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We investigate the e"e™ — W,”W. reactions for the various gauge boson production processes
in the frame of the standard model with additional right-handed neutrinos and in the left-right
symmetric model. The present bounds on the various model parameters are taken into account.
The question of the cross section behavior for large energy and the CP violation problems are

discussed.

PACS number(s): 13.10.+q, 11.30.Er, 12.60.Cn, 14.60.St

I. INTRODUCTION

The nature of the known electron, x4 and 7 neutrinos
and the existence of the heavier (M, > Mjz) neutri-
nos are still unresolved problems in particle physics. In
the standard model all neutrinos are massless. There is,
however, some more or less strongly established evidence
which requires massive neutrinos. Problems with (i) the
solar (electron) neutrinos, (ii) atmospheric (x) neutrinos,
and (iii) the hot dark matter can be resolved if neutri-
nos are massive particles. Within the framework of the
extended electroweak models neutrinos are usually mas-
sive and Majorana-type. At low energies such models
can be probed by looking for rare processes, such as the
neutrinoless double-3 decay.

High-energy e~ e~ collision, a possible option in next
linear colliders (NLC), may provide a new test for those
AL = 2 interactions via the e"e™ — W, W, reaction,
where W; may represent standard model gauge bosons or
the additional charged gauge bosons. This inverse neu-
trinoless double-3 decay was proposed some time ago [1]
and since then has been investigated several times [2].
We have decided to study the process once more for a
few reasons. First, we would like to give the numerical
values of the total cross sections for the e”e™ — W W~
processes, taking into account the up-to-date bounds for
the various model parameters. Second, we would like
to study the problem of unitarity and to find the con-
ditions for the correct high-energy behavior of the cross
sections in various gauge models. For this purpose it is
necessary to consider all model’s ingredients [for exam-
ple, in the left-right (L-R) symmetric model both left-
and right-handed double-charged gauge bosons § f,}tz have
to be considered]. The calculated helicity amplitudes for
the process give us the opportunity to have a look at the
unitarity cancellations in a very precise way. Finally, we
investigate the problem of C' P-symmetry breaking in our
process and compare its size for various models.
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In the next section we define the mass Lagrangian
and the C'P-breaking parameters. In Sec. III we in-
vestigate which ingredients of the models are responsi-
ble for correct high-energy cross section behavior. The
numerical values of total cross sections for model’s pa-
rameters, which satisfy existing bounds and the size of
CP-symmetry breaking, are given in Sec. IV.

II. THE MASS LAGRANGIAN
AND CP VIOLATION

In the class of models which we consider the mass La-
grangian for neutrinos and charged leptons is given by

1, - _ _ _
Limass = —5(NvaNR'FNRM:NE)—(lLleRHRMflL),

where : (1)

. 9w
_ [y c _ VL
Ngr = ( VR ), Ni = (i'yzu;‘z)

are (ng + ng) dimensional row vectors of neutrino fields
and Iy (g) are np dimensional charged lepton fields. M;
and M, are np x ng complex and (ng +ng) X (ng +ng)
symmetric-complex matrices, respectively. The matrix
M, is usually divided into four parts

nr ngr
M, = @ Mp) Jnr (2)
M D Mg }nR
We know, that without changing the physical meaning
(all elements of the Lagrangian, except the mass term
[Eq. (1)], will not change) some matrices can be made
diagonal. In the models without right-handed charged
current interaction two matrices, e.g., M; and Mg, can
be chosen diagonal, in the L-R symmetric models only
one, e.g., M;. In all kinds of models which we consider
the basis of lepton fields can be chosen in such a way that
the charged lepton mass matrix M; is real and diagonal.
Then all the lepton-violating C' P phases are present in
the neutrino mass matrix M, [Eq. (2)]. The number
of C'P-breaking phases depends on the model. As an
example we consider two kinds of models.
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(1) Standard model with the additional three neutral
right-handed singlets (RHS’s). In this model np = ng =
3 and, in our basis,

_( 0 Mp
Mu - <Mg MR) k] (3)
where Mp = diag (My, M3, M3) are real numbers and
ale‘:"‘l aze’:"" a3e‘:°‘3
Mp = (blezﬁl bgetﬁ2 baet’63 ) . (4)
clei‘h C2ei72 csei‘Ys

The CP symmetry is satisfied if [3]

sin (a; — aj) =sin(B; — B;) =sin(y; —v;) =0

for i,j=1,2,3 (5)

and six phases oy —az = x1, o1 — a3 = x2, 1 — P2 =
p1; B — B3 = p2, 71 —v2 = M, and 71 — 3 = 712 break
the symmetry.

