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SCENARIOS FOR PHYSICS AT LEP 

The European Committee for Future Accelerators, after due 

deliberation, has recommended that the next major European ac

celerator should be a large electron-positron colliding beam 

facility, LEP. Existing e + e machines provide small center-of-

mass energies compared to what is otherwise accessible. Nonethe

less, much of what we know that is new and important comes from 

research done at these machines, as the following sketch, shows: 

+ -e e A New Lepton A New Lepton 

Proton Beams 

Neutrino Beams 

Electron Beams 

New Quarks 

QCD Phenomenology 

Neutral Currents 

Four types of facilities are compared to four types of new phe

nomena. Major contributions are indicated by links. Evidently, 

e + e machines have played and are playing a major role in the 

elucidation of the new physics. 

Even more should future advances arise from larger e +e 

machines. The following table attempts to compare the utility 

of a large e +e machine with that of other large colliding-beam 

facilities. Each type of machine can do important new physics, 

yet the e + e option is surely the most appealing. 
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Physics ei ep pp or pp 

Test QED. E I ¡I 
Count flavors E I I 
Identify new quarks. E D D 
Identify new leptons. E D D 
Find light Higgs. E D D 
Find x. E D D 
Measure sin 2 8, r , etc. E D D 
Measure Cabibbo analogs. E D D 
Count neutrinos. E I E 
Test QCD. E E E 
Discover Z°. E D E 

+ 
Discover W . D D E 
Study RH weak current. D E D 
An excited electron? D E I 
Study WWZ vertex. D I I 
Total hadron cross section. I I E 

E = Easy (often meaning difficult). 
D = Difficult (often meaning impossible). 
I = Impossible. 
x = Anything with weak or electromagnetic couplings. 

Let us simply assume—with a prayer—that LEP will be 

built. Let us also assume that the inevitable debates about 

Energy, Luminosity, Cost and Site do not neglect the most 

essential parameter, Time. The point is not simply one of 

impatience. Fiscal constraints impel us to an era of even 

more international science. Europe and the United States 

each have their 30 and 300 GeV proton machines, and their 

small and larger e +e machines. Their current projects, 

LEP and Isabelle, are complementary rather than competitive. 

If the timing is right and LEP gets done in the '80's, pur 
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next endeavor could be cooperative. 

The purpose of this talk is to discuss what physics 

at LEP may be like. Obviously, we don't really know, for 

otherwise the construction of the machine would be sense

less. I have divided my subject into four parts-, the 

Scenario of the Seventeen Parameters, of the Many Flavors, 

of the Bigger and the Smaller Gauge Groups, and finally, 

the Scenario of Surprise. The first Scenario is at once 

the most conventional and (in my opinion) the least probable. 

I will describe it in some detail. Conversely, ty~a. last 

Scenario is the least conventional and the most pi » able,, 

but there is little one can say in advance about surprises. 
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I. The Scenario of the Seventeen Parameters 

Elementary-particle interactions—weak, strong and 

electromagnetic—all result from the existence of a non-

Abelian local symmetry group, so one says. To accommodate 

these interactions, the group must contain G =SU(3) xSU(2) x 
o 

U(l). in this scenario and the next, it is precisely G . 
o 

The possibility of "grand unification" involving a simple 

unifying group like Georgi-Glashow 1 SU (5) is not excluded. 

Super-heavy generators of SU(5) have little direct impact 

on physics at accessible energies. (An important caveat: In 

these theories the proton is unstable. Better limits on 

the proton lifetime can and should be sought.) Thus, there 

are exactly twelve gauge fields: 8 gluons, 3 heavy weak in

termediaries, and the photon. 

The SU(3) subgroup—color—is an exact gauge group 

which is at the root of the strong and nuclear interactions. 

The hypothesis of color confinement—plausible, but not yet 

proven—explains why quarks have not been and cannot be iso

lated from the hadrons of which they are part: color is 

truly a hidden variable. The property of asymptotic free

dom, which is established, explains how strong interactions 

become weaker at high energies. The mysteries of "preco

cious scaling behavior" and of the success of the "quark 

line rule" are thereby solved. 

