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We present calculations of cross sections for single W and Z production and
R' R', W Z, W p, ZZ, and R' W' pair production within the standard model at e e linear
colliders. We evaluate standard-model Higgs boson production in the channels e e ~ e e H,
e vW H, and e e ZH. We also illustrate the enhancements in the W TV cross section that
would result from a strongly interacting Higgs sector or from a H resonance in a Higgs dou-

blet+triplet model.

PACS number(s): 13.10.+q, 14.70.—e, 14.80.Bn, 14.80.Ly

I. INTRODUCTION

High-energy experiments at e+e colliders have proved
to be very fruitful. The measurements at the CERN
e+e collider LEP I and the SLAC Linear Collider
(SLAC) give precision tests of the standard model for
electroweak interactions [1]. In addition, interesting di-
rect limits have been placed on the Higgs boson mass and
the masses of supersymmetric and other new particles
[2]. As a means to continue to address these important
issues, the design of linear e e colliders with center-of-
mass energies in the range 0.3—2.0 TeV is being actively
pursued worldwide [3]. With an appropriate design, an
e+e collider could also be operated as an e e collider

[4]
The construction of high-energy e e colliders has not

been pursued in recent times. The probable reason for
this lack of activity is the absence of 8-channel resonance
production in e e due to lepton number conservation.
However, precisely because direct channel resonances are
not expected, high-energy e e collisions could be a
clean way to uncover physics beyond the standard model
(SM), and several new physics signals have recently been
discussed [5].

There are a number of interesting physics possibilities
for an e e collider. In the context of supersymmetry,
searches could be made for chargino and scalar electron
pair production [6, 7]. For example, the chargino produc-
tion process e e —+ g y with y m TV y decays
gives W W 6nal states. Searches could also be made
for doubly charged Higgs bosons [8—ll], doubly charged
gauge bosons [12], or Wtt production [13]. Massive Ma-
jorana neutrino exchange could allow e e m W R'
production [14], although due to double P-decay con-
straints the cross section must be very small. Tests of
anomalous vector boson couplings could be made [15],
such as the S"IVY coupling from the e e —+ e TV v,
process.

In this paper we calculate SM expectations for single
and pair production of vector bosons in e e collisions
which are of interest for tests of electroweak theory and
as backgrounds to new physics possibilities. We calculate
the associated production of a neutral Higgs boson and
a weak boson. We also study the possibility of detect-
ing strong W W scattering and quantitatively evaluate
the enhancement of W W production due to a doubly
charged Higgs boson. At the end, we will briefly dis-
cuss the effects of beamstrahlung and bremsstrahlung on
the effective center-of-mass energies and the effective lu-
minosities of the e e colliders. We also consider the
advantages of having both e beams polarized.

II. SINGLE WEAK-BOSON PRODUCTION

Production of weak bosons occurs at order a in the
processes

e e me R' v, , (1a)

e e —+e Ze

whose Feynman diagrams are given in Fig. 1. The he-

licity amplitudes can be straightforwardly written down.
The resulting total cross sections are shown versus +a in

Fig. 2. At ~s = 0.5 TeV, the W and Z cross sections
are approximately equal and have the value 7 pb; thus
with 10 fb luminosity about 7 x 10 each of single R'
and single Z events would be produced at this energy.

In typical accelerator designs the beam hole region is
8 ( 15 (or equivalently the beam hole pseudorapidity
range is ~rl~ ) 2). We have evaluated the effect of mak-

ing such an acceptance cut on the leptons (e, p, ) or
quark jets from VV and Z decays, including the full spin
correlations from the weak-boson production and decay
sequence. With the lepton (quark) decay products of the
weak bosons within the 15 & 8 ( 165' acceptance region
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FIG. 1. Representative Feynman dia-

grams for single N' or Z production in e e

collisions. In the case of Z production, dia-

grams with the interchange of Snal-state elec-

trons must also be included.

(g)

the cross sections at +s = 0.5 TeV are 1.4 (4.0) pb for W
and 0.15 (1.6 ) pb for Z, including the decay branching
&actions.

III. DOUBLE WEAK-BOSON PRODUCTION

Pair production of vector bosons occurs at order a4 in
the processes

e e -+ e e W+W

e e -+ e veW Z,
e e m vvW W
e e ~e vW
e e -+e e ZZ.