(2) The left-right symmetric model. We consider two
versions of the model. At the beginning we assume
that there is the explicit L-R symmetry with all vacuum
expectation values real (no spontaneous CP-symmetry
breaking) [3]. Then the My and Mg matrices are pro-
portional,

Mj, = const x Mg , (6)
and Mp is Hermitian:
Mp = M}, (7)

There are only six CP-violating phases [3] and we can
choose them in the following way:

Mlleial M12 M13
MR = Mlz Mzgew‘2 M23
M13 M23 M33e‘°‘3
and (8)
mi mi2et  mize
Mp = mlze"‘ﬂi Moy m23e‘ﬁ3 .
mize” P2  myzePs mg,

This model is known in the literature as manifest
(MLRS) or quasimanifest (QMLRS) L-R symmetric one.

We consider also the full version of the L-R model
where there is no relation between M; and Mg matrices
and Mp is not Hermitian [nonmanifest L-R symmetric
model (NMLRS)]. In this case there are 18 C' P-violating
phases. The phases of the matrices My, Mg, and Mp,
which do not satisfy the C' P-conserving relations [3],

J

1

Ry Mew) (Ao = £L| AX [=1) — gm0

and
1
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(Mp)sj =| (My)s; | €3 i+o),

(MR)i; =| (MRg)i; | e~*3 6%, 9)
and
(Mp)s; =| (Mp)i; | e#3(+=%9)

break the CP symmetry.
The neutrino mass matrix is diagonalized by the com-
plex orthogonal transformation

UTMU = diag[| m1 |,| m2 |, | My 4nn [ = Mua.

If we denote (10)

_(u
v=(5)

then the mixing matrices K, and Kg in the physical left-
and right-charged current interactions [see Eq. (A2) in
the Appendix] are given by '

(11)

There are reversed connections between My g), Mp and
M,,d:

My = K} M,qK;, Mp =K}M,uKng,

Kpr=U} g

(12)
and

Mg = KEM,qKr

which will be useful in the further considerations.

III. BEHAVIOR OF CROSS SECTIONS
FOR HIGH ENERGY

The reduced helicity amplitudes (see the Appendix)
have bad high energy behavior. As lim Yi,2 ~ ﬁg? the
8 oo ’

amplitudes with |A)X| = 1 proportional to v; and the am-
plitudes with A; = Ay = 0 (proportional to y;72) increase
with increasing energy. Of course, these divergences can-
not appear in the total cross section so there must exist
mechanisms which cause their cancellation. As the can-
cellations of these divergences have influence on the size
of the total cross section it is instructive to show how it
happens. There are several reasons why the bad high en-
ergy behavior does not appear in the helicity amplitudes
for /s> mg,M;,a=1,...,6,i=1,2.

In the L-R symmetric model for Ao = *+1 in the ¢ and
the u channels there are (see the Appendix)

50) D (KL (r)mam (KR(L) an (13)

RyuyMyy (Ao = 1,21 = X3 =0) —

2M;M;(1 F cos ©

) Z(K{(R))maquz(KR(L))an . (14)
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To obtain these formulas we use the orthogonality property of the Kr and K matrices:

K{(R)KR(L, =0.

For Ao = 0 the problem is only with one amplitude for A\; =
channels is divergent but when we add them together, then

B” (0’1,0’2) [RtMt + RSMB] + Bij(az,al)RuMu
V2

_...)_

+ (MJZR,L - iFJR,LMJR,L) Z (K;I_;,L)m

The crucial thing needed to obtain this high energy
behavior is existence of the three s, ¢, and u channels.
Without the 657 bosons exchange in the s channel the
unitarity would be violated. And it is important that
both left 67~ and right 6~ doubly charged Higgs bosons
are present. They give contributions to the different he-
licity amplitudes (see Appendix).

We can see that in the models with L-R symmetry the
appropriate high energy behavior is guaranteed because
of the following reasons: (i) the left and right mixing
matrices in the charged current are orthogonal [Eq. (15)],
and (ii) there exist two doubly charged Higgs bosons é7 5
with proper relations between various couplings.

We can ask now how it is possible, that in the models
without L-R symmetry, where only one charged gauge
boson W exists, the unitarity is also satisfied. In this
class of models there is no right-handed charged current.
Formally this is equivalent with the assumption that the
mixing angle £ and the mixing matrix Kg vanish:

£=0, Kp=0. (17)

There are no doubly charged Higgs bosons so there is no
contribution to the amplitude from the s channel:

M, = 0. (18)
Only one helicity amplitude in the ¢t and u channels

My (— , 39 1,0,0) seems to be divergent. But if we look
carefully at the high energy behavior we have

1
Rt(u)Mt(u) (_ P 57 0, 0)

— L [fZ K7),..ma (KL)an

1 1 s
t A= Fo0s0) ; (KL) ma ™a (KL),m]-
(19)
Now from Eq. (12) there is
> (KL) mama(EL)an = (KL MuaK1),,, = (M),
(20)

In the RHS models without doubly-charged bosons the

(15)

A2 = 0. Separately, each amplitude in the u, ¢, and s

(L1 1 1 r s
V2 gt ) | S(KZ L)) mam? (K
/oMM, P (iz’iz) [2(1—cos2®)2a:( 2(z))mama (KR(2)

o (K)o (16)

appropriate Yukawa mechanism which generates the
mass matrix My, is not present, so

My =0, (21)
and the first term in Eq. (19) which is proportional to
/s disappears, what guarantees the correct high energy
behavior of the cross section. In the models where Higgs

triplets are present the unitarity is preserved in similar
way as in the L-R symmetric models.

