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1 Introduction 

Determination of the polarization degree of longitudinally polarized leptons and 
circularly polarized photons at high energies is an actual problem in experiments 
with colliding polarized e+ e-, e p, 1 p, e I beams [l]. In this paper we suggest as po­
larimeter processes the pair production process in photon-electron or photon-proton 
collisions and the bremsstrahlung process in electron-electron or electron-proton 
collisions. In both cases we assume the target to be unpolarized. Both considered 
processes have pure electromagnetic nature. The spin-momentum correlation in the 
differential cross section arises from the interference of the Born and one-loop contri­
butions to the matrix element. The correlations of this kind were considered at first 
in 1959 year papers by H. Olssen and L. Maximon and then continued in a series 
of papers of 1963-1964 years [2]. The main attention was paid in that works to the· 
case when the target was a nuclei of charge Z, and the parameter Za ~ Z/137, was 
assumed to be of the order of unity. They found the asymmetry parameter A in the 
form 

da( ii) - da( -ii) . ~ ~ 
da(ii) + da(-ii) = 6Asm</>nk, ii= 

[qi X q:i] 
l[<Y1xi:ill' 

(1) 

here k is the ort along the photon momentum, 6 is the degree of the photon cir­
cular polarization, </> = ~ (0 < </> < 1r) is the azimuthal angle between momenta 
components q1 , q2 of the particles of the created pair transverse to the projectile 
photon momentum. A ~ 2Za In 2 was found to be a rather large quantity. Such 
a large magnitude of the asymmetry comes mainly from the integration over the 
region where the transverse components of the outgoing particle momenta are of the 
order of the created pair mass l<Y1I ~ l<Y2I ~ l<Y1 + <Y2I ~ m. That means very small 
angles of the pair components in respect to the beam direction, which are unsuitable 
for high energy experiments. 

The preferable experimental region of transverse momenta corresponds to the angles 
of created particles 

0 _ Iii 
,- ' 

WX; 
i = 1,2, (2) 

which should be accessible for a measurement (0; ~ 10-2
); here x1,2 (x1 = x, x 2 = 

y, x + y = 1) are the energy fractions of the electron and the positron from the 
pair respectively. w is the initial photon energy (we work in the laboratory reference 
frame). In the case of the bremsstrahlung of a longitudinally polarized electron on 
a charged target the same angle range for the scattered electron and the emitted 

photon should be considered. 



So, we will suggest further 

w2 ~ jq?I ~ m2. 

" 

(3) 

In that region we may use methods, developed to describe the processes of the 
formation of a jet moving close to the forward direction. 

2 Processes 

Consider first the process of a pair creation by a circularly polarized photon on an 
electron: 

e-(p) + 1 (k1) -+ e-(p') + e-(q1) + e+(q2). (4) 

From 8 Feynman diagrams which describe it in the Born approximation the contri­
bution of only two diagrams (Bethe-Heitler ones) survive in the high energy limit. 
Really, as was shown in the paper by E. Haug [3], the influence of other diagrams is 
of the order of some percents starting already from w;:::; 100m. Moreover, the exact 
contribution of that two chosen diagrams differs from its asymptotic (w ~ m) value 
less then by few percents for w value exceeding 500m. 

·~:rJr=.Jt 
a b 

:c :E+ 
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Fig. 1. The Bethe-Heitler diagrams and one-loop corrections for the pair produc-
tion. · 
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The representatives of the relevant in the chosen high energy limit (3) Feynman 
diagrams in the Born and the o~e-loop levels are drawn in fig. 1. Among the one­
loop diagrams only those which have a non-zero imaginary part are to be considered. 
We divide the relevant one-loop diagrams into two types: the ladder or eiconal-like 
cmes (fig. lb type), and the diagrams with an interaction in the final state (fig. le 
type). 

The similar situation takes place for the ,classification of the one-loop diagrams 
. describing the bremsstrahlung process 

c+(p) + c-(pi) -+ c+(p') + e-(p2) + 1(k), (5) 

where t.hc longit.udinally polarized electron interacts with a charged target ( with a 
positron here). 

±IriTI 
a b 

:r:rr=.r:: /i 

C 

Fig. 2. The Born diagrams and one-loop corrections for the bremsstrahlung proces~. 

3 Eiconal:.._like interaction~. 

· Consider at first the diagrams fig. 1 b. Following paper [4] we introduce Sudakov . . 

variables 

k =: OkP + fhk1 + kl., 

<Ji == rrif, + /-Jik1 + qil., 

- 77!2 -2 2 
p == p - k1--' p == kl == 0 

2p2 k1 
12 2 2 2 2 2 

P· == p == in ' qi == q2 == m. ' 
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(6) 



where qj(j = 1,2)' are the momenta of the particles from the created pair, k1.k1 = 
k1.p = qi1.k1 =qi.LP= 0. Note that /Ji~ 1, Oj « 1, /31 + /32 = 1, and, as we will see 
further, Ok, f3k « _1. One has in the'se variables · 

d4 k = !s d2 k1. dak df3k, 
2 ' 

S = 2pk1. 

We represent g,.,v in a more convenient form 

µp + vk,., µv _ 2p I P I + µv 
9 - S 91. · 

(7) 

(8) 

Now if J!0 P and Ji01 correspond to the top and the bottom currents respectively (see 
fig. la), then 

. 2 2 
J!OPJ~otgµv = (Jtopp)(Jbotki)s + (Jtopk1)(JbotP)5 + J!op~~otg~v. (9) 

Because the vectors J!0 P and Ji01 have the components of the order of unity along 

the momenta k1 and p respectively, the first term in eq: (9) is of the order S, the 
second ~ 1/ S and the third ~ 1. So, in our apprnximation we neecf to consider only 
the first term. Because Ok, f3k « 1 we can replace k2 '----> -ki and q2 - -qi > 0. 
The matrix elements of the diagrams of the fig. lb type could be presented in the 
form 

M(ll = 2ie
5
(21ri)

2 J d
2 

k1. Jtop Jbot, 
(21r)4$ ki(q - k)i 

Jbot = J df3k Jbot e k~ 
21ri pry I I ' 

Jtop = J dak Jtop µ v 
21ri µv p p · 

_(10) . 

