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USES OF THE CHIRAL LAGRANGIAN AT THE SSC

S. DAWSON
Brookhaven National Laboratory

Upton, N. Y. 11973

ABSTRACT
In the event that the SSC does not observe any resonances such as a Higgs boson

or a techni-rho meson, we would like to know if the SSC can still discover something
About the nature of the electroweak symmetry breaking. In particular, we consider
the question of whether there is a "no-lose" corollary at the SSC. We will use chiral
Lagrangian techniques to address this question and analyze their utility for studying
events containing W and Z gauge bosons at the SSC.

1. Introduction
One of the central questions facing the SSC is the origin of the electroweak

symmetry breaking. The non-zero W and Z masses are experimental evidence for
the existence of the symmetry breaking. The only question is where and how it
occurs. In the simplest possible case, the symmetry breaking occurs through the
coupling of a complex SU(2) scalar doublet to SU(2) x U(l) gauge fields. The Higgs
mechanism then gives the W and Z gauge bosons their masses, leaving a single
physical scalar, the Eiggs boson H. The mass of the Higgs boson is, however, a free
parameter in the theory and it is necessary to search for it in all mass regimes. In
building future high energy colliders, it is crucial to know what experimental limits
they will place on the Higgs mass. It is generally believed that the SSC will be able
to observe a Higgs boson with a mass less than about 800 GeV.[l]

Another possibility for the breaking of the electroweak symmetry is that of
dynamical symmetry breaking. Although no completely satisfactory model exists,
these models share some general features, among them the existence of a heavy
particle with the quantum numbers of the p, usually called the techni-rho, prc-
Depending on the details of the model, the SSC will be able to discover a techni-rho
up to a mass near 2 TeV.[2]

Clearly, the most attractive possibility for electroweak symmetry breaking is
the existence of a resonance which can be seen at the SSC. In this report we consider
the following depressing scenario: It is the year 2001 and the two major detector
collaborations at the SSC have just announced their results: MH > 800 GeV and
Mprc > 1 TeV. Furthurmore, they have studied vector boson scattering ad infinitum
and have found no hint of any resonant structure. What then? Must we plead for
yet higher energies or are we guaranteed to learn something about the electroweak
symmetry breaking by the very absence of resonances? This idea that the SSC
guarantees information about the nature of the electroweak symmetry breaking has
been dubbed the "no-lose corollary".[3]



Why might one reasonably expect there to be a "no-lose" corollary? The
basic logic is as follows: We know the electroweak symmetry is broken and so if
we see no resonances associated with the symmetry breaking, we must be below
the scale of the symmetry breaking, v/s « AEWSB- However, the standard model
with the Higgs boson removed to a very heavy energy scale contains three and four
gauge boson self couplings which grow with energy. Hence such a model describes
strongly interacting gauge bosons. Similarly, models with dynamical symmetry
breaking are strongly interacting by construction. Some vestige of these strong
interactions should hopefully be observable, presumably in an enhancement of the
vector boson scattering amplitudes. Hence the "no-lose" corollary in its simplest
form says that either there is an observable resonance or the W and Z gauge bosons
are strongly interacting. It is the purpose of this work to analyze this conjecture
within the framework of chiral perturbation theory. We have no definitive answers,
but will rather point the way to where more work remains to be done.

To analyze theories with strongly interacting gauge bosons, we recall the
example of strongly interacting particles observed experimentally, the pion system.
The experimental results from pion scattering are well described through the use of
the chiral Lagrangian, which is an expansion in powers of energy. [4] Because of the
symmetries of the theory, the low energy behaviour obeys T - it scattering theorems.

The low energy theorems can easily be generalized from pions to the longitu-
dinal components of the W and Z gauge bosons. These scattering theorems are valid
at low energy, that is ^/s <C {Af/?«, AEWSB}, where Mnt, is the mass of the lowest lying
resonance interacting with the WL'S and Z^s. (Of course if there is a resonance at
low energy, it will be observed directly and the use of the chiral Lagrangian is not
justified.) The lowest order term in an energy expansion of a scattering amplitude,
that of O(s), is completely fixed by the global symmetry of the theory. The next
terms in the expansion, however, are quite sensitive to the nature of the symmetry
breaking mechanism. It has been suggested that by extracting the energy depen-
dence of longitudinal gauge boson scattering cross sections, it may be possible to
differentiate between different mechanisms of electroweak symmetry breaking, even
if a resonance is not observed. [5] In Section 2 of this paper, we will pursue the
analogy between pions and the W and Z gauge bosons and analyze the utility of the
chiral Lagrangian for studying the interactions of longitudinal gauge bosons.