IV. NUMERICAL RESULTS

First we investigate the total cross sections for produc-
tion of gauge bosons in e~”e™ reaction and their depen-
dence on various model parameters. Then we consider
the C P-symmetry breaking.

A. Total cross section in L-R model

To calculate the cross section we need to know the
values of the model parameters (see [4]):
the mixing angle £

2k1ky \ My,
£ <k2 + kz) M’ (22)

the masses of the gauge bosons,

2 g? 2 2 2 g° 2
My, ~ > (kI +k3), My, = > VR (23)

1

the masses of doubly-charged Higgs particles,
1
M ~ Evf{ , M}, ~2v%. (24)

In our numerical analysis we take that 2k1ks ~ k2+k2, so
practically only one parameter, the mass of heavy gauge
boson My, is free (Mw, and g = e/sin Oy are known
from the standard model). We do not calculate the decay
width for doubly charged Higgs bosons but we put them
in the form
P&;,; = FWstg,;/MWr (25)

In addition to the above model parameters the cross sec-
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tion depends very strongly on the neutrino masses and
mixings. First of all, we can see [Egs. (15), (A6)—(A8)]
that if all neutrinos are massless (m, = 0), then the func-
tions R; . , vanish and the cross section is zero. This fact
is very well known. For massless neutrinos there is no way
to distinguish between the Dirac and the Majorana cases,
lepton number conservation is restored, and our process
cannot occur.!

From existing terrestrial experiments we know that [5]

m,, <5.1eV, m,, <0.27 MeV, m, <31 MeV (26)

and the heavy neutrinos, if they exist, must have masses
My > —A—gl [5] or even My > Mz if additional assump-
tions about the vNZ coupling are made [6]. There are
other laboratory experiments (double-3 decay and neu-
trino oscillation in the vacuum) which tell us something
about neutrino masses and mixings. Moreover, there are
also solar, astrophysical and cosmological observations
which can also give some information about masses and
mixings; see, e.g., [7]. It follows from all existing ob-
servations that the three known neutrinos (ve, vy, v.)
should have small, almost degenerate masses in the range
between 0 and several eV. The other three neutrinos pre-
dicted by the L-R model must have masses above ~ 100
GeV.

One of the possible choices to assure the mentioned
pattern of the neutrino masses is to assume that Mp is
almost a rank 1 matrix and Mg is almost diagonal with
large diagonal elements M; (i = 1,2, 3) which satisfy the
constraints [8]

= b — 4+ 0. (27)

On the other hand, the elements of the Mz matrix are de-
termined by the right-handed vacuum expectation value
vgp and should be bounded by the mass of the heavy
gauge boson [Eq. (23)]:

2Mw,

Y

Let us take the matrices Mp and Mg in the form

M; <

(28)

1.0 1.0 1.0
MD=<1.O 1.0 1.0 )
1.0 1.0 1.0-—10"°
29
and ( )
M, 10°% 10-S
Mg = (10-6 M, 10—6) .
10-% 107% M,

1Strictly speaking it is impossible to distinguish between
the Dirac and Majorana neutrinos for m, — 0 if there are
only left-handed or right-handed current interactions. If both
couplings are present (as in the L-R symmetric model) the
massless Dirac and Majorana neutrinos are still indistinguish-
able because of the orthogonality of K; and Kgr matrices
(KT,rKr,L = 0).
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Then one neutrino is massless m; = 0, the other two have
very small masses, ms ~ 0, mz ~ 0, and the masses of
the heavy neutrinos are given by the diagonal elements
of matrix Mpg:

my ~| My |, ms ~| Mz |, me ~| M3 | .

For this choice of the neutrino mass matrix the total
cross section for various other model parameters is pre-
sented on Fig. 1. In the frame of the NMRLS model
the present experimental bound on My, is not so high
and Mw, > 600 GeV is still a reasonable limit [9]. Then
the mixing angle £ does not suppress so much the he-
licity amplitudes. Curves depicted by capital A repre-
sent the result for My, = 600 GeV. In the frame of
MLRS or QMLRS models the bound on My, is larger
than My, > 1600 GeV [10] and the cross sections are
lower (the line depicted by capital B in Fig. 1). The rea-
sonably high luminosity in the next e~ e~ collision will
not give us the possibility to observe the W W[ pair
production in this case. The cross section depends also
on the heavy neutrinos masses. For m4 ~ 100 GeV (and
ms ~ mg ~ 200 GeV) the cross section is small (dashed
lines in Fig. 1) and increases with the neutrino mass [the
solid lines give the cross section for the biggest accept-
able values (Eq. (28)]. On the figure we can also see
the influence of the right-handed resonance d; ™, as for
My, ~ 0 the effect of the left-handed resonance é; ~ is
not visible (see final remarks in the Appendix).

