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<l>ap_uu B.C. HAP· E2-92-577 
TTpou.ecc paccesrnHst Ba6a: AByxnerneBoe npu6nmtceuHe 

PacCMOTpeHbl ce1-1eHHSI ynpyroro H ueynpyroro paccestHHSI 3JJeKTpoua H 
no3HTpoHa Ha MaJJble YrJJbl npH BblCOKHX 3HeprHSIX. ,lI.oKa3aHO, 'lTO AHarpaMMbl 
c ABYMSI H 6onee (j>oTOHHblMH JIHHHSIMH B KaHaJJe paccestHHSI MOryT 6b1Tb ony
J.QeHbl npH Bbl'lHCJJeHHH pap_HaU.HOHHblX nonpaBOK C TO'lHOCTblO AO 0, 1 % . Mb1 
paccMaTpHBaeM TaK.lKe npou.eccbl OP.HO- H ABYXKpaTHOf'O TOpM03HOf'O H3JJy-
4eHHSI H npou.eccbl o6pa3oBaHHSI nap. OcHOBblBaSICb Ha 3THX pac'leTax, Mbl 

noJJy'laeM KOM6HHHpoBaHHYIO (j>opMyJJy AJISI HHKJII03HBHOH nOCTaHOBKH 3KCne
pHMeHTa B TepMHHax CTPYKTypu1:,1x cpyHKU.HH. 

Pa6oTa Bblnonueua e Jla6oparopuu TeopeTH'lecKoii cpH3HKH 011.SIH. 

npenpHHT 06,,eAHHe1111oro HHCrnryTa llAepHblX HCCneAOBaHHH. J].y611a, 1992 

Padin V.S. et al. E2-92-577 
Small Angles Bhabha Scattering: Two Loop Approximation 

The elastic and inelastic cross sections for small angles e+ e- scattering at 
high energies are considered. We prove that all the diagrams with two or more 
virtual photons in scattering channel may be omitted when calculating the 
radiative corrections with accuracy of the order 0.1 % . It is the consequence of 
the generalized eikonal representation for elastic and inelastic amplitudes. We 
take into account the processes of single and double bremsstrahlung in the same 
and opposite directions and the pair production processes. Basing on this 
calculations we construct the combined formula for the inclusive scattering 
electron and positron cross section in terms of the structure functions. 

The investigation has been performed at the Laboratory of Theoretical 
Physics, JINR. 
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· ·;'The small'angles Bhabha scat;ering, p~ocess (SBS), planned, i; to us~ 'to 
;.- r' ,.,. ' ' - \ '• ' • • '• ,. • •. " 

. measure the luminosity at LE:e~.1L The high accuracy of it's determination 
:,:-, 0.1 % is necessary to "extrafHhe' st~ndard model (SM). A lot 

1

bf'a~tentiori 1 
• . . . . . . . . . \ ' . . ... 

'Yas devote,d· to SBS ·(see [1] and_ the referencJsthere~n). )n ,this'paper we. 
suggested a:tiothe:i:variant ofcalculations, based on detailed analysis of elastic . 

. ~- ~ell as inelastic 2 ·- 3,' 2 ;~ 4 sm~il ~ngles processe; which was fulfilled ;" 
in'fo~Spyears,· and the ideas of'·reriormalizatiori g~oup: :.Th~ rieed of this .· 

;, calculation· also followed from the discrepancy at 0.5 -. 1%. level ·of results. of 
several calculations of the last years·. . . . ' . 

. :Bhabha scatfering process.with po~sible inelastic channels · 
) . • ' ' ·. . .. , . '. • • ' ,·" .. · . .. • . ., : • _s • '. ·., •.. 

" '. e+(p+):t·e:-(pi)-'-+ e+(p~)+e_(p:..')+7(k),'7(k1) +;7(k~) + ,y(k;fe+(Pi) + e~(p'.'._f' +~ .. 
·•. . ' . . . . . .. • . ' ., ' , .. •, • . . : • le ' .(i) 

is the statistically:main one in the e+e--: collider~:Mainly it caused b; _elec
· .. ti-ornagnetic i0:teractions. S6 the "pollution" ·caused by weak int~ractions for 

the scattering an'gies 3° < 0< 6° less 1 %' [i].We put the !esult of calculatior{ 
)ii; S~ of eiastic cro~s secti~ris in ·Bo_rn ap~roxi~ation[2]. . . 

da . . o:2 · :~ · . 2 · • 2 : 
'. drl ~-- Bs 4B1+,(1~ _c)B2 t (f+ c)_ B3 
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B1 =· (f )~11 + (g~ ..,.-g~)li=,-: .. B2 = 11 + (g~- g~w ... 

B . .. 11·1 S --( .. ---)2(SC )12· . 
3 = 2 +t..+_ 9v -i;,9a t'- + X , 

_ . As~ · · · c ' At . • A . G Fm; 
X = . ,. .,=-- = -

S - m2 +zm I' t- m2 .. · 2 /n27r,..._'' z . z z . ,, z .,.. v~ u._ 

• ·_ -· 2 - 2 - . - ' i . i. . l · ; - - --
s = (P+ + P-) = 4e , t = (p_ - p_) = --s(l -·c), -. ', . . . . . • . . . _... 2 . : 
-- . ·-' . 1 . ·. -

u := ,(p..: -,p~) == 2~~1 +c), ·_ ~-= cos0, 0 .. = jLfJ_ 

' ?l!pposing the angles of the detected scattered e+'c are tlie range 

·. 2° <. 0 < 5°, 46ev/c < Be< _lOGev/~ 
., ~ ' ... . - . - ,-~ ~ . . . . (2): 

(it corresponds to moment tran~ferred of order Q ~.A-;__, Ell;.., lOGev/c) _ 
and 'the ~ccuracy of measurement cro~~· section of order 

.... :;, 

oa_~ 10-~ 
_a-. 

,. 
'(3), i .. 

,Wesee that oni/m~ineglect the,quanfity·o~2rder10-5 __ ,c 

' . ' altl -.(Cl.')2 m; m;' (iiL)n . . ·. --3 ·_ L,:.~-l ·c·Q2)' '{4) 
- - · - ·-· -- - n > = n - , , . ·' , ·ltl , - . , ··' - - 2 -7r s . 7r s . 7r _ . - -. - me 

i-a~d to t~ke-into ;ccount t~e_ te~i o( ~rde~ 10'-3 (see}ig.1) 
.; . . -·~. . . - ' ' 

·a 
7;==-, 

- . 7r 

- r 
,{yL)l,2,3,:~ .. ,y2£i',-, : ' ' (5) . 

_ The renormaliiation group's technique give a possibility to take into ac;count .·
all terms of kind (1-L)n (first.column in fig.1}; But the terms'situated in -

-diagonal are of tlie·same order due to 'the fo,ct 7£2 ,.,:, LOur efforts are devoted 
'to take into accoun't'the ·terms (5f, __ : • . - . · . - . -

Paper construct~d in such 'a way.In the part' I we consider the diagrams up _ 
to two level approximation describing.the el~tic e+e-: scattering .. Here we' 
prove that in fra~es of accuracy (3,4) one may·consider .di~gra~ with only,·'• 
one ph~ton st~te in t-charineLOur prq9f e;sentially ~oincide with the deriva- . 
tion of the.:ge,ne_gilize_d eiko~al; representation of the small~anglc scattering 

·amplitude [3].Theresult have a form '. . ' 
1 

• . 

· -·- · .- .··. ·_ > · · .. · 2 :, · -_ <i • .·_. -- · . · .:...t · ·a : 
2
· - ....:.t • :-

A(~'. t)ls~Jtl~m2 = Ao(t)(I'(t)) (1-:- II(t))- exp{-:~a(ln( ,\2 + 6
/n (m2 ))}, 

. • . - . . . . . • ;-f (6) 
/_ '~- . , 

-

l ·b 

f· 

/ 

where Ao(t) is the amplitude in Born approximation, I'(t) is the Dirac's f;~rri . 
factor of.th"e- electron, >. is the"mass"'ofthe ph()ton,H(t) 7 ½,lri~ + ... is 
the. vacuum: polarization operator. Representation• (7) ts .violated in'. three
loop Jevel [3a]. However we may co:risider (7) as exact one due to accuracy. 
frames (3) adopted. From (7) one may deduce that the knowleq.ge of electron 
form.factor and 'polarization operator up tw~ loop' level accuracy is necess~ry. -. 

- The· relevant expressions present in th~ literature. ·contribution ()f P~u.H's • 
formfactor of- electron is a quantity of order 1'1il ,'and maybe omitted ( 4) . 