In Section 3, we extend our analysis by gauging the chiral Lagrangian with
respect to 5(/(2)t x U(l)y. This allows us to study the interactions of all polar-
izations of gauge bosons and to analyze the production of gauge bosons from both
vector boson scattering and from quark- antiquark annihilation. As an example, we
discuss the reaction qq -»VV+Z which depends on the three gauge boson vertex and
so is affected by higher order terms in the chiral Lagrangian. Section 4 uses chiral
Lagrangian techniques for theories which have larger gauge groups than the stan-
dard model. These models are meant to simulate technicolor models which typically
have an SU(N) x SU{N) global symmetry. We pay particular attention to reactions
involving gluons in the initial state. Finally, Section 5 contains some conclusions.



2. Longitudinal Gauge Bosons and the Cbiral Lagrangian
We begin this section by reviewing the use of chiral Lagrangians for the study

of longitudinal gauge boson interactions. The formalism of effective Lagrangians
provides a well defined computational framework for investigating the physics of
electroweak symmetry breaking. The infinite set of terms in the effective Lagrangian
can be organized in an energy expansion. At low energies, only a finite number of
terms contribute to any given process. At higher energies, more and more terms
become important, until the whole process breaks down at the scale of the symmetry
breaking. This procedure gives an acceptable description of TT scattering amplitudes
up to energies of about 500 A/eV.[6] For QCD, the scale of chiral symmetry breaking
is about 1 GeV, so we naively expect the effective Lagrangian for vector boson
scattering to be reasonable up to roughly half the scale of electroweak symmetry
breaking, in most cases about 1.5 TeV.

If we assume that there are only three Goldstone bosons (m*,*), and that
p = 1, the standard model has a global SU(2)L x SU{2)R symmetry which is broken
to a custodial SU(2)v- When the model is gauged with respect to SU(1)L X U(l)y
the Goldstone bosons become the longitudinal components of the W and Z gauge
bosons. We use the electroweak equivalence theorem in which the longitudinal gauge
bosons are replaced by their corresponding Goldstone bosons, producing amplitudes
which are correct to O(M%,/s).[7\

The interactions of the Goldstone bosons can be described in terms of the
SU(2) field,

E = eipf2in-71/fY (1)

where n = (u^.z), T are SU(2) generators normalized such that 7>(7<7}) = i*0- and
v = 246 GeV. Under SU(2)L X SU(2)R transformations, £ transforms as,

(2)

The u;* and z interactions can now be found by an expansion in powers of energy,
s/\%WSB. The first term in the expansion, which is of O(s), has two derivatives and
is,

^ { ^ \ (3)

The absolute normalization of £2 is completely determined by the requirement that
the Goldstone bosons have canonical kinetic energy; there are no free parameters
in Eq. (3).

The Lagrangian of Eq. (3) gives cross sections which are rising with energy
and will eventually violate unitarity. For example,

A(w+W -.«*) = -!, (4)

violates partial wave unitarity at y/T( ~ 1.7 TeV. The Lagrangian of Eq. (3) is
obviously only valid for s << sc.



To attempt'to extend the range of validity of the chiral Lagrangian, we can
include the O{s2) terms in the energy expansion; that is, terms with four derivatives,

. (5)

The sum Ci + Ci is the most general Lagrangian consistent with the chiral symmetry
and involving only Goldstone bosons. Possible mass terms break the chiral sym-
metry and we neglect them. The coefficients L\ and L2 are a priori unknown and
contain dynamical information about the model. What a given model does is to
tell you the values of Ly and L2. In the range of validity, ,/s << \EWSM , and with
the minimal global symmetry group, all models have the form £2 + £4. The power
of the chiral lagrangian formalism is that all models take this form; the weakness is
that the validity of the energy expansion is severely restricted by the requirement
of perturbative unitarity.