In the next figures we present the cross sections for
production of the light-heavy W, W, gauge bosons (Fig.
2) and two heavy W, W, gauge bosons (Fig. 3). The
cross sections are higher but of course the thresholds for

10 3 E T T T T T T T T T T E
F A: My,=600 GeV ]
10%F A B: My=1600 GeV 3
0
= ' F E
&= E E
s 107 F E
10 2k E
107k 4
10k - _ 3
oL
o} 2000 4000 6000
s [GeV]
FIG. 1. The total cross section for the process e"e” —

W, W, (LR model) as a function of the c.m. energy for
various parametrizations of the neutrino mass matrix. Dashed
line is for the parametrization given by Eq. (29) with M; =
—100 GeV. Solid line is for the biggest available M; [Eq. (28)].
In all cases M, and M3 are chosen in such a way that Eq. (27)
is satisfied.
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10—
E A: My, =600 GeV
10*F A B My=1600 Gev %
— 10%F
£ 3 3
s 10 E 2
1k :
10"k 1
10 2k 2
10 7k 3
10 *F . . : . . .
O 1000 2000 3000 4000 5000 6000
\/g [GeV]
FIG. 2. Process e" e~ — W[ W, (LR model) as a func-

tion of the c.m. energy for various masses of the heavy neu-
trinos. Notation is the same as for Fig. 1.

these production processes are too high to hope that the
appropriate colliders will be built in the near future.

Figure 4 gives the behavior of the total cross section for
two light gauge boson production e”e™ - W W, as a
function of heavy neutrino masses. We take the following
parametrization of the neutrino mass matrix in Eq. (29):

My = —M, M, =M;=2M. (30)

The behavior of o (M) agrees with our previous discus-
sion: ¢ — 0 for M — 0. The cross section increases with
the increasing neutrino masses (not shown on the figure)
if we go with the mass M above the limit given by Eq.

10 s E T v T ¥ T . T E
£ A A Mw=890 Gev 3
10 % . B: My,=1600 GeV 3
104k :
) F ]
o, s L o
= 107 :
10k
10 - e
1k :
10~ . : : ; |
1000 2000 3000 4000 5000 6000
s [Gev]
FIG. 3. Process e"e” — W, W, (LR model) as a func-

tion of the c.m. energy for various masses of the heavy neu-
trinos. Notation is the same as for Fig. 1.
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10 ™ : . : . -
i Mw,=1600 GeV 1
F o ]
— 10 ki \\ 3
£ F N =500 Gev 7
S i AN J5=7000 Gev
10 ~® Tt~ E
10 -7 T T T T
6] 500 1000 1500 2000 2500
M [GeV]
FIG. 4. Process e"e” — W[ W[ (LR model) as a func-

tion of the heavy neutrino mass for NLC, /s = 500 GeV
(dashed line), and /s = 1 TeV (solid line) with parametriza-
tion of the heavy neutrino masses by Eq. (29), with M; =
—M, M, = M; =2M.

(28).

The dependence of the total cross section on the gauge
boson mass Mw,, 0 (Mw,), for various CM energies and
different mass matrix parametrizations is depicted in Fig.
5. As was discussed before, the cross section depends
strongly on My, and this behavior is not influenced too
much by the neutrino matrix parametrization.

B. Total cross section in the models with RHS’s

We consider the model with three additional right-
handed neutrinos which are singlets of the gauge group.

10 T T E|
1 K .
(a) s=500 GeVv
107 Ko (b) Js=1000 GeV %
2 107 \\\\\ E
R ]
® 10 N 1
10 ™ Nas E
10 - STz 2
S~ = ()3
(ORI -
10 ~° E
10 7} : ; -
500 1000 1500 2000
sz [GeV]
FIG. 5. Process e"e” — W; W, (LR model) as a func-

tion of the heavy gauge boson mass for different energies, (a)
for /s = 500 GeV and (b) for 1/s = 1000 GeV. Again dashed
and solid lines are for the neutrino mass paramatrization as
in Fig. 1.



