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Abstract 

The new linear colliders (NLC, JLC, TESLA) can be constructed to produce e- e- colli­
sions in the em. energy range of 1 - 2 TeV. In the present work, the pair production of the 
same-signed W bosons of a left-right-symmetric model has been investigated for this energy 
region . The possibility of these production channels arises on one hand from the Majorana 
neutrinos and from the double charged higgs boson of the model and on the other hand from 
the WL and W R mixing in the mass eigenstates. 

The cross sections of the processes are proportional to the square of the neutrino mass if 
the mass is heavy enough (at least several TeV) . In the case of a less heavy neutrino mass the 
cross section depends on it in a more complicated manner. The cross sections are proportional 
to (K/ M M,)2, where JV and M' refer to the W masses in the final state , and the parameter 
K is given by K = cos2 

( for the heavy W pair, ]{ = sin (cos ( for the light and heavy pair, 
K = sin 2 ( for the light pair, and ( is the W mixing angle. 

Our calculation shows that the total cross section of the heavy W pair production is at 
least of the order of 0:1 - 1 pbarn when the W mass is 0.5 TeV and the heavy neutrino mass 1 
TeV. The cross sections can be greatly enhanced if the double charged higgs lies at the energy 
range of next generation colliders. Wi~hou t this reSOnance prod uction, the prod uction channel 
of the same-signed light W, heavy W pair production is almost negligible, if ( obeys its upper 
limit estimate (around 0.001) found in the literature and the particles have their masses in 
the region considered by us. 

The dependence of the total cross sections on the masses of the neu trino, of the higgs, and 
of the heavy W boson have been illustrated by 12 figures. 
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Chapt er 1 

Introduction 

The next generation of linear colliders is just under the planning. The new colliders can be made, 
beside the e+e- mode, capable to produce high-energy e-e- collisions in the range of 1-2 TeV. 
This will offer new possibilities in testing of the standard model and of its extensions . 

In our previous papers [7], we considered the pair production of the charged gauge bosons from 
e+e- collisions in the framework of the usual left-right symmetric model (LRM) based on the 
gauge group SU(2)L x SU(2)R x U(l), which has been regarded as the most natural extension 
of the standard electroweak theory. In the LRM there are most naturally two Majorana electron 
neutrinos, and our main motivation to that work was to try to find out if the measurement of the 
W-production cross sections could reveal the order of the magnitude of the second neutrino mass. 
The knowledge of this would cast light on the fundamental question of whether neutrinos are Dirac 
or Majorana particles. 

Our results, however, were in this respect not quite satisfying, because the heavy neutrino had 
a negligible effect on the light W pair production, the dependence of the production rate of the 
heavy pair on the neutrino mass was complicated and the production rate of the light heavy pair 
was almost negligible. In addition, the production of different-signed W pairs is complicated due 
to the neutral higgs sector of the model. 

In present work, we will continue our study on the role of Majorana neutrinos in the same model 
by calculating the production of the same-sign W pairs in electron-electron collisions J. These lepton 
number violating reactions are mediated by Majorana neutrinos and are forbidden in the case of 
Dirac neutrinos. Beside the neutrinos, which are exchanged in the t- and in the u-channels , a double 
charged higgs mediates the W pair productions in the s-channel. The different channels balance 
each other to achieve a good high-energy behaviour of the total cross section. The contribution 
from the neutrino exchange channels is proportional to the square of the heavy neutrino mass . For 
the balance, the higgs exchange should also produce terms which are proportional to the square of 
the neutrino mass. So, the production of the same-signed W pair could be expected to give a lot 
of informat ion from the neutrino mass. 

We begin our study by deriving the formulas for the contributions from various exchange 
channels in the lowest-order. Then we sha ll illustrate the dependence of the cross sections on our 
free parameters, including the heavy neutrino mass. We conclude that the production rate of the 
heavy W pair production is large enough for experiments in the new electron-electron colliders, if 
the heavy neutrino lies in the mass range of one hundred GeV or more, provided, of course, that 
the mass of the W pair is in the energy of the future colliders region. 

I We thank J. Ellis, CERN, for drawing our attention to these processes. 
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Chapter 2 

B asic Formulas 

The left-right-symmetric model which we consider in this work has been discussed in detail in many 
articles (see f. ex. [8,6,9,3]) . For this work it is essent ial that the particle spectrum of the model 
contains left- and right-handed lepton doublets IL a nd IR (consisting of the neutrino and of the 
electron components) , left- and right-han ded vector bosons VL and VR , and at least a right-handed 
triplet of the higgses ~ whose electric charges are 0, -1, and -2 in the units of the positron charge 
e. 

The relevant parts of the Lagrangian for our work are : t he Yukawa couplin g [ /-D. of the triplet 
higgses to the leptons, the kinetic energy c~n of the tri plet, a nd the charged current lagrangian 
CCC 

• The first one has the form [10] 

(2.1) 

e
where Tk refers to the Pauli matrix and 7 = (vT eT )C is the adjoint of the charged conjugated 
spinor. We drop in t hese equations the subscripts Lor R Cor a moment . 

The kinetic energy of a higgs triplet is given by 

(2 .2) 

and the charged current lagrangian reads in the mass eigenstate basis as follows [7) 

cec =Liij rjl e(Wl~)t + h.c. (2 .3) 
jl 

In order to get to this equation one has to express the Cartesian components VL and VR in terms 
of the respective charged components wf and W# and then present these in terms of their mass 
eigenstates WI and W2 : 

(Wi) ( COS( ±). 
- sin<) (W1
(2.4)

W~ sm( cos ( W2± 

Furthermore, one has to for m the mass eigenstates VI and V 2 of the neutrinos and write VL and VR 

in terms of them: 
VL = ~ (1 - 1'5 ) (VI COS '17 - V2 sin '17) , 

(2 .5) 
VR = ! ( 1 + 1'1; ) ( V I sill '17 + V2 cosf]) . 

We will make our calculat ions in unitary gauge and thereCore we later have to re-express our 
quantities in the formulas (2 .1 ) and (2.2) in the mass eigenstate basis , too. 

From t he Lagrangians (2 .1)- (2.3), we shall obtain the vertices for the lowest order diagrams as­
sociated with the W pair production in the electron- electron collisions. The vertices are presented 
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Figure 2.1: Relevant Feynman rules 

in Figure 2.1. The detailed expressions, which lead to the rules of Figure 2.1, can be found in the 
sections 3 and 4. The Feynman diagrams for e-e- -+ WI-WI; are presented in Figure 2.2 and 
they consist of a double charged Ll exchange in the s-channel and of neutrino exhanges in the t .. 
and u-channels . We have checked our expressions for the Majorana neutrinos by comparing them 
with the ones given in the references [4] and [5]. 

