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Foreword 

Particle physics is at an extremely interesting crossroads. 

Behind us is the marvelous creation of the so-called "standard model" 

based on the renormalizable nonabelian gauge theory of SU(3)cxSU(2)x 

U(l), and supported by a long list of successful experimental tests. 

Ahead of us is a totally unknown territory and several different paths, 

among which we should soon choose. According to some views we may be 

about to enter an immense desert, buth other options are, at least, as 

likely. 

These lectures are devoted to those aspects of the physics of 

quarks and leptons which lie on the frontiers of the standard model 

and beyond it. The lectures are divided into two parts. Part I 

starts with a description of the present status of the standard model, 

proceeds to some open problems and concludes with a short survey of 

topics such as extensions of the electroweak group, grand unification, 

the generation puzzle and the connection between quark masses and 

generalized Cabibbo angles. The material in Part I is not new. It 

has been discussed in numerous review articles and it is presented here 

as a general introduction. 

Part II is entirely devoted to the possibility that quarks and 

leptons are composite. This is a "hot", rapidly developing topic and 

the time is not yet ripe for a well-organized review. In fact, the 

material presented here reflects our thinking in November 1980, when 

it was written, and it differs in emphasis and in many details from the 

lectures given at the Summer Institute in August 1980. We start Part 

II with a discussion of the motivation for, and limitations of 
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composite models. We proceed with a description of some of the 

general theoretical difficulties and review several published models. 

We conclude with a description of the dynamical rishon model, a scheme 

which we have recently proposed (after the lectures were given in 

August 1980). 
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Part I 

The Standard Model, its Present Status and its Open Problems 

1. The Framework of the Standard Model 

1.1 The Standard Model: Its Particles and its Free Parameters 

1.2 The Gauge Boson Sector 

1.3 The Fennion Classification 

2. The Parameters of the Standard Model 

2.1 The Masses of Quarks and Charged Leptons 

2.2 Generalized Cabibbo Angles and the K-M Phase 

2.3 Neutrino Masses and Leptonic Cabibbo Angles 

2.4 Theoretical Constraints on Generalized Cabibbo Angles 

2.5 Quark-Lepton Angles 

2.6 Masses, Angles and the Higgs Sector 

3. Additional Aspects of the Model 

3.1 Conservation Laws in the Standard Model 

3.2 Exotic Quarks and Leptons 

3.3 The Standard Model: Summary 

4. Beyond the Standard Model 

4.1 Alternative Models 

4.2 Extensions of the Standard Model 

4.3 The Left-Right Symmetric SU(2)LxSU(2)RxU(l) 

4.4 Grand Unification: General Features 

5. The Generation Puzzle 

5.1 What identifies a Generation? 

5.2 How Many Generations Are There? 

5.3 Quark Masses and Cabibbo Angles 

5.4 What Next? 

6. References 
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1. The Framework of the Standard Model 

1,1 The Standard Model: Its Particles and its Free Parameters 

The standard model is based on the gauge group SU(3) xSU(2)xU(l), 

spontaneously broken into SU(3) xU(l) . It contains 12 gauge bosons 

(8 gluons, W+, VI', Z°, Y). 3 generations of quarks and leptons (u,d,v ,e"; 

c,s,vu,u"; t.b.v ,T") and an unknown number of physical Higgs particles 

Cat least one). All left-handed fermions are in SU(2) doublets and all 

right-handed fermions are in SU(2) singlets. 

The model contains at least 30 free parameters of which 3 are the 

independent couplings of the three gauge groups, approximately 25 para

meters represent masses and mixing angles which arise in the process of 

spontaneous symmetry breaking, and an unknown number of additional para

meters appear in the Higgs potential. Additional "parameters" are the 

number of quark and lepton generations and the number and classification 

of the Higgs particles. 

Table I summarizes the particles and the parameters of the standard 

model. 

In the following sections we briefly discuss the various sectors of 

the uiodel, the values of the known parameters and experimental means of 

studying the undetermined parameters. However, it is clear that a theory 

with more than 30 free parameters cannot be considered to be completely 

satisfactory. It is the desire to understand these parameters, as weXl 

as the overall pattern, which sends us beyond the standard model. 

