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In the frames of Weinberg and Georgi-Glashow
models the cross-sections of the processes e'e—p f
(in particular near the Z-resonance), €' e—2J, eteTe
-*W*W", etemeete WW™ are calculated. The cross-sec-—
tione of the two last reactions becdme equal alreazdy

at the energy 2E = ﬂ#mw.




1. Processes with neutral vector boson

In the Weinberg model the reaction e e~ﬁﬂﬁf
in the second order in o is described by the two
diagrams given at the fig.1. Simple calculations le-
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ad to the following expression for the cross-~section
of the process
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Here 8 = 4E2 is the square of the total energy in

CelMeS.,  is the angle between the /4" and e momenta,

m, is the Z-boson mass, p is the mixing angle chara-
cteristic for the Weinberg model.

The distinctions of this cross-section from the

electromagnetic one, charge asymmetry including, are
discussed in detail in other works/3,4/.

We shall consider the behaviour of this cross-



section at Sﬂfmz only. Find at first the Z—boson =
width., It decays into leptons (e'e”, ﬂ"’ ,ﬂ}L}
and into hadrons. To estimate the probablllty of Z-
boson decays into hadrons we use the model of weak
intergetion of hadrons based on SU(4) symmetry/5/.
Assume also that at such high energies quark masses
may be neglected and that taking into account the
strong interaction does not influence the total de-
cay probability calculated in the free quark appro-
Ximation. Z-boson width found in this way is equal

to
o= e ey [0 18%f @

where @ is the p-quark charge.
In the resonance the total cross-section of the
process e+e:7ntﬂ_ looks as follows

2
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Greg= 2 {412 2 : (3)
cos ffﬁf{f ch)}m 7
The numerical values of r1 and O_ Sen at 51n2 = O 3
and Q = afﬁamfz_oesev a’ms—;z.x'io“f’ em®,

Note that the cross-section of elastic e'e scatter—
ing has in the resonance the same value (if one ne-
glects the Rutherford growth at small angles); the
crassnsectlons of annihilation into hadrons and into
Ve E,V V in the resonance are of the same order.
Thﬁ cross—sectlou of the process e e-jﬂ/“ de-

creases rapidly away of the resonance. Therefore,
when the total energy is higher than the resonance
one, the reaction with photon emission (e+e:JZ*q7¢ﬂ’)
which returns the process back to the resonance,
becomes more advantageous.( the corresponding calcu-
lation for the P -resonance seein the paper/6/). Its

cross-section is equal (with logarithmic accuracy)
to

g; = 1295 Y5, [e(** m‘@ T (4)
m; "y (S—-m3) 'r'

Here [ = f’ “m %%MIL!L are the widths of
the decay channels Zve ge and Z-- }'l/'l . Formula (4)
is valid when ,g:m >>7, The process e e-f’l/!
dominates over e e-)l/n when f&? I, 1.4 GeV,

Present also for completeness the cross—section
of the process Ye=iZe

a(¥e—~Z¢)=674 47_,12‘;;’:2 [1 -2%2 +2——}] (32

2. W-pair production
Consgider now the process e"e==W'W". In the Wein-

berg model this reaction is described by three dia-
grams (see fig.2). We do not take into account

\



the interaction with neutral scalar field since it
leads to UTOTWS . nortional to the electron mass.
After averaging over leptons polarizations and sum-

ming over those of W-bosons the total cross—section
of the process jg equal to

o=T2 Y. . m? (1-2500°
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Here X = a/m?, m is the W-boson mass, Vv = fﬁ'—-4/x
is its velocity in c.m.8.,, L = ln-——g- .

_ -V
At the threshold (s-*-&m )
-3 M.
G = i’fﬂ_l{; x> 1IX710 cm? it (7)
N2 sin'y 7
Present also for completeness the asymptctlc
behaviour of the cross-section at s—ee= ( >p{)
- DA | (8)
A 2Sin f.f JT |

The energy dependence of the cross-section for
various values of the mixing angle are given at the
£ig.5.

In the Georgi-Glashow model the process ete e

W is described v ¢ graphs presented at the
fig.4. %ere the cross—-section is equal to
0= Md;_‘f {H',\%*f"')'é" —-f—s*abje{zsm}-—ﬂ-r %_f"‘;){—’_

Fm B(25in - }-— + Sfﬂ,B- ’41/#})] (9)

where m, is the mass o X,-lepton 18 the mixing
angle, y = smo/n’t sﬂf—lﬂéhh'

!a-”aiml - This expregSion is obtained un-—
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In the most interesting region s<ut/ns { yd"-'-/)
i 4?-“{[(#_%*_&. 5

Kbt - % (11)
At 1nf/n)»1oh?/n’
o 2TKL1+2SH 1B/ Ly (12)
S m*

The terms proportional to the masses of elect-
ron and Kn that are not presented here do not change
the asymptotic behaviour of the cross-section.