The general form of the amplitude is given by 

(2.6) 

where u. and fa refer to the spinor of the electron and to the polarisation vector of the W boson, 
respectively, and T contains the contributions from the different channels: 

(2.7) 

The squared matrix element summed over spins reads 

where C is the charge conjugation matrix. The total cross section of an unpolarized W,- W,; pair 
in a collision of unpolarized electrons is given by the formula 

O'e-e-_W-W­
a " 

1 
= 16 (1 6 ) 2 

7r + II ' S 

lt~.~ 

t~", 
< LIMI2 > dt, (2.9) 

with 

(2.10) 

The Kronecker c5-symbol has been inserted into eq . (2.9) in order that one avoid double counting 
of identical final particles in the integration over the full 411" steradians. 
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Figure 2.2: T he i- , tI- and s-channel Feynman graphs 
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The limits of integration are given by 

a-s J(a-s)2 
tmin/mar =-2- ± 4 - b, (2 .11) 

where 

(2.12) 
' 2b = M 2 M , 

and the W-masses are denoted by M and M'. 
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Chapt er 3 

Cont ributions from t- and u­

channels 

From the t-channel diagram 2.2 we obtain for the amplit ude 

(3.1 ) 

and from the u-channel for the amplitude 

(3.2) 

where 
rl:' = Gf",l' (l - ",II ) + Gf!.-vl'( l + ..,,11 ) = G~.." I' + GA -v0",, /J (3.3))1- ;" , ;1 ' , )1 ' 1" " 

and 
Gv eL eR

il -- il + ii , (3.4) 

Introducing the notation 

fj, == - c(rj,fC-1=GJ" I' - e~/5,1' (3.5) 

and utili zing the symmetry relations 

(3.6) 
,O (r~I )1/0 = r~l , 

the quantities in the matrix element (2 .8) can be CI1..'J t to the forms 

GT C! ) ( '{/' ) = .pil II - m"l ri l'l 
1'1" ) I 1' :1 2 1" , 

q - m v ' 
] q=p- i: 

(3.7) 

o [CTC') ('11') ] t 0 = _"ri l' II - m"l nill
' 1'1" J , I 1" 2 2 1 I' " 

q - m" 
I q=p- Ic 

These can be rewritten as follows: 
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(3.8) 

and 

(3.9) 

= [aj' /I',,,, /J,,, + bj,II',,,' /J,,,,5] + m"i' [Cjll/I,,,,,,, + djll/""""'S] 

by introducing the coefficients 

ajl/' =2(GfP~' + G~Gf/l) == 2(GL/Rtlj + GRlLI'j), 

bjll' =2(GfP~, - G~Gftl) == 2(GL/Rtlj - GRlLI'j), 
(3.10) 

Cjl/I = 2(GftGftl + G~G~I) == 2(GL/L/lj + GRlRt'j), 


djll' = 2(GhGf/1 - G~G~I) == 2(GLlLt'j - GRlRI'i)' 


The u-channel matrix element is obtained from the t-channel element just by making the replace­

ments 
I ~ I', k, a,,", ~ k',a',fl', t == (p- k)2 --+ (p- k')2 = U. (3.11) 

In the next step we take into account that the trace (2.8) vanishes for odd number of ,-matrices 
and we use some symmetry properties of the traces . We obtain 

(3 .12) 

where 
Ft(t) == Tr { ,II(p_ ~);II' p",,1 (p- ~);" p} (flll, k)(fl'II', k'), 


F2(t) ==Tr{,II,II' Ji,"'," P}(flll,k)(fl'II',k'), 


Hl(t,U) ==Tr { ,II(p- ~);II' P',"(p- ~,);" , P}(flll,k)(fl'II',k') , 

(3.13) 

H2(t,u) == Tr{ ,II,1I1 p" ",,,, p} (JJII,k)(fl'II',k'), 


Fl(U) = Tr { ,II'(p- ~' );II p',"(p- ~,);", P}(fl ll ,k)(fl'II',k'), 


F2(u) = Tr { ,II' ,II J' ,",,,, p} (flll, k )(JJ'v', k'), 
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and we have used the abbreviation 

(3 .14 ) 

The last two traces of (3. 13) originate in the u-channcl amplitude and are given by the same 
functions Fl and F2 as the first two i-channel traces bu t with the variable t changed to u. 

The traces (3 .13) have been calculated using the symbolic manipulation program Reduce and 
the following expressions for the functions F I , ... , H2 have been derived: 

Fl(t ) = - f[t'l + (6 - a)t3 + (5b - 2as)t2 + 4(8 - a)bt + 4b2J, 

F2(t ) = f [(8 - 2a)t2 - 2a(8 - a)t + 2b(2s - a)], 
(3 .15) 

H1(t, u) = _ f[t 2u2 + (2as - b)tu - 4abs]' 

H2(t , u) = H(s - 2a)tu + 2ab]. 

Here 8 r fe rs to the square of the c.m . energy. In principle, the equations (3.l3) can be directly 
used for numerical computations. We will , however , develope the formulas further in order to get 
a better insight into the results . Therefore we break t he sums aa + bb and the sums cc + dd in the 
following way: 

(3 .l6) 

and 

(3 .17) ~ GL1L1 l j m llj + (L -+ R).
~ u- m~ 

} J 

If the + sign on the left-hand side of eq. (3.16) is re placed by the - sign, then the indeces I and I' 
in the second sums of the products on the right-hand side must be exchanged. 

In our previous paper [7], we derived expressions for the G-coefficients in terms of the W- and 
v-mixing angles ( and 11, respectively. We give them in the Tables 3.1- 3.2. From Table 3.l we find 
that 

L GLIRl l j 


. t - m~ 

J ] 

sine eDs(, 1=1'=1 (3.18) 
- si n (cos (, { = {' = 2 

= G L GR sin 11 cos 11 ( 1 2 _ 1 ) {
t - mil, t - m~ 1 cos2 (, { = 1, {' = 2 

- sin 2 
( , 1=2,{'=1 

and so we obtain for the sums aa ± bb of eq. (3 .12): 

(3.19) 
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Here GL =gL /2../2 and GR =gR/2../2. We shall use the subscript 1 for the contributions arising 
from these terms in the formula (3 .12) . Into the sum of the squared matrix element they produce 
the part 

I =I' 

(3 .20) 

= 

lof I'. 

To obtain their contribution to the total cross section we have to integrate the expressions 
(3.20). In the integration the t-channel and the u-channel yields the same contribution as can be 
checked by integrating the pure u-channel part over u instead of t. This was our motivation for 
writing the limits of the integration in the form (2.11) where a - s = t + u and thus the limits do 
not change when the integration variable t is replaced by u. 

The essential integrals are given by the analytical formulas 

I t ",... (1 1) 2
FI(t) -- - - - dt 

I",;.. t - x t - y 

2 2 F1(x) F1(y), ,= - - (x - y) t - -- - -- + F1(x)ln It - xl + Fl(y)ln It - yl (3.21){/ b t-x t-y 

_2F1(x) In It - xl- Fl(y) In It - YI} I 

x-y 

and 

j '..... ( 1 1)1 ) (1H1 (t, u) -- - - - -- - -- dt 
I ",. .. t - x t - Y u - x u - y 

2( 2 [2 2 Hl(X,X) Hl(XIY)]= - - x - y) t + 2 --x (x - y) - + In It - xl (3.22){/ b b s - a + 2x s - a + x + Y 

+2[- ~ y2(y_X)- H1(y,y) + H1(x ,Y) ]Inlt- yl }. 

b s - a + 2y s - a + x + y 


Next we concentrate ourselves to sum (3. 17). We will refer to the contributions arising from these 
terms by the subscript 2. From Table 3.2 we obtain 

2 I = I' = 12 . 2 ) { cos ( I"" GLlLl'j m Vi _ G2 m VI cos 1] m v , sm 1] . 2 ( 
- L 2 + 2 sm I I = I' = 2 (3.23) 

m 2 (L... t - t- m t-m . (j Vj V, V, -sln(cos I of 1' ,I 
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and 
2 I = I' = 12 2 { Sin (,'" GRl RI'jm"j = G 2 (m", sin '1 + mll~ cos 7J) cos2 ( , 1=1'=2 (3.24) 

m 2 m 2 m2L..J t - R t - t ­
j "j II, "1 sin ( cos (, I i- I', 

(3.25 ) 

