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Abstract 

These lectures review theoretical motivations and experimental prospects 

for the study of TeV-scale physics. Three clues to the importance of TeV physics 

are discussed: 

1. implications of quantum corrections for the masses or a fourth generation 

quark-lepton family, 

2~. the gauge hierarchy problem and known solutions, 

3. implications of symmetry and unitarily for the symmetry-breaking sector 

of the elcctroweak gauge theory. 

The experimental prospects are reviewed with emphasis on the multi-TeV pp 

colliders that may be built in the 1990's. The topics include new phenomena .. . 

that might occur - e.g., " fourth generation, heavy gauge boeons, composite 

structure, and supersymmetry- as well as the signals of the unknown SU(2)L x 

U(l)y breaking mechanism that must occur within the TeV domain. 

~-· i 
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1. INTRODUCTION 

Physics in the domain between 100 MeV and 100 GeV has been very rich. 
In the last twenty years it yielded a beautiful synthesis, summarized by the 

gauge structure SU(3)color x SU(2)L x U(l)y. Though beautiful the synthesis· 

is clearly incomplete. Some of the missing elements will be far more difficult 

to find than others. In the landscape of this search the TeV scale is the only 

indisputable landmark below the gravitational scale of 1019 GeV. The success 
of the standard model clearly identifies the TeV = 1frJ GeV scale as the domain 

of one of the key missing elements: the unknown ''fifth" force that breaks the 

SU(2)L x U(1)y symmetry, giving mass to the W and Z while leaving the 
photon massless. Unitarily and SU(2)L x U(1)y gauge invariance alone identify 

a scaJeC1 •2> 
161J' 

..fiGF = (1 :7 TeV)2 (1.1) 

at or below which the symmetry breaking mechanism must emerge. 

In such a vast landscape we are fortunate that there is a landmark so close at 
hand. It is especially exciting that multi-TeV proton-proton colliders will allow 
us to begin to explore directly TeV scale physics in this century. The U.S. gov
ernment will probably decide in 1989 whether to construct the Superconducting 
Super Collider, an 83 km ring with 6.6 Testa magnets that will create pp collisions 

at ,fi = 40 TeV center of mass energy. With a luminosity C = 1frJ3cm-2sec-1 

the sse Is an optimal exploratory probe for the upper reaches of the domain 
defined by equation 1.1, as will be discussed in detail in these lectures. At CERN 
a proposal is in preparation to place a Large Hadron Collider in the LEP tunnel, 

with a 27 km circumference. For magnetic fields from 1 to 10 Tesla, the LHC 

would have proton-proton center of mass energies from 10 to 16 TeV. In these 

lectures I will assume ,fi = 16 TeV for the LHC, although the required 10 Testa 
matnets would require considerable development beyond the existing state of 

the art, which may or may not be feasible on the desired time scale. 

Most experiments at both the SSC and LHC are visualized with luminosities 
of about £ = 1033cin-2sec-1 . It may be possible to operate the machines 

at higher luminosities, but is is not clear that detectors could withstand the 

increased radiation damage or could successfully extract useful data (except for 

certain special purposes such as muon detection). In fact these problems are 
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already very serious for£= 1()33cm-2sec1 ! 

As in the past, experiments would be much easier at e+ e- colliders since the 

ratio of interesting physics to "junk" is many orders of magnitude higher than 
at proton colliders. A ,fi ~ 2- 3 TeV e+e- collider with £ = }()33cm-2sec-1 

would in many respects be roughly equivalent to the SSe. But we do not know 

how to (or even if we ever can) build such a collider. To avoid unacceptable 

energy 1088 it must be a linear collider. To obtain the necessary luminosity from 

single pass collisions, the beams must then be very small - much less than 1 
micron. The Stanford Linear Collider is the first step toward this technology 

but much more research and development will be needed before we will know 

with confidence whether and how to proceed. It is clearly very important for 

the future of high energy physics to support a strong R and D program on linear 
colliders. 

In contrast, today the design of pp colliders is comparatively straightfor
ward. The SSe design is conservatively based on proven technology, as is only 
prudent for so large and costly a project. But many of the experiments wiU 

be extremely difficult because of large background rates. To realize the goal of 

exploring TeV physics in this century, experimenters and theorists must work 

hard now to ensure the effective use of pp colliders. 

These lectures are in two parts. The first, consisting of three lectures, 
addresses the question "What is special about 1 TeV?". The focus is on three 
topics: 

1) A general, model independent analysis, based on unitarity and symmetry, 

that identifies the TeV scale as the upper limit for the unknown physics 

that breaks the electroweak symmetry. 

2) "Naturalness" and the gauge hierarchy problem which also point to the 

TeV scale as the upper limit for the physics of SU(2)L x U(l)y breaking. 
These considerations lead many theorists to be skeptical of ordinary Higgs 

boson models, preferring instead either supersymmetric Higgs models below 

1 TeV, a new strong force just above 1 TeV, or (maybe best of all) something 
else not yet imagined. 

3) Implications of electroweak quantum corrections for the mass scale of a 

C 
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poesible fourth generation. 

The second part, consisting of two lectures, describes the experimental sig

nals for the new physics discussed in the first part. Because I am concerned 

with what can be accomplished in this century, the focus is on proton-proton 

colliders. The topics include 

1) QCD as the ocean in which the physics signals swim. 

2) Reconaissance for new forces and new matter. 

3) Supersymmetry - definitive searches should be p08Sible if supersymmetry 
is the solution to the gauge hierarchy problem. 

4) Electroweak symmetry breaking- a collider with the energy and luminosity 

of the sse is sure to point to the symmetry breaking mechanism. 

In science it is a truism that the most important discovery is the completely 

unexpected. The best we can do to prepare for this p08Sibility is to be ready 

to look for the broadest range of new physics that we are able to imagine. At 

the same time it is important to keep in mind the uniqueness of the impending 
exploration of the TeV scale: while any new experiment has a chance to make 

a basic unexpected discovery, we can be confident that the TeV domain holds 

the key to understanding at least one fundamental gap in the standard model. 

When this key is found it will also help us along the trail leading to the other 

missing elements. 

"' J, 
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2. WHAT'S SPECIAL ABOUT 1 TeV? 

A marvelous series of discoveries were made from the 1950's to 1973, cul
minating in the synthesis that we now call the standard model. This period 

should be understood and appreciated to have a perspective on where we are 

today. There is not time to review this story properly so I will just mention a 

few highlights: 

• Systematic experimental study of the hadron spectrum led to recognition 

of the patterns of SU(3)Flavor symmetry. 

• The quark model was put forward as a mnemonic for the flavor symmetry, 

but almost no one dared take quarks seriously as real dynamical degrees of 
freedom. 

• The SU(2)L x U(l)y model of electroweak interactions was formulated but 

initially received little attention - even from the physicists who proposed 
it. 

• Scaling in deep inelastic electron scattering led to the formulation of the 

parton model. Deep inelastic neutrino scattering then showed that the par

tons carry quark quantum numbers. This introduced a contradiction as 
blatant as the instability of the classical atom, since the weak binding ap

proximation of the parton model implied that quarks should appear among 

the collision products. 

• The asymptotic freedom of unbroken non abelian gauge theories was discov

ered and understood to resolve the contradictions of the parton model. 

• The discovery of weak neutral currents and proofs of its renormalizability 

taught us to take the electroweak theory seriously. 

The culmination of these and other important developments, omitted in 

this too brief sketch, is the standard model: forces described by an SU(3)color x 

SU(2)L x U(l)y gauge structure and matter described by at least three quark

lepton generations. This is a tremendous advance beyond the state of our knowl

edge 25 years ago. Our success allows and requires us to ask questions at a deeper 

level. Among the questions we ask are these: 

... i' 
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• What breaks the SU(2)L x U(l)y symmetry and gives theW and Z mass? 

How is Mw related to other scales such as MPlancJc = 1019 GeV? 

• How many fermion generations are there and why? What determines their 
m888e8? 

• Is there a larger architecture of gauge interactions, as in grand unified theo

ries or in models with horizontal (intergenerational) symmetries. Are some 

or even all standard model quanta actually composite? 

• Does nature have a broken supersymmetry relating b080ns and fermions? 

Is it a local symmetry as in supergravity or superstring models? If not, how 
is gravity related to the other forces? 

• Can our understanding of these microphysical laws be used to construct a 
verifiable theory of the origin of the universe? 

Many of these questions may involve energy scales as high as MPlancJc = 1019 

GeV; certainly the last does. Why should we expect any answers at ~ 0(1) 
TeV? Usually when a new accelerator enters a new energy domain we say "you 

pays your money and you takes your chances". As in most explorations since 

the days of Columbus there is no guarantee that important discoveries will be 

made. This is not the case for the first accelerators that step into the Te V 

domain. In addition to the possibility of revolutionary unanticipated results, 

they are certain to illuminate at least some of these fundamental questions. In 
particular, 

• We will learn the energy scale ofthe mechanism of SU(2)L xU(l)y breaking 
and will probably discover the mechanism. 

• We will discover supersymmetry if it is relevant to electroweak symmetry 
breaking. 

• We will learn whether there is a fourth generation of quarks and leptons 

even if the fourth neutrino is too heavy to be produced in Z decay, as long 

as it is not too nearly degenerate with the corresponding charged lepton. 
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In each case however the experimental problems are challenging and will 

require considerable attention by both experimenters and theorists. 

Other questions can be explored to multi-TeV scales at the sse and LHe, 

though with no similar guarantee of definitive results. For instance, quarks can 

be probed for compositeness to distance scales of (18 Tev)-1 and (12 Tev)-1 at 

the SSe and LHe respectively. The neutral Z' gauge boson of S0(10) models 

can be discovered for masses below 6 and 3 TeV at the two colliders respectively, 

and a heavy replica of the standard W b~n could be discovered with mass as 

large as 9 or 5 TeV respectively. It is well worth considering the physics "reach" 

for these and other signals, not only because they may exist but because such 
exercises are the best guide to our "reach" for the unexpected. 

A few years ago, when simple SU(5) grand unification seemed a poesibility, 

there was talk of a "desert" stretching from Mw to Maut ~ 1014 GeV, with 
nothing in between except one Higgs boson at :b 1 TeV. Today more accurate 
measurements of the parameters of the electroweak theory indicate just the 

opposite: grand unification now seems to require new physics below MauT· 
Analysis of one loop corrections<3> show that the running coupling constants of 

SU(3)color, SU(2)L, and U(1)y do not meet at a point (at the 90% confidence 
level) unless new physics below MauT intervenes to bend the trajectories (shown 

in figure 1) from the courses they follow in the minimal standard model. Of 
course this new physics need not be at the Te V scale. 

Discoveries made at the TeV scale could also be very important for the 

efforts to understand physics at MauT or MPlanck· If a heavy Z' boson were 
discovered, measurement of its couplings to quarks and leptons would pin down 

the symmetry of a grand unified theory. Discovery of supersymmetry would give 

a tremendous boost (psychologically and maybe also scientifically) to Planck

scale modelers and super-stringers. Measurement of superpartner masses would 

illuminate physics at and just below MPlanck in models of Planck scale physics. 

In this section I will focus on the answers that are sure to be found within 
the TeV domain: 

1. Unless it is nearly degenerate with the associated neutrino, we know from 

one loop radiative corrections that a fourth generation charged lepton could 
not be heavier than ,..., 350 - 500 Ge V. 

c. 
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2. The technical unnaturalness of ordinary Higgs models is remedied in two 

known ways. One requires a strong confining force above (but not too far 

above) 1 TeV. The other requires supersymmetry below 1 TeV. 

3. Unitarity and the known symmetry of the electroweak gauge theory imply 

that whatever its nature, the mechanism of electroweak symmetry breaking 

must emerge at or below the 1.7 TeV scale. By measuring the scattering of 

longitudinally polarized W's and Z's between 1 and 2 TeV we will determine 

whether the mass scale of the symmetry breaking quanta is above or below 

1 TeV, and in most cases we will be able to observe them directly. 

The global symmetry of the symmetry breaking sector plays an important 

part in each of these topics. Therefore I will preface the discussion wiih a 

review of the standard Higgs boson model, paying particular attention to the 
global symmetry of the Higgs sector, which experimental measurements of the 

rho parameter tell us must in general be a low energy symmetry of any strongly 
interacting symmetry breaking sector.<2> As discussed below, the standard Higgs 

model will play a role like that of the sigma model<4> in QeD if SU(2)L x U(1)y 
is broken by a new strong force above 1 Te V. 

2.1 The Minimal Higgs Sector of the Standard Model 

I will briefly review the structure of the minimal model.<5 •6> The lagrangian 
for the complete theory is the sum of three terms, 

£=£gauge+ CsB + £1. (2.1) 

The first term, £gauge, describes an unbroken SU(2)L x U(1)y gauge theory, 
consisting of massless gauge bosons interacting with massless fermions. The 

symmetry breaking component, £58, contains the dynamics that induces an 

SU(2)L x U(1)y asymmetric ground state. The third term £1 contains the 

couplings of the fermions to the fields of CsB that acquire condensates in the 

asymmetric ground state, thereby generating the fermion masses. 

Consider first the gauge interactions, £gauge· There are four gauge b~ns, 

W = W 1
, W2

, W3 and X corresponding to the four generators of SU(2)L and 
U ( 1 )y. For simplicity we consider just the first generation of fermions, consisting 

of the quark and lepton SU(2)L doublets (u, d)L and (e, ve)L and the right 

... J 
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chirality components UR, dR, and eR which are SU(2)L singlets (i.e., do not 

carry left-isospin). The hypercharge Y of the various fermions are fixed by 

T3L = Q + Y using theBe SU(2)L assignments and the known electric charges. 

Then following the usual prescription for constructing a gauge invariant theory 

(e.g., reference (7)) we have in a compact notation 

1 ... ... 1 -
!gauge= -4F,. ... (W) · F"11(W)- 4F,. ... (X)F"11(X) + it/J p.p. (2.2) 

The gauge invariant kinetic energies for the gauge b080ns are 

F~'11 (X) = 0" X 11 -&"X" 

F"11(W) = O"W11
- &"W" + gW" X W11

• (2.3) 

The field t/J is a multicomponent spinor, consisting of the (u, d)L and (e, lle)L 

SU(2)L doublets and the three SU(2)L singlets UR, dR, and eR, coupled gauge 

invariantly to the gauge b080ns by the covariant derivative 

V" = 0"- igWL . TL- ig' XY (2.4) 

with g and g' the SU(2)L and U(1)y coupling respectively. In equation 2.4, TL 

and Y are matrices that act on t/J in accordance with the i.sospin and hypercharge 

assignments of its components. 

In the minimal modeJ(6) the quauta of CsB consist of four spin zero b080ns 

arranged to form a complex doublet under the SU(2)L group, 

~--1 (w1 + iw2) 
- V1, H + iW:3 . 

(2.5) 

Here w+ = ~(w1 + iw2) carries positive electric charge while H and W:3 are 

electrically neutral. Then for this case 

CsB = (V,.~)f(V"<I>)- V(<J>f~) (2.6) 

where to insure gauge invariance V,. is again of the form of equation 2.4 with 

TL given by the familiar Pauli matrices appropriate to isospin 1/2 and Y is a 

diagonal matrix constructed in accordance with Q = T3L + Y. The spontaneous 

symmetry breakdown is induced by the form of the potential V, 

2 
V = A(<J>f<J>- ~ )2, 

2 
(2.7) 

~ 
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with a minimum at ~+<J> = v2 /2. Here "spontaneity" means that the minimum 

could be realized by a condensate v forming along any direction of the four 

dimensional space spanned by w, H. We choose the components of ~ so that 

the desired pattern of symmetry breaking occurs when the field H acquires the 

condensate v, i.e., for w = 0 and H = v. If we redefine H by H __. H +v so that 

it also vanishes classically at the minimum, then the potential can be rewritten 

as 
A v = -(w2 + H2

)
2 + AvH(w2 + H2

) + Av2 H2
. 

4 
(2.8) 

Equation 2.8 illustrates Goldstone's theorem: before breakdown the poten

tial, equation 2.7, had a four dimensional 0(4) symmetry in the space spanned 

by w, H, that is reduced to the 0(3) symmetry of equation 2.8 under which 

w is a triplet and H a singlet. The number of invariant generators is reduced 

from the six of 0(4) to the three of 0(3), each broken generator giving rise to a 

massless Goldstone boson. In equation 2.8 we see that the Higgs field H has a 

mass 

m'h = 2Av2 (2.9) 

while the w are massless - they are the expected Goldstone boeons. 

In fact the model defined by equation 2. 7 played a venerable role in the 

physics of the 1960's that led to QCD in the early 1970's: it is precisely the 

SU(2) sigma model<4> with w replaced by the pions and H replaced by the 

scalar sigma field. The value of the sigma model is not as a comprehensive 

description of hadron physics - the existence of the sigma meson remains an 

enigma to this day - but that it con-ectly embodies the symmetry structure 

of hadron physics, an SU(2)L x SU(2)R symmetry that breaks spontaneously 

to SU(2)L+R (ordinary isospin) with three Goldstone boeons, the pions. It 
therefore embodies the low energy theorems for pion-pion scattering<8> which 

are the counterparts of the low energy theorems for longitudinally polarized W 

and Z scattering<1•2> to be discussed in Section 2.4 below. According to one 

of the original practitioners, the approach is inspired by a method of classical 

French cuisine: ''We may compare this process to a method sometimes employed 

in French cuisine: a piece of pheasant meat is cooked between two slices of veal 

which are then discarded" .<9> If CsB is strongly interacting then the minimal 

Higgs model will eventually be viewed like the sigma model (or like two slices of 

/ 
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veal). 