We became aware that the reaction ete™ W'W™
was considered also by A.E.Asratyan and M.A.Kuban-
tsev.

3. Reaction e’e ——e'e W W_

Since the cross-—sgsection of the process e¥eT~

<t~ decreases with energy, it is interesting to
consider the reaction etem=ete ™ W'W™ which is of higkﬂ
er order ind, but has the cross—section logarith-
mically increasing with energy.

For the following calculations we need the
cross—-section of .the process aaajw*w‘ (fig.5). Di-

W ¥ 4 W
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rect calculation of this cross—section gives

oo Bl -Gl k] o

Here X = s/ma, m is the W-boson mass, v = vﬂ - U4/x

is its c.m.s. velocity. This expression agrees with
the corresponding formulae obtained in the paper/7/.
Note an interesting peculiarity of the process
J0=w*y~. As can be seen from the formula (13), Oy
asymptotically tends to a constant. This behaviour
differs drastically from that of cross-section of
two-photon production of scalar and spinor partic-
les, those decreasing like S_q and S—{lﬂﬁ)COrTESp—
ondingly. This asymptotics of Jyycan be easily un-
derstood if one notes that at m—0 the reaction ¥~
-t~ reduces to elastic scattering of vector par-
ticles in fact (one can verify easily that the pre-
sence of charge exchange does not influence the st-
ructure of matrix element). Since the exchange of
vector particle contributes to this cross-section,
at m = O the usual Coulomb divergence arises at
small scattering angles. Non-zero mass of the excha-
nge guantum makes the cross—-section finite and not
decreasing with energy. The cross-section is const-
ant for V-boson helicities ¥1. For zero-~helicity V-
boson the cross-section decreases with energy like
the production cross-section of scalar or spinor
particles, due to change of helicity of real parti-




cles in vertices of exchange graphs.

Hote that the specific feature of renormaliz-
able theory, due to which the cross-section does
not increase with energy, is that in this theory
the g-factor of W-boson is equal to 2 (see also/7/).

We shall make all the following calculations
restricting to the region swmz, llé/mi)»lné/mz).

Knowing c;rj it is easy to compute the cross-
section of the process ¥e-=eWiW. Non-decreasing with
energy contribution to the cross-section is given
only by the diagram 6. Using the covariant Weizsae-

<

Fig.o.

cker-Williams method/8/ and the expression (13) for
Oyywe obtain

3
Gd(b’é'--.‘fWW)"‘%T &é[%j‘:{t“ '.‘f;' A1)
The cross-section of this process for nonrenormali-
zable electromagnetic interaction of W-bosons (which
was found to be increasing linearly with energy) was
calculated in the work/9/.

Return to the process ee—-—eeWW, The major cont-
ribution to its cross—-section is given first of all
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by the diagram 7. Two photon poles atb this graph

f} e

,
s =
Fig.7.

amplify its contribution nfln%h/mgl It is necessaxry
also generally speaking to take into account the
diagrams 8, also doubly logarithmically amplified
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Pig.65.

by photon and fermion poles. These three diagrams
do not interfere with the taken accuracy. lndeed,
in the ¢.m.s. of initial particles under the two-
photon mechanism the electron and positron almost
do not change their directions of motion. AT The sa-
me time, due to the presence of the fermion pole ne-
ar the physical domain at the diagrams &, the final
eTe” in this case move in the narrow cone along the
direction of the particle which emits the exchange
¥ —quantum.

Besides the diagrams 7,8, there are some graphs
whose contributions do not decrease with energy (e.g.,



that at the fig.¢). However, all of them contain
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lower degrees of 1n@/m§)and therefore can be negle-
cted with Taken accuracy.

Compute at first the cross-section @ corres-
ponding to the two-photon contribution. The appli-
cation of the covariant Weizsaecker-Williams formu-
la gives

%nwr
?}‘*1//;” i _t+1_5_] ff(j)[j 1"25_ ]f(_‘;‘/ ('15)

—5 ” 'hm
Here 8. (Hj+p2) y By = (q1+q2) 8 = (P4+P2)2

(thc notatlons of momenta see at the diagram 7),
'qﬁ e u1fs(s-sq), "qﬂm ’"’ma‘ qgmln“ o

'qzmax m-. Perform the inltegration over g4 and qg
in (15) and then after the interchange of the inte-
gration order integrate over 84 with logarithmic

accuracy. These operdtions lead to

ézzf [2@5.0},(&)[{# é—“—-*‘%&* : “g"_/ (16)

"’"tltllul’lg the expression (13) for Oypinto (16)

Lo e " &

;sgfsq(sq-sg),

and integrating over s,, we obtain (holding only
terms non-decreasing with energy)

= o 4,5_‘[41” ;rL _z'_{..._.. (17)

Pass to the computation of ¢, corresponding %o
the diagrams 8. Again we shall use the covariant
fomula'bion of the Weizsaecker-Williams method:

-5 _ulj‘a’.r/ [ 3¢, 1 :/0;,(;,:,;7 (18)

.m'n 2 2 2
Hege s =, P4+Po) 2, 8 = (p1+q) ~q s = Sym/8(8-8,),
ol Jy is the cross-section of the photopro-

cess described by the disgrams 10,11, Note that in

X% it

Fig.10. Fig.11.

the formula (18) it is necessary to take into acco-
unt the dependence of the Uy on the photon mass qaf.
This circumstance is connected with the nearness of
the fermion pole to the physical domain.