The integrals over Ok and f3k are independent and it is possible to integrate (J!':f'PµPv) 
and (J;~1kikf1a) separately and to obtain the so called impact'-factofS'.:Consid~i at. 
first Jbot, it is described by .the diagrams fig. 3. 

Uk q-ft 
p p' 

Fig. 3. The bottom blocks for the l~dder diagrams. 
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Jbot = J df3k u(p') k { p - k + m 
21ri 1 (p-k)2 -m2 +it 

(11) 

fi'+k+m • 
+ (p' + k)2 - m2 + i) k1u(p). 

Pulling k1 to the right, using eqs. (6), k; = 0 and representing the denominator we 
obtain 

Jbot = j d/Jk _( ') { S(l - Cik) 
21ri u p -S(/Jk(l - Cik) - it) 

(12) 

S(l + Cik) } • 
+ S(f3k(l + ak) + if.) kiu(p). 

Closing the contour of the inte_gration over /3 in the bottom complex half-plane we 
obtain 

Jbot = -ii(p') k1 u(p). (13) 

Consider now the top block. It is described by the diagrams fig. 4a,b,c and by other 
three diagrams (a',b',c') which differ from fig. 4a,b,c ones only by the replacement 
k-(q-k). 

~klT 7f-
a b - C 

Fig. 4. The top blocks for the pair production ladder diagrams. 

The detailed analysis of their contributions is given in [4] and the result has the 

form 

M(I) _ __ ie_ d k1. _ • • 5 J 2 

- S(21r)4 ki(q - k)i u(q1)[2/31Q1.e1. (14) 

+Q 1. e~Jfiv( q2)u(p1)k1 u(p) , 

5 



µ kµ µ 
Qj_ = qll. + 1. - qll. 

qf1. + m2 (k - qi)i + m2 

k1;_ - q~1. 
(k - q2)i + m 2 . 

·µ 
q21. 

q?1. + m2 

Note that integral (14) has no infrared and ultraviolet divergences . 

Integral of the first term in Qµ is simple: we introduce the "photon mass·· par,rnwtcr 

. ,\ and obtain 

J d2k1./1r 
11 = (ki + ,\2)((k - q)i + ,\2) 

( ];i) 

I -J dx J d2k1./1r 
- {(ki + ,\2 )x + ((k - q)i + ,\2 )(1 - x)}2 

0 

I 

= J dx = ~ ln q2 ' 
. q2(1 _ x)x + ,\2 q2 ,\2 

() 

q1. ;i.nd k1. are the two-dimensional euclidean vectors, We use further qi = q2 > 0. 
Corn,idn now t.he vector integral 

1, '- / cFk1.(P - qr)/1r 
I -- . (ki - ,\2)((k - q)i - ,\2)((k - q1)i - m2) 

( JG) 

J"or facilitate further evaluations we combine the terms in the dcnorni11at.or 11si11g 
Feynman's formula 

1 I 

a~ic = 2 j xdx j dy{axy + bx(l -y) + c(l - x)}-3 ( I 'i) 

0 0 

For a= (q1 - k) 2 - m 2
, b = (q- k) 2 - ,\2, c = k2 

- ,\
2 we obtain 

I 1 J d2k1. . kµ - qj 
Iµ= 2 j xdx j dy -1r-{(k- xl)2 _ (Ax2 +Bx+ C)p' ( I 8) 

0 0 

wl1ere 

6 

). 

'; 
! 

l=q1+q2(I-y), A=l2, C=,\2 (19) 

B=qfy+q2(1-y)+m2y_,\2y. 

Performing the integrations over d2k and dx using the tables [6] we put Iµ in the 
form 

I 

µ - J Jy { µ ( B L ) I - IP -qi A+ B + C + - 2 
0 

B H
2 

} 

+q
1

'(A- A(A+B+c) ' 

where 

L=ln(B+2A-~. B+~) 
B+2A+~ B-~ 

~ In(~(:; B)), ~ = B
2 

- 4AC, 

(20) 

(21) 

q1 , q = q1 + q2 are the two--dimensional euclidean vectors ( qi = q2 > 0, q1 = q1 i > 
0). Using the integrals calculated within the power accuracy (we omit: the terms ~f 
the order m 2/q2 compared with the ones of the order of unity) we get 

I 2 2 2 2 2 

J dy = _l_ ln q2 + _l_ Jn ~ + q - q1 ln 2.!_ , 
B(A + B + C) q2qi ,\2 q;q~ m2 q2q;q? q2 

(22) 

0 

I 

J dy _ 1 q2q; 

B 2
L - 22 [2 + ln 2 ,J, 

q qi q2/\ 

I 

J dy 1 
B2 = q2q; · 

0 0 

Finally we obtain for the contribution to the matrix element of the one-loop correc­
tions originating from the ladder diagrams of the fig. I b type the following: 

M{l) = - i:52s In q! u(p1)k1 u(p)ii(q1){2,81(Q0c) 
. 21r q qi 

(23) 

+Q0e} 71v(-q2), 

Q
o q1 q2 _ _ _ 
= 2 + 2 + 2 + 2, q1 + q2 = q = q11. + q21. = q1.. 

q1 m q2 m 

7 



\Ve see that J[(I) is proportional to the Born matrix ckment: 

e3 • • 
_\f(o) = --

2 2 2 5
, u(p') k1 u(p) u(q1){2B1(Q0 c) + Q0 r:} 11 u(-q2 ). 

7r q . 

and .\1(I) is the second term of the expansion of such an c,xpression 

2 2 

Jf(x) = Mborr, <'Xp{-in In 1~ + in In 1~}, 
where 1\1(°"') is the sum of all ladder diagrams. 