52 INVERSE NEUTRINOLESS DOUBLE-8 DECAY IN GAUGE. ..

At the beginning we assume that the neutrino mass ma-
trix is pure real (CP is conserved) and is the same as
before [Eq. (29)]. There are no doubly-charged Higgs
bosons so only the ¢ and u channels contribute to the light
gauge boson production amplitude e”e™ — W[ W
(¢ = 0 and Kgr = 0). Only one helicity amplitude with
01 = 02 = —1/2 gives contribution to the total cross
section. The appropriate Ky mixing matrix elements,
(Kr).; (i =4,5,6), are decreasing functions of the heavy
neutrino mass and the same can be observed in the total
cross section (Fig. 6). The o (e"e~ — W, W) depen-
dence on the c.m. energy is presented in Fig. 7. The
cross section is smaller than in the L-R symmetric model
and decreases with energy. This is caused by the destruc-
tive interferences between heavy neutrinos. It is also very
sensitive to the neutrino mass matrix parametrization. If
we take, for example,

1.0 1.0 0.9 M, 10 20
MD=(1.0 1.0 0.9),MR=(1O M, 10) ,
0.9 0.9 0.95 20 10 M,
(31)

the cross section is much larger (dashed line in Fig. 7)
and its decreasing with the energy is smaller (destruc-
tive interferences between heavy neutrinos are absent
although such interferences can appear—see the next
section), visible only for higher energies (not shown in
Fig. 7). For /s = 500 GeV ¢ =~ 0.25 x 10~* fb with
parametrization from Eq. (29) and o ~ 0.5 x 1073 fb
with parametrization given by Eq. (31). The cross sec-
tions which we get are much smaller than that obtained
in other papers (see, e.g., Heusch and Minkowski pa-
per in [2]). The reason follows from the way in which
the mixing matrix is treated. In our approach the small
masses for the known neutrinos are obtained by the see-

10 *¢ . . - .
E 3
K ——_ \s=500 Gev 1
10 SN ——~ Js=1000 Gev 4
— 10 *°E E
2 3
° 107 3
10"; .
: -
L < ]
197 RHS model ~~_ E
10 " —T T T T =3
1700 600 1100 1600 2100
M [GeV]
FIG. 6. Processe”e” — W, W (RHS model) as a func-

tion of heavy neutrino mass for NLC (dashed line) and 1 TeV
(solid line) colliders with parametrization of the heavy neu-
trino masses as in Fig. 4.

6243
- RHS model 1
10 2k e il
F e 3
= - .
=, ! Eq. 2293
> 107 -——- Eq. (31) 3
107E
10 - . . .
o) 500 1000 1500 2000

Js [GeV]

FIG.7. Processe e~ — W, W, (RHS model) as a func-
tion of the c.m. energy with parametrization of the heavy
neutrino masses given by Egs. (29), (30) with M=100 GeV—
solid line and by Eq. (31) with M; = 100 GeV, M2, M3 = 200
GeV—dashed line.

saw mechanism. We calculate the K; matrix by diag-
onalization of the neutrino mass matrix M, which has
strong model foundation and gives realistic spectrum of
neutrino masses (three light and three heavy neutrinos).
Then the mixing matrix elements have the “seesaw” type

(Mbp)

a

(KL)eq ~ (32)
and are small for large neutrino mass m,. The small mix-
ing matrix causes the cross section also to be small. How-
ever, such classical “seesaw” mechanism is not the only
scenario to explain the small masses of known neutrinos.
There are models [11,12] where relation (32) does not
work and the mixing matrix elements can be large even
for large masses of heavy neutrinos. Then the smallness
of the known neutrino mass is guaranteed by the special
symmetry arguments which are applicable if number of
right-handed neutrinos is larger than 1 (see, e.g., [12]).
In such models the mixing matrix elements (Kr)., are
independent parameters and can be bounded by existing
experimental data. The present experimental bounds on
K| are such that the cross section o(e"e™ - W~-W™)
can be much larger, e.g., 0 = 4(64) fb for /s = 0.5(1)
TeV (see Heusch and Minkowski paper in [2] and for de-
tailed discussion see also [13]).

C. CP-symmetry breaking

There are many phases which can break the CP sym-
metry [see Egs. (4),(8)]. We don’t study the cross section
as a function of all of them. We choose only three phases
and we assume that the neutrino mass matrix is given by
Eq. (31), where the following changes are made:

M1 — ei"‘M, Mg — Ze‘ﬂM, M3 — 3€i7M. (33)
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If all other matrix elements in Eq. (31) are real then the
phases a, (3, v which are equal to 0 or 7, correspond to
the C' P-conserving case.