The Lagrangian of Eqs. (3) and (5) can be used to compute the Goldstone-
Goldstone scattering amplitudes to order s2. There are two types of contributions to
this order. The first is a direct coupling that follows from the tree-level Lagrangian.
The second is a one- loop correction that must be included at order s2. The one loop
contribution renormalizes the parameters L\ and Li and depends on an arbitrary
renormalization scale /i. There are also finite logarithmic corrections that cannot
be absorbed into a redefinition of the couplings. We find the complete result to

zz) =±

Isospin relationships can be used to find all of the other Goldstone boson scattering
amplitudes.

An important question is the energy regime in which Eq. (6) is valid. A
naive answer is given by setting L\ = Li = 0 and computing the energy scale at
which partial wave unitarity is first violated as done above. At one loop, L\ and Li
can be tuned to push this scale slightly higher, although the highest scale possible
seems to be about 2 7>V.[9] It is also possible to use various unitarization techniques,
such as K-rnatrix or Pade, to extend the range of validity,[lO] but this is contrary
to the spirit of the chiral Lagrangian formalism. Also, the results obtained in this
manner are extremely sensitive to the exact nature of the unitarization prescription.

In Fig. 1, we show the allowed range of Lt and Li for which partial wave
unitarity is respected in the first five partial waves for Goldstone boson scattering
below 1 TeV and 1.5 TeV. The results of this figure include the one-loop results given
above with /* = 1.5 TeV. From this figure we clearly see that the Li are naturally of
0(1) when normalized as in Eq. (5).



Figure 1
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Fig. 1. Values of Z,|(1.5 TeV) and L2{l.S TeV) allowed by partial wave uniiariiy. The solid

(dashed) line is the boundary of the allowed region when one requires the partial waves with J < 2
to satisfy | Re{a'j) |< i for yfi < 1 TeV (ji < 1.5 TeV).

It is instructive to compute some typical values for the £,. In a model with
three Goldstone bosons interacting with a scalar, isoscalar resonance like the Higgs
boson, we have[ll]

> 0
(7)

=0



Using the standard model relationship between MH and YH (probably a poor as-
sumption for a heavy Higgs boson) gives Li(MH) = 55 for a 1.5 TeV Higgs boson. In
this case, the chiral Lagrangian would be valid at energies much below the Higgs
boson mass. On the other hand, the best fit to the pion data (which presum-
ably corresponds to a model with a p resonance) gives l\ - -It- Using large
N scaling arguments for the mass and width of a techni-rho meson, we can find

e) ~ -.6 for a 1.5 TeV techni-rho meson.
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Fig. 2. The number o/W£W£ events per year at the SSC (solid) and LHC (dotted), assuming
an integrated Ivminosiiy of 10«/cm2, for .5 < Mww < 1- TeV as a function of Li(1.5 TtV), with
L\ = -Li. The values of ii(1.5 TeV) and £j(1.5 TeV) shown preserve partial wave unitarity below
I TeV.



The coefficients i , and £2 will be best measured in the process pp — £
for which vector boson scattering is the domi <mt contribution.[12] In Fig. 2, we
show the event rate in the interval .5 < Mww < 1 TtV as a function of Li(1.5 TeV). We
have taken £, = -Li (which corresponds to a heavy techni-rho meson) and plotted
only values which preserve unitarity up to 1 TeV. We see that the production
rate is quite sensitive to L\ and £j, although to determine the exact values which
can be probed at the SSC requires detailed detector simulations. If we make the
naive assumption that the longitudinally polarized gauge bosons can be extracted
efficiently from the total W+W+ signal1 and define the signal to be observable if it
introduces a 50% change in the integrated cross section, then the W£w£ is sensitive
to | L\, i j |> 1.0. We note that this value is slightly larger than that of our "typical"
values given above.