The SU(2) xU(l) subgroup is subjected to spontaneous 

symmetry breaking. Spinless "Higgs bosons" must be intro

duced of which at least one must survive as an observable 
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particle. In the minimal scenario, 2 only the simplest pos

sible lliggs structure is assumed: a single Higgs doublet. 

The unique surviving meson has known couplings and must 

have a mass between 12 and several hundred GeV. The 

develops a mass of 37.5/sin 8 GeV, and the Z° a mass of 

37.5/sin 8 cos 8. The photon remains massless. This scheme 

provides a unified description of weak and electromagnetic 

interactions. Agreement of experiment with theory is excel

lent, the parameter sin 2 8 being consistently determined to 

be -0.2. 

Since the low-energy limit of the unified theory is so 

well confirmed, few can doubt the truth of its central pre

dictions: the existence of at ~80 GeV and of Z° at ~90 GeV, 

The anticipated appearance of 2" is a powerful motivation 

for the construction of LEP, and the production of Z° may be 

the principal activity of LEP once it is built. In this 

scenario, the event rate on resonance will be ~10 5 per day, 

three orders of magnitude higher than what it will be far 

from resonance. So will a daring speculation soon be turned 

into a useful tool for the production and study of heavy 

quarks and leptons, and perhaps for the discovery of the 

Higgs boson as well. 

Here is a choice method for finding the Higgs boson at 

LEP. The Higgs boson H will be emitted some of the time in 

Z° decay by a process akin to brehmsstrahlung 3: 
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r (Z •» A AH) = 

r (Z -+ AÂ) 4ir sin 2 0 cos 2 0 
et 

24 4 M + . . . 

Run on the Z" resonance and trigger on v y events which 

are not back-to-back and which are accompanied by the ha

dronic splash of H decay. Measurement of the lepton momenta 

and reconstruction of the missing mass will reveal the Higgs 

boson if it is lighter than "50 GeV. 

Aside from gauge and Higgs bosons, the theory involves 

fermions. These may be classified according to their trans

formation behavior under the gauge group. All known fermions 

transform under color SU(3) according to the trivial repre

sentation (Call them leptons.) or under the fundamental 3-

dimensional representation (Call them quarks). Trivial and 

fundamental—good words these, and Nature seems to have no 

need for anything more complicated. So it goes for the 

SU(2) subgroup as well. All right-handed fermions are triv

ial; all left-handed fermions form fundamental doublets. As 

they are in the Higgs sector, things are as simple as they 

can be. 

Fermions come in families, each of which involves fif

teen Weyl fields. Each family consists of a doublet of colored 

quarks and a doublet of leptons. One lepton in each fanu^y 

has zero charge, and (in the minimal scenario) zero mass. 

The first family consists of (u,d,v , e ) . These are the "re

levant" particles, just the ones that are needed to make up 

the universe, and to make it work as well. As for the other 
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fundamental fermions, as far as we can see, they are simply 

put in for spite: we can find no essential role for them, 

and apparently could get along quite well without them. Not 

only are we descended of slime found upon an obscure bit of 

the universe, but we are built up out of those elementary 

building-blocks which by accident of birth are the lightest— 

the runts. 

The second family of fermions consists of (c,s,v , u ) . 

The story of its discovery spans the years 1938 (when muons 

were first seen) to 1976 (when naked charm was clearly re

vealed) . Things could have stopped here, and philosophers 

dwelt on the curious fact that Nature used just twice as 

many building blocks as she really needed. But, she was 

even more profligate. 

Perl and his collaborators showed us that there is a 

third charged lepton T . Soon afterwards, Lederman and his 

group encountered upsilon, spoor of the fifth quark. PETRA, 

PEP, and CESR may soon compete for the privilege of first 

seeing naked bottom. In the minimal scenario, we put these 

new particles into a third and final family (t,b,v , x ) . 