In the bremsstrahlung case (5) we introduce the appropriate variables 

k1 = a P2 + .B P1 + k11., 

k = CikP2 + .8kP1 + k1_, 

p; = a'fJ2 + /J'p1 + P;1_, 
m2 

fi1 = Pl - p2-1, s = 2p1p2, 
s 

- m~ 2 I 2 2 2 2 
P2 = P2 - Pi-, P1 = P1 = rn1, P2 = 71!2. 

s 

(21) 

(2,1) 

(26) 

The matrix element will have the form of eq. (10). The bot.torn block is the same as 
in the pair production case with the substitution k1 --; p1 (diagrams fig. 3). For the 
top block we have the following set of diagrams 

k1 

TT P1 ~\ 

k$ $q-k TT 
a b C 

Fig. 5. The top blocks fur bremsstrahlung ladder diagrams. 

And ones more there are else three diagrams a', b', c' which differ from the diagrams 
fig. ,'ia,b,c by the replacement k f--+ q-k. The presence of all six contributions provide 
the convergence of the integration in the imaginary nk plane of the impact factor 
.J'"P. Closing the contour of the integration in the upper half--planc we see that only 
the poles of the diagrams fig. 5a and fig. 5c' contribute. The corresponding integral 
over <12k1_ coincides with. / 1 in eq. (L5). As the result we obtain 
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JI 

(4 )5/2 2 
M (2) . 7rCi l (q1-)-( ') A ( )-(')A {2(- Q-b,em) = z S 2 n '2 u P2 PI u P2 u P1 P2 e 1. 01. 

2 ql.7r A 

(27) 

+/3 A QA brem } ( ) /J k~ 1e1- 0 u P1 , 1 = 0 , 
P1 

Q
-brem __ k11_ + k11. - /J1ih 

0 - ..... ..... ' 
kf1. (k11. - /J1ifi.)2 

iii.= k11. + i~1.. 

We see that it is proportional to the born matrix element. 

( ) -2(47ra)
3
/
2 

1 A ( )-(')A {2- Q-brem M born = ----il(P2) PI U P2 U PI P2 CJ_ 01-
S qi 7r 

('28) 

/3 A QA brem } ( ) + 1e1- o1. u PI 

Comparing the contributions of the ladder-type diagrams in the pair production and 
bremsstrahlung cases we see that they are not bound by crossing relations, which 
is a characteristic feature of the Born approximation. The absence of the infrared 
singularities in the eikonal phase of the pair production is due to the difference 
of the electron and positron phases, which both contain infrared singularities. The 
infrared singularities remains in the bremsstrahlung case - it is the known property 
of the Coulomb phase in the scattering of. a charged particle in an external field. 
Not finally, that in both cases the ladder sets of loop corrections do not contribute 
to asymmetries. 

We present here the differential cross-sections in the Born approximation. In the 
pair production it reads 

pair - 2a3(x2 + (1- x)2) d d2 d2 
d£To - 2 2 2 2 x q1 q2, 

7r q qI q2 
(29) 

q = q1 + q2 = i/bot = ifi1. + if.i1. , 

where x and (1 - x) are the energy fractions of the pair components, q1 , q2 , q are 
the transverse to the initial photon momentum direction momenta components of 
the electron, the p_ositron from the created pair and of the target respectively. 

The analogous expression for the bremsstrahlung case: 

2o?(l+y
2
)(l-y) dyd2qd2 k1, d brem _ (1 ))2 £To -1r2q2ki(k1-q Y 

(30) 

where y and /31 = 1 - y are the. energy fractions of the scattered electron and 
the -photon respectively, k1 and q are the two dimensional euclidean vectors -

9 



. the transverse to the initial electron beam direction momentum components of the 
photon and target respectively. 

We present here also the expressions for the invariant masses squared of the produced 

pair for the first process 

5pair = (xq2 - (1- x)q1)2 
x(l - x) 

2 2 2 
ql ~ q2 ~ ffi, 

and of the scattered electron in the second case 

5brem = (q(l - y) - ki)2 
y(l-y) 

4 Final State Interactions 

ki ~ q2 ~ m 2
• 

(:31) 

(32) 

Consider the diagrams of the fig. le type, which describe interactions between the 
pair components. We ne~d to take into account only diagrams with non-zero imag­
inary part. Using the Cutkosky rules one find the set of diagrams with non-zero 
s-channel imaginary parts: 

[~ =+= }[3,: ~J 
Fig. 6. The interference of the final state interactions diagram amplitudes with the 
Bethe-Reitler ones. 

Using fig. 6 we can write the needed traces (duet~ the condition ql ~ m 2 we put 
m = 0 in the calculations of traces): 

S23 = isp{(-q2)fi(-q2 + q)eq1(-q2 - k)e*(q1 - I] - k)p(q1 - k)}, 

1 • . • • 
S24 = 4Sp{(-q2)e(q1 - q)pq1(-q2 - k)e*(q1 - q- k)p(q1 - k)}. 
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h<-;re we used representation (6) for gµv_ The remaining traces S13 and S14 could be 
obtained by the substitutions q1 ._. -q2 and q-+ -q. The correspondent denomina­
tors arc transforming too. So, we have 

2117r2Q4 • 

2~eM0 M(J)t = (q2 )
2 

(I + P(q1 ._. -q~, q ._. -q) (33) 

J d
1 
k { S 23 • S24 } 

x i1r2(0)(l)(2)(q) (q - q2)2 - m2 + (q1 - q)2 - m2 

where 

(I)= (q1 - k) 2 - m2, (2) = (q2 + k)2 - m2
, (34) 

(q) = (q1 - q - k) 2 
- m2,. (0) = k2, 

P is the rearrangement operator. We use the following definition for the photon 
polarization vector and the polarization density matrix: 

eµ = (eo,ez,ex,ey) = (O,O,e1r), (ae)(be*) = i6E3ijaibj, (35) 

where 6 is the degree of the photon circular polarization. 