The gauge boson mass is "transmitted" to the gauge boeons by the coupling 

of the scalars to the gauge boeons in equation 2.6, dictated by the gauge invariant 

minimal substitution prescription of equation 2.4. Since ~ acquires a condensate 

v, equation 2.6 gives rise to mass terms for the gauge boeons W and X. The 

charged components w± = ~(Wt ± iW2 ) acquire a mass 

I 
Mw = 2gv 

while the neutral components W3 and X acquire a mass matrix 

( 

2 1 2 g 
2 - -v Mw •. x- 4 gg' 

gg') 
g"l' 

(2.10) 

(2.11) 

Since the determinant vanishes, the mass of one eigenstate vanishes - the pho

ton - while the mass of the other is given by the trace, 

I 
Mz = 2 .jg2 + g12v. (2.12) 

The eigenstate& are related to W3 , X by a rotation 

( 
-y ) = ( c~ Ow sin Ow ) ( X ) 
Z -smOw cosOw W3 

(2.13) 

where the mixing angle is 

g' 
sin Ow = #+ gl2 (2.14) 

Substituting equation 2.13 into equation 2.6 we discover that the electric charge 

18 

e = gsinOw. 

From the lowest order relation for the Fermi constant 

g2 
Gp- ---:~-- 4-/2Ma, 

and from equation 2.10 we deduce the value of the condensate 

v = (V'i.Gp)-112 = 246 GeV. 

.:: 

(2.15) 

(2.16) 

(2.17) 
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Comparing the expressions for theW and Z masses and using equation 2.14 we 

learn that the rho parameter is equal to unity, 

M2 - w I 
P= M2 20 = 

zCOS W 
(2.18) 

in excellent agreement with the most recent global fits(S,lo) that give 1.01± .01. 

Going beyond the minimal model, the success of equation 2.18 is an im

portant clue to the symmetry structure of CsB· Returning to equations 2.10 

and 2.11 we see with a little work that p = 1 follows from the equality of 

the mass of W3 to that of W1 and W2, which means it is a consequence of 

the unbroken SU(2)L+R symmetry that survives the spontaneous breaking of 

SU(2)L x SU(2)n in the minimal model, the analogue of ordinary isospin in the 

sigma model. Since this SU(2)L+R protects equation 2.18 from potentially large 

O(~sB) corrections from CsB, it is sometimes called the "custodial SU(2)" .<11> 
In reference (2) it is shown that the validity of p = 1 in the case of a strongly 

interacting CsB implies that the low (but not necessarily the high) energy inter

actions of the Goldstone boeons w must be SU(2)L+R symmetric -a limited 

converse to the observation of that SU(2)L+R symmetry implies p = 1. 

The third term, C 1, in equation 2.1 is needed to transmit the symmetry 

breaking condensate to the fermions in order to induce fermion masses. In the 

minimal model these are the Yukawa couplings, which for the u and d quarks 

are given by 

£1 = v'2r~:u.h~UR + v'2t~:dXL~cdn + h.c. (2.19) 

where h.c. denotes hermitian conjugate, XL = ( ~) L = 1 ~ 'Y5 
( ~) is the weak 

isodoublet, ~is defined in equation 2.5 and ~cis the charge conjugate doublet, 

~c = _1 ( (H- iU13) ) . 
../2 -(w1- iw2) 

(2.20) 

Shifting H-+ H + v to account for the vacuum condensate, the quarks q = u,d 

acquire masses 

m9 = ~~:9v (2.21) 

so that the Yukawa couplings are given by 

m 9 gm9 II:-----
q- v - 2Mw (2.22) 

., c: 
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and are therefore much smaller than the gauge couplings for light quarks with 

mq < < Mw. The one generation model is completed by adding a similar cou

pling of en to (ve, e)L which generates the electron mass. In the absence of a 

right-handed neutrino no analogous neutrino coupling is possible. 

Before concluding this brief review I want to emphasize one other feature 

of the minimal Higgs sector that we will see in Section 2.4 is perfectly general. 
From equations 2.9 and 2.17 we find that 

A mh ( mH )2 
411" = 81rv2 = 1.25 TeV (2.23) 

so that the interaction is weak and can be analyzed perturbatively, A/411" « 1, 

if mH « 1 TeV, while for mn ~ 1 TeV the interaction is strong, A/411" ~ 1. 

The same conclusion emerges by computing the amplitudes for the scattering of 

longitudinal W's and Z's in the standard Higgs model at high energy, s » mh, 
in tree approximation. For mn ~ 1 TeV the tree amplitudes violate partial 

wave unitarity, indicating the importance of loop corrections and the failure of 

perturbation theory.< 12) Another indication is that the Higgs boson decay width 
is given approximately by 

fn:?! 0.5 TeV ( 
mH )3 

1 TeV 
(2.24) 

with mn given in TeV, so that for mn ~ 1 TeV the width becomes of the same 

order as the mass, and H has no simple particle interpretation. 

We will use low energy theorems in Section 2.4 to show that the relationship 

between coupling strength and mass scale holds for any symmetry breaking 

sector, £sa, not just for Higgs boeon models. That is, the strength of the 

symmetry breaking interaction, which I will refer to as >.sa in general, and 

the mass scale Msa of the quanta that acquire the symmetry breaking vacuum 

condensate, must be related roughly as in equation 2.9. 

2.2 Upper Limit on a Heavy Lepton Mass 

In this section I will discuss the one loop corrections to the p parameter, 

equation 2.18, from a very heavy fermion/, m1 :» Mw. The result for a heavy 
charged lepton is that p is shifted by<13.14) 

6 
_ Gpm'i 

p- 8.;'211"2 (2.25) 

i: ' 
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provided the neutrino partner IlL is not too heavy. The experimental measure

ments of p imply<3•
10

) that 6p < 0.013 at the 90% confidence level, which then 

implies using equation 2.25 that 

mL ~ 350 GeV. (2.26) 

We will see below how the bound is affected if the neutrino IlL is massive. For 

now I only remark that if m,L = 50 Ge V - so that the fourth generation would 

not be "counted" by the Z decay width - the bound 2.26 would only increase 

to 375 GeV. Therefore this constraint complements what we will learn from the 

Z width. 

While a 350 GeV lepton would be copiously produced at the LHC or SSC, 

detecting it would not be a simple matter. The detection problem is reviewed 

in Section 3. 

The discussion here uses an "old-fashioned" renormalization convention in 

which sin 0 is defined to all orders by equation 2.15, i.e., sin 0 ::: efg; as a 

result p = 1 is corrected in higher orders, 6p ::/; 1. The "modern" convention 

defines cos 0 = Mw / M z so that p = 1 to all orders by definition in the standard 

model. Cahn follows the modem convention in his lectures at this workshop.<15) 

It has the practical advantage that the well-measured parameters Mw and Mz 

are used as input parameters. My old-fashioned convention uses the less well

measured quantity gas an input parameter. However I prefer the old-fashioned 

convention here for a pedagogical reason: the result we obtain will have a simple 

intuitive explanation in terms of the "custodial" SU(2)L+R symmetry discussed 

in Section 2.1. 

I will now sketch the calculation of the one loop correction following refer

ence (14). The lowest order gauge boeon propagator in unitary gauge is 

Dt;"'(p) = -i (g'"'"'- pl-lp"') 
p2-M2 M2 

0 0 
(2.26) 

where Mo is the lowest order mass of the W or Z. The one loop contribution to 

the gauge boeon self energy is determined by the one loop contribution to the 

vacuum polarization tensor, 

ll'"'"(p) =-J d"x e-ip·x (T• J'"'(x)J"(0))0 (2.27) 
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where J" is the gauge current that couples to W or Z and r denotes the 

covariant time ordered product. Then the propagator to one loop order is given 

by 

D"" = Dt;" + l v:;onotJ do". (2.28) 

Writing 

0"" :: g""Dt + pl'p"02 (2.29) 

and expanding 2.28 as the first term in a geometric series we find 

- -· "" ~ • ( ...JJ ") 
D"" - p2 - MJ + ig2 Dt (p2) g - MJ + ... (2.30) 

where the terms omitted in 2.30 are proportional to pl'p" and will contribute to 

the renormalization of the longitudinal component. R.enormalizing the propaga

tor at p2 = 0, we see from 2.30 that the correction to the mass is 

6M2 = -ig2Dt (0): (2.31) 

(It is sufficient to consider p2 = 0 since the effect of renormalizing on shell, 

p2 = Ma,,z, is a small correction, of order Ma,,z/m} « 1, to our result.) 

The problem is now reduced to computing the one loop contribution to 01. 

We use dimensional regularization, which requires introduction of an arbitrary 

mass parameter p that is used to rescale the coupling constant g in order to 
maintain a lagrangian of the correct dimension as the dimension of space-time 

is continued. Following the minimal subtraction procedure, we simply discard 

the pole at n = 4. Then for a SU(2)L doublet of heavy fermions, ( ~~), with 

mF, = J1li » Mw,z, we find 

01,w(O) = -i eg2 [(tm~ln ml) + m~m~ In m~- ml+m~] 
32n:2 . ,.2 m2 - m2 m2 2 

•=1 r I 2 2 

(2.32) 

t 2 1 2 . 2 
. .. g "' 2 mi Dt z(O) = -z
32 2 2 () L...., mi In - 2 ' 1TCOS W. JJ 

•=1 

(2.33) 

where~ = 1 for leptons and =3 for quarks. Using equation 2.31 we can now 

compute the heavy fermion contribution to the rho parameter, 

( 
Ma, ) 

f>p = /j M~ cos2 Ow 

.:. 
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= _1_ (f>Ma, _ 6M~ ) 
Ma, cos2 0w 

- e __ F_ m1 m2 I m2 m1 m2 G 
( 

2 2 2 2 + 2) 
-.. rn 2 2 n 2 + · 4y21T2 m1 - m2 m1 2 

(2.34) 

The arbitrary parameter p has cancelled in 2.34, as it must since there is no 

counterterm for Mw/Mz and there are no O(g2m}) corrections to cosOw. 

It is instructive to consider two limits of 2.34. For m1 = m2 we find after 

expanding the logarithm near m1 = m2 that the correction vanishes, f>p = 0. 

This has a simple physical explanation: for m1 = m2 the fermions do not break 

the custodial SU(2)L+R discussed in Section 2.1 and therefore p = 1 continues 

to hold. The correction to p given by 2.34 can be understood as the consequence 

of the breaking of SU(2)L+R when m1 I- m2. It is for this insight that I have 
used the old-fashioned renormalization t:onventions in this discussion. 

The second limit we consider is m1 = 0, as would occur for a massless 

neutrino. Then fore = 1 equation 2.34 implies the result for a heavy lepton 
given in 2.25. Assuming the experimental limit<3 •10) f>p < .013 (90% C.L.) 

equation 2.34 implies mL ~ 350 GeV for a heavy lepton with mv = 0. The 

limit continues to be strong even if the neutrino is not massless. For instance, 

for mv = 50 GeV, 100 GeV, or 200 GeV the corresponding upper limits on mL 

are 375 GeV, 415 GeV, and 505 GeV respectively. Since mb makes a negligible 

contribution to 2.34, the experimental limit on f>p implies a limit on the top 

quark mass, mt ~ 200 GeV. It also implies that ultra heavy quark doublets 

cannot have large mass splitting. If we define f>m = mu - mv and expand 2.34 

for mu » 6m we find 

6 
_ GF(f>m)2 

p- 2../211"2 (2.35) 

For f>p < .013 this implies 6m < 175 GeV. The complete constraint including 

the top quark and a fourth generation with a light neutrino is 

3m~+ mi + 4(mu- mn)2 < (350 GeV)2. (2.36) 

Clearly if fflt approaches its upper limit of 200 GeV, the inequality leaves little 

room for a fourth generation. 

2.3 Naturalness 

0: 
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There are two aspects of what is called the "naturalness" or "gauge hi

erarchy" problem. The first is the physical origin of the very small numbers 

Mw/MauT::!! 10-12 or Mw/MPlanck::!! 10-17
. The second is a technical prob

lem that is specific to Higgs boson models: even if the gauge hierarchy problem 

has a natural solution in lowest order, the quadratic divergences associated with 

scalar fields induce one loop corrections that destroy the hierarchy. In ordinary 

Higgs boson models these corrections require an order by order fine tuning of 

the subtraction constants that seems physically unnatural. In this section I will 

concentrate on this technical naturalness problem. 

Two strategies have been proposed to deal with the naturalness problem. 

One is to suppose that the symmetry breaking sector, Css, does not contain ele

mentary Higgs boeons. In particular, in technicolor models <16) £ 58 is presumed 

to be a confining gauge theory like QCD at a mass scale roughly v/ Frr "' 2700 

times greater than the GeV mass scale of QCD. Since QCD is known to undergo 

spontaneous symmetry breaking, with SU(2)L x SU(2)n breaking to SU(2)L+R, 

giving rise to three Goldstone b080ns (the pions), it is plausible that a similar 

theory at a higher mass scale would contain the necessary ingredients for elec

troweak symmetry breaking. 

The second strategy is to provide a principle for the cancellation of 

the quadratic divergences: supersymmetry. < 17> In supersymmetric theories the 

quadratic divergences due to scalar boson loops are precisely cancelled by fermion 

loop contributions. The remaining finite difference is proportional to the scale 

of supersymmetry breaking, e.g., the mass differences of the scalar and fermion 

superpartners. The absence of scalars degenerate with the known leptons and 

quarks tells us supersymmetry cannot be exact. Naturalness then implies an 

upper limit on the scale of supersymmetry breaking, since the naturalness prob

lem returns if mass differences of fermion-boson superpartners are too large. To 

avoid fine-tuning at less than the few percent level, superpartners cannot be 

heavier than a few Te V. 

Supersymmetry and technicolor are discussed in Sections 2.32 and 2.33. It 

is however important to recognize that nature may have found a way to solve 

the naturalness problem that has not yet occurred to us. For that reason we 

will also consider, in Section 3, the general properties of electroweak symmetry 

breaking that must hold in any theory because of unitarity and gauge in variance. 
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e.91 The Problem Defined 

Consider the standard Higgs boson model, reviewed in Section 2.1. The 

potential V contains a wrong-sign (tachyonic) mass term for wand h, given by 

the coefficient of !(W2 + h2 ) in equation 2.7, equal to -~v2 . Because of the 

tachyonic sign, the state of minimum energy has a condensate v, resulting in 

zero mass for the triplet w and a mass +V2~v2 for h. The one loop quantum 

correction is quadratically divergent, 

2 9~ I aa~. 1 
c5(~v ) = 2 (211")4-:::-- -. (2.37) 

Though expressions like equation 2.37 are shocking to novices in field theory, 

they lose their shock value as the student masters (i.e., is brainwashed by) the 

renormalization program, which shows that finite predictions can be extracted 

at the cost of a small number of subtractions or redefinitions. Most notably 

in the case of quantum electrodynamics this program has been extraordinarily 

successful. The divergence in equation 2.37 can be removed by introducing a 

counterterm that in effect shifts the initial value of ~v2 by an infinite constant 

cancelling the divergence generated in equation 2.37. 

In the renormalization program we renounce any attempt to understand 

the physical origin of those parameters requiring subtraction - their values are 

simply fit to experiment - but we are then able to obtain finite predictions 

for all other physical quantities in the theory. To understand the naturalness 

problem it is necessary to go beyond this limited, though powerful, perspective 

and to ask questions about the origins of the subtracted quantities, assuming 

they will eventually be understood and calculable in the context of another 

theory formulated at a deeper level. The expectation is that the deeper theory 

introduces new physics at high energy that cuts off the divergent behavior of 

integrals like equation 2.37. Denoting the energy scale of the new physics by A, 

equation 2.37 would be replaced by 

c5(v2~) = C~A2 
211"2 

where C is a numerical constant of order unity. 

(2.38) 

Equation 2.38 tells us that the parameters of Higgs models are hypersen

sitive to the high energy scale of the deeper underlying theory. For example, 
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the Higgs boson mass, given in lowest order by m'h = 2~v3 , might reasonably 

range from tens of MeV to perhaps the TeV scale (see references (18) and (19) 

for reviews). The scale A of the deeper theory might be the scale of Grand 

Unified Theories, MauT = 0(1014) GeV, or even the Planck scale suggested 

by superstring and supergravity models, .MPianck = 0(1019) GeV. Writing the 

physical mass as the sum of a bare mass plus the one loop corrections 

c~ mh=m2 +-A3 
H,bare 11"2 (2.39) 

we see that the bare mass must be tuned with exquisite precision to make the left 

side much smaller than the two terms on the right side. For instance, if m 11 = 
1 T~V and A = MpJanck then the cancellation on the right side must work to 

one part in 1017! Of course the renormalization program allows us to arrange 

the cancellation to any desired precision, but viewed from the perspective of the 

deeper theory such a cancellation seems extremely unnatural - one might even 

say, in the absence of any principle requiring or explaining such a cancellation, 

that it is absurdly implausible. 

