oped by the CALCUL ollaboration [4℄. The ontri-bution from ollinear kinematis an be obtained usingthe quasi-real eletron method developed in [8℄. Thetotal sum is independent of the parameter �0. Can-ellation of the �0 dependene is a hek of our alu-lations. The nonleading ontributions from additionalhard photon emission essentially depend on the experi-mental set-up. We do inlude it in the K-fators in thestruture-funtion piture of impat fators.Using the quasi-real eletron method [8℄ for the on-tribution to the photon impat fator in ollinear kine-matis, we obtain265



V. Bytev, E. Barto², M. V. Galynskii, E. A. Kuraev ÆÝÒÔ, òîì 130, âûï. 2 (8), 2006d�;+�oll = �2� 1Zx�(1+�) dz�z� ���1 + ~x2�1� ~x� (ls + r� + ln �20 � 1) + 1� ~x����d�;+�B �q�z� ; q+�+ �2� 1Zx+(1+�) dz+z+ ���1 + ~x2+1� ~x+ (ls + r+ + ln �20 � 1) + 1� ~x+���d�;+�B �q�; q+z+� ; (42)where the �rst term in square brakets orresponds tothe emission of a hard photon along the eletron andthe seond one along positron from the pair reated.We use the notation ~x� = x�z�and ls = ln 2q+q�m2 = ln 2E2x+x�(1� )m2 ;r� = ln x�2x�(1� ) ; (43)where  is the osine of the angle between the pairmomenta (the ms frame of olliding beams is implied).The �shifted� photon impat fator is given byd�;+�B �q+z+ ; q�z� ; x�� = �� ~x2�q2q2+q2� d2q�d~x�;~x+ + ~x� = 1; q = 1z�q� + 1z+q+; (44)and the onservation law isp1 + q = 1z� q� + 1z+ q+:A similar method an be applied to the problemof alulating the ontribution from the ollinear kine-matis of photon emission for the impat fator of theeletron. The result is

d�e;+�oll = �2� 1��Z0 dz1 �� �1 + z211� z1 (lu + l1 + ln �20 � 1) + 1� z1��� d�e;+�B (p1z1; p01) + �2� 1Zx0(1+�) dz2z2 �� "1 + (x0=z2)21� x0=z2 (lu + l2 + ln �20 � 1) + 1� x0z2#�� d�e;+�B �p1; 1z2 p01� ; (45)where the �rst term in the square brakets desribesthe emission from the initial eletron and the seondone the emission from the sattered eletron. We usethe notationlu = ln 2p1p01m2 = ln 2E2x0(1� e)m2 ;l1 = ln z212x0(1� e) ; l2 = ln x02z22(1� e) ; (46)and e is the osine of the angle between the momentaof the initial and sattered eletrons. The �shifted�eletron impat fator in the Born approximation isgiven byd�e;+�B �p1z1; 1z2 p01� = �� q2��0 �� z2d2kdx1x1x0 ;�+ = z21 ; �� = �x0z2�2 ;� = z1x k21; �0 = z2�p01x1 � k1 x0z2�2x1x0 ;x1 + x0z2 = 1; q = k1 + 1z2p01;
(47)

and the onservation law isz1p1 + q = 1z2 p01 + k1:The terms ontaining �large� logarithms ls� 1 andlu�1 are to be inluded in the lepton nonsinglet stru-ture funtions in the Drell �Yan form of impat fa-tors, whereas the other terms ontribute to the relevantK-fators. We an therefore rewrite these formulas in266
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e f g hFig. 4. Eletron impat fator diagramsterms of the struture-funtion approah for the ele-tron impat fator asd�e;oll = 1Z0 dz1 hP�(z1) �2� (lu � 1) + ��Ki;eolli�� d� i;e(z1p1; p01) + d� i;eomp ++ 1Z0 dz2z2 �P� �x0z2� �2� (lu � 1) + ��Kf;eoll��� d�f;e(p1; p01z2 ) + d�f;eomp; (48)(hiral indies are suppressed) and for the photon im-pat fator asd�;oll = 1Z0 dz�z� �P� �x�z� � �2� (ls � 1) + ��K�;oll ��� d� �q�z� ; q+�+ d��;omp ++ 1Z0 dz+z+ �P� �x+z+ � �2� (ls � 1) + ��K+;oll ��� d� �q�; q+z+�+ d�+;omp; (49)where

