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The left-right symmetric extension of the Standard Model, based on
SU(2)1, x SU(2)g x U(1)g—r symmetry, has many predictions one can
test at TeV-scale accelerators. These include the existence of new heavy
weak bosons Wo and Z5 and right-handed neutrinos, as well as of triplet
Higgses. We discuss various direct tests of the basic ingredients of the
left-right symmetric model, as well as of its supersymmetric version, in
e"e”, e v and ¥y collisions at high energies.

PACS numbers: 12.15. -y

1. Introduction

In this talk I will consider the direct high-energy tests of the left-right
symmetric (LR) model [1] of electroweak interactions.

Apart from its original motivation of providing a dynamical explana-
tion for the parity violation observed in low-energy weak interactions, the
LR model differs from the Standard Model (SM) in another important re-
spect: it can explain the observed lightness of neutrinos in a natural way. In
this model neutrino masses are created through the see-saw mechanism [2],
according to which there are in each family a light neutrino, much lighter
than the charged leptons or quarks of that family, and a heavy neutrino.
The anomalies measured in the solar [3] and atmospheric [4] neutrino fluxes
seem to require that neutrinos indeed have a small but non-vanishing mass,
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manifesting itself in these phenomena through flavour oscillations. Further-
more, the recent observations of the COBE satellite [5] may indicate the
existence of a hot neutrino component in the dark matter of the Universe.
In the SM neutrinos are massless, so it seems that one has to go beyond it
to explain these phenomena. The LR model is a most natural extension of
the SM which may consistently account for the observations mentioned.

The gauge group of the LR model is SU(2), x SU(2)r x U(1)B_g .
Several authors [6, 7] have investigated indirect implications of the left-right
symmetry on the various low-energy phenomena to set constraints on the
parameters of the model, such as the masses of the new gauge bosons Wg &
and ZR, associated with SU( )R, and their mixings with the SU(2)y, bosons
WL and Z7,. The constraints quite crucially depend on the assumptions
one makes. In the case the gauge coupling constants gr, and gr of SU(2)1,
and SU(2)R are allowed to differ from each other and the CKM-matrix and
its equivalent in V' + A charged current interactions are kept unrelated,
the charged current data yield the bounds [7] g, Myy,/gr <300 GeV and
gLC/gR 2 0.013. Here W, is the heavier mass eigenstate weak boson and ¢
is its mixing with the lighter boson Wy, the standard W boson:

W:t cos( —sin( W:t
() = (58 ) (W) 2
w. sin( cos( Ww.

From neutral current data one can derive the lower bound Mz, <400 GeV
for the mass of the new Z boson and the upper bound of 0.008 for the AW
mixing angle. In most cases to be considered here the mixings between the

SM weak bosons and the new weak bosons can be neglected.
At the Tevatron a direct search for Wy (~ Wgr) in the channel pp —
W2 — eN has been made. The 95% CL bounds announced by the CDF
and DO collaborations are My, <652 GeV [8] and Mw, <610 GeV [9],
respectively. It should be emphasized that also behind these bounds there
are several assumptions. It is assumed that the quark-W; coupling has the
SM strength, the CKM matrices for the left-handed quarks and the right-
handed quarks are similar, and the right-handed neutrino does not decay
in the detector but appears as missing E7. If one relaxes the first two
assumptions, the mass bound will be degraded considerably [10], perhaps
so low values as 400 GeV being allowed. The third assumption is also crucial
for the bounds obtained. If the right-handed neutrino is heavy, with a mass
of say 100 GeV or more, it will decay in the detector into charged particles
(one possible channel could be vg — ! + ¢¢') with no missing energy. In

this case the searches performed would have been ineffective.
If the right-handed neutrino is heavier than W5, the reaction considered
by CDF and DO is forbidden altogether (unless there is a large mixing
between left- and right-handed neutrinos, which is not preferred by the
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model). In this case W could decay only to non-leptonic states. Obviously,
in the Tevatron hadronic signals are much more difficult to identify than
leptonic ones, and therefore the mass limit one can obtain from hadronic
decay channels is not particularly restrictive.