, , . ., - ' ~- ... _ ' -- . s - - "-
. Total expression of the _elastic scattering cross section th.ere is in .the part 

2. We present here also calculation of contributions from inel~tic process 
.. of single bremsstrahfo~g, as well~ soft. photon's emission: I~ the •same_ way 

as in part- I we. may pro;e that only diagrams with -one virtti~l photon i-0: . 
y~chanel are relevant. Really. the two-photons t-chan:riel exchange diagrams', ·· 
contribution to the amplitude is prire inuiginary ~ompa~ed with re~l o'iies 
from one~photon exchange uiagr~nis. So the int_erference b,etween them is 

, ._,. absent whereas the taking info account of square of module of the to_:-photon ' 
: :'-',~exc:hange diagrams leacls t~~e;_ceeding of~equired acc~racy {3).' When ~al- : 

culating the•i11terfei;ence of Born's amplitU:de of single brem,sstrnhlung with 
, ~.c. to it, we use theknowri expressions for the vertex functions F and II [4,5] 

; l :and.essentially by theresults of our previous calculations of r.c·t() the single. 
. · ' - ,bremsstrahlung cross· section [6]. •' - '· . 

.. I_n part 3 we present the differential cross section of proc:esses 2 -+ 4/which 
-·• cont_ribute to the inclusive electron 1uid positron cross sections. W~ use some'· 

modification of the infinite momentum frame method.ti> obfai;._ totally, differ~ 
'ential cros~ secti()nS as a function transversal 'to the beam axes c~mponents 

. 6f ~oment~ of final ;articles.and their ~nergy_fractions. Further integratio~ 
.. of such kind differential cross sections is convenient beca~se of th~ integrands 

··1"·, •
'. -~ . ·~"" . ' 

are free f~oci siri.guladties'. · / · . ·. . ·· ' . · _ . ·~ . · 
- - In conclusion.we construct-the combined formulas based on structure func-. 
· ticm method and the DreU-Yan pict~rn of the cross s~ction which: ~ccumulate' __ '. -•) -

,•-. ~:,: ,· 

. J :· 
· the re~ults.- · · · · ✓ ' -- • ·,.· · 

-' L Consider first the· set .of 9.diagr~ms with one, two ~rid three photons 
. in t~channel. We parametrize their mome~ta k1 ,' k2 - k{; 'q -:-:: k2 using the 
Sudakov representation . . . , · , . 

,( • ,, • ' C 

l 
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ki = a;p+<t-f3;fL+ k1_;; q,;, p,:_ - ~'_ = a~i>++ /3qP- +tzi: 
' 2 . ' . . . . . 

'. P± = f± ~~ :P'f, o,.j_J)}= qjp± =_,0, _d~k= ;d_a_cl(3d2
k1-:_ 
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; • Th~ four~ vectors P± a\-e, alm;st iight~ like; fil ~-• 0 ( 1) '. Th~ par~et~rs i;, /3;, :Xq j /3q · 
· are small in the :re·gionof integration,which give the main contribution to the· · 

-~mplit~de:. -' '. : ·, .·· ·.· · . · . · . · . · · 
.. , . . . . , . ·--q2 . :...t 

--: ' 

la~~ l,Bl~ lal ~ l,BI ~ ~ =-. <'< 1: -{8) . , . . , . s . s , , , 

The characteri~tic transversal momenta of photons·. ar~ of o;der transverse 
momentum lkiJ.I ~ A.This fact follows from th~ ~ltraviolet converge~ce of 
box-diagrams amplitudes.The smallness- of laqf, 1,Blf.2llows fro:in the.mass-: -: 
shell conditions of the scatter~d l~pton~:· p'.: -rn2 = (p_' - q)2....:."in2 .= SO:q,Bq '-_ · 
(m2 + s)aq-+ t = 0~ faqf ~ :t. We will see later that thefour vectors--of the 
virt.uaffermions are near ma.s's' shell: , ' . ' , , . . ·- .· 

(;_-:_ kf- m 2 ·=,-~a- ,P+ iO_,' (P+ +k)2 -· :n2 = s,B.- f.2-~ iO, · 
. . • . :_ - ·, ·. . 2 ,• 2 ·, ·. ➔ ➔ 2 · / 

-~ · (p.:_.- k) .- m ~-:-sa-: (q - k) + zO_; (9). ·. 

· · Therelations (9) _follow)~om this fact.The ~e_ conclusi~h ens11e·,from The 
-·-_ analysis o( the _situation of the p~les in o:,/3 planes.Th~ nonzer_o cimtribu~· . 
. tion, which _co~responds to the. case whell the poles hi a; ,B planes ar~ 'situate4 

on the different sid~s· of the real axes, cor~~sponds fa, ,Bl-< laq-;-,a;r:- ., . . 
It is· conveniet to present the relevant diagrams in the sym1netrized form: ·· 

•-·•JI···· __ ·>·.'=z=•:.· .. ·.':.l~•-·. ,<._ ·.. . ... + . •.·. . · .... 21 /,·_. ·._ ·. ·:. ; 
.. _·._.·. · __ ; :: . : ./ .. < - ·. ' ~'. < . , . '. . 

:· • , - - - .'. - ,.- •. _; "~. : .- . . , I : . 
-- \ ~ -~'"----· ., ' . - . - - ' ,~ \ 

-

><i.jL' :<:kV+•·~ 
. ' ' ' 

·JIE·····. x·· .·_··, .. . . +._:~ ··* '·,. ·.· 
-,--·. ~._ ·.,· _-·:,··· -~~._2;. :...:·.· 

. . . 

·~· ... ~-: .. 1 -. . . ' •. ' 
-:-31 · .· .· < ·. __ ·. 

. .' _·.· \ _<. .· ... ··• • ·' • • • -, ·-· < - ·. ,· ' ' ,. 

'-; 1,. ·, •. :. '·· .• :· ·:_. ·., ,. 
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The ne~t · step is· the · simplifi~ation of the nominators. of the_· integrand~ . 
. U~ing the smallnes ofa, fi para01eters and the-I?irac equatio~ for.the spinors : 
. of the· ext~rrtal_ particle~ (P+ + m )v(p+) ~ (p_ f rri)u(p~)-~ o ·one obtains: 

' < •• ~ • ; I • :. ' •. , ' •,- ,, .J ,.- -' ; • /_' : . .- - .- . -
. I. . - , . . . -, • . • . . I . . 

_. · . il(p_),µ(P--'- k ;t-m)"{~(p_)v(p+)'{k-P+ ~ k+m)'t.v(P+) ~ -2sB, · 
u(p'_)-·t1 (P-::.:. k1 +~)-l2(p_ ~ k2'+·m)-l3.tt(p:...)v(p+)'t3 (P+--:: k1+m)-?2

-. 
' . ,,- · . : • .. · ·. i ·,_ · .· 2 : 

.. _ ·(-p+-k2.+m),µ'v(p )=_(-:--2s) B, 
•. . I:• > . • • 2 < . , , . :t:• > .; • • , . -

B ='il(p'_:.)1µu(p_ )v(p+ ),µv(p~) -~ -il(p'_)fi+u(p_ )v(P+ )p~v(p~){lO) . . . . . , s .- ,, . .. ' 

_ Taking i~to ·;~~~t1~t (9)~~d (10).we ~~y rewrit~en the c~ntributic_m,of ;11 . 
the 9 diagrams as .::.. , ' -

' __ . Al = A:(t) {I .-H4;, !~ Iidad/3¢(1)( a)¢(1l(f))i,((~ ') · • 

. •: - . ·, ~~(~2s)2( 4!2);~I/ciid~':'d2
µ_1P>(0:r, 0:2~ef>~:)r~;P2)Ia((<l)~)( 

. ,yheteiAo( t) ~ 4_~,;, B i~ the B~:rn a1~plitude-and 

. c1} . 1,:' ~ .L. _i. · . -\ 
<P (x) =. . . . ·o _+._ ·. __ . - -21ru5( ___ sx)_, . -- •. -'-sx + z ... "sx+ zO 7 

• : ,-. · 

'(2)( __ ,_. .. ) ·,;··1, -.·.· ,/,1'_ .•·· .. ·· · 
. . </> - x1, x2 .:=: ( , ·o)( ·o) + ( ( . ) ··o)( . ·o) · , .· . _ .. - ·-~ sx1 +.z_ sx2+ z_ · __ s x2 - _x1 + i sx2 + z 

; , . -__ · i -. \ - ._ + -.. · . , 1 · -: - . + ,
(s( x2 - xr) + iO)(-s:i:2 +iO) -·.· (sx1 + i0)(s(x2 :,_xi)+ iO) · .. · 

. ,··. .>; -- ·. ·. I': ' .. ' '+ • , .. ·•_· • I l :· ·,,- ' . ·' 
'< •.(-s~1+iq)(.....:~x2,+iO)· (~sx2.+iO)(-s(x2•'-,xi)+iO) 
J. .··.·. ,··, . =:_ (:_'21ii)28(sxi)8(sx2r- '; ' . ' · ._· '. (i2) 

> The quantitiei:[2~3 e~teri{1g (12)'_ are.defined as follow~:-
.. . .,. ·. . . . . - . ·.__ ~ . \ \ ' . ,: --.-.. , ,_ ~-\ -": :... ' .·. . 

