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ANALYSIS OF TRIPLET PRODUCTION BY A CIRCULARLYPOLARIZED PHOTON AT HIGH ENERGIESG. I. Gakh, M. I. Kon
hatnij, I. S. Levandovsky, N. P. Merenkov *Kharkov Institute of Physi
s and Te
hnology61108, Kharkov, UkraineRe
eived O
tober 4, 2012The possibility in prin
iple of determining the 
ir
ular polarization of a high-energy photon by measuring the
reated ele
tron polarization in the pro
ess of triplet photoprodu
tion 
 + e� ! e+e� + e� is investigated.The respe
tive event number, whi
h depends on polarization states of the photon and the 
reated ele
tron,does not de
rease as the photon energy in
reases, and this 
ir
umstan
e 
an ensure the high e�
ien
y in su
hexperiments. We study di�erent double and single distributions of the 
reated ele
tron (or positron), whi
hallow probing the photon 
ir
ular polarization and measuring its magnitude (the Stokes parameter �2) using thete
hnique of Sudakov variables. Some experimental setups with di�erent rules for event sele
tion are studiedand the 
orresponding numeri
al estimations are presented.DOI: 10.7868/S00444510130700671. INTRODUCTIONIt is well known that the pro
ess of triplet produ
-tion 
(k) + e�(p)! e�(k1) + e+(k2) + e�(p1) (1)by high-energy photons on atomi
 ele
trons 
an be usedto measure the photon linear polarization degree [1�3℄.This possibility arises due to the azimuthal asymme-try of the 
orresponding 
ross se
tion, i. e., due to itsdependen
e on the angle between the plane in whi
hthe photon is polarized and the plane (k;p1) where there
oil ele
tron 3-momentum lies. The detailed des
rip-tion of the various di�erential distributions, su
h as thedependen
e on the momentum value, on the polar an-gle and the minimal re
orded momentum of the re
oilele
tron, on the invariant mass of the 
reated ele
tron�positron pair, on the positron energy, and others, wasinvestigated in Ref. [4℄. This single-spin e�e
t is thetheoreti
al ba
kground of polarimeters, where di�erentangular and energy distributions are used [5℄.The exa
t expressions for di�erential and partly in-tegrated 
ross se
tions of pro
ess (1) are very 
um-bersome and exist in the 
omplete form only in the*E-mail: merenkov�kipt.kharkov.ua

unpolarized 
ase [6℄. At a high 
ollision energy, onlytwo (from eight) diagrams 
ontribute with the lead-ing a

ura
y (negle
ting terms of the order of m2=s,where s = 2(kp) and m is the ele
tron mass) andthe 
orresponding expressions are essentially simpli�ed.These diagrams (the so-
alled Borselino diagrams [7℄)are shown in Fig. 1. Nevertheless, at the boundaries ofthe �nal-parti
le phase spa
e, the nonleading terms 
anbe enhan
ed, and some of su
h e�e
ts were investigatedin Ref. [8℄ in the 
ase of linearly polarized photons.As regards the photon 
ir
ular polarization, it 
anbe probed by double-spin e�e
ts at least. In the regionof small and intermediate photon energies, the 
ir
ularpolarization 
an be measured using double-spin 
orre-lation in Compton s
attering. For example, in Ref. [9℄,the 
orresponding possibility was 
onsidered for theCompton 
ross se
tion asymmetry in the s
attering ofa photon on polarized ele
trons. In prin
iple, the po-larization of the re
oil ele
tron 
an also be measured.The double-spin e�e
ts 
an be used to 
reate polarizedele
tron beams using laser photons [10℄.At high energies of photon beams, the use of Comp-ton s
attering is not e�e
tive be
ause the Compton
ross se
tion de
reases very fast as the photon energyin
reases. If the photon energy is large, the 
ross se
-tion of the ele
tron�positron pair produ
tion, whi
hdoes not de
rease as the energy in
reases, be
omeslarger than the Compton s
attering one. To estimatethe relevant energy, we 
an use the asymptoti
 formulas60
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Fig. 1. Borselino diagrams that make a nonde
reasing 
ontribution to the 
ross se
tion at high energies and small transferredmomentafor the total 
ross se
tions [11℄�C � 2�r20x lnx; �pair � 28�r209 lnx; (2)x = sm2 ; � = 1137 ;where r0 = �=m is the 
lassi
al radius of the ele
tron.In the rest frame of the initial ele
tron (s = 2!m), thephoton energy ! has to be larger than about 80 MeV.Hen
e, to measure the 
ir
ular polarization of photonswith the energies more than 100 MeV, it is advanta-geous to use pro
ess (1) rather than the Compton s
at-tering.The above estimate of the pair produ
tion 
ross se
-tion is made taking only the Borselino diagrams intoa

ount. The events des
ribed by these diagrams havevery spe
i�
 kinemati
s in the rest frame of the ini-tial ele
tron, namely, the re
oil ele
tron has a small3-momentum (of the order of m), whereas the 
reatedele
tron�positron pair 
arries all the photon energy andmoves along the photon momentum dire
tion. In therea
tion 
.m.s., the s
attered (re
oil) ele
tron has asmall perpendi
ular momentum transfer (of the orderof m) and a very small longitudinal one (of the orderof m3=s). Just su
h events 
ontribute to the nonde-
reasing 
ross se
tion. The 
ontribution of the otherdiagrams, des
ribing the dire
t 
apture of the photonby the initial ele
tron and ex
hange e�e
ts due to theidentity of the �nal ele
trons, de
reases at least asm=!.There are a few possibilities to measure the photon
ir
ular polarization in pro
ess (1): i) to use longitudi-nally polarized ele
trons and measure the asymmetryof the 
ross se
tion at two opposite dire
tions of thepolarization, ii) to measure the polarization of re
oilele
trons, iii) to measure the polarization of the 
reatedele
trons or positrons. The double-spin 
orrelation ef-fe
ts in the �rst two 
ases de
rease as the photon energy

