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1. Introduction

. One of the important processes in high energy physics is the
annihilation of point-like fermions,

(1.1)

ere” — (1,2°)— £ 17).

This reaction allows the precise determination of the meas ﬂ{z and
the width /; of the weak neutral gauge boson as well as the study of
other features of the electroweak theory/1/ at the new colliders SIC
and LEP, These new experimental feasibilities represent a great
challenge for theorists who want to ensure the analysis of data with
sufficient accuracy and reliability/ 2,3/ » In this respect the poten-
tiallv large QBED radiative corrections necessaiily require special
care. The fruitful competition of different theoretical approaches
led to a permanently rising number of complementary results. Analy-
tic formulae allow a deeper understanding of essential features of
the process and a fast numerical orientation, whereae Monte-Carlo
(MC) studies are the ideal tool for the interpretation of data obtai~
ned in experiments. In fact, very effective MC-algorithms have been
developed/J's/.

In this article, we present a systematic and to some extent
complete analytic investigation of the o{ QED radiative correc-
tions to reaction (1) within the electroweak standard theory. We ob-
tain compact expressions for the angular distribution aﬁyyc (C=Cos®
with £ the cas scattering angle betwsen & * and J(*'); the total
croas section 6}.,

6 =6(-1,+1) (1.2)

and the integrated forward-backward asymmetry AFB ,

4y =[6(0,0) -6C-1,0)] /6 (1.3)
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where we use the notation
d
6@4)C1) - fdc = o
[of L/C'
1

In the context of the electroweak theory it is technioally difficult
to obtain analytic resulte including hard photon bremsstrehlung,
much more difficult than in pure QED. To simplify the problem we
treat the photon totally inclusive (i.e. no photon observation at
all). The only further assumption we made is the ultra-relativistic
approximation: me’*, @’”{(S,M;) H,-f; . The mass M, and the width

[; /6/ of the Z-boson are taken into acoount without any further ap-
proximation at arbitrary beam energy E::ﬁ;éL.

The QED-corrections arising from diagrams shown in Fig. 1 are
model-independent in the sense that they depend only on the mass &nd
width as well as on the vector and axial-vector couplings of the
weak neutral boson but are not sensitive to further details of the
electroweak theory. Of course, they may be combined with the genuine
weak loop corrections 7,8/ to form the complete ¢ EWRC (eleotro-
weak radiative corrections). Purther, multiphoton initial state ra-
diation/9’1°/ has to be added to really compete with the experimen-
tally accessible accuracy.

Generally, attempts to get analytic results on the angular dist-
~Akibdan Jp—/./ 1415/ __ 4 __ . _ ’

- Qau vk vaw a.uuwb‘.nvvu [V u:.vunucu;; [al ]
/15 16/ are soarce though exist for some other distributions; see,
e.g.,/2'4'8/. Concerning the total cross section, there has been
done much work on initial (and on the more trivial final) state ra-
diation/4’5'1o'11'14/. whereas the remarkably simple analytic expres-
sions for thelr interference to be presented in this part of the pa-
per are to our knowledge lacking in the literature. Of course, it is
not difficult to extend the results presented here to the case of a
longitudinally polarized electron beam to get the left-right asym-
me try AL( or to the production of longitudinally polarized fermions
allowing the study of the asymmetry ApoZ .

The angular distribution d?%ic. is a basic quantity for the
theoretical analysis of reaction (i). With a simple one-dimensional
integration over the analytic expression to be presented in the se-
cond part of this article one may simulate a more realistio (but yet
idealized) experimental situation for 6} and /&B by excluding the
beam pipe region or a broader region of low angles for a detector
‘(demanding, e.g., that [€[<0.9). This cut also exoludes much of the
large amount of hard photon bremsstrahlung. If there is required a

more realistic treatment of hard photons, the analytic formulae of
this study may be combined with any MC-program for hard bremsstrah-
lung eimulation. But, in contrast to the usual approach one has to
subtract from the analytic expression the obgerved hard photon
events (and not to add the pon-observed hard photon events). This
seems to be an interesting new emsatz for the calculation of obser-
vables, at least in the aspect of an independent check of more com-

mon procedures.
This article is organized as follows. In Chapter 2, we introduce

the definitions and notation. Chapter 3 contains the C-even QED-cor-
rections to the total cross-section ﬁ; and Chapter 4 the C-odd
contributions to the integrated forward-backward asymmetiry /&B . Both
the results are numerically compared with an MC-calculation. In the
Appendix, we comment on the method used to carry out the analytic in-
tegration of hard bremsstrahlung.

