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ABSTRACT

We study W boson production in ete”
collisions in the Weinberg-Salam model. We first
estimate A contribution to the process ete- -
W-etv. It turns out that this contribution in spite
of the enhancement through 70 propagator gives
o~10-38 cm? and is as small as other contributions
to this process, discussed by other authors. We con-
clude that ete-—W-etv is not a good place to look
for W's and study next the process ete™ - W-WF
which in spite of its higher threshold is more sul-
table for W search giving GAJ1O"35 cm?. We pre-
sent explicit formulae and corresponding numerical
estimates of the total cross-sections and angular
distributions for ete~ — WrW-. We also calculate
the separate contributions to the latter Dprocess
coming from various diagrams and their interference
terms and conclude that strong cancellations between
various contributions should be expected already just
above the threshold for the process in question.
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1. - INTRODUCTION

The attempts of gauge theorists to construct renormalizable
unified models of weak and electromagnetic interactions of hadrons and
leptons led some time ago to the incorporation of many new objects into
the world of elementary particles. Among others the most prominent ones

are

i) new gauge bosons (brothers of the photon), as for instance z° (res-

- +
ponsible for weak neutral current induced processes) and W (respon-
sible for charged current induced processes) in the Weinberg-Salam

1
(ws) model ) ;

ii) heavy leptons, which are used in many gauge models to make them

consistent with unitarity 2 5

iii) Higgs bosons, needed to give masses to the gauge bosons as well as to

elementary fermions ; and

iv) charmed particles, needed to suppress strangeness changing neutral

3)

currents .

The experimental discoveries of the last few years seem to inci-
cate that at least some of the above mentioned particles are not just theo-

retical inventions, but truly existing objects.

Tn fact neutral currents (and thus indirectly neutral vector

4

y 4
5)

bosons , V/J family (presumably bound states of charm-anticharm
have been seen. There

)
7)

is also a good indication that a new heavy lepton may exist .

0 +, 6
quarks) as well as charmed mesons (D ,D )

A1l these findings make us believe that gauge theories are very
strong candidates for being the correct description of weak and electro-
magnetic interactions. Clearly in order to prove the correctness of these
theories, further findings are necessary, as for instance discovery of ZO,
Wi and Higgs bosons., A very detailed discussion of the phenomenology of
the Higgs bosons has been presented in Ref. 8). Also estimates of the pro-
duction of Wi and ZO in pp and deep inelastic neutrino processes have

been made 9 .
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As regards ete” collisions, they should be obviously useful

(o]

for 1Z production. On the other hand, less is known about the W pro-

duction in the collisions in question. To our best knowledge there exist

in the literature only estimates of the total cross-section for ete” o
S owtys 10)-12)

ete > w ety

and calculations of some contributions to the process

13)

In particular, it seems that the estimate of the z°

contribution to the latter process (See Fig. 1, diagrams b and c) is missing
in the literature. This contribution could be important due to enhancement
through the Z propagator. Since the process e e —W e'v, having smaller
threshold than the process e'e > W'W~ , is preferred from the budget point
of view, it is of interest to estimate its cross-section with the z° con-
tribution included. This we do in Section 3 in the framework of the
Weinberg-Salam model. It turns out that o(e"'e-—*W"e"L\))NO(1O-38 cm2) and
consequently the process in question is not very useful for W production.
Therefore, in Section 4 we make a detailed study of the process ete” Wy
which, for energies 130 S;JS < 180 GeV, has cross-section (JNO(1O_35 cm2)
in the Weinberg-Salam model, and is experimentally feasible. We first pre-
sent explicit formulae for total cross-section and angular distributions

and then discuss the corresponding numerical estimates.

Our results for the total cross-section o(eTe™=W'W™) agree
with those obtained in Ref. 11). These authors, however, did not present
estimates of the angular distributions nor did they give explicit formulae

for separate contributions of various diagrams.