P�(z) = 1 + z21� z �(1� z ��); (50)and the nonleading ontributions are given byd��;omp = �2� 1Z0 dz�z� P� �x�z� � �� d�B �q�z� ; q+� ln �20 ;K�;oll = 12 1Zx� dz�z� P� �x�z� � (r� + 1� ~x�) �� d�B �q�z� ; q+� ;d�+;omp = �2� 1Z0 dz+z+ P� �x+z+ � �� d�B �q�; q+z+� ln �20 ;K+;oll = 12 1Zx+ dz+z+ P� �x+z+ � (r+ � 1� ~x+) �� d�B �q�; q+z+�
(51)

for the photon impat fator and267



V. Bytev, E. Barto², M. V. Galynskii, E. A. Kuraev ÆÝÒÔ, òîì 130, âûï. 2 (8), 2006d� i;eomp = �2� 1Z0 dz1P�(z1) d�eB(z1p1; p01) ln �20;Ki;eoll = 12 1Z0 dz1P�(z1)(l1 + 1� z1) �� d�eB(z1p1; p01);d�f;eomp = �2� 1Zx0 dz2z2 P� �x0z2� �� d�eB �p1; p01z2� ln �20 ;Kf;eoll = 12 1Zx0 dz2z2 P� �x0z2��l2 + 1� x0z2� �� d�eB �p1; p01z2�
(52)

for the eletron impat fator. The terms with ln �20 areto be ompensated by additional nonollinear photonemission terms.5. NONCOLLINEAR HARD PHOTONEMISSION CONTRIBUTIONThe ontribution to the eletron impat fator fromthe hannel of the double Compton sattering proesse(p1; �1) + �(q)! (k1; �1) ++ (k2; �2) + e(p01; �e);u = 2p1p01; �i = 2kip1; �0i = 2kip01; (53)with the emission of both �nal eletrons outside thenarrow one � > �0, an be alulated using the hiralamplitude tehnique [4℄. The result isd�e�e�1�2 == �32�2 jm�e�1�2 j2 d2k1d2k2dx1dx2x1x2x0 �����1;2>�0 ;x0 = 1� x1 � x2; q = k1 + k2 + p01; (54)wherejm+++j2 = 4q2u�1�2�01�02 ;jm+��j2 = 4(x0)2q2u�1�2�01�02 ; jm+�+j2 = jm++�j2;jm++�j2 = 4u2�1�2�01�02Tr p̂01B++�!+p̂1 ~B++�; (55)

withB++� = � 1(p1 + q)2 p̂1k̂1p̂01p̂1k̂2(p̂1 + q̂) p̂2s �� 1(p01 � q)2 p̂2s (p̂01 � q̂)k̂1p̂01p̂1k̂2p̂01 ++ p̂1(p̂01 + k̂1) p̂2s (p̂1 � k̂2)p̂01: (56)It was expliitly shown [9℄ that the quantity B++� tendsto zero as jqj ! 0; this property is a onsequene ofthe gauge invariane requirement for the virtual photonwith momentum q.Below, to hek the �0-dependene anellation forthe sum of the ollinear and nonollinear kinematisontributions, we evaluate the limit expressions forjm+ij j2 for emission in the real photon kinematis�1 > �0; �1 ! �0; �2 � �0; (57)with �1 being the angle of the emission of a photonwith momentum k1 to the initial or �nal eletron mo-mentum. These limit values are(jm++�j2 + jm+++j2)�1!0 == 4q2�1 ((x0)2 + (1� x1)2)x1(1� x1)2�2�02 ;(jm++�j2 + jm+++j2)�01!0 == 4q2�01 x0x1�2�02 [1 + (1� x2)2℄;(jm+�+j2 + jm+��j2)�1!0 == 4q2�1 1x1�2�02 [(x0)2 + (1� x1)2℄;(jm+�+j2 + jm+��j2)�01!0 == 4q2�01 (x0)3x1(1� x2)2�2�02 [1 + (1� x2)2℄:
(58)