3. Gauging the Chiral Lagrangian

We can extend our analysis to include "ransversely polarized gauge bosons
and also the three and four gauge boson vertices by gauging the chiral Lagrangian
with respect to SU(2)L * ^"(l)y- This is simply done for the terms involving only S
fields:

where
D»£ = d"Z + igti"1 • TZ - iEg'B»T3 , (9)

and g and g' are the SU{2)i and U(\)y couplings respectively. In the unitary gauge,
S = 1, it is easy to see that the above Lagrangian gives the correct W mass, Mw - \gv.
If we do not assume a custodial SU(2)v then there is an additional term of O(s),

Since this term violates the custodial SU(1)v, the coefficient is related to the p
parameter, p = 1 - 2g2(3i.

To O(s2) there are 13 CP conserving terms involving gauge fields and Gold-
stone bosons which were first written down by Longhitano for the SU(2)L X U(l)y
case.[13] Most of these terms violate the custodial SU(2)v symmetry and are pre-
sumably small, although they do not all contribute to the p parameter. We will
assume that SU(1)v is broken only by terms proportional to the hypercharge cou-
pling, as is the case in the standard model. In this case there are three additional
terms of O(«3):

lThe detailed studies of Ref. [12] suggest that this is indeed possible.
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(H)

where B^ = (d»Bv -duBM)T3 and WM, = ($„#„ -d.WJ-f-ig[WM f,Wu- f]. One can

think of other terms, such as TiYo2EtD2sY but they can all be absorbed in Eqs.

(8) and (11) by using the lowest-order equations of motion, ED*W = (D2:c)£t.
i 1 0 is just the famous 5 parameter of Peskin and Takeuchi, i l 0 = -*5.[14] A

best fit to current data translates to I10(1.5 TeV) = .5± 1.6.[15] We see that at TeV
energies the error is so large as to make the limit on £10 relatively meaningless. The
terms with L9 contain anomalous three and four gauge boson couplings which con-
tribute to the processes, qq -, W±Z,W+W-, and W±j. Hence the chiral Lagrangian
is just another means of parameterizing the deviation of the three gauge boson
couplings from those of the Standard Model. The chiral Lagrangian provides a
particularly convenient and consistent framework. Note that Eq. (11) is manifestly
gauge invariant with respect to SU(2)L x t/(l)y.[16]

It is straightforward to use Eqs. (8) and (11) to compute the amplitudes for
various longitudinal gauge boson scattering production rates. As an example, we
present the rate for pp—> w£Zi. This process has also been studied extensively by
Falk, Luke and Simmons, with similar results.[17] In Fig. 3, we show the rate for
the process pp - W£ZL at the SSC, VS = 40 TeV, and at the LHC, S = 17 TeV.
This process is dominated by the qq contribution and hence is primarily sensitive
to L9L (we have taken all other I, = 0). With no anomalous couplings, the total
number of W+Z events per year is expected to be around 88,500 at the SSC and
34,000 at the LHC. Of these, the number of W£ZL events is about 10,000 at the SSC
and 4,000 for the LHC. Hence in order for there to be any hope of measuring the
effect of the anomalous coupling parameterized by £91, it is necessary to be able to
extract the longitudinally polarized gauge bosons from the overwhelming number of
transverse gauge bosons. There have been many serious phenomenological studies
of the prospects for doing this, with encouraging results. [18] If we again define a
50% deviation from the lowest order result as "observable", then the SSC is sensitive
to | Li |> 3. For comparison, we note that in a model coupled to a scalar, isoscalar
particle, Lsi(1.5 TeV) ~ 0, while in a model coupled to a techni-rho, Z,9t(1.5 TeV) ~ 2.4.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.
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Pig. 3 The number ofW+Z events per year assuming an integrated luminosity of 10AO cm'2 at the
SSC (dotted) and LHC (solid) as a function o/£9L(1.5 TeV).
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4. Beyond the Standard Model
It is in extensions of the standard model that the real power of the chiral

Lagrangian approach becomes apparent[19]. Chiral Lagrangians provide a system-
atic and model-independent approach to electroweak symmetry breaking. If future
colliders have insufficient energy to produce any new resonances which may be as-
sociated with the electroweak symmetry breaking, then the chiral Lagrangian may
yield important information in the low energy region below the scale of the new
resonances.