1.2 The Gauge Boson Sector 

While we feel confident that the standard model is essentially 

correct, we should remind ourselves that we have, so far, directly ob

served only one of its 12 gauge bosons, and we have yet to detect the 

3-boson couplings which are the trademark of a nonabelian gaugo theory. 
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Sector Particles Parameters 

Gauge bosons 8 giuons Cast or A) 

(a,9w or gj,g2); ( M ^ ) 

Fermions U ) u,d,v ,e 

CII) c.s.v^.u 

CHI) t,b,vT,x 

More? 

Fermion classification: left-
doublets, right singlets. 
Number of generations. 
6 quark masses 
3 charged lepton masses 
3 neutrino masses 
3 generalized Cabibbo angles 
1 Kobayashi-Maskawa phase 
3 leptonic Cabibbo angles 
1 leptonic K-M phase 
Quark-lepton angles and phases 

Higgs particles $ Number of Higgs particles 
More? Classification of Higgs 

particles 
Higgs masses and couplings 

Table I: Parameters of the standard model 

Indirect evidence for the existence of giuons has been accumulated 

for several years and culminated in the discovery of the three-jet 

2 
events in PETRA . Preliminary evidence for the correct spin of the 

3 

gluon is now available . The three-gluon coupling has not yet been 

observed. It will be probably first identified by studying the de

tailed properties of gluon jets and quark jets, showing that gluon jets 

are less collimated than quark jets. The single coupling parameter of 

QCD is A, the scale parameter which determined the running coupling a . 

"sV>="stV)[l + #̂ 

Estimates of A range all the way from 700 MeV or so down to values 

2 
around 100 MeV. The absence of observed scaling violations at high-q 

4 
muon and neutrino scattering points towards very low A-values, blaming 

2 
low-q scaling violations on higher-twist effects. Low A-values are also 

required for the predicted behaviour of elastic form factors. The most 



direct determination of ot (and A) could have come from the rate of 

three-jet events in e e" collisions. However, large higher order cor

rections5 seem to confuse the issue and the already reliable experimen

tal measurements cannot yet yield a reliable theoretical determination 

of A. Thus - the QCD coupling is known only approximately. 

The masses of the W and Z bosons will not be explicitly known 

until these particles are discovered, presumably at their predicted 

masses of 77 GeV and 88 GeV, respectively. The weak mixing angle 6 has 

been accurately determined in numerous neutral current experiments : 

sin26K S 0.23 

A Higgs potential with an arbitrary number of SU(2) Higgs doublets, but 

no other Higgs multiplets, predicts the famous Weinberg mass relation: 

"w 
vq • c o s ew 

The ratio M^/M- can be measured by comparing the relative rates of 

charged and neutral current reactions. The best available values indi

cate remarkable agreement of this prediction with experiment (within 

one or two percent). This successful result provides us with two ex

tremely important kinds of constraints on the theory: 

(i) All Higgs particles which contribute to the vector boson masses 

must be in SU(2) doublets. This is an important constraint for any 

model, especially if one considers the Higgs particles to be composite, 

(ii) Radiative corrections to the Weinberg mass relation must be small, 

thus limiting the allowed spectrum of heavy quarks and leptons. 

An observation of a wVz vertex will have to await accurate 

measurement of processes such as e e~ +W W", exhibiting the Z°-propaga

tor effect. The W W~Y vertex will, of course, be observed if and when 

the W is discovered. 

To summarize: a significant number of very fundamental properties 
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of the gauge-boson sector of the standard model remain to be observed 

experimentally. However, there is no cause for any serious worry or 

alarm and all indications are in the direction of confirming the model. 

It is extremely important to verify experimentally each and every 

component of the standard model. A future theory of physics at shorter 

distances may turn the Lagrangian of the standard-model into an effec

tive Lagrangian, and what now appears to be the ultimate theory may 

become a low-energy approximation of the correct theory. In such a 

case each aspect of the model and every term in the Lagrangian must be 

separately tested and verified, and one cannot necessarily deduce the 

existence of one term from the existence of the other. 

a 
1.3 The Fermion Classification 

The standard model assumes the existence of three generations of 

quarks and leptons, each containing two (color triplet) quirks and two 

(color-singlet) leptons. Left-handed and right-handed fermions are, 

respectively, in SU(2) doublets and singlets. There is no experimental 

evidence against these assignments, but much of it is not directly sup

ported by experiments. 