2. Definitions

The differential cross section corresponding to the diagrams of
Pig. 1 mav be varametrized as followa:

d N :
L et £ (E +gF, +gE )+
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Fig. 1. The QED tf radiative contributions to the ete™-
annihilation into a fermion pair considered in

this article.

Using the definitioms (1.2), (1.3) we derive:

-6 {q 1+ # (ET+q )]+
CHBAE ke [ )+ £1 6+ GG plag g lel4)
Q] 1+ 2re i+ Q)] + @2

ho= {5
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The QED radiative corrections are contained in the functions [~G H:

{F G /7’ [dc 24 /{j) =0, & (2.4)

These functions depend only on particle masses, the j?o ~width and
on the beam energy. Strictly speaking, one should add yet the fer-
mionic vacuum polarization (see, e.g. ) to get the complete 9(3
QED contribution. The reader should have in mind that this has not
been done here.

Tn {5 1) (2 2} 0 1z 0 haigs ul Wue pruduced 1ermion, =1,

(2.3)

The 9 and Q_ are vector and axial-vector couplings to the massive
neutral vector boson. In the standard electroweak theory they become

Q=1 "{( f-4s5a] (2.5)

Following the recommendations of the study group of electroweak ra-
diative corrections at LEP/3/, we use the following definition ofjx=

f:kée ((-Sf).'/, (2.6)

Here real constant K measures the relative strengths of the photon
and weak neutral poson couplings, in the standard theory:

32,
- = (2.7)
1écjet
where we use the on-mass-shell renormalization scheme:
C'uf': (__sv" = M7 /,4122- , =€ /5., . The complex kinema-

tic variable )¢ relates the corresponding propagators:
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.S (2.8)
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with . e
M= My =My 1. (2.9)

In eq. (2.6) the quantity S»f' is the radiative correction to the
muon decay constant Ga\ . So we can rewrite (2.6) as follows

MA <
)(“ Gn -—-2—._g—_= 0.38894 -—/E) S

= Vg Tl MR 33 ) S-A2 (2.10)
The point-like QED~cross section 6:> is
ol *
- 6= 7 . (2.11)
° 35

A longitudinal polarization ‘A of the electron beam may be taken
into account by the following modification of electron couplings:

G — (4-1a. )%

ﬂef?{ —> (ae ‘/\‘Je)df) (2.12)

>

(e g (5 a7) —> (Wreat - 2282 ) (F4a?)

PR

480,40 —>! [’? B4 A (z%zmcz)] ’lga% :

Alternatively, the creation of a fermion with a definite helicity
state ( %: =14 may be described by a corresponding change in the
fermion couplings. This simple procedure of inclusion of a longitu-
dinal polarization is no longer true in the presence of genuine weak
loop corrections because these destroy the factorisation property of
the couplings valid here. But even for weak corrections one may ob-

tain some adequate substitutions which are only slightly more compli-

cated than (2,12) as has been demonstrated in

3. The integrated C-even corrections

The analytic calculations done with SCHOOHSCHIP/‘B/ will not be
described in this article. Some reamrks on the definitions and the
strategy used together with some references of more technical orien-

tation may be found in the Appendix. Here we only remember that the
QED-corrections considered are a gauge-invariant sum of vertex (or
box diagram) corrections and of initial=~ or final-state radiation
(or their interference). The infrared finiteness is ensured due %o
the inclusion of both the loop diasgrams and the soft photon radia-
tion. Since we integrate over the complete photon phase space, the
result doesn't contain any cut-off parameter. Instesd, 1t is Lo-
rentz-invariant.
The initial-state corrections are

Fl-d+ ¢ (4 _z_)’ (3.1)

6

G,T;a(+£[£+z{+[l+21)[g])' (3.2)
HT= d+t[or+4- R~ [,of, ("@(“”)Zz]) (3.3)

with

5[:%?—2[ Lt de1 (3.4)

The pure GED function 4,/ is ikmown from’'!/. The other two ini-
tial-state corrections depend on one additional, complex parameter

R,

7
e: ‘m" £
’ S ) N TS,
with MQ' as defined in (2.9). The [* is its complex conjugate.
Purther, S
Za: 77)—3 ) a:e){) (3.6)

Z£=€4’l(”— [/2) (3.7

The use of complex variables in final expressions allows a very com-
pact notation compared to a more conservative, real-variatle app~
roach., This is especially evident for the C-0dd functions but may

be also realised comparing (3.2)=(3.3) with the real expressions for
é;T, 4,7 which may be found in”“’.