I~((lf)
2
)~-- ~t1·(k2+Y)(~.~ ~1 +A~); .. 

13
((,~

2r~-~;-/(~f; A2)((.f1 --~;~

1

t~!)(-(i- k2f+•A2) 
' . \-. i-, ' ' - ':, . '_/ . ··. ' ' : ·: < •• 

Carring' the a, ,B integration by me'ai:is of 8-functfons and usiiig ~ . 
• - ' , -'.: ,• . . - l t , "' ' , ' ' . i.. , • - ' , 

. . . -.· _:,t 
_. - - · 1~ =!- 21~

2
CA2 ), 

' \" ~ .' , 

. ' . '.-t 
]3 = ~~n2( A2 ), 
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[_ 

-we obtain:_ -:. • , _ ._ .. __ . .. . _, 
' . - . . -... -·-.-t I. :_t, 2 _ . , . ' · - -t . - · -_. M = Ao(t){l - ialn ,\2 . :- 2(aln ,\2 ).} = A0(t)exp{-foln( ,\2 ) }. (13)_ 

. ' ', . ' '. . - ,·•·" . ., ' 1 -

The exp_ression (14) :is known one of eikonal amplitude of the small -an; 
gles scatter~ng ofch~ged. particles [3]:. To ge·n~ralize (Fl) consider first the 1 

diagrams with the one~loop corrections _to the electron lines· and ,vith two . 
. · pho~ons exch~nge in t-chan~el(there ar~ 8 two loop <!!agr!1,mS of such a kind; 

another 8-<lescribed the correctibnsto _the positron litil:!Sjremaining djagram~ · 
.with· additional photon· line connecting- the electron and positron ones ~vill · -
describe the pure eikonal in the next order of perturbative theory). We ,vill 
prove tj.ow that in the'frames of.the1ising accurasy it t~ke place the gene~~il-

. ~ ized_ eikonal representation [3] '. , . · _ ·__ , . - . . . . 
•' -,- {_,,:1• _ :' ' .-, .. .-,.•_,. ': r,, ·.-' >:,,~ ,•;.\~t- • 

' . :.M = fo(t)(I'i(t)) 2e'.xp{ .:._ialn( ,\2)}, .. tl1) . 

·\vhereTi(t) i;_th~;Dirac fo~U:factor ~,~~t.ofthe el~ctro~-vertex furiction_ · • 
. , ,·-~-::,'.' - . ' . , __ µv v· -_, . ' . - <, '"'. . . . > ·' -

rit(t)'= r1(t)'Yµ + ~r2(t), · -r1(t)_= _1 +7d2\t} + :,~. · 
_ _ . _ _. -. • •-- __ · _ 2m . _ , . _ -_ · < _ _ : ~-, ··• _ _ , , . 

In order toobtain (15}express first the phast! volume of.the exchanged pho.:: 
tons in terms of invariant niasses of electron and positron blocks of the dia- .--. - - - .. ,- ., - . . , ', /. . - - , . --,-- '. . .·- ~ 

gram._ 
' - - ; ~ 

1· 

-.:·._11; 
.-

J. -i ': 
J 

't' .I ; 
1-.,, 

.. h 
' J, 
]' 
;';, 

···s - •s, • • _·; - 1· · -
-d4k == 2d~d{3d2kf ~i281s1ds2~2k, 

-, ', ',. ' . 2' '·: ,,: :;-· 
· s1 = (k-p_) -=--s_ a·.:_ k ,, · 

. · -~2=(k+P+iisf3-J\ · I
,: 

: . t" ,, 

-~ __ .• 1 
,, ' ' - ' . .. ' .. 

C~nsidei: fordefi~itness the 9-iagram ;ith the corr~cti~ns t'.o-'the el~ctroii line. : 
_ Performing the integrationover s2-·by ~e~s-of ¢(l>([J) we.obtain inst~adof· 
the secondterm in (12)" the ·e~pression - . ' 

'. 2 . . . , ,' 2 " i ,_ ,• . . , . ' , : . . .. " . . . . . : ' . 

,_:s~~~2·1. ((k -i/+ki~(k~-~-,\2ft1(p_+)ffe-_v(p~)fcds!p~p~~(~~)A~"u(p~), ~ 
:· ,:' - .. ,::· •,' ,', < .-· ,·_·. •. -: · ,· ". : :-'·, ._.·'. :'' _(15) 

,where _u{p'_)Aµvu(p7') · is the_part of the. Compton amplitu1e with the 'virtual 
photons' described by.the:set of the diagrams _ . -•_ . c: 1• '. • ·, :.·. • 

- . -< •• •• • - , ~-· • • , • ' 

•··1t·•·TT~.~~ 

r·· 
l 
l

'., . 
- ,. ,' 

Jl:'_ . f . 
! ' 

--'.,~: 

'j ' 
1 

l'. 

' .I· 
a. 

We note that it is riot c~niplete setof Feynman diagrams'·so th~ quan
- tity u(p'_)Aµ"u(p-) is not gauge invariant. (But fp~p~u(p'_)AP"u(p:...)dsr is 

.- . . . . - ·. , . .. . ·c.'- ., . -"' . : 
sertainly gauge in.:ariant); · - ·. . . · ' _ · - . _ · ' · ;· ·: • 
· Tlie~c~ntour C of the integration)n the s1 plane i~ the causal Feynman's 
one:· It _drawn in°the:figU:re 2; · · · 

,\ I 

f 

,C 

/ ,,.,., 

'1-~ 
1,·; 

•.,,_:_· '\ 

' .. , I, I(, . .. 
. Fig._2 

· , · The singularities of'C~mpton 'aihplitude are' the: pok· a~ k,i ::_ m2 which · , 
... corresponds to the one electron interm:ediate ;tate ~nd the right cut starting .' ~

fro1;1 ~i = ( m +, ,\)2 ,vhich correspop.ds t~ the o~~ el~ctr~n one photonjnt~r~ 
mediate state .. Using the Sud.akov's representation for the photon momentum 

r • . · ' 1· · • , -- l . , ,", .• .1, .. ' , 

k we may represent the p~ in (16) in the form: , • · · · - 0 
: • 

. < 
1 

• • -._ µ i · .. · .. ·•· \ ·. .' · · ' ;s , · i •••• ,·. :/ 

P+,:= -:-(k-k1.:::.f3P-t ~,--.---(k:-- k1.?'. . _ _ - (16) 
I ✓' . . a '. . .. . . . s1 + k2 r . . " 

.. _ iet u~ coside~ the ~ctio~:oftw6 t~rm~-i; (16) -~~ the fo-mptrin amplitu~L 

. The cont.ribu_ti~n of'the secoid ter~lr ~ ki.'iii (17) t? the (16) is 
1

zero: · ,I • 

J.liL_;,vi f ,ds'.~ / il~~)A_ µv·~k-;k_: __ 'q;·Si)~_(_P7) ==~-\-~-;:;, (!7}, 
-. - , . Jc_ (s1 + k )lk1.I · · .· . . . , · - - . ,· · · · 

,<. ,., : '; " '_.··' 1,,,,: ~·: / .:·- · .. · ,•,,.·' . .'.", ~.-.~,'. / -·_ '' ,··~ .:~· ' ;- . ,: .,-
'i , _The statement (18) foll6ws'frointhe,two reasons: the conv~rgence oqhe 
,.,. , ,,_J ,' '. , 

11 
<" ·· •• ' .. , I -, ' .' , :· •, ,.· , ·, , . • '.' • t 

, . integral on ''.large circle" in the plarie s1 plane and the absence of th1deft cut . 
Theabserice of the left cut is theknown property of the planar diagrams. 
The c~nve~gence follows f;om th~' fact that •. only "the physical'polarizations' 

· for,'the photon with nion{~rifo~:ktake'.place s6 the qua.ntity'~µi>+Aµv behave ~ 
'af l~rge s(as :: ' ~~µ ~ ~iNJ . . '. ,:.: ' :i .·, ,;: ,: . _- : .(. <~· ' . ''. . 