The collision energies in the linear colliders under planning, such as
CLIC, NLC, TESLA, JLC (dubbed collectively LC in the following), will
be in the range /5 = 0.5—2 TeV [11]. If the masses of the new gauge bosons
are close to their present lower limits, it would be possible to produce them
and directly investigate their properties. Similarly it would be possible to
search for the heavy Majorana neutrinos, or right-handed neutrinos. The
masses of these neutrinos are, according to the see-saw mechanism, in the
most simple case, of the order of the masses of the new weak bosons. One
would also be able to probe the symmetry breaking sector of the theory by
looking for new type of Higgs bosons, in particular triplet scalars which are
assumed to set the large mass scale of the model. The Higgs triplet contains
a doubly charged scalar particle, a conspicuous trademark of the model.

2. Description of the model

The LR model is characterized by the gauge group SU(2)1, X SU(2)Rr X
U(1)g_r . The left- and right-handed fermions are set into doublet repre-
sentations of SU(2)1, and SU(2)g, respectively. In the following we will deal
mainly with leptons, which are assigned according to

WL:<:E) — (1,0,-1), sz(ji) —0,1,-1), @
L R

and similarly for the other families. The U(1) quantum number is normal-
ized in such a way that the electric charge Q is given by Q = T3 + Tzr +
(B — L)/2, where T3, = T3g = 03/2 are the doublet representations of the
neutral generators of the SU(2) subgroups.

To generate masses for the fermions one requires the existence of at
least one Higgs bidoublet of the form

(4 4)-

1
[ — / 3“70 3 (3)
¢2 (Dg 2 )

[S[od

whose vacuum expectation value (vev) is given by

1 (31 0
Py = — . 4
@=2(% 2) (@
In order to break the symmetry to the electromagnetic group U{1l)em ad-
ditional Higgs multiplets with B — L # 0 are needed. To introduce at the
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same time Majorana mass terms for the neutrinos we add to the theory
triplet Higgses

A 2aAFt
Ay = L L = y
L (\/-iAg —AI ) (13072)7
Af V2agt
ARZ( R B >=(0,1,?~) (5)
V24 —af
with the vevs given by
1 0 0
A = . 6
( L,R) \/5 (UL,R 0) ( )

The Yukawa couplings between the leptons and the scalars are the fol-
lowing;:

Lyu = {ERGPWL + g—!p‘Ré!pL + ihLWECUZ AL,
+ thp WL Coa ARWR + h.c., (7)

where Ay g = Ai,Rai and & = o2¢*02. As one can see, the triplet
Higgses Aj, and AR carry lepton number —2. It is important to note that
conservation of electric charge prevents the triplet Higgses from coupling to
quarks.

The left-handed triplet scalar Ay, does not play any important role in
the dynamics of the model. It is not necessary for the spontaneous symmetry
breaking or for generating masses to fermions. The vacuum expectation
value <A(I],> = vy, is actually quite tightly bounded by the p parameter, i.e.
by the mass ratio of the ordinary weak bosons. One has (k? = k2 + x2)

_ *MIZ/VL 1+ 202 /K2
 cos? ¢9WM%1 T 144vf /K27

(8)

The experimental result [12] p = 1.0004 £ 0.003 then implies vy, > 9 GeV,
a small value compared with k¥ ~ 250 GeV. On the other hand, the vev of
the right-handed triplet, vg, should be considerably larger than « in order
to satisfy the lower mass limits of the new weak bosons Wg and Zg. In the
following we will concentrate mainly on the right-handed triplet Ag (= A)
(for the phenomenology of the left-handed triplets see e.g. [13]).

From the left-handed and right-handed neutrino states one can form
three types of Lorentz-invariant mass terms: Dirac term 71,vg, and Majo-
rana terms Dfvg and PURyy,, where the latter two terms break the lepton
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number by two units. All these terms are realized in the left-right symmet-
ric model with the Yukawa coupling (7) and the vevs given in Egs. (4) and
(6). By assuming vr, =~ 0 one ends up with the famous see-saw mass matrix

M:( 0 mD) . (9)

mp MR

Here mp = (fk2 + gx1)/v2 and mg = hrvr. The mass of the charged
lepton is given by m; = (fxz + gx1)/v/?2, and therefore if f and g are
comparable, one has mp ~ m;. Unless hr is extraordinary small, this
implies mp € mg.