in
reases, and are not therefore e�e
tive for measuringthe photon 
ir
ular polarization at high energies. Inthis paper, we therefore 
on
entrate on the third exper-imental setup, whi
h 
an be realized in the s
atteringof photons on unpolarized atomi
 ele
trons or an ele
-tron beam. In some aspe
ts, our study is 
lose to theapproa
h in Ref. [12℄, where pro
ess (1) with 
ir
ularlypolarized photons was suggested to 
reate high-energypolarized ele
trons; in the last se
tion, we dis
uss the
orresponding similarities and di�eren
es in more de-tail. 2. FOUR-RANK COMPTON TENSORIn the approximation 
onsidered here, the squaredmatrix element of pro
ess (1) is de�ned by a 
ontra
-tion of two se
ond-rank Lorentz tensors V�� and B�� ,and the di�erential 
ross se
tion of this pro
ess 
an bewritten in the formd� = e62(2�)5sq4V��B��d�; (3)d� = d3k12E1 d3k22E2 d3p12"1 Æ(k + p� p1 � k1 � k2);where q = k � k1 � k2 = p1 � p, E1 (E2) is the energyof the 
reated ele
tron (positron), and "1 is the energyof the re
oil ele
tron with the 4-momentum p1. Thetensor B�� is de�ned by the ele
tron 
urrent j�,B�� = j�j�� ; j� = �u(p1)
�u(p); (4)and in the 
ase of a polarized initial ele
tron,B�� = 12 Tr(p̂1 +m)
�(p̂+m)(1� 
5Ŵ )
� ;61
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hatnij, I. S. Levandovsky, N. P. Merenkov ÆÝÒÔ, òîì 144, âûï. 1 (7), 2013where W� is its polarization 4-ve
tor. Taking the tra
eover the spinor indi
es, we haveB�� = q2g�� + 2(pp1)�� � 2im(��qW ); (5)where we set(ab)�� = a�b� + a�b�; (��qW ) = �����q�W�;�1230 = 1:If the initial ele
tron is unpolarized and we want tomeasure the re
oil ele
tron polarization, we must sub-stitute p� p1; �� �; W !W1in the right hand side of Eq. (5), whi
h results simplyin the 
hange W ! W1, where W1 is the polarization4-ve
tor of the re
oil ele
tron.For events with an arbitrarily polarized photonbeam, the tensor V�� in Eq. (3) 
an be written in termsof its Stokes parameters �i (i = 1; 2; 3) and the four-rank Compton tensor T���� (su
h that its 
ontra
tionswith q�; q� and k�; k� are equal to zero and whi
h isde�ned below) asV�� = 12�[e1�e1� + e2�e2�℄ + �3[e1�e1� � e2�e2�℄ ++�1[e1�e2�+e2�e1�℄�i�2[e1�e2��e2�e1�℄�T����; (6)where the mutually orthogonal spa
e-like 4-ve
tors e1and e2, relative to whi
h the photon polarization prop-erties are de�ned, satisfy the relationse21 = e22 = �1; (e1k) = (e2k) = (e1e2) = 0:The �rst term inside the parentheses in the right-hand side of Eq. (6) is responsible for the events withan unpolarized photon, the se
ond and third terms areresponsible for the events with the linear photon po-larization, and the last term, for the events with the
ir
ular polarization. The parameters �1 and �3, whi
hde�ne the linear polarization degree of the photon, de-pend on the 
hoi
e of the 4-ve
tors e1 and e2, whereas�2 is independent of them. Be
ause we want to inves-tigate events with the 
ir
ular photon polarization, we
an 
hoose these 4-ve
tors in the most 
onvenient way,namely,e1� = �1k2� � �2k1�N ; e2� = (� k k1 k2)N (7)with the short notationN = 2��1�2 �m2(�21 + �22);�1;2 = (kk1;2); � = (k1k2):

The 4-ve
tor e1 appears in the expression for thefourth-rank Compton tensor T����, see Eq. (8) below.The polarization properties of a real photon are de-�ned by two orthogonal 3-ve
tors n1 and n2. Ea
h ofthese two ve
tors is also orthogonal to the photon mo-mentum 3-ve
tor k, and the 4-ve
tors e1 and e2 aretheir 
ovariant generalizations. It follows from the def-inition of e1 and e2 that they have both time and spa
e
omponents. Adding the 4-ve
tor k with appropriatefa
tors to them (whi
h is, in fa
t, a gauge transfor-mation), we 
an eliminate the time and longitudinal(parallel to k) 
omponents. In an arbitrary Lorentzsystem with the z axis dire
ted along the ve
tor k andthe 3-momentum lying in the zx plane, wherek = (!; 0; 0; !); k1 = (E1; k1x; 0; k1z);k2 = (E2; k2x; k2y; k2z);the 
orresponding transformation has the form(0;n1) = e1� � E1k2z �E2k1zN k�;(0;n2) = e1� � k1xk2yN k�;where n1 = (nx; ny; 0); n2 = (ny;�nx; 0);nx = ![(E1 � k1z)k2x � (E2 � k2z)k1x℄N ;ny = !(E1 � k1z)k2yN ;N2 = !2�[(E1 � k1z)k2x � (E2 � k2z)k1x℄2 ++ (E1 � k1z)2k22y	:Under this transformation, no observables are 
hangeddue to the gauge invarian
e, whi
h manifests itself bymeans of the above-mentioned 
onstraints on the tensorT����, k�T���� = k�T���� = 0:That is why the des
ription of all polarization phenom-ena in pro
ess (1) by means of the 4-ve
tors e1 and e2is 
ompletely equivalent to the des
ription in terms ofthe 3-ve
tors n1 and n2. The evident advantage ofthe 
ovariant des
ription is the independen
e from theLorentz system.For the events in whi
h the 
reated ele
tron polar-ization states in pro
ess (1) must be determined, theBorselino diagrams lead to the following expression forthe tensor T����:62
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tion : : :T���� = 12 Tr�(k̂1 +m)(1� 
5Ŝ)�� Q̂��(k̂2 �m)Q̂��	;Q̂�� = N�1�2 e1�
� + 
�k̂
�2�1 � 
�k̂
�2�2 ; (8)where S is the ele
tron spin 4-ve
tor, with the proper-ties S2 = �1 and (Sk1) = 0.We divide T���� into two parts: the �rst part de-pends on the 4-ve
tor S and the se
ond one does not,T���� = T (S)���� + T (0)����:Then we 
an writeT (0)���� = T(��)(��) + T[��℄[��℄;T (S)���� = im�T(��)[��℄ + T[��℄(��)�; (9)where we use the index notation (��) ([��℄) to indi
atethe symmetry (antisymmetry) under the permutationof indi
es � and �. These symmetry properties (9) andform (5) for the tensor B�� allow dis
ussing some fea-tures of pro
ess (1) with a high-energy polarized photonon the qualitative level.As noted in the Introdu
tion, the 
ross se
tion ofpro
ess (1) (when all parti
les are unpolarized) doesnot de
rease as the photon energy in
reases. Su
h be-havior is 
aused by terms proportional to s2 in the
ontra
tion T����B�� that enters di�erential 
ross se
-tion (3). On the other hand, only the symmetri
 