. Applying the Ward id~ntity to the first-term in (i 7) we iinmediatelfobtain: 
.·., ·:' ',' '.,' ,, --~-'.'.< '_: <:,:~_'.'' '. ':. _· 

·_ i;+ii(p'._)AP"(sSu(p_).,;,_; ;-~~u(Jf)rµ(2Y(q)u(p-),, '''s1' >> m2;,_(is) 
, - . - - ·. . . . ·- s1 I . . . . - -- , , ': 

,,. I, , i 
I 

·_, 

"-,,·, 



·:,:'I,, 

\·I 

,, ., i' 

, Both singulariti~s M s1.Pl?,fie are situat,ed under, the integration path;'. There-
' f~re we can calculate the.integral over s1 by deforming' the contour into semi: 

circle of large r~dius (see fig.I). The result differs from the second,term in, 
r.h.s. (14) by a factor f(t).1 The same a~guments may

1
b,e'us~d to the dia-; 

grams with three photons in th~ t~chaimel and .the one loop corrections to the 
electr~n line, 'as .well ~ with the corrections to the .positron line. So appear 

\ ' { :. ' ',' ' ~ : f . ' . ' ' ' 

, ' the result (15). , ' , , .' ·· , · ·· 1 , : ' ,· , ' , '., , , 

· , ' It ~ay include in this ·scheme al~o · the diagrams with the self-:energf in~ ' ;\ 
'sertions to the photon lines. This results according

1

to J.Schwinger [4] in.tlie_ 
replaceme~~: , ·. · ' · , · · · ·· ·. -- .· 

· ' 1 l .( ) -2 
_1 _- D(k-2) _ • 1 ( 1 , . dv¢ v k ) 

- - - - 1 +1' , - ' k2 + ).2 ,· ,, k2 + ).2 , I o 4m2 +.(1 - v2)k2 
' I ' · - _ , , 1 : ; 1 1' · ( i/)2 

1 , _ (:::'12 -+ (:::'12 (1 +-31ln(-2 )), ,· . , , q, . q, m 

-/', <1><~L~}~-}c{-~,~2j<~: ~2). 
' 

' (19) 
,,, ,.··' ·'t / ·: .'•.· )_ -. ' '. , ,·' -•-

Calculations with the logarithmical accuracy •give:· . . f , : 
•·,_ .... \·. ··.·', ,.· . _\ ·.: _.,-· , ,, . ·r'· ::-.I .' - . ,--· :,.: ·,., ' .. _ ,'_'. 

j ~k D((q)~)D
1
(((-:: 'i/)2

) =_,~L1fJL2~L~+.2L~f '. 
. · , '2 . 2 . • ·., . ,, . ' ' . , , 

If' 'd k1J., .' d k2D((k1)2)D((k1 - k2)2)D((k2 ,-::- if/)'==· 
: . • 7f, ,, 7f , I ; ·, ' . ', , , ' ' , ' .·,, '· 1 

) , . 3(L1) ,+1L1L2(L1 + L2),,, 
<, ·. :, , if' ·. '.· ' if ; 

Ii 
1,. 

., ' A·,',·•''.-- .. ', ffi 
Li= In,_ , 2 ; , ''£2~ ln2 .. 

,Using (21);(15rone'obt.tlns (7). - . ,·: ,, 
1

, _ ,-! \' . ·. , _ 
It is' necessary to note that in the two~loop co:r;rections to electrori:line the · 

left cut in' s1 -plan~ :appears anlthe simple r~lation ~ (19) .:will ~ot have 
a place .. · Fortunately, th~ a~counting th~s '.fad leads ~01 exc~edii:'ig' th~ _taken 
accuracy. 1 . ' ·. ·,· . ' ·•·. , ,·,. . , ·. I I ,·• ' .·.· j: , j .• ' ' ' \. ·• • I < , , ; . .· ' 
' In the: ~arµe ~ay .we may pro~Cthat only 'diagr~ms wit,h one ,_tirtual ph~~ . 

,' toll:in th~ t~channeLare relevant in .the case'~hen SBS is'acompanied by 
' • I ', • • ' ~ ' ~ • ,· ' ', : ' • ' - : ' ' 'I ' '.· : ' . -, 

·photons emission.Really the two:photons t-channel exchange diagrams am~ 
' plitudes·are pure imaginary as compared with ones from o~e~photori excli~nge 

,' • ' • ' • > - • ' •:, •; ,,.'> • C < - ' ,-: •' 
1
, ~ ,• •, •,• • - ' ,• 1• ; ', •• •,. 

0 
• 

• diagrams.So the m~erference b~tween tli!lm 1s absent, whereas the_ accmmtmg 
, of the square of modul of the amplitude of two-photon exchange diagrams 
· '1~ad to the.exceeding accuracy. ,: .·-· '·: ~ ', ' ' / .. , ':'. _, ; 

'. . 

,., 
I' 

·(, 

Ir . 
~ ' r 
1 

/ 

'. 

,/ 

,/. \ \, .; 

2. Consider no~~ , the Feynman diagrams Y{hich- describe '.the one and 
t~vo loop cor;,ections t~ the ,elastic e+e- scattering 'with one photon·:.in t
channel.Th~y .ire drmvn in fig.3. , . . . . . . . ' 

. . I :t I I I . .I-7t :E · I I 
__, - ,~ ~- c : d e f ', g h ,j 

C II-_1__'T .· __ 
. , k I ' ~ ' , Fig.~ . /• . 
Using the, knownmexprcssions of vertex function in one [4] andtwo loops 

, [5] as ·weU as, tl~e polarization' operator ·[7] one _obtain _thei,r· ~ontribution to. 
the·crosssection::. ,•,·. , , , · ·'. · ·, ',, ',.•:';,, ':·/' , :•,' 

, :r , • .. ._·,' :: .· ·. , ' :·:.. .~. ·-·1.,. . ::'· . , ··r ·: .) ·- . . . . . _.-.• , . 
da --~· dao{l + 2nib +me +2m~ + (mb)2,+ 2mcmb '+; (mc)2 + m1: + 2m1}

2 
;, 

- ' -,i ,'. 1 · ' , 1·' -- , 7f2, ·. . . I. , -'',_. , ,, , 

,mb ·;,;• 'Y[(L2 :-l)(L1 + 1):: 4-42 -',4(L2)2+ 
12

]'. ',, ,\ . 
' ' , , ·, " l \ ' 5'' . . , . · · • . · , . C, . • \ · 

, - . m", '=i=i-1'[3L2 ~ 9 +,II;+ II,,_* IIh], - . , __ / 

,•, . ,l' ,2 ,' ,/,' · I 
mk = -(1') L2;, _, 

.. ' . .··•. ' ' 
4 

,' 2' 1.; . 4 , 31 3 / 229 . 
me+ m1 _::::: __ ('Y) [32_(L2) -:-14/L2) +(288 .. , 

2 ·. \ . ~ ' -. ' . 't '. ·~ ' • / ' 

-·:8(L2!~+,(~J:::·+¾((3) ~ 1~34~2)L2· ,,. . ... 

1 ' ' ' . : ' · '. ' \ · ' 1 I / 3 i 2 ' : + 2(£2 -)}2(L3)~:c+ (L2 -, 1}(-4(~2)2+ 4-1 1 + 12)L_a], . (21) 
,:••:'·. :',;·,, ._·,,- ... ,. ··,·)·: i ~-,"'\'.·, , ,' ... :,·>\ :_.:· _--'~·,,"'I··.:_.,,•'· ... '\.,: l.',.•, ... \/' ' 

,vhere 7 ~!!,La= ln(-),L2 =;= ln(-;,>. is.the "photons mass" ,II;/,II1,m,IIh 
, . ,, 'Ir , m_. , ,, , .1 tll · . · ._ _ . , ,, 

the 'contributions to the polarization operator from muoils,i-lepfous and . 
'hadrons: , ' ' I • • ; ' \ ' , ' ' • 

/,\ 

·. ,-

. , , . 1 · ; -'t · ' 5 
II = -ln(-') - -, · ;,, 3 ,.: m2 9 

\' µ I . ' , 

1 22 ' 5 , ·. 1 · · ' J , I+ X . 
II,.=-'----{~- '+;-(x +-) + (x + c_c.""': 4)-.-. -ln:i:]; 

, · 3y, 3 . 3 · x · · , x '· : l , x 
. , ,' :·, . oo· ·. . - ,, 

. 'II'. · .. ' .-'--t . ·1·•d_. ·>·l _.' ;+;:..--. h( .. ,)· , h = -.-. -. - . ·· x--a , x , 
, : _ ·, 41r(a)2 · • x-t_< .· 

· · •· · '4m; 

'.:X:~··;+!!_2' +-2i✓y(~+4):·:. \_y'~ -: 
, , . . . '_.·, , ,. •:1· .. ~T 

/ ' 

--- \,. 