Though the term is also used in other ways, this is the naturalness problem 

that uniquely afflicts Higgs boson models. It may be thought of us as an insta

bility of the energy scale of the theory against quantum corrections that tend 

naturally to drive the scale to violently larger values. The problem uniquely 

affects Higgs models because in 3 + 1 dimensions the only renormalizable theo

ries with quadratic divergences are th06e containing scalar fields. For instance 

in unbroken gauge theories like QED or QCD divergences are at most given by 

powers of logarithms. If instead of the quadratic dependence on A in equation 

2.39 there were a logarithmic dependence, 

2 2 c~ 2 A 
mH = mH bare+ 2mH bare In---

' "" ' mH,bare 
(2.40) 

then no fine tuning would be needed even for A as large as MpJanck. 

2.32 Supersymmetry 

With only one known exception the discussion of Section 2.31 applies to 

all models with elementary Higgs bosons: in the absence of cancellation all 

have quadratic divergences that destabilize the electroweak scale, requiring finely 

tuned subtractions in each order of perturbation theory. The exception is pro

vided by supersymmetric theories<20
) in which the quadratic divergences cancel 

1<. 
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between bosonic and fermionic loops, with only gentle logarithmic divergences 

remaining that do not require fine tuning. <17) The stabilizing mechanism is the 

combined consequence of chiral symmetry and supersymmetry. Chiral symmet

ric interactions at high energy cannot communicate their large intrinsic scales to 

fermion masses. Supersymmetry links scalar and fermion masses so that scalar 

masses are also protected by the chiral symmetry of the fermionic superpartners. 

The hierarchy stability problem is the clue that supersymmetry may be dis

covered at the few hundred Ge V scale of electroweak interactions. The quadratic 

divergences of the Higgs sector are cured by cancellation of loop contributions 

between the ordinary particles and their superpartners, e.g., between contribu

tions to the Higgs self energy from the W boson and its spin 1/2 partner the 

wino, W. Since supersymmetry is not an exact symmetry, the cancellation is 

not exact but leaves a finite contribution, proportional to the difference of the 

masses squared of particles and superpartners. Calculations show that if the 

supersymmetry breaking scale is much larger than 1 TeV then fine-tuning (to 

a few percent or less) again becomes necessary.<21 ) Therefore if supersymmetry 

is to solve the hierarchy stability problem, superpartner masses cannot be much 

greater than 1 Te V. 

To be specific consider the minimal supersymmetric extension of the stan

dard model. <22) It contains two Higgs doublets and the coupling constant ~ is 

required by gauge invariance and supersymmetry to be equal to g2 (within factors 

of2). Minimization of the Higgs potential and the condition Ma, = ig2(v~+v~), 
where Vt and V;, are the vacuum expectation values of the two doublets then re

quires the tachyonic Higgs mass to be given in lowest order by 

2 1 2 
(J.J )Tree= 2Mw. (2.41) 

In the next order a heavy wino (the fermionic partner of the W) would contribute 

a one loop correction to J,J2 • Using results from reference (14) I find it is given 

to leading order in Mw/Mw :» 1 by 

aM! ( M- ) 
f>J,J2 = w 6ln --lt:. + 2 

2411"sin2 Ow Mw 
(2.42) 

where I have set the arbitrary scale of the logarithm equal to Mw. Comparing 

2.42 with 2.39 we see that Mw replaces the cutoff in simple Higgs models. If 

" 
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M w gets too large we again encounter a fine-tuning problem: since there are no 
large (power-behaved) corrections to the gauge coupling constant g, the order 
of magnitude given by equation 2.41 must be maintained in higher orders to 
ensure vacuum expectation values of the right scale. If we want to restrict the 

tuning to,.... 50% we require 6p2 < JJfree and 2.42 then implies Mw < 0.7 TeV. 
If we are prepared· to tolerate a 90% cancellation in the tuning, 6p2 < 101-'},.w 
than Mw < 2 TeV. If we think a 97% cancellation is plausible, 6p2 < 301J},.ee• 
then Mw < 3 TeV. These bounds can be improved by adding loops due to other 

su perparticles. 

The conclusion is that if superpartners are much heavier than the TeV scale, 
then supersymmetry does 'not help us to understand the technical naturalness 

problem. Then if supersymmetry occurs in nature above the TeV scale there is no 

reason to prefer any ~e below MPiancJc as the mass scale of the superpartners. 
On the other hand, if supersymmetry does indeed stabilize the electroweak scale 

against quantum fluctuations then it must be discovered at or below the TeV 
scale. 

~.33 Technicolor 

Technicolor<16) is based on the knowledge of strong interaction dynam

ics acquired from the study of QCD. In technicolor models the symmetry 

breaking lagrangian Css is presumed to be an unbroken, confining, non
abelian gauge theory, like Cqcv but with an intrinsic mass scale of order 
v/ F, ~ 246 GeV /92 MeV ,.... 2700 times larger than in QCD (see reference 

(23) for a review). Technicolor models do not suffer from the technical natu

ralness problem because they do not have the quadratic divergences of theories 
with elementary scalar boaons but only the gentle logarithmic divergences of 
fermions interacting with massless gauge boeons. Viewed in isolation, the tech

nicolor mass scale is just a parameter introduced to fit the weak scale a;.•/2, 
and as such no insight is gained into the deeper puzzle of the hierarchy between 

v and MPlanck. However a unified theory might some day relate both v and 

F, to a higher scale, much as F, (or AQco) is related to MGUT in grand 
unified theories encompassing SU(3)CoJor x SU(2)L x U(1)y. I will sketch an 
unrealistic calculation to show how this could come about. 

Just as in QCD the parameter Aqcv that sets the scale of the strong inter

actions, o,(Aqcv) = 0(1), is of order Frr = 94 MeV, similarly in a technicolor 

•~ 
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theory we expect oTc(ATc) = 0(1) for ATe= O(v) ~ 0(250 Gev). The rela
tionship between ATe and some higher scale, say AaUT, is only logarithmically 
divergent, so no fine-tuning is needed. In fact the relationship suggests that 
we might even be able to understand the physics that determines the gauge 

hierarchy, the fundamental naturalness problem mentioned at the beginning of 
Section 2. 

Suppose the technicolor theory is an SU(NTe) nonabelian gauge theory. 
Then the coupling constant evolves according to 

(2.43) 

where 
b- 3NTe- 2n/ 

- 4811'2 • 
(2.44) 

Integrating from AauT to ATe we get 

lnAaUT _ _!_( 1 _ 1) 
ATe - 2b g}c(AauT) g2 (ATe) · 

(2.45) 

The technicolor theory is asymptotically free, so the second term on the right 
side can be neglected. Then we compute the hierarchy 

AGUT ( 1 ) ---exp 
ATe - 2bg}c(AauT) · 

(2.46) 

The hierarchy is then a consequence of the asymptotic freedom of the tech

nicolor theory: for 2bg2(ATe) «: 1 the exponential in 2.46 ensures that 

AauT /ATe > > > ... > > > 1. As a specific example, suppose that NTe = 4 and 
n1 =b. Suppose also that the SU(4)Te is unified with SU(3)eolor X SU(2)L X 

U(1)y at AauT· Then oTe(AauT) = oauT ~ 1/40 and 2bg}c(AauT) ~ 1/25 
so that 2.46 yields AauT = 2 · 1010 ATe which is a bit small but in the right 
ballpark. 

Unfortunately this toy calculation has a serious problem that I have hidden 

by setting OJ = 6. From the point of view of the technicolor sector there are 

typically many more flavors and the running of 9Te does not yield as encouraging 
a result as we obtained above. (24) 

It is very instructive to consider the basic technicolor mechanism, because it 

reveals a more general view of the Higgs mechanism than comes from Higgs boson 
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models. We will see how the Higgs mechanism occurs without the existence of 

physical Higgs boeons. 

Following Susskind<16) it is amusing and instructive to consider the 

SU(3)CoJor xSU(2)L x U(1)y model in the absence of an additional electroweak 

symmetry breaking sector, 

LSB = 0. (2.47) 

Equation 2.47 is misleading since it suggests that SU(2)L x U(1)y is unbroken, 

i.e., Mw = Mz = 0. This is wrong- in fact electroweak symmetry would be 

spontaneously broken by QCD and instead of equation 2.47 we should write 

CsB = LQCD· (2.48) 

To be precise consider QCD with two quark flavors, u and d, taken to be massless, 

mu = md = 0. The theory then has an exact SU(2)L x SU(2)R global symmetry 

that breaks spontaneously to the SU(2)L+R isospin subgroup with three massless 

Goldstone boeons, the pions. The symmetry breaking vacuum condensate is the 

scalar quark bilinear 

< ULUR + dLdR >-:/: 0 (2.49) 

with nonvanishing SU(2)L and U(1)y charges. For pure QCD this would be 

the end of the story, but in the presence of the gauge sector of the electroweak 

lagrangian, equation 2.2, the Higgs mechanism occurs. The pions disappear from 

the meson spectrum while the W and Z bosons acquire longitudinal modes and 

masses, 
gF" Mw =- =29MeV 

2 
(2.50) 

with M z = Mw /COB Ow assured by the ordinary isospin symmetry (see Sec
tion 2.1). 

To derive equation 2.50 consider the vacuum polarization tensor (with imag

inary part proportional to the iiv annihilation croes section), 

D""(p) =-I d"x e-ip·:z: < r· JtiA(x)JiiA(O) >o (2.51) 

where J:!' is the weak current 

. - Ti 
J_i(x) = tPL(x)2-yiAtJ!L(x) (2.52) 

.. 
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with tPL = (u,d)L the weak quark doublet, Tithe conventional Pauli matrices, 

and J+ = (J-)t = J1 + iJ2• The pion decay constant is defined by 

< o IJtiAI,..-<P> >= i ~piA. (2.53) 

Gauge invariance implies conservation of the polarization tensor, piJfiiJV(p) = 0, 

so that O~"'(p) is determined by a single Lorentz scalar O(p2), 

D""(p) = i(p2g~Av _ p#Jpv)O(p2). (2.54) 

The pion pole contribution is 

. F2 
O~"'(p) = - ~p#Apv ; + ... (2.55) 

where the factor 1/p2 is the propagator of the massless pion. Consequently the 

scalar function D(p2) acquires a singularity at p2 = 0, 

F~ 1 +···. O(p
2

) = 2 p2 (2.56) 

The weak polarization tensor is of interest not because of any imminent 

proposal to build a vii coUider but because it controls the quantum corrections 

to the W and Z propagators and therefore the W and Z masses. Choosing 

Landau gauge, the lowest order W propagator is 

piApv 1 v:;v (p) = -i(giAV - 7) r . 
In higher orders we sum the geometric series 

2 4 

[)IAv = v:;v + ~ v:;onoJ3dov + 94 IJt:"lloJ3Iit"D..,6D6v + ... 

(2.57) 

= -i(g1Av - piA:)~ 1 - !u~fi{p2). (2.58) 

The pole in O(p2
) then induces a singularity at nonvanishing p2 in theW prop-

agator, 
1 1 

(2.59) p2(1 _ !u2II(p2)) - p2 _ ~92 F; • 
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resulting in the w mass promised in equation 2.50. (Contributions to n not 

singular at p2 = 0 are absorbed in the wave function renormalization or induce 

finite higher order corrections to the W propagator.) 

In fact this derivation of equation 2.59 is a general derivation of the Higgs 

mechanism, more general than the one sketched in Section 2.1. It exhibits the 

essential features of the mechanism: a massless spin zero particle coupled to the 

gauge current gives a mass to the associated gauge boson. In particular, it is not 

necessary that there be a physical Higgs particle H with vacuum condensate v. 

Comparing equations 2.10 and 2.59 we see that the role of the vacuum condensate 

v in the Higgs boson model is played more generally by the coupling F, of the 

Goldstone boeon to the gauge current, equation 2.53. (Of course in the Higgs 

boson model the two are one and the same - a fact familiar to students of the 

sigma model.<4>) The QCD spectrum contains no scalar meson that is a strong 

candidate to identify with the physical Higgs boeon in the world with £sB = 
£QCD· There must however be J = 0 states with the correct couplings to ensure 

good high energy behavior of the WLWL scattering amplitudes discussed in 

Section 2.4 below, but they may be, and in this case probably are, predominantly 

broad resonances and/or multiparticle states. In QCD chiral symmetry breaking 

is induced by the condensate of the quark bilinear field, equation 2.49, rather 

than a scalar boson condensate, and good high energy behavior is assured by the 

hadron continuum that is dua1<25) to the I = J = 0 quark-antiquark continuum. 

To turn this example into a model that correctly reproduces the W and 

Z masses we let £sB be a confining gauge theory with a spontaneously broken 

SU(2)L x SU(2)n -+ SU(2)L+R symmetry and with Goldstone boeon-gauge 

current coupling (defined as in equation 2.53 with 1r replaced by the Goldstone 

boeon W) given by 

FTC= v = 246GeV. 
" 

(2.60) 

Our experience from QCD is most reliable if £sB has SU(NTc) gauge 

interactions. In that case we are most confident of the hypothesized global 

symmetry breaking, and in the large NTc approximation we can naively estimate 

the technimeson masses. Technimeson masses are to leading order independent 

of NTc<26> whereas FJ'C is proportional to v NTc. The NTc dependence of 

FJ'C (or the NqcD dependence of F~CD) is easily deduced for equation 2.53, 
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since the electroweak gauge current is the sum of NTc (or Nqco = 3) color 

diagonal terms while the color singlet Goldstone boeon wave function is a sum 

of NTc color diagonal ifrcf/Tc pairs normalized by a factor 1/-/NTc (or 1/-/3 

for QCD).) Since FJ'C and F" :: F~CD are normalized to their experimental 

values, 246 GeV and 92 MeV respectively, the result is 

MTechnimeson e! ~ FJ'c 
v~ F" 

(2.61) 

For example, for SU(4) technicolor the technirho mass is estimated at 

{3Jf!C 
mPT = V 4 ;" mp = 1.8 TeV. (2.62) 

Since meson widths scale like Ni~ for large NTc,<26> the corresponding width 

18 
3mPT rPT = -
4
-rp = 260GeV. 
mp 

(2.63) 

As discussed in Section 3, a -IS= 40 TeV proton-proton collider with luminosity 

£ = 10S3cm-2 sec .-1 is a minimal machine for observing the signal of the SU(4) 

technirho. 

2.4 Implications of Unitarity and Gauge Invariance 

Just as Lee and Yang and Joffe, Okun and Rudik<27) showed using uni

tarity that the weak interaction quanta must modify Fermi theory scattering 

amplitudes below 2../i1r/GF e! (0.9 TeV)2 , similarly the requirements of gauge 

invariance and unitarity imply that the quanta of the symmetry breaking sector 

must affect WLWL scattering at or below a scale just twice as large, equation 

1.1.<1•2> This conclusion is quite general, depending only on the assumption that 

electroweak interactions are due to a spontaneously broken SU(2)L x U(1)y 

gauge theory. 

In this section we will review the derivation of this result and consider some 

of the consequences. Section 2.41 derives the low energy theorems for scattering 

of longitudinal W and Z boeons. The derivation makes use of the equivalence 

theorem and of the global symmetry that the symmetry breaking sector must 

have in order to avoid explicit breaking of the SU(2)L x U(1)y gauge symmetry. 

Section 2.42 concerns the implications of the low energy theorems. We show that 



27 

unitarity requires equation 1.1, that the symmetry breaking interaction must be 

strongly interacting if the associated quanta lie above 1 TeV, and that a general 

strategy to find the symmetry breaking quanta requires that we measure the 

WLWL scattering amplitude in the energy interval between 1 and 2 TeV. 

£.~1 Low Energy Theorems 

In order to implement spontaneous symmetry breaking, the lagrangian of 

the symmetry breaking sector, CsB, must poesess a global symmetry group G 

- analogous to the flavor symmetry of QCD - which breaks by asymmetry of 

the vacuum to a smaller group H, 

G-H. (2.64) 

Gauge invariance requires that G include the electroweak SU(2)L x U(1)y and 

that H include the unbroken electromagnetic U(1). For each broken generator 

of G there is a massless Goldstone boson in the spectrum of CsB- Three of these 

couple to the weak currents and are denoted w±, z. Others, if any, are denoted 

by {<l>i}- Including the electroweak gauge interactions, the Goldstone triplet w±, 

z become longitudinal gauge boeon modes W£, ZL, and the {</>i} acquire small 
masses O(gMsB), becoming "pseudo-Goldstone" bosons. 

As an example, for two flavor QCD with massless quarks the global symme

try G is SU(2)L x SU(2)n. After spontaneous symmetry breaking the surviving 

invariance group is H = SU(2)L+R which is just the isospin group. There are 

three broken generators, corresponding to the axial generators of SU(2)L-R, so 

that three massless Goldstone bosons emerge, 1r± and 1r0 • If there were no other 

symmetry breaking physics, CsB, 1r± and 1r0 would indeed become longitudinal 

modes of w± and Z, which would however have masses of"""' 30 MeV as shown 
in Section 2.33. 

The statement that the longitudinal modes wt' ZL are identified with the 
Goldstone boeons w±, z is given a precise meaning by the equivalence theorem, 

M (WL{pt)WL(P2) ... ) = M (w(pt)w(P2) .. -)n + 0 ( ~~). (2.65) 

In eq. 2.65 the left side is a gauge-invariant S-matrix element involving longitu

dinal modes while the right side is the corresponding Goldstone boson amplitude 

in an R or renormalizeable gauge. As indicated in eq. 2.65, the equivalence holds 

... 
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at energies large compared to the W and Z ma&<JeS. We can use the equivalence 

theorem to translate statements about Goldstone boson scattering amplitudes 

into statements about scattering of longitudinally polarized W's and Z's. 