om-ponent 2(pp1)�� in Eq. (5) 
an ensure the appearan
eof su
h terms. This simple observation suggests thatthe nonde
reasing spin 
orrelations in the di�erential
ross se
tion in the 
onsidered 
ase are 
onne
ted onlywith the tensors T(��)(��) and T(��)[��℄ that are sym-metri
 under the �� � permutation. The �rst one de-s
ribes single-spin 
orrelations that depend on Stokesparameters �1 and �3 
aused by the linear photon po-larization [1℄. The se
ond tensor 
an 
ontribute underthe 
ondition that the polarization of the 
reated ele
-tron (or positron) is measured, or in other words, itdes
ribes double-spin 
orrelation dependent on Stokesparameter �2 that is the 
ir
ular polarization degree.In what follows, we 
on
entrate just on this double-spin 
orrelation, whi
h 
an be used to measure the �2parameter.The tensors T[��℄[��℄ and T[��℄(��) that are antisym-metri
 under the �� � permutation do not have mu
hphysi
al signi�
an
e in the 
onsidered problem be
ausethey 
an des
ribe spin 
orrelations in di�erential 
rossse
tions that de
rease at least as s�1 with the in
reasein energy. For the full des
ription in su
h an approxi-mation, it is not enough to 
onsider only the Borselino

diagrams, and the other six diagrams must be takeninto a

ount. But these tensors are 
onne
ted by the
ross symmetry with the 
orresponding tensors in theannihilation 
hannel that are suitable for the des
rip-tion of the subpro
ess e+ + e� ! 
 + 
�, whi
h is im-portant in di�erent radiative return measurements [13℄and whi
h does not a
quire 
ontributions of any otherdiagrams. That is why we give all the 
orrespondingexpressions in very 
ompa
t formT(��)(��) = 2�1�2 �� ng��h��1 + �2�2g�� � N2�1�2 q2 e1�e1�i�� 2�1�2(1 + P̂��) g��g�� � 2(k1k2)��k�k� ++ �1+P̂��+P̂��+P̂��P̂���g���k�(�2k1�+�1k2�)++N(k1� � k2�)e1��++Nh (k1e1)��(kk2)���1 � (k2e1)��(kk1)���2 i�� g���(�1 + �2)(k12k)�� � 2(m2 + �)k�k��o; (10)where k12 = k1 + k2, P̂�� is the � � � permutationoperator, andT[��℄[��℄ = 2�1�2n(1� P̂��)h(�21 + �22)g��g�� ++ (�21k2� � �22k1�)k� [k1k2℄���1�2 i++(1�P̂���P̂��+P̂�� P̂��)h N�1�2 g��e1�(�22k1���21k2�)++ �21 � (�1 � �2)(m2 + �)�1 g��k�k1� ++ �22 � (�2 � �1)(m2 + �)�2 g��k�k2�io; (11)where we use the notation [ab℄�� = a�b� � a�b�.The spin-dependent parts of T���� are given byT[��℄(��) = �2(��qS)h�h� ++ (��qk)�21�2 �(�2 � �1)(kS)g�� � �1�2(Sh)����� (kS)�1 �h�(���q) + h�(���q)�; (12)where h = k2�2 � k1�1 ;63



G. I. Gakh, M. I. Kon
hatnij, I. S. Levandovsky, N. P. Merenkov ÆÝÒÔ, òîì 144, âûï. 1 (7), 2013andT(��)[��℄ = h (k1k1)�� + (k2k2)���1�2 �� � 1�21 + 1�22�(k1k2)�� ++ q2(�1 � �2)2 + �1(�21 � �22)2�21�22 i(��kS) ++ (��kk12)�2 h(Sh)�� + (Sk2)� 1�1 � 1�2�g��i++ n(���k)h� (k2S)�2 � (kS)�1 ��k2��1 � k1��2 �++ (�1 � �2)2�1�22 (q2 + 2�1 + 2�2)S�i+ (�� �)o: (13)3. DIFFERENTIAL CROSS SECTIONWhen 
al
ulating the 
ontribution to the unpo-larized part of the 
ross se
tion that does not de-
rease as the energy in
reases, we ought to a
-
ount for terms proportional to s2 in the 
ontra
tionT����(e1�e1�+e2�e2�)B�� , whi
h arise due to the s
alarprodu
ts (k1p); (k2p), and (kp). For this, it su�
esto use the approximation B�� = 4p�p� (see Ref. [3℄).Then we haveT����(e1�e1�+e2�e2�)B�� = �16h 4m2�1�2 (k1p)(k2p)++(k1p)2� q2�1�2�2m2�22 �+(k2p)2� q2�1�2�2m2�21 �i: (14)The leading 
ontribution to the di�erential 
rossse
tion, within the 
hosen a

ura
y, is given by theregion of small transferred momenta jq2j � m2. Inthis 
ase, it is useful to introdu
e the so-
alled Sudakovvariables [14℄, whi
h are suitable for the 
al
ulation athigh energies and small transferred momenta. Thesevariables, in fa
t, de�ne a de
omposition of the �nal-state 4-momenta into longitudinal and transverse 
om-ponents relative to the 4-momenta of the initial parti-
les. For pro
ess (1), we have (also see [12℄)k2 = �p0 + �k + k?; q = �qp0 + �qk + q?;p0 = p� m2s k; s = 2(kp); p02 = 0;(k?p) = (k?k) = (q?p) = (q?k) = 0;d4k2 = s2d� d� d2k?; d4q = s2d�q d�q d2q?; (15)where the 4-ve
tors k? and q? are spa
e-like, and hen
ek2? = �k2, q2? = �q2, and k and q are two-dimensionalEu
lidean ve
tors.