(2a)

(2b)

(2c)

(2d)

(2e)

The Feynman diagrams for reaction (2c) are shown in
Fig. 3; the cross section for this process was evaluated in
Ref. [16].

The analogues of most of these processes at e+e col-
liders have been calculated in Ref. [17]. The formulas
for the e+e amplitudes given in Ref. [17] can be prop-
erly crossed to obtain the corresponding amplitudes for

e e collisions. The e+e analogue of process (2d) was

not previously considered but these amplitudes can be
obtained by modifying the e e ~ e v, W Z ampli-

tudes, changing the Z couplings to the corresponding p
couplings.

Since the process e e ~ e v, W p is essentially the
photon-bremsstrahlung contribution to the single W pro-
duction, we impose acceptance cuts on the 6nal state p
to distinguish it &om the single W process. The chosen
acceptance cuts are

pT~ ) 10 GeV, ~cos8~~ ( cos(15'), 8(p, es i) ) 5',

(3)

where 8(p, es i) represents the angle between the photon
and the final state electron three-momenta.

Figure 4 shows the total cross sections for reactions

(2a)—(2e) versus Qa for mlr = 100 GeV. The value of
m~ ——100 GeV is taken as representative since the cross
section is insensitive to the value of m~ for m~ 2M~.
The large size of the W+W, W p, and W Z processes
is due to photon-exchange contributions.

IV. STANDARD-MODEL HIGGS PRODUCTION

In e+e collisions the standard-model Higgs boson is
produced via e+e —+ v, v,H and e+e —+ ZH processes.
In e e collisions single Higgs boson production can oc-
cur via the processes

c 10
O

O
IP
40

e e -+e e H,
e e ~e vW H,
e e ~ e e ZH.

(4a)
(4b)

(4c)

0
0I—

0.0 0.5 1.0 1.5 2.0

FIG. 2. Total cross sections for single weak-boson produc-
tion in e e collisions versus the c.m. energy v s.

The tree-level Feynman diagrams for (4a) and (4b) are
shown in Fig. 5. The cross sections are shorn in Pig. 6
versus ~s for mH = 100 GeV and versus m~ at +s =
0.5 TeV; for mH ——100 GeV the e e -+ e e H cross
section is 9 fb. In comparison to the Higgs boson pro-
duction cross section at ~a = 0.5 TeV in e+e collisions
are 60 fb for Z' ~ ZH and 95 fb for W'W' -+ H mech-
anisms [17]. Higgs boson production can also occur via

pp and pZ fusion at the one-loop level.
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FIG. 3. Representative Feynman dia-
grams for W W production in e e colli-
sions. Diagrams with the interchange of iden-
tical 6nal-state particles (v's and W 's) must
also be included, omitting the interchange of

(kq) and W (k2) in diagram (c).
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For mH close to Mz the Z-production processes (1b),
(2b), (2e) are large backgrounds to the Higgs boson pro-
cesses (4a), (4b), (4c), respectively. For example, for the
production of a 100 GeV Higgs boson at Qs = 0.5 TeV,
cr(e e ~e e H) =9fbandcr(e e ~e e Z) =
7000 fb. The Higgs boson decays dominantly to bb while
the Z ~ bb branching &action is 0.15. The 0 production
is central while the Z production is peaked at forward
and backward scattering angles; thus the Z background
can be selectively suppressed by angular cuts. In the fol-
lowing we consider the observability of e e + e e H
with H ~ bb decays.

The complete e e + e e bb background includes
both e e + e e Z with Z ~ bb and the two-photon
production of bb. Based on the fact that the two-photon
background can be reduced substantially by keeping the
photon propagators far off-shell, we impose the accep-
tance cuts

103

C
~~ 100 2

VI
VI
40
O
O

1100
0

0.0 0.5 1.0 1.5 2.0

pT & 15 GeV and
~
costBI,

~
( cos(15 ),

on both of the electrons in the final state. We also impose
the following acceptance cuts on the b's in the 6nal state:

FIG. 4. Total cross sections for vector boson pair produc-

tion(W W, W p, W Z, W W, ZZ) ine e collisions

versus the CM energy ~s. The photon in the W p case has

the acceptance in Eq. (3). The value mH = 100 GeV is as-

sumed.
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FIG. 5. Representative Feynman dia-

grams for the production of the standard-

model Higgs boson in e e collisions. The
other diagrams can be obtained by the inter-

change p~ ~ pq.
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pcs ) 25 GeV and ~cos8~~ ( 0.7. (6) V. STRONG WgWg SCATTERING

The latter cuts are tailored to reduce the eeZ back-

ground, as the b's Rom Z-boson production are much

more forward peaked than the b's &om Higgs boson pro-
duction.

