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The experimentally verified relationship M~ Mzcos8~ implies universal low-energy theorems for

scattering of longitudinally polarized F and Z bosons provided that the symmetry-breaking sector con-

tains no particles much lighter than l TeV.

PACS numbers: 12.15.—y

Although the SU(2)z U(l) theory of electroweak in-

teractions is extremely successful, we know nothing about
the mechanism that breaks the gauge symmetry and
gives the 8' and Z their masses. In particular, the phys-
ics of the symmetry-breaking sector may be weakly or
strongly interacting. Examples of the former are models
with elementary Higgs bosons much ligher than 1 TeV,
including supersymmetric models in which the scale of
supersymmetry breaking is of order Mtt -100 GeV. Ex-
amples of the latter are the minimal Higgs model' with

heavy Higgs-boson mass, mH & 1 TeV, or dynamical
theories such as technicolor models with technihadron
spectrum of order 1 TeV and above. It may also be pos-
sible, in ultracolor models, to obtain a composite Higgs
boson with me+1 TeV and with the ultrahadron spec-
trum at masses much greater than 1 TeV. The purpose
of this Letter is to derive theorems for "low energy"
(compared to 1 TeV) scattering of longitudinally polar-
ized W and Z bosons that hold in all experimentally vi-

able strongly interacting symmetry-breaking models
which have no light (compared to 1 TeV) scalars in their
spectrum.

As discussed elsewhere, the low-energy theorems are
the basis of a general probe of the symmetry-breaking
sector that could be implemented at a proton-proton col-
lider with the energy and luminosity proposed for the Su-
perconducting Super Collider (SSC). The central quali-

tative point is that WW fusion provides a significantly
enhanced yield of longitudinally polarized gauge-boson

pairs if and only if the symmetry-breaking sector is

strongly interacting. The low-energy theorems can be
used as the basis of an estimate of this gauge-boson-pair
signal. Given the likely ability to detect gauge-boson

pairs, it seems that the signal could be detected over

backgrounds (e.g. , qq WW) at a pp collider with

Ks 40 TeV and X 1033 cm sec ', as proposed for
the SSC, but not at a collider with half the energy or a
tenth the luminosity. This implies a "no-lose corollary"
for a collider with the parameters proposed for the SSC:
Either we would see the gauge-boson pairs signaling a

strongly interacting symmetry-breaking sector at or
above 1 TeV and/or there must be light particles from
the symmetry-breaking sector that could be produced and
studied directly. A more careful look at the experimental
implications is planned for the future.

The intuitive basis for the scattering theorems is the
observation that WL and Zz, the longitudinally polarized

W and Z bosons, are essentially Goldstone bosons gen-
erated by the spontaneous breaking of a global symmetry
of the symmetry-breaking sector. This observation is

made precise by the "equivalence" theorem, proved to all

orders in the weak and symmetry-breaking interactions,
which asserts for gauge-boson energies much greater
than Mtt that

Here the left side is evaluated in the U gauge, the right
side in an R gauge, and the w(p;) are the 8-gauge Gold-

stone boson s associated with the longitudinal modes

w, (p, ).
In Ref. 4 the O'L, ZL scattering theorems were obtained

for the class of models in which the symmetry-breaking
sector has a chiral SU(2)L, SSU(2)tt symmetry that
breaks spontaneously to the diagonal SU(2)L+tt sub-

group. The latter "custodial" SU(2) is sufficient (but
has not been proved necessary) to protect the tree rela-

against possibly strong quantum corrections from the
symmetry-breaking sector. In this Letter we shall obtain
the scattering theorems without making any assumptions
about the symmetry structure of the symmetry-breaking
sector [except of course that the SU(2)zU(l) gauge
symmetry not be explicitly violated]. Instead we show
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Atgauge g s/4pMg .2 2 (4)

The second term, Atss, is in the tree approximation just
given by s-channel Higgs-boson exchange,

At» -—(g's/4M/) fs/(s —m$)).

Az,„z,has the famous "bad" high-energy behavior
that is canceled at infinite s by Atsa (since p 1 in the

directly that the experimentally verified constraint p= 1

implies that universal form for the scattering theorems
that was found in Ref. 4.

%e have verified this result by three different methods.
The most intuitively accessible, presented belo~, bypasses
the equivalence theorem, Eq. (1), and makes use of a
power-counting analysis in the unitary gauge. Two other
derivations. to be presented in a longer paper, rely on
symmetry considerations that follow from gauge invari-
ance. One uses SU(2)L current algebra and PCLC (par-
tial conservation of left-handed current), as opposed to
SU(2)LSU(2)g current algebra and PCAC (partial
conservation of axial-vector current) used to derive the
pion low-energy theoremsg on which Ref. 4 is based. The
other derivation uses effective chiral-Lagrangean meth-
ods. Our longer paper will also include examples, ana-
lyzed by the effective-Lagrangean method, that show
how low-energy Wz, Zz scattering can be affected by
light spin-zero scalars and pseudo-Goldstone bosons.