The eigenstates of the matrix (9) are two Majorana neutrinos vy and v
with approximate masses m,, ~ m%,/mgp and my., =~ mp. The left-handed
and right-handed neutrinos are related to the mass eigenstates according to

n, = (vyp cosn — varsiny) ,
VR = (V1rsinn+ vapcosn) , (10)

where the mixing angle n is given by

2
tan 2 = 7:}3 . (11)
R

The mixing angle n is thus in general very small.
The masses of W3 and vy are related as

hy
My EMW,, . (12)

Most naturally the heavy neutrino and the heavy weak boson would have
roughly the same mass, but depending on the actual value of the Yukawa
coupling constant hr the neutrino may be also lighter or somewhat heavier
than Ws.

The Higgs potential is in general quite complicated containing a great
number of parameters. There are severe constraints on the parameters,
the most crucial one concerning flavour changing neutral currents (FCNC).
Unlike in the SM, in the LR model there are FCNC interactions mediated
by some neutral Higgs fields (superpositions of the neutrals members of the
bidoublet ¢). It was argued in Ref. [6] that to suppress FCNC one must
require the Higgs potential to be such that in the minimum x; < k2 or
K1 > kp. This requirement has the consequence that the Wy, Wgr mixing
¢ is necessarily small, since { ~ k1k32.

9 —— Acta Physica...
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3. Tests of the LR model at the LC

The pair production reactions
ete™ — Wifw, (13)
- WW,, Wy W, (14)

proceed through the s-channel exchange of the photon, Zy, Z3 or the neutral
Higgses, and through the t-channel exchanges of the neutrinos v; and v,
[18]. Although favoured kinematically, the cross section of the reaction
with the Wi W5 final state is much smaller than that of the reaction with
the WaW3 final state because it is possible only as a result of the neutrino
and/or weak boson mixing, both small. The Higgs contribution is in general
negligible in both reactions [17].

9[pbarn}

1.0
0 TeV

0.5

E (Tev]

Fig. 1. The total cross section of the process ete~ — Wy Wi as a function of
the total collision energy for various values of heavy neutrino mass m,, and with

My, = 0.5 TeV, Mz, = 0.5 TeV.
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Of a special interest is the dependence of the cross sections of the re-
actions (13) on the heavy neutrino mass m,,. As conserving the lepton
number, this process does not directly probe the large Majorana mass term
of vg, and hence the mass effect is not that dramatic. Nonetheless, just
above the threshold the cross section may behave quite differently as a
function of collision energy for different neutrino mass values [18]. In the
example case of My, = Mz, = 0.1 TeV presented in Fig. 1, the peak value
of the cross section is in the range 0.1 to 0.5 pbarn for the heavy neutrino
masses m,, = 0 to 1.5 TeV. At an integrated luminosity of 100 fb~?! this
corresponds to an annual event rate of 10%. Hence, unless the LC happens
to operate too close to the threshold (or below it), the Wg should be easily
discovered through the reaction (13), and also the dependence on the heavy
neutrino mass should be detectable.

The signal of the Wy W, production would be four jets from W2 — G¢'
decays whose invariant mass pairwise reconstructed to M., . The leptonic
decay channel Wy — lvg is kinematically disfavored as compared with the
hadronic channels unless m,, < Mw,, and the channel Wy — {vq is sup-
pressed due to the small mixing between left- and right-handed neutrinos.
The channel W2 — W3Zy(,) is suppressed due to the small weak boson
mixings.