At small emission angles, we an express all the in-variants in terms of angular two-dimensional vetors inthe plane transverse to the beams axis:k1 = Ex1�1; p01 = Ex0�0;Z�1>�0 d2k1�1 = �x1 ln 1�20 + : : : ;Z d2k1�01 = x1x0 Zj�1��0j>�0 d2�1(�1 � �0)2 == �x1x0 ln 1�20 + : : : (59)
268



ÆÝÒÔ, òîì 130, âûï. 2 (8), 2006 Radiative orretions to hiral amplitudes : : :It an be expliitly veri�ed that the �0-dependene isabsent in the sum of ollinear kinematis and the non-ollinear ontributions to the eletron impat fatorsummed over the �nal-state hard photon hiral states:d�ehard;n = X�1;�2(d�e+�1�2 + d� i;eomp + d�f;eomp): (60)But this value depends essentially on the experimen-tal photon detetion set-up. Similar alulations of thephoton impat fator in the nonollinear kinematis ofa hard photon emission(k; �) + �(q)! e�(q�; ��) ++ e+(q+;��+) + (k1; �1);s1 = 2q�q+; �� = 2kq�; �1� = 2k1q�; (61)with hiral amplitudes de�ned as m��1�� , gived�e+e���1�� = �32�2 jm��1�� j2 d2q�d2q+dx+dx�x1x+x� ;x1 = 1� x+ � x�; q = q� + q+ + k1; (62)wherejm+++j2 = 4q2s1x2+���1��+�1+ ;jm++�j2 = 4q2s1x2����1��+�1+ ;jm+��(k; k1)j2 = jm+�+(�k1;�k)j2;jm+�+j2 = 4s21���1��+�1+Tr q̂�A+�+!+q̂+ ~A+�+ (63)
andA+�+ = s1(q+ � q)2 k̂q̂+k̂1(�q̂+ + q̂) p̂2s �� s1(q� � q)2 p̂2s (q̂� � q̂)k̂q̂�k̂1 �� q̂+(q̂� � k̂) p̂2s (q̂+ + k̂1)q̂�: (64)Again, the proportionality A+�+ / jqj at small jqj wasdemonstrated in [9℄.To hek the anellation of the �0-dependene, weevaluate the limit values of jm+���1 j2 in the limit of the

emission angles lose to the momentum diretions ofone of the harged partiles,(jm+++j2 + jm++�j2)�1�!0 == 4q2�1� (x+)2x�x1(1� x+)2�+�� [x2� + (1� x+)2℄;(jm+�+j2 + jm+��j2)�1�!0 == 4q2�1� x�x1�+�� [x2� + (1� x+)2℄;(jm+�+j2 + jm+��j2)�1+!0 == 4q2�1� x+x�x1(1� x�)2�+�� [x2+ + (1� x�)2℄;(jm+++j2 + jm++�j2)�1+!0 == 4q2�1� x�x1�+�� [x2+ + (1� x�)2℄:
(65)

It an be veri�ed that the �0-dependene anels in thesum of ollinear kinematis and the nonollinear ontri-butions to the photon impat fator summed over thehard photon hiral states:d�hard;n = d�e+e�+�;� + d��;omp + d�+;omp: (66)The numerial value of d�hard;n also depends on theexperimental set-up and is not onsidered here.
6. DISCUSSION AND CONCLUSIONSWe have obtained that the impat fators of botheletron and photon in the leading logarithmi approx-imation an be written in the partoni form of theDrell �Yan proess in terms of the struture funtionsfor any hiral states of the initial and �nal partiles�d�B + d�SV +X d�hard�; �� (q�; q+) == 1Zx� dz�z� 1Zx+ dz+z+ D�x�z� ; ls�D�x+z+ ; ls� �� d�; ��B �q�z� ; q+z+��� �1 + �� [K; ��SV +K�;oll +K+;oll +Knoll℄� ;269