Although the current-algebra and chiral-Lagrangean
derivations may seem more generally appropriate to
dynamical models, we present here the U-gauge, power-
counting analysis because it reveals a simple interpreta-
tion of the underlying physics. From the U-gauge
analysis we see explicitly that the universal form of low-

energy Wz, ZL scattering is determined by SU(2)L
SU(1) gauge invariance alone, provided that the quanta
of the symmetry-breaking sector are all heavy.

To see how this works, consider first the minimal
Higgs model. ' Though we are ultimately interested in

working to order g in the electroweak gauge coupling
and to all orders in the Higgs-boson coupling A,sa, we be-
gin by examining 8'L, 8'L, ZL, ZL scattering to tree ap-
proximation in both couplings. The tree-approximation
amplitude in unitary gauge can be decomposed into the
sum of a gauge sector term and a symmetry-breaking
sector term,

At (Wg+WL . ZLZz ) =Attg, ug, +At».

We will evaluate the amplitude for s))M~. The first
term, Atg, ug„ is given by the sum of r and u channel W
exchanges and by the four-point contact interaction. In-
dependent of the nature of the symmetry-breaking sector
it is a universal function of M~ and p,

minimal Higgs model). However, for s((mH, Atsa is

negligible and so for the low-energy domain M~&&s
&&mH we have

At (WL+ WL —ZL, Zz ) =Atgu. g. ==g2s/4pM~

Similarly we also find

(6)

9
At(W,+W; —W,'W, )= — g, (4p —3),

4pMg

At(ZLZL ZLZL) =0. (8)

The other WL, Zr scattering amplitudes (elastic scatter-
ing of WL

—ZL, WL+WL+, , and WL WL ) follow from Eqs.
(6) and (7) by crossing symmetry. With the experimen-
tal constraint that p=1 these amplitudes agree precisely
with those deduced in Ref. 4 from SU(2)LSU(2)~
current algebra.

fhough to this point we have only derived Eqs. (6)-
(8) in the tree approximation for the minimal Higgs
model, they are actually valid to all orders in A,sa, the po-

tentially strong coupling of the symmetry-breaking sec-

tor, for any symmetry-breaking sector with no light parti-
cles. By po~er counting we will see that the only strong
corrections to Eqs. (6)-(8) are absorbed as renormaliza-

tions of M~ and p. All other quantum corrections due to
the symmetry-breaking sector are screened by an extra
power of the electroweak coupling constant,

ug/x g /4m, or they are suppressed by powers of
s/M)a, where M» is the characteristic scale of the spec-
trum of the symmetry-breaking sector.

The effective-Lagrangean approach' suggests that the
large-s corrections are actually 0 (s/A)a), where

Asa mm jM», 4nvl

and v =2M~/g —,' TeV is the standard-model vacuum
expectation value 4@v is the scale set by the one-loop cor-
rections computed with a phenomenological Lagrange-
an. The successful applications of chiral symmetry in

hadron physics support the analogous contention that4' sets the scale for the corrections to soft-pion
theorems. '0 A similar scale, 4Jxv, is also imposed by
partial-wave unitarity in the I =J =0 channel, O'L+Nq

ZLZL. (However, the I J=1 and I=2, J=Ochan-
nels are unitary up to larger scales —see Ref. 4.)

As a concrete example of the power-counting analysis,
consider a general Higgs model of heavy scalar bosons
with a large mass scale Msg+1 TeV. The scalar one-
loop contributions to the gauge-current vacuum-polar-
ization tensor are shown in Figs. 1(a)-1(c). In unitary
gauge all are quadratically divergent and it is easy to see
that the leading behavior in large Msg is proportional to

g M)a. For instance, schematically we see on dimension-
al grounds that Fig. 1(a) contributes finite terms

2 ' d4 p 9 12 g pv( 2gM2 +g2gq2+ )+qpqv g2( +g2D(2 — )P(2 — )' 2

(p' —M$, ) [(q —p)' —M$, j M)a
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(c)

(e)

FIG. 1. Quantum corrections from the symmetry-breaking
sector. Curly lines represent gauge bosons and straight lines
represent physical scalar or pseudoscalar bosons from the
symmetry-breaking sector.

where A, 8, C, and D are dimensionless numbers. (Any
possible logarithmic dependence on Msu is neglected. )
The g AM/a term contributes to the gauge-boson self-
energy; as a fraction of the tree-level mass it is just an
O(isa) correction: bM~2/M~-g M)a/g2v -Xaa (cf.
the standard-model tree-level relation A. mH/2v ). The
g28q term gives an O(a~/z) [or at most O((a~/x)
xinMsa)] contribution to the wave-function renormali-
zation. Adding internal scalar lines to the loops of Figs.
1(a)-1(c) modifies these one-loop results by additional
powers of Xs~. Thus the gauge-boson masses are strongly
renormalized while the corrections to the wave-function
renormalization are screened (modulo logarithms) by one
power of a~/m =g /4x .