The third lepton is assigned its own massless neutrino, and 

the unobserved top quark must exist to fill out the repre

sentation. 

Consider the three families of fundamental fermions. 

Their SU(3) xSU(2) content is identical by construction. 

Call the quark charges ± h and the lepton charges ±h. 
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Rcnormalizability of the gauge theory requires the cancella

tion of triangle anomalies, v?hich in turn requires that the 

sum of quark and lepton charges E(3Q^+L^) be zero. This is 

also a necessary condition for the existence of a simple 

grand unification. This condition is not merely satisfied, 

but it is satisfied family by family, with = | and 

The U(l) content of the three families is identical, and the 

existence of three uncharged neutrinos is assured. But, why 

these particular assignments of electrical charge? A Keplerian 

construction is suggestive, 
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where each of the fermion families is depicted by such a cube, 

but this hardly provides a satisfactory answer. 

Believers in grand unification are tempted to put each 

15 dimensional family into its own equivalent representation 

of the unifying group. Thus, in SU(5), each family comprises 

a 15 dimensional reducible representation. This does give an 

elegant unification of strong, weak, and electromagnetic in

teractions, but it does not address the question of the super

fluous replication of quarks and leptons. Even more clearly, 

it seems that one representation would have sufficed. Syn

thesis in terms of a single irreducible 256 dimensional rep

resentation of 0(18) is possible,!* but it seems far too con

trived. The problem of flavor remains with us, as indeed it 

has done for forty years. 

The three families are not quite independent of one an

other, being somewhat linked by the weak interactions. The 

charged weak current connects each massless neutrino to its 
2 

own lepton, and each Q = ^ quark to a linear combination of 

Q = - i quarks. The lightest quarks couple mostly to one an

other, as do the next heavier quarks, and as well the two 

heaviest quarks: surely there is an important clue hidden 

here. But there is some mixing along the lines first sug

gested by Cabibbo. The current is of the form 

(Ü, c, t) Y U + Y S ) M 

where a wise choice of conventions lets us write 

s 
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O e e 
M = exp -B 0 

-e 0 

with 0 and ô real and e complex. I-'- is the complexity of e 

that leads to observed CP violating effects, as first sug

gested by Kobayashi and Maskawa. 5 Of these mixing parame

ters, we know s 

The parameter |e/6| will be measured as soon as the weak de

cay modes of b-containing hadrons are detected. 

Advocates of the scenario of 17 parameters believe that 

there are exactly three families of fermions and no more. 

The seventeen parameters are these: the weak, strong, and 

electromagnetic coupling constants G, sin 2 0 , a s and a; the 

nine quark and lepton masses; three Cabibbo-like angles and 

the CP violating phase; and the Higgs boson mass. Delete 

one to set a standard of mass, and we are left with seventeen. 

Fans of grand unification make do with even fewer para

meters describing physics at accessible energies. In SU(5) 

models, lepton and down quark masses are related. In a re

cent SO (10) model of Georgi and Nanopoulos, 7 the t quark mass 

is predicted to be 14 GeV, and the Cabibbo angles are ex

pressed in terras of quark masses. 

All else (excepting gravitational phenomena) is calcula

ble in terms of these parameters. Of the seventeen parameters, 

only the t-quark mass and the Higgs boson mass remain quite 

|e| = 0.2; 3 x l 0 ~ 2 > |e5| > 10 - 3 
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unmeasured. Beyond these, there is simply no room for fur

ther surprises. There will be nothing new in high-energy physics un

til such a time as we can study collisions at energies of or

der 1 0 1 7 GeV, surely an unlikely occurrence. The arrogance 

of the physicist knows no bound, but let him consider the com

placent words of George Gamow in 1947: "...we have now much 

sounder reasons for believing that our elementary particles 

are actually the basic units and cannot be subdivided further. 