In this section, we will make the simplifying assumption that whatever
physics breaks the electroweak symmetry, it has a global chiral symmetry group
SU(N)L x SU(N)R which is spontaneously broken to the diagonal subgroup G. We
have in mind a generic technicolor model. There are then dim G Goldstone bosons
UA which can be parameterized by the matrix E = exp(2iUATA/f), where the TA are
now the generators of G (normalized such that Tr(TATB) = \&AB) and / = v/y/N/2.
Of course, three of the Goldstone bosons are exactly massless and become the lon-
gitudinal components of the W± and Z gauge bosons. The remaining dim G - 3
Goldstone bosons must acquire mass; they are known as pseudo-Goldstone bosons.

Once the embedding of the SU(Z)XSU(2)LXU(\)Y standard model gauge group
in the chiral symmetry group is specified, all of the various interactions can be
computed. To define the embeddings, we first construct the matrices X" = XaATA,
X" = XaATA and X = XATA which generate SU(3), SU(2)L, and U(l)Y, respectively.
The embedding is then denned by the covariant derivative,

£>„£ = d^ + g,G°[Xa, S] + igW^X'S - ig'B^X (12)

where G% is the SU{3) color gauge field and W° and B,, are the SU(2)L *U(1)Y gauge
bosons. The gauge couplings explicitely break the global symmetry.

The self-interactions of the Goldstone bosons and their interactions with the
standard model gauge fields are given by the chiral Lagrangian. The Lagrangian is
non-renormalizable, but it makes sense as an effective theory at low energies. As
before, to lowest order in the energy expansion, the effective Lagrangian is

C= ^ - T r f ^ E D T t ] , (13)

where the covariant derivative is now given in Eq. (12). The mass term for the
pseudo-Goldstone bosons is extremely model dependent, so we will neglect possible
mass effects. In typical models, m ~ 100 GeV, so we will always present results for
v^ > 200 GeV.

The lowest order effective Lagrangian describes pseudo-Goldstone boson scat-
tering to O(s). To this order, the predictions are universal in the sense that they
depend only on the symmetry group and the decay constant / . At 0(s2), the pseudo-
Goldstone scattering amplitudes depend on the next to leading order effective La-

11



grangian, which now contains four operators:

16*'

tlJ±
16*'

The coefficients Li are expected to be of order one; they are determined by the
dynamics that underlie the symmetry breaking.

The problem of unitarity violation is even more severe in models with ex-
tended gauge groups than in the standard model since some of the partial waves
grow with #.[20,21] In Fig. 4, we plot the singlet, antisymmetric adjoint and the
symmetric adjoint amplitudes for pseudo-Goldstone boson scattering. We have cho-
sen arbitrary vaiues for the I, in order to illustrate the effects of these terms. We
see that there can be a considerable difference between the energies at which the
O{») and the O(s3) partial waves first violate unitarity. We associate the unitarity
violation with the appearance of some structure in the fundamental theory such as
a resonance. Clearly the chiral Lagrangian is only valid below this scale.

It is useful to compare the results of the chiral Lagrangian with a model in
which we couple the pseudo-Goldstone bosons to vector and/or scalar resonances.
We choose a model where the couplings are given by

C = iOi^.Trftrtf DpEDrZU) + ^-aTr(DliY.D"Z^\ (15)

As an example, we arbitrary parameters and plot the results with the solid line in
Fig. 4 .

In a general model there will be pseudo-Goldstone bosons which are not
color singlets. As an example we will compute the contribution of these colored
particles to longitudinal vector boson production via gluon fusion. The gluon fusion
amplitude is model independent to O(s3) in the sense that it does not depend on
the Lt. Since the gluon fusion amplitude is independent of the L,, it probes different
physics than Goldstone boson scattering. For concreteness we shall present our
results in terms of the Farhi-Susskind[22] model which has G = 51/(8), so there are
63 Goldstone bosons. The embeddings are such that there is one color octet and
two color triplets of weak -triplet pseudo Goldstone bosons.