After imposing (5) and (6), the Higgs boson signal is

1.4 fb for m~ = 100 GeV while the total eebb background

integrated over all m(bb) is 1.3 fb. The background has a
wide m(bb) invariant mass distribution (see Fig. 7) with a

peak at m(bb) = Mz due to e e ~ e e Z. The signal

is a sharp peak at the Higgs boson mass. We consider an
invariant mass resolution b,m~ for the bb pair of 10 GeV

and assume that all the signal falls within mIr 6 6m~.
The signal and the background in such bins at various

Higgs boson mass values are summarized in Table I. In
this simple comparison we have assumed perfect 6 tagging
with only the bb final state counted as background, i.e.,

the other qq (q = u, d, s, c) final states are rejected. The

background for m~ ——90 GeV is the largest because of
ee ~ eeZ. We conclude that the intermediate mass Higgs

boson in the channel e e + e e H with H —+ bb may

be observable with an integrated luminosity of at least

20 fb
When m~ ~ 2m, z, Higgs boson production with H ~

ZZ decay can give an appreciable enhancement to the
e e ~ e e ZZ production; for example, at m~ ——

200 GeV the cross section of e e + e e ZZ is a factor
of 2 larger than that with m~ ——100 GeV.

53.6 —50.9 = 2.7 fb at ~s = 1.5 TeV,
86.5 —82.0 = 4.5 fb at ~s = 2 TeV. (8)

In the following we address the observability of this
strong WL WL ~ WL W& signal at ~s = 2 TeV.
The complete standard-model cross section for e e -+
vvW W &om aH diagrams in Fig. 3 is abeut 20 times
larger than Ao. . Hence the background contributions as-

If no light Higgs boson is found for m~ & 890 GeV, one
would anticipate that the interactions among longitudi-
nal vector bosons become strong [18]. An e e collider
overs a unique opportunity to explore the weak isospin
I = 2 s channel [19] via the process W& W& m W& W&

[20]. The simplest model for a strongly interacting

Wl WL sector is the exchange of a heavy Higgs boson.
This results in an enhancement of the e e ~ vvS' S'
production cross section compared to that expected &om
the exchange of a light Higgs boson. This enhancement
due to a Higgs boson of mass 1 TeV can be defined as the
diHerence of the WL O'L -+ TV& S'& fusion coatributions

Ao~ = o (m~ = 1 TeV) —o (m~ = O.l TeV) (7)

to e e -+ vvW W production. There is no apprecia-
ble numerical change between the choices m~ ——0.1 TeV
and m~ ——0 for the light Higgs boson reference mass.
We find the values
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FIG. 8. Distributions at
~s = 2 TeV in the trans-
verse momenta of vector
bosons produced in the re-
actions e e M vvW W
e e W+W, e vW Z: (a)
pT(VV) = IpT'(V~) + pT'(V2) l~

(b)»~(«) = lp~(&~)
—pT (V2) l.

b pT (VV) =
lpga (Vq) —pz (V2) l, (12)

presented in Fig. 8(b). The signal (difFerence of solid and
dashed curves) is enhanced by the cut

bpT(VV) & 400 GeV. (13)

With the additional cuts of Eqs. (11) and (13) the sur-
viving signal is

50 GeV ( pT (VV) ( 300 GeV

for additional background suppression.
The signal gives WL bosons that are fast and moving

back to back in the transverse plane. The difference in
the transverse momenta of the two weak bosons is

ter the kinematic selection criteria. Because of the ab-
sence of an s-channel resonance, the signals are mostly
an overall enhancement on the M~~ spectrum. If we
can predict the SM backgrounds at a level of better than
10%, there is a chance that we can observe the strong
W W scattering via the hadronic decay modes at sta-
tistical significance S/y B & 4 for a 1 TeV scalar or a
vector particle, and at S/y B & 6.4 for the LET ampli-
tude with M~gr & 500 GeV.