Whereas allegedly indivisible atoms were known to show a 

great variety of rather complicated chemical, optical, and 

other properties, the properties of elementary particles of 

modern physics are extremely simple; in fact they can be com

pared in their simplicity to the properties of geometrical 

points. Also, instead of a rather large number of "indivi

sible atoms" of classical physics, we are now left with only 

three essentially different entities: nucléons, electrons, 

and neutrinos. And in spite of our greatest desire and ef

fort to reduce everything to its simplest form, one cannot 

possibly reduce something to nothing. Thus it seems that we 

have actually hit the bottom in our search for the basic ele

ments from which matter is formed." 8 
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II. The Scenario of Many Fermions 

The only difference between this scenario and the last 

is that here we admit the possible existence of fermions be

yond those in the three known families. The conventional 

SU(3) x SU(2) x U(l) gauge group is still assumed. The sim

plest thing to do is to conjecture that all fermions come in 

isomorphic 15-dimensional families, but to let their number 

N be larger than three. It is relevant to mention here some 

of the arguments that put limits on N: 

In order to accommodate b and T it is generally assumed 

that N £ 3. However, this is not completely convincing. It 

is conceivable tr invent an acceptable model with just five 

quarks, but this is not the direction we wish to pursue here. 

It is also conceivable that the family structure differs from 

the one I have considered. For example, each family may con

tain one 0 = 2 / 3 quark, two Q = - 1/3 quarks, and two charged 

leptons. This is what happens in models based on exceptional 

Lie groups, as pioneered by Gursey. This is another direction 

we have not the time to pursue, although it is an appealing 

alternative that has recently been exploited by Georgi and Pais. 9 

The observed cosmological helium abundance, when coupled 

with certain cosmogenic conjectures, allows us to conclude 

that the number of long-lived 1000 s) neutrino states must 

be small, and probably no greater than three. If it is as

sumed that all neutrinos are massless, then it follows that 

N - 3. Suppose, however, that neutrinos are not in general 

massless. Massive neutrinos can mix with the known massless 
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or almost massless neutrinos, although the extent of the 

mixing is limited by the empirical validity of universality. 

It is straightforward to generalize the astrophysical con

straint to apply to such massive neutrinos, by requiring 

that they decay in less than 1000 s and at the same time do 

not upset universality. Let n(m) denote the number of neu

trino states with mass less than m. We obtain: 

n(l MeV) 1 3 

n(10 MeV) 1 13 

n (100 MeV) 5 1 0 6 . 

Evidently, astrophysics tells us very little about N if we 

are willing to tolerate neutrinos with mass. 

This brings to mind an awful scenario put forward by 

John Ellis. Suppose that there are not very many charged 

quarks or leptons lying below 1/2 in mass, but that there 

are a considerable number of light neutrinos. Consequently, 

the Z° resonance will be quite broad, and it will decay pri

marily into unobservable neutrino channels. LEP would not 

see the resonance at all. Ellis shows that this scenario 

is unlikely, and that the many light neutrinos should be ac

companied by many relatively light charged leptons. The ab

sence of a distinct Z° resonance is then compensated by the 

existence of many observable charged-lepton thresholds lead

ing to a large value of R. Were these charged leptons much 

heavier than their neutrinos, large radiative corrections 
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would change the relative strength of charged current and 

neutral-current effects. This would upset the empirical 

success of the gauge theory. Of course, this could be re

paired by an appropriate change in the Higgs sector. The 

possibility of "neutrino wipeout" with no easily observable 

compensation remains a remote possibility. 

A simple and attractive model of CP violation puts the 

blame on the structure of the quark mass matrix. As first 

realized by Kobayashi and Maskawa, this requires N - 3. Un

fortunately, no upper bound on N is obtained. On the other 

hand, some people argue that the asymptotic freedom of SU(3) 

must be preserved at arbitrarily high energy. It is not es

tablished that this is truly necessary, but if it is, it 

would seem to require that N 1 8. If ther' exists a grand 

unification, this condition may be weakened depending upon 

how large is the unifying group. For SU(5), the constraint 

becomes N - 13. Since I don't know how seriously to regard 

this constraint, I choose to ignore it. 