V. Bytev, E. Barto², M. V. Galynskii, E. A. Kuraev ÆÝÒÔ, òîì 130, âûï. 2 (8), 2006�d�B + d�SV +X d�hard�e; �� (p1; p01) == 1Z0 dz1 1Zx0 dz2z2 D(z1; lu)D�x0z2 ; lu� �� d�e; ��B �z1p1; p01z2��� �1 + �� [Ke; ��SV +Ki;eoll +Kf;eoll +Kenoll℄� :Here, the hirality indies are suppressed and D is thenonsinglet struture funtion of a fermion [6℄:D(z; l) = Æ(z � 1) + �2� (l � 1)P (1)(z) + : : : ;P (1)(z) = �Æ(1� z)�2 ln� + 32�++�(1� z ��)1 + z21� z ��!0 : (67)The expliit form of KSV is given in Appendix Bfor de�nite hiral states. The expliit form of Koll isgiven above (see (51) and (52)). The form of Knoll(after a proper regularization ompensating the diver-gent terms in the limit as �0 ! 0) strongly depends onthe details of experiment tagging the additional hardphoton. The nonleading terms are free from infraredand ollinear divergenes (are independent of �, �, and�0).The terms ontaining the vetor produt arise dueto a nonzero imaginary part of the LP amplitudes.We an be onvined in the validity of the gauge-invariane hek: the squares of hiral amplitudes inthe Born approximation and the one-loop-orretedones tend to zero as jqj2 at small jqj.The eletron impat fator also has ontributionsfrom pair prodution hannels [9℄, whih are not on-sidered here.The auray of the formulas given above is deter-mined by the omitted terms (2):1 +O�m2s21 ; m2u2 ;����2�: (68)We are grateful to S. Bakmaev for the attention tothe work in the initial part of this paper. One of us(E. A. K) is grateful to V. Serbo and V. Telnov for theuseful ritiism and disussions.APPENDIX AWe evaluate asymptoti expressions for a part ofthe salar, vetor, and tensor integrals orresponding

to the absorption of a virtual photon by the eletronfrom the pair reated in (p1)�(q) ollisions.We �rst give the salar integrals with two, three,and four (di�erent) denominators(0) = k2 � �2;(2) = (q� � k)2 �m2 + i0 = k2 � 2q�k + i0;(�2) = (�q+ � k)2 �m2 + i0;(q) = (p1 � q+ � k)2 �m2 + i0: (69)The loop momentum integrals with the denomina-tor (�q) = (q� � p1 � k)2 �m2instead of (q) = (p1 � q+ � k)2 �m2;inluding salar, vetor, and tensor ones an be ob-tained from those listed below by replaement (26):q� ! �q+; q+ ! �q�; p1 ! �p1;�� ! ��; (2)! (�2); (q)! (�q): (70)We an therefore restrit ourselves to onsidering onlythe integrals with denominators (0), (2), (�2), and (q).In this Appendix, we use the same onservation law,on-shell onditions, and kinemati invariants as for thephoton impat fator in (12) and (13),s1 + q2 = �+ + ��: (71)Two denominator salar integrals are de�ned asIij = Z d4ki�2 1(i)(j) �The expliit expressions for them areI02 = L+1; I2q = L�lq+1; I0q = L�l++1;I0�2 = L+ 1; I2�2 = L� Ls + 1; I�2q = L� 1: (72)Here and below, we use the notationL = ln �2m2 ; l� = ln ��m2 ; lq = ln q2m2 ;Ls = ln s1m2 � i� = ls � i�; ll = ln m2�2 ;Li2 (z) = � zZ0 dxx ln(1� x): (73)We reall one more that we assume all the kine-mati invariants to be greater than the eletron masssquared, s1 � q2 � �� � m2270



ÆÝÒÔ, òîì 130, âûï. 2 (8), 2006 Radiative orretions to hiral amplitudes : : :and systematially omit the terms of the order ofm2=s1and similar ones in presenting the asymptoti expres-sions.The salar integrals with three denominatorsIijk = Z d4ki�2(i)(j)(k)are given byI0�2q = � 12�+ �l2+ + 2�23 � ;I02�2 = 12s1 �l2s + 2lsll � 4�23 � i�(2ls + 2ll)� ;I2�2q = � 12(s1 + q2) �l2q � l2s + �2 + 2i�ls� ;I02q = 1�+ � q2 ���lq(lq�l+)+12(lq�l+)2+2Li2�1��+q2 �� :
(74)