There is solid experimental evidence from charged current pro

cesses for the assignment of the left-handed u,d,v ,e; c,s,v ,u and 

'ii ,t to SU(2) doublets. There is convincing evidence from neutral 

current processes for the assignment of the right-handed u,d,e to SU(2) 

singlets. There is no clear experimental evidence for the assignment 

of the right-handed c.s.u into singlets. In order to exclude the possi

bility of a right-handed doublet including a known "light" fermion and 

a heavy new fermion, we need neutral current measurements of the third 

component of the weak isospin. Such measurements have not yet been 

performed for c,s,u. The first such experiment will probably be the 

measurement of the forward-backward asymmetry in e e~-*u u~. Indirect 
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evidence is obtained if we assume the "naturalness" of the absence of 

flavor-changing neutral currents. In such a case the right-handed c and 

s must be in singlets. 

If v and v have nonvanishing masses, their right-handed compo

nents will also be in SU(2) singlets. If the neutrinos are massless, 

their right-handed components do not exist. 

The missing t-quark is, of course, the most important ingredient 

yet to be observed in the fermion sector of the standard model. Since 

its mass cannot be predicted with confidence, there is no cause for any 

alarm. Needless to say, we have no experimental evidence for the SU(2)x 

U(l) assignments of the t-quark or, for that matter, the b-quark. 

However, the recent CESRdata are in qualitative agreement with expec

tations for b-decays in the standard model. The x-neutrino has not been 

directly observed and the assignment of the right-handed T has not been 

experimentally determined. However, all data concerning T are consis

tent with the standard model. 

The overall picture is, again: A large number of ingredients of 

the standard model remain unconfirmed, but no conflict exists between 

experiment and the standard model. 

2. The Parameters of the Standard Model 

2.1 The Masses of Quarks and Charged Leptons 

Nine of the free parameters of the standard model represent the 

masses of the quarks and the charged leptons. 

Since quarks are presumably confined, their masses •.annot be 

directly measured. The theoretical definition of the quark masses is 

somewhat arbitrary and one is led to consider a "running quark mass" in 

QCD. At very low energies, the so-called "constituent quark masses" 

presumably play an important role. However, when discussing relations 
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among quark masses and generalized Cabibbo angles, the so-called 

"chiral quark masses" or "current quark masses" should be used. They 

are commonly believed to have the following values in MeV: 

m 'v- 4; m. * 7; m̂ . i> 150; m i< 1300; m. i> 4500; • > 18000. 

The charged lepton masses are, of course, determined by direct observa

tion. 

No clear pattern is observed in the f era ion aass spectrua and no 

convincing mass relation has been proposed. One nuaerological exercise 

which is not yet completely ruled out is: 

m /m **< m /m ^ m^/m 
u e c JJ t T 

The first two ratios are of order 10 (±25%), predicting m somewhere 

bet'je-.n 14 and 22 GeV. A slightly better motivated prediction (discussed 

in Section 5.3) is 

3 3 
fm -m +m ) Cm. -m +m.) 
*• t C u' _ ^T) S &' 
m.m m m. m m, 
t c u I s d 

predicting m^14 GeV in clear disagreement with experiment. 

Aside from attempts to understand the numerical values of the quark 

and lepton masses, we face the problem of understanding the different 

orders of magnitudes of masses in different generations. For instance, 

if quarks and leptons are composites of some more fundamental building 

blocks of matter, one might expect a more evenly spaced spectrum with 

mass differences corresponding to the distance scale of the hypothetical 

substructure. 

2.2 Generalized Cabibbo Angles and the K-M Phase12 

The three SU(2) doublets of the left-handed quarks can be defined, 

for instance, by the u,c,t mass eigenstates. The charge -1/3 SU(2)-com-

panions of u,c,t are, respectively, d',s',b', related to the mass eigen-
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states d,s,b by the famous 3x3 transformation matrix; 

Cl S1C3 "sls3 

i6 i6 

if 

cl c2 s3 t s2 c3 e 

S1S2 -ClS2C3-C2S3e - Cl S2 S3 + C2 C3 e 

where c.=cos8.; s.=sin8.; 8,, 8_, 6, are the three generalized Cabibbo 

angles; S is the Kobayashi-Maskawa phase parameter, leading to CP-
13 

violation effects . Experimentally, only 8] is known. A large number of 

different weak transitions should enable us to determine (and, then 

overdetermine) the four parameters of the matrix. Each process measures 

one or more matrix element of the matrix A. The detailed phenomenology 

of the A-matrix has been extensively discussed . Here we make only a few 

brief remarks about each matrix element: 

(i) A d=c,. Well-measures in ordinary B-decay, yielding the stan

dard value: e ^ l S ^ + O - S 0 . 