In honesty, I must mention one line of argument which 

really does suggest that N = 3 . Grand unification schemes 

based on SU(5) or SO(10) give a successful preduction of 

the value of the weak mixing parameter s i n 2 6 , and they also 

explain the value of the b quark mass. 1 0The latter prediction 

depends upon N, giving the observed value for N = 3 . A much 

larger value of N would be excluded if this theory were cor

rect. More recently, 7 an SO(10) extension of this theory pre

dicts the t quark mass to be 14 GeV, again under the hypothe-
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sis that N = 3 . However, the theory as it is does not dis

play the elegant simplicity of truth. 

No argument yet presented proves that N = 3 . Indeed, it 

is not even clear that N may not be infinite. Of course, 

the number of families with masses lighter than any finite 

mass M must be finite, and the fermion masses must increase 

rapidly with their index. In any case, there is room for 

almost any large but finite number of families with masses 

accessible to Z" decay. The fact that only five quarks 

have shown up at center-of-mass energies of less than 10 GeV 

does not exclude the possibility that another fifty will 

show up between 10 GeV and 100 GeV. The question is of con

siderable importance to two extraordinary significant measura

ble parameters. 

The value of R below the Z° resonance is given simply by 

where N is the number of kinematically accessible families. 

In the first scenario, R should settle down to the value of 

six in the interval between tt threshold and the onset of 

the Z° resonance. On the other hand, for N = 5 2 it will 

equal 137. 

Just as important is the width of the Z° resonance, 

which for sin 28 = 0.2 is given in GeV approv'lately by N. 

Thus, in the first scenario = 3 GeV and tl.tí advantage of 

running LEP on resonance is by a factor of ~ 1 0 3 . On the 

other hand, for N = 52 the value of R is large everywhere 

and not particularly larger on the Z° resonance whose width 
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is comparable to its mass. No matter what value N chooses 

to have, the physics LEP can do will be exciting. 

We all wait with baited breath for the value of R to 

be measured at the highest energy accessible to PEP or PETRA. 

If nothing mtj'.:h of interest happens between 10 and 30 GeV, 

then it would become a bit easier to accept the bitter pill 

that nothing much will happen in the interval before Z° which 

remains accessible only to LEP. 

Thus far, we have been discussing the plausible and con

servative possibility that fermions always come in 15-member 

families, but that the number of those families could be larger 

than 3. There is, of course, another possibility: families 

of differing internal structure may show up. All known fer

mions participate in weak interactions in a left-handed man

ner. Should there not exist an equal complement of intrinsi

cally right-handed particles? Partisans of supergravity 1 1 have 

trouble accommodating intrinsic (as opposed to spontaneous) 

parity violation,and would be gratified were such particles 

to exist. A minimal scenario here would involve the familiar 

three left-handed families and three heavier right-handed fam

ilies, involving an increase in R from its present (theoreti

cal) value of 4^ to 14. 

Will nature continue to limit herself to the simplest 

representations of SU(3) xSU(2)? Could there not exist 

doubly charged leptons, or quarks with unconventional charges? 

Could there be fermions transforming as SU(3) sextets (called 

quixes) or as SU(3) octets (called quaits)? Such a variety 
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of fundamental fermions is certainly permitted by known 

theories, and is only denied by theorists at their peril. 

LEP will find them if they're there. Here is a table of 

the effect on R of the onset of such thresholds: 

Type of Particle Charge AR 

Quark -1/3 0.3 
Quix 1/3 0.7 
Lepton -1 1.0 
Quark 2/3 1.3 
Quix -2/3 2.7 
Lepton -2 4.0 
Quark -4/3 5.3 
Quait 1 8.0 
Quark 5/3 8.3 
Lepton -3 9.0 
Quix 
• • • 

4/3 10.7 
• • • 

These entities too might be expected to appear in anomaly-

free families the sum of whose charges vanish. Here are two 

examples : 

1. a weak quartet of quarks with charges 5/3, 2/3, -1/3, 

and -4/3 together with a weak quartet of leptons with 

charges 1, 0, -1 and -2. Its total contribution to R 

is 21.3 units. 