+8G~ [sin 7J -+ cos 7J, sin ( -+ cos ( , cos ( -+ - sin ( j , 

Introducing t he notation 

T'J(j , j') 

(3.26) 

and 
T2L = COS

4 7J T2 (1, 1) + sin 4 7J T2 (2, 2) + sin2 7J cos2 7J (T2 (1,2) + T2 (2, 1», 
(3.27) 

T2R =sin4 7J T2(1, 1) + cos4 7J T2(2 ,2) + sin 2 7J cos2 7J (T2(1, 2) + T2(2, 1») 

the cont ribution to the sum of the squared matrix element can be given by 

4GiTn cos ( + G~T2Rsin4 ( , I = I' = 1 

4~ L IM~' ) + M~u ) 1 2 = G1T2L sin4 
( + G~T2R cos (, I = I' = 2 (3.28) 

{ 
2(GiTn + G~T2R ) sin2 

( cos ( , I i- I' , 

The contribution to the total cross section is again derived by the similar integration as previously 

using now the formulas 

j ,m.., F2(t) 


C ~'ft (t - x)(t - y) 


{ .! (s - 2a)t + F2{X ) In It - xl- F2(Y) In It - YI} if x i- y (3.29) 
/ b x-y x-y 

-
{ 

/ { i (s - 2a )t - ~~xJ + FHy) In It - xl} if x = y 

and 

j t"' u H2 (t, u ) 

I ...... (t - x )(u -y) 

= / { ~ (S-2a)[t+x ln lt-xl+Ylnlt-YIJ (3 .30) 

H2( X, y) }
- ~Illt-xl+lnlt-yll, 

s - a +x+y 
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I = I' = 1 
I =I' = 2 
1= 1, I' =2 
1= 2, I' = 1 

j =1 j =2 
- sin TJ cos TJ sin ( cos ( sinTJ cos TJ sin ( cos ( 
sin TJ C08 TJ sin ( cos ( - sin TJ C08 TJ sin ( cos ( 
- sin TJ COS,., C082 ( sin TJ cos TJ C082 

( 

sin,., cos TJ sin 2 
( -sin TJCOS TJsin 2 

( 

Table 3.1: The coefficients CLIR/lj from [7]. 

j=2 
sin- TJCOS2 (I = I' = 1 
sin 2 TJsin 2 

(I = I' =2 
- sin 2 TJ sin ( cos ( I 1= I' 

Table 3.2: The coeffic ients CLlLl'j and CR1Rllj from [7] . Here, CLIR = 9LIR/2j2, 9LIR is the 
coupling constant of the group SU(2h / R' ( and 1] refer to the mixing angles of the W-bosons and 
of the neutrinos, respecti vely. 

The equa t ions (3.20)-(3.22) and (3.28)-(3.30) form the basis both for the numerical computations 
and for the ana lytical considerations as comes to the t- and u-channels . 
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Chapter 4 

Contribution from s-channel and 
final formulas 

The Yukawa co upling of a higgs t riplet to the lepton doublets is given by eq. (2 .1) . The connection 
between the charged states and the cartesian states is given by 

Ll-- _l_(LlI _ iLl2 ) 
V?­

(4.1)Llo _l_(LlI + iLl2) 
V?­

A- Ll3 . 

The relevant part of the lagrangian (2.1 ) for t he annihilation vertex of the s-channel diagram is 

(4.2) 

The LlW W vertex comes from the kinetic energy (2.2) of the triplet higgs , whose relevant part is 

_ gl < Llo > g/JII( W - )t(W- )t Ll-- ( 4 .3) R R R/J RII R ' 

The weak boson state Wil is a mixt ure of the mass eigenstates W'-2' The expressions for these 
vertices have been given in Figure 2.1. ' 

From these rules we derive the ampli tude 

{ 

sin2(. 

cos 2 (, 

sin (cos (. 

[ = [' = 1 
[ = I' =2 
I of: I', 

( 4.4) 

and for a left-handed triplet we would analogously have 

I = I' = 1 
I = I' = 2 (4.5) 
I of: I' . 

In general, one may have both LlL and LlR triplets the physical states being their mixings in the 
theory. To avoid extra parameters we choose the phenomenologically acceptable situation where 
we have only the right-handed triplet, that is, just the amplitude (4.4). 

In this case the interaction (2 .1) of the right-handed triplet is responsible to the Majorana mass 
terms of the neu t rinos . The relevant part of (2.1) is now 

(4.6) 
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which leads to the identification (see f. ex. [8]) 

m V1 ::::- v'2fR < Ll~ > ( 4.7) 

and to the s-channel amplitude 

sin 2 
(, I = I' = 1 

""{')(II')- 2 C( 5) ig/A/A' { cos2 (, I = I' =2 ( 4.8) l~/A' - -gRm v1 1 +, s - Mi 
sin (cose I =f I'. 

From this we can derive for the factors appearing in the trace (2.8) the following expression: 

(4.9) 

with 
sin2 (, I = I' = 1 

2KII' «() = cos (, I =I' ::: 2 (4.10)
{ sin (cos (, I t I'. 

A straightforward trace calculation gives for the sum of the squared matrix element 

I = I' = 1 

I = I' = 2 (4 .11) 

I =f I'. 


We are left with the 8t and Stl cross terms. From relations (3.7) and (4 .9) we have 

(4.12) 

and the trace calculation results in 

(4.13) 

I = I' = 1 
I = I' = 2 
I =f I'. 

We note that in the s-channel amplitude we have approximated the mixing angle 1] of the neutrino 
mass eigenstates to vanish which allows us to use the mass m v , as a parameter in our expressions. 
T his is a good approximation as long as t he Dirac neutrino mass, which equals the electron mass, 
is small com pared with the Majorana mass given in (4.7) . For the t- and u-channel results (3.20)-­
(3.22) and (3.28)-(3.30) we will use the same approximation . The integrated equations obtained 
fro m them and from eqs (4. 11 ) and (4.1 3) for all channels are given by 

(4.14) 

14 
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• • 

(4 .15) 

(4 .16) 

21'''' 0% Re L M (' )- M(U) g~ (m;)/b) KM<) [(s - 2a)(tma:z; - tmin) 

c""" 

[2(s-2a)m; _ bH2(m~)lm~J] 
, s-a+2m~) 

tma:z; - m;) I 
x 1og 2 . ( 4.17) 

Itmin - m,,) 

Our computations are based on these formulas although our computer program can process the 
case where m"l and '1 do not vanish . 
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Chapter 5 

Results and discussion 

First of all we note the cancellation of the terms which would lead to a constant or a linear or 
worse behaviour of the cross section as a function of the c.m. energy squared. Such terms cancel 
each other in the integral of L IM}') + M}u}1 2 . In the integral of L IM}'} + M}u}1 2 the highest 
terms are quadratic in B and the sum of the pure t-channel and the pure u-channel terms, which 
always are equal, is just the sum of their cross terms. Further, their total sum is just equal to 
the highest term arising from the s-channel. The cancellation happens due to the negative (and 
equal) cross terms of the s-channel with the t- and the u-channels . Thanks to this cancellation the 
high-energy behaviour of the total cross section is of the usual type of log sis. This is, of course, 
what one should expect according to the gereral theorems of the asymptotic smoothness of gauge 
theories . 