The integral I02�2q = Z d4ki�2(0)(2)(�2)(q)with four denominators is given byI02�2q = 1s1�+ �l2q�2l+ls�lsll + 2Li2�1+q2s1 �++ �26 + i��2l+ + ll � 2 ln(1 + q2s1 )�� : (75)We now desribe the vetor integralsI�r = Z d4kk�r = a+r q�+ + a�r q�� + a1rp�1 (76)withr = (ij); (ijk); (ijkl); i; j; k; l = (0); (2); (�2); (q):For the vetor integrals with two denominators, wehave (indiating only nonzero oe�ients)a�2q = a12q = �a+2q = 12�L� lq + 12�;a10q = �a+0q = 12�L� l+ + 12�;a�2�2 = �a+2�2 = 12�L� Ls + 12�;a1�2q = �12a+�2q = 12�L� 32�;a�02 = 12L� 14 ; a+0�2 = �12L+ 14 (77)

and the oe�ients for the vetor integrals with threedenominators area�02q = 1a ��+I02q + 2�+a l+ � q2 + �+a lq� ;a+02q = �a102q = 1a (l+ � lq) ;a10�2q = 1�+ (�l+ + 2) ; a = �+ � q2;a+0�2q = �I0�2q � 1�+ l+; a�02�2 = �a+02�2 = 1s1Ls;a�2�2q = 1 (Ls�lq) ; a+2�2q = �I2�2q+1 (Ls�lq) ;a12�2q = s1 I2�2q + 1 (�lq + 2)� 2s12 (Ls � lq) ; = s1 + q2 = �+ + ��:
(78)

Finally, the oe�ients of the vetor integrals with fourdenominators are given bya1 = s1d (�+A+ ��B � s1C) ;a+ = ��d (�+A� ��B + s1C) ;a� = �+d (��+A+ ��B + s1C) ;d = 2s1�+��;A = I2�2q � I0�2q ; B = I02q � I2�2q ;C = I02q � I02�2 � �+I02�2q: (79)
We parameterize the seond-rank tensor integralsasI��r = Z d4ki�2 k�k�r = hagrg + a11r p1p1+a++r q+q+++ a��r q�q� + a1+r (p1q+ + q+p1) ++ a1�r (p1q� + q�p1) + a+�r (q+q� + q�q+)i�� : (80)The oe�ients for the tensor integral with four de-nominators are (we suppressed the index 02�2q)a1+ = 1�+ (A6 +A7 � A10) ;a+� = 1s1 (A2 +A6 �A10) ;a1� = 1�� (A2 +A7 �A10) ;a11 = 1�� �A1 � s1a1+� ;a�� = 1s1 �A5 � �+a1�� ;a++ = 1s1 �A3 � ��a1+� ;ag = 12 �A10 �A2 � �+a1+� ;

(81)
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V. Bytev, E. Barto², M. V. Galynskii, E. A. Kuraev ÆÝÒÔ, òîì 130, âûï. 2 (8), 2006withA1 = a12�2q � a10�2q ; A6 = a+02q � a+2�2q ;A2 = a�2�2q; A7 = a102q � a102�2 � �+a1;A3 = a+2�2q � a+0�2q ; A8 = a�02q � a�02�2 � �+a�;A4 = a102q � a12�2q ; A9 = a+02q � a+02�2 � �+a+;A5 = a�02q � a�2�2q ; A10 = I2�2q: (82)
It an be veri�ed that these oe�ients satisfy the re-lationsA4 = �+a11+s1a1�; A8 = ��a��+�+a+�;A9 = �+a++ + ��a+� (83)that we use to hek the alulation.The oe�ients entering the tensor integral I��02qhave the formag02q = 14L+ 38 + q24a lq � �+a l+;a+�02q = �a1�02q = 12a h�+a (l+ � lq)� 1i ;a++02q = a1102q = �a1+02q = 12a(lq � l+);a��02q = 1a2 ��2+I02q + 3�2+a l+++ (q2)2 � 4q2�+ � 3�2+2a lq + q2 � 3�+2 � : (84)
The oe�ients entering the tensor integral I��02�2 aregiven by ag02�2 = 14(L� Ls) + 38 ;a++02�2 = a��02�2 = 12s1 (Ls � 1);a+�02�2 = � 12s1 : (85)The oe�ients for the tensor integral I��0�2q are given byag0�2q = 14(L� l+) + 38 ; a1+0�2q = 1�+ �l+ � 52� ;a110�2q = 12�+ (�l+ + 2);a++0�2q = I0�2q + 12�+ (3l+ � 1): (86)