The equivalence theorem was proved in tree approximation in reference (28) 

and to all orders in both gauge and symmetry breaking interactions in reference 

(1) (see also reference (29)). The validity of the theorem to all orders in ).SB is 

crucial since we wish to apply it when CsB is strongly interacting and pertur

bation theory in ).SB fails. Intuitively the theorem is a plausible consequence of 

the Higgs mechanism that transmutes the Goldstone bosons w and z into the 

longitudinal gauge boeon modes WL and ZL- This is seen explicitly by the gauge 

transformation from a renormalizable gauge - in which the Goldstone boson 

fields appear in the lagrangian - to the unitary gauge in which the Goldstone 

fields do not appearP> Nevertheless the proof to all orders<1> is lengthy and 

complicated, making use of the BRS identities which embody the full content of 

gauge invariance in spontaneously broken gauge theories. Here I will only state 
the theorem and illustrate it with a simple example. 

In addition to being useful in the derivation of the WLWL low energy the

orems, equation 2.65 greatly simplifies perturbative calculations for heavy -

and therefore strongly coupled - Higgs systems (see Lee et a1.<12> and refer

ences (1), (14), and (30)). For instance, to correctly evaluate heavy Higgs boson 

production and decay by WW fusion in unitary gauge requires evaluation of 

many diagrams with "bad" high energy behavior that cancel to give the final 

result.<31 - 33> But to leading order in the strong coupling).= m~/2v2 it suffices 

using equation 2.65 to compute just a few simple diagrams using the interac

tions of the scalar potential, equation 2.8. The result embodies the cancellations 

of many diagrams in unitary gauge and trivially has the cor~ct high energy 

behavior. On the other hand, unitary gauge calculations of Higgs boson pro

duction in the s-channel pole approximation<34> have bad high energy behavior 

and overestimate the yield for heavy Higgs bosons, mH ~ 800 GeV. 

As a simple example, consider the decay of a heavy Higgs boson to wtwz. 
In unitary gauge the HWt W£ amplitude is 

M(H -+ WtW£) = gMwtL{pt) · tL(P2)- (2.66) 

For mH >> Mw we neglect terms of order Mw/mH, so that tt(Pi)!::! Pi/Mw 
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and similarly from m~ = (Pt + 1>2)2 ~ 2pt · P2 we find 

M(H-+ WtWi) = g m~ +O (Mw) 
2Mw mH · 

(2.67) 

In a renormalizable gauge the corresponding amplitude can be read off (taking 

care with factors of 2) from the H ww vertex in the potential, equation 2.8, 

M(H -+ w+w-) = 2.\v. (2.68) 

Using equations 2.9 and 2.10 it is easy to see that equations 2.67 and 2.68 are 

indeed equal up to Mw /mH corrections. 

The accuracy of the equivalence theorem can be judged in figure (2) taken 

from reference (35). The scattering CraiB sections for wtwz -+ wtwz and 

wtwz-+ ZLZL are computed in the standard model with mH = 1 TeV. The 

exact calculations are compared with the result obtained from the equivalence 

theorem. For .,fi ~ 800 GeV the agreement is very good and above 1 TeV the 

two calculations are indistinguishable on the figure. 

As an immediate application, consider the case{l > in which the global sym

metry G includes SU(2)L x SU(2)R and H includes an SU(2)L+R· For such 

theories, which includes the case of the standard Higgs model as discll88ed in 

Section 2.1, p = 1 up to electroweak corrections and we may immediately apply 

the pion low energy theorems that were derived from current algebra for just 

this case. For pions we have<8> 

M(1r+1r--+ 1ro1ro) =-; 
F" 

8 « 1 GeV2 (2.69) 

and for CsB with no particles other than W, Z that are light compared to MsB 

we would have 
8 

M(w+w- ~ zz) = v2 8 « MjB (2.70) 

where v = 0.246 TeV. Using the equivalence theorem this becomes a statement 

about the scattering of WL and ZL in an intermediate energy domain:<•> 

s 
M(WtWi-+ ZLZL) = "2 

v 
Ma, « 8 « MjB. (2.71) 

It is important to stress that the pion low energy theorems were derived 

before the discovery of QCD. This was possible because they depend only on the 
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symmetry and not on dynamics. Furthermore they are valid to all orders in the 

strong interactions. The low energy theorems and other current algebra results 

were important steps toward the discovery of QCD because they provided a 

reliable method to study the symmetries of a strongly coupled theory that could 

not be studied using perturbation theory. 

The assumptions used above, G :::> SU(2)L X SU(2)R and H :::> SU(2)L+R• 

are sufficient to guarantee p = 1 to all orders in .\sB but they are not necessary 

conditions for p = 1. We are therefore motivated to derive the low energy the

orems for all candidate groups G and H and for all values of p. The problem 

we face is equivalent to that of obtaining the pion-pion scattering low energy 

theorems in the absence of isospin symmetry. The low energy theorems are 

derived by three different methods:<2> a perturbative power counting analysis, 

nonlinear chiral lagrangians, and current algebra. I will sketch the current alge

bra derivation below. Along with the low energy theorems for general values of 

p, the derivation establishes a limited converse to the result quoted above: we 

find that if p = 1 then the Goldstone boson sector consisting of w±, z possesses 

an effective SU(2)L+R symmetry ("custodial" SU(2)) in the low energy domain 

8 « MjB. 

Briefly the derivation is as follows. The global symmetry G must be at least 

as large as the gauge group, G :::> SU(2)L x U(1)y, so in particular we have the 

SU(2)L charge algebra 

[La, Lb) = iEabcLc (2.72) 

where the corresponding local currents L~ can generally be expanded in terms 

of the Goldstone triplet w±, z as 

1 1 
L~ = 2ra€abcWblf'Wc ~ 2fa{)~Jwa +... (2.73) 

with terms involving heavy fields omitted. Since H :::> U(1)EM we have h = h 
and r1 = r2. The Ia are analogues of the PCAC constant and determine the 

gauge b060n masses, 
1 

Mw = 2gft, 

p = (!t//3)2. 

(2.74) 

(2.75) 

Corrections are suppressed by inverse powers of order MsB or, because of quan

tum corrections, by inverse powers of 4rrfa· 
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It is straightforward to show that the SU(2)L algebra requires 

1 r, = JP' 

r3=2-! 
p' 

(2.76) 

(2.77) 

so that the parameters r 0 and Ia in eq. 2.73 are completely determined in terms 

of GF and p. In particular, p = 1 implies h ·= h =fa and r1 = r2 = r3 = 1 

which means that the Goldstone boson contributions to L~ are the difference 

of SU(2) vector and axial vector currents. The existence of this vector SU(2) 

triplet of currents establishes the converse alluded to above. 

The rest of the derivation is much like the usual current algebra derivation<8) 

except that we do not assume an SU(2)L+R isoepin invariance. Consequently 

pole terms which are forbidden by G-parity in the pion case are not forbidden 

here. Assuming that w±, z saturate these pole terms we find Goldstone boson 

low energy theorems such as 

s 1 
M(w+w--+ zz) = --

flp s « MjB (2.78) 

which using 2.74 reduces to 2.70 for. the case p = 1. By the equivalence theorem 
we have then 

8 1 
M(WtWi-+ ZLZL) = v2 p Ma, « 8 « MjB 

with v = h ::!! 2Mw fg. The other two independent amplitudes are 

M(wtwi ..... wtwi) =-~ (4- ~), 

M(ZLZL -+ ZLZL) = 0, 

and by crossing we have also 

± ± t 1 
M(WL ZL-+ WL ZL) = 2-, 

v p 

(2.79) 

(2.80) 

(2.81) 

(2.82) 

M(WtWt-+ WtWt) = M(WiWi-+ WiWi) =- : 2 (4- ~). (2.83) 

( 
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Like 2. 79, eqs. 2.80 - 2.83 are valid in the intermediate domain Ma, « El « 
Mj8 ,(47rv)2. 

It is also instructive to consider the perturbative power counting analysis. 

It does not use the equivalence theorem since it is carried out in unitary ga~ge. 

This derivation shows directly that the low energy theorems follow from the form 

of the SU(2)L x U(1)y gauge interactions. It reveals an amusing coincidence of 

the threshold behavior determined by the low energy theorems and the famous 

"bad" high energy behavior that a massive Yang-Mills theory would have if the 

masses were not "softly" generated by spontaneous symmetry breaking. 

Consider first the minimal Higgs model. Though we are ultimately inter

ested in working to order g2 in the electroweak gauge coupling and to all orders 

in the Higgs coupling >.sB, we begin by examining WtWi-+ ZLZL scattering 

to tree approximation in both couplings. The tree approximation amplitude in 

unitary gauge can be decompoeed into the sum of a gauge sector term and a 

symmetry breaking sector term, 

M{WtWi -+ ZLZL) = Mgauge + MsB· (2.84) 

We will evaluate the amplitude for 8 :» Ma,. The first term, Mgauge, is given 

by the sum of t and u channel W exchanges and by the four point contact 

interaction. Independent of the nature of the symmetry breaking sector it is a 

universal function of Mw and p, 

g28 
Mgauge = 4pMa, (2.85) 

The second term, MsB, is in tree approximation just given by s-channel Higgs 

exchange, 
g2 8 8 

MsB=-4M2 -- 2. w 8-mu 
(2.86) 

MsB has the famous ''bad" high energy behavior that is cancelled at infinite 

8 by MsB (since p = 1 in the minimal Higgs model). However for 8 « m'j,, 

MsB is negligible, so for the low energy domain Mj « 8 « m'j, we have 

M(WtWi-+ ZLZL) ::!! Mgauge 

g2s 
cot---
- 4pMa_,. (2.87) 
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Using Mw = gv/2 this agrees precisely with equation 2.79 obtained from the 

current algebra derivation. So the form of the low energy amplitude is deter
mined by the "bad" ultraviolet behavior. Equations 2.80- 2.83 can be derived 

by similar means. 

Though to this point we have only obtained the theorems in tree approxi

mation for the minimal Higgs model, we can extend the derivation to all orders 

in >.ss for any symmetry breaking sector with no light particles. By power 

counting one can show that the only strong corrections to the low energy am
plitudes are absorbed as renormalizations of Mw and p. All other quantum 

corrections due to the symmetry breaking sector are screened by an extra power 

of the electroweak coupling constant, ow/1r = g2/47r2 , or they are suppressed 

by powers of 8/Mj8 , where Mss is the characteristic scale of the spectrum of 
the symmetry breaking sector. For details see reference (2). 

If other light particles are present, such as pseudo-Goldstone boeons, they 

may or may not cause the low energy theorems to be modified. QCD is an 

example of a theory in which additional light particles do not cause modifications. 

That is, the 1r1r low energy theorems obtained from SU(2)L X SU(2)R symmetry 

are not affected by the existence of K and '1 Goldstone bosons if SU(2)L x 

SU(2)R is embedded in a spontaneously broken SU(3)L X SU(3)R· 

2.~2 Unitarily 

Perhaps the most interesting application of the low energy theorems is to 
use them to estimate the generic signal we should expect if Css is a strongly 

coupled sector at the TeV scale or above. The problem we face is like the one 

that physicists of the 1930's would have faced if they knew nothing of nuclei, 

baryons or other hadrons, but had discovered the pion, measured the PCAC 

constant Frr, and recognized (!?) the pion as an almost Goldstone boson. They 

would have then been able to derive the pion-pion low energy theorems, such as 

eq. 2.69, and the problem would be to use this information to reconstruct the 

scale of hadron physics. Though it would take a skilled writer of science fiction 

to make this a plausible plot line for the 1930's, it is precisely the situation we 

are in today if Css is strongly coupled: our pions are the longitudinal modes of 

Wand Z, our "PCAC" constant is v = 0.25 TeV, and we have the low energy 

theorems eqs. 2.79- 2.83. 
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The central ingredient in our considerations is unitarity. The linear growth 
in 8, t, u of the amplitudes 2.79- 2.83 cannot continue indefinitely or unitarity 

would be violated. For instance the WLWL -+ ZLZL amplitude 2.79 is pure 
s-wave. If we adopt the low energy amplitude 2. 79 as a model of the absolute 

value of the scattering amplitude, then the J = 0 partial wave amplitude is<1> 

lao(WtWi -+ ZLZL)I = 
16

:v2 (2.88) 

where here and hereafter we set p = 1. Unitarity requires ja0 j ~ 1 so we see that 

the growth of ao must be cut off at a scale A with 

A~ 4y'iv = 1.75 TeV. (2.89) 

Using v2 = 1/Jii.G,; this is equivalent to equation 1.1. At the cutoff~= A 
the order of magnitude of the amplitude is 

A2 
lao(A)I = l67rv2. (2.90) 

For A ~ ! TeV we have lao(A)I « 1 indicating a weakly interacting theory for the 
symmetry breaking dynamics Cs8 , while for A~l TeV we have lao(A)I e!! 0(1), 
the hallmark of a strong interaction theory. The most likely dynamics is that the 

cutoff scale A is of the order of M58 , the mass scale of the new quanta. Then for 

A e!! O(Mss) eq. 2.90 generalizes the Higgs model relationship, eq. 2.9, between 

the mass scale of the new quanta and the strength of the new interactions: weak 

coupling for Mss « 1 TeV and strong coupling for MsB~O(l) TeV. 

A weak coupling example is provided by the standard Higgs model with a 

light Higgs boson, mn « 1 TeV, which can be treated perturbatively. Then 

ao(WLWL-+ ZLZL) is given in tree approximation by (where I neglect Ma,/s) 
2 

-8 mH ) ao = --
2 2 . (2.91 

l61rv 8- mH 

For 8 « mh this agrees with the low energy theorem 2.88 while for s ~ mh 

it saturates at the constant value mh/I61rv2• Comparing with 2.90 we see that 

mn indeed provides the scale for A in the standard Higgs model. 

A strong interaction example is provided by hadron physics. For the J = 
I = 0 partial wave, the low energy theorem gives 

( + 0 0 s aoo 1r 1r- -+ 1r 1r ) = --
l67rF; 

(2.92) 
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with F, = 92 MeV. Eq. 2.92 saturates unitarity at 4ViFrr = 650 MeV which is 

indeed the order of the hadron mass scale. The Ott and ao2 amplitudes saturate 

at 1100 and 1600 MeV. 

The two generic possibilities are illustrated in figure (3). For weak coupling 

the partial wave amplitudes saturate at values small compared to 1 giving rise to 

narrow resonances at masses well below I TeV. For strong coupling they saturate 

the unitarily limit with broad resonances in the TeV range. 

These results suggest a general experimental strategy to search for the sym

metry breaking sector. WLWL fusion at a pp collider probes the interaction of 

the symmetry breaking sector as shown in figure (4). Since the initial WLWL pair 

are off mass shell, they must rescatter to appear in the final state as real on-shell 

particles. Therefore this process measures the strength of the WLWL interaction 

which we know from the equivalence theorem is essentially the strength of the 

interaction of the symmetry breaking sector LSB· Counting powers the WL WL 

fusion amplitude is O(g2..XsB)· It must be compared to the O(g2) background 

due to qq-+ WW. The gauge boeons produced in this way are predominantly 

transversely polarized, but they cannot be efficiently separated from the longitu

dinal pairs at the necessary statistical level. Therefore the WLWL fusion signal 

can be visible above the qq-+ WW background only if ..XsB = 0(1), that is, if 

CsB is strongly interacting. 

We will see in detail in Section 3 that for the Z Z, W Z, and w+ w
channels, the signal can only emerge over the qq annihilation backgrounds for 

Mww > 1 TeV. This in turn requires a pp collider of at least the SSe design 

parameters, ,f8 = 40 TeV and C = Ifr33cm-2sec-1 . It is unlikely that lower 

energy can be compensated by higher luminosity for this particular physics, as 

discussed in Section 3. 

The strategy then is to look for an excess of gauge boson pair events with 

Mww between 1 and 2 TeV. If there is no excess then we learn that £ 58 is 

weakly interacting and that the new physics, probably Higgs bosons, lies below 

1 TeV. If an excess is found we learn that CsB is strong and that the new 

quanta lie above 1 TeV. Then at the SSe we would have a good chance to find 

the lightest resonances of this new world of particles, since the unitarity bound 

1.1 suggests that they cannot be much heavier than,.... 2 TeV. 

~ 
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This can be summarized by the "No-Lose Corollary" to the low energy 

theorems. It applies for a collider that is able to produce an observable 1 - 2 

TeV WLWL signal if £ 58 is strongly interacting. For such a collider we have 

the 

No-Lose Corollary: 

Either there are light (4:. 1 Te V) particles from CsB that can be 

produced and studied directly 

and/or 

Excess WW, W Z, Z Z production is obseroable, signaling strongly

coupled CsB with MsB~ 1 Te V. 

In Section 3.4 we will discu&<~ the one known exception: the standard model 

Higgs boson if 2m, < mn < 2Mw. However even in this case the absence of the 

1-2 TeV WLWL scattering signal conveys useful information. Usually a negative 

search leaves us wondering whether we must search at higher energies. But the 

absence of the 1-2 TeV signal would be an unambiguous indication to search the 

sub-TeV region as carefully and completely as possible. 