If all diagonal elements M; (¢ = 1,2,3) are real and
positive (& = 8 = v = 0) then the eigenvalues of the neu-
trino mass matrix are also positive and the C P symmetry
is conserved if the C P parities of heavy neutrinos are the
same and equal:

ncp(Ns) = nep(Ns) = nep(Ne) = +i. (34)

The same happens when all masses M, M,, M3 are real
negative (&« = 8 =y = w). Then CP is also conserved if
neutrinos C'P parities are negative imaginary:

ncp(Ns) = nep(Ns) = nop(Ne) = —i. (35)

In both cases above the mixing matrix elements
(KL,R),.» @ = 4,5,6 are either pure real for « = 8 =
v = 0 or pure imaginary if a = 8 = v = 7. We
have checked that for the e”e™ — W W, processes
the helicity amplitudes with Ao = 0, proportional to
the heavy neutrino masses, are dominant. These helic-
ity amplitudes include either square of the K mixing
matrix elements (for o3 = o2 = —1/2) or square of the
Kpg ones (for 01 = 03 = +1/2)—see Egs. (A6)—(A8).
That is why, summing the helicity amplitude over neu-
trino masses [Eq. (A5)], we get in both cases mentioned
constructive contributions from all of them (solid line in
Fig. 8).

In the case of mixing C'P parities the C P symmetry is
also conserved but the destructive interference between
contributions from various neutrinos causes that the cross
section decreases. In this case some of (KL r),., a =
4,5,6 matrix elements are real and some are imaginary.

To obtain these C P-violating effects several K, or Kg
matrix elements must interfere in the same helicity ampli-
tude. The structure of the chosen neutrino mass matrix

10 2 p——— T
E a=F=y=0,n E
[ sesse a=1\',ﬁ='y=0 ]
' oo ﬁ:ﬂ.a=fy=o 4
[ _ _ _ y=ma=B=0 _
10 2k Mw,=1600 GeV i
) E ]
[aat F ]
e L / N S
4 N
- - / \ <
i e . :
F . s ]
L L p
- s o . R N L] +
10 ~° s e e A
o] 2000 4000 6000
\/g [GeV]
FIG. 8. Process e e~ — W[ W (LR model) for M; =

200, M, = 400, Ms = 600 GeV [Eq. (32)] and Mw, = 1600
GeV when CP parity is conserved in the lepton sector.
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causes the (KL),., @ = 4,5,6 matrix elements to be of a
similar order,

1 1 1
| (KL)4e |~ p— >| (KL)se |~ e >| (KL)ge |~ gt
(36)

but only one suitable element of the Kz matrix is large:

| Kg l4e~1>>| (KR)ge | » a=25,6. (37)

This property causes that only if the K; matrix ele-
ments [Eq. (36)] contribute to the cross section in the
visible way, can the CP breaking be seen. It is just
the case for two light gauge bosons W W[ production
where cos? ¢ multiplies the K matrix contributions in
01 = 02 = —1/2 helicity amplitude. If the contribu-
tion from o7 = 02 = +1/2 helicity amplitude (where
sin” ¢ is multiplied by K% Kg) becomes important, then
the C P-symmetry-breaking effect decreases. That is why
the effect is visible only outside the §; ™ resonance region
where only one right-handed mixing matrix Kg gives
an essential contribution [Eq. (37)] and the interfer-
ence has no importance. It also means that the CP-
symmetry breaking is more visible for the larger Mw,,
when sin{ — 0. For the same reason the CP-breaking
effect will not be seen in the heavy gauge boson produc-
tion (cos? ¢ is multiplied by the K g matrix contributions)
and weakly visible in the light-heavy gauge bosons pro-
duction (sin€ cos ¢ multiplies K¥ Ky, ).

If the CP symmetry is violated (phases a, 8, v #
0,7), the cross sections lie between two limiting lines in
Fig. 8.

The effects of the C'P violation in the standard model
with the additional right-handed neutrinos are depicted
in Fig. 9. For the same energy with the same mass
matrix parametrization the effects are almost as large as
those in the L-R symmetric models.

1w
o a=ﬁ=fy=o,-g ]
- LER RN} =T ,f=y= 1
T gm0 ]
L - — — y=ma=p=0 4
— 107*c =TT T
2 F
5 C
10 ° 3
C RHS model 1
10 ~® b v T T T T T T
6] 200 400 600 800 1000
s [GeVv]
FIG. 9. Process e"e” — W[ W, (RHS model) for M; =

200, Mz = 400, M3 = 600 GeV [Eq. (32)] when CP parity is
conserved in the lepton sector.
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In contrast with the case of the C'P violation in the
quark sector where the effect is small the violation of the
CP symmetry in the lepton sector with the Majorana
neutrino can be very large. The CP violation phases can
change the cross section by even more than one order of
the magnitude.