Performing the integration over the loop momentum (the relevant integrals are given 
in the Appendix) and using the expression for the cross-section in the Born approx­
imation (29), we obtain for the analyzing power (see cg. (I)) defined as 

Apa,r _ da ')'e-->ece 
- -- pol ,2 sin ¢ da ')'e-->eee 

nonpol 

the following expression: 

. oz 2x XC X z 2y 
Apa,r = ---[-(y - -) In - - 2y(x - 2cyz) In -

2(x2 +y2 ) z 2 z d d 

x·yz x2 2 3 2 x2 I . . 2 2 x2 
+---[--y z +zy --+(-+2c+z)(y z --)]], 

(x + yz2)2 z3 z z . z 2 

,1, 1 . Iii I d 2 2 2 2 c = cos 'I', x = - y, z = liil, = x + y z - xyzc, 

· Note the property 

11 
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Apair(z,x,y)- -AP"ir(z-1,y,x), (:38) 

which comes from the symmetry in respect to the transposition of the pair compo­
nents. In the limit ltfil ~ !!J21 ~ l</1 = Jq; + q? + 2q1q2c ~ m the expression for 
Apair does not depend on m. The value of Apair slightly depends on cp, x and y; the 
dependence on z for some different fixed values of x and c is illustrated in Table l. 

Table 1. Values of Apair ( eq. (37)) in % for different fixed values of x and c = cos cp 
as a function of z. 

z Nair, % (c = 0.5) I Nair, % (x = 0.5) 

. x=0.2 x=0.5 x=0.8 c=0.0 c=0.3 c=0.6 

1.0 -.074 .00 .074 .00 .00 .00 

1.5 -.14 -.024 .10 .23 .12 -.11 

2.0 -.26 -.12 .17 .42 .16 -.28 

2.5 -.43 -.30 .25 .59 .14 -.53 

3.0 -.64 -.54 .33 .75 .06 -.84 

3.5 -.88 -.85 .39 .90 -.06 -1.23 

4.0 -1.15 -1.21 .43 1.04 -.22 -1.68 

In the bremsstrahlung case only the diagrams fig. 2c have non-zero s-channel imag­
inary parts which leads to one-spin correlations in our energy and angle ranges. 

The corresponding contribution to the matrix element has the form 

(4-rra) 5f 2(-2i-rr2) - (1) 
Af(1) = ~ u(p')p1u(p) • u(p2)0 u(p1), 

(2-rr)4q2s , (39) 

where 

o(iJ = j d4 k{TriU'12 -k)e(fi2 + k1 - k)fi(fi1 - k),,, 
i-rr2 (0)(1)(2)(q) 

( 40) 

+ e(fi2 + k1) [,·,, (fi2 + k1 - k )fi(fi1 - k ),,, + ,,,(fi2 + k1 - k ),,, ] 
2p2 k1 . (0)(l)(q) (0)(q) 

%(fi2 - k)e(fi2 + k1 - k),.,, (fi2 + ki)fi} +-'-"'--------'------- . 
(0)(2)(q) 2p2k1 ' 

12 
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1 
1-} 

(0) = (k2 -: .\2), (1) = (P1 - k) 2 
- m2, (2) = (p2 - k) 2 

- m2, 
(q) = (p2 - q - k)2 ~ m2. 

The asymmetry arises from the interference of the imaginary part of Af(l) with Mborn 
(eq. (24)). We use the following expression for the spin density matrix of the initial 
electron: 

u(p1)il(p1) = Pt(l - ,sO, (41) 

where ( is the degree of its longitudinal polarization. Further we consider the terms 
from the whole interference 

Re(Mborn)* M(l) (42) 

which contain the quantity 

f = (cµv>.uPiP~1l-q" = es[ff2 X k1]z = eli2 I lk1 I sin cp, _ (43) 

where cp is the azimuthal angle between the transverse components of the photon 
momentum and the one of the scattered electron, 0 < cp < -rr. 

Table 2. Values of A brem ( eq. ( 44)) in % tor different fixed values of y and c = cos cp 
as a function of z. 

z Abrem, % (c = 0.5) Abrem, % (y = 0.5) 

y=0.2 y=0.5 y=0.8 c=0.0 c=0.3 c=0.6 

1.0 -,28 .004 .036 .036 .005 .007 

i.5 -.85 -.068 .027 .0211 -.062 -.059 

2.0 -1.7 -.17 .013 .012 -.15 -.16 

2.5 -2.9 -.31 .000 .007 -.26 -.30 

3.0 -4.4 -.49 -.012 .004 -.39 -.48 

3.5 -6.3 -.71 -.022 .003 -.56 -.72 

4.0 -8.4 -.97 -.032 .002 -.75 -1.0 

Using the integrals form the Appendix we obtain 
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l do-ee-ee-y 
Abrem pol 

- t sin /4 d ee-ee-y 
',2 'I' (T nonpol 

o:z(l-y) z 2 y 2 
= 2(1 + y)2 {-4(1 - y)zcln(y(l + 2zc + z2)) + b2 (y + 2b (44) 

+(2 - 3y)b- (1 + 2zc + z2)(y(l - y) + 2(1 - y)b))}, 

b 2( ) lf2l = y + Z 1 - y , Z = ---=,--, . C = COS q>, 
Jk1l 

where y = 1-x is the energy fraction of the scattered electron. Again, the analyzing 
power Abrem does not depend on the fermion mass in the kinematical region Jp'2J ~ 
Jk1 I ~ Jen ~ m. For some fixed values of C and y it is given in Table 2 as a function 
of z. 

5 Conclusions 

The formulae given above for the pair production case could be generalized for the­
case of QCD. For the two jets production process by a circularly polarized photon 
on a hadron the additional factor -o:s/(2No:) ~ -7, (N = 3,as ~ 0.3) appears in 
the right part of eq.' (37) for Apair_ In the case of the two jets production process 
by a circularly polarized photon on a positron the reinforcement coefficient would 
be even larger: 2(N2 

- l)o:s/o:, in this case our estimation is only qualitative (it is 
needed to include loop corrections to the non-polarized cross section). 

We do not consider here the case of a heavy pair production· where the deviation 
from the eikonal 0 phase multiplier could appe~r, which would cause the asymmetry. 