If separation of W and Z peaks can be achieved in
the m~~ mass distributions then the backgrounds would
be significantly further reduced. The use of Z -+
e+e, p,+y, , bb (with b tagging), with combined branch-
ing fraction of about 22%, could be helpful in determining
the contribution of the W Z process.

Lo'~ 3.8 —2.8 = 1.0 fb . (14)

The efficiency for retaining the signal is 67%. The re-
maining backgrounds are 4.4 fb for e e ~ e e W W+
and 4.7 fb for e e ~ e vW Z. The resulting M(VV)
distributions after these cuts are presented in Fig. 9. At
high VV invariant masses the strong WL WI scatter-
ing rate due to the exchange of a 1 TeV Higgs boson is
enhanced over the W& W&, W& Wl, and W W back-
grounds, while the background due to W Z still persists.

Next we estimate the signal rates for other strongly in-
teracting scenarios. We consider a chirally coupled scalar
boson (ms = 1 TeV and I's = 350 GeV), a chirally cou-
pled vector boson (mv = 1 TeV and I'v = 25 GeV) [20,
21], and the low-energy theorem (LET) amplitude [21,
24]. These calculations are carried out with the efFec-
tive W-boson approximation (EWA) [25]. In this calcu-
lational method one is unable to obtain the exact kine-
matics for the final state of W W . In order to simulate
the acceptance effects of Eqs. (11)and (13),we multiplied
the EWA calculations by the efficiency factor 67% found
in the heavy Higgs boson model.

The predicted cross sections at ~s = 2 TeV with the
cuts discussed above are presented in Table II. Also given
in parentheses are the number of events with hadronic
W, Z decays for an integrated luminosity of 300 fb . In
Table II we see that the backgrounds (dominantly from
W Z production) to the signals are still substantial af-
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FIG. 9. Invariant mass distributions of the weak-boson

pairs produced in the reactions e e —+ vvW W
e e W+W, e vW Z after the acceptance cuts of Eqs. (11)
and (13) have been applied to enhance the strongly interact-

ing W W signal due to the exchange of a 1 TeV SM Higgs
boson.
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TABLE II. Cross sections at Vs = 2 TeV from different models of strongly interacting W W
with cuts discussed in the text. Backgrounds are summed over W lV with a light Higgs boson
exchange, W+W, and W Z. Entries are in units of fb and those in parentheses correspond to
the number of events with hadronic W; Z decays for an integrated luminosity of 300 fb

Mw'w

0.5 TeV
0.75 TeV
1 TeV

SM
m~ ——1 TeV

O.SS (130)
0.44 (65)
0.15 (22)

Scalar
mg ——1 TeV

1.2 (175)
0.72 (106)
0.31 (46)

Vector
m~ ——1 TeV

1.1 (167)
0.63 (93)
0.26 (38)

1.7 (245)
1.0 (150)
0.48 (71)

Backgrounds

10 (1470)
3.5 (515)
1.0 (147)

VI. H SIGNAL IN SCALAR
DOUBLET + TRIPLET MODEL

The charged Higgs boson in SUSY and other two-

Higg boson-doublet models can be pair produced [26]
via e e ~ vvH H via the W W fusion subpro-
cess with Ho exchange; see Fig. 10(a). If the H is not
degenerate in mass with R', this H H signal could be
spectacular and sensitive to the model parameters, such
as the ratio of vacuum expectation values tanP = v2/vi.

A search for a doubly charged Higgs boson in a model
with a scalar triplet could also be carried out at an e e
collider. What makes the e e collider unique in this in-
stance is that the doubly charged Higgs boson can be pro-
duced as an s-channel resonance via W W + H [see
Fig. 10(b)], followed by H -+ W W, W H and
possibly ff' decays [10],depending on the model param-
eters. Detailed analyses of the doublet plus triplet model
can be found in the literature [10] and we will not repeat
the discussion of the model here. The model contains
an SU(2) five-piet Hs++'+' ' ', a triplet Hs+' ', and 2

singlets H& and H~ . For simplicity, we assume that in
the Higgs boson potential [10] that there is no mixing be-
tween the singlets (therefore As ——0) and that all other
A couplings are of similar size (Ai A2 A4 As).
There are then two independent parameters left in the
model: the mass parameter of the 6ve-piet, m5, and
the mixing angle 8~ between the Higgs boson doublet
and the triplet 6elds, which is related to the ratio of
the vacuum expectation values. Figure 11 presents the
M~ ~ distribution a-t ~s = 0.5 TeV including the
resonance process e e -+ vvH M vvR' R' with
ms ——M(H ) = 0.2 or 0.3 TeV, taking maximum mix-

ing tan HH ——1. A signi6cant enhancement above the SM
background occurs.