Like the wave-function renormalization, the one-loop
scalar corrections to the three-gauge-boson vertex [Fig.
1(d) and other diagrams with one or two internal scalars
replaced by gauge bosons] are only logarithmically diver-

gent, and on dimensional grounds the leading finite con-
tribution to the gauge-coupling-constant renormalization
is at most O((ag/z)lnMsa). Again, to higher orders in

the strong scalar interactions this correction is multiplied

by additional powers of A,sq. Finite-momentum, form-
factor effects are suppressed by powers of Qz/M)a, where

g is the external momentum scale.
The one-particle irreducible scalar loop contributions

to the WLWL scattering amplitude [Fig. 1(e) and other
diagrams with one, two, or three scalar propagators re-
placed by gauge bosons] make an at most logarithmically
divergent contribution to the amplitudes at threshold,
which are linear in s, r, or u [cf. Eqs. (6)-(8)]. Dimen-
sionally the dependence on Msa of this contribution to
the threshold amplitudes is at most logarithmic, so that
Fig. 1(e) also makes no O(ksa) correction to the tree ap-
proximation. Relative to the tree amplitudes, Eqs.

(6)-(8), it contributes corrections of order O(a~/n) or
O((a~/z)s/M~), multiplied by factors (s/Msu)" for in-
teger n ~0. The O((a/n)s /M~2) terms correspond to
the O(s/(4nv) ) terms expected in the phenomenolog-
ical-Lagrangean approach. '

Finally there are strong renormalizations of the
scalar-boson self-energies, indicated generically in Fig.
1(f). These could affect the leading threshold behavior
of the WL 8'L scattering amplitudes if they were to induce
a pole in the complex energy plane with real and imagi-
nary parts small compared to Msp. This possibility is ex-
cluded by the assumption that there be no physical parti-
cles in the spectrum of the symmetry-breaking sector that
are light compared to the typical scale Msa. If light sca-
lars do exist, they can in different cases increase, de-
crease, or leave unaffected the low-energy amplitudes,
Eqs. (6)-(8) as we will illustrate with examples else-
where.

The conclusion is that M~ and Mz are renormalized
by order-k. ss effects while all other corrections to the
low-energy 8'L, 8'L amplitudes from a strongly interacting
Higgs sector are screened by a power of a~/z or sup-
pressed by powers of s/A/a. This establishes the validity
of the low-energy amplitudes, Eqs. (6)-(8), where p and
M~ are the physical values, incorporating possible strong
quantum corrections from the Higgs sector.

The same power-counting analysis applies if the sym-
metry-breaking sector also contains massive fermions,
perhaps carrying the non-Abelian charge of a new
strongly coupled gauge interaction as in technicolor
models. The one-fermion-loop contributions to the vacu-
um polarization induce order-)j, sa renormalizations of
M~ and Mz [where now ksu- (gMF/2M~) —(Msa/v )
with MF-Msa the heavy fermion mass], while the one-
loop contributions to the three- and four-point gauge bo-
son amplitudes are higher order in a~/n or suppressed by
s/Mfa. " Higher-order corrections due to the strong
gauge interactions modify these one-loop corrections by
powers of the strong gauge-coupling constant. Therefore
to any finite order in perturbation theory we reach the
same conclusion as for the Higgs models.

It should, however, be said that for models of dynami-
cal symmetry breaking, in which the physical spectrum is
not explicit in the Lagrangean but must emerge from the
solution, the current-algebra and effective-Lagrangean
methods may be a more suitable language than the per-
turbation expansion. In particular, using effective La-
grangeans we can analyze the effect of pseudo-Goldstone
bosons on low-energy scattering as a function of the as-
sumed patterns of symmetry breaking.

We have shown for M~((s &&$a that the low-energy
theorems, Eqs. (6)-(8), describe the scattering of longi-
tudinally polarized gauge bosons if there are no light
spin-zero particles (compared to I TeV) in the spectrum
of the symmetry-breaking sector. The experimental
consequence of these low-energy theorems is a "no-lose
corollary" that holds if we can probe the symmetry-
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breaking physics with a hadron collider of the energy and
luminosity for the SSC, Js =40 TeV and X =10 cm
sec '. By extrapolating the low-energy theorems we can
conservatively predict the order of magnitude of the
enhanced 8'R' 8'Z, and ZZ pair yields they imply, via
the W8' fusion mechanism. The signal would be observ-
able over the backgrounds at the SSC but probably not at
a pp collider with half the energy or one with a tenth the
luminosity. s With a facility like the SSC we would

therefore be in a no-lose situation, since either we would

see the enhanced gauge-boson pairs that signal a strongly
interacting symmetry-breaking sector at or above 1 TeV
or we could conclude that there must be light particles
from the symmetry-breaking sector that could be pro-
duced and studied directly.
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