The analyzing powers of the considered processes as well as the cross sections do 
not decrease with increasing of the energy of the initial particles. The suggested 
processes and the angle ranges are convenient Tor the modern high energy exper­
iments. That is an advantage in comparison wi'th the knowr). methods [1,2] of the. 
polarization measurement. We underline also that in our case the target implied to 
be unpolarized. 
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Appendix 

In the Appendix we list the relevant one-loop integrals as for the pair production 
process as for the bremsstrahlung one. 

Pair Prnduclion One -/,oop Integrals 

Th<~ not.at ions for the denominators: 

(!) = (q1 - k)2 - m2, 

(q) = (q1 - q _:. k)2 - ni2, 

(2) = (q2 + k)2 - m 2, 

(0) = k2. 

The scalar integrals: 

J d1k l 
I= "sm i1r:1 (0)( q )( I )(2)' 

J d
4 k I 

i = "sm i1r3 (1)(2)(q)' 

J d
4 k l 

z = S'm i1r3 (1)(2)(0)" 

The vector integrals: 

Iµ = S'm J d4 k kµ 
i1r3 (0)(q)(1)(2) = l1q1;+l2qt+lqqµ, 

·µ 0.· J d4
k kl' 

z =:STlt i7r3 (J)(2)(q) =i1q;'+i2q~'+iqql', 

,,,µ _ 0.· J d4
k kl' 

~ - :sm i1r3 (1)(2)(0) = z1 q1; + z2qt. 

The tensor integrals: 

J d
4 k k1' . 

Jµv='Jm i1r3 (0)(q)(l)(2) =fygµv+fuq\'q~+f22qtq;+lqqql'qv 

+f12{q1,q2}1
,v + f1q{q1q}µv + f2q{q2,q} 1w, 

I. d
4 k k 1' 

i1LV = Ssm. i1r:l (!)(2)(q) = iyg1
LV + i11q1;q~ + i22cii'q; + iqqq1'qv 
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(A.I) 

(A.2) 

(A.3) 

(A.4) 

(A.5) 

(A.6) 

(A.7) 

(A.8) 



. { }JJ." . { }JJ." . { }JJ." +i12q1,q2 +i1qq1q +i2qq2,q , 

where{ ... }JJ." means the symmetrization: {ab}JJ." = aJJ.b" + a"bJJ.. 

And the last integral 

(A.9) 

JJJ."P-0.< Jd4
k kJJ.k"kP _ { } { } { } . { 3} 

- oSm i1r2 (O)(l)(2)(q) - a1 q,g + a2 q1,g + a3 q2,g + a4 q 

+as{ qn + a5{ qn + a1{q1, q2, q} + as{qi, qn + ag{ q;, q2} (A.10) 

+a10{q1,q2} + au{q;,q} + a12{q~,q} + a13{q2,q2}, 

where we used the notations: 

{a, b,c} = aµ.{bc}"P + bµ.{ac}:,P + cµ.{ab}"P, {a3
} = aJJ.a"aP, (A.11) 

{ a2, b} = aJJ.a"bP + aJJ.b" aP + bµ.a" aP, {g, a} = gJJ." aP + gJJ.Pa" + gP" aµ.. 

All integrals besides the last one have been evaluated in [5], but in the scattering 
chanel. To convert them into our (pair production) chanel we have to replace p2 ---> q1, 
P1---> -q2, k1---> -k1, q---> q. An imaginary part appears in lu = ln(-u/m2)---> 
ln(-si/m2 - iO) = ln(si/m2) - i1r. In this way after the transformation we obtain 
using the results of paper (5] 

1 m · 
I= -k Ut +In,), 

2S1 · /\ 

1 
i = -l., 

a 

11 = __ z. _ _ s1 - 2k1 It, q2 Si - 2k2 
12 = ---1. + ---It, 

2k1 a 4k1 k2s1 2k1 s1 a 4k1 k2s1 

I _ z. It 
q - - 2k1 a - 4k1 k2' 

. Q2 S1 - Q2 
i1 = --1. - ---a2 a2 

' -2 . S1 S1 '-- q . S1 S1 
Z2 = - 2 /s + 2 , lq = 2 /s - 22 , 

a· a a a 
. S1 [3 2 1 
lg = --, z - tI = -- + -It, 

4a S1 S1 
Z1 = Zz = --, 

S1 

(A.12) 

. ( q2)2 3( q2)2 - 4s1 Q2 ...:_ Si 
i11 = -

3
-l. -

2 3 
, 

. Si (q-2)2 + 4 ~2 
i22 = -/ + s1q - 3s

2 
3 s 1 

a 2 3 ' a a 
. q2s1 (ij2)2-4s1q2 +si 
i12 = -

3
-1. + 

2 3 a . a 

. ' _ -~[ s1(5s1 - q2
) 

l2q - 3 s + 2 3 ' a a 

-2 a 
i1q = - siq l, - s1(s1 - 5ij2) 

a3 2 3 

. Si 3s2 a 
lqq = -/

5 
__ 1 

a3 a3' 

16 

l 1 
lg= --

1
, I,+ -

1
k It, 

' h•I ' •1 

_ :; 1 k2 - 2k1 q 2 ( s1 - 2ki)2
1 

_ 2k1 ( q 2)2 - 2k2si 
/1 I - - 2 l. + k2k t 4k k 2 ) · 2k1 a

2 8 1 2s1 1 2s1a 
ij 2(k2<?2 - 2siki)

1 
(s1 - 2k2)2

1 
(k2(q2)2 - k1si) 

/22 = - 2 s + 2 t + k , 2k1 a2s1 8k1 k2s1 2 1k2s1a2 

__ ;;1(k2 + 2k1) l ~l _ s1(k1 - k2) 
1
n - 2kfa2 s + 8kfk2 t '1.k1k2a2 ' 

if2(k2 + 2ki) q 2 ij2(k2 - ki) 
112 = - 2k;a2 1• + 8kf k2 lt + 2k1k2a2 ' 

_ s1a + 2k1q2 [ s1 - 2k2 l s1k2 + k1q2 
11 ·1 - 1k2 2 s + 8k2k t + 2k k 2 ' ••1a 1 2 12a 

_ aij2 + 2k1s1 l _ s1 - 2k2 l k1s1 + k2q2 

b, - 1k;a2 • 8kfk2 t + 2k1k2a2 ' 

where we used the conservation law q + k1 = q1 + q2 and the notations 

81 t 
/.,=ln(-2), lt=ln(--2), s1 =2q1q2, a=:s+t, 

m m 
(A.13) 

I= -2q2k1 = -2k2, -2q1k1 = -2k1, S1 - 2k1 - 2k2 = -ij2 < 0. 