As already stated, our calculations are in the framework of the
Weinberg-Salam model. The reason for choosing this particular model is that
it is the simplest gauge model consistent with data. It has only one free
parameter (if we neglect lepton masses and consequently the couplings to
Higgs particles), the mixing angle OW which is "known" from the fits of
the W-S model to various processes to be in the range 0.25 < sin20 < 0.5,
the canonical value being sin20:=3/8R50.37 *). Thus in the framework of

the model in question, definite numerical predictions can be made.

This is the value predicted by a class of grand unifying schemes for
strong, weak and electromagnetic interactions. See, for instance,
Ref. 14).
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Our interest in the calculation of the cross-sections for

ete">W'W™ is two-fold. First as already mentioned we are interested in

experimental predictions. Second, the process ete™ > w'W™ is of interest
to us since it is one of those processes which, in pre-gauge theories

(with only y and v contributions included, see Fig. 2) led to violation
of unitarity. It is well known that this bad behaviour can be cured by
adding the diagram b) of Fig. 2 involving z° and choosing Yang-Mills

. couplings 15). Thus it is of interest to investigate at which energy the
required cancellation of badly behaving terms starts to be effective or,

equivalently, at which energy the 2z° starts to play an important r8le.

The paper is organized as follows. In Section 2 we recall
the Feynman rules for the W-S model, as well as relations between parame-
ters of the model. In Section 3 the process ete”™ - W-e+v is discussed.
In Section 4, explicit formulae for o(efe™> W W) and (do/dq) (eTe™ > wHw™)
together with corresponding numerical estimates are given. Section 5 con-

tains a summary and the conclusions.

2. - FEYNMAN RULES AND PARAMETERS OF THE WEINBERG-SALAM MODEL

In this section we recall the Feynman rules which we have used
in our calculations. We work in the unitary gauge. Our conventions are
those of Ref. 16).

The Feynman rules in the WS model are summarized in Fig. 3.
The relations between various couplings and parameters appearing there are

as follows

a:{‘--sm‘e., , = oy
6= - > , 2 = e ctg Oy
6n 20w
o M *) (2.1)
9= -~ Fasmew * MN27 Cosew

where

*
) This relation is true in the doublet Higgs scheme used by Weinberg and

Salam.
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The relation between M and MZ is then

Mz = AN eV (2.2)
V M2 - (28)*
Finally
xy o e
3 2 ot
sm Gw (2.3)

We observe that there is only one free parameter conventionally chosen to

be s1nOw or M.

+ - =+
3.—ee"’We\)

In the rest of the paper we are going to estimate the cross-

sections for the processes

a) ete — W ety
and
b) etes — Wrw-~

Process a) which we are going to discuss in this section is
interesting for the simple reason that the threshold for it is half of
that for process b). Thus if in addition the cross-section for it was
sizeable one would regard process a) as a relatively cheap source of W

bosons. Let us therefore estimate this cross-section.

In Fig. 1 we present the diagrams which contribute, in the
lowest order, to process a) in the framework of the W-S model. Only a
few of these diagrams give appreciable contributions to the cross-section.

These are first of all the diagrams d) and e) with y exchange, already

discussed by many authors 13). But if JS“JM also diagrams b) and c)

Z



with 7° in the s channel should give an important contribution due to
enhancement through the Z propagator. The remaining diagrams can be

10—41 2

estimated to be of order cm or smaller for 80<§_Js < 180 GeV and

thus negligible.

The diagrams d) and e) were calculated for lower energies by
many authors 13) [éee, particularly, the first paper of Ref. 131] some

time ago with the result that these diagrams give o ~1079T 290738 o

These calculations use, however, couplings which are not of Yang-Mills
type. Recently the calculation of diagrams d) and e) has been done 17)

in the framework of the W-S model. It turns out that for M= 62 GeV these
diagrams give cross-sections 8.10"38 cm2 and 5.10_37 cm2 for Js::BO GeV
and Js:=150 GeV, respectively. Thus as in previous calculations the
cross-sections are very small.