All initial-state-radiation functions show the well-known QED
mass-gingularity term -f due to the emission of a photon from an
electron line. The other mass singularity in f;T.arising there from
the photon propagator kinematics is regularized by the final fermion
mass in [, . In Q]: HDT this singularity has been naturally repla-

¢



Table

1. Individual contributions to 6}- as defined in (2.2) in
units of O, (2.10) as funotions of {S=¢F. The 4 , Z and
I are the corresponding Born values due to photon ex-
change (A), Z-boson exchange (Z) and their interference (I).
The parameters are M, =93 GeV, [z =2.5 Gev, »?f'-’O.ZB.
(see also footnote to Table 2).

s(GeV) 60 82 92.5 93.0 93.5 100
G (nB) 0.02413  0.01292  0.01015  0.01004 0.00994  0.00869
A 1 1 1 1 1 1
I -0.,00354 =-0.01714 =-0.06305 0  0.06467  0.03579
Z  0.07772  1.84241 179.00599 212.01602 186.59627  8.15261
F,  0.60431  0.65436  0.67415  0.67504 0.67593  0.68710
F,  0.00174  0.00174  0.00174  0.00174 0.00174  0.00174
G,  0.00011  0.00188  0.00039 ~0.02916 =~0.05094  =0.00530
G, =-0.00001 =~0.00003 =0.00011 0  0.00011 0.00006
G, =-0.00120 -0.01161 ~0.04879  0.00271 0.05554  0.03214
H, -0.00824 =-0.36007 -63.06491 =66.01508 -41,76859  10.45730
H, 0.00014  0,00321  0.31185  0.36936 0.32507  0.01420
H4 -0,00001 -0,00008 -0,00035 ~0,00001 0.00034 0.00021
0% 1.671 3.115  117.817 148,021 146,900 20.376
67 1.664 3.100  117.792  147.993  146.869 20,357
He o' 1.665 3.102 117,899  148.139  147.006 20.360
‘A6, %o.001 0,003  %0.096  o.121  %0.120 20,017
N=
750000
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tions is quite good. But far from the resonance 5-;- differs esgen-
tially from 6’ (several sigmas), which is quite obvious, because
the resonance box approximation is valid only near the regonance.

4. The integrated C~odd corrections

The initial-state QED corrections to the integrated forward-
-backward asymmetry (2.3) are:

3167_:__.‘.../"_&(/ &Z) (/R)fﬂz, + - (I‘*ZR)[L (/) (4.1)

3

(A-R] 1+3Ry , 7R ING
TR [ 1R 2+ 90- 2)]1[ +R(1+£)’~D3 >
{ 2R I
gH =R }9&2+( RIUY + (Iw“/ﬂ*f/kl)& (1)+
7 6R-1
( )i+ Rl‘)ﬁ /) / /M)Q /4 2[ )£&2+
" 4*22_ I‘f* (4.2)
+ 2K e rar oy
The following abbreviations are used:
Dy =D, +D, +tn 2 + (+-24al)ls (4.3)

,-D,QA:(DO + 4y (’,‘e{') Loy (1) + ta fﬂ)gﬂ( ) (4.4)

zDo,y: L‘z/—; 4/+5 ) + ‘llé’ 5 (4.5)
L,L(sz)rf/* b (1- 24), (4.6)

These corrections have no analogue in pure QED. Both G& and HT
contain the electron mass-singularity term # (3.4) and /-/7' develops
a radiative tail beyond the resonance in the same way ag /./T Addi~
tionally, the Euler dilogarithm with a complex argument and a depen~
dence on g,z arise here. Both dependences are closely comnected with
the behaviour of C-odd functions on the integration boundary G=0
(2.4). This fact will become more evident from the corresponding
spectra in cos©@ to be presented in the mecond part of thig article:,
As a result, the C-odd functions are of considerably more complexi~
ty than the corresponding C-even functions.