.. 
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3. PHYSICS SIGNALS AT MULTI-TEV pp COLLIDERS 

In this section I want to present a rough idea of the signals that could 

be observed at the SSC or LHC corresponding to the physics topics discusaed 

in Section 2. I will begin with a very brief and incomplete discussion of the 

QCD backgrounds. Then I will discuss what I call "reconaissance", i.e., open

ended searches for new physics where there are typically no strong theoretical 

landmarks to tell us whether or at what scale such physics might occur. The 

topics under this heading are composite structure of quarks and leptons, heavy 

charged or neutral gauge b080ns, and further generations of quarks and leptons. 

The second topic is supersymmetry, which must emerge at or below the TeV 

scale if SUSY is part of the solution to the naturalness problem, as discussed in 

Section 2.3. The final topic is the symmetry breaking sector - Higgs bosons or 

a new world of strong quanta above 1 TeV - that must emerge at or below the 

,.., 2 TeV unitarily scale derived in Section 2.4. 

I will typically assume an instantaneous luminosity £ = lfri3cm-2sec. - 1 

Then a typical experiment of 107 sec will acquire an integrated luminosity of 

to40cm-2 = 104 pb-1, meaning that a cross section of 1 pb = 1 picobarn 

= w-36cm2 will correspond to 104 events. 

In addition to more specialized papers I will draw heavily on the 

EHLQ review,<36> the LHC La Thuile study,<37> the Snowmass series of SSC 

studies,<38- 39> and the 1987 SSC detector workshop.<40> The interested reader 

would do well to browse these references to become familiar with the range of 

studies. Though a great deal of work has been done, much more remains to 

be done, by theorists and experimenters. As the remainder of this section will 

show, many important questions remain about the observability of the physics 

signals. New ideas and more careful studies are badly needed. 

3.1 QCD 

QCD phenomena at the LHC and SSC form an enormous and complex 

subject that is essential for the extraction of all new physics. This is already 

clear from the extent that QCD based Monte Carlos have been crucial to the 

analysis of the data obtained by UA-1/2 and more recently by CDF. In these 

talks there is neither the time nor the expertise to do more than scratch the 

surface. More theoretical work together with the analysis of data from the SPS 
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and Tevatron pp colliders will be essential for effective utilization of the SSC 

and LHC. 

3.11 Structure Functions 

Given the proton-proton luminosity, we need the proton structure functions 

to compute the corresponding quark-quark, quark-gluon, and gluon-gluon lu

minosities. We define li(z, Q2) as the probability distribution dPi/dz to find 

parton "i" in the proton probed at momentum scale Q with momentum fraction 

z = Pi/ P of the total proton momentum. Then for a collision of partons 1 and 

2 the parton center of mass energy is W2 = 812 = (p1 + P2)2 ~ 2pt · P2 = 
z1z2(2P · P') where P and P' are the four-momenta of the colliding protons. 

Therefore we have W 2 = z 1 z2 8. The quantity T is defined by T = W 2 
/8, so 

T = z1z2 if parton and proton masses can be neglected. 

The effective luminosity for collisions of parton i with parton j is then 

d£i;(C?
2
) =I dz1dz26(W2 - ZtZ28)Ii(Zt, Q2)/;(z2, Q2) 

1 I dzt 2 (W2 
2) =- -li(Zt,Q )/j -,Q . 

8 Zl Z18 
(3.1) 

The inclusive cross section to produce a partonic final state I is obtained by 

summing over all relevant partonic subprocesses ij-+ I, 

du(pp- I+··.) _ ~ d£i;(Q
2

) a(ii- f)w. 
dW2 - ~ dW2 . 

(3.2) 
I.J 

The structure functions are determined by using low energy deep inelastic 

scattering data to obtain fits to the li(z, Q~) at some rather small value of 

Q0 and then evolving to higher Q 2 using either the renormalization group or, 

equivalently, the Altarelli-Parisi equations. In practice 11 and ii scattering data 

is used to determine the li ( z, Q~), since it provides the largest statistics and 

best accuracy. 

For instance, the EHLQ(36) distributions use CDHS 11 and ii data at Q~ = 5 

GeV2 and z > .01. The data determine the distribution functions for the valence 

u and d quarks and for the sea quark components consisting of u, d, s, u, d, 8. The 

s and 8 components are extracted by analyzing dimuon events due to charm 

and anti-charm production in charged current scattering from s and s quarks. 
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Assuming the u and d sea components to be isosinglet, the result is a fit to the 

six distribution functions u, d, B, u, J, s(x, Q5). The gluon distribution function 

g( x, Q~) is then determined by introducing an ansatz for its form as a function 

of x and using the momentum sum rule to determine the normalization. At 

Q~ = 5 GeV2 the proton is assumed to have negligible components of c, b, and 

t quarks; they appear in the proton wave function at larger Q2 by perturbative 

evolution via g --+ cc, bb, it. 
There are three principal sources of uncertainty in this procedure: 

• the form of the x dependence assumed for g(x, Q~) 

• the value of Aqco 

• the absence of low Q~ data for x < .01 

It is of course necessary to explore the sensitivity of the results to these uncer

tainties. The Jack of low x data wiU be alleviated when HERA data is available. 

Fortunately there is a tendency for the structure functions to "converge" as they 

are evolved to large Q2 despite variations in the form assumed for g( x, Q5) at 

low Q~, as we will see below. 

The Altarelli-Parisi equations<41 ) are useful computationally and for provid

ing an intuitive picture of the large Q2 evolution. Consider quark "i" at some 

scale Q2 with distribution function qi(x, Q2). At a larger scale Q2 + dQ2 it has 

an amplitude to dissociate into a quark and gluon, determined by the simple 

bremstrahlung Feynman diagram for 9i --+ qj + g. The probability of dissocia

tion is just the square of that amplitude, the "splitting function", 0/•"'fji (x/x'), 

where x' is the proton momentum function of the "parent" quark i and x of the 

"child" j. The Altarelli-Parisi equation for the evolution of 9i is then 

Oqj ( x' Q2) = 01 (Q2) 11 dx' """ 'Yij ( x,) I; ( x'' Q2) 
{)In Q2 • x x' ~ x 

(3.3) 

where the sum is over all possible parton "parents" j that can give rise to the 

"child" i. 

We see from this algorithm that fi ( x, Q2) is determined by the !; ( x', Q~) 
in the domain x' > x, so we cannot directly compute the fi(x, Q2

) for values 
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of x below the x range of the initial value data set at Q~. We also see that 

as Q2 increases the /i(x, Q2) evolve toward small x. This behavior is shown in 

figures (5) and (6) for the valence u quark and gluon distributions.<36> It explains 

the relative insensitivity of the high Q2 gluon structure function to the form 

assumed at low Q~. 

Convoluting the distribution functions according to equation 3.1 we obtain 

the partonic luminoeity functions, which are crucial for establishing the discov

ery potential of the pp colliders. The ratio of several luminoeity functions for 

..j8 = 40 TeV compared to 17 TeV are shown in figure (7), taken from the La 

Thuile workshop. <37) The greatest dependence on collider energy occurs in the 

gg and WLWL luminoeity functions, corresponding to the dominant production 

channels for heavy squark/gluino production and for heavy Higgs boeon produc

tion respectively. At ../i = 1 TeV the ratio of these luminoeities is of order 10 

and it rises steeply for larger values of 8. 

3.1 e Calibration Studies 

Fortunately we are not completely at the mercy of theorists for knowledge 

of the distribution functions. One of the moet important initial tasks at the 

LHe and SSe will be to make measurements to test and tune the distribution 

functions. We might call these "calibration" studies. By studying a variety of 

known processes, we wilJ be able to isolate and check different components of 

the proton wave function. Some examples are given below for the case of the 

sse. 
Once assured that the distribution functions are sufficiently under control, 

we can use them to look for new physics from the symmetry breaking sector 

(and elsewhere). Of course, one person's calibration is another's physics: the 

processes considered here are certainly of interest per se and could themselves 

be windows to surprising new physics. Many of the results quoted in this section 

are taken from the paper of EHLQ. (36) 

The two jet cross section at large PI' is a straightforward measurement 

that probes the strength of quark and gluon distributions at large Q2 • From 

figure (8) we see that the cross section is dominated by gg scattering at Mjj = 1 

TeV, with a tremendous event rate of 0(108 ) events/SSe year in a mass interval 

of width AMjj = 0.1 TeV. For Mjj = 3 TeV there are O(lOS) events in a 0.1 
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TeV Mjj interval, dominated equally by gg and gq scattering. For Mjj > 7 TeV, 

of order 0(104 ) events are predicted, with gq : gg : qq roughly in the ratio 3 : 

1 : 1. 

If the prediction for dafdMjj is verified, it does not verify the relative 

weights assigned to gg, gq , and qq scattering but only the sum. We want 

especially to isolate the qq component, since the qq lumin08ity controls the scale 

of WW fusion, crucial for the discussion of Section 3.4. Unfortunately there is no 

kinematical region accessible at the sse where large Pr qq scattering dominates 

the two jet cross section, so we will have to rely on the other measurements 

described here to fix the qq lumin08ity. 

Production of high mass e+e- and p+p- pairs (Dreli-Yan) measures the q 
content of the proton. For 0.9 < Me+e- < 1.1 TeV and IYel < 2.5 we expect 

of order 250 events/SSe year in each channel. For the ratio of up to down 

quarks, /u : /d, we consider production of p±v at large invariant mass. That 

is, we require a large Pr muon and large missing Pr on the opposite side. We 

expect<42) 0(500) events/SSe year for 0.45 < Pr(JJ) < 0.55 TeV and IY,I < 2.5. 

Production of e±v can also be used. 

Another process probing /u/ /d is production of w± + jet at large w
jet invariant mass. For 0.9 < Mwj < 1.1 TeV and IYwil < 1.5 we expect 

O(IOS) events/SSe year. The w+j events are predominantly due to ug-+ w+d 
and dg-+ w+u while the w-j events arise chiefly from the charge conjugate 

reactions. If only muon decays are used to measure the w+ : w- ratio, we 

expect O(loJ) events/SSe year. Z +jet events, produced chiefly from qg and 

qg scattering, occur at comparable rates. 

The cr088 sections to produce two gauge bosons will also be useful for "cal

ibration" purp08e8. If the gauge sector is correctly described by the SU(2) x 

U(l) theory, then the zz, wz. and w+w- cr088 sections allow us to cali

brate various combinations of qq lumin08ities, except for p088ible new physics 

from other sources such as the symmetry breaking sector. In the minimal Higgs 

model, there are no large effects in the W Z channel, while effects in the WW 
and Z Z channel are restricted to WW and Z Z masses around the mass of the 

Higgs. For instance, for mn = 1 Te V there is little effect on the WW and Z Z 

yields for Mww < 0.5 TeV. In more general models with strongly interacting 

symmetry breaking sectors, there may be measureable enhancements of WW, 
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ZZ, and WZ for Mww~ 0(1 TeV) but little effect on the contribution from qq 
annihilation below ~ TeV. The W-y and Z-y cross sections could also be useful 

for calibration purp08e8, since they cannot be significantly affected by symmetry 

breaking physics. 

By such means it is likely that the error in cr088 section predictions due to 

uncertainties in the distribution functions will be no larger than 20 or 30% -

see for example the discussion of the heavy Higgs boson working group<43) at 

the 1987 sse detector workshop. 

3.13 Jets and Hadronization 

QCD is central to pp collider physics not only through the proton wave 

function but also through the process of hadronization by which partons be

come observable hadronic final states. If we had a deeper and more precise 

understanding of hadronization, we would be much better able to reject strong 

interaction backgrounds to many interesting new physics signals. 

As an example consider the problem of detecting a 1.TeV Higgs boson, 

discussed in Section 3.4 below. One observable leptonic decay channel is H -+ 

ZZ -+ e+e- jp+p- + iiv, which has a QeD background from Z + jets -+ 

e+e- jp+p- +h. That is, the recoil jets in the background could give much 

of their energy to neutrin08 (e.g., if the jet contains a leading t quark that 

decays semileptonically) and p088ibly simulate a Z -+ iiv decay. Of course 

these background events would also have significant visible transverse energy, 

E/r, which can be used to distinguish them from the signal. With a sufficiently 

hermetic detector it seems that we will be able to overcome this background at 
the SSC.<43> . 

A second example is the "mixed" hadron-lepton decay of a heavy Higgs 

boson, H -+ WW -+ tv+ qq. The QCD background from W + ii is 100 

times larger even if we make a very optimistic assumption about the jet-jet 

mass resolution.<44> Much work has been done on how this background might be 

overcome - see Section 3.4. Here I only want to remark that the dijet system 

consists dominantly of one or two gluons. If we understood very well how gluon 

jets hadronize we might find a way to separate at least some of the background 

from the W -+ 'ijq signal. 

In general improved understanding of jets and hadronization will increase 
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our ability to find the signals of new physics at the SSC and LHC. Analysis and 

theoretical studies of jet data from the SPS and TeVatron colliders will be very 

important for effective use of the higher energy colliders.C45) 

3.2 Reconaissance 

Exploratory "reach" for a broad variety of possible new physics is important 

not just for the sake of the specific examples considered but as an indication of 

capability to make the most important discoveries - the completely unexpected. 

In this section we will consider three examples of what we might expect: 

• Compositeness 

• New gauge forces- W', Z' 

• New matter- Q, L 

We will see that compositeness and new gauge forces can be explored straight

forwardly into the multi-TeV domain with no serious background problems. To 

find heavy quarks in the TeV range we will have to work harder against back

grounds. Most difficult is the search for a fourth generation charged lepton in 

the few hundred GeV range allowed by the rho parameter (see Section 2.2), for 

which the backgrounds are very large. 

3.~1 Compositeness 

As Chairman Mao's "straton" theory suggests, it is natural to speculate 

that quarks and leptons may be composite. Almost everything else is composite 

-molecules, atoms, nuclei, nucleons. Why shouldn't quarks and leptons also 

be? Compositeness would be an elegant solution to the generation puzzle if we 

could understand the second and third generations as excitations of the first, 

though it is hard to understand then why we have not yet seen any orbital 

excitations. Composite technicolor modets<46) solve many of the problems of 

ordinary technicolor models; if they are correct then composite structure will be 

found at no more than the few TeV scale and the effects will be obvious at the 

LHC and SSC. 

If quarks and leptons are composite they have form factors that can be 

observed at short distances in high momentum transfer interactions. ( 47) For in

stance, the elementary electron-photon interaction vertex eu(p'~u(p) would be 
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multiplied by a form factor F(Q2) where Q2 = -(p' -p)2. For Q small compared 

to the scale of the bound state, A :!!! n-1, F( Q2) is approximated by the leading 

terms in the Taylor expansion 

F(Q2):!!! 1 + Q2 A2. (3.4) 

We then expect deviations by powers from scaling in deep inelastic scattering, 

in e+ e- annihilation, and in Drell-Yan production of lepton pairs at hadron 

colliders. Since the elementary quark-gluon vertex would also acquire structure, 

we would also expect power law deviations from the usual predictions for quark

quark and quark-gluon scattering. 

Another and, in most cases, larger signal of composite structure would be 

contact interactions,<48) that is, four-fermion effective interactions that would 

show up at energies below the compositeness scale, 8 « A 2 • At the very least, 

flavor diagonal contact interactions would be generated by the preon binding 

force and also by preon exchange. While the chirality structure is completely 

unknown, we could consider a purely left-handed, vectorial interaction at 8 « 
A2, 

g2- -
£ = A2 tPL"YIAtPLtPL"Y~JtPL· (3.5) 

Since the preon binding force is likely to be strong when 8 « A 2 , it is customary 

to assume g2 = 411". Of course this really just amounts to a definition of A. 

Notice that 1 TeV-1 :!!! 2 ·10-17cm so that in probing the multi-TeV domain in 

A we are exploring distance scales of order 10-18cm, five orders of magnitude 

smaller than hadrons. 

Using the model of equation 3.5 we can compute the differential cross section 
for uu elastic scattering,(49) 

du a~ [8
2 + u2 

8
2 + t 2 28

2
] -(uu-+uu)=- +----

dO 98 t2 u2 3tu 

2a8 8 [1 1] 2 8 
± 9A2 ;; + t + 3 A4 . 

(3.6) 

The first term is the usual QCD interaction while the second is the interference 

term with the sign customarily left unspecified. For a vector interaction we 

expect constructive interference<50) corresponding to the negative sign in 3.6 
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(since u and tare negative). The interference term in 3.6 is larger by one power 

of a. than the the effect due to a form factor in the quark-gluon vertex at 

.large ltl or lui. Figure (9) shows the resulting two jet CI'088 section at the sse, 
dtr/dMjj for values of A ranging from 15 TeV to infinity (i.e., pure QCD). The 

figure assumes flavor-diagonal qq interactions of the form of equation 3.6 plus 

analogous flavor off-diagonal interactions such as uLdL-+ uLdL.<49> The dashed 
lines are for constructive and the solid lines for destructive interference. The 

authors of reference (49) find that A = 25 TeV: would result in an observable 

signal at the sse for 104pb-l I with 1) at least 100 events due to the COntact 

interactions and 2) fewer events due to the QeD background than the contact 

interaction. Using somewhat different criteria, figure (10) from reference (36) 
shows the sensitivity to A as a function of collider energy s for 104pb-1 and also 

for 102pb-1. Another approach which achieves similar sensitivity is based on 

the angular distribution of two jet events. <51 ) 

Quark-lepton contact terms must also occur if quarks and leptons have con

stituents in common and may occur even if they do not. We would then expect 

anomalous production of massive dilepton pairs from qq annihilation. Relative 
to dijet production this method loses because the qq lumin06ity is smaller than 

the qq lumin06ity at large 8 but wins back one or two factors of a./a because 

of the smaller standard model background (i.e., one power of a./a if the inter

ference term dominates and two powers at large 8). With conservative criteria 

(at least 100 events per 500 GeV bin in Me+e- 1 at least half due to the contact 

interactions) the authors of reference (49) find for a a left-left interaction that 

an effect would be seen at the sse with 104pb-1 for A= 15 TeV (constructive 

interference) or 12.5 TeV (destructive). Using different criteria, the EHLQ(36
) 

study finds a sensitivity up to 28 TeV at the SSe and 15 TeV at the LHe. In 

particular, references (36) and (49) disagree as to whether dileptons or dijets are 

more sensitive. The important conclusion however is that the two methods have 

comparable sensitivity and are both worth pursuing. 