The second remarkable point is that the expressions always have an overall factor, which is 
proportional to the neutrino masses. This causes the cross sections to vanish with the vanishing 
neutrino masses. The third noteworthy feature is the dominance of the L). - - resonance in the 
s-channel. As there is substantial uncertainty associated with the mass of L). - - we are not able to 
make any unique predictions of the cross sections which quite crucially depend on how close we 
are to the L). - - pole. Fourth, we note that although we do not consider the angular dependence 
of the differential cross section in this work, it is obvious that the s-channel can be separated from 
the t- and from the u- channels in experiments because the s-channel results do not depend on the 
scattering angle. 

We have made our calculation under the simplifying assumptions of the vanishing light neutrino 
mass m v , and respectively of the vanishing neutrino mixing angle 'f}. In this case the contributions 

from L: IM~t) + M}u)1 2 vanish and the contribution of L: IM~t) + M~u}12 arises merely from T2(2, 2) 
in T2R (see eq. (3.27)). This gives the overall factor 

(5.1) 

to the cross section. From this we see the dependence of the cross section on the gauge coupling 
constant gR and on the W mixing angle ( (see eq. (4.10». Because ( is at most of the order 
of 0.001 [2] and because we deal with the case of MWl ,...., (6 - 10) x Mw, the production rate of 
the pair W I W2 is only about one ten thousendth of the prod uction rate of the heavy pair W2 W2 
(outside the possible L).-- resonance region). For the same reason, the production rate of the light. 
pair WI WI is really negligible (about 10-8 x the production rate of W2 W2). 

The factor (5.1) does not tell us all about the behaviour of the cross section as a function of 
the neutrino mass m v" because there are complicated mass depending terms of the t- and the 
u-channel amplitudes. 

Let us now turn to our numerical results. We have concentrated upon the planned energy 
region of the future colliders and in this work we use two values, 0.5 TeV and 0.8 TeV for the 
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heavy W-boson mass Mw,. The fi rst one is just above the present experimental minimum value 
[2] . We present the cross section 88 a func tion of the energy and of the neutrino mass by fixing 
t he mass of the higgs to some illustrating values. In these pictures, t he charged W-mixing angle ( 
has taken to have the value 0.001, which is experimentally allowed [2]. To keep the consistency of 
t he parameters we use the value 2.073 for the right-handed coupling constant gR, which has been 
computed in our previous work [7] . For the electric coupling constant Cl'em we take the Z-boson 
threshold value 1/128 . Actually this should be appropriately corrected for the Te V region, but it 
would not make notable change of our results. 

Only the process e- e- -- Wi W2- has surely the large enough cross section for experiments 
provided that t he particles had their parameters in the region assumed by us . Let us now consider 
our results for t his process. The figures of this chapter can be found in the end of this paper . 

In Figures 1-2 , the total cross section is presented as a function of the center of mass energy for 
Mw, =0.5 TeV and mil, = 1.0 TeV. In Fig 1 MA = 0.5 TeV and in Fig 20.8 TeV . The form of the 
curves is typical for the cases when the ~ - - resonance lies below the threshold of the process. We 
note that the maximum value of the cross section has been removed from 0.55 pbarn in the first 
picture to 2.35 pbarn in the second picture. This is explained by the enhancement in the s-channel 
when the ~-- resonance is approached . 

In Figures 3-4, we see the resonance region when m v , = 1.0 TeV. In Fig 3 MA = l.5 TeV and 
the rise at the threshold is really steep. In Fig 4 MA =5.0 TeV and the rise is now slower because 
the s-channel contribution has dropped slightly at the threshold region . 

In Figures 5-6 the cross section is presented as a function of the energy for various values of 
MA when mil, = 1.0 TeV. In Fig 5 Mw, := 0.5 TeV and in Fig 6 Mw, = 0.8 TeV . The order of the 
magnitude of the cross sections has decreased approximately according to the front factor (5.1) . 
Once again the strong enhancement of the cross section in the cases where M A approaches to the 
center-of-mass energy is a striking feature of the curves. The s-channel begins to dominate already 
quite far from the resonance point as can be seen in the curve where M A = 4 TeV. In Fig 5, it can 
also be seen that a cross section of about 0.3 pbarn is always reachable . 

In Fig 7, the cross section has further been shown as a function of the energy for MA = 0.5 
TeV but now m v , varies: m v , = 0.5 TeV, 1.0 TeV and l.5 TeV . This picture reveals that the cross 
section increases when m v , increases but the increase is not proportional to the square of mil,. 
This gives ground to the following pictures . 

In Figures 8-9 we see the cross section as a function of m v , for various values of MA when 
the energy is 1.5 TeV and 1.2 TeV . These again are typical pictures where the steepest curves 
are obtained when the energy is near to the ~ - - resonance . In these Figures we also see the 
complicated behaviour of the cross section as a function of m v , if we are far from the resonance 
region. This structure has further been studied by dividing the cross section by m~, . The s-channel 
and its cross terms with the t- and the u-channels contribute a constant which varies from one 
curve to another . The result is presented in Figures 10-11. We see that the expected behaviour of 
the cross section as a function of the neutrino mass is achieved when the mass exceeds some limit 
which is around 5 TeV in Fig 11. 

Finally we show an example where the light heavy pair WI W2 has been produced in electron­
electron collisions . The light W mass Mw, has the value 80.14 GeV [1] and the other parameters 
have the same values as in Fig 1. The maximum value of the cross section is about 0.095 £barn as 
it for the heavy pair is about 0.55 pbarn. The order of the cross section of light heavy pair is what 
can be expected from the factor (5.1). 
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Chapter 6 

Conclusions 

The computated cross sections for the heavy W pair production e- e- 1-+ W2- W2- are of the order 
of 0.1 - 1 pbarn at the energy range of the next generation colliders, provided that the particles 
have the parameters in the region assumed and that the ~-- resonance does not ly in the vicinity. 
The production rates for the other same-signed W pair channels are negligible. The cross section 
vanishes in the limit of the vanishing neutrino masses but its behaviour as a function of the 'heavy' 
neutrino mass is complicated until the mass increases to a several Te V scale, after which the cross 
section is proportional to the square of the mass. The ~ - - exchange channel should be possible 
to separate from the neutrino exchange channels by using the scattering angle distributions but 
without a more detailed study we can not say if the order of the heavy neutrino mass could be 
determined from these scattering experiments under some conditions. 
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A ppendix A 

P rogram s 

A.I P rogram for Computation of Cross Section 

{PRO GRAM e_e_W_W_.pas} 

{------------------------------}
{CROSS SECTIOI FOR WPAIR PRODUCTION IN ELECTRON-ELECTRON COLLISION} 

PROGRAM eeWW(input,output,kirjdata); 

uses Crt; 
A: VARIABLES AID SUBROUTINES} 

{------------------------------} 
LABEL ens i data,toinendata,lopputila,energiavali,evaihto,loppu; 

TYPE VEKTORI = ARRAY[l .. 2] OF REAL; 
KERTOI MET = ARRAY [0 .. 4] OF REAL; 
I DEKSIT=1 .. 2 ; 
MATRIISI=ARRAY[INDEKSIT,INDEKSIT] OF REAL; 

VAR 
Alkutila , STKoodi,LKoodi:integer; 
KoordY: byte; 
val,tirjval.pi t ,val1 : char; 
kirj : tnt; 
kir jdata : string [ 12]; teksti:string; 
tyhja10 : string[10]; tyhja12 : string[12]; yhta54 string[54]; 
logotekst i : array[l .. 10] ot string[34]; 
II : integer; 

M,M :VEKTORI ; {H mass ot W, N mass ot neutrino} 

KERROIB: REAL; {factor of cross section} 

MB:REAL; {mass ot higgs} 

SETA,SETA2,SETA4,CETA2,CETA4,SKSI,SKSI2,SKSI4,CKSI,CKS12,CKSI4:REAL; 