VII. BEAMSTRAHLUNG EFFECTS

io& I I

e e ~ vu% W

ioo
V&I = 0.5 VeV

1I(H )
=0.8 VeV

', & 0.3 VeV

Since beamstrahlung is a collective phenomenon, it de-
pends very much on the design of the machine, e.g. , the
number of particles in a bunch, the number of bunches in
the beam, and the shape of the beam. Systematic studies
of beamstrahlung at e+e colliders have been made; see
Ref. [27]. Based on these analyses we briefly comment on
beamstrahlung effects on the luminosity and the center-
of-mass energy of an e e collider.

In e+e collisions, the forces on the charged particles
in one of the beams due to the electromagnetic field of
the opposite beam cause the particles to curve towards
the center of the beam, resulting in a more compact beam
and so the effective luminosity increases. For example, in
the Next Linear Collider (NLC) design [3] the luminosity
enhancement factor HD is 1.4, w'hile that for the DESY-
Darmstadt Linear Collider (DLC) design [3] is 2.8. The
effect of beamstrahlung on the luminosities in e e col-
lisions is exactly opposite, due to the fact that the force
&om the opposite beam causes the particle to diverge
&om the center of the beam. The decrease in the lumi-
nosity of the e e colliders (assuming the same design as
the corresponding e+e colliders) is a factor of 0.7 for the

H
I

I

H-

)i
I

H
I

I

io

(b)

io-4
ioo 200

M(ww) (oev)
FIG. 10. Representative Feynman diagrams for the pro-

duction of H and H in e e collisions. Diagrams with
the interchange of identical final-state particles (iI's and H 's)
must also be included.

FIG. 11. The distribution in the W W' invariant mass
for e e ~ v, v tV R' including the contribution of a dou-

bly charged Higgs boson of mass M(H ) = 0.2 or 0.3 TeV.
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TABLE III. A comparison of the cross sections of SM pro-
cesses for ddferent polarizations (LL, LR, RI, and RR) of the
incoming electrons.

Process e e
e v, W
e e Z
e e W+W
e vW Z
vvW W
e v, W
e e ZZ
e e H
e v, W H
e e ZH

Relation among the o's
&LL + &LR —&RL + &RR = 0
&LL + &LR = &RL + &RR
&LL + &LR = &RL + &RR
&LL +&LR=&RL +&RR=O
&LL + &LR = &RL = &RR = O

&LL + &LR = &RL ~ &RR = 0
&LL + &LR = &RL ~ &RR
&LL + &LR = &RL + 4RR
&LL + &LR = &RL + &RR = O

&LL + &LR = &RL + &RR

NLC design and 0.36 for the DLC design. However, the
luminosity decreases can likely be reduced by altering the
designs. Bremsstrahlung does not change the luminosity.

The effect of beamstrahlung on the center-of-mass en-

ergy +a is easy to understand. The forces felt by one
of the beams due to the fields of the opposite beam in
either e+e or e e collisions are equal, though in oppo-
site directions. The accelerations of the charged particles
in the beam are therefore equal for e+e and e e colli-
sions (again in opposite directions), and so the radiations
from the accelerated charges are the same. Thus, the re-
sultant decreases in the center-of-mass energies due to
radiation are the same for e+e and e e colliders. In
the DLC, NLC, the KEK Japan Linear Collider (JLC),
and the Cornell TeV Energy Superconducing Linear Col-
lider (TESLA) designs [3I the decreases in the center-of-
mass energies due to beamstrahlung effects can be con-
trolled better than that of brem'sstrahlung, which is well
understood. Since the cross sections of all the processes
considered in this paper increase with +s, the decrease in
the effective center-of-mass energy due to beamstrahlung
and bremsstrahlung will decrease the cross sections.