For the tensor integral I��2�2q, these oe�ients areag2�2q = 12 �12L+ 34 � s12Ls � q22 lq� ;a��2�2q = � 12(lq � Ls);a++2�2q = I2�2q+ 32(lq�Ls); a+�2�2q = 12 (lq�Ls);a1�2�2q = 1 ��12 + s12Ls � s12lq� ;a1+2�2q = 1 ��52�s1I2�2q+5s12 Ls+2q2�3s12 lq� ;a112�2q = 12 �4s1 + q2 + s21I2�2q � 3s21 Ls++ 3s21 � (q2)2 � 4s1q22 lq� :
(87)

The hek-up equations for oe�ients (87) an be ob-tained after multiplying I��2�2q by 2(q+ + q�)� or 2p�1 ,using the relations2k(q+ + q�) = (�2)� (2); 2p1k = (�2)� (q)� �+and using vetor integrals (76). They are given by2ag2�2q + s1a��2�2q + a1�2�2q + s1a+�2�2q = a�2q � a��2q;2ag2�2q + s1a++2�2q + a1+2�2q + s1a+� = a+2q � a+�2q;a112�2q + s1a1+2�2q + s1a1�2�2q = a12q � a1�2q: (88)The integrals for alulation of the eletron impat fa-tor with the denominators(0)e = k2 � �2;(1)e = (p1 � k)2 �m2 + i0;(2)e = (p01 � k)2 �m2 + i0;(q)e = (p1 � k1 � k)2 �m2 + i0 (89)an be obtained from those given above by the substi-tutionZ d4ki�2 1; k; kk(0 1 2 q)e == P(q� ! p01; q+ ! �p1; p1 ! �k1; q ! q)�� Z d4ki�2 1; k; kk(0 2 �2 q) : (90)An additional set of relevant integrals for the eletronimpat fator an be obtained by substitution (37).APPENDIX BThe expliit expressions for the photonK-fator are(in the ase of two di�erent polarizations)272



ÆÝÒÔ, òîì 130, âûï. 2 (8), 2006 Radiative orretions to hiral amplitudes : : :12K+�SV = �12 ln2 x+x� � 34 l2qs + lqslps + 12 lqslms + 14 lms + 34 lqs + 12 lqs � 34 ++ 32Li2�1 + q2s1 �� Li2�1� �+q2 �� 12Li2�1� ��q2 �+ x+��x+ � 2�+ � 2s14x2�s1 ++���x+�+x� � (x+�� � s1)22x2��2+ ��12 l2qs � lqslms + �23 � Li2�1 + q2s1 �+ Li2�1� ��q2 ���� x+ lms � lqsx2� �a2x+ � 2s1x���4~a2 + 4�� � s1 � 2x+��2~a � x+�2�2~a�+ + 2x+�� � s12�+x+ �++ �2x2��+ [q+q�℄z 2664 lms � ln�1 + q2s1 ��+ (s1 � x+�� + x��+) + s1 + 3x��+ � x+�� 3775++ lqs2x2� ��2+ + s21 + 2x+s1�+2 � 2x�s1 + �+ + s21�+ + x+�2s1 + x+���+ �++ �2+ + s21 + 2x+s1�+2x2�s1 + �2+2s1q2x2� �12x2+ � 1� �+x+4~as1q2x2� �x+�2+ + q2(x+�� � 2�+)�++ 1q2x� �14�� � q22 + �+x� � 12s1x� � 14x2+s1 + 14x2+�+� ; (91)
12K++SV = �12 ln2 x+x� � 34 l2qs + lqslms + 12 lqslps + 14(lps + lqs)� Li2�1� ��q2 �++ 32Li2�1 + q2s1 �� 12Li2�1� �+q2 �� 1 ++ 2x�x+���+ � (x��+ � s1)22�2�x2+ �12 l2qs � lqslps � Li2�1 + q2s1 �+ Li2�1� �+q2 �+ �23 ��� lps � lqsx2+ �x�(�2s1�+x+ + x�~a2)4a2 + x�(4x+s1�+ � x+s21 � x�~a2)2as1 � (s1 � x��+)22��s1 �++ lqsx2+ �2x+s1�+ + ~a222 + s212�� � x+q2 + s1x� + ��=2 � x��� �s1 � 12x��+�� 12 � x+x��++ � [q+q�℄z2x2+ �x+�� + s1 � x��+�2� �lps � ln�1 + q2s1 ��+ 2x+ + 1 � x��� + s1����� 1x2+ �x� 2s1 � x�q2~a + x+x�2 � 2x+s1�+ + (�+ � s1)22s1 �++ 1q2x2+ �x2�s214a + q24 + 54�+ + 32s1x+ � s1 � x+�+ � 12x2+s1�� �2+2s1x2+q2 ; (92)6 ÆÝÒÔ, âûï. 2 (8) 273