What remains to be done is to verify whether diagrams b) and c)
could give large cross-sections. To our best knowledge, no estimation of
the diagrams in question has been done in the literature. Therefore, we
have calculated them exactly. Since the calculation is standard, we present

only the result.

Taking the total width F(Zo—*all) to be 1-1.5 GeV as esti-
*
mated in the quark model, we obtain ) for M=62 GeV and Js::M =80 GeV
(i.e., at the peak)

Z

.38
5-10 em? ,

1 Gev

z° -
G’P“'"' (e“e‘ —> W e"v) = _a8
2.2 10 em* , M= 1S GeV

Thus, the cross-section corresponding to diagrams b) and c) is
as small as that coming from the diagrams d) and e). Also total cross-
sections (all diagrams included) may be small or even smaller than the
diagrams discussed since in any gauge model destructive interference
between various diagrams is expected.

*) It turns out that diagram b) is dominant mainly due to the suppression
of diagram c) through the factor (%--—sinzO)2 coming from the combina-

tion of the vertices 2z°eTe” and e VW .
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s . + - + -
In conclusion, the cross-section for the process e e —e Wy

as estimated in the W=S model is for SO'S_JS < 180 GeV of order 10-37-

- 10-38 cm2 or smaller and, consequently, the process in question is not
very useful for studying W's. Therefore in the next section, we shall
turn to the process ete” - whw” which, although it has a higher threshold,

10-35 2

has a cross-section of order em~ for 130 g;Js < 180 GeV, and thus

is experimentally feasible.

4, - ete" oW

In this section, we present explicit expressions for the angular

distributions and total cross-section in the W+=S model for the process

ete" > W'W~ which we have obtained by means of the rules of Section 2.

*
The contributing diagrams are given in Fig. 2 ). The

variables of interest are

2
s 2 (prp) = (M+wa)

G = (Pa.'kg,)z = (kl-P')z)

o
1]

= M* - ) *
Gt = M % + 2 pcos® (1)

where

= | - Ml
P (4.2)

and ©* is c.m.s. scattering angle.

In what follows, we shall denote ©*=06 and

- —— - - o = = - - = " = - e = G S e e e S G G e S G G G G e G B G S B G e S G G - -

) Neglecting lepton masses we eliminate contributions coming from the

Higgs scalar.



4.,1. - Angular distributions

They are given by

de _ ] Ge

i = 3—'—.?{;‘ 7 My =/ 4.5 (4.4)
X < ; ddb

where Mij denote various contributions. For instance, Mvv stands for

the contribution of the diagram 2c, whereas MVY denotes the vy inter-

ference term.

In order to write Mij in a compact form we introduce the

following distributions
F(Ss) = 2'[_5_] + 5“\.’0{ [5_ . .L 2 pa.
= L m* “a Qa. M. ’ (4.5)
S N K a
s = B (e L]« L[5 -+ - "'} “‘"‘°> S

Eos) = 16(1+ 1) + 8P [&]
a. 'am\.@[ (M-‘l) l(%&) _ ‘1(_(553)] . (4.7)

Notice that Fi(O,s) are dimensionless.

]

The Mij contributions are then given as follows

Moo = F;_(e,s) ) ‘ (4.8)

Myy = % R (e, s), (4.9)
J_ 3.

Mzz = ("z"% + 3) ————"(s ) g (6,3), (4.10)

Mzy = .').x.(-l- x.) M“) R (8,s), (4.11)

Mo, = (x- %) (s M"") 5 (e,s) (4.12)
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and

MX\) = - % %(615) (4.1%)

Thus (4.4)-(4.13) give (do/aQ)(e*e™> w'W™) in the W-S model.

Before we go on to present our results for Oiot would like

to make a few comments.