V. CONCLUSIONS

We have calculated the total cross section for vari-
ous gauge bosons production processes in e”e™ scatter-
ing. Exact calculations have been done in the frames of
two versions of the left-right symmetric model and the
standard model with additional right-handed neutrinos.
We have checked the high energy behavior for the cross
sections, 31“1_)11010 o(s). Having calculated the helicity am-

plitudes we have been able to show which ingredients
of the models are responsible for the correct high en-
ergy limit o(s = o0) = 0. In the left-right symmetric
model the unitarity is satisfied because there are s chan-
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nels with doubly charged Higgs bosons é; » and the left-
and right-handed mixing matrices are orthogonal. In the
standard model with additional RHS’s but without Higgs
triplets the correct high energy is guaranteed because the
fragment of the neutrino mass matrix identically equals
zero, My = 0. We have calculated this cross section
taking into account existing bounds on the parameters
of the considered models. Optimistically, with not very
restrictive bounds on the models parameters, we have
found that for /s = 500 GeV in the L-R symmetric
model o (e"e_ - Wl_Wl_) ~ 0.01 fb and for the stan-
dard model with a RHS o (e—e‘ — WI_WI_) ~ 0.001 fb.
The small values of given cross sections are caused by
the small mixing matrix elements K,. between electron
and heavy neutrinos calculated in our seesaw-type mod-
els. For nonseesaw models where mixing matrices K g
are not calculated and are free parameters bounded only
by existing data, the cross sections can be much higher.

In the L-R symmetric model the cross sections for

TABLE I. The reduced helicity amplitudes for all polarizations of the I..l; — W W, process
[c = cosOf = A1A0, 1= AcAA, 57 =201\, 7 = (01 + 02) (A1 + A2)].
AL ] A2 ” Ao = +1 ” Ao =0
Mz (AG’, /\1, Az)
1 1 (@ — 7ws) + 5] L+ 70
1 -1
1 0 Y2[(1 —nB2) (x —my1) +n — ] %’7277 (1 +1B2)
-1 0
0 1 71[(1 —nB1) (z +ny1) + B — ] 5 (1+7p1)
0 -1
1
1 -1 b 0
-1 1
0 0 Y1v2% —J5M1Y2*
[y1 (B2 —B1) + (1 — B1B2) + 51 — ] [1+ 8182 — c(B1 + B2)]
M, (Ac; A1, A7)
1 1 —[(z — fiy2) + 2] 5 (1 —1ic)
-1 -1
1 0 —72[(1 +nB2) (z — ny2) + B2 + ¢] — 5211 (1 +1B2)
-1 0
0 1 =711 +nB1) (z +nyz) — 0+ ] =i (1 +1B1)
0 -1
1
1 -1 -7 0
-1 :
0 0 —My2* — M2
[y2 (Br — B2) + = (1 — B1B2) + B2 + ] (1+B1B2 + ¢ (B1 + B2)]
M, (Ao A1, A2)
1 1 0 2v2
1 1
1 0 0 0
-1 0
0 1 0 0
0 -1
1 -1 0 0
-1 1
0 0 ” 0 “ —2v2 (1 + B182) 172
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production of the non-standard gauge bosons e"e~ —
Wi W, ,W; W, are larger but then also the thresholds
for these processes are higher. For /s = 1 TeV the cross
section o(e"e” — W~ (80)/W~(600)) ~ 10 fb and for
Vs =1.5TeV g(e”e” - W~ (600)W—(600)) ~ 5 pb.

We have also checked how the CP-violating parame-
ters influence the total cross section. We have found that
Otot is the biggest if CP is conserved and if all heavy
neutrinos CP parities ncp are the same, equal +7 or —i.
If heavy neutrinos have mixing CP parities (for some
ncp = +i and for others ncp = —i) or if CP is vio-
lated then the cross section is smaller. The effect of the
C P-symmetry breaking can be very large. This supports
the statement that the size of the C'P violation can be
large if in the lepton sector the Majorana neutrinos are
present.
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APPENDIX: HELICITY AMPLITUDES
FOR THE I l- — W;W; PROCESS

Helicity amplitudes for two gauge bosons W; W,
(3,7 = 1,2) production in two charged leptons [,[;; scat-
tering processes (m,n = e,u,7) are described generally
by the Feynman diagrams in the s, t, and u channels (Fig.
10). The vertices for the t and u channels are determined
by the charged current Lagrangian (o and § are spinor
indices)

m
m

q2

m i

FIG. 10. The tree level Feynman diagrams which con-
tribute to the Il7 — W/ W/ process (m,n = e,pu,T;
i,j = 1,2). In the LR model all three channels are present,
while in the RHS model there is no channel s.
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- %

a=1,...6,b=m,n

[Naa (r*) s WS

Vo (TE*) o Wfﬁ)] , (A1)

where

)= B tirm o
—siné(v*Pr) ,5(KR) s }s
(), = yocrm

+c0s&(v* Pr) o5 (KR) s }- (A2)
For the LR model the mixing angle £ and 6 x 3 lepton

TABLE II. High energy behavior of the reduced helic-
ity amplitudes for all polarizations of the Il — W ow;-

process [j = MAo, § = 201A1, 7 = AcANG = (o1
+02)(A1 + A2)].
Al;] Az ” Ao = +1 ” Ao =0