3.22 New Gauge Forces 

The power of multi-TeV pp colliders is clearly exhibited by the ability to 

discover heavy gauge bosons to masses of several Te V. The experimental signals 

in leptonic channels are spectacular and have no significant backgrounds. The 

cr08S section to produce a heavy right-handed Wn boson is shown in figure 
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(11) for .f8 = 10, 20, and 40 TeV pp and pp colliders,<52) assuming the same 

strength couplings to quarks and leptons as the usual W of SU(2)L· For the 

decay Wn -+ e + lie/Ne when Ne is a p08Sible heavy neutrino assumed to be 
much lighter than Wn, the signal is at least two orders of magnitude larger than 

the standard model background. Requiring~ 10 events in the electron channel 

the Wn "reach" is 9 TeV at the SSe and 5 TeV at the LHe. 

For heavy neutral gauge bosons decaying leptonically, the background is 

again negligible, at least two orders of magnitude below the signal. If we consider 

the Z' predicted in S0(10) models then the reaches are 6 TeV at the SSe and 

3 TeV at the LHe for a minimum of 10 e+e- events. 

If we do discover a heavy Z' it could provide us with crucial information 

about a p08Sible grand unified theory. Since the proton lifetime might be un

detectably long, this could be one of the few if not only window on the GUT 

scale in the forseeable future. The grand unified groups predict the couplings 

of the Z' to quarks and leptons. As shown in figure (12) from reference (52), 

those couplings can be studied by measuring front-back decay asymmetries. The 

technique makes use of the fact that in qq collisions at a pp collider the quark is 

likely to be more energetic than the antiquark, so that the Z' tends to move in 

the laboratory along the direction of the initial quark. The front-back asymme

tries for the negative lepton are then defined in the Z' rest frame with "front" 

defined as the Z' direction of motion in the lab frame. Figure (12) shows the 

predicted asymmetries for the Zx of SO(IO) and for a heavy Z0 assumed to be 

a replica of the standard Z of SU(2)L x U(l)y. We see that the asymmetries 

are dramatically different for the two models at a pp collider, with opp06ite 

correlations between the sign of the asymmetry and the laboratory rapidity of 

the produced Z. If we require 200 events to make a 4tr determination of the 

asymmetry, then the determination is po88ible for a 3 TeV Zx at the SSe and a 

2 TeV Zx at the LHe. 

3.23 Fourth Generation Quarks and Leptons 

The one loop quantum corrections imply tight constraints on the masses 

of a p06Sible fourth generation, as discussed in Section 2.2. Soon we will also 

learn from measurement of the Z decay width whether there may be more than 

three light neutrin06. However if mu ~ mo and mL ~ mvL > Mz/2, then both 

of these constraints become useless. Though these two conditions may seem 
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unrealistic- especially m,L > Mz/2- we should consider that we really know 

absolutely nothing about the origin of fermion mass. Therefore we cannot exclude 

the possibility that such conditions for a fourth generation might have a natural 

explanation, e.g., if all four fourth generation fermions acquire a large mass from 

some single common scale while the first three generations' masses arise by a 

very different mechanism such as by radiative corrections. Consequently there 

is no substitute for direct searches for the fourth generation quarks and leptons. 

Consider first the fourth generation quarks. In hadronic interactions the c 

and b quarks were first observed by producing the cc and bb quarkonium states, 

Jf.P and T and observing their leptonic decays to e+e- or p+p-. The same 

technique cannot be used for the fourth generation, since r(.p(QQ)-+ e+e-) ex 

mq and r(Q-+ W9) ex m~ so that the weak decays of the constituent QQ pair 

dominate and ,BR(t/J(QQ)-+ e+e-) « 1 is unobservably small. Instead we must 

search for the weak decays of Q and Q. 

The production mechanisms are gg -+ QQ and qq -+ QQ with gluon fusion 

dominant. The yields are large and depend strongly on the collider energy. 

For mq = 0.5 TeV and requiring central rapidity, IYQI < 1.5, there are 4 · 104 

events at LHC and 4 · 105 at the SSC per 104pb-1 .<36> For mq = 1.0 TeV the 

corresponding yields are 1 · 1fri at the LHC and 2 · 104 at the SSC. Careful 

Monte Carlo analyses are needed to devise detection strategies and to estimate 
the likely detection efficiency. 

For instance, a fourth-generation down quark decays by 

DD- tw- + iw+. 

Purely hadronic decay modes are lost in the multi-jet QCD background, as 

shown in figure (13). The most promising strategy<53) is to use the t+r +h 
signature. That is, consider events in which the t and W from one quark both 
decay leptonically 

D-+ tw--+ bt+v + e-v 

while the other quark decays hadronically, 

D - iw+ - bqq +qq. 

The background from 

gg -+ tt -+ bqq + bfv; b -+ cliJ 

48 

can be eliminated by n(l) cuts (that is, cuts on the transverse momentum of the 

leptons with respect to the jet axes) and by requiring n;et:;:: 3 for the quark on 

the hadronic side (since Monte Carlo studies show that t-+ bqq does not usually 

result in detection of three well-separated jets). The jets from the hadronically 

decaying D can then be used to measure the quark mass. It appears that this 

strategy could be used to discover aD quark as heavy as 1 TeV at the SSC.C53) 

For mv > 1 TeV the method is rate-limited and it is necessary to consider single 

lepton decay modes which suffer from larger backgrounds. (54) 

Contrary to the initial optimism<51 ) it appears that detection of a fourth 

generation charged lepton will be very difficult. (55) The problem is that in the 

simplest decay modes there are too many neutrinos, so that much of the total 

missing energy cancels. The diluted missing energy signal must then compete 

against backgrounds which arise from final states with smaller invariant mass 

and consequently larger cross sections. 

For instance, consider a 300 GeV charged lepton with a much lighter neu

trino partner, m,L « mL = 300 GeV. There is then a significant rate for 

production of Lih -i- LvL via an intermediate virtual W boson. For 104pb-1 

and IYL! < 1.5 there are 3000 events at the LHC (17 TeV) and 7000 events at 

the sse. 
Consider the Lih final state. The L decays by L -+ W "L· If we use the 

most readily identifiable W decays, W-+ liit where l = e or p, then the final 

state 

Lih-+ liiiihVL 

has three neutrinos and cannot be distinguished from the background due to 

qq - w· - liit. 

Because of the dilution of missing energy in the signal, the 8 of the background 

reaction is smaller so that the cross section is larger. The result, shown in figure 

(14) for 100 and 200 GeV leptons, is that the background is much larger than 

the signal. 

We must therefore consider the hadronic W decays, W -+ qq. The final 

state is then 

Lih-+ liLih +qq. 
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The signal is defined by a dijet with Mjj = Mw at large Pr with large missing 

Pr on the opposite side. The dominant background is QCD production of Z+ 
2 jets, for instance gg--+ Zijq, followed by Z --+ iiv. A calculation<56

) using the 

complete lowest order QCD matrix elements<57> shows that the background is 

more than an order of magnitude larger than the signal assuming a 10 GeV dijet 

mass resolution, i.e., mjj = Mw ± 10 GeV. The signal might be improved by 

using cuts devised to detect the hadronic decays of W's resulting from heavy 

Higgs boson decay,<58) discusaed in Section 3.4. For now the detectability of a 

heavy lepton signal remains uncertain. 

3.3 Looking for Supersymmetry 

The principal low energy motivation for supersymmetry, reviewed in Sec

tion 2.3, is that it can solve the technical naturalness problem, one aspect of the 

gauge hierarchy problem. This motivation requires that supersymmetry break

ing cannot be much larger than 1 TeV. Of course supersymmetry might exist in 

nature and be unrelated to the problem of SU(2)L x U(1)y breaking, e.g., at the 

Planck scale where it might account for the unification of gravity with the other 

forces. Supersymmetry would then be immeasurably more difficult to establish 

then if, as we consider here, it is relevant to the breaking of the electroweak 

symmetry. 

An important goal for the next generation of colliders is to provide a defini

tive test of whether SUSY is relevant to the electroweak scale. At the SSe there 

are large production cr068 sections for squarks and gluinos as heavy as 1 TeV; 

the cf068 sections for 1 TeV squarks and gluinos at the LHe are smaller by 

about a factor of 25. <59•60) However if squarks and gluinos are heavier than a 

few hundred GeV the experimental search is complicated by large branching ra

tios to complex final states that are more difficult to analyze than the relatively 

simple final states that dominate within the ranges of the SPS and TeVatron 

colliders. <61 •60•59) More work needs to be done on the backgrounds and the sig

nals of these complex decays in order to determine the mass ranges we can study 

definitively at the SSe and LHe. 

Interactions between the ordinary particles and their superpartners are 

uniquely determined by gauge in variance and supersymmetry. For example, from 

the electron photon vertex, ee-y, we can uniquely deduce the form and strength 

of the interactions between the electron e, the photon'"'(, the selectron e and the 

't' 
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photino ::y. The additional interaction vertices are ee'"'f, ee=y, ~e::Y, and ee'"Y'"Y· Un

like the interactions the masses of the sparticles are not known at all on general 

grounds. They are unknown with respect to one another and with respect to the 

masses of the ordinary particles. Therefore we cannot make model independent 

predictions of the sparticle decay modes, and the experimental search must be 

organized with all p06Sibilities in mind. 

The minimal SUSY extension of the standard model just adds the minimal 

complement of superparticles required to complete the N = 1 supersymme

try representations. Each chirality quark or lepton acquires a scalar partner, 

{uL, JL, UR, JR. h. eR, h}. Each transverse gauge boson degree of freedom ac

quires a two component fermionic gaugino partner' {::Y' z I w±' 9}. The chirality 

structure of the Higgs-fermion interaction together with supersymmetry requires 

at least two complex Higgs boson doublets. The minimal SUSY extension has 

precisely these two Higgs doublets 

(~~)I (Z:) 
of which one gives mass to T 3L = +~ fermions and the other to T3L 

fermions. The fermionic Higgsino partners are then 

(~~)' (ff:). 

- -~ 

The four neutral gauginos and Higgsinos are two-component Majorana fermions; 

they mix to form four Majorana fermion eigenstates known as "neutralinos", 

- - -o -o o o o o 
'"'(, Z, H1, H2--+ X1, X2• X3• X4· 

Similarly the wino and charged Higgsin06 (and their antiparticles) mix to form 

two four-component Dirac fermions, the "charginos", 

- -+ -+ -+ w+,H1 -+X1•X2· 

In most models there is a conserved R-parity, defined by R(particle) = 0 

and R(sparticle) = ±1. R-parity conservation implies stability of the lightest su

persymmetric particle or LSP. Decay modes and experimental signatures depend 

strongly on the identity of the LSP. A common though unjustified assumption 
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is that the LSP is the photino (which in general is not even an eigenstate). It 

is however quite possible that the LSP is the lightest neutralino. If it is (or if 
the LSP is a sneutrino II), missing energy will be a characteristic experimental 

signature of supersymmetry since the LSP will have interactions with ordinary 

matter of weak strength or less. Consider for example elastic photino-quark 

scattering, ::yq- ::yq, which occurs by s-and u-channel squark exchange. As the 
photino slows, the low energy amplitudes are of order 0( e2 I rrJ..). The existing 

9 
lower limits on the q mass imply that e2 I rrJ.. ~ g2 I Mfv ~ 0( G F), so photinos 

9 
interact in ordinary matter with cross sections of order or less than neutrino 

cross sections. The same is true of the other possible components of a neutral 

LSP. (It is assumed that the gluino is not the LSP since its color charge tends 

to give it higher mass than the color-singlet neutralinos; it would be surprising 
and interesting if this assumption were wrong.) 

The widely quoted limits on SUSY particles from pp collisions assume that 

LSP = ::Y. Then if the squark and gluino are not too heavy they decay predom
inantly into simple final states: 

iftnq> rnq: 9 - qq::y I q- q9 {3.7) 

ifmg>mg: 9-W i-q::y. (3.8) 

For example, with m- > m- production of squark-antisquark pairs results in 
g 9 

events with two jets plus missing transverse energy, 

w-qq+ ... -ii+$r. 

Assuming that the photino is the LSP and that rn:y < 20 GeV, searches with 
the UA-1 detector have given 90% confidence level lower limits<62) on squark 

and gluino masses, m- > 45 GeV and m- > 53 GeV (the latter assumes m- < l 
9 g 9 

TeV). At the TeVatron collider it should be possible to search up to the 150-200 

GeV mass range. 

Searches above 200 GeV will require the LHe and SSe. Above 500 GeV 
these searches are more difficult because heavier squarks and gluinos have more 

complicated decay modes than the simple decays 3.7 and 3.8.<61 > For instance a 
heavy gluino could decay via an intermediate wino by the sequence 

9-qq w 

w-w-r 
w -lfi,qq. 
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(3.9) 

Depending on how theW decays, 3.9 results in 4j +h or 2j + i +¥Jr. The 
multijet signals suffer from QCD backgrounds. The proliferation of neutrinos 

and LSP's results in cancelling Er with a subsequently smaller signal, as for the 

problem of heavy lepton detection reviewed in Section 3.23. Such complicated 

decays become important form- and m- above 500 GeV. For instance, for a 
g 9 

broad range of parameters in the minimal SUSY model with mq > mg ~ 600 
GeV the branching ratio for the simple gluino decay to the lightest neutralino, 

9- qq xf, is never bigger than ,.., 14%. <60) The probability that both gluinos in 

a produced gg pair will decay to qq xf is therefore less than "' 2%. A similar 
result is typically true of heavy left-handed squarks because of their Wand Z 
couplings. Only heavy right-handed squarks have dominant direct decays to the 

LSP for an appreciable range of the minimal SUSY model parameters, though 

there is also a significant range of parameters for which their direct LSP decays 

are as small as those of the left-handed squarks and gluinos. Therefore we must 
be prepared to deal with the possibility that complex decays such as 3.9 are 
dominant for all heavy squarks and gluinos. 

Because the decay branching ratios are very dependent on the details of the 

SUSY model and in particular on the several undetermined parameters in the 

minimal SUSY model, a comprehensive discUS8ion cannot be approached in these 
lectures. Furthermore, as of this summer there is no comprehensive analysis of 

the signals and backgrounds. Here I will just mention a few illustrative examples 

which suggest the kind of analysis that is needed and give an idea of what the 
discovery prospects may be. 

Since they are produced by strong interactions the squark and gluino cross 
sections are sizeable. For instance figure (15) from reference (63) shows the qq 
cross section at the SSe assuming m- = m-. The 10 pb cross section form-= g q q 
1 TeV corresponds to 10. 10-36 • 1033 • 107 = 105 events in an experimental 

"year" of 107 sec at 1033cm-2sec-1 luminosity. The cross section at the LHe 
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is considerably smaller; for instance, for a 1 TeV gluino the gg production CI'088 

section is 25 times smaller<59•60) at .fS = 17 TeV than at 40 TeV. 

If the simple decays 3.7 and 3.8 dominate then probably both the LHe 

and sse would suffice to discover gluinos or squarks as heavy as 1 TeV. With 

this assumption a high statistics ISAJET study(64 ) for the LHe, .fS = 17 TeV, 

found about - 750 detectable gg events per LHC-year form-= 1 TeV. The g 

background was 180 or 80 events for mt = 40 GeV or 200 GeV respectively. 

Assuming g- qq+ LSP, the gg signal would be- 4jets +.J'r. The backgrounds 

considered were (Z- ilv)+ jets, (W- til)+ jets, and it or ltg with semileptonic 

decays oft and i. Backgrounds were reduced by rejecting events with an isolated 

lepton, by cuts on the number of jets, and by cuts on the event "topology", i.e., 

on angles between the various jets and the missing-transverse-energy vector. 

However, as emphasized above, these results would not apply to the minimal 

SUSY model since for m- = 1 TeV the upper limit<60> on the branching ratio 
9 

for the minimal decay g- qq+ LSP is ~ 14%. Therefore instead of 750 signal 

events we expect at most 750 ·(0.14)2 = 15 events, which is far too small to 

observe over the above quoted background. It is clearly important to reanalyze 

the signal and background assuming that just one gluino decays directly to the 

LSP, since in that case the signal is only reduced by 2 · (.14)- (.14)2 = 0.26 to 

- 200 events. 

We are left with two possible strategies for the discovery of heavy squarks 

and gluinos. One is to study whether the direct decays to the LSP are observable 

despite the reduced branching ratios. The other strategy is to examine the 

sequential decays such as 3.9. Neither strategy has been comprehensively studied 

though work has begun for both. <59 - 64> The SSe, and perhaps also the LHe, 

may be able to discover squarks and gluinos into the TeV range, corresponding to 

the upper limit suggested by the considerations of Section 2.3. But we cannot be 

certain until the necessary studies of the signals and backgrounds are completed. 