For the camputétion of the photoprocess cross-
section the covariant summation over photon polari-
zations is inconvenient since it should be carried



out with gauge-invariant block, l.8., it requires
taking into account both diagrams 10,11.

Under -uncovariant summation it is necessary,
generally speaking, to take into account the longi-
tudinal polarization of § -quantum. This polarizati-
on vector is as follows:

b=ttt Yo ’!;7)

The first term does not contribute, due to gauge in-
variance. The second term is proportional to the
photon mass V;ég and therefore after integration
over q? in the formula (18) it will not lead to lo-
garithmic amplification. Thus with taken accuracy
one can neglect the contribution of the photon lon-
gitudinal polarization.

When computing the cross-section with a tranc-—
versely polarized photon, it is sufficient to take
into account the diagram 10 only since it contains
a fermion pole near the physical domain and is the-
refore logarithmically amplified by itsclf. Sguare
of the amplitude corresponding to the diagram 10
averaged over polarizations of initial electron
and summed over polarizations of final one, after
1nuebr tion oyer W-boson momenta locks as follows

NSP{/fxmzf’m’k)x :rzzf (19)
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Here ¢, is the three-dimensionally transverse pola-
rization of the photon, f(P:k) is a matrix that de-—

scribes the interaction in the upper block (the mo-
menta notations are given at the @iagram 10) . Gene-
ral representation of the matrix jJ is the following:

=aﬁ+££"‘ (20)

(It can be verified easily that other combinations
of ¥ -matrices drop out when the trace is taken) .

In the formula (19) it is necessary to hold only the
terms with a pole in ka. This circumstance allows
one to neglect the second term in the formula (20),

i.e.,
A -
e 5
One can easily obtain the following expression for
the cross-section of the process ee—=WW

(21)

Yo an _@m’ :
U&(JJ:%% S/»’f" =L?—4' (22)

Using the formulae (20)-(22) and carrying out the
summation over photon transverse polarizations, we

obtain s Knu

Ns,f/ffi{z' 0&(-’})[7’*2—‘ * 255 j

‘xnm

2 2
where —k;innu -quqfs $ "kmax“’m .

Note that the way of calculation cf the pole

(23)

--
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contribution to the cross—-section presented above, ders of magnitude smaller than the first one, i.e.,

is in fact the covariant formulation of the so-called

method of quasireal electrons given in the works/10,
11 |

the contribution of the diagram 5 is small numeri-
cally. From the comparison of the formula (6) or
(11) with (17) it can be seen that the process ec-

The substitution of the expression (23) into wcolil dominates over ee=lW already at the energy

the formula (18) and integration over kE’ qZ and Sy 2B = \Js ~ 14m. In this region the cross-section io-
with logarithmic accuracy give und by means of the formula (17) differs from the
T result of the numerical computations using the Ior-
2 3 '1 b I e ®
c.’*' 25. d{gf FIRTTR TS 1y "!’(f"jyél—— - mula (16) not more T:han y some per cent _‘
2 325 257 357 S Tee r)(zf-l-) The cross-section of the process ee-eewl was

computed in the work/12/. The result for the cont-

Gomputatlon of the integral over s, (accounting ribution of the diagram 4 differs considerably fro

for the terms non-decreasing with energy only) leads

ours. We cannot point out the cause of this discre
to the following expressions for the cmss—sectionz

pancy since the computation of 0’ ¢ in the nentione

2
in the Georgi-Glash
B-GLanfion NOAEL (BT WA ’fm“) work was made by numerical methods. Besides, in th
;= 2= 139 _0(__1.4,2 & work/12/ the contribution of the diagram 8 was not
390 aTm mg ~(25) considered.
in the Weinberg model
g ' The authors are grateful to A.N.Skrinsky and

A i f‘z—% | A.I.Vainshtein £ luable di io

y 32'??')?3“3”(30? e (26) .I.Vainshtein for wvaluable discussions.

There; = 1.9 118y 1,25 A% sin7 0.2; 0.33 0.4
correspondingly. :

The total cross-section of the pmcess ce-w=cellW
is evidently equal to

G =0; 420, (27)

In this formula the second term is by one or two or-

16
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