11



The QED bremsstrahlung and the interference of photon box diag-
rams with the QED Born-graph yield the following pure QED contribu-

tions to AFB'

Fa=p+ #[1-1662 - L, (1], (4.)
I-_l-,‘;ox::—-/)'f'f(/'fééﬂZ‘féﬂQZ) ’%(2—5%2),

- (4.8)
p= (362) Pox -
The function ]aT in (2.3) may be composed as followe/ > H
H=Re (4]), (4.9)
T T T
7[[ = Flé’r + Fl&u ) (4.10)

< - (4.11)
FT= - ;/-”—um)«u 30t - %_eﬂz+z,_-</.5u,
The pure QED bremsstrahlung Fﬁ# is a real function for the same rea-
sons a8 sz’. Due to the vanishing two-photon production threshold,
the photon box diagrams have an energy-independent imaginary part.
Thie imaginary part interferes with the complex (due to the ﬁ1£-
dependence of (2.7)) Z-boson Born-graph and contributes to the pho-

ton-Z-boson interference function (3]-. )
The initial-final-state interference functions due to Z-boson

exchange are:
Hi=p - (BR-3) - 2 (1+R-28") Liy (1)+
g (4.12)
+ 4?/?/' 12-3R +8R%5RY) 2 + F (1-R)(5-R+S B iy &) _
- Tfi’ﬂ' 1//<+K’)[R + z’—(5-3R+4k‘)D4 + %ﬂé—3k+5k2)ﬂ2 )
Ho =-p+ 2R 4 0-4R-40)002+ 2000 + £ (5448 )ty
+£—[‘I~3K+322+2(-5+3R-6£2)@LZ]LK+ (4.13)

et 809) Ly (- Ly 40 Lal)-Lili-£]
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The asymmetry AFB contains the sum of (4.12)-(4.13):

T T R
H/: HIZ; + Hygoy - (4.14)
The initial-final-state and photon-Z-boson-exchange interference
functions Grﬂare the average of the corresponding functions 767—
and /ﬁT :
G,Ts _-21 (fff /-{[). (4.15)
At first sight this identity, which we derived by direct calcula-~
tion, looks mysterious, but a more deep analysis shows that rela-
tions of that kind hold already on the level of traces and are valid
for any initial-final interference. A similar relation holds even
for éa, and A@ though this is not so obvious due to the absence of
a pure QED-function [% « Evidently, the initiael-state photon-Z-boson
interference cannot be a simple sum of photon and Z-boson exchange
terms because of their very different mass signularities and radia-
tive tail properties.
The final-state contribution to the integrated asymmetry veni-
shes ldentically after summing up the vertex correction and bremsst-

rahlung: T —
G'= H =0. (4.16)

This behaviour is present already for the angular distribution (2.1)
and may be understood as a consequence of the following fact. In the
limit of small fermion masses, it is not possible to define a non-
vanishing axial-vector-type self-energy of the photon or Z-~boson due
to fermions because there is only one independent momentum for the
composition of temsor structures. The imaginary part of the self-
-energy is proportional to the final-gtate radiation correction. This
connection allows a simple derivation of (4.16) and also explains
(3.18).

The resonance contributions of the box diagrems as introduced
in Sect. 3 are (see the comment after eq.(3.20)):

gle; = 2( (Fiéer * bty ), e
foo= P (0302) [ Gre-t) + fix ]4 £+
+ (4+‘/&2)Zﬂ2 +24iy(1).

13



The numerical contributions to AFBfrom the integrated C-odd
functions are shown in Table 2. In the energy interval considered,

Table 2. Individual contributions to AFB as defined in (2.3).
Specifications are those of Tahle 1.

< (Gev) 60 82 92.5 93.0  93.5 100
0,(n8) 0.02413 0.01292 0.01015  0.01004 0,00994 0,00869
A ] ] ] 0 ) 0
I -24.84033  -64.48485 -6.2T147 5.15924 20.58333
Z 0.08817 1.12134  2,88018 2.71523 2.40791 0.75847
P, 0.63553 0.34096  0.00901 0.00717 0.00723  0.05212
G, -0,00100  -0.00323 -0,00066 =-0.00035 -0.00008  0.00084
G3 1.07973 T.41178 0.05346 =2.29662 -4.05141 -2.94114
Hy -0,00676 0.02753  0,03843 0.02742 0.01686  0,00774
H3 -0.00959 -0.22009 ~1.01485 =0.84558 =0.53917 0.96717
Apy -23.054 -55.807 -4.306  -0.393  3.001 19.429
Agg -23.050 -55.489 -4.105 -0.287 3.022 19.281
‘. .ov.a71 -55.1399 -3.877 -0.156 2.774 19.408
MC: AA" %0.100 £0.100 20,100  0.100 20.100 0,100
-750000