G,SUBDE:real ; {lett coupl constant and ratio ot R and L couplings} 

Ll.L2: INDEKSIT; {Indices ot tinal state} 

SMM, TMM:REAL; {sum and product ot squares ot W masses} 
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http:val,tirjval.pi


EIERGll,EHII,EHAX,EVALI,S:REAL; {CM-ENERGY, l imits,step ,square 
Z:VEKTORI; {Limits of integration} 
TX _l,LNTX,HI:VEKTORI; 
C:KERTOIMET; {Coefficients of trace polynomial} 
X,Y,TERO,APU,APUlS,APU2S,SUHDE4,KULMASTU :REAL; 

of energy} ., 

TTlOS1,TUlOS1.TI0SA:REAL; 
TT20S1,TU20SA,T20SA:REAL; 
TT2L,TT2R,TU2L,TU2R.TT_OSA.TU_OSA,UU _OSA:REAL; 
ST_OSA,SU_OSA,S_OSA,T_OSA,SIGMA:REAL; 

ITT2,ITU2,IT2:MATRIISlj 

I,Jl.J2 : IHDEXSITj 

FUICTl OI POT(X:REAL;I:IITEGER):REALj 
VAR I:IITEGER; APU: RE ALj 
BEGII 
APU: =l; 

FOR 1:=1 TO II DO 
BEG II 

APU:=APU.Xj 
EID; 

POT :=APU; 
EliD; 

FUICTION ITT1(X.Y,S,SHM,TMM,TERO: REAL;TX_l,LNTX :VEKTORI):REALj 
VAR FOX,FOY.FlX.F IY,APUX,APUY:REAL; 

I:INTEGER; 
C: KERTOIMET; 

BEGII 

{The reduced coefficients of the power series ( in Handelstams t) 
C[4] :=1 ; C[3]: =S-SHM; C[2] :=-2*S*SHH+S*THMj C[l] : =4*(S-SMM)*TMMj 
C[O]:=4*SQR(TMM); 

of trace} 

FOX :=C [O]j FOY:=C[O]; FIX;=Oj FIY:=O; APUX: =1; AP UY :=1; 

FOR H: =1 TO 4 DO 
BEGIN 

END; 

F1X:=FIX+N* C[I] *APUI; 
FIY:=FIY+X*C[N]*APUYj 
APUX:=APUhl; 
APUY:=APUV*Yj 
FOX:=FOX+C[I]*APUXj 
FOY:=FOY+C [R] *APUYj 

APUX :=C[4] .(X-Y) *(X-Y)*TERO-FOX*TX _1[1] -FOY*TI_1[2]; 
APUY:= (F1X - 2*FOX/(X-Y»*LITX[l] + (FlY + 2*FOY/(X- Y» .LNTX[2]; 
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ITT1:=-2.(APUX + APUY) /TMM ; 

EIID; 

FUICTIOI lTU1(X, Y,S, SMM,TMM,TERO :REAL;LHTX:VEKTORI):REAL; 

VAR FXX,FYY,FXY,XX, YY,XY,XYERO,HIM,HAKAX,HAKAY,CXY,CO:REAL; 

BEGII 

XX:=X-X: lY:=X-Y; YY:=Y*Y; XYERO:=X-Y ;NIM:=S-SMM+X+Y; 

CXY:=2-SMM-S-TMM; CO:=4*SMM*TMM*S; 

FIX:=XX*(XX+CXY)-CO; 

FYY:~YY*(YY+CXY)-CO; 

FXY:=XY*(XY+CXY)-CO; 

HAKAX:= IX*XYERO - FIX/(IIM+XYERO) + FXY/N IM ; 

HAKAY:=-YY*XYERO - FYY/CRI K-XYERO) + FXY/HIK; 


lTU1:=-2*ClYERO*XYERO*TERO + 2*HAKAX *LNTX[1] + 2*HAKAY*LHTX[2])/TMM; 

EID; 


FUICTIOI TU2(X,Y,S,SMM, TMH ,TERO, LHTXERO,LNTYERO :REAL):REAL; 

VAR FXY,IIM,CXY : REAL; 


BEGII 

CIY:=S-2*SMM; FXY:=CXY*X*Y + 2*SKM* TMM; HI M:=S-SMM+X+Y; 

TU2:= -2*(CIY*TERO+(CXY*X-FXY/NI M) *LNTXERO+(CXY*Y- FXY/ NIM)*LNTYERO)/TMM; 

EIID; 

PROCEDURE LaskeTT2(VAR JTT2: KATRIISI ;S,SMM ,TMM,TERO:REAL ;XX,TJ_l,LNTJ:VEKTORI); 
VAR 	 F1X,CXY:REAL; 

FX:VEKTORI; 
Jl:IrfDEKSIT; 
BECII 

CXY:=S-2*SHM; 

FOR 	 J1:=1 TO 2 DO 
BEGII 
FX[Jl]:=XX[J l ]*(CXY*XX[Jl] - 2*SMM*(S-SMM»+2*TMM* (2*S-SMM); 
F1X:=2*(CXY*XX[J l]-SMM*(S-SMH»; 
JTT2[Jl,Jl]:=2*(CXY*TERO-FX [ Jl ] *TJ _l[Jl]+F1X*LNTJ[Jl])/TMM; 
EtD; 

JTT2[1,2]:=2*(CXY*TERO+ (FX[1]*LNTJ[1] - FX[2]*LNTJ[2])/(X-Y»/TMM; 
JTT2 [2 ,1] :=JTT2 [1, 2] ; 

END; 

PROCEDURE LueRLuku(VAR A:realjteksti:string); 
VAR STKoodi:integerj 
BEGU 

repeat 
WRITE(teksti); 
{$I-} 
READLI(A) j 

{$I+} 
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STKoodi := IOResult; 
if STKoodi <> 0 then Wri teln('lNPUT ERROR: Gi ve again') 

until STKoodi = 0; 

END; 


PROCEDURE Lue2RLukua(VAR A.B :real;teksti:string); 

VAR STKoodi:integer; 

BEGIi 

r epeat 

WRITE(teksti); 

{$1-} 

READLI(A,B); 
{$I+} 

STKoodi := IOResult; 
if STKoodi <> 0 then Writeln('INPUT ERROR: Give again') 

until STKoodi = 0; 

EID; 

PROCEDURE Lue3RLukua(VAR A,B,C:real;tekst i : s tring) ; 

VAR STKoodi : integer; 

BEGIII 

repeat 

WRI TE(teksti); 

{$I - } 


READLI (A, B,C); 

{$I+} 


STKoodi := I OResult; 

if STKoodi <> 0 then Writeln('INPUT ERRO R: Give again') 


unt il STKoodi = 0; 

END ; 


{MAIII PROGRAM BEGINS} 


BEGIII 

Alkut ila ,- LastMode; 

Text Attr ,- LightGray ; 

ClrScr; 


{logo-part} 

begin 


tyhjal0 := , 'i 


t yhja12 := , '; 

Fil l Char(yhta54. SizeOf(yhta54).Chr (205»; 

yhta54[O] := #54 ; 


writ eln(tyhjal0 ,Chr(213).yhta54.Chr(184»; 

l ogot ekst i[l] := '======= e_e_ - W_W_ ::::;;=::=== I ,. 
, ,l ogoteksti[2] := ' , 
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logoteksti[3J := 'Pr ogram for production of vector'; 

logoteksti[4J := ' bosons in electron-electron ' ; 

logoteksti [6J := ' collisions in left-right model ' ; 