2. A weak triplet of quixes with charges 4/3, 1/3, and 

-2/3 together with two weak triplets of leptons with 

charges 0, -1, and -2. Its total contribution to R is 

24 units. 
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From the present viewpoint, such elementary structures 

as these seem very implausible. But, who can tell what the 

future will bring? 
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III. The Scenarios of the Bigger and the Smaller Gauge Groups 

In this section, we first explore the possibility that 

the gauge group which is relevant at accessible energies is 

lar-ger> than S U ( 3 ) * S U ( 2 ) * U ( 1 ) . There are two possibilities: 

A flavor group larger than SU ( 2 ) x u ( l ) , or a color group larger 

than Su ( 3 ) . 

The literature is saturated with examples of larger flavor 

groups: S U ( 2 ) x S U ( 2 ) * U ( 1 ) ; S U ( 2 ) x U(l) x U ( l ) ; S U ( 3 ) x U ( l ) ; 

and S U ( 3 ) x S U ( 3 ) are some of the more popular examples. Some 

of these groups were originally introduced by ambulance - chas

ing theorists for reasons that are no longer sound: to explain 

an (incorrect) observation of u + e y ; to produce a once alleged 

but now disproven "high-y anomaly" in neutrino physics; or to 

justify the repeated failures to see atomic parity violation on 

bismuth. It is nonetheless possible that some such theory is 

correct and that there are more than just three heavy weak-in

teraction intermediaries. 

It is important to point out that there are many possible 

extensions of the S U ( 2 ) * U ( 1 ) theory which leave all zero-en

ergy weak phemenology precisely intact. Consider for example 

the flavor group S U ( 2 ) x U(l) x U ( l ) ' where all known fermions 

are trivial under U(l)'. The Higgs sector contains an S U ( 2 ) x 

U(l) doublet of the conventional sort. There are two possi

bilities for U(l)': It could be an exact unbroken gauge sym

metry, corresponding to a second kind of photon which is not 

yet seen. The lightest particles bearing the second charge 
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must be absolutely stable. Such a bizarre scenario may seem 

ugly or unlikely, but it is by no means excluded by presently 

known data. 

More conventionally, we might add a Higgs singlet which 

transforms under both U(l) and U ( l ) 1 and which develops a vacuum 

expectation value. Then, we have a system involving two Z°'s. 

This model automatically reproduces the conventional SU(2) * U(l) 

weak phenomenology. However, one of the Z°'s will be heavier 

and one liqhter than the usual predicted value of the Z° mass. 

Indeed, this is a fairly general result in any extension of 

SU(2) xu(l) which preserves the zero-energy results: at least 

one Z° must lie below the canonical z° mass. 

Little need be said of the impact on physics at LEP of the 

existence of a richer flavor group. Double the number of Z 0 , s 

means double the number of exciting experiments to be done. The 

purpose of LEP will not merely be to count fermion flavors; it 

will also count the number of Z°'s and it will tell us more de

cisively just what the flavor group is. 

iJhat does it mean to say that the color group is larger 

than SU (3)? One possibility -- chiral color — is that color 

SU(3) is the exact diagonal remnant of a spontaneously broken 

chiral SU(3) * S U ( 3 ) . How such a possibility would affect physics 

at LEP is unclear to me, but should be crystal clear to those who 

argue that large e'e machines can provide precise tests of QCD. 

I have in mind another way to extend the scope of strong inter

actions: Susskind's invention of what he regrettably calls 

"technicolor". 1 2 
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As a concrete example, let us suppose that the relevant 

gauge group is G = SU (4) x SU (3) *SU(2) * U (1) , with momentum-

dependent coupling constants ct̂ , a 3 , ct2, a , respectively. 