The phase spa
e of the �nal parti
les with the over-all Æ-fun
tion (see Eq. (3)) 
an be written asd� = s24 d� d� d2k?d�qd�qd2q? �� Æ(k22 �m2)Æ(k21 �m2)Æ(p21 �m2): (16)Using the 
onservation laws, we derivek22 = s���k2; k21 = �s(1��)(�+�q)�(k+q)2;p21 = s�q +m2 � q2; s� = m2 + k2� ; s�q = q2;s�q = �m2 + k2� � m2 + (k+ q)21� � ;and after the integration over �; �q , and �q with thehelp of three Æ-fun
tions, the phase spa
e redu
es tothe very simple expressiond� = 14s�(1� �)d� dk dq: (17)The variable � = E2=! is the photon energy fra
tionthat is 
arried away by the positron (the 
reated ele
-tron energy is E1 = (1��)!). In terms of the Sudakovvariables, the independent invariants are expressed as�1 = m2 + (k + q)22(1� �) ; �2 = m2 + k22� ;q2 = �q2 � m2(m2 + k2)2s2�2(1� �)2 : (18)In what follows, we 
onsider two possible experi-mental situations: i) both the s
attered (re
oil) and
reated ele
tron are re
orded, ii) only the 
reated ele
-tron is re
orded. In the �rst 
ase, we assume thatevents with jq2j < jq20 j are not dete
ted, where theminimal sele
ted momentum transfer squared jq20 j is ofthe order of m2. In the se
ond 
ase, all events withjq2j � jq2minj are in
luded, where jq2minj is the minimalpossible value of jq2j, whi
h is de�ned by the se
ondterm in the expression for �q2 in Eq. (18). It is justthe longitudinal transferred momentum squared.These two event sele
tions give very di�erent valuesfor the di�erential 
ross se
tion. If jq2j is of the orderof m2, we 
an everywhere negle
t q2min. Su
h a pro
e-dure leads to the 
ross se
tion that depends on q0, butdoes not depend on the 
ollision energy (the s invari-ant). On the other hand, when values of jq2j for thesele
ted events begin from q2min, the integration overdq leads to a logarithmi
 in
rease in the 
orrespond-ing 
ross se
tion as the 
ollision energy in
reases. Thisleading logarithmi
 
ontribution 
an be derived by the64
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tion : : :equivalent photon method [15℄, but our goal is to also
al
ulate the next-to-leading (
onstant) 
ontribution.We begin with dis
ussing the �rst experimentalsetup. Using the de�nition of the di�erential 
ross se
-tion (Eq. (3)) and relation (14), taking phase spa
efa
tor (17) and expressions for independent invariants(18) into a

ount and re
alling that2(k1p) = (1� �)s; 2(k2p) = �s; q2 = �q2in the 
ase under study, we obtaind� = 2�3�2q4 �� h2m2�(1� �)� 1m2 + (k+ q)2 � 1m2 + k2�2 ++ q2[1� 2�(1� �)℄[m2 + (k+ q)2℄[m2 + k2℄id� dk dq: (19)Our goal is to derive the distribution on the ele
tron(positron) energy � and the perpendi
ular transferredmomentum squared (q2). We therefore have to inte-grate the right-hand side of Eq. (19) over dk, and thee�e
tive values of jkj are of the order of m. Be
ausethe integral rapidly 
onverges, we 
an take 0 and 1 asthe limits of integration over jkj. After the integration,the di�erential 
ross se
tion be
omesd�ld�dq2 = 4�3q4 ��n�1� 2�(1� �)�	1 + 2�(1� �)	2o;	1 = 1x ln x+ 1x� 1 ; 	2 = 1� 2m2q2 	1;x =s1 + 4m2q2 : (20)
In the limit q2=m2 � 1, 	1 = ln(q2=m2) and 	2 == 1. In the opposite limit q2=m2 � 1, the expressionin the bra
es in the right-hand side of Eq. (20) mustbe proportional to q2 due to gauge invarian
e. In this
ase, 	1 = q22m2 �1� q26m2� ; 	2 = q26m2 :Elementary integration of this 
ross se
tion over thepositron energy fra
tion �,d�ldq2 = 4�33q4 �1 + 2�1� m2q2 �	1� ; (21)allows �nding the distribution over the re
oil momen-tum l in the rest frame of the initial ele
tron (formula(16) in Ref. [16℄) whi
h is related to q2 asq2 + 2m2 = 2mpm2 + l2:

This is a test of our 
al
ulation. But we do not inte-grate over � in what follows be
ause we have to keepinformation about the 
reated pair.For the pair 
reation via pro
ess (1) by a high-energy photon on a relativisti
 initial ele
tron withthe energy E � m in ba
k-to-ba
k 
ollision, the s
at-tered (re
oil) ele
tron 
an be dete
ted, in prin
iple, bymeans of a 
ir
ular dete
tor that sums all events with�min < � < �max, where the s
attering ele
tron angleis � = jqj=E. Here, we bear in mind that the s
atteredele
tron energy "1 is virtually the same as the initialele
tron energy E. In su
h an experimental setup, dif-ferential 
ross se
tion (20) is to be integrated over thedete
tor aperture. The maximum and minimum val-ues of q2 are de�ned by the angular dimensions of thedete
tor, q2min = E2�2min; q2max = E2�2max:For analyti
 integration, it is 
onvenient to intro-du
e the new variable q2=m2 = 4 sh2 z, when
e	1 = 2z th z; 	2 = 1� zsh z 
h z ; dq2q4 = 
h z dz2m2 sh3 z ;and the integration of Eq. (20) with respe
t to the az-imuthal angle and the new variable z leads to the ele
-tron (positron) spe
trum in the unpolarized 
ased�d� = 2�r20�A(z0)�A(z1) + �(1� �)�� �B(z0)�B(z1)�	; (22)where z0 and z1 are the minimal and maximal valuesof z, z = Arsh(�E=2m), andA(z) = 2z 
th z � 2 ln(2 sh z); (23)B(z) = 23 sh2 z � 2z 
h z � 23z 
h3 z + 83 ln(2 sh z):We �xed the integration 
onstant su
h that A(z),B(z) ! 0 as z ! 1. This 
hoi
e is determined bythe behavior of 
ross se
tion (16) at large q2=m2.The total 
ross se
tion in su
h an experimentalsetup 
an be derived by elementary integration overthe positron energy fra
tion:� = 2�r20�C(z0)� C(z1)�;C(z) = A(z) + 16B(z): (24)We note that in the e+e� pair produ
tion by a pho-ton on a stationary target with an arbitrary mass M ,5 ÆÝÒÔ, âûï. 1 (7) 65
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hatnij, I. S. Levandovsky, N. P. Merenkov ÆÝÒÔ, òîì 144, âûï. 1 (7), 2013q2 is related to the target mass M and the energy Wof the re
oil parti
le in the labaratory system asq2 = 2M(W �M); W =pM2 + l2;where l is the absolute value of the re
oil momentum.This means that in the 
ase of an atomi
 ele
tron tar-get, l = m sh(2z), M = m, and for a very heavy target,l = 2m sh(z), M � m. For a stationary target, it ispossible to investigate this experimental setup when thedete
tor re
ords all events with l > l0, l0 � m. In this
ase, we 
an formally set the upper integration limit inEq. (16) equal to in�nity. To write the 
orrespondingresults, it su�
es to eliminate A(z1), B(z1), and C(z1)from Eqs. (22) and (24).On the other hand, we 
an study the angular distri-bution of the re
oil ele
trons. It is easy to see that inthis 
ase, the angle # between the photon 3-momentumand the re
oil ele
tron momentum p1 is de�ned by therelation [2℄ sin2 # = 4m24m2 + q2 :It means that large q2 
orrespond to small re
oil angles# and vi
e versa. In this 
ase, sh z = 
tg#.We 
onsider the situation where the re
oil ele
tronis not dete
ted. In this 
ase, we must integrate over allpossible range of the variable q2, beginning from zero.At very small q2, su
h that0 < q2 < �; m6=s2 � � � m2; (25)the di�erential 
ross se
tion 
an be modi�ed by thesubstitutionq4 ! �q2 + m2s21s2 �2; s1 = k2 +m2�(1� �)in the denominator in the right-hand side of Eq. (19)(in a