V. Bytev, E. Barto², M. V. Galynskii, E. A. Kuraev ÆÝÒÔ, òîì 130, âûï. 2 (8), 2006a = �+ � q2; ~a = �� � q2;  = �+ + ��;lqs = ln q2s1 ; lps = ln �+s1 ; lms = ln ��s1 : (93)The expliit expression for the eletron K-fator isKe;+�SV = � ln2 x0 � 32 ln2 q2u + 2 ln �u ln q2u + ln �0u ln q2u + 12 ln �0q2 + 3 ln q2u �� 2Li2�1� �q2�+ 3Li2�1� q2u �� Li2�1 + �0q2�� �24 � 2�� 1(x0)2(�0)2 �12 ln2 q2u � ln q2u ln �0u � Li2�1� q2u �+ Li2�1 + �0q2�+ �212����d2 � 2x0(�u�0 + u2 + ��0) + (x0)2u2��� 12(x0)2q2 ��u+ �+ 2x0�� (x0)2u� 3(x0)2�+ u2~d �+ (�0)2x2(x0)2q2u �1 + q2 ��� 1(x0)2 �x(�u+ 2�+ ux0) + 12 � x0 � �0 � 2u+ 2x0u2 ~d ��� 1(x0)2 ln �0q2 �x0(2d+ x0u)�0 � x0(4�0 � u)~d � d2(�2u� 3�)2 ~d2� + x0u�0~d2 ��� 1(x0)2 ln q2u � ux�(�0)2 � x((� � u)2x� 2�ux0)2 � 2uxx0 + (u2 � �2)x2� �++ 4� [p01;k1℄z(x0)2 �ln q2u � ln �0q2� �0 � u� x0(�� u)�2 + 2� [p01;k1℄z(x0)2 �d(�2u� 3�)~d2� + x0�2u+ �� ~d � ; (94)where d = �� q2; ~d = u+ �;  = u� q2: (95)For Ke;++SV , we haveKe;++SV = � ln2 x0 � 32 ln2 q2u + 2 ln q2u ln �0u ln q2u + ln �u + 12 ln �u + 52 ln q2u �� 2Li2�1 + �0q2�+ 3Li2�1� q2u �� Li2�1� �q2�� �24 � 32 �� 1(�0)2 �� ln2 q2u + ln �u ln q2u � �212 + (�0)22 ln q2u +�ln �u � ln q2u + �0 � �0u ++ Li2�1� q2u �� Li2�1� �q2����u2x2 + 2x0� ~d+ (x0)2�(�2u� �)�++ �2(1� 2x0)u  (1 + u ln q2u )� 2x0�u �� ln �u � �0 + ln q2u �1� u�02 ���� x0d �ux� 12x0��+ x0u d ln �q2  u2 + 4�u� x0 ~d2 � u(�2�u+ x0 ~d2)2d !�� ln q2u �x0�2ux+ x0��0 + 2u(1� (x0)2)� �x2 � u2x2�0 ��� 1q2 ��12�+ x0u+ 3x0�� 2(x0)2u� 52(x0)2�� d x2u22 �+ x2�2uq2 : (96)274
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