Imagine that G is the exact remnant of a very large grand-

unifying group at Planck-like enerqies, a group like SU(9). 

While the several cĉ  coincide at super—large momenta, they 

diverqe from one another at lower energies in accordance with 

the size of their subgroups: > cij for i> j. It is the fact 

that aj becomes comparable to unity at ^ 1 GeV that sets the 

scale of hadron masses. We may deduce that ct̂  will become 

large at 0.1-1.0 TeV. Suppose there exists a weak doublet of 

technicolored quarks without bare masses. Spontaneous breaking 

of the associated chiral SU(2) group due to the strong SU(4) 

force provides a dynamical mechanism for the breakdown of flavor 
+ 

SU(2) *U(1) . Thus may W and Z acquire masses without the neces

sity for the Higgs paraphernalia. Thus does Susskind boldly 

calculate the maqnitude of G_ from first principles. 
r 

The conseauences of such a scheme for physics at LEP could 

be dramatic — more than the mere absence of observable Higgs 

mesons. Let x stand for the effective mass of the lightest 

technicolored quark. The xx system will be smaller than an 
ordinary "onium" because the SU(4) force is stronger than QCD. 

— + -

Thus the xx bump in e e annihilation will be very conspicuous. 

Moreover, there will be a large series of bumps running in mass 

from 2 m x to 4 m x , since there are no observable states bearing 

"naked technicolor". This is quite a different kettle of fish 

from the now familiar onset of a new quark flavor. 
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In summary, there are several ways in which the gauge 

group may be bigger than is conventionally thought. Any such 

extension implies even more excitement for physics at LEP. We 

have been led to our standard SU (3) *SU(2) *U(1) picture from 

the study of quite low energy phenomena: the zero-energy limit 

of weak interactions; precocious scaling behavior at momentum 

transfer less than 2 GeV; and from the systematics of the iow-

lying (< 2 GeV) hadrons. It would be both arrogant and unhis-

torical to believe that our naive extrapolation from physics 

at 2 GeV to physics at 200 GeV is likely to be correct in detail. 

The group SU(3) *SU(2) *U(1) is merely the simplest of very many 

possibilities. Whether or not it is the way that nature has 

chosen will be definitively answered by LEP and only by LEP. 

Just as the gauge group could be larger than SU (3) xSU(2) x 

U(l), so also may it be smaller. Indeed, perhaps we have been 

premature in ascribing all elementary particle interactions to 

gauge theories. An indication that something may have gone 

awry is obtained from what is known about supergravity theories. 

In their simplest and most elegant versions, these theories 

simply cannot admit SU (3) xsu(2) xu(l) as a gauge group. They 

are limited to subgroups of SO (8).11 Here is one motivation for 

our subsequent analysis, in which we assume that strong and 

electromagnetic interactions are described by an SU(3) * U(l) 

gauge theory. Weak interactions, on the other hand, are not as

sociated with a local symmetry group. We shall suppose that 

they result from the exchange of fundamental scalar mesons, and 

that there simply does not exist any intermediate vector boson. 
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And, in particular, there is no Z° to dominate physics at LEP. 

Basically, the idea is that of Kummer and Segré who ob

served many years ago that the exchange of pairs of heavy scalar 

mesons induces an effective vectorial four-fermion interaction. 1 3 

S. S. Shei and I (and, independently, Bjorken?'' have noticed 

that a model of this kind can provide a satisfactory description 

of low-energy weak phenomenology. 

The basic weak intermediaries are assumed to be a triplet 
± 

of hermitean scalar fields, <J> and (j)0 . These particles couple 

the known quarks and leptons to a set of heavier and not-yet-

observed new fermions. In particular, couplings are introduced 

only between left-handed conventional fermions and right-handed 

heavy fermions. The Yukawa couplings are these: 

g<J> +[Ñ(l+Y 5)e + ü"(l+Ys)d] + h.c. 

+ g ' <|>+ [v"( 1-Y s ) E + ü(l-Y s)D] + h.c. 