(ii) A =SjC,. Well-measured in strangeness changing semileptonic 

decay. Using the above value of 6 , A is consistent with c,=l (hence 

6,=0). The uncertainty in A yields the bound 9,<20°. 

fiii) A .=s, s,. From the measured values of A ,, A and unitarity 
^ ' ub 1 3 ud' us 

we know that A . is very small. Direct measurement will have to await 

the observation of decays such as B-+pions+e~+v . What is required is an 

absolute measurement of such a rate, unlikely for the next few years. 

Civ) A ,=-s,c,. Could be measured by observing Cabibbo suppressed 

semileptonic D-decays such as D->-pev , irev , etc. Here again, an abso

lute rate is necessary, involving separate determinations of the D life

time and the appropriate branching ratio. Assuming that 6. is small, a 

measurement of A . will not provide us with a sensitive determination of 

its value. A . should be measured mainly in order to confirm the rela-
cd . 

tion A ,—A which should be valid for any small 9„, 8,. 
ca us 2 o 
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(v) Acs
=cic2c3"s2s3e * Directly measured by the leading semilep-

tonic D-decays such as D -*K*ev , Kev . There are no data on these 

decays, but experiments 'at SPEAR and DORIS should determine this matrix 

element within the next few years (using, of course, a separate deter

mination of the D-lifetime). As long as the t-quark -.s missing, A 

seems to offer the earliest hope for an experimental bound on 6 ' 

(vi) A ^CjC-s.+s-c^e1 . It is very likely, but not absolutely 

necessary, that |A , |>|A . |. If so, the leading b-decays involve charmed 

particles. Preliminary data fromCESR are consistent with this hypo

thesis. An absolute determination of the rate for B -+Dev would yield a 

value for A , , and a further constraint on 8-, 6-. 

(vii) A .,A ,At. . These matrix element can be experimentally deter

mined only if and when the t-quark is discovered. A , would then offer 

the most direct determination of 8,, requiring a measurement of the t-

lifetime and the branching ratio for T -*pions+e+v . 

The S parameter can b'e deduced from any CP-violating processes, 

provided the other angles are known. We must remember that the pheno

menology of the A-matrix is based on the assumption that three and only 

three identical generations of quarks exist and that the phase 6 is the 

sole cause of CP-violation. A fourth generation and/or Higgs-induced 

CP-violations and/or extensions of SU(2)xU(l) to SU(2) xSU(2) xU(l) 

could change the picture. 

The attractive aspect of the A-matrix is the fact that the four 

parameters determine a large number of, otherwise unrelated, weak pro

cesses. It would be extremely interesting to see, a decade from now, 

whether we indeed have independent but consistent experimental determi

nations of the four parameters. 

We return to the question of theoretical, rather than experimental, 

constraints on the angles in Section 2:4. 
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2.3 Neutrino Masses and Leptonic Cabibbo Angles 

The three Sli(2) doublets of the left-handed leptons are defined by 

the physical electron, muon and T. Their neutral companions are defined 

as v , v , v . If all neutrinos are massless, the„concept of "neutrino 

mass-eigenstates" becomes meaningless and no transformation matrix be

tween weak eigenstates and mass eigenstates is needed. If, however, the 

three neutrinos have different masses, the mass eigenstates \> , v v 

are, in general, different from v , v , v . A transformation matrix, 

identical in structure to the A-matrix of the quark sector, is then de

fined, involving three leptonic Cabibbo angles as well as a leptonic K-M 

phase. Such angles would be extremely hard to measure although, in 

principle, each one of them appears in the amplitudes for many different 

processes. 

The present accepted limits on the neutrino masses are (in MeV): 

m(v ) <6'10"S; m(v ) <0.5; m(vT) <200. 