:. C '· 
., 

9 

, ,,, 

:. 1'' 

-. 
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where ae+e--'+h(;) is lhe cro~s s~ction of e+c arinihilation to the hadr~~s. 
, Note that due to the f~ct that the-niomeritum transferred.is large compared 

to the mass of the light lepto~i ,ve may us~ iisymptotic expr~ssions for the. 
function~ r,n• ' .·. . . . • 1 • •• • • • 

, ·.:r~o~s~der ~o~t~e-~ing:tle b~e~s;tri'ahl~~g process (figA) .. _. . 
. .. ' ' ' . : .. / 

,, . ', - '· .. '. . - . ":. . . ' \ '., ... ·, ... 

. : · .. •·~·T·.·· .. ····•·.· .. ♦.·· .. • · .. ·.·+·· . ·· .. · ... /T ... · ··.···.♦;---U.·•.· .-.··.·::+./,'. ' .·• .... · ... ·~. ··... . ··· .. · ··. . J, -¢r\ ... 
·. . ,·. .· ·. . ,· Ifig.4 . . ; . -, .: , . · . ..· ,. 

In the .case 'of the soft photon one may use the result· of the .work[8] .. of 
· P.I.Fomin: ·n~glicting the terms oford~r ~', one obtains:' , . . i . 

.1 . i , .. : ; • .· • >·. m~E .. / . ·: .. -.~;: i., . . . . . ·· ... , . . 
da}v = dao2,((L2 f i)ln(T) + 4(L2)~.-.

12
]{f+ 1[(L2-:- l)(L3 + 1} · 

~· . , , ' , _ ·.,: ," ,
2 

c ·,.- . '·', : I ' ,;, a \ I 

·l•.•·l··,, 1r •··l 5 · · 
;'--Li """"'.-(L2)2+ -L+ ,(-L2 .. _; -)}2. . . \ ', · · · · .. (22) 
, A . : 4 , 12 ', .. 3 · . 9 , , · . 1 • 

I • / - -._ ,_, ',-',.:\_"_ - '. '. :· l . '. ,/, '. I-·: ' ,: ', 

In (23) the.6.E i,s the auxiliary parameter.We will suppose_for .it'in <<_6.E <<, 
·' : €.Final expressions will not depend ori it when' cme consider the emission of 

-hard photons ~ith _e~e~gy w >. ~~-· We pre~erit he~e aj.sp the· cross section of, 

. \ 

mft photons with er 
• ' . • 'I,\; •. 

',<I·' 
; <' '' +· ·, ·, '+ ' . ~ ··.· - + ••• 

i. .,, __ ......,._·· ·l 

I . ,.,, ·S\· ... .. ·· ',•·" .. Fig 51 
• ·• • 

. ~-. t • .. ... ' •' ' ,'.; ~- .. - ,'_ ~ . / 

. -: ··<;· .. · .·i' 2'[.: >: . il.·1~••\2]2· ·21; .·. ;1r2 ·.·.··• 
da}~;=.~d~0 { 2(21) . (L2-; l)l,4+4(L2), -.12 .' ,-(,)(L2_~

1
l) 3). 

. . . ' ' 2. ' ·. . . . ·. . . . 

: +duo(2,)2'[(L2 _:: l)L4 + !(L2)2.·..:.. ~]2, L4'i:= l~(m6.€). ·> 
· · .. · 4 . , . - 12 . .• • · .. · . A€ 

,' ' ' ' : : ' ,t 

,\ 

(23) 

The fin/term in r.h.s'.(24) .des~ribesthe doubl~' b~~msstrahlting by elec~. 
trims only and by positrons .only (initial and,firial).Thesecond one.icorre-i· 
sponds. to the•siri:mltan,i1ous ~missio1;1-.:by electron: .and positro~. ~nergy .of. 
each ·photon's in the c.m.s: dono.t exceed 6-E. · · · · · · · · 

. ) \ . 

. / \ 

1) ,, 

>il 

·. \) 
:ir!L ._, ,,:- ,.P. 

I: 

i ·.·· • .. ·· , .. · . . . ·. . ,, l 
.Th~/sum oLthe cross' sections (22,23,24) do not depend on paranie~er ,\ 

and hav{the form:. . . , . . . . .. 

. · ' .. ,, · : · · · : 11 . · .46 ', . ·' ... 
dav + davs '../:- dass = dao{l + -y(4(L2 - l)L1,; +-L2 7 - + 2(II,; +ITT+ Ilh)]· 

· . , ._ · · . : . . 3 , · 9 .. _ · ,. 

.··, +( 7~~[,-¼{L2~
3 + ~8{~1,;)2 + ~O L1,; + 

6
: ~: ~~

2
)°(£2)2 + ( ~ 16{f 1,;)2 ~ 2!4

£1,;.+ 6((3) 
.. . 13·2· 4351 ··· '2· ,, .. · ', . ·' 

+ 18 ,r . ~ 216 ~L2] +. J. (II,, +pT + Ilh)[3{II,, + ~T + IIh) 
. . :: ' · • ' ·' 11 . . 46 '.. : ,: · ,. . ii:!,..€ ... 

+4(L2 - l)L1,; + -L2 ::- -]}, -.. · ', L1,; = ln=324) ,., 3 · . 9 · - · · · .· e 
. . , I' i ' , , l ·', ; . ., i' ·, .. ..'; :', . .· .. , 

, The term in (25) of order (,).2(L2)~ arise frorrdh~ 'diagrarµ~ l,in fig .. 3.It 
\ ,. ·, . • ' - - )' ' f' '• ' r ,'' ', 

disappears if. one takes into account the emission. of the soft e+ e_ pairs (see, 
. •·· fig.(>): the total energy ofthe pairs ·component don;t excee<;l. 6-i >>min the. 

.. ···',Taking into account both kin~matic configurations'whenthe soft pairs.are 
emitted by ele~trons and positrons we.obtain [15] . . . . · · '·: ' .. 

· " ' · s · ~ ·s · • · 5 '- : · s · • · 5 · · 1',i · ·' · 2· · · ·· 
= ·da0,..,2{-I} ;+ -(ln0 ....:. :....)I} + -(ln22 - -ln2 + '-: ~ ~)Lm}. 

i .. ·. I • 9 ~ . 3 • •' 6 m.. 3 . . 3 • · 9 . . 6 ' l 
,.·,6_€ • . . . ',. . ., . . 

,. ln-· 
·m 

·(25) 
' .,( : 

• ' ' f '. 

wh~re O isth~ scatte~i~g ~~gl~ 0 ; p~-,_; = ft-:J::.. . •. t . . . .· ., 
. · 'f'he .~orr~ction~·.(25); '(26). regard.th~ ;elastk kinematic" of the_, scattered> 
e'+,_e~:. Now let us consider the hard photon emission process and the cor~ 
•.. ' • . . •. ' ... •.· . . .·· ... ·. 1· .. . ' 

·,, /re~tions,t~ it's cross' sectio11due to virtual and· soft P.hoton emi!>sion· [9b]: ' 
, . Cross. section of I the · process hard bremsstrahlung accompanied' by soft 

~h12··ioto~· .. ef ssi.;J2r~escr~bed: .brtydi~J'~~ ~jzgu~ei. is give~ b~ the e:yression: .. 

··•.·•··,.•····'·····.• ' ·+•, > : + ' <!·}( + . ·. . . . + . . . --5JL; 



, ./,,, 
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daH s = (d;,+;_:....(,+7),- + da~~,_'.....,+(,.:7 ))2-y{(p+ - 1)2(Lk ::__ L3) 

' ' 1 ' 7r2 ' ' ' 1 7r2 ' ' . 
. +4Pi - 12 + (P- - l)2(Lk - f3) + 4P,:_ - 12}, .·: (26) 

• • •. , ' 2 , , : _I. '_, , ,. , <. I 

where P± ~ ln~, iii= 2E±€±(1 -.cos(0±)) ~- d±0i , and .6.E is the niaximal 
i' -·~.- ffi' · I. -·, . , .•· , . / · ··· · J 

· ·energy of the soft photon. . . · · · · , . ' · · : · . ·· • . · ·· , . , 
, Basing on the r·esults of the papers. [6j for'ih~ case ~f sniall sca.'ttering angles 

we obtain for the cross section of emission of the nard pnoton by electron 
wit~ r.c. h11the on~ loop l~!el: · · ·. . .. _ • . · · .. •. 1 · , · .·. ·_ .:... , •· _ 

' . . . .· . ' ' . . . 2 .. \ 

dae+,.1....:.,+c,-:-,7) =· du;~,~:e+(,~1>{i+1'.[4L
3

(p.:.. - 1) :;.:;;: + 3p+ + ~ - ~]}(27)., 
. . Hv , . 0 . - ..•. 2 . . . - . .•. 3 2 . 