12
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We will compute the amplitude for producing two longitudinally polarized ZL

bosons or a W£W[ pair due to loops of colored pseudo-scalar bosons[23j. We work
in the high energy limit and use the equivalence theorem to replace the longitudinal
vector bosons by the corresponding Goldstone bosons. Since the global symmetry
group is always larger than S(/(2) x SU(2), the effective Lagrangian has a custodial
SU(2)v symmetry which guarantees that the two amplitudes are identical, A[gg ->
ZLZL) = A(gg — W^W£). The amplitude for j£(?i)s?(«) — *(Pi)*(P2) is required by
gauge invariance to have the form

A =lA(s, t, v) ( - |g

+ B(s,t,u)l~gtlll - ) \e
(16)

The amplitude vanishes at tree level. The one-loop amplitude is finite, and is given
by

(17)

where T(R) = 1/2 for each color triplet and T{R) = 3 for each color octet.

200.0 400.0 600.0 800.0

M z z (GeV)
Fig. 5 Production of ZLZI pain iy gluon fusion at the SSC with a rapidity cut \ y |< 2.5. The

doited line corresponds to one color octet of pstudo-Goldstone bosons. The solid line corresponds to
a techni-sigma of mass 400 GeV, width 50 GeV, and ha = .8



In Fig. 5, we see that the contribution of colored pseudo-Goldstone bosons
to Z pair production (dotted line) can be very large. In the Farhi- Susskind model,
it dominates the standard model contribution from qq -» ZZ for Mzz > 300 GeV.
This results from the large octet color factor and from the fact that the gluon
luminosity is much larger than that for quarks. We did not include a mass for
the pseudo-Goldstone bosons, so the figure is valid only for Mzz > 2/i, where n
is the pseudo-Goldstone boson mass. Below threshold, the curves are extremely
sensitive to the precise form of the mass matrix. From this figure we see that at
future hadron colliders such as the SSC or the LHC, the contributions from colored
pseudo-scalars are potentially large and dominate the standard model contribution.
We have extended this figure to an energy scale of 800 GeV, although above about
600 GeV, it is probably unreliable due to the effects of unitarity violation illustrated
in Fig. 4.

For comparison, we consider a model with a direct coupling between the
techni-o- and the gluons,

C^^-ffG'G""1 . (18)

We show in Fig. 5 the contribution from a 400 GeV techni-sigma which is coupled
via Eq. (18) to ZZ production from gluon fusion . We choose ha = .8, as suggested
by the model of Cahn and Suzuki.[20] Again we see a large rate. The important
point is that the order of magnitude found from coupling a techni-sigma to the
chiral Lagrangian and that from computing the pseudo-Goldstone boson loops is
similar. Clearly, there are too many assumptions to take these numbers as more
than an indication that the rate in this channel may be significantly larger than in
the standard model if there is an extended gauge group.

5. Conclusions
We have studied high energy scattering of longitudinal gauge bosons using

the equivalence theorem and chiral perturbation theory to O(s2). A strongly inter-
acting electroweak symmetry breaking sector could produce light resonances which
should be seen by the next generation of colliders. It could also happen that there
are no relatively light resonances (with mass less than ~ 1.5 TeV). It is in this case
that our analysis becomes relevant since the scattering amplitudes should show de-
viations from the low energy theorems that depend on the nature of electroweak
symmetry breaking. Different processes will measure different coefficients: W+W+

is sensitive to Lx,Li, W+Z measures L9, and Li0 is measured by precision tests at
LEP. The precise values of the coefficients which will be probed requires detailed
studies, which are beyond the scope of this work.[18] However, the power of the ap-
proach is clear in that within the range of validity of the energy expansion, the chiral
lagrangian approach describes any mechanism of spontaneous symmetry breaking.
Clearly, much more work needs to be done studying the range of predictions of
various models.

I have focussed by attention on the SSC; similar conclusions can be drawn
for the LHC.

15



6. Acknowledgements

These proceedings are based on work which has been done in collaboration
with J. Bagger and G. Valencia. I have greatly benefitted from their many insights.
This work is supported by contract number DE-AC02-76CH00016 with the U.S.
Department of Energy.

6. References

1. For a review of Higgs boson phenomenology see J. Gunion et. at., The Higgs
Hunter's Guide, (Addison-Wesley, Menlo Park, 1990).