VIII. ADVANTAGES OF POLARIZING
THE ELECTRON BEAMS

There are advantages of polarizing the colliding elec-
tron beams either left handed or right handed. Only the
left-handed fermions (ez, vg, uL„dL„.. .) and the right-
handed antifermions (e&, vtt, 6~, d~, . . .) couple to the
SM W boson. By the use of polarized electrons the back-
grounds can be reduced according to the nature of the
signals of interest. For example, to search for the right-
handed W boson that exists in left-right models, it will be
advantageous to use e& beams in order to reduce the SM
W production. By colliding e& beams the strong W& W&
signal in the process e e ~ v, v, WI W& (where Wl,

denotes longitudinal polarization) can be enhanced over

the W+W, ZZ, and W Z backgrounds. Similarly, the
signals of H and H H will be favored with the use

of ez beams. In Table III we compare the relative sizes

of the polarized cross sections for the SM processes that
we have calculated in this paper. There are four possi-
ble polarization combinations (LL, IR, RL, and RR).
We denote, e.g., ogl, as the cross section if both of the
incoming electrons are left handed.

IX. SUMMARY

We have calculated the standard-model cross sections
for single and double production of weak bosons, which
are SM backgrounds in the search for new physics in high-

energy e e collisions. Single and associated Higgs bo-
son productions have also been calculated and can give
observable signals, although the cross sections are gener-
ally not as large as those in e+e collisions. We have also
investigated the possibility of observing strong W& W&
scattering, which occurs through the weak isospin I = 2
channel and is unique to e e collisions. We have devel-

oped certain kinematic cuts to significantly reduce the
WT, WT, WT, Wz, W+W, and W Z backgrounds to
the strong W& W& signal in hadronic decay modes. The
W Z background persists at large Mvsgr, which makes
the observation of strong WL W& scattering difficult. On
the other hand, if doubly charged Higgs bosons exist, the
s-channel enhancement in W W final state would be
very substantial at an e e collider. This survey of cross
sections and processes should provide useful benchmarks
for serious studies of the potential of such a machine for
new physics discovery.

Note added in proof. After this paper was submitted
for publication we received two papers [28j in which pro-
cesses (2b), (2c), and (2e) were evaluated. The cross
sections obtained in those papers agree with our results.

ACKNOWLEDGMENTS

We thank Pisin Chen for an informative discussion
on the subject of beamstrahlung. We also thank David
Burke, Clemens Heusch, and Richard Prepost for dis-
cussions. This research was supported in part by the
U.S. Department of Energy under Contract No. DE-
AC02-76ER00881, and in part by the University of Wis-
consin Research Committee with funds granted by the
Wisconsin Alumni Research Foundation. J.F.B. was
supported by the National Science Foundation. K.C.
was supported by the U.S. D.O.E. Grant No. DE-FG02-
91ER40684. T.H. was supported in part by the U.S.
D.O.E. Grant No. DE-FG03-91ER40674, and in part by
a UC-Davis Faculty Research Grant.

[1] See, e.g. , the LEP Collaborations: ALEPH, DELPHI,
L3, and OPAL, Phys. Lett. B 278, 247 (1992); SLD Col-
laboration, Mod. Phys. Lett. A 8, 2237 (1993).

[2] See, e.g. , K. Riles, in Proceedings of the Workshop on
Physics at Current Accelerators and Supereolliders, Ar-

gonne, Illinois, edited by J.L. Hewett et al. (ANL Report
No. HEP-CP-93-92, Argonne, 1993), p. 103.

[3] Proceedsngs of the Workshop on Physics and Essperirnents
upwith Linear e e Colliders, Waikoloa, Hawaii, 1993,
edited by F. Harris et al. (World Scientific, Singapore,



6712 V. BARGER, J. F. BBACOM, RJNGMAN CHEJJNG, ANJJ T. HAN

1993);JLC Group, KEK Report No. 92-16, 1992 (unpub-
lished); Physics and Egperiments with Linear Colliders,
Proceedings of the Workshop, Saariselka, Finland, 1991,
edited by R. Orava et aL (World Scienti6c, Singapore,
1992).

[4] See, e.g. , Proceedings of the Stanford Linear Collider
User Meeting, Stanford, California, 1981 (SLAG Report
No. 247, Stanford, 1982), p. 606.

[5] C. Heusch, in Proceedings of the Workshop on Physics
and Egperiments with Linear e+e Colliders [3], pp. 895,
917; J.F. Gunion, ibid. , p. 903; P.H. Frampton, ibid. , p.
911;J. Blumlein and P.H. Frampton, ibid. , p. 926.

[6] W.-Y. Keung and L. Littenberg, Phys. Rev. D 28, 1067
(1983).