ordan
e with the de�nition of 
ross se
tion (3)and relation (18) for q2), where s1 is the invariant masssquared of the 
reated ele
tron�positron pair in pro
ess(1) at q = 0. In the numerator, we 
an negle
t terms ofthe order of qn with n > 2. In the region � < q2 <1,we 
an use expression (19).In region (25), gauge invarian
e requires the q2-de-penden
e of the 
ross se
tion to be of the form [14℄q2�q2 +m2s21=s2�2 :We 
an therefore perform elementary integration overdq in this region and over the azimuthal angle of thetwo-dimensional ve
tor k and derive

d�sd� dk2 = 2�3(m2 + k2)2 ���1� 2�(1� �) + 4�(1� �)m2k2(m2 + k2)2 ����ln �s2�2(1� �)2m2(m2 + k2)2 � 1� : (26)To obtain the ele
tron (positron) spe
trum in re-gion (25), we have to integrate Eq. (26) over dk2. Theresult isd�sd� = 2�r20 ��1� 43�(1� �)� �� �ln �s2�2(1��)2m6 �1��2+269 �(1��)� : (27)The total ele
tron (positron) spe
trum also 
ontainsa 
ontribution from the region � < q2 <1. To deriveit, we integrate Eq. (20) over q2 and obtaind�ld� = 2�r20 �� �2� ln �m2 + 2�(1� �)�23 ln �m2 � 139 �� : (28)The ele
tron spe
trum in the 
ase of the undete
tedre
oil ele
tron is the sum of d�s=d� and d�l=d�, whi
his given by the well known expressiond�d� = 2�r20 �1� 43�(1� �)����ln s2�2(1� �)2m4 � 1� : (29)It des
ribes the 
orresponding di�erential 
ross se
tionfor e+e� pair produ
tion by a high-energy photon onan elementary ele
tri
 
harge. It is also suitable for pairprodu
tion in the nons
reening Coulomb �eld (with thesubstitution �3 ! �3Z2).If the re
oil ele
tron is not dete
ted, we 
an alsostudy the double distribution of the positron over theenergy !� and the perpendi
ular momentum k, whi
hare related to its s
attering angle � as � = 2jkj(�ps)�1.For this, we have to integrate di�erential 
ross se
tion(19) over dq in the region q2 > � and add the resultto 
ontribution (26) from the region q2 < �. Su
hintegration of the expression (19) gives66
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tion : : :d�ld� dk2 = 2�3(m2 + k2)2 ���2�(1� �)�1� 6m2k2(m2 + k2)2� �� �1� 2�(1� �) + 4�(1� �)m2k2(m2 + k2)2 � �� ln �m2(m2 + k2)2� : (30)The term ln ��m2=(m2 + k2)2� 
an
els in the totaldistribution, and we obtaind�d� dk2 = 2�3(m2 + k2)2 ���2�(1� �)�1� 6m2k2(m2 + k2)2� ++ �1� 2�(1� �) + 4m2k2�(1� �)(m2 + k2)2 � �� �2 ln s�(1� �)m2 � 1�� : (31)When integrating (31) with respe
t to dk2, the �rstterm in the 
urly bra
kets vanishes and we 
ome tospe
trum (29). On the other hand, we 
an also inte-grate (31) over � and obtaind�dk2 = 2�33(m2+k2)2 �4�1+ m2k2(m2+k2)2� ln sm2 �� 293 � 44m2k23(m2 + k2)2 � : (32)4. POLARIZATION OF THE CREATEDELECTRONThe 
reated (fast) ele
tron polarization in pro
ess(1) depends on all kinemati
 variables and at high en-ergies 
an be written asP (�;k; q) = m�2 �� T(��)[��℄(e1�e2� � e1�e2�)4 p�p�d�=q4T(��)(��)(e1�e1� + e2�e2�)4 p�p�d�=q4 : (33)We note that we 
an eliminate the fa
tor d�=q4 fromthis equation, but if our aim is, for example, to obtainthe quantities P (�;q), P (�), and so on, then we haveto �rst integrate both the numerator and the denomi-nator over the 
orresponding variables and only then totake their ratio. It is obvious that the denominator isde�ned by the 
ross se
tion and we have to investigatethe numerator (or the part of the 
ross se
tion that de-pends on the 
ir
ular polarization of the photon and