, The Sll~ or' (27). anl (28); giv~s fm. th~ bre~~~t;~hl:~g ~(the~~- with the 
,virtual and real soft photon corrections ·. . . · -. ' _ . · · . ; . · 

• '. ' "· ,.. < j. - •• - ' ·,' ,. ' / 

d 
e+,-~;,+c;-7) ~ d ,+,--,e+(,-1){\l + 2 [( . 1')1 .6.L +' ~ 

aHs+Hv_ • ao _ 'Y P- n E 4P-. 
• ; ' . ,· - .. ' ~ i ,... ' ' . \.\ 

.· ·. -. · .6.E+ 3 , · ' · . 2' -1 
+(P+'--:-})ln~ t 4P+0(1)]}(1.:... JI(.q+)) , 

•. '1 · 5 .· , · , . , .· · .. ,· · 
II(q2) = -rr<P-:. 3) f IIµ(q2) ~rr.~(q2) +rrh(lt 

.Th~ cross section of this ~rocess in Bo~n appioxihlati~n have a form:. 
' ' ... '•. . ·. .· 3 '' .·· ' '' . .: .. -:-· 2 . . ·2. ' ' .• i 

· -,+,;.._,;:+c,-1), (a) •1-:-x 2 ,· 21 1{l+x .. · m, ·(1- .. :·1)}. 

(28) 

dao , . . = 2 (. )2 (( .. ·)2)2d p,.d. P+ -:--dd-:- 2.x( ... )2 a2 + ... d2 , ' ' · · . · · 7r P+ ·. · • . , . 1 . , · 1 P+ . ; 1 

. 'd~m2(i'.-;)2+.(ff_~:.xt4Y,' 'd1~~2(l~x)2+(ff_.:...'t4)2-, (29) 
' \ .- ' . . . '',' . ,' . ':/,:: .' '·, ·. ' ,' , :. \ .. : ' . ' . . ,· . - -.,:_'. \_ \ ' ', •-' ' " 

. wp.ere !'.,P- is theienergy fracti~n-of the:scattered dectron)md trD;nsversar . 
to· the_ be.am axes compcinent of.it's m,?mentum;' l,_i4,-the same quantities· 
for the scattered positron.I .r · : · ·.' • • · .. •· .. · •·· ' · · · 

Th~'.bienisstrahlung ofthe positr6n::may:be taken irifo accounfby means 
of replaceme~ts f.rom the (29,30). ; . . .· • · · . ; : · ", / ·.; . ·· ' J· 
, ~. We 9-~~ot~._as da 11·, da, n, da i the cross ~ectio11,s of, d~m ble br?msstrahlun,g, 

of hard photons. by ~o~{=lt~on,ele~tron ~~~d both'.of:th.:rn {see~.~g.8d,i,,~), .. · 
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Tl1ere are hvo different ~echariism~ of hard pair ( E" + + E" _ > .6.E. > > m 
) of the processes e+e-' -+ 2e+2e- creation: . bremsstrahlung's' and h•;;o -
piwton's ones.The amplitudes is described by the Feynman diagrams in the 

, fig'.9, ·wher~ the -signs also depicfod: the Fern1i statistics of leptons is to be 

• take]2r~ into ~cc~unt.} •:t2· .· : . . _ .. t, " 
-:'' .. ·.. 2 i', ..•. , < . < r 
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'' We are'.to consider the proce:sses e+c ~ e+e-:µ+µ-:- which is described · 
by di~gra~s ·~~, b1

1

, C1 of thf; fig.9 ,an(i, in' p~inciple the pr~C()Sses e+e- -
e+e-1r+1r-,e+e-r+r-.But the first have too.small cross section and it's con
tributi,ondon't exceedo:1%.The se~ond's one ha~e th~ same order rif ~agni~. 
tu'de in the scahering angles ~~nge_ (3). · · ·: . r ' - · .· ·. . : '; . . '. ·• · 

It is convenienMo draw• th~ diagrams £of cross s~ction~ for the ~roces;es 

offig.8,9': ' ~-, •=0=•'.' .· .. · .. : :." .M·, ,· 't,,/ t ' ; ., . 
lSL·• . · . ·,. ·· · · + .. ·.· ·. = d6·'• d6 • d6rt' ·• .. ~.~.,~:rig:ii 

,·~~., ,b2. \. 'b~3 _bi..~• ,bs 

l'.~ - , ' - I 
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. / Fo~.the pro~~ss ~+e- -4 e+e-µ_+1c thecqntributi6ns'b1 - bs only r~~a:ined.; 
' • I ' , , ., • \, ,' ", 

I· , ,_;_ ~ ,.. 1' _ • ! , 
.;.... d e+e--+e+e-µ+µ- d T a·. . ·a· . , a· d odd '(31) a_.. , .. = ,a -;I-- ar+ av+2 aodd+2 a . . . . 

/ , 

All the contribution which are nrit:'mentfoned here inchiding the diagr~in~ ·o( 
the annihilatirin, type give the contributionof order l¼Fcomp_ared ~ith th~ 
ones listed above. - . . . . . . / ' . . 

',··,,All·. the•;roce~ses· 0~ fig.8,9 was c~nsid~red in (9] ~here ~he totally differ~ 
\ ential cross sections where calculated in 'terms ofen~rgy fractions and the 

,. t~ansversal mo,menta of the final particl~s. fo [10] some an~lytical results for.-. 

1
the case ep c:,scattering are given .. c- . . . . . .. . .• . 

The Sridak~~'s param~ter modificatio~ of the infinite momentum frame< 
method [9]'is very conveni~nt in -this c~e; .. . , , . ':' ·.;. · • _ · 

The m~st simpl~t expression may be obtained for the double bremsst~al1lung 
in the opposite s_ides cross sectio~ ( ~ee fig.10 a3f · · · · · · • 

' J ..., _,. 

, / d -r • 4 . • . · : - · ·.. - ··· ·/· · · . • . 

d'q, d'~dxdy ~ 0 
• (l ;.;J,\:- y) J ~k ((i;)?, d,(1 + x') .:_ 2xm'(tl- d;t) 

, ;:· . ·:··, i {d~,d2 .:.:+ d1,d2~-x'~ y}[¢Id~cl/cl/F{3Z) 

whe~e'·, · 
" . , .·,·.-., . 

> ' ~-. . I ' ' 2 . .·· . :_. 2 . ''d2 ·== m2(r~ x)2'+1(q1 - k)2 
. di' =.m-(1 ,,- x) .+ (q1-::: xk) , \ 

•. - .. 2 " 2 . ➔ ... • ➔ 2 : 
,di=m (l.:-y).j-(q~-yk) ,, 

,, ·- ... _•·2 , !', 2·, .• ,) " ➔-; 
. d2 =, rn (l - y): :-/:' ('12 - ~)., (33) :' 

/;, 
i 

·\ 
. ~ , . . .. _, \ 

and x, :-'11(y;.::.qi) are the energyfraction and:the tr~svers~l momentum of .. 
the,scat'tered .electron (positron); 01 .~ _ lfil; 02. =: Jill. ~e- the corresponding' 

-·. • _,._.,.:.{··~I -~-- ·1·: ,-;X(i,:-·" ·,Yf .. - ✓ . ·• _'I. 

scattered arigles; ., , . , · ·. · '", ... ·. . , ·, · '. 
. . The expressicm (33) is c,onve~ient for _analytical as w~lla~ for nume;ical ' 

~. further int~gration. U:is necessary to int~grate (33) overwliole 2 - dimen-_ 
' sional plane k criid byq1,'12,;,;·;y.in the £ram~ apei-ture;of the contour~ and 
· the energy'cut~. . ._ · __ ·_. ·_· . . •. , . . .. , .· . ' . ··-· . . ~ .. · .. ,'· .. 

, We piese~-i here)h; re;ult of analytical integration (33) by'-k_with 'the., •:. 
: logarithmical accutacy, using the Ill~t~oq: of the ciuasire~ e~ectrnns [9a].: It, . 

.,~• 

~" ,· '---:> 
l, 

~ 
'J /.,,,l\. 

f-, a' -: 

",i4. 
\ 

,,.,; \ 

f 

/. 

,'- ~ 

~-

may consider four regions wh~re 3. - momenta of photons are pa:rauei to ~ne 
. -~fthe charged particles: .. -·..: . · · ' . ' . . ... ·. . . ' . ' 

·a ·-, .. ·.··a· ., · · ·a · ·· ·"': · · -· : · 
a-y, - l!I - .:..- ---- -~ - a2 ...... ·· ..... ---: -4 . 

dO =- dO (k1 II P-, k2 UP-1:) + dO (k1 II P'."., k2 II P+) - ' . ~ . . " : . ,.: -·.. ,.,,.- ,. 