10goteksti[6J . - logoteksti[2] ; 

logotekBti[7] := ' Programmed by A. Pietila '; 

logoteksti(8] := 'Depart. ot Physics , Univ. of Turku'; 

logoteksti[9J := 'Ves ilinnantie 6, SF-20500 Turku '; 

logotekBti[10] := 'Date of release: 23 . 4. 1992 '; 


vriteln(tyhjalO, Chr(179) , tyhjal0. 10goteksti[2] , tyhjalO, Chr(179»; 

tor II ;= 1 to 10 do 

vriteln(tyhjalO, Chr(179). tyhjal0, 10goteksti[II] , tyhja10, Chr(179»; 

vriteln(tyhja10. Chr (212 ) , yhtaS4 .Chr(189»; 

vriteln; 


end; {logo-osalle} 


{vriting on the screen or by print er or into file} 

HighVideo; 

GotoIY(1,26); 

write('output on scr een n or by printer p or into file t. Select : ,); 

readln(kirjval); 

case kirjval of 


'p','P': begin; kirjval: ='p'; Ass ign(kir j. 'lpt1'); 

vriteln('output by printer');rewrite(k i rj); end; 

't','T': begi n; kirjval : =' t'; 

vriteln('output i nto file, name 1ater') ; end; 


elss begin; kirjval := ' n '; AssignCrt(kirj); 

writeln('output on screen');rewrite(kirj);end; 

{use slow output Assign(kirj. ") if Crt does not work} 


end; 

{selection ot legnth of output} 

{short output especially for into file out put} 


vriteln('lormal output contains data and main results'); 

writeln('Short output contains energy and cross section in exponent form'); 

writeln('Long output also contains int ermediate results'); 

vrite('Select normal n or short 1 or long p: ' ); 

readln(pit) ; 

case pit ot 


'n', "': pit:='n'; 
'p','P' : pit:='p'; 

else pit:='l'; end; 

{B: Input and other preparation}
{----------------------------} 
{Initial values for basic data} 

"[1J:=0.08014; "[2J: =M[1J; 1[1J: =0; G 2 . 072; SUHDE:= 1; 
SETl := 0 .000; SKSI := 0 .001; 
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•, 

ens idata: 

writeln('HOTE: Separate the figures by space if you give more t han one'); 

writeln('Basic data i s below: '}; 

vr i teln('M(Wl) M(n1) gel) g(R)/g(L) sin(eta) sin(ksi) ovat : ' ); 

writeln (M[l] :7:6,1[1] : 10:5,G:l0:6,SUBDE:l0: 5 ,SETA :l0:5,SKSI:10:5); 

write( 'Accept by letter k, change bye: '); r eadln (val); 


if 	(val = 'e') or (val = 'E') then 
begin; 


t etsti:='Give l ight boson maas and light neutrino mass:'; 

Lue2RLukua(M [1] ,1 [ 1] ,teksti); 

t etst i :='Give coupl cons gel) and ratio g( R)/g(L): '; 

Lue2RLukua (G ,SUBDE,teksti); 

tekst i: ='G i ve s in(eta) ja sin(ksi): '; 

Lue2RLukua(SETA,SKSI.t eksti); 


end; {for it} 

{Fac t ors and angl e parameters} 


KERROlR:=SQR (137/1 28)*0. 130282*POT(G,4)/8; 

{This includes 1/4 f r om electron spin average} 

SUBDE4 := POT(SUBDE,4 ) ; 


SETA2:=SQR(SETA);CETA2:=1-SETA2; SETA4 :=SQR(SETA2);CETA4:=SQR(CETA2); 

SKSI2:=SQR(SKSl);SKSI4:=SQR(SKSI2) ;CKSI2 :=1-SKSI2; CKSl4:=SQR(CKSI2); 

CKSl:=SQRT(CKSI2); 


lopput ila: 

repeat 

WRlTE('Give i ndices of final state ( 1 1 or 1 2 or 2 2) '); 

{$l-} 

READLI (Ll, L2 ) ; 


{$l+} 

STKoodi := I OResult; 

LKoodi := ABS« Ll-l)* (Ll-2» + ABS« L2-1).(L2-2» + ABS(STKoodi); 

if LKoodi <> 0 then Writeln('Input error: Gi ve again ') 


until LKoodi = 0; 

IF 	(Ll=2) OR (L2=2 ) THEN 
BEGII 
tekst i:='Give mass of W2: '; 
LueRLuku (M[2] ,tekst i); 
END; 

SMM :=SQR(M[Ll] )+SQR(K[L2] );TMM:=SQR(M[Ll] .M [L2]); 


toinendata: 

{Masses of higgs and heavy neutrino} 


t eksti:= 'Give Higgs mass and heavy neutrino mass: 'i 

Lue2RLukua(MH,N[2] , teksti); 
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l:=SQRCI[l]); IH[l]:=X; 
Y: =SQR(I [2]); lflt[2]: =Y; 

{Input of C.M. energy and parameters depending on it. REPEAT-loop} 

energiavali: 

{Chose of file and opening} 
if kirjval = 't' then 

begin 
{tI-} 
repeat 
vrite('Give output file name : . ); 
read.ln(kirjdata) ; 
Assign(kirj,kirjdat a) ; 
vrite( ' do I open new f i le or add to old one new=u old=v .); 
read.ln(val) ; 
if (val='v') or (val= 'V') then 

begin val := 'v' ; Append(kirj ) ; STKoodi := IOResu1t;end 

elae begin Rewrit e(kirj); STKoodi := IOResult;end; 


if STKoodi <> 0 then Write1n('Err or in opening: Give again') 

until STKoodi = 0; 

{tI+} {Check of error} 

if val = 'v' then vrit eln('adding to file ',kirjdata) 

else vrite1n('opening new fi l e ·.kirjdata); 


end; 

t etsti:='Give lover and upper limits and step of energy: '; 
Lue3RLukua(EMIB.EMAX,EVALI.tekati) ; 

EHERGIA := EMIl; 

{OUTPUT} 
if kirjval = 'n' then begin lormVideo;C1rScr;end; 
if (pit='n') or (pit='p') then 

begin 

vriteln(kirj) ; 

vriteln(tirj . ' USED PARAMETERS AND RESULTS'); 

vriteln(kirj.' final stat e indices and Wmasses " 


Ll:2,L2:2,H(Ll]:lO:6,M[L2J :8:6); 

vriteln(kirj.' g g( R) /g(L) sin(eta) sin(ksi): 


G:8:6.SUBDE:8:6.SETA:8:6. SKS I :B:5); 

vriteln(kirj.' higgs and neut riino masses 


MB:8:6.1[1]:8:6,H(2]:8:6); 


Writeln(kirj.'------------------------- ------------------------- ­
----------------------------_.); 
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end; 

if pit='n' then begin 

WRITELI(kirj,' E ' ,'SIGMA ' , 'S-CHANNEL " 


'ST-CROSS ','SU-CROSS ','T-CHANNEL ','U-CHARN EL ','TO-CROSS'); 
Writeln(kirj.·--- --- ------------------- ------------- ------------- ­

----------------------------,); 
end; 

REPEAT {Energy loop begins} 

{Treat.ent of error in energy value} 
IF (EIERGI.l < M[L1]+M [L2]) OR (ABS(ENERGIA-HH) <O.Ol) THEN 

begin 
KoordY := WhereY - 1; 
GotoXY(1.26); HighVideo; 
Write('Energy' ,ENERGIA:5:2.' ERRONEOUS, do I j ump over yes=k no=e: '); 
readln(val) ; 
if (val='k') or (val='K') then 
begin GoToXY(l, 24);Del Line ;GotoXY( l ,KoordY);NormVideo;GOTO evaihto;end 
else begin close(kirj);GOTO t oi nendata; end; 
end; 