the longitudinal polarization of the 
reated ele
tron) indi�erent experimental setups.In terms of the invariants used, the numerator inEq. (33) is expressed as (without the fa
tor d�=q4)16m�2�� (k2p)�1 � (k1p)�2 � �� ��1 + �2�1�2 �(k2p)(kS) + �1(pS)�� (kp)(k2S)�2 �++ q2(�2 � �1)(kp)(pS)2�1�22 � : (34)We next use the 
ovariant form of the ele
tron polar-ization 4-ve
tor, namely,S = (kk1)k1 �m2km(kk1) : (35)It means that in the rest frame of the 
reated ele
tron,S = (0;�n), where n is the unit ve
tor along the pho-ton 3-momentum.The used invariants are expressed in terms of theSudakov variables as2m(pS) = s�1� � � m2�1 � ;m(kS) = �1; m(k2S) = (k1k2)�m2�2�1 ;and the expression in the bra
es in the right-hand sideof Eq. (34) be
omes very simple:s2q28�2 �1� 2��1 � m2�1 � 1�1 � 1�2�� :We 
an now write the polarization-dependent partof the 
ross se
tiond��d� dk dq = � 2�3�2q2�2q4(m2 + k2)[m2 + (k+ q)2℄ ���1�2��2m2� 1��m2+(k+q)2� �m2+k2�� ; (36)where, as in the unpolarized 
ase, we have to setq4 = q4 in the region q2 > � and q4 = [q2 +m2s21=s2℄2in the region q2 < �.For events with the s
attered (or re
oil) ele
tron de-te
ted, we 
an integrate over dk2 and obtain the part ofthe double di�erential 
ross se
tion in the simple formd�l�d� dq = 4�3�2(1� 2�)�q4x2 �	2 �	1�: (37)We note that this distribution is antisymmetri
 un-der the repla
ement of � with 1 � �, whereas the67 5*
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hatnij, I. S. Levandovsky, N. P. Merenkov ÆÝÒÔ, òîì 144, âûï. 1 (7), 2013polarization-independent part of the 
ross se
tion (seeEq. (20)) is symmetri
. Besides, at very small valuesof q2, 
ross se
tion (37) does not depend on q2 due tothe fa
tor x2 in the denominator, whereas 
ross se
tion(20) has a pole at q2 ! 0. The last feature impliesthat the polarization-dependent part of the spe
trumin the region q2 < � 
annot have terms that 
ontainthe large logarithm ln(s=m2) that arises in the 
ase ofa pole-like behavior as q2 ! 0.The 
reated ele
tron polarization along the dire
-tion �n, in its rest frame, is de�ned by the relationP = �2P (�;q2) = d�l�=d�l;when
e the polarization transfer 
oe�
ient isP (�;q2) = (1�2�)�	2�	1�x2�(1�2�(1��))	1+2�(1��)	2� : (38)The quantity P (�;q2) is antisymmetri
 under� ! 1 � �, and its magnitude is of the order of unityinside a wide region of the kinemati
 variables. Thisallows measuring even rather small values of 
ir
ularpolarizations.If the s
attered ele
trons are re
orded by a narrow
ir
ular dete
tor, we have to integrate over the dete
-tor aperture as des
ribed above in the unpolarized 
ase.This pro
edure results inP (�) = (1�2�)�D(z0)�D(z1)�A(z0)�A(z1)+�(1��)�B(z0)�B(z1)� ;D(z) = 2z[th(z)� 
th(2z)℄: (39)If all re
oil momenta with l > l0 are re
orded, then thepolarization P (�) 
an be derived with the same rules asdes
ribed at the end of Se
. 3, namely, we have to elim-inate A(z1), B(z1), and D(z1) from Eq. (39) and usel0 = 2m sh z0. If the angular distribution of the re
oilele
tron is measured, then we have to use sh z = 
tg #.We now 
onsider the experimental setup withoutdete
tion of the s
attered (or re
oil) ele
tron. Our goalis to obtain the double distribution of the 
reated ele
-tron polarization P (�;k2) and the spe
trum-like oneP (�) by analogy with Eqs. (38) and (39). Besides, we
an also investigate the 
orresponding distribution overk2. In these 
ases, we must take the 
ontributions ofboth regions q2 > � and q2 < � into a

ount.Integrating the right-hand side of Eq. (36) with re-spe
t to d2q over the region q2 > � and the azimuthalangle of k givesd�l�d� dk2 = 2�3�2(k2 �m2)(m2 + k2)3 �� �ln �m2(m2 + k2)2 �1� 2��+ 2(1� �)� : (40)

We see that this part of the 
ross se
tion has no def-inite symmetry under � ! 1 � �. The 
orresponding
ontribution of the region q2 < � isd�s�d� dk2 = 2�3�2(k2 �m2)(1� 2�)(m2 + k2)3 ���1� ln �s2�2(1� �)2m2(m2 + k2)2� : (41)In the sum of (40) and (41), the auxiliary param-eter � 
an
els in the same manner as it did for theunpolarized part of the 
ross se
tion, and we haved��d� dk2 = 2�3�2(k2 �m2)(m2 + k2)3 ����1�2 ln s�(1��)m2 ��1�2��+2(1��)� : (42)We 
an now write the total distributions over � andover k2. Elementary integrations gived��d� = 0; d��dk2 = 2�3�2(k2 �m2)(m2 + k2)3 : (43)Having di�erent distributions for both polarization-dependent and polarization-independent parts of the
ross se
tion, we 
an de�ne the respe
tive polariza-tions of the 
reated ele
tron P (�), P (k2), and P (�;k2),by taking the 
orresponding ratios. We �rst note thatP (�) goes to zero be
ause d��=d� = 0. The polariza-tion P (k2), whi
h is the ratio of the right-hand sidesof Eqs. (43) and (32) without the fa
tor �2, de
reaseslogarithmi
ally as the photon energy in
reases be
aused��=dk2 does not 
ontain a logarithmi
 
ontribution.The polarization P (�;k2) (the ratio of the right-handsides of Eqs. (42) and (31)) at very high energies tendsto the limit that is independent of energy,P (�;k2)js!1 = (m4 � k4)(1� 2�)(m2+k2)2�2�(1��)(m4+k4) : (44)The quantity P (�) vanishes (with the a