2. J. Bagger, T. Han, and R. Rosenfeld, Proceedings of the 1990 Snowmass Study on
Physics in the 90's, Snowmass, CO.

3. M. Chanowitz, Proceedings of the 83rd International Conference on High Energy Physics,
Berkeley, CA.(1986); Proceedings of the Division of Particle and Fields Meeting, Salt
Lake City, Utah (1987).

4. J. Gasser and H. Leutwyler, Ann. Phys. 158 (1984) 142; Nucl. Phys. B250
(1985) 465; S. Weinberg, Physica 96A (1979) 327.

5. S. Dawson and G. Valencia, Nucl. Phys. 352 (1991) 27; J. Bagger, S. Dawson,
and G.Valencia, FERMILAB-PUB-92/75-TH; J. Donoghue and C. Ramirez,
Phys. Lett. B234 (1990) 361; A. Dobado and M. Herrero, Z. Phys. C50 (1991)
205.

6. J. Donghue, C. Ramirez, and G. Valencia, Phys. Rev. D38 (1988) 2195.
7. J. M. Cornwall, D. N. Levin, and G. Tiktopoulos, Phys. Rev. D10 (1974)1145;

11 (1975) 972 E; B. W. Lee, C. Quigg, and H. B. Thacker, Phys. Rev. D16
(1977) 1519; M. S. Chanowitz and M. K. Gaillard, Nucl. Phys. B261 (1985)
379; Y.-P. Yao and C. P. Yuan, Phys. Rev. D38 (1988) 2237; J. Bagger and
C. Schmidt, Phys. Rev. D41 (1990) 264.

8. S. Dawson and S. Willenbrock, Phys. Rev. D40 (1989) 2880; M. Veltman and
F. Yndurain, Nucl. Phys. B325 (1989) 1; S. Dawson and G. Valencia, Nucl.
Phys. B348 (1991) 23; K. Jhung and R. Willey, Phys. Rev. D9 (1974) 3132.

9. J. Bagger, S. Dawson, and G. Valencia, Proceedings of the 1990 Snowmass Study
on Physics in ike 90% Snowmass, CO.

10. See, for example, R. Willey, Phys. Rev. D44 (1991) 3646; A. Dobado, M. Her-
rero, and T. Truong, Phys. Lett B235 (1990) 134.

11. J. Donghue, C. Ramirez, and G. Valencia, Phys. Rev. D39 (1989) 1947.
12. V. Barger ct. a/., Phys. Rev. D42 (1990) 3052; M. Berger and M. Chanowitz,

Phys. Lett. B263 (1991) 509; D. Dicus, J. Gunion, and R. Vega, Phys. Lett.
B258 (1991) 475.

13. A. Longhitano, Nucl. Phys. B188 (1981) 118; T. Appelquist and C. Bernard,
Phys. Rev. D22 (1980) 200.

14. M. Peskin and T. Takeuchi, Phys. Rev. Lett. 65 (1990) 964.
15. G. Altarelli, CERN-TH 6525/92, (1992).

16



16. C. Burgess and D. London, McGill-92/04; McGill-92/05; M. Einhorn and
J. Wudka, NSF-ITP-92/01; G. Valencia, FERMILAB-PUB-CONF-92/246-
T.

17. A. Falk, M. Luke, and E. Simmons, Nvcl. Phya. B365 (1991) 523.
18. J. Bagger, V. Barger, K. Cheung, J. Gunion, T. Han, G. Ladinsky, R. Rosen-

feld, C.-P. Yuan, JHU-TIPAC-920025.
19. M. Golden and L. Randall, Nucl. Phys, B361 (19991) 3.
20. R. Cahn and M. Suzuki, Phys. Rev. Lett.67 (1991) 169.
21. R. Chivukula, M. Dugan, and M. Golden, HUTP-92/A025, BUHEP-92-18;

J. Bagger, S. Dawson, and G. Valencia, FERMILAB-PUB-92/177-T.
22. E. Faxhi and L. Susskind, Phys. Rev. D20 (1979) 3404; Plxys. Rep. 74 (1981)

277.
23. J. Bagger, S. Dawson, and G. Valencia, Phys. Rev. Lett. 67 (1991) 2256.

17