The lepton number violation associated with the triplet Higgs couplings
and Majorana neutrinos gives rise to many distinctive signals of left-right
symmetry. One interesting process is the “inverse neutrinoless double beta
decay™ [14-16, 18],

e"e” = W Wi . (15)

This process, if observed, would signal the existence of |AL| = 2 interac-
tions, something which is forbidden in the SM where the lepton number
is a conserved quantum number. The reaction proceeds in the LR model
through a doubly charged triplet Higgs exchange in s-channel and a Majo-
rana neutrino exchange in t- and u-channels. The cross section is in general
too small for detection in the LC [19]. This is so because of the stringent
bounds on the effective light neutrino mass arising from non-observation
of neutrinoless double beta decay, and the requirement of tree-level unitar-
ity at large values of collision energy. The unitarity is maintained (above
the triplet Higgs pole) as a result of a destructive interference of the A7~
exchange and neutrino exchange amplitudes.

Let us note that the contribution of the heavy “right-handed” neutrino
vz to the reaction (15) is small because of the smallness of the neutrino
mixing angle 7 (see Eq. (11)). The heavier is the neutrino, the smaller
is the mixing. This is a consequence of the see-saw mechanism. If the
neutrino mass and the mixing are kept independent parameters, the cross
section o(e”e”™ — W[ W[ ) can be much larger than in the LR model.
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According to Refs. [16, 20] the cross section can be in such a case as large
as ¢ = 4 (64) fb for /s = 0.5 (1) TeV, given the present experimental
bounds on the neutrino mixing.
In contrast with the reaction (15), the pair production of the heavy
gauge bosons,
e"e” =W, W, , (16)

will not be suppressed by small neutrino masses or mixings. On the contrary,
the neutrino exchanged in the t- and u-channel is the heavy “right-handed”
neutrino, which couples to Wy with a full strength. At the energies /s =
0.5 — 2 TeV, the cross section can be quite large, of the order of a few
picobarns (see Fig. 2), corresponding to event rates of 10% for an integrated
luminosity of 100 fb~!. All amplitudes contributing are proportional to the
heavy neutrino mass vo: in the t- and u-channels the |AL| = 2 interaction is
generated by the Majorana mass mg = hyvr ™~ m,,, in the A7~ exchange
in s-channel the ee A coupling has the strength hg and the WW A coupling is
proportional to (A%) ~ vr. Above the triplet Higgs pole there are, however,
destructive interferences among the amplitudes, which makes the neutrino
mass dependence less striking (see, e.g. [21]).

L | i o I
1000 2000 3000 1000 2000 3000

V8 [GeV] V5 (GeV]

Fig. 2. The total cross section for various W, W, polarization states for fully right-
han.d.edly polarized electron beams as a function of neutrino mass m,, (= m,,). The
collision energy is /s = 1.5 TeV, My, = 0.5 TeV and M5 = 0.8 TeV (a) or 10
TeV (b).
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In Fig. 2 the cross section o(e~e™ — W, W, ) is presented as a function
of /s for different polarization states of the W3-pair assuming both electron
beams to be right-handedly polarized. The Wy mass is taken to be 0.5 TeV
and that of the heavy neutrino m,, = 1 TeV, and the results are given for
two values of the A~ mass, M4 = 0.8 and 10 TeV. The main contribution
to the cross section comes from the production of longitudinally polarized
W,’s. The angular distribution of such W5's is fairly sensitive to the relative
size of the neutrino mass my, and the Higgs mass Ma. This is because
the A~ exchange produces W3’s in the forward and backward directions
relative to the beam, whereas the neutrino exchange prefers the transverse
direction [21].

The discovery of the heavy weak bosons through the reaction (16)
should be fairly easy even with a moderate number of events because of
their back-to-back decays. This signature allows for an effective background
suppression. It should be noted that the signal will disappear when an in-
coming neutrino helicity is changed to opposite, which gives another means
to distinguish the background from the effect. In [22] the cross section for
the processes e "¢~ — WaW3y(Z), which one would expect to create some
background, was found to be on the level of a few femtobarns, that is, well
below the signal.

It would be possible to explore quite a large range of mass values my,,
Mp and My, by using the process (16), but the My, reach is of course
restricted kinematically to the values Myy, < /5. If Wa is heavier than this,
one should consider the single production of Wy via the reaction e”e™ —
W, W, *, where the off-shell boson decays to two jets or to a charged lepton
and a “right-handed” neutrino [23]. The latter decay channel is of course
forbidden if m,, > Mw,. Having one of the Wy's off-shell reduces the
cross section substantially to the level of a few femtobarns, so that a high
luminosity is required to make this process useful.