+ g"* 0 [Ñ(l+Y s)v + Ü(l+Y s)u + h . c ] 

+ g"'<t>° tË(l+Y 5) e + D(l+Y 5) d + h . c ] . 

For simplicity, we have specified only the couplings of one 

family (u,d,v,e) of light fermions, and one family (U,D,N,E) of 

heavies. The extension of this model to more than one family 

with GIM-Cabibbo structure is perfectly straightforward. 

Primary weak interactions involve the exchange of a heavy 

scalar meson. This yields an effective four-fermion coupling 

between heavy and light quarks. The effect of these interactions 

has not yet been seen, since none of the heavy fermions have yet 

been found. Familiar weak interactions between light quarks and 
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leptons result from the exchange of two scalar mesons. Thus, 

g V M 2 plays the role of Ĝ ,. By construction, the induced four-

fermion couplings are of the V-A form. Both neutral-current 

and charged current weak couplings arise naturally. The re

sulting zero-energy phenomenology coincides with that of a 

general SU(2) *U(1) gauge model. 1 5 The relative strength of 

charged-current and neutral-current couplings is adjustable, 

while the value of the mixing parameter sin 2G is necessarily 

zero. 

Certainly, the SU(2) *U(1) model with sin 20 = 0.2 and with 

neutral currents of canonical strength gives a satisfactory 

description of weak interactions. So also does a value of 

sin 28 = 0 with neutral current couplings of somewhat reduced 

strength. Agreement with experiment is not as perfect, but a 

model of this kind cannot yet be ruled out. 1 6 For example,, 

neutral-current neutrino data has not excluded the possibility 

that the neutral current is purely V-A. Thus, our scalar meson 

model must be regarded as phenomenologically viable. 

From the point of view of the theorist, the scalar meson 

model is much less attractive than a gauge theory. Universality, 

it should be noted, was put in by hand. The couplings of <{> to 

quarks and to corresponding leptons were put equal, somehow 

implementing the Pati-Salam notion of leptons as a fourth color. 

How this may be accomplished in a natural way is a mystery I am 

unable to solve. 

Nonetheless, we must consider the implications of such a 

perverse model for physics at LEP. The heavy fermion cannot be 
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too heavy, lest universality becomes impossible to implement. 

Hence, many new fermion thresholds are expected: all of the 

heavy "shadow particles" remain to be found. 

Once the first heavy lepton threshold is passed, new par-
+ — 

t i d e s may be produced an e e annihilation both electromagnet-

ically and semi-weakly. Although there will be no spectacular 

Z° resonance, LEP should reveal a rapidly increasing value of 

R corresponding to the onset of semiweak (<f>-exchange) phenomena. 

Once again, the law of conservation of excitement for physics 

at LEP remains valid. 
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IV. The Scenario of Surprise 

My own firmly-held belief is that we simply cannot en

visage the surprises that LEP will bring. Clearly, there are 

too many kinds of quarks and leptons for comfort. The format 

is familiar: first a population explosion, then the discovery 

of a mysterious order, finally the revelation of structure. 

So did atoms lead to nuclei, nuclei to hadrons, and hadrons to 

quarks. Will such a thing happen again? First, we must find 

out how many kinds of fermions Nature deals in — a clear task 

for LEP. Next, we need evidence that quarks and leptons are 

not truly pointlike, but have a measurable size, and a complex 

variety of excited states. Only then,'can we expect to resolve 

the maons or preons of which quarks and leptons may consist. 

Will we find quarks with direct strong decays to lower-mass 

quarks? Will the distinction between new quarks and new leptons 

somehow become blurred? Who can rationally discuss this sce

nario? I remember similar talk at Harvard before CEA was built. 

Surely the relative cross section for e +e •*• hadrons would be 

a rapidly decreasing function of energy. Or perhaps, R would 

approach 2/3. When CEA discovered that R became 5 or 6, few 

could be found who would even believe the result. Similar sur

prises may be anticipated for those who are lucky enough to ex

periment at LEP. 
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