--da3 ➔-. ·""' -➔ ➔- da4 ➔- ➔ - ➔- · _ ~ •• ,_. _ 

.. + dO (k1 II p_, k2 II P+) dO (k,1 II P.:., k2 II P+) . · • (34) 
'--, 

where .. /-

, ·-dci1 
.. 1-'71, _·,, .• .. _ .. 1-'72 · .. , . -· ,· .. 

= ·a I di1P(x1}_J 'clx2P~x2)(([f 1i)(~ ~ x2)r<: _·_a)> do· 
. ,: . "I· .. -: • ; .1C2 , . . 

. 1 I .. 

0 · ·0 0 · ::- x 20 - = ,· ;_ + = --. j 
:- · · ... 1:--_:rr. 

'.··- l-,f1 -. . l-'12•. ,, . ,_ 

•; b) <~-!~: =· a'j·d:iP(xirI dx2P,(~;)(i~x1(1, 

,, _____ ,,,, c}° 

,.0..:. 

· dad 
dO 

·:- 0_ -

"I "2 

0, 0~ = (1 - x1)0; " 
1 _: · ·, . 1..:.;,2 • _ . · •. . . , · 

aj•di~P(x1 ): •··f .dx2P( ~2)(~_ •. ~·_x2) )--( : 
',ci ' ' ',·. ' ,. ~-

• 1 1 

-d) _: · d~ ·i.\?]lx~P(x,1)]dx/JJ(~2·), ~ .. 
. -.. , . . ::,c1· .1_: ' "-2 ... -, . '• 

, 'i-x2 
· 0_. = 0,0+ = -_-0; 

. . ,· :,;) ::-Xf. . . · .. 
. . _ _ o:2 L2 2 :_ ·..... · 0 · 81:1,2 

:,: G = ( ,e .. 0) .t,. . K1,2 =;-. -E-, , ... 

P(z) = ![1 +(I-:- z)2 
,,- 2(i~ ;)L~1

]. 
. . ·z. ·• . .': · .. · .'- - ... ·. 

_,,., 

" .• , ... ' -. , , . / , .. . . •. ,,' : • . -., ': :· ~-.... . ~--. ~ ·-. _· .- .-- . " . • I ' • . ' 

For the double bremsstrahlung in the same direction process totally differ-. 
·entialcro~s section have more co~pH~afod f~i:m[9b; 10,11].: \Ve.will present 
he~e the result of cai~lation within the qu~ire.tl. electro11 approximati~n:. 
• , . ' I ~ . , ' .· ', ' ' -- , - ' , . _,. : ~, . , . . ' .• ·. .• - . . ', ,_. . -- ' ·. . 

-·li'nr:rlo'hn1fonoQ~-"tUo,conSider.the emission of f-"Cun T"\h,nfnno-hu olor-+rnnc· ~·'- • 



\ 

·, 

I 

.. 
I 

it is coriveriient to ~onsider fou~ regions 

da11 · 

dO 

dai'.:. ·· .. >: . : d&/:.. .. · -4 . • da3.. -4 ·.. ~ ,·.· 

'- dO(k1,k2lli--J+.dO (k1UiL;k2IIP-:-)+ dO(k1 IIP-:.k2Jlf-) · 
·-·'da4 .. -.. ~- _ . -· . :· 

+·dO (k1, k2 II p_) .- ., , , • (~6) 
. ~ ~ ,, _, 

wher~ -

da1 · .. 
- JO = . 

. . ()_ 

· l-11 F11-x1 . . · . . .• .. ' - '-~ · . . 

½GJdx1 j dx2[~~~~~ P(i : 2
X1) + r~x~ P(l :

1
:)], 

" "X. ,, .. IC . . ,.. - : • > .. ., i ._· , 

0, ··.·0+=:0(l~x1-x2);°. ./ 
, --- ! .. I _ ·l-x2 . • · . , . . . - . 

da,i'_ = !c_··.1· d_x~. ·J•. dx1[P(x2) P(<.X1. }+P(x1) P( _,.i2. )],· 
dO '.2 _· e_ . •-·· l-x2 ·l-x2 l-x2 l-x1-. 

' ·_ x,-... X... , . ' 

. i 0 •.· - ~0 .· ' 1 0 ..::.:. 0·. '_-.---::- ' . + - ' 

.\ ,,,-

- . 1-11 l-':i:1 . ·• .. 

d .. a2; _ .·•.la··1··d 'f_.-'d· · .P(x.-1) P(. ·.· x2 · .) .. ,·. ·. - - - _· X1 . . X2-- -- . 
dO , 2 .. -. : - . ,- 1 - X1 1 ..:. X1 ' · 

, i' ~ K'• ., ' 1' . , ,, 

0~ = 0'; - -· 0+ == 0(1 :_ x1); ., 
' . . 

,· 1:--'1 /• l-x2 . . :· . 

_-•.da3·•> ·_. 1G·.·• .. 1•d .' 1· - -d- _ P(x2)P( x.i /) - · = - · · X2 · X1-- --·dQ . . 2- .. ,._ . . 1..:. X2 ... l..:. X2 ' 
. _;_:."'.: . -"' ""·,·-,,:;· .·· · .. , , ,. ', -. . :, 

0,.. =-· 0, - . 0+ = 0(1 :.c., x2)-
- , . 

! 

" -:_· .. ,.· ..... _. -·• ,>. \ .. ·c-, •·--- .. _·_--: .. -" . ·, 

The paraniet_er r; entering (34,35):is the mi~im?,l e~'?rgy fia_c_tion-: of,the 
jet hitting the detectors.The case when the scatteredJepton is accompanied 
by-photons which rrt~~e in the close 'ciirecti~n one cannot distinguish from 
the case of the bare electro:h. of. the • same t~ta:renergy.' - So we -put• ~ ·. ~ 0 

·in (34b,c,d) anci 35c)'. We give in {34,35) 'the expressions fo;;thc scrittering.: 
angles-of positroil 0+ in ·terni~ of 0_ and energy f~acti~ri'sJt mu;t be taken .· 
into ~ccou~t when integi-atingcn:1 detectors apertur'~: . · ._- . . ' ., " ·,. -:-
. , Conside~ now the pairs creation processes:Basing' on the estimati~n • of the . 
t~tal cross ;ectfon [9it,12,l3] in the cparge-~!ind experiri,ental set~up~ we se~ 1 

-- that the main' contribution arises from the process of light pair c~eation by 
-dwo-photo·n mechariisni (see above). . . ., . . •· .. . • .. 

The totally differential cross section.have th~-most sin'i.plest for'ni for the -. 
· •- .·_ :-: .-• .,•, .. < .. -·. ·. ·. I -,. •. ·, · · ·.•: .i~>' . . 

~ase ,~henthe created pair hav~ the energies much less than the.initial e±: 

d. e~e--~c•+~•--q+q .. ~.·-2~4 d2q1d2q2 °d2k .. d. f31d' {·_(k).2'.(t_fi)2 . x(1"c ... x-)[.((-➔ )2. 
a . · . - X ---- - qi · - _ ,_, . · - 7:4 (@)2)2 ((k)2)2·/J1 · c ::·c1 c2ci • - · 

. ~2(q1i))((k)2
_~ 2(k(]2))+ 2(f?1)((r,;2 + ((]2)2)]2

},- ~x = ~:~ . /31<<1, 

·· c = m2 + ((]2)2+ x(q1)2 +2x(q1(]2),. _ · 

_ ~1 = rr? + cit - f)2 +,:a:( q1) 2 + 2x(ii (q; .::j)), _(38) • 

. where :r1 = 1, -=-qi; 1, k -are th~ eneigy fr~ctions iand the transv~rsalto 'the 
beani. a.xis cpmpon~nt of the' mom~nta of scattered e'- ancf e'+ :Mass of ere> 
ated particle is m:The energy fractions and th~ tran_sve~sal mo~entum of . 

r tl;e <_:rfated negative and po~i\ive charged p~ticl~~ arere~pectively: x/31 + 
' m .:~

2
) .,:-(]2; (1-: x)/31 ·r.~{J~(1":.~) ,q = (]1'+(]2 + k. ~he C!"eat,e? pair moves into 

the electron's direction if the conditions are fulfilled: . · · · · 
~~ <,. +"' .. 

2 ( ➔ )2 t · . /3 m + q2 P< x 1, 
( ·s .. 

,, - . . ' 2 

~m
2
-t (q2_) )½ < (i -- x)/31; 

s -- . 
(39). 

. and it moves alcmg positro~'s direction ir: 
, .m·2~'x(J<(m2+(<z2)2)½., ·m2<·(?---x)/3<:(m2J(q2)2)L,-(40) _-. 