[7] F. Cuypers, G.J. van Oldenborgh, and R. Ruckl, CERN-
TH.6740/92 1992; NucL Phys. B409, 128 (1993);in e+e
Collisions at 500 Ge V: The Physics Potential, Proceed-
ings of the Workshop, Munich-Annecy-Hamburg, 1991,
edited by P. Zerwas (DESY Report No. 92-123, Ham-

burg, 1992).
[8] H. Georgi and M. Machacek, Nucl. Phys. B282, 463

(1985).
[9] D.A. Dicus and R. Vega, NucL Phys. B$29, 553 (1990).

[10] J.F. Gunion, R. Vega, and J. Wudka, Phys. Rev. D 42,
1673 (1990); Gunion [5].

[11] R.S. Chivukula and H. Georgi, Phys. Lett. B 182, 181
(1986).

[12] P. Frampton, Phys. Rev. Lett. 89, 2889 (1992); F. Pisano
and V. Pleitez, Phys. Rev. D 48, 410 (1992); Frampton

[5]
[13] T.G. Rizzo, Phys. Rev. D 50, 5602 (1994); Report No.

SLAC-PUB-6591, 1994 (unpublished).
[14] T.G. Rizzo, Phys. Lett. 118B, 23 (1982); C.A. Heusch

and P. Minkowski, Nucl. Phys. B418, 3 (1994).
[15] D. Choudhury and F. Cuypers, Phys. Lett. B 325, 500

(1994);Report No. MPI-PhT/94-24, 1994 (unpublished).

[16] F. Cuypers, K. Kolodziej, O. Korakianitis, and R. Riickl,
Phys. Lett. B 325J 243 (1994).

[17] V. Barger, K. Cheung, B.A. Kniehl, and R.N.J. Phillips,
Phys. Rev. D 48, 3725 (1992).

[18] M.S. Chanowitz and M.K. Gaillard, Nucj Phys. B281,
379 (1985).

[19] M.S. Chanowitz and M. Golden, Phys. Rev. Lett. 81,
1053 (1988); 8$, 466(E) (1989); V. Barger, K. Cheung,
T. Han, and R.J.N. Phillips, Phys. Rev. D 42, 3052
(1990); D. Dicus, J.F. Gunion, and R. Vega, Phys. Lett.
B 258, 475 (1991); M.S. Berger and M.S. Chanowitz,
ibid 28.3, 509 (1991); M.S. Chanowitz and W. Kilgore,
ibid. 322, 147 (1994).

[20] T. Han, in Proceedings of the Workshop on Physics and
Experiments with Linear e+e Colliders [3], p. 270.

[21] J. Bagger, V. Barger, K. Cheung, J. Gunion, T. Han,
G. Ladinsky, R. Rosenfeld, and C.P. Yuan, Phys. Rev. D
49, 1246 (1994).

[22] K. Cheung, in Proceedings of the Workshop on Physics
and Egperiments with Linear e+e Colliders [3], p. 864;
in Proceedings of the Workshop on Physics at Current
Accelerators and Sapercolliders [2], p. 421.

[23] K. Hagiwara, J. Kanzaki, and H. Murayama,
DTP/91/18, 1991.

[24] S. Weinberg, Phys. Rev. Lett. 17, 616 (1966);
M.S. Chanovritz, M. Golden, and H. Georgi, ibid. 57',
2344 (1986); Phys. Rev. D $5, 1490 (1987).

[25] M.S. Chanowitz and M.K. Gaillard, Phys. Lett. 142B,
85 (1984); G.L. Kane, W.W. Repko, and W.R. Rolnick,
ibid. 148B, 367 (1984); S. Dawson, Nucl. Phys. B249,
42 (1985).

[26] T.G. Rizzo, Phys. Lett. B 244, 532 (1990).
[27] P. Chen, Phys. Rev. D 48, 1186 (1992); in Proceedings

of the Workshop on Physics and Ezperiments with Lin
ear e+e Colliders [3], p. 590; T. Barklow, P. Chen,
and W. Kozenecki, in e+e Colliders at 500 t"eV: The
Physics Potential [7], p. 845.

[28] F. Cuypers, K. Kolodziej, and R. Ruckl, Reports Nos.
MPI-PhT/94-27, 1994 and MPI-PhT/94-33, 1994 (un-