ura
y ofm=!) if we take all events with 0 < k2 < 1 into a
-
ount. But eliminating the region of very small valuesof k2 in
reases (in absolute value) the number of eventsthat depend on the photon 
ir
ular polarization and de-
reases the unpolarized event number. Therefore, the
reated-ele
tron polarization 
an be determined withhigh e�
ien
y by the spe
trum distribution of the 
re-ated ele
tron (or positron) using the 
onstraintk2 > k20on the event sele
tion, where k20 is of the order of afew m2. This 
onstraint means that events with very68
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Fig. 2. (a,b) Double di�erential 
ross se
tion de�ned in Eq. (20) and (
) the respe
tive distribution for the ele
tron polar-ization given by Eq. (38). The energy fra
tion of the ele
tron is !(1� �) and q2m = q2=m2
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Fig. 3. The unpolarized part of the 
ross se
tion and polarization of the 
reated ele
tron given by Eqs. (22) and (39) in therea
tion 
.m.s. (with z0 = Arsh(�minE=2m) and z1 = Arsh(�maxE=2m)) at E = 100 MeV for events with the minimalele
tron s
attering angles �min = 1Æ (solid 
urves) and �min = 2Æ (dotted 
urves), and with �max = 6Æ in both 
asessmall angles of the 
reated ele
tron and positron areex
luded.A simple 
al
ulation gives the ele
tron polarizationin su
h an experimental setup in the formP (�;k20) = y(1 + y)A(s; �)B(y; s; �) ; y = k20m2 ; (45)where
A(s; �) = 2(1� �) +�1� 2 ln s�(1� �)m2 ��1� 2��;B(y; s; �) = �(1+y)2�23�(1��)(2+3y+3y2)��� 2 ln s�(1� �)m2 � (1 + y)2 + 43�(1� �)(1 + 3y2):69
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Fig. 4. The same as in Fig. 3 but for events in the rest frame of the initial ele
tron with z0 = Arsh(
tg #max) andz1 = Arsh(
tg #min) in Eqs. (22) and (39). We use �max = 75Æ and �min = 60Æ (solid lines), 30Æ (dashed lines), and 5Æ(dotted lines)
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Fig. 5. The same as in Fig. 4 but at z0 = Arsh(l0=m)=2 and A(z1) = B(z1) = D(z1) = 0 in Eqs. (22) and (39); l0 = m(solid 
urves), 10m (dashed 
urves), 20m (dotted 
urves)5. NUMERICAL RESULTS AND DISCUSSIONSIn this se
tion, we demonstrate some numeri
al es-timates for the 
reated-ele
tron polarization (along thephoton 3-momentum dire
tion in the rest frame) fordi�erent experimental situations. Together with polar-izations, we show the 
orresponding unpolarized partsof the 
ross se
tion for whi
h we always use units �bor �b/MeV2. The results for di�erent experimental se-tups with dete
tion of the re
oil (or s
attered) ele
tronare shown in Figs. 2�5 and those without dete
tion, inFigs. 6�8. All 
urves in these �gures are 
orre
t whenthe 
ondition s � q2;k2;m2 is satis�ed, and we as-sume that the minimal value of the re
oil 3-momentumis always of the order of m. In this 
ase, di�erent unpo-larized di�erential 
ross se
tions are symmetri
 under

the 
hange � ! 1 � �, whereas the polarizations areantisymmetri
.We note that all 
urves in Figs. 2, 4, 5 are indepen-dent of the 
ollision energy (only the above-mentioned
onstraints on the values of s;q2, and m2 are supposedto hold), and the 
urves in Fig. 3 depend on energy.The reason is that in Fig. 3, we give the 
orrespondingdistributions for events in the 
.m.s. with �xed s
at-tered-ele
tron angles (but not q2). Within the useda

ura
y, these angles are expressed via the perpen-di
ular transferred momentum and the initial ele
tronenergy by the simple relation q2 = �2E2, E = ps=2. Itmeans that at a �xed �, the value of q2 in
reases as theenergy squared, but, as follows from Fig. 2, the 
rossse
tion de
reases very rapidly as q2 in
reases.To estimate the energy dependen
e of the 
urves in70
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βFig. 6. (a,b) Double di�erential 
ross se
tion de�ned by Eq. (31) and (
) the respe
tive distribution for the ele
tron po-larization that is the ratio of the right-hand side of Eq. (42) at �2 = 1 to 
ross se
tion (31), at s = 300 MeV2 withk2m = k2=m2Fig. 3, we perform the 
orresponding 
al
ulations alsoat E = 1 GeV and 10 GeV and observe that polariza-tion is pra
ti
ally independent of energy, whereas the
ross se
tion loses more than three orders of magnitudeas the energy in
reases from 100 MeV to 10 GeV.An entirely di�erent pi
ture of the angular distribu-tion of re
oil ele
trons is observed for events in the restframe. In this 
ase, the relation between the s
atter-ing angle and the perpendi
ular transferred momentumdoes not 
ontain the 
ollision energy. Therefore, the
urves in Fig. 4 are the same at the above-mentionedenergies. Be
ause q2 = 4m2 
tg2 �in the rest frame, the 
ross se
tion de
reases as there
oil ele
tron s
attering angle � in
reases.In Fig. 5, to 
omplete the des
ription of events withthe re
orded s
attered (or re
oil) ele
tron, we also givethe unpolarized 
ross se
tion and polarization at dif-ferent values of the minimal magnitude of the re
oilele
tron 3-momentum.As regards the experimental setup without dete
-tion of the re
oil (or s
attered) ele
tron, the 
orre-sponding events, by de�nition, in
lude all values of q2starting from zero. In this 
ase, the dependen
e of the

di�erential 
ross se
tion d�=d� dk dq on the 
ollisionenergy arises due to the 1=q4 fa
tor in Eq. (3). Af-ter the integration of the 
ross se
tion with respe
t todq, this dependen
e leaves a tra
e as a term enhan
edby the logarithmi
 fa
tor in Eq. (31). This integrated
ross se
tion is said to in
rease logarithmi
ally as theenergy in
reases.In Fig. 7, we show the di�erential 
ross se
tionand polarization of the ele
tron as fun
tions of thepositron perpendi
ular momentum only. As notedabove, the 
ross se
tion in
reases logarithmi
ally withenergy, whereas the polarization de
reases. The po-larization 
an nevertheless be measured using su
h adistribution up to energies s = 1 GeV2 be
ause the
orresponding event number is su�
iently large. Amore advantageous situation o

urs when events with0 < k2 < k20 are ex
luded and the polarization in-
reases with the 
ollision energy (as it is demonstratedin Fig. 8). The unpolarized 
ross se
tion is not givenin this �gure, but 
an be derived by integrating 
rossse
tion (31) with respe
t to k2 from k20 up to 1.We 
ompare our approa
h and the obtained re-sults with the 
orresponding investigations in Ref. [12℄.We �rst note that in both papers, only the Borselinodiagrams are taken into a