· , S · :· l - ... , __ S : - · .' ... S' ' · - . · -
1 - · . S . · ., - _,;.....• -- ·, 

The moreco~plicated fo;m have the cross section :in the case when the 
'pair;being hard m6ves·.in the direction dose to tl~e initial el_ectrons one: · 

,-- :a e+e-:~c'+c' .. :µ;µc. _:~4 d2q1d2q2 d2k xfd;1d'x2{(tfi)2[(d'~i)2~4 
2. b.~ 

a.< - ,• -- -.... ,.- 11'4 ((q➔1)2)2,.-((k:)2)2. ·d'2d2 . ·x1• -3 I. 2 . m -X2 
- , · · · .· 2 2 -· . . · . , . -

.. --_ --~+m2(x~+--(Li)2) { (r'}2) +-2(d;··-d2)(x2d; + D.d2)(kr) +(k)2(x~a;2v. 

+(b.dD2
)] - 2(d;-c d2)2[2~2:r2D.·~ (x~ + ;;2 + (<z2)2)(m2 . 

· +(Li)2 +(q)2)+ m2(r~--f-(b.}1) + (r)~] ~ 4(ki:)(d;-d2) '.__. · 
(x2d~ + 6d2) + 2(k)24;2{m2+ (~)2)+ 2(k)2d~(inz.+ (<1)2) .· ·~ 
+.4(d; :-c- d2)[d;(kq)(x~ +m2+ (<z2)2)+ d2(k<z2).((b.f+ m2 +(q)2)Y 

:+4d;d2(-:-ni2(k)2 + 2(kq)(k<h)-.(k)2(q<z2)]}.' . _ .• . -. ·- . _:( 41) ·. 
' ·, -. . - ' . , , 

·. Where we use tlie notations: 
. .. :\ 

; 'r = ·x2(§'1.,... ~f+ (i ...: x1)§'2,. ,~-;. 1--: :i?{~ 12,. . .. . •. . . .. ·. . 
· • d2 == m

2
xi{l ·~ x1) + x2(l -' x1)S+ ~2(i - x2)(qj)2 +x1(l ---x1)(§'2)2 + 2x1x2(iftgi) 

· ,d; ~- d2-- '2x1x2(kqj).+ x1(l -:.::Z:i)((k)2 ~ 2(kq2); <' _ _ '. · · · .: - ·. {42) 
~•" -,- ' . --~ -: . . . 



... 

We put m, =:= 1 in (3?).The en~~gy fractions andthe transversal :~nomenta of . 
,the scattered ~'_;e~,µ+,~µ.:_·ai:e respectively: X1,.:...q1;,l,k; ~;q; X2,-ifi . ... ·•. 
, · We give here also . the expression for . the 'pair production process cross . ._ 

r. section in the' colline~ cinematic.It means that the components of the pair 
move. i.n the direotion close to, one of the charged particle~ e+, e--:iri final or 
initial state. So; naturally: . . . . .. · · -, . . . . ·. . -

·a e+e:.._,e,;e,-'q~q_dart - . da1(~ _:. II-_,)· da2(_,. ~--I.I ~) 
-.. ; · · dO --._ · dO q+,_q_ P- + dO q+,q-:-_ p_ 

da3 ( _,. _, II ~ ) da4 (- -_, c. 1·1· -~ ) + dO q+,q~ P+ + _dO q+,q-. P+ . (43) -

: Usii{g Jthe sti-uct~re fu~ctiori method[15) one obt~ns: _ 

, d ' ·1· / 1-K -: , - ·, ' ' 
·) , · a1 = G. -_·, a·pe+e-( )' 

.___a . , dO . . - x. . . '' x ' 
, ' , ,,_., , ,. ,_ , , 

/'_, 

0:... ~ ·0, 0+ ·= x0, 

!2'.=•G:il.-Kd_ xFe:e~(x): ; ', 
' / \ K:, 

b) 

·0.:..==0+=0,, ' 
'c) , !~ = c11

-KdxF~+/'(~)) 
.• 'I 

0..:. '=.0, 0+ =_x0; },, 

d) ~ da4 ·= G il-K d;F~+;,- (x) . 

, d0'0i=~+=='.~,K lse;. 
' € 

,\ 

. _ (44) 

where .. 
, ·.-· ·,, , , , , . , . , , 2 ; , ' 3 • ,, .· - •,, ._, ·,. ·: ',, . 

+ - , 1 [1 +,x 1- X · 3 '- ·· ( .. ) ... 
1 

.( · ) _ pe e = 
12 

l ~ :i + 2~,+.2(1 _- x) + 3 l+:r lnx. · 45 
' • • < ' - •• ' ,. ,' ~---

; B~th bremsstrahlu~g-and t~~~photon mechanisms are c~risideredin.deriv-···, 
ing (40),2m << ~e <<;: e is theauxilia~y parameter' of the energy o(the ~oft,
unobserve'd pair: · · · · · · .·. ~- . ._ · · 

" _.·It is necessary to note that ( 40) don't takes into acc~unt ~uch effects :a,;_ .. 
·charge-odd interferenc~·of the bremsstrahlunts and two-photon's amplitudes' 

', daodd,as\veir as the ideritity of theformfons effe~ts.They con;idered in details ~-· ' ' ··-··_. '_, -,··.,.''''.,_' " __ , ·. -- .· '_,' -,-.- _·,,_,._--. 

--
·1s, 

;~ 

I, 

/· 

/, 

,,.. · in [9b).In [14] the spectral distributions ip, the ·fragmentation' regioitalso 
considei-1d ~vhich m~y be·used for the nu~erical estimates. . -. . , .. 

_ In conclusion. we presenf here the, Drell~ Yan 's type representation. ~f the 
Bhabha process cr~s_s_ sectio~ ( see fig. 11) . . · ·.. · . -· 

=> --- jet P~ · 

... . Fig.11 . 
Reme1nbering that if the detectors are constructed such that they regis

tered the general energy· of th~ jet which hit them, then -Ci~~ may ·rimit the 
structure functions on the scattered partides lin~s.So ~e :have . . 

.,<'.- •, C - • • • l ' ; -• 

. . . . ,' · ,, ,1 · . . ,. 1 . . . -. ,, ,,, 

·• du~+•:~•'.+Jet;e'~Jet = I:~x1D(;2, /3i)I dx2_D(x2,f!q}da(xi3:2Q2)(1 + -yK(xi_, :r2)),46) 
. -~~• , --:;o ·. 0, - '-•, 0 , ;,: . .C .. ,· --~ ,' ·'· , - _i 

-0 ,• •,,._ •. "-• • , 2 •• . ; \ I • • ' • • ' • • , • \ .• - • • ---~ • • 

where ,Bq == 2I'(ln(9 ,:½~2
)- l), Q2 ,; (e0)2; the structure functions are known 

[15]: . •. ,. ,', .: - ..• -. ~- · , ',. _- . :· _ · ,. . ,,, . 

-D = D" + ve+e- -~·· ve+·e_ -~ (,Bq)2p;1;,'- (x) - - .--,, 
·-, , ' ,· .<:·., '· ·, ' 4 -,"_' - --~- , ·., 

v1,~ :,Bq(l- xti+~[l+ ~fi -~ ..l132(!1~(Q2x1±2)·~ 47+ (;)2)] . 
· 2 •'. - .,· 8 q 48 q 3 · - m 2 ·· · 8 · . - .. 

.:. (l + x),Bq- ~ (,Bq)
2

[4(1 +x)fri(-1-) +i"'+_3x
2 
ln(,!- 5 - a:] . . _ (47) .; 

4 · · . 32 • .. _ _1 -:- X . 1 - X __ X · · 

_ The. qu~ntity J((x1, x~) have a_ contribution~'. from nandrolonc' ter~ns in ': 
corrections of two-loo·p virtual,one-loop corrected single bremsstralihmg, and 

-,_ • • •• -. .t .;.- ' 1•-' ·-~ ✓ -, . ' - ' ; . / -_. . ., 

from the processes 2 -t 4: 
' .· ; -·- '._ -- ' , ' - .• .: ' . '. . •, ·. - "" ~. - . .• 

J( = I( v + KJ + Kl. + I( vJ + k]l..+ I(irt KJ} + Kl.l.+ I{s;~~ + E,.;, c-. ( 48) 

· · All the ~ontributions -to ( ~3) ex~ep:(Kl., I{ll, : K,.;, e-. inay. ~e eitablis~cd 
- , . , ·, . , , , ,· . , , ,, . + , 
·- from thecalculatioris_given above .. The contributions Kl.,Kl.l,, I{i;h'-~may 
-.. be found by numerical integration taking into account the experimental con-
. ditions. . - - .. . . , . . . . . 
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