Here k1 , q1 and q2 are the four-momenta of the initial photon, the electron and the 
positron from the created pair respectively. q is the four momentum transferred to 
the target. 

To evaluate the lasl, integral JJJ."P (see (A.10)) we multiply it by gJJ.P: 

i1' = 6a1 q1
' + 6a2qr + 6a3q~ + a4q2•qµ. + a7(2q1 q2 qµ. + 2q2q qr + 2q1 q q~) 

+2asq1q2 qt+ 2a9q1q2 qr+ a10(2q1q qµ. + q2 qr)+ 2auq1q qi (A.14) 

+2a12qzqqt + a13(q2 qt+ 2q2qqµ.). 

Multiplying by 2qj' and taking into account that 2q1k = k2 _we obtain 

i1w = 2a1(qiq g + { q1, q}) + 4a2{ q;}2a3( { qi, qz} + q1q2 g) + 2a4q1q{q2} 

+2a6q1q2{ q~} + 2a1( q1q2{ qi, q} + qi q{q1, qz}) + 2asq1q2{ q;) ( A.15) 

+2a9q1q2{q;} + 2a10q1q{q1,q} + 2a11q1q{q;} 

+2a12( qi q2{ q2, q} + q1q{ q~}) + 2a1J( q1q{ q2, q} + q1q2{ q2}). 

Multiplying now by 2q~ and canceling k2 = -2q2k we obtain 

17,, 



-iµ.v = 2a1(q2qg + { q2, q}) + 2a2( { q1, q2} + q1q2g) + 4a3{qn + 2a4q2q{ q2} 

+2asq1q2{ qi} + 2a1( q1q2{ q2, q} + q2q{ q1, q2}) (A.16) 

+2asq1q2{q~} + 2a9q1 q2{q1, q2} + 2a10( q1q2{ q2} +q2q{ qi, q}) 

+2au(q1q2{ q1, q} + q2q{ qi})+ 2a12q2q{qn + 2a13q2q{ q2q}. 

And finally multiplying eq. (A.10) by 2q and taking only the terms with gµ.v, re­
membering that 2qk = (q1 - q - k)2 + 2k2 we obtain 

Zg + 2k2Ig = 2a1q2 + 2a2q1q + 2a3q2q. (A.17) 

So, we have 18 equations for 13 variables. We present them in Table 3. 

Using the strings 1-3 of Table 3 we find a1 , a2, a3. Then subtracting 13 from 5 and 
solving it with 17, we find ai2, a13 and so on. In such a way we obtain the values for 
ai: 

a _ ~l _ ~ ~ _ s1 - 2k2 
1 - 16k; s 16k; 11 + 8k1a' a2 - 16k; 

1
• 

S1 - 2k2 l S1 

16k; 1 + 8k1a' 

a __ s1 - 2k2 l s1 - 2k2 l ij2 
3 

- 16kf s + 16k; 1 + 8k1a' 

a _ si(3ak1 - 2kn - 6s1ak1(2k, + k2) - 6k;a2
1 

_ (si - 2k2)3 

5 
- · 4a3 kf s l6s1k2kf 

11 

sr(2k? - 3k; + 5k2k1) + 3sik1a(2k2 - 3k1) - 9s1a2k; - 3k;a3 

+ 4k2s1a3 k; ' 

a _ sr(4k~ - 6ak1)+ 3sia3 
- 6s1k2a3 + 4k~a3

1 
(s 1 - 2k2 )

3 

6 - 8 3k3 s + 16 k k3 11 a 1 St St 2 I 

+ sr(3k;- 5k2k1 - 2kn - 3siak2(2k2 + 3k1) - 3s1a2k2(k1 + 2k2) 
4s1a3 k;k2 

k2a3(2k2 - ·k1) . 

4s1a3 k;k2 
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(A.18) 

Tab IP ;3. The set of <'quat ions for a;. The right sides of the <'quations arc in the 
first colullln. ThP otllC'r colulllns gin•s the coefficients befow correspondent a; (th<' 
blanks nH·an zeros). 

a, a2 /1;1 a.1 a;i (/6 0.7 (lg a9 aw a11 a12 a13 

':1 2p,q 2p,J12 I . 
-1.-1 2p2c/ 211,p, 2 

.:_,1 - II_,, :!.q2 :!.p,q :!.p2q :l 

,, (i :!.p2q 2p,p2 </2 :!.p,q I 

12 (i :!.p,q 2p1p2 :!.p2q q2 i) 

lq (i c/. 2p1 P2 :!.p1q :!.p2q (i 
-----

I II I 2p1 /12 '.!.p, q 7 

-,,, 2]11]12 :!.p,q ~ ,_ 

'22 2p,p2 :!.p,q 9 

··-In -1 2p1J12 2p2q 10 

I q:1 :!.11,q 2p,p2 II 

--·l1111 :!.p2q ,2p, /12 12 
-~---- --- ---- -·----

/12 2 :!.p,q 2p1]12 l:l 
--- -------- ~ 

--112 '.J, '2p2q 2p,p, 1-1 
·---. 