S:=SQR(EIIERGIA), 


lPU1S:=(SMM-S)/2; APU2S :=SQRT(SQR( APU1 S)-THH); 


Z[l]:=APU1S - APU2S; {Low limit ot integration} 

Z[2]:=APU1S + APU2S ; {Upper limi t of integration} 

TERO :=2*APU2S; 

TX_1[1]:= - TERO/(TMM+(S-SMM) . X+SQR( X»; 

Tl_1[2]:= -TERO/(TMM+(S-SMM)*Y+SQR(Y»; 

LlTX [l]:=LI(ABS « APU1S-X+APU2S)/(APU1S-X-APU2S»); 

LITX[2]:=LN(ABS«APU1S-Y+APU2S)/(APU1S-Y-APU2S»); 


{Real calculation begi ns} 


{c: CHA••ELS T AIID U} 
{------------------------------} 

{Al l traces calculated by REDUCE which gi ve them only one quarter} 
{which together with the common tactor in t powers has been taken into ace.} 
{sign! 2 TKM has been t aken i nto account in TTl0SA-UU20SA } 

{OSA I or CONTRI BUTIONS FROM QQ TERMS OF TRACES} 

{TT1- OSA UU1-0SA = pure T- and U- channel contribut ions} 

TT10SA := ITT1(X,Y.S ,SMM.TMM.TERO, TX_l,LIlTX )/2; 

{rul-OSA = cross term of T and U channels} 
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TU I0SA:= ITU1(X.Y ,S, SMM .TMM,TERO,LNTX)/2; 

{OSA2 or COITRIBUTIOIS FROM 101-QQ TERMS OF TRACES} 

{112- =oo2-0SA = pure T- and U- channel contributions} 

LaskeTT2{1TT2 ,S .SMM ,TMM,TERO,II,TX_l,LNTX); 

APU := 2*1[1]*1[2] *SETA2*CETA2*ITT2[1.2]; 
112L := X*CETA4*1TT2[1.1] + Y*SETA4*1TT2[2,2] + APU; 
112R := X*SETA4*1112[1.1] + Y*CETA4*1TT2[2,2] + APU; 

{TU2-0SA = cross term ot T and U channels} 

FOR 	 Jl:=l TO 2 DO 
FOR J2: =1 TO 2 DO 
lTU2 [Jl ,J2] :=TU2 (N! [Jl] .n [J2] ,S , SMM, TMM, TERO ,LNTX [J 1.] ,LNTX [J2] ) ; 

APU := 1[1]*X[2]*SETA2*CETA2*(1TU2[l,2] + ITU2[2,l]); 

TU2L := - 2 * (X*CETA4*1TU2[l , l ] + Y*SETA4*1TU2[2,2] + APU); 

TU2R := - 2 * (X*SETA4*1TU2[l ,l] + Y*CETA4*1TU2[2.2] + APU); 


{LOIG OUTPUT} 


It pit = ~p~ t hen begin 

{tor alternative caculation} 

FOR J1:=1 TO 2 DO 


FOR J2:= 1 TO 2 DO 
1T2 [Jl . J2]:=2*I112[Jl,J2]-2*1TU2[Jl,J2]; 

WR1TELI(kirj, ' ENERG1A',ENERG1A:7:2); 
, , IT2[l,l]WR1TELI(kirj, ' 1110SA ',' TU10SA , 

IT2[2,2] , , ' 1T2 [1. 2] ,) ; 
WR1TELI(kirj,1110SA:12,' ',1Ul0SA:12,' ',1T2[l,l]:12,' " 

1T2[2,2]:12,' ', 1T2 [1,2]: 12); 
WR1TELI(kirj, ' 1112 [1,1] , , • 1112 [1,2] , , ' ITT2 [2.2] , , 

TT2L' , ' 112R' ) ; 
WRITELI (kirj,ITT2[1. 1] :12 ,' ', 1TT2[l, 2] :12,' ',ITT2[2,2]:12.' , 

112L:12,' ', TT2R: 12); 
WRITELI{kirj,' 1TU2[l ,l]',' ITU2[l,2]',' 1TU2[2,2]', 

TU2L'. • TU2R ' ); 
WRITELl(kirj , I TU2[1,1]: 12,' ',1TU2[1. 2] : 12,' " 1TU2[2. 2] : 12,' , 

TU2L:12.' ' ,TU2R :12); 
end ; 

{TOTAL COITR1BUT10I FROM T AND U CHANNELS} 

{For non-identical part icles in tinal state} 
IF Ll <> L2 

THE! 
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BEGIN {begin-command I} 

KULHASTU := SKSI2*CKSI2; {angular f actor for 88-, st- ja 8u-terms} 

iPU := SETA2*CETA2*(SKSI4+CKSI4)*SQR(SUHDE) ; 

TTIOSA := APU * TTIOSA; 

iPU := SETA2*CETA2*SKSI2*CKSI2; 

TUIOS1 := - *APU*TUIOSA ; {TUIOSA has own angular dependence} 

APU := SKSI2*CKSI2; 

TT20SA := APU * (TT2L+SUHDE4*TT2R)/2; 

TU20SA := APU * (TU2L+SUHDE4*TU2R) !2; 

ERD {begin-command I} 


ELSE 

{For i dentical part icles in final s tat e} 

BEGII {begin-command 2} 

APU := SETA2*CETA2*2*SKSI2*CKSI2 *SQR(SUHDE); 

TTIOSA . - APU * TT1 0SA; 

TUIOSi := APU *2*TU IOSA; 


IF L1=1 
THEN 


BEGIN {begin-command 3} 

KULKA STU := SKSI4; {Angular factor for S 9- , at- ja su-terms} 

TT20SA:= (TT2L*CKSI4 + SUHDE4*TT2R*SKSI4)!2; 

TU20SA:= (TU2L*CKSI4 + SUHDE4*TU2R*SKSI4)!2 ; 

ERD {begin-command 3} 


ELSE 

BEG IN {begin-command 4} 

KULKASTU := CKSI4; {Angular factor f or 88-, at- ja au-terms} 

TT20SA := (TT2L*SKSI4 + SUHDE4*TT2R*CKSI4)!2; 

TU20SA : = (TU2L*SKSI4 + SUHDE4*TU2R*CKSI4) ! 2; 


END; {begin-command 4} 

ENDj {begin-command 2} 


{if-command} 


{Tot al QQ contribution from T and U channels or contribution I} 
TI0SA : = 2*TTI0SA + TUIOS!j 

{Tot al non-QQ cintribution f r om T and U channels} 
T20SA := 2.TT20SA + TU20SAj 

{a: CONTRIBUTIONS FROM S AND FROM CROSS TERMS OF S WITH T AND U } 
{-----------------------------------------------------------------} 

{CHAKI EL S} 
S_OSA:=SUBDE4*Y*S*(SQR(S-SMM)!TMM+8)*(Z[2]-Z[I])!SQR(S-SQR(MH))!4; 

{CROSS TERMS} 
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ST_OSA := - S.(Y.(S-SMM) / TMM - 4)*LI (ABS«Z[2]-Y)/(Z[l]-Y»); 
ST_OSA := ST_OSA - S* (S- SMM)*(Z[2]-Z [l])/TMM; 