First MVY as given by (4.9) agrees with that of Cabibbo and
Gatto 10) calculated 15 years ago. This contribution alone violates uni-
tarity *). Adding other contributions and arranging the couplings in the
Yang-Mills way, we restore unitarity. This can be easily checked on the
basis of the above equations and will be more evident when we give the
asymptotic formula for 0ot

Second, the distributions M , MZZ and MZY’

normalized, are the same [11/013)(dcij/d0) are the same]. This applies
also to M and M .
vy

if properly

VZ

4.2. - Total cross-section

------------------- ** )
It is given by

2 | = -
¢ = ———2;3' P{g‘} %G'dj = CZJG',;J' . (4.14)

In order to write aij in a compact form, we introduce the

following cross-sections

- afs] - [P {054

Asymptotically M’YYNS2 instead of Myvaconst.

* %
) Notice that Eij = (1/411)de My 5



(4.17)
2 1571 M2 _o m] L
P [ga]("l? * "(' 2.5)—I6[—5— B
where
|+
= L ,__P_.
L m 1 -p (4.18)
Then
—6..\)\-‘ = 6'1 d
(4.19)
§88 = x 6y, (4.20)
x s*
— a en————
Czz = (x*- Y *'é') (s-r'\";)" Gz > (4.21)
1A ( k4 (5“Vﬁ&) (4.22)
— S
Coz © (»- Ji) (S—M";_) Ca (4.23)
and
539 = = %6, (4.24)

Thus (4.14)-(4.24) give o(e’e™=wW') in the W-S model.

We can check our results for the total cross-section by comparing
them to those obtained by Sushkov, Flambaum and Khriplovich 11). These au-
thors give only s(eTe”>w'W') with all contributions added up. When we

sum up all the contributions (4.20)-(4.24) and introduce the variable

= S
y = e (4.25)
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we obtain the result of Ref. 13)

(4.26)

4.3, - Asymptotic behaviour

Although each of the cross-sections, as given by (4.14)-(4.24),

grows as s at s—® and violates unitarity the sum of all contributions

behaves properly. This is the standard result of Yang-Mills "theories" 2)’15).

We obtain, as s—- o,

ral 5 Ma\¥ -
g6 @ S {‘18 M'I‘Ta' +(.P_\—)(8%" hx+l)
2,
+ (Me -4) -
(M (8x-k) - 60

a2 B
'é‘{hSlm.-é- + 8x-8 -GO}

96 xz M"' ( ‘ —— ‘)3.
L]
=) T 4, 5
L x* S In M2

(4.27)

The En(s/M2) term comes from the neutrino diagram.
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4.4, - Numerical results

The only free parameter in the Weinberg-Salam model is the mass
of the W boson, which, however, must be larger than 38 GeV. From the ap-
plication of W-S5 model to other processes, one expects 50 < M < 70 GeV
(0.25 g_sin29W'5_0.55), the canonical value being M= 62 GeV (sin20w=:3/8).
Notice that for this range of values of M, 76 < M, < 84 GeV and conse-
quently the enhancement through the 7Z propagator is very weak since MZ
is much smaller than the threshold for the process in question. Equation
(2.2) tells us that a strong enhancement would be possible if M < 45 GeV

2

or sin OWIZ 0.75, a rather unrealistic value. In what follows, most of

our results are presented for M=50, 62 and 70 GeV.

4.4.,1. - Total cross-sections

In Fig. 4, we have plotted o(efe™>W'W") as a function of Jé.
We observe the increase of the cross-section after the threshold and a ~1/s
decrease at larger values of s. For all three values of M considered

8 =35 2

o~10"" mb®10 cm at its maximum value. There is a 40% rise in the

cross-section (at its maximal value) when we increase M from 50 to 70 GeV.

In Fig. 5, we have plotted the contributions from various dia-
grams as well as from interference terms as a function of Js for M=62 GeV.
We observe that in the range of s considered S > GYY > %7 and all
interference terms are negative and large indicating strong cancellations
between various diagrams. This is more clearly seen in the Table where we
have collected numerical values for various contributions. Observe that
‘already at Ws=300 GeV /6 ™ 0.15 implying that the Z° is important
in the cancellations in question. Obviously the effect becomes more and

more pronounced as s 1is increased.