ount for theoreti
al de-71
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0Fig. 7. Di�erential 
ross se
tion de�ned by Eq. (32)and the 
orresponding polarization, whi
h is the ratioof the right-hand side of Eq. (43) at �2 = 1 to 
ross se
-tion (32), at s = 100 MeV2 (solid 
urves), 300 MeV2(dashed 
urves), 1 GeV2 (dotted 
urves)s
ription of pro
ess (1) and the Sudakov variables areused. In Ref. [12℄, the polarization of both 
ompo-nents of the 
reated pair is 
onsidered, but we 
on
en-trated on the polarization of the fast ele
tron only. InRef. [12℄, the 
al
ulations were performed in the leadinglogarithmi
 approximation using the equivalent-photonmethod, whereas our results also in
lude a 
ontributionthat does not depend on energy. We 
onsider di�er-ent event sele
tions, parti
ularly distributions over the

re
oil-ele
tron variables, whi
h 
annot be studied bythe method used in Ref. [12℄.We must therefore 
ompare formula (14) in Ref. [12℄with the 
oe�
ient at ln(s=m2) in our unpolarized(Eq. (26)) and polarized (Eq. (41)) 
ross se
tions
aused by small values of q2 < �. We see that ourunpolarized 
ross se
tion is twi
e the one in Ref. [12℄.This means that we perform the spin summation. Wealso use the polarized 
ross se
tion, whi
h should betwi
e the one in Ref. [12℄ (if we set � = � and Æ� = 1).But we see that this is not so. The reason is that ourparameterization for the ele
tron polarization 4-ve
tor(see Eq. (35)) is di�erent from the one in Eq. (12) inRef. [12℄. Let ~S be the polarization 4-ve
tor used inRef. [12℄. Then in our notation, we have2m(p ~S) = s(1� �); m(k ~S) = �1 � m21� � ;m(k2 ~S) = (k1k2)� m2�1� � :These relations are di�erent from the 
orrespondingones with the 4-ve
tor S instead of ~S (see formulasafter Eq. (35)). Just this di�eren
e is the sour
e ofdi�erent forms of the polarization-dependent parts ofdi�erential 
ross se
tions. We also note that in a
-
ordan
e with Eq. (43), our spe
tral distribution van-ishes for both 
ontributions, the leading logarithmi
and 
onstant ones, whereas the logarithmi
 
ontribu-tion is nonzero in Ref. [12℄ (Eq. (16)).The unpolarized 
ross se
tion, within the adopteda

ura
y, is symmetri
 under the 
hange � � 1 � �.With our 
hoi
e of the 4-ve
tor S, the 
reated-ele
tronpolarization is antisymmetri
 if the re
oil (or s
attered)ele
tron is re
orded. Otherwise, there are nonlogarith-mi
 
ontributions that have no de�nite symmetry un-der this 
hange (see Eqs. (42) and (45)).The a

ura
y of our 
al
ulations is restri
ted by ne-gle
ted terms of the order of m2=s and by the radia-tive 
orre
tions. The former 
an be essential near theboundaries of the ele
tron spe
trum [8℄, and thereforeour 
al
ulations are valid in the region 0:1 < � < 0:9.As regards the radiative 
orre
tions, they violate theabove-mentioned symmetries at the level of several per-
ent in this region of ele
tron energies, at least for un-polarized events, due to the possibility of a hard photonemission [17℄. 6. CONCLUSIONThe pro
ess of e+e�-pair produ
tion in the s
atter-ing of a 
ir
ularly polarized photon beam on ele
tronsgives rise to polarization of the produ
ed ele
tron and72
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Fig. 8. (a,b) Di�erential 
ross se
tion and (
) the 
reated-ele
tron polarization (Eq. (45)) as fun
tions of the energy fra
tion� and the parameter y at s = 300 MeV2positron. At high energy of the photon beam, this ef-fe
t 
an be used both for the produ
tion of high-energypolarized ele
trons (and positrons) (see Ref. [12℄) andfor the measurement of the photon 
ir
ular polariza-tion degree, be
ause the di�erential 
ross se
tion andpolarization transfer 
oe�
ient do not de
rease as thephoton energy in
reases. The leading 
ontribution tothese physi
al quantities is made by events with smalltransferred momenta squared (jq2j=s � 1), when thee+e� pair 
arries away all the photon energy. This
ontribution is determined by the Borselino diagrams(Fig. 1).We 
al
ulated this 
ontribution for di�erent distri-butions of the �nal parti
les using the te
hnique of Su-dakov variables. We 
onsidered two essentially di�er-ent physi
al situations. The �rst one is 
on
erned withthe dete
tion of not only the produ
ed ele
tron butalso the s
attered (re
oil) ele
tron. That kind of de-te
tion is quite possible be
ause the �nal ele
trons be-long to di�erent (nonoverlapping) phase-spa
e regions.The results of our numeri
al 
al
ulations are presentedin Figs. 2�5 in the 
ase where the minimal transversetransferred momentum is of the order of the ele
tronmass (jq2jmin � m2).

The typi
al di�erential 
ross se
tions turn out to beof the order of 1 mb and the polarization transfer 
oef-�
ients are of the order of unity and are antisymmetri
under the repla
ement � ! 1 � �. Our 
al
ulationsimply integration over the entire interval of the ele
-tron azimuthal angles. In prin
iple, they 
an be donefor any dete
tor geometry be
ause the di�erential 
rossse
tion (the formulas (19) and (36)) is easy to integratenumeri
ally.The results of 
al
ulations in the 
ase where thes
attered ele
tron is not dete
ted are presented inFigs. 6�8. In these 
al
ulations, the 
ontributions of allevents with jq2j � 0 are added. The di�erential 
rossse
tions (formulas (31) and (42)) a
quire a 
ontribu-tion that in
reases logarithmi
ally with energy. At the
ost of this, the 
ross se
tions turn out to be somewhatlarger than in the �rst 
ase. The polarization transfer
oe�
ient is also of the order of unity if the ele
tronenergy is measured, but is essentially smaller if theintegration over energy is done in the entire range ofvalues (Fig. 7). It is important to note that su
h anexperimental setup is possible in the intera
tion ofphotons with an ele
tron beam be
ause during theintera
tion of photons with matter, s
attering on the73
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hatnij, I. S. Levandovsky, N. P. Merenkov ÆÝÒÔ, òîì 144, âûï. 1 (7), 2013atomi
 ele
trons with e+e�-pair produ
tion (withoutthe re
oil ele
tron dete
tion) is only a ba
kgroundpro
ess relative to the Bethe�Heitler pro
ess.The authors thank A. Glamazdin for the useful dis-
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