'/ I 'I 2 2]11]12 '2p, q 15 
------ ---- -····--· -- ---~- ---

- I. I •I 
I 

'2p2q 2p,p2 16 
- - --- - ---- · 1 r i 

,2p, /12 2p,q 17 I 2q I 
- - ----- ---1---, .. , -- , ______ i ___ --
_ -_ l:1,_J __ 2 _ 2p1]12 :!.p2q I~ 

--- - ___ I_ 

2sf(2k; - :lak1 ) + 2.s 1a(2k; - :laki) - k,a:1 l s1(.si +a)+ 2/.., 1/..·
2 

a;= -''---'----=-- - - , ·11-.·1 ., + lfk'lJ.. I, . /ill· "i , J "i '2 

sf(:lkf ...:.·21.:; -- 51.·1l·~) + ,ts,a(:H:f- 2k; - 5k,k2)- a2k 1k2 
+ ,1a:i1,,;l,·2 
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_ -2si(2ki - 3aki) - 4s1a(4kf + 5k1k2 + 2ki) - a4

1 as - 8kfa3 s 

(s1 - 2k2)q2 l s;(2ki + 5k1k2 - 3k;) 
+ l6kf k2 

1 + 4a3 kf k2 · 

s1a(4ki + 8k1k2 - 3k;) + a2k2(3k1 + 2k2) 
+ 4a3 k;k2 

_ si(2ki - 3aki) + 2s1a(5kf + 4k1k2 +kn+ 2a2k1(2k1 + k2) I 
ag - 4a3kr s 

_ ij2(s 1 - 2ki) I sf(3kf - 2ki - 5k1k2) 
16klk2 1 + 4a3k?k2 

s1a(6kf - 7k1k2 - 2kn - 2ak1(3k; + k1k2 - 2ki) 
+ 4a3kf k2 

__ sf(2ki - 3aki) + 2s1ak1(2k1 + k2) I _ s1(s1 - 2ki) l 
am - 4a3kr s l6klk2 t 

sf(2ki + 5k1k2 - 3k;) + s1ak1(2k2 - 3ki) 
+ 4a3kf k2 ' 

_ sf(3ak1 - 2ki) - 4s1ak1(2k1 + k2) - 2a2kf I _ (s 1 - 2ki)2 

au - 4a3kr ' . l6kfk2 11 

si(2ki + 5k1k2 - 3k;) - 2s1ak1(3k1 - 2k2) - 3a2kf 
+ 4a3kf k2 ' 

_ sf(2ki - 3aki) + s1a3 
- a3k2 I (s1 - 2k2)2

1 a12 ~ - 4a3kf s - l6kf k2 1 

sf(2k? + 5k1k2 - 3k;) + 2s1ak2(3k1 + 2k2) + a2k2 (k1 + 2k2) 
+ 4a3k;k2 

_ s;(4k? - 6aki) + a3s1 I s1(s1 - 2k2) I 
a13 - 8a3kf s + l6kf k2 1 

s;(3k; .:_ 5k1k2 - 2kn - s1ak2(3k1 + 2k2) 
+ 4a3k; k2 

Bremsstrahlung One-Loop Integrals 

We will use the conservation law p2 - q = p1 - k1 and the definitions 

(0) = (k2 
- ,\

2
), (1) = (p1 - k)2 - m2, (2) = (P2 - k) 2 

- m2, (A.19) 
_ 2 2 . ' 

(q) = (P2 - q - k) - m , s = 2p2k1, t = -2p1k1, u = -2p1p2, 
b = s + u, q

2 = -ij2 = s + t + u, 
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[, = 1n(-s/m2
), 19 = ln(-q2 /m2

), l., = ln(-u/m2
). 

J d
4k · 1 . 

X = ~m i1r3 (O)(q)' 

J d
4k 1 

T]=~m i1r3 (0)(l)(q)' 

J d
4k 1 

j = ~m i1r3 (0)(2)(q)' 

J d
4 k 1 

I= ~m i1r3 (0)(1)(2)(q)' 

J d
4 k kµ 

xµ === ~m i1r3 (O)(q) = x2(P2 - qt, 

µ _ c-,, J d4k kµ • _ µ ( _ )µ 
T/ - ::sm .. i1r3 (O)(l)(q) - T/1P1 + T/2 P2 q , 

·µ C'>, ' • µ . µ · J d4k kµ . ' . 
J = ::sm . i1r3 (0)(2)(q) = J2P2 + Jqq ' . J d4 • kµ · . . 
Iµ= ~m i1r3 (0)(1)(2)(q) = l1Pi + l 2p2 µ + lqqµ, 

µv _ c-,, J d4
k kµk" _ . { 2} {( )2} 

T/ - ::sm i1r3 (O)(l)(q) - T/gg + T/il Pi + T/22 P2 - q 

-71{p1,P2 - q}, . , . 
·µv_c-,, 1·d4k. kµkv - .. _·{ 2'} . { 2} _··{. } 

J - ::sm i1r3 (0)(2)(q) - Jgg + J22 P2 + }qq q + J29 P2,q , 

lµv - c-,, J d4k kµk" - I {. 2} . { 2} 
- ::sm . i1r3 (O)(l)(2)(q) - gg + 111 P1 + f22 P2 

+f1 9{p1,~}+I2q{p2,q}+J99{q2}, , 

J d
4 k kµk"kP •.. . . · · . . ' 

Iµvp = ~m i1r3 (O)(l)(2)(q) = ai{q,g} + a2fP1,g} + a
0

3{p2,g} 

{ 
3}. '{ 3} · 3 . 2. 2 +a4 q + II5 P1 + a6{P2} + ar{p1,P2, q} + as{P1,P2} + ag{p1,p2} 

+a10{P1, q2} + a11 {p:, q} + iz12{P~, q} + a13{p2, l}. 

The values of the integrals are the following: 

X = -It, 
2 

I= -l.,11, 
ut 

,, , , . 1 l . . 1 ; 
x2=-2 t, ·77=. 2/t, 

. 1 T
2 

· ·: .) ' 

J = 1;(-2lt - 2ltlq , . 