In particular, without detailed, comprehensive studies we cannot know whether 

even the sse cross sections are sufficiently large and, if so, whether the factor 

25 advantage of the SSe is essential for the discovery of TeV superpartners. 

3.4 SU(2)L x U(l)y Breaking: Higgs or Whatever 

Electroweak symmetry breaking is the clearest target of the next gener-
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ation colliders. Unlike other physics that might be, it must be - as long as 

we are correct in believing that the electroweak interactions are described by a 

spontaneously broken gauge theory. In Section 2.33 we learned an important 

general lesson from the technicolor example: the Higgs mechanism does not re

quire the existence of a physical Higgs boson. The analysis reviewed in Section 

2.4, based only on unitarity and general symmetry properties, shows that we 

can expect either Higgs bosons below 1 TeV or a new world of strongly interact

ing particles above 1 Te V. This new world would reveal its prese~ce by strong 

WLWL scattering between 1 and 2 TeV. WW fusion would then lead to addi

tional production of longitudinally polarized gauge boson pairs in all channels: 

ZZ, w±z, w+w-, w+w+, w-w-. For a collider powerful enough to observe 

this signal we have a No-Loee Corollary: if the signal is not present we learn 

that the symmetry breaking sector is below 1 Te V, probably in the form of one 

or more Higgs bosons. 

In this section we will review some of the possible experimental signals. 

We will see that a collider with the SSC energy and luminosity is a minimal 

configuration for the 1-2 TeV signals. A pp collider with half the energy would 

not suffice, nor is it practicable to compensate the lower energy with higher 

luminosity. (The necessary luminosity upgrade is an unlikely factor of 600 to 

6 · 1Q35cm-2sec-1 as discussed below and in more detail in my contribution to 

the discussion session, also reproduced in the proceedings of this workshop.) 

3.41 Higgs Boson Searches 

First consider the standard model Higgs boson. Existing constraints are 

essentially negligible.<18•19) The cosmological lower limit<65) fails ifthe top quark 

is heavy enough, mt ~ 80 Gev. Nuclear physics experiments imply mn ~ 10 

MeV. Existing limits from T decay are not sure because of large uncertainties 

in the theoretical predictions. For someone with a very cautious view, almost 

nothing is ruled out. 

Where can we look? For mn < mJN or< my we can look for J /t/J-+ "'(H or 

T-+ 7H.<66> With enough statistics BEPe could contribute. Supersymmetric 

Higgs bosons could show up at bigger rates than the standard model Higgs 

boson.<67) Despite the uncertainties in the theoretical predictions, these are very 

interesting channels to consider. Though negative results may be difficult to 

interpret, a positive result would be spectacular. 
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For mu ~ 40 GeV we can look in Z boson decays,<68> Z--+ HZ .. where 

the virtual z• decays to e+ e-, JJ+ JJ-, or vv. If H is heavy enough, it will decay 

chiefly to bb quarks. The experimental signatures are quite distinctive. With 

,.., 5 · 106 Z decays it should be possible to search up to 40 GeV in the Higgs 

boson mass. 

LEP 200 will be able to search for Higgs bosons up to 70 GeV using the 
process e+ e- --+ z• --+ HZ .<69> The virtual z• decays to a real Z and H which 

are observed as in the case of Z --+ Hz· discussed above. 

For more detailed discussions of light Higgs boson searches the reader can 

consult more detailed reviews.<18
•19) Here we are principally concerned with 

Higgs bosons heavier than 70 GeV, requiring higher energy e+e- colliders than 

LEP 200 and/or multi-TeV pp colliders like the LHC and SSC. 

Unless the top quark mass nearly saturates the upper bond obtained from 
the rho parameter, m, ~ 200 GeV, WW fusion< 70•71 ) is the principal mechanism 
for production of the 1 TeV Higgs boson at pp or e+e- colliders. (For e+e- col

lisions WW fusion dominates regardless of the value of me.) In e+ e- scattering, 
e+e---+ e+e-WW, WW--+ H, or in quark collisions, qq--+ qqWW, WW--+ H, 

the scattering fermions persevere into the final state. AB in the more familiar 

photon-photon scattering process at e+ e- colliders, the kinematiCB favors colli
sions in which the final state fermions retain a large fraction of the total energy 

and the cross section grows logarithmically with energy at fixed mu. Therefore 
beam energy is at a premium. Even more than for other physiCB signals, not 
only the signal but also the signal to background ratio is rapidly enhanced by 
increasing the available energy. (72) 

To extend the Higgs boson search to mu = 1 TeV with colliders of luminos
ity £ = 1Q33cm-2sec-1 requires at least a ..fi::!! 40 TeV proton-proton collider 

or a ..fi::!! 2 TeV electron-positron collider, as discussed below. The first cor
responds to the design parameters of the SSC<73) while the second is a goal of 
design studies for CLIC. (74) 

A preliminary study has been performed to determine whether the Higgs 

boson reach of a ..fi = 16 TeV pp collider (i.e., the LHC with 10 Tesla 

magnets<75> could be extended to mu = 1 TeV by increasing the luminosity 
to£= 5 · 1fr34cmlsec-1 .<76> 
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The study concludes that it may be possible provided both electrons and 

muons can be detected and identified. However, as the authors are careful to 

observe, rate-associated problems such as radiation hardening and data acqui
sition already stretch the imagination at luminosities of 1Q33cm. - 2 sec. -l. It is 

by no means clear that the associated problems at£= 5·loMcm.-2sec.-1 could 

be solved by the mid 1990's. In a contribution to the discuss section reprinted 

elsewhere in this volume I estimate that in order to obtain equivalent statisti

cal significance for Higgs discovery, a 16 TeV collider must have a luminosity 

from 1.5. loJS to 6. loJScm-2sec-1 (depending on whether electron detection 

is possible) to be equivalent to a 40 TeV collider with £ = 1Q33cm-2sec-1• 

The estimate includes a factor for leptonic signals with missing energy (e.g., 

ZZ--+ lt + vv) that according to reference (76) cannot be observed for luminos

ity above lfr34cm-2sec-1 . 

At the multi-TeV pp colliders the two principal production mechanisms 
are gluon-gluon fusion<77> and WW fusion<71> while only the latter is relevant 

at the TeV e+e- colliders. (For pp colliders WW fusion is shorthand for the 
sum of WW and ZZ fusion.) In the case of the pp colliders the magnitude 

of the gluon-gluon fusion contribution scales quadratically with the mass of 
the heaviest quark, since the ggH coupling is mediated by a quark loop. The 

amplitude is proportional to m9 for m9 less than the largest external scale, mu 
in this case, and is independent of m9 for heavier quarks, which it therefore 
"counts". The gg fusion contribution is significant because of the very large 

gluon luminosity at the relevant energy scale, much larger than quark-quark 
luminosities at the same subprocess energy. (S6) For three generations with mt ::!! 
40 GeV and ..fi = 40 TeV, gg-+ H dominates over WW-+ H for mu ~ 300 
GeV but quickly becomes negligible for larger mu.<71> For me= 200 GeV gg-+ 

H dominates all the way up to mu = 1 TeV where it is almost twice the WW 

fusion contribution<78> (see figure (16)). For this discussion a 40 GeV top quark 

mass is usually assumed. 

At TeV e+e- colliders WW fusion is far more important than e+e--+ ZH. 

For ..fi > > mu the former grows logarithmically<79
) 

( 
8 ) a-Jln -

u(e+e--+ vvH):::! ,.,..,.2 ~!~ = 0.13ln (--;-) pb. 
wsm w m11 

(3.10) 
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while the latter falls like 1/8, u::!! (.Ol/8) in picobarns for 8 in TeV2 . In the 

regime of interest with mH and Vi of the same order of magnitude, WW fusion is 

still dominant. For instance, for mH = 400 GeV it dominates over e+e- -+ ZH 

for Js ~ 500 GeV.C79> 

The WW fusion cross sections for pp and e+ e- colliders of various energies 

are shown in figure (17) taken from Reference {80). For mH = 1 TeV the pp 

croes section at Vi= 40 TeV is a factor ten larger than at Vi= 15 TeV and 

about,..., 40 times larger than the e+e- cross section at Js = 2 TeV. However 

the advantage in rate of the 40 TeV pp collider over thee+ e- collider is offset by 

the ability to utilize more of the e+ e- signal. It is not known if a Js = 2 TeV 

e+ e- collider can also match the sensitivity of the sse for the ww continuum 

signals of symmetry breaking physics above 1 TeV. It certainly cannot match 

the reach of the SSC for resonances at,..., 2 TeV in the WW fusion channel. 

The first calculations of WW fusion were done by numerical methods.<70•71 ) 

Subsequently analytical expressions were derived for the double differential croes 

section in the final state fermion energies<81 ) (useful for tagging) and for the dif

ferential croes section with respect to the Higgs boson three momentum.<80> In 

addition a computationally simple approximation was derived, the effective W 

approximation,<82
•
1> analogous to the more familiar Weiszacker-Williams ap

proximation for photon-photon scattering. (B3) The effective W approximation 

is a small angle approximation that provides no information on the sometimes 

important transverse momentum distributions of the fermions and Higgs boeons. 

It is however generally adequate (see below) for calculating yields of heavy Higgs 
boeons. 

The result is an effective luminosity function for the probability to find 

colliding "beams" of longitudinally polarized gauge bosons V1 and V2 in incident 

fermions h and /2, 

8£ I = a
2

~1 X2 ! [(1 + z) In (!) -2 + 2z] oz 11"2 sm40w z z 
V,V2//ah 

(3.11) 

where z = 8yy /8 JJ and the Xi are the k ~ couplings, e.g., xw = 1/4 for all 

fermions, XZuo = (1 + (1- ~sin20w)2)/16cos2 0w, etc .... Equation 3.11 must 

be convoluted with the desired V1 V2 subprocess cross section, e.g., u(V1 V2 -+ H) 
if a narrow width approximation is appropriate for H, and also with the quark 
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distribution functions in the case of pp collisions. 

The effective W approximation has been compared with analytical(so) and 

numerical evaluations<81 •84 •32) of Higgs boson production. The most definitive 

results are probably the analytical calculations of Reference (80). They show 

good agreement for WW -+ H for mH ~ 500 GeV, with errors ~ 0(10%) 
and decreasing with mH and Js, while for the relatively less important process 

Z Z -+ H the errors are roughly twice as large. 

Care must also be taken in evaluating the subprocess croes section, some

times characterized by u(VV-+ H) in narrow width approximation, e.g., Ref

erence (36). At large values of mH, the width r H is very large and u(VV -+ H) 
must be replaced by a calculation of what is actually measured, VV -+ VV 

(i.e., w+w--+ w+w-, w+w--+ ZZ, etc ... ). There are then two possible 

ways of proceeding. Using the equivalence theorem ( cf. Section 2) the scatter

ing amplitudes for longitudinally polarized gauge bosons can be evaluated in an 

R gauge from the corresponding Goldstone boson amplitudes, including Higgs 

boson 8, t, and u channel exchange contributions.<•> This procedure is compu

tationally simple and automatically assures the correct high energy behavior. 

It provides a good approximation for mH and Vsvv above 800 GeV, as shown 

for instance in figure (2) taken from Reference (35). The alternative is to use 

the unitary gauge, in which good high energy behavior requires the cancella

tion of many diagrams involving gauge sector and Higgs sector exchanges, e.g., 

References (32), (80), (84), and (85). 

All the above approximations must be approached with caution to be sure 

that they are applied within their domains of validity. They can then be very 

useful, providing needed checks on more exact computations. In particular the 

equivalence theorem is useful computationally at high energy as a check on the 

cancellations of the much more complicated U gauge calculations and as a source 

of physical intuition ( cf. Section 2). 

Methods of searching for heavy Higgs bosons at the SSC and LHC have been 

extensively studied during the last few years, though much more remains to be 

done. Recent results are summarized in References (19), (43), and (72). Leptonic 

decay modes, H -+ Z Z -+ f:+ e- f:+ e- and H -+ Z Z -+ f:+ e-vv with t = e or 

JJ, are the most straightforward, though the latter has at least one potential 

background that is not yet fully analyzed. Larger rates and, unfortunately, 
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much larger backgrounds occur in mixed hadron-lepton decay modes such as 

H -+ WW -+ ijqlfi. The purely hadronic decays are hopelessly overwhelmed by 

the four jet QCD background. 

The cleanest and rarest channel is II -+ Z Z -+ t+ e-t+ e- with l = r- or IJ· 

With BR(Z-+ e+e-) = .033, the branching ratio is (4/3)· (.033)2 = 1.5 · 10-3• 

The background is from ij -+ Z Z and gg -+ Z Z, the latter<77> proceeding by a 

quark loop. Recent Monte Carlo simulations suggest that the Higgs boson can 

be detected in this channel for mn ~ 300 GeV at the LHC<51 ) and for mn ~ 600 

GeV at the SSC.<43> (Here and elsewhere unless otherwise stated both SSC and 

LHC are assumed to operate at C = Hr13cm-2sec-1.) At these values of mn the 

Higgs boson appears as a recognizable peak above the continuum background. 
I' 

The I TeV Higgs boson CI'088 section, da/dMzz, is shown in figure (I8) for 

pp colliders of IO, 20, 30, and 40 TeV. It is shown again over the ijq-+ ZZ back

ground in figure (I9) for V8 = 40 TeV. At mn = I TeV the width is fn = 0.5 
TeV and the Higgs boson appears as a broad enhancement over the background. 

One strategy at this mass is to impose cuts lvzl < 1.5 and mzz > I TeV to 

optimize the signal to background ratio while retaining a large fraction of the 

signal.<1> With these cuts a calculation using the effective W approximation and 

the equivalence theorem yields 4 signal events over a background (augmented by 

50% for gg-+ ZZ) of I~ events for an integrated luminosity of 104pb.-1 at the 

Ssc.<72
> (Here and below unless otherwise stated yields are quoted per 104pb.-1 

corresponding to C = IQ33cm.-2sec.-1 for 107sec.) At the LHC the correspond

ing signal is a factor ten times smaller while the background is about four times 

smaller. Such a signal at the SSC would not be statistically significant, but aug

mented by additional years of running and/or results from several experiments 

it would become significant. It would also be a yaluable confirmation of larger 

signals detected in other channels. 

Of course to detect such a structureless signal it is necessary to know the 

magnitude of the background, requiring a variety of calibrations in situ at the 

sse to confirm knowledge of the relevant distribution functions and couplings 

(Section 3.1). After such calibration studies are completed the ZZ background 

should be known to within 30% uncertainty,< 43) sufficient accuracy given the 

expected 3:1 signal to background ratio. 

Ascending the ladder of rates while descending on the scale of "purity" of 
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signal, we come next· to the decay H-+ ZZ-+ livv.<1•86> The branching ratio is 

six times larger than the previous decay, 1/3x 2x .066x .195 = .0086, nearly I%. 

Monte Carlo simulations have suggested a reach in this channel to mn ~ 600 

GeV at the LHC<51 ) and to at least 800 GeV at the SSC<43) (A comparable Monte 

Carlo study for mn > 800 GeV at the SSC has not yet been done). The two 

studies are not directly comparable because while both considered the ijq -+ Z Z 

and gg -+ z z backgrounds, only the sse study considered the background from 

Z + jet where the jet generates large missing energy, faking a Z -+ fiv decay. 

This background is sharply reduced by cutting on visible hadronic transverse 

energy on the side opposite to the observed Z -+ t+ e-. A very hermetic detector 

was found to be critical. The analysis may be improved in the future by adding 

cuts involving event topology and the rapidity distribution of the visible hadronic 

clusters. The same background may be more dangerous at the LHC because of 

the less favorable signal to background ratio. 

The 1 TeV Higgs boson should be observable at the SSC in this mode. 

Requiring the observed Z-+ t+e- to satisfy PT > 0.45 TeV and lvl < 1.5, the 

estimated yield is a signal of 27 events over a ( ijq or gg) -+ Z Z background of 

....., I2 eventsP2> 

The mixed decay mode, H -+ WW -+ lvijq with t = e or #J and ijq = ud 
orcs, has a large branching ration, 2 x ~ x ~ = 1/6. However the QCD back

ground from W jj is two orders of magnitude bigger than the signal even if we 

optimistically assume a 5% measurement of the dijet mass. ( 44) Two approaches 

have been taken to attempt to winnow the signal from this enormous back

ground. One method is to cut on the PT of the jets, using the tendency of the 

longitudinally polarized W's from the signal to decay into jets transverse to the 

W line of flight, unlike the QCD dijets and the transversely polarized W's that 

both tend to produce jets along the line of flight. Applying this approach to 

the SSC for mn = 800 GeV a parton level calculation results in a signal of 500 
events over an equal background. (SS) Smaller but still encouraging yields have 

been reported based on Monte Carlo studies. <87) The prospects to follow this 

strategy in the real world are more difficult to assess than for the purely lep

tonic decays, being more sensitive to detailed aspects of jet physics and detector 

performance. 