Mt (AO’, A1,/\2)
1 1 i1-9¢ 75 (1 +djc)
-1 -1
1 0 e (1-¢) s 11+ 7B2)
-1 0
0 1 Hr(1-¢ #%ﬁ(Hﬁﬂl)
0 -1

1

1 -1 -2 0
-1 1
0 0 awrar; (L~ ©) ~ sz L~ ©)

M. (Ao; A1, Az)
1 1 -3(1+0¢) 75 (1 —1je)
-1 -1
1 0 - +0) — 55505 (L + 7Ba)
-1 0
0 1 -1 +e) — 3G (1 + 1)
0 -1

1

1 -1 -3 0
-1 1
0 0 —ag (11 ) ~ svanas L+ 9

M, (Ao A1, A2)
1 1 0 2v2
-1 -1
1 0 0 0
-1 0
0 1 0 0
0 -1
1 1 0 0
-1 1
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mixing matrices K1 g are defined in [4], for example.
In the RHS model with npg right neutrino singlets § =
0, Kgr = 0 and the K, matrix has dimensions (3+ng, 3).

In the model where the doubly charged Higgs bosons

6247

Ot exist (e.g., models with the Higgs triplets) the con-
sidered process has the s-channel diagram too, deter-
mined by the §7*W~-W~ and the Yukawa Lagrangian
couplings. In the LR model,

2
Luww = _9\/"; 877 (cos® EWT Wi + sin? EW; Wy + sin 26W Wy)

2
_9r

7 8% (sin® EW W[ + cos® €W, Wy —sin26Wy W;) + Hec,,

(A3)

1 1
Lyvukawa = — [t X cP, (KT o(KL) L,
vowes = 3 (o B ECPLBE) o)) + 73

Four Feynman diagrams give contributions to the process Il7 — W, W, at the tree level. The differential cross
section is given by

[6%+1Z.CPg (K}Q)mma(KR)anz,l]> + H.c.

a,mmn

do¥l, (01,02;A1,A2)

dcos© -

where 0(02), A1(A2) are the helicities of m(n) fermions and W;(W;) gauge bosons, respectively. The helicity ampli-
tudes can be written in the form (O, ¢ are polar angles of W™ in the c.m. frame)

T ii 2
Tons Mlov,0200%2) 0, 17, (A4)

) ez
mn V2sin? Oy

x {B¥(01,02) My(Ac; A1, A2) (Re) oy + B (02,01) Mu(A0; A, A2) (Ra),

M(01,02;)‘1”\2) D3, ax(0,0,9)

+B"(01,02)M,(Ac; A1, A2) (Rs)mn } 5 (A5)
where
m 1—|Ac|
(Rt)mn = Z (KZT'O'I) (\/;) 2 (Kzo'ﬂ )a,n’ (AG)
, - ™A+ xcosO® — T2
m 1-|Ac|
(Ru)mn =D (K35,) () 7 (K201 ) an> (A7)
. A —zcos® - G2
_ 1 T Ma
(Rs)mn _601,1/21 B Kg& N ir" M; ; (KR)ma (\/E) (KR)an
For-1/2 - > (KD, (52) () (A8)
o1,—1/ 1—yﬁ+iF5‘MJ‘ " L/ma N an’
and
Kp for Kk = +1
K, = ,
Ky for k = -1

Aoc=01—02 , AA=A1 — A2 , J=max(| Ac |,| AX]),

_ My My, 14402

- 452 4
k 1 2 2 2 2 2)2
$=-ﬁ , k=m\[9 —23(M1+M2)+(M1—M2).

The factors B are different for various gauge boson productions
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~20, (sin §)1471727%] (cos ) 1471211 |

BY(01,05) = )(I+er+oa) (og £)(1mo1=02)

40105(sing

(sin&) (1—o1—02) (cos §)(l+°‘ +o2) |

The reduced helicity amplitudes M;(, ,) (Ao A1, A2)
are gathered in Table I, where we use the notation

_ B __k _ B
Yi2) = \/E ) ,31(2) = E1(2) y Y1(2) = M1(2)’
and
Bus = s+ M) — M3,
1(2) — )
2/5

where F,(E2) and M;(M,) are energies and masses of

J. GLUZA AND M. ZRAELEK

i=1, 7=2,
i=1,3=1, (A9)
1=2,75=2

1(2) gauge bosons, respectively. The high energy be-
havior of the helicity amplitudes are given in Table II.
It is worthwhile to notice several interesting properties
of the helicity amplitudes [Eq. (A5)]: if My = 0 then
07~ does not contribute to the process [Eqgs. (12),(A8)];
the 67~ (6;{_) in the s channel contributes only to the
amplitude with the electron helicities —1/2(+1/2); al-
though there are no Majorana neutrinos in the s channel
the amplitude in this channel is also proportional to the
neutrino masses; the helicity amplitudes with Ac = 0
are proportional to the neutrino masses m,.
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