Also the following “exotic” processes are predicted by the LR model:

e e —pu T, T T . (17)

They are forbidden in the SM. The two leading contributions come from the
A~ exchange in s-channel and the box-diagrams with virtual Majorana
neutrinos and charged gauge bosons. Although the total lepton number is
conserved in the processes, the lepton numbers L, and L, or L. are violated
by two units. These processes have practically no background from the SM
phenomena. (The background opposite-sign muon pairs, produced via two-
photon processes, can be separated from the signal by having a magnetic
field in detector.) The cross section, which depends on the unknown masses
of A=~ and vq, can be as high as 0.1 — 1 pb, i.e., comparable with that of
the WW production [24].
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4. Supersymmetric LR model and its tests at LC

The LR model has a naturality problem similar to that of the SM,
namely the masses of the Higgs scalars diverge quadratically unless the
parameters of the model are fine tuned in all orders of perturbation theory.
To cure this problem, left-right symmetric model should be extended to
obey supersymmetry (see e.g. [25, 26]).

The most significant difference between the ordinary and the supersym-
metric LR model concerns the Higgs sector. In supersymmetrization, the
cancellation of chiral anomalies among the fermionic partners of the triplet
Higgs fields requires that the Higgs triplet superfield A is accompanied by
another triplet superfield, &, with opposite U(1)g_; quantum number:

§= (5+5/¢‘/§ _(;5:;/—) (1,3,2). (18)

Note that 4, unlike A, has no direct coupling to leptons. To make the
quantum numbers to match such coupling should namely involve &, but
supersymmetry forbids that kind of Yukawa term. Also another bidoublet
should be added to avoid a trivial CKM matrix for quarks. In the non-susy
LR model the Yukawa coupling is of the form (see Eq. (7)) Ji;4r 9L +

ngfIzR¢qJL, where ¢ = (u,d) etc. and ¢,; are family indices. The CKM
matrix is made non-trivial by assuming that the coupling matrices f and g¢
do not have the same form, which guarantees that the u-type quarks and
d-type quarks mix differently. Supersymmetry forbids the ¢ term as the
Higgs superfield in it is conjugated, and therefore one must introduce a
second bidoublet (the two bidoublets will be denoted by ¢, and ¢g).

In [27] a simple supersymmetric LR model was investigated. The model
is described by the superpotential

W =h2QfT puQr + h3QET 64Qr
+ fELET oL + FELET ¢4 Lp + hg LEiTa AR LR
+ 1 Tr(7202 T204) + 2 Tr(AROR) - (19)

Here Qp(gr) stands for the doublet of left(right)-handed quark superfields,
Ly(r) stands for the doublet of left(right)-handed lepton superfields, ¢,
and ¢g are the two bidoublet Higgs superfields, and AR and ég the two
right-handed triplet Higgs superfields. The generation indices of the quark
and lepton superfields are suppressed. It should be noticed that the mass
matrix of the doubly charged triplet higgsinos, following from the last term
of the superpotential, is particularly simple, because the doubly charged
higgsinos do not mix with gauginos. In the following some possible tests of
this model in the LC are considered [28].
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The next generation linear electron colliders will, besides the ete™ and
e~ e~ reactions, be able to operate also in the photon modes e~ and v7.
The high energy photon beams can be obtained by back-scattering of in-
tensive laser beam on high energy electrons [29]. It turns out that all these
collision modes may provide useful processes for investigation of the susy
LR model [28] (like it does for the susy version of the SM [30]). Perhaps
the most interesting reactions from the phenomenological point of view are
those where the doubly charged higgsinos A~ are produced:

etem 5 AtHA—,
emem o A~

20)
21
22
23)

N

veT s éTATT,
vy = AT AT,

—

The fact that this particle carries two units of electric charge and two units
of lepton number and that it does not couple to quarks makes the processes
most suitable and distinctive test of the susy LR model.