The second approach to the mixed modes borrows a trick from photon-

,. 
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photon scattering experiments at e+ e- colliders where detecting an e* near the 

forward direction is a powerful way to isolate a clean sample of two photon events. 
The analogous idea<34> is to tag the forward jets that occur in WW fusion, 

qq --+ qqWW, with transverse momentum of order Mw. Of course tagging 

suffers ita own QCD background, due to processes with a real W --+ tv plus a 

dijet to fake the second W --+ ijq and one or two jets near the forward direction 

that fake the tagged quark or quarks. The necessary background calculation has 

not yet been performed. A recent calculation assuming 100% efficient tagging for 

a 700 GeV Higgs boaon resulted in 20 events for an LHC year and 160 events for 

an SSC year<811> (a "year" is always 107 seconds). The QCD backgrounds after 

tagging were estimated at 12 and 140 events respectively, however the authors 

remark that their background estimates will probably prove to be small by a 

factor of 2. Highly segmented forward calorimeters would be essential. 

An additional serious background would occur if me > Mw so that the top 

quark decays by t--+ Wb.<89> For 100 GeV ~me ~ 200 GeV the contribution to 
the w+ w- continuum from tt --+ w+ w-bb would be two orders of magnitude 

larger than ijq --+ w+ w-, eliminating any hope of detecting H --+ w+ w-. The 

leptonic decay signals from H--+ ZZ would not be affected. 

Heavy Higgs boaon searches at TeV e+e- colliders do not have to contend 

with the fierce backgrounds found in pp colliders. AB a result detection of the 

purely hadronic decays H --+ WW --+ ijqijq is feasible at an e+ e- collider though 

unimaginable at a pp collider. The e+e- colliders can therefore afford to give up 

an appreciable factor in raw cr088 section, as figure (17) shows they indeed do 

for the collider energies under consideration. See reference (90) for a discussion 

of heavy Higgs boaon detection at e+ e- colliders, with references to the original 

literature. 

9.~~ Signals of Dynamical Symmetry Breaking above 1 Te V 

Even within the framework of an SU(2)L x U(1)y gauge theory broken 

spontaneously by the Higgs mechanism, there is no guarantee that the Higgs 

boson exists at all, and there are models in which it does not (Section 2.33). 

Many of these models predict other quanta below 1 TeV but their properties are 

uncertain, they may be difficult to find, and to recognize and interpret if they are 

found. Furthermore at least one model exists without such quanta- technicolor 

with two flavors. It may not be viable but neither are the multi-flavored tech-
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nicolor models that predict light quanta (i.e., pseudogoldstone boaons). Since 
there are no satisfactory dynamical models it is dangerous to rely heavily on the 
existing models for guidance. 

The analysis reviewed in Section 2.4 uses only unitarity and symmetry prop

erties valid in any spontaneously broken SU(2)L x U(1)y gauge theory. Two 

alternatives emerge, classified according to the strength of the interaction of 

the symmetry breaking sector. If the symmetry breaking force is weak then 

new weakly coupled quanta exist in the J = 0 channel below 1 TeV i.e., Higgs 

boaons. 

The second alternative is that the symmetry breaking force is strong in 

which case the new quanta are to be found above 1 TeV and, probably, not far 

beyond 2 TeV. Whether the quanta exist below 2 TeV or not, the presence of 

the strong force will be revealed by strong scattering of longitudinally polarized 

W and Z boaons at WW center of mass energies between 1 and 2 TeV. If, 

as we have learned from the study of hadron physics, resonances form when 

strong scattering occurs, than there will be resonances in at least some of the 

WW, WZ, and ZZ channels near 2 TeV. In any case the presence or absence 

of the continuum signals is a general test of whether the symmetry breaking 

sector is strongly coupled, regardless of the detailed nature of the spectrum. In 

this subsection we consider the Z Z, W Z, and WW continuum signals of strong 

interactions and one example of a resonance near 2 Te V. 

The estimate of the continuum signal is based on the low energy theorems, 
equations 2.79-2.83, valid to all orders in the interactions of the symmetry break

ing sector.<1•2> AB the analogous 1r1r low energy theorems,<8> e.g., equation 2.69, 

are probably applicable for Js ~ 300 MeV, we might expect equations 2.79-

2.83 to apply at ~ 300 MeV xvj Fw ~ 1 TeV. A crude modeJ(l) of the strong 

continuum consists of extrapolating above 1 TeV, using equations 2.79-2.83 as 

a model for the absolute value of the relevant partial wave amplitudes which 

are OJf = aoo,au,ao2 where I denotes the effective low energy custodial SU(2). 
Above the energy at which partial wave unitarity is saturated, the amplitudes 

are set equal to one. For a00 saturation occurs at Vl61rv2 = 1.7 TeV, equation 

2.89, so in that case the model is 

s 
laoo(s)l = 

16
1rv2 8(l61rv2- s) + 1 · O(s- 161rv2

). (3.12) 
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The detailed form is not critical, the essential point being to extrapolate 

smoothly from the known behavior at low energy into the domain above 1 TeV 

where the amplitude becomes strong, of order 1, without assuming enhanced 

resonant behavior. Continuum cross section signals are then computed from 

WW, WZ, and ZZ fusion. The ZZ signals for 10, 20, 30, and 40 TeV collid

ers are shown in figure (20). The signal at 40 TeV is seen with the ijq -+ ZZ 

background in figure (19). 

The model is conservative in that it assumes no resonant behavior. For in

stance, the ZZ continuum signal for Mzz > 1 TeVis only half the corresponding 

signal from the 1 TeV Higgs boson. Comparatively little is gained from the high 

energy region where laJI = 1 because of the rapidly falling luminosities at the 

relevant collider energies. The model is also conservative in that only the leading 

partial waves (!, J = (0, 0), (1, 1), (2, 0)) are kept while higher partial waves are 

set to zero. 

Figure (21) from reference (91) shows how well the model fits 11'11' scattering 

data. The "dictionary" is that ~ 650 MeV corresponds to the unitarity limit 

at 1.75 TeV. Our model corresponds to curve a in jTo'j,jT/j, and R.e TJ (since 

TJ is exotic in QCD, the imaginary part is negligible below 1 GeV). The model 

describes the trend of the 0, 0 channel well. In the 1, 1 channel it underestimates 

the data by a large factor, as a result of the rho meson. In the 2, 0 channel there is 

considerable disagreement between different experiments; the model interpolates 

the data out to~ 600 MeV beyond which it overestimates the data. This is not 

as serious as it might seem since ,fS.,., > 600 MeV corresponds to Vsww > 1.7 

TeV where the WW luminosity at the SSC is small so that WW yields are not 

very sensitive to the model in this region. 

The experimental yields for this model have been estimated for pp 

colliders<1•72> and e+ e- colliders. <35•92) (Below unitarity saturation energies the 

mn -+ oo limit considered in Reference (92) is equivalent to the model described 

here.) Since the continuum signal is shifted to larger values of M zz relative to 

the 1 TeV Higgs boson, it puts even greater stress on the beam energy. The 

most promising leptonic signal for the Z Z channel is Z Z -+ t+ t- iiv with l = e 

or JJ· Requiring the observed Z to satisfy IYI < 1.5 and PI'> 0.45 TeV, the yield 

at ,f8 = 40 TeVis 15 events over a background of,.... 12 including gg-+ zz.<72> 

The corresponding signal at J8 = 16 TeVis 1 event over a background of 4 or 5. 
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The possible background from Z+ jet has not yet been examined but is probably 

less pernicious than for the 800 GeV Higgs boson considered in Reference (43). 

Unlike the standard Higgs boson signal, strong interaction continuum sig

nals also occur in the w±z and like-charge WW channeJs.(l) WZ can be de

tected in clean leptonic decays W Z -+ lvfi, i = e or IJ, with a ,.... 1% branching 

ratio, augmented to"' 1.5% if W-+ TV is also feasible. Assuming only e's and 

IJ1
S the expected signal is "'7-1/2 events over a ijq-+ WZ background of...., 3 

after cuts of IYW.zl < 1.5 and Mwz > 1 TeV. 

H either of the methods discussed in Section 3.41 to detect the mixed decay 

modes WW -+ liiijq prove practicable, they can also be applied to the WW 

continuum signal. Including w+ w- I w+ w+ I and w-w- I the net ww con

tinuum signal with IYWI < 1.5 and Mww > 1 TeVis...., 2/3 of the H-+ w+w
signal for m 8 = 1 TeV.<1> 

The like-charge signal, w+ w+ + w-w- I not accessible toe+ e- colliders, is 

of special interest because it is free of the ijq and/or gg annihilation backgrounds 

that occur in the w+w-, w± Z, and ZZ channels at pp colliders. This means 

that the signal for lower mass gauge boson pairs may be observable, with the 

benefit of increased rate from higher quark effective luminosities. It also means 

that more of the signal comes from the domain of validity of the low energy 

theorems. Of course the charge can only be determined in leptonic decays so that 

Mww cannot be measured. Taking only l = e,IJ the branching ratio for WW -+ 

liilii is 0.028. The true physics background, pp -+ (w+w+ or w-w-)X, 
occurs in leading order by gluon exchange. It was recently computed; correcting 

an error in the original paper, <93) this background<94> is of the same order as 

the continuum model signal. Other backgrounds, primarily from heavy quark 

decays, can be rejected by requiring the leptons to be isolated and by cutting 

against events with high PI' hadronic jets. 

Because the equivalence theorem imposes a lower limit on the domain of 

validity of the low energy theorems, Ma,w » Ma,, equation 2.65, the signal is 

computed with Mww > 500 GeV imposed. In fact lower values of Mww will 

contribute and increase the signal considerably, defined operationally by cuts on 

the observed leptons of IYd < 3 and Pr(l) >50 GeV. The corresponding signal 

yield is 40 events at J8 = 40 TeV and"' 4 at J8 = 15 TeV.<93) For a light Higgs 

boson, mH < 200 GeV, the signal would be entirely negligible, while for mH = 
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1 TeV it is,.... 1/4 of the value for the continuum model. A model based on the 

I = 2 1nr scattering data gives a yield of about 25 events.<93) The required e and 

JJ charge determinations are well within the range of experimental feasibility. <95) 

Though we have pessimistically concentrated here on continuum signals of 

strong WW scattering, where there are strong interactions there are probably 

also resonances. As a concrete example consider the techni-rho meson of Nc = 4 

technicolor, with a mass of 1.8 TeV and width of 260 GeV- see equations 2.62 

and 2.63. In pp colliders both qq-+ PT(36) and WW-+ PT(1) contribute compa

rably to the production cross section. In analogy to the hadronic p we expect the 

charged PT to decay predominantly to WZ, l4-+ w±z, which can be detected 

in the leptonic decay mode W Z -+ liili that occurs with a 1% branching ratio 

for t = e or JJ· Then at the SSe with 104 pb. - 1 the signal in the central region, 

I!IW I and IYz I < 1.5, is 12 events over a qq -+ W Z background of only 1 event, 

while the LHe signal is 1 event over a somewhat smaller background.<1•72) 

In this and the preceding section on heavy Higgs boson detection I have not 

· made much of the fact that the signals are dominated by longitudinally polarized 

W's and Z's while the backgrounds are predominantly transverse. The decay 

angular distributions do not differ sharply enough and the statistics are typically 

too low to use polarization as an effective discriminant against the background. 

However it will be important to analyze the W and Z polarizations of any 

potential signal to confirm the expected predominance of longitudinal modes. 
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4. CONCLUSION 

The TeV scale is not just the next energy scale that we will be able to study 

in the laboratory but it defines the outer boundary of an energy region certain 

to contain a crucial missing element of the standard model. We are very lucky 

to soon be able to study it experimentally, since the only other sure landmark 

is the unimagineably distant Planck mass at 1019 GeV. 

The missing element that we are certain to learn about in the TeV region 

is CsB, the unknown lagrangian of electroweak symmetry breaking. A collider 

with enough energy and luminosity to study strong WW scattering between 1 

and 2 TeVis sure to show us where to look for CsB and is likely to allow direct 

observation of the new quanta. This is true whether strong WW scattering oc

curs or not. If it is observed not to occur we will learn that symmetry breaking 

is due to a Higgs boson or bosons below 1 Tev. They will be copiously produced 

at any collider sufficient to observe the strong scattering signal. If the strong 

scattering signal is observed, we will learn that CsB is a strongly-coupled la

grangian with quanta above 1 TeV. The strong scattering signal will occur even 

if the new quanta are much heavier than 1 TeV, though it is far more likely that 

they will be found near the 1.7 TeV unitarity scale, equation 1.1. A collider able 

to see the 1-2 TeV continuum signal of a strongly coupled CsB would also suffice 

to discover the low-lying resonances expected near the,..., 1.7 TeV unitarity limit. 

At (, = 1Q33cm-2sec-1 the LHe can reach<51 ) to perhaps 600 GeV in the 

mass of the standard model Higgs boson, using the leptonic channel H-+ ZZ-+ 

e+e- /JJ+JJ- + iiv. At the same luminosity and in the same channel the SSe 

can reach to mH = 1 TeV.<72> With the SSe but not the LHe we could also 

observe the 1-2 TeV strong WW, WZ, and ZZ scattering signals in leptonic 

decay channels. Detection capability of the SSe would be further enhanced if 

observation of mixed modes, WW -+ liJ + qq, proves practicable. At least with 

the tagging strategy discussed in Section 3.43, it appears that mixed modes do 

not improve the LHe reach beyond 600 GeV.<76) 

As discussed elsewhere,<96) in order for the LHe to have a reach for strong 

ww scattering statistically equivalent to that of the sse using all feasible 

leptonic decay modes, we would require an LHe luminosity of6·1035cm-2sec-1• 

This estimate is based exclusively on the all-muon decay mode for the high-£ 

LHe, ZZ-+ JJ+JJ- + JJ+J.l-, since that is the only surely detectable mode at 
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such lumino.ities. The study of the LHC high lumino.ity optionC76> reported that 

zz- t+e-vv and WW- fiiijq could not be utilized. It is not clear whether 

electron identification is feasible above 1frHcm-2sec-1 , since, for example, event 

pile-up causes overlapping 1r±--y pairs that fake an e± signal (not to mention 

the problems of radiation damage and data acquisition). If electrons could be 

identified C = 1.5 · 1Q3Scm-2sec-1 would suffice. 

If strong WW scattering does not occur, CsB is weakly coupled and we 

expect Higgs bo;ons below 1 TeV. There is then a theoretical prejudice for 

supersymmetry since it is the only known weak-coupling solution of the technical 

naturalness problem. (Of course the only known solution need not be the only 

solution.) The solution requires that the superpartners are not much heavier 

than the 1 TeV scale. Production crOiS sections for 1 TeV squarks and gluinos 
are large at both the LHC and SSC, but the decay modes are complicated and 

may be difficult to observe over backgrounds. Though the problem has not 

been completely analyzed, it seems likely that discovery strategies will be found. 

Careful study is needed to decide whether the factor 25 CfOiS section advantage 

at the SSC is essential or whether the LHC energy could suffice. In any event 
an additional factor 25 in cr068 section would certainly be welcome to study the 

new phenomena, whether needed for their discovery or not. 

Searches for fourth generation quarks are pOiSible to at least 1 TeV at the 

SSC and perhaps beyond. The reach at the SSC is about twice that of the LHC 

for heavy quarks. Unless the fourth generation neutrino is surprisingly heavy

in the multi-hundred GeV range- the bound from the rho parameter implies 

that the charged lepton is no heavier than ,... 350 GeV. Despite sizeable cr068 

sections it is not clear that a 350 GeV charged lepton could be observed at the 

LHC or SSC (see Section 3.2). 

As discusaed in Section 3, the SSC and LHC can probe for compo.ite quark 

and lepton structure to scales of order w- 18cm., five orders of magnitude smaller 

than hadron sizes. The SSC can reach to 0(10) TeV for heavy W's and to half 

that for heavy Z's, while the LHC reach is about half that of the SSC in both 

cases. The leptonic signals are spectacular and background-free. 

Perhaps more important than the topics I have discussed are those I have 

not. Multi-TeV pp colliders will open up a tremendous phase space for com

pletely unanticipated and ·revolutionary discoveries. The prospects are exciting, 
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both for what we are sure to find and for what we cannot now imagine. But 

nothing (or almost nothing) will be easy, and the requirements to discover many 

of the signals are very demanding. There is plenty of work for all high energy 

physicists, both theorists and experimenters, to ensure that we make the most 

effective use of these powerful instruments. 
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Figure 1: Evolution of SU(3)c x SU(2)L x U(l)y gauge coupling constants (from 

ref. 3). In the absence of new physics the couplings seem not to interaect 
at a point. 

Figure 2: Comparison of WW croea sections in unitary gauge and with use of the 

equivalence theorem (from ref. 35). 



'~ 

Figure 3: Typical behavior of partial wave amplitudes for W LW L acattering. The 
p~ on the left represents a weak coupling model with a narrow (Higgs) 

reaonance below 1 TeV. The plot on the right shows strong coupling 

behavior, with &aluration of unit.arit.y and broad resonances in the 1-2 

TeV region. 
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Figure 4: Production of WW pairs by WW fusion. 
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Figure 5: The valence up quark distribution of the proton, zu.,(z, Q2), as a funct.ion 

of z for various Q2• The solid, dashed, dot-dashed, sparse dot, and 

dense dot linea correspond to Q2 = 10,102 ,10' ,10\ and lOS (GeV)2 

respectively (from ref. 36). 
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Figure 6: The gluon distribution of the proton, xG(x, Q'l), as a function of x for 

various Q'l. The solid, dashed, dot-dashed, sparse dot, and denae dot 

linea corres~nd to Ql = 10,10'l,10:S,104, and 100 (GeV)'l respectively 
(from ref. 36). 
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(from left to right) gg, WiWi, qg, qij, and qq scattering (from the 
contribution of Z. Kunzst, ref. 37). 
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