To the MC-results in Tables 1,2 we have assigned the statistic:}
errors as follows AG, /d‘ (4/ﬁ/ev - 4/,(/4 )& ‘MFB (%/N-4[w )‘
where Aj, and A, are the numbers of useful generated and crude
events in the MC progran, respectively (for all J‘ LQ 2&@) Expres-
sion for A AF@ was obtalined for IAFBI<K{. The errors for fir are
gsomewhat greater than those assigned by the authors of MUSTRAAL. The
discussion of the statistical and systematic errors in the MUSTRAAL
and detailed comparison of analytic and MC calculations as well as a
recipe how to update the MC-program to reproduce analytic results
will be present:d in a subsequent publication.
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the Born interference term is largest with the exception of the Z-<bo-
son pole where it vanishes due to the gzero of_[‘ (see (2.9)). Gene-~
rally, the influence of the different corrections depends on two com-
ponents, on the relative weight, they get from the kinematical factor
of order either { or_j( or [K/ﬁ and on their own magnitude for a
given energy. With the exception of éar any of the functions has a
region of sensible influence.Here again we confronted the analytic
results with those obtained numerically with MUSTRAAL.

W¥e remark that in the neighbourhood of the resonance the agree-
ment of two calculations is not so good as for 5; . Note also that
the nonleading imaginary parts (e.g. those due to powers of R) are
noticeable here, hence they have to be taken into account carefully.
Near the pole, the interplay of several contributions reduces the’ /h?,
which complicates the phenomenological analysis of thig observable

. Here we do not study details of this behaviour because in the second

part of this article the more realistic differential cross section

d&ﬂﬁ;(Z 1) may be analysed.

Acknowledgements. We would like to thank A.A.Akhundov and G.V.Micel-
macher for fruitful discussions and W, Lohmann, H.Lokajicek J.Ridky,
H.-E.Ryseck and M.Sachwitz for support in the numerical comparison
with the results of program MUSTRAAL,

Appendix

This Appendix contains some remarks on the technique used to

study the process
8'6(4, me)'fef(/(z)mc) 97[-(?4)@)"*%*(/02)"?})4-([/’). (A.1)

The problem to be solved here is the integration of hard bremsstrah-
lung. The Lorentz—invariant integration phase space is parametrized
as follows:

[dr- fdws@/c/l”fmx/b Z—fdws@ js/{& o

The 6& and VZ are angles of the photon in the rest system of fermion
7{' plus photon: - .
Pi+f =0, (4.3)

The twofold integration over these angles is carried out first. Then,
integration over the normalized emergy X of the fermion 7[+in the
centre-of -maes system,

X:Q&Wg (A.4)

15




yielde the angular distribution Jg/Jm@ (2.1). Por the calculation
of the total cross section 6; and the integrated forward-backward
asymme try AFBafter integrating over the photon angles 6% . %% , We
integrate over the scattering angleeﬁt&éa and then over the fermion
energy. So, in fact we did not analytically integrate over the dif-
ferential in c¥(& cross section as is suggested by (1.2)-(1.4). These
definitions, however, have been used for a numerical integration in
order to check the analytic results. Purther, at the Z-boson pole,
S:fﬁL, and in the emall and large S 1limits we proved analytically
that (1.2)-(1.4) are fulfilled. At small {large) S , an additional
control is given by the necessary cancellation of powers (inverse
powers) of L= ﬁé . The analytic calculations have been done with
SCHOONSCHIP 18 and consist of several thousand statements, approxi-
mately half of them being control calculations. The strategy to be
followed is quite different from that of the MC-approach where one is
interested in very compact expressions. Here, at each of the subse-
quent integration steps one reduces by algebraic manipulations the
squared matrix element to a minimal, but sufficiently simple set of
integrable functions. This set is called the canonical form and can
be integrated by means of prepared sete of bremsstrahlung standard
integrals /20'21/; gee 3150/22’23/. Before the first integration, the
squared matrix element is a complicated sum of ratios of polynomials
in the integration variables CO56), Co5{f . The next step deals al-
roody Witk raticnal fWwacviuws aud lugariiums, ana 1t 18 pere where
the Euler dilogarithms (4.6) arise. The whole procedure has a common
feature with the chess: the rules are not too complicated but never-
theless the game is quite sophisticated.