The allowed decay modes are

ATt L ATT A0 ATt
A +
Atwi,
. (24)

In large regions of the parameter space, the kinematically favoured decay
mode is AT+ — [T+ provided of course that mp < m 444 at least for
some lepton flavour. As the mass of the triplet Higgs A is of the order of
the SU(2)g breaking scale v [6]. the first two decay channels are forbidden
energetically in the case of relatively light triplet higgsinos. For the same
reason is the channel A+ W2+ kinematically disfavored, since the mass of
W, is known to be above 0.5 TeV. The decay channel AT W¥. ;’ is forbidden
in the case of no Wy, — Wr mixing. 5

The simplest decay mode of the slepton [ is into an electron and the
lightest neutralino (presumably the lightest supersymmetric particle):

[—1%°. (25)

If kinematically allowed, the decays into final states with leptons accompa-
nied with heavier neutralinos or charginos can take place in addition, but
also then the end-product of subsequent cascade decays often is electrons
plus invisible energy. The doubly charged triplet higgsino would thus have
the following decay signature:

A™7 = 71”7 + missing energy, (26)
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where [ can be any of e, u and 7 with practically equal probabilities. Ac-
cordingly, the signature of the pair production reaction (20), as well as of
the two photon reaction (23), would be the purely leptonic final state as-
sociated with missing energy. The missing energy is carried by neutrinos,
sneutrinos or neutralinos. Conservation of any separate lepton number may
be broken in the visible final state. Such final states are not possible in
the SM or in the minimal susy model. The total cross section for the total
collision energy /s = 1TeV and the slepton and higgsino masses in the
range of 100-400 GeV is about 0.5 pb. The cross section of the reaction
(23) decreases with increasing mass of A, but may be as large as 10 pb [28].

Purely leptonic final states accompanied with missing energy form also
the signals of the reactions (21) and (22).

One interesting feature of the model described by the superpotential
(19) is that it breaks the R-parity [27]. In order to generate non-negative
masses to all physical pseudoscalars and the doubly charged scalars at least
one of the neutralino fields 7, p must require a non-vanishing vev implying
spontaneous R-breaking.

5. Conclusions

The phenomenologically interesting characteristics of left-right symmet-
ric model are the new charged weak bosons, heavy right-handed Majorana
neutrinos and doubly charged Higgses and higgsinos. The triplet Higgses
(and higgsinos) mediate AL = 2 interactions, which give rise to clean and
low-background signals. These features would be best benefited in the e "e ™,
ve~ and yv collision modes feasible at a linear collider facility.

I would like to thank to the organizers of this enjoyable conference for
their hospitality and Marek Zralek and Janusz Gluza for discussions during
the conference. I am grateful to my collaborators P. Helde, K. Huitu, A.
Pietild, M. Raidal and J. Vuori. The work has been supported by the
Academy of Finland.

REFERENCES

[1] J.C. Pati, A. Salam, Phys. Rev. D10, 275 (1974); R.N. Mohapatra, J.C. Pati,
Phys. Rev. D11, 566, 2558 (1975); G. Senjanovic, R.N. Mohapatra, Phys.
Rev. D12, 1502 (1975); R.N. Mohapatra, R.E. Marshak, Phys. Lett. 91B, 222
(1980).

[2] M. Gell-Mann, P. Ramond, R. Slansky, in Supergravity, eds. P. van Niewen-
huizen and D. Z. Freedman, North Holland 1979; T. Yanagida, in Proceedings



High-Energy Tests of the Left-Right Symmetric Eleciroweak Model 1603

of Workshop on Unified Theory and Baryon Number in the Universe, eds. O.
Sawada and A. Sugamoto {(KEK 1979).

[3] K. Lande et al.. in Proc. XXVth Int. Conf. on High Energy Physics, eds.
K.K. Phua and Y. Yamaguchi, World Scientific, Singapore 1991; K.S. Hirata
et al., Phys. Rev. Lett. 66, 1301 (1990); K. Nakamura, Nucl. Phys. {Proc.
Suppl.) B31 (1933); A.L. Abazov et al., Phys. Rev. Lett. 67, 3332 (1991); V.N.
Gavrin, in Proc. XXVIth Int. Conf. in High Energy Physics, Dallas 1992, to
appear.