4,4,2, - Angular distributions

In Fig. 6, we present the normalized angular distributions
%(do/d cose) at various Js for the value M=62 GeV. One observes
strong asymmetry in cose. The distribution is strongly peaked at cos@f 1
and this effect is more pronounced at higher energies. If we look at
Eq. (4.5) we see that this peaking of do/d cose comes from the v

exchange diagram.

Figure 7 represents 1/0(do/d cose) at Vs=160 Gev for
various values of M. As might be expected, the effect of increasing M

at fixed s is to make the distribution flatter.
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Finally in Fig. 8 we have presented for completeness the angular
distributions corresponding to various contributing diagrams and their inter-
ference terms. The large differences between distributions in Fig. 8 and

the total distribution in Fig. 7 indicate again strong cancellations.

5. - SUMMARY

In this paper we have presented explicit formulae (see Section 4)

and corresponding numerical estimates of the total cross-sections and angular

distributions for the process ete”">W'W~ in the framework of the W-S model.

We have also estimated the contribution of 2Z° +to the process e e —e Wy

(other contributions have been calculated by other authors 13)’17)).

Our principal findings are the following.

A) The cross-section for the process efe™-etWy is, for 80 S;Js < 150 GeV,

10-37- 10-38 cm2 and thus is very difficult to measure.

B) The cross-section for the process e'e —W W is of order 1072° cn®

for 130 <+s < 180 GeV and 50 < M

of the order

wng 70 GeV and thus large enough

to be measured.
¢) The angular distributions for e'e >W W are very asymmetric being
very strongly peaked forward. This asymmetry increases with energy.

For fixed s increasing MW makes the distribution flatter.

D) There are very strong cancellations between various diagrams contri-
buting to e’e > W W™ already at energies just above threshold,
implying that in any calculation all diagrams should be included.
This is seen both in total cross-sections (see the Table) as well as

in angular distributions.

These results suggest that it would be useful to have e'e”
machines in the energy range 120 S.Js < 180 GeV. Not only is the W
production cross-section optimal in this energy range, but also the struc-
ture of gauge theories, in particular the strong cancellations could be
tested.
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Js (Gev) o %y N S 9,z % oy oy o
130 0.81 0.10 0.97 0.14 -0.10 -0.11 -0.19 0.88
150 1.13 0.70 2.11 0.74 -0.54 -0.65 -1.22 1.59
200 0.93 2.16 3.52 1.67 -1.33 -1.70 -3+39 2.29
300 0.57 4,69 5.44 3,00 -2.41 -3437 -6.78 3435

Numerical values for the various contributions to
o(ete™>wWHw™) (1078 mb) for M=62 GeV and -
Js:=130, 150, 200 and 300 GeV.

o =0 +0o ~+0Yv is the cross-section without

o YY Vv
Z contribution,
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FIGURE CAPTIONS

—— -

Diagrams contributing in the lowest order to the process
+ +

ee W e,
Diagrams contributing in the lowest order to the process

ete oww,

Feynman rules in the Weinberg-Salam model in the unitary gauge

(Relations between various couplings are in Section 2).

o(efe™>wW") in the Weinberg-Salam model as a function of

Js for M=50, 62 and 70 GeV.

Contributions to o(ete” > W W') from various diagrams as

functions of «/s for M=62 GeV.

Angular distributions 1/0 (do/d cose) for the process
eTe oW W' for M=62 GeV and s=130, 160, 200 GeV in

the Weinberg-Salam model.

Angular distributions 1/0 (do/d cos@) for the process
ete" s w W for 4s=160 Gev and M=50, 62, 70 GeV.

Contributions to 1/0 (do/d cose) (efe”>ww') from various

diagrams for M= 62 GeV and '\/s:130, 160, 200 GeV.
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