The bremsstrahlung integral (4.2) has been divided into soft and
hard photon contributions. Here we follow the method developed for
deep inelastic ep-scattering in /19/, see 3190/15/. Both the refe-~
rencee are concerned with pure QED, But since soft bremsstrahlung
factorizes from the Born cross section (as do the QED vertex inser-
tions ), the inclusion of Z-boson exchange gives no further complica-
tion. The same is not true, of course, for the hard bremsstrahlung
integrals/21/. Without going into details, we only remark that due
to the relation

[ ¢ { _ 1
}giqu" A S-m=* SLp#?
the Z-boson part of the calculation is not considerably more compli-
cated than the photon-Z-boson interference which is linear in the
Z-bogon propagator.Purther, (A.5) shows the mathematical origin of
tall effects in initial radiation corrections. The ‘S/is the invariant

(A.5)
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energy squared of the Z-boson which has to be integrated over in the
case of initial-state radiation (for final-state radiation, St5 ).
Once again it is obvious here that one has to carry out the complete
calculation in the complex plane. The box diagram contributions to
the angular distribution are well-known/24/. The integration over

the scattering angle/21/ yields the compact expressions (3.12)-(3.13),
(4.13), (4.15) which seem %o be obtained here for the fifst time.

We would like to conclude the Appendix with a comment on possib-
le further applications of the technique developed. The analytic in-~
vestigation of the QED corrections in a theory with geveral heavy ne-
utral bosons 8 is only slightly more complicated. This is due to the
fact that the algebra is essentially linear in the Z-boson propaga-
tors as is indicated in (A.5). The treatment of a narrow resonance,
4{& g’nyz , seems also possible with slight modifications. However,
an apalytic description of the process € 1€ —» e*e‘((/ is much more
difficult due to the additional zf -channel diagrams and their inter-
ference with the § ~channel diagrams which are studied here.
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Bappuu 1.0, u op.
3J'IEKTp0M’al"HHTHble NMOorNpaBKH nopAagka a
Kete~~aHHUrHAAUMH B napy ¢depMHOHOB B TeOpHH
anexkTpocinaboro BaauMome#cTBHa . JloniHoe
ceueHHe Op H HHTErpanbHaa CHUMMeTPHA App
MonyueHs a”HalmMTHYECKHE BLIPAXEHHA OJA MMOJHOCTBI IMPOHH—
TerpuposaHHbix K3[l-Bkrnagos nopsapnka 03 B NMONHOe cedyeHHe Jp
H HHTerpanbHyw acHUMMeTpHo Brnepef-Hasap App AnA npouecca
ete~ » f*f~(y). lpeagnosaraercs, ATo GOTOHH HeHaBIlogaeMbl.
PacueT BbHIONIHEH B yIbTPApPEeNATHBHCTCKOM NpUOGIMKeHHH 10 Mac—|
caM depMHOHOB, MpPH 3TOM He OellaeTCA HUKAKHX [ONOJIHHTeNlbHBIX]

npubmkeHuit Mo Macce Mz u mHpHHe 'z HeHTpanbHOI'O BEKTOPHO
ro 6030Ha.

E2-88-324

PaBora BbmonHena B JlaBopaTopHM TeopeTHYecKol GH3IMKH
OUAH.

Mpenpmit OGseuHenHOro RACTHTYTA AREGPHLIX Heclenonanuii. NyGua 1988

Bardin D,Yu. et al.

The Electromagnetic o’ Contributions

to e*e ~Annihilation into Fermions in the
Electroweak Theory. Total Cross Section
op and Integrated Asymmetry App

E2-88-324

Analytic expressions are obtained for the integrated o3
QED contributions to the total cross section op and the
forward-backward asymmetry Apg in the process ete™ - ‘
- f*f7y. Photons from soft and hard bremsstrahlung are as-
sumed not to be observed. The calculations are performed
in the ultrarelativistic approximation in fermion masses,
m? << s, M2, Mzl'z, but the mass M, and width I, of the
neutral weak gauge boson Z are treated without any further
approximations. '
The investigation has been performed at the Laboratory

of Theoretical Physics, -JINR.
Preprint of the Joint Institute for Nuclesr Research. Dubna 1988
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