[4] K.S. Hirata et al., Phys. Lett. B280, 146 (1992); D. Casper et al., Phys. Rev.
Lett. 66, 2561 (1993).

[5] G.F. Smoot ¢t al., Astron. J. 396, L1 (1992).

[6] J.F. Gunion, J. Grifols, A. Mendes, B. Kayser, F. Olness, Phys. Rev. D40,
1546 (1989); N.G. Deshpande, J.F. Gunion, B. Kayser, F. Olness, Phys. Rev.
D44, 837 (1991).

[7) P. Langacker, S. U. Sankar, Phys. Rev. D40, 1569 (1989); J. Polak, M. Zralek,
Nucl. Phys. B363, 385 (1991); G. Beall, M. Bander, A. Soni, Phys. Rev. D48,
848 (1982); G. Altarelli et al., Phys. Lett. B261, 146 (1991); F. M. Renard,
C. Verzegnassi, Phys. Lett. B260, 225 (1991); P Langacker, Phys. Lett. B256,
277 (1991); F. del Aguilla, J. M. Moreno, M. Quiros, Phys. Lett. B254, 476
{1991).

(8] F. Abe et al., CDF Collaboration, Phys. Rev. Lett. 74, 2900 (1995).

[9] S. Abachi et al., DO Collaboration, Phys. Lett. B358, 405 (1995).

[10] T. Rizzo, Phys. Rev. D50, 325 (1994) and Phys. Rev. D50, 5602 (1994).

[11] B. Wiik, a talk in the Workshop on physics and experiments with linear collid-
ers, Saariselka, Finland, September 1991, eds. P. Eerola et af., World Scientific,
Singapore 1992, p. 83.

[12] K. Hikasa et al., Particle Data Group, Phys. Rev. D45, IT (1992).

[13] J.F. Gunion, R. Vega, J. Wudka, Phys. Rev. D42, 1673 (1990); R. Godbole, B.
Mukhopadhyaya, M. Novakowski, Phys. Lett. B352, 388 (1995); J.F. Gunion,
preprint UCD-95-36 (1995), hep-ph/9510350.

] T. Rizzo, Phys. Lett. 116B, 23 (1982).

] D. London, G. Belanger, J.N. Ng, Phys. Lett. B188, 155 (1987).

] C.A. Heusch, P. Minkowski, preprint CERN-TH.6606/92 (1993).

]

]

Lett. B297, 327 (1992).
9] J.Gluza, M. Zralek, Phys. Rev. D52, 6238 (1995).
0] J.Gluza, M. Zralek, report TP-USL/95/04 (1995), hep-ph/9507269.
1] P. Helde, K. Huitu, J. Maalampi, M. Raidal, Nucl. Phys. B437, 305 (1995).
2] A. Pietild, J. Maalampi, Phys. Rev. D52, 1386 (1995).
3] T.G. Rizzo, Phys. Rev. D50, 5602 (1994).
4] J. Maalampi, A. Pietila, M. Raidal, Phys. Rev. D48, 4467 (1993).
] E. Ma, Phys. Rev. D36, 274 {1987); K.S. Babu, X.-G. He, E. Ma, Phys. Rev.
D36, 878 (1987).
[26] R. M. Francis, M. Frank, C.S. Kalman, Phys. Rev. D36, 2369 (1991).



1604 J. MAALAMPI

[27] K. Huitu, J. Maalampi, Phys. Lett. B344, 217 (1995).

[28] K. Huitu, J. Maalampi, M. Raidal, Nucl. Phys. B420, 449 (1994).

[29] V. Telnov, talks given in Gamma-Gamma Collider Workshop, Berkeley, USA,
March 28-31, 1994 and First Arctic Workshop on Future Physics and Acceler-
ators, Saariselka, Finland, August 21-26, 1994, to appear in proceedings.

[30] F.Cuypers, G.J. van Oldenborgh, Reinhold Riickl, preprint CERN-TH.6740/92
(1992) and 6807/93 (1993).