SU_OSA := S.(Y.(S-5MM)/TKM - 4).LI(ABS«Z [2]+S- SMM+Y)/(Z[l]+S-SMM+Y»); 
SU_OSA := SU_OSA - S.(5-SMM ) .(Z [2] - Z[1] )/TMM; 

ST _OSl: =Y.ST_OSA*SUHDE4/ (S-SQR(MH) ) .; 
SU_OS1:=Y.SU_OSA.SUHDE4/(S-SQR(MH»; 

{E: 	 CROSS SECTIOI UD OUTPUT} 
{------------------------------} 

{ADDIIG OF FACTORS} 


1PU := KERROIB / SQR(S); 

I F Ll=L2 THEN APU := APU/2i 


S_OSA := APU*KULMASTU*S_OSA * 4 ; 

ST_OSA ,- APU*KULMASTU*ST_OSA; {Here factor 2 from S-graph added} 

5U_OS1 := APU*KULMASTU*SU_OSA; {and factor from G g ratio} 

T_OSA := APU*(Tl0SA+T20SA)/4; 

TT_OSA ;= APU*(TT10SA+TT20SA)/4; 

TU_OSA ;= APU*(TU10SA+TU20SA) /4 ; 

UU_OSA := TT_OSA; 

SIGMA := 5_0SA+ST_OSA+SU_OSA+T_OSA; 


{OUTPUT} 
case pit 01. 

'n' : 
WRITELI(kirj,EIERGIA:6:2, ' ' ,S IGMA:12, ' ',S_OSA:9,' , ,ST_OSA:9,' , 

SU_OSA:9,' ',TT_OSA:9, ' ',UU_OSA: 9,' ' ,TU_OSA :9); 
'p': 	begin 


WRITELI(kirj, ' SIGMA ' ,'S-CHANNEL ',' ST-CROSS 

' SU-CROSS ',' T-CHAHHEL ',' U-CH ANNEL ',' TU-CROSS'); 

WRlTELI(kirj.SIGMA:12,' ',S_OSA : 10,' ',ST_OSA:10, 

",SU_OSA:10,' ',TT_OSA: 10 , ' ',UU_OSA :10,' ',TU_OSA:10); 

Writeln(kirj,'-- - --- -- - --------------------------------- ­

--------~-------------------------- .); 
end 


elae begin 

vriteln(kirj,EIERGY,' ',SIGMA ) ; 

11. kirjval = 't' then vriteln(ENERGI A, ' ',SIGMA);end 


end; {end 01. case-command} 


evaihto: 

EiERGIA := EBERGIA + EVALI; 

UHTIL EJERGIA > EMAX; {END of REPEAT LOOP} 


{REIIPUT OF DATA} 

i1. kirjval = 't' then close(kirj); 
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GotoXY ( l,25); 

if kirjva1='n' then HighVi deo; .


• vri te('do I STOP: yes=k, no=e: I); 

readln (va.l) : 

i f (val='t') or (val='K') then goto loppu; 

vrit eln('Do you change energy (e), hi ggs or neutrino mass (h) or f i nal'): 

vrit eln('state (1) or basic dat a ( p ) M( WI ) , M( n1 ) , g , g (R) /g(L), eta, ksi '); 

vrite( ' Select e or h or 1 or p : '); 

readln(val) ; 

case va.l of 

'e' , 'e' : goto energiavali; 

'h ' , ' B' : goto toinendata; 

'1' , 'L' : goto lopputila; 

'p' , 'P ' : goto ensidata; 


else goto l oppu; 
end; 

l Oppu: 
if (kirj val = 'p' ) or (k irj val = 'n') then cl ose(kirj ) ; 
TextMode(A1kuTila); 

END. 

A.2 P r ogram for C a lcula t ion of Traces 

% PROGRAM FOR CALCULATION OF TRACES by REDUCE 

% f or same-signed vector boson production 

%i n el ectron- electron col l i s ions 
 • 

OFF ECHO; OFF HAT; OUT TTKAH AVA ; 

FACTOR Z,S; %Z and S = Mandel stam's t and s 

I HDEX Ul,U2,V1, V2,MU1,MU2, NU1, HU2; 

MASS Pl=O, Kl=Ml,K2=M2.P2=O; 

MSHELL Pl,P2,K1 .K2; 

VECTOR Q1, Q2; 


LET (Pl .K1) =(M1••2-Z)/2. (P2.K1)= (M1**2-U)/2. (Pl .P2) =S/2. K2=Pl +P2-Kl; 

LET U = SMM - S - Z. M1. *2 * M2**2 = TMM; 


PROCEDURE J1LKI1 (Ul ,U2,Vl.V2 . Ql. Q2) ; 


«MU1.NU1) - (Kl. MU1)*(Kl.HU1) / Ml**2)*«MU2.NU2)-(K2.MU2)*(K2.HU2) / M2**2)* 

G(L,Ul,Q l .U2. P2,Vl.Q2.V2 ,P l ); 


PROCEDURE J1LK I2(Ul.U2.Vl.V2) ; 


« MU1. NU1) - (Kl .MU1)*(Kl.HU1)/Ml* *2)*« MU2.NU2)-(K2 . MU2)*(K2.HU2)/M2. *2)* 

G(L, Ul, U2 ,P2, Vl ,V2,Pl); 
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PROCEDURE JALKI3(Ul.U2.Vl.V2.Ql.Q2); 

((KU1.IU1)-(Kl.MU1)*(Kl.IU1)/Ml**2)*((MU2.NU2)-(K2.MU2)*(K2.NU2)/M2**2)* 
(Vl.V2)*G(L.Ul.U2.Ql.Q2); 

PROCEDURE JALKI4(Ul.U2.Vl.V2.Ql.Q2); 

((MU1 .IU1)-(Kl.MU1)*(Kl.NU1)/Ml**2)*((MU2.NU2)-(K2.MU2)*(K2.IU2)/M2**2)* 
(Vl.V2)* G(L,Ul.U2.A.Ql.Q2); 

LET 

TK1TKll JALKI1(MU1.MU2.IU2.NU1.Pl-Kl.Pl-Kl). 

TK1TK12 = JALKI2(MU1.MU2.NU2.NU1). 


TK1TK21 = JALKI1(MU1.MU2.NU1.NU2.Pl-Kl.Pl-K2). 
TK1TK22 = JALKI2(MU1.MU2.NU1.NU2). 

TK2TKll = JALKI1(MU2.MU1.NU2.NU1.Pl-K2,Pl-Kl), 
TK2TK12 = JALKI2(MU2.MU1.NU2.NU1). 

TK2TK21 = JALKI1(MU2.MU1.IU1.NU2.Pl-K2.Pl-K2). 
TK2TK22 = JALKI2(MU2.MU1.NU1.NU2). 

TSl = JALKI3(MU1.MU2.NU1.NU2.P2.Pl). 
TS2 = JALKI4(MU1.MU2.NU1.NU2.P2.Pl); 

WRITE "TK1TKll =" •TK 1TK 11 ; WRITE "TK1TK12 =".TK1TK12; 
WRITE "TK1TK21 =" •TKl TK21; WRITE "TK1TK22 =".TK1TK22; 
WRITE "TK2TKll :::" •TK2TK 11 ; WRITE "TK2TK12 =".TK2TK12; 
WRITE "TK2TK21 =" •TK2TK21; WRITE "TK2TK22 =",TK2TK22; 
WRITE "TSl = ".TS1; WRITE "TS2 = ".TS2; 

SHUT TTKAN AVA; ON NAT; ON ECHO; 

END; 
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