:ff 

/2 2 
_ ...!.. - -lt, T/1 - 2t t 

(A.20) 

(A.21) 

(A.22) 

(A.23) 

(A.24) 

(A.25) 

(A.26) 

(A.27) 

(A.28) 

(A.29) 

(A.30) 

(A.31) 

(A.32) 



1 . t 1 2 ) b - 2q2 

T/2 = tlt, J2 = - b2 (211 - 2ltlq + li_-b-2 -, 
1 

jq = ,;11, 

I1 = -
1
-[sl; - 2bltlq + 2bltlu], Iq = -

1 
[211lu - 2ltlq], 

2stu 2st 
1 st 2 st - uq2 

/2 = -[-b 11 - 2 b ltlq - 2(t + u)l1lu], 
2stu 

1 
T/u = - 411, 

1 2 3 1 1 
T/11 - -l - -lt T/22 - -11 T/1 - --11 - 2t t t ' - 2t ' q -;- 2t ' 
. . t . l t2 1 2 lt 3t2 t 1 
Ju= 

4
blt, J22= b3 ( 211 -211lg)+7;(-I;2+,;- 2), 

. 1
1 

. b-t
1 . Jqq = - 2b t, J2q = 2b2 t• 

she coefficients for Iµ" (eq. (A.30)) can be expressed in terms of lq, T/i,2 , j 1,2 : 

l 9 =!tlq, I11=~[(u+s)2lq+(u+s)TJ2+sTJ1l, (A.33) 
, 2 SU 

/ 22 = -
1
-[t(u + t)2 lq + q2(u + t)jq + stj2], 112 = ~[-uq2 lq - (u + t)TJ2], 

stu su 

. l1q = ![(u + s)Iq +TJ2], I2; = ~[-t(u + t)lq -q2jq], 
s ~ . 
1 

Iqq = -[ulq + TJ2]­
s 

Here we list the coefficients a; of the expression for Iµvp (eq. (A,31)): 

1 1 
a1 = -

4 
[tulq.+ l1l, a2 = -

4 
[tblq + 11], (A.34) 

s . s 
1 • q2 1 2u3t (2u - s )u 

a3 = -[-t(u + t)lq - -11], a4 = -[-/ + ---11] .4s b 2stu s q s ' 
· 1 1 

as= -[ban+ TJn], a6 = -[j22 - (t + u)a12], 
u u 

ts + 2q2u s - 2q2 1 · 
a7 = -

2 2 Iq + ·-
2
- 2 -lt, as= -(2a3 - (t + u)a7], 

. s . st u . . ' 
1 1 2u2tb (2u + s)u 

ag = -[4a2 - (t + u)an], aw= -[--lq + -'-----'--11], 
u 2stu s . s · 
b2 · 3s + 2u 

au = s2 lq + 2s2t lt, 

a _ (u + t) 2; -s3 + 2u2 (u + t) + 3s(u + t)2 + 2s2 t +.2ut2 + 2tu2

1 J2 - 2 q + . . 2b2 2t i, '\., s s \ 
__ 1_[-2u2t(u + t) I (s2 - (t + u)(s + 2u))u 1] 

a13 - 2 t q + b t • 
SU S. S 
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Ap6ysoB A.E. 0. ~p. · 
O~HOCI10.HOBbie aettMMeTp~tt .B 11pou.eccax pO)l(~eHH.SI 11ap 
0. T0pMosuo,ro 0.snyqeum1 . 

E2-95-44· 

PaCCMOTpeH~I ·acttMMeTptttt B 11pou,eccax B3attMO~eHCTB0.SI U.HPKYJIS1pH0-
irom1ptt30BaHHOro' ¢oTotta 0. 11po~0JihH0-110JIS1p0.soBaHHoro, 3JieKTpoHa c sapSI:­
:>r<ettttou MttIIieuh·IO 11p0. BhJC0KttX 3HeprHSIX. Ilpe~cTaBJieHw 11o~po6ttocT0. Bbl­
tittCJieHnn. IloKasatto, tIT0. acttMMeTptttt 11po11opu.0.ottaJibHhl cTe11ett0. 110JIS1im:.. 
sau.0.0. HR'IaJibHOH llaCTHU.bl; He 11a~a10T C pocloM 3Heprtttt 0. MOI')'T ~0CTHraTb 
HeCK0JibKHX 11pou.eHT0B ~JISI lIHCTbIX K3.U 11pou.ecC0B 0.Jlll ~eCSITK0B 11pou.eHT0B 
B cJiytiae po:>r<~eHttSI KBapK-aHTHKBapKoBou 11apw. · Ilo11epetI·Hwe K irn11paiine­
Htt10 HatiaJibH0.ro nytIKa KOMIIOHeHTbl BblX0~SIIIJHX qacTmJ, Clltt'falOTCSI 60JibIII0.-
Mtt 110 cpaBHeHHIO C MaCCOH 3JieKTpOHa. (KBapKa):. , 

. Pa6oTa BbIIl0JIHeHa B Jla6opaTOptttt TeopeTHtieC~OH ¢0.30.~0. HM. H.H.Eoro-' 
Jiio6oBa 0. Jla6opaTOpHtt .si:~epttwx 11po6.iieM 0115111. · 

. Ilpenp11HT Q6,,e,11111e1morci 11HCT11TYTa ll,1epHblX l1CCJie,1ona111111 . .r(y6Ha, 1995 
' . . . '.· ' ·.' ' . 

Arbuzov A.B. et al. 
One-Spin Asymmetries in Pair Production 
and Bremsstrnhlung Proc~sses• 

. '. 

E2-95-44 

' . I • 

Asymmetries in the interaction processes at high energies of. circularly 
polarized photons or longitudinally polarized elect,ron_s,with charged targets are 
considered. The derivations are shown in detail; T.he asymmetries are showri 
tq· be proportional to the degree of polarization of the initial particle, they do not 
decrease with increasing of the energy and could reach_several percents for pure 
QED p~ocesses or tenth percents· in the case. of a quark:antiquark jets· 
producti~n; Transverse to' the beam· d_irection • components of. the outgoing 
particle momenta are assumed to be large compared with the electron (quark) 

' \ ' ' . . ~ 

·mass. 

. The investigation ha.s been performed at the Bogoliubov Laboratory 
of Theoretical Physics andLabOratory of Nuclear Problems, JINR.. . 
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