The different orders of magnitude of these limits reflect experimental 

sensitivities which are always related to the mass scale of the accom

panying charged lepton. It is entirely possible that all neutrinos are 

massless or that they have comparable masses, or that their mass ratios 

are similar to the charged lepton mass ratios, or even that their rela

tive mass values are reversed. 

The above limits on the neutrino masses were obtained from measure

ments of the "endpoint" spectra of the associated charged leptons. A 

14 
recent experiment claimed , for the first time, a finite mass for V . 

However, the result is yet to be confirmed. 

If neutrinos have masses, we expect neutrino oscillations. Starting 

with a neutrino beam of energy E, in which two neutrinos of masses m,, m-

mix, we expect to observe oscillations at distance I of the order of 

L "\. E/Am2 
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2 2 2 
where Am =m -m . At much smaller distances no effect should be observed. 

For larger distances the oscillations become very rapid and only an aver

age "depletion" of the original beam can be observed. 

No experiment has, so far, claimed to have observed actual oscilla

tions. However, several experiments in the last few years found effects 

which might be interpreted as "neutrino depletion", due to oscillations. 

Each of these experiments corresponds to specific values of L and E. 

Since only depletion is claimed (rather than actual oscillations) we can 

2 
only deduce that, for each such experiment Am >E/L. Some of the rele-

vant experiments are : 

(i) The solar neutrino experiment, sensitive to Am >10" e\r. 

2 - 2 2 
(ii) Experiments at deep mines, sensitive to Am >10 eV . 

2 - 2 2 
(iii) Beam dump experiment, sensitive to Am >10 eV . 

2 2 
(iv) Reactor experiments, sensitive to Am >eV . 

In each of these categories effects have been observed, which can be 

interpreted in terms of neutrino oscillations. However, in each case, 

either experimental uncertainties or other possible sources of the ob

served fffect obscure the issue. 

Additional, indirect indication, for neutrino masses of the order 

16 
of 10 eV emerges from astrophysical considerations 

We are, thus, in the tantalizing situation of having six independent 

sources of indications for nonvanishing neutrino masses, but we do not 

feel that any one of them is sufficiently compelling, at present. 

If neutrino masses exist, several interesting theoretical aspects 

arise: 

(i) Right-handed neutrinos should be taken into account in constructing 

extensions of the standard model. (For instance, the usual SU(5) raulti-

plets have no such component). 

(ii) Yet another mass scale is introduced into the already difficult 
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problem of understanding the mass hierarchy of fermions. 

(iii) The idea of parity violation by a spontaneous symmetry breaking of 

a left-right symmetric theory becomes more attractive, 

(iv) The number of nonvanishing free parameters of the standard model 

increases by, at least, seven: Three neutrino masses, three leptonic 

Cabibbo angles and one leptonic K-M phase. 

It will be extremely interesting to follow the experimental develop

ments in this field in the next few years. 

2.4 Theoretical Constraints on Generalized Cabibbo Angles 

An important bound on the angle 6 in the quark sector of the 

standard model emerges from the following consideration. The original 

calculation oftheKj-K° mass difference in a four-quark model, yielded 

the result: 

2 2 2 
M • const, m c.s, 

e l l 
where the constant depends on G_, K., etc. The calculation was based on 

the diagram of Figure 1. Inserting the known experimental values of all 

w 
fv/\/\/> 

w 

Figure 1: Contribution to C - C mass difference. 

x • u,c,t. 
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quantities except m , the charmed-quark mass was correctly predicted. 

It is clear that the diagram of Figure 1 provides us only with a crude 

approximation. Other diagrams may be important. However, it is gener

ally believed that the above equation is correct to within, say, a 

factor of two. 

If a t-quark exists, it can be exchanged in the diagram of Figure 

2 
1. Its contribution to Hi will include a term proportional to o . At 

this point two separate interesting results follow: 

(i) Since the calculation of AM is approximately correct without the t-

quark contribution, the latter must be smaller Cor, at most, numerically 
18 

comparable} to the c-quark contribution. The complete result is : 

m « consfm^s^c* • c&n • 2c§.*c* 3JS3] 

2 2 
where n=C/u . Requiring that the term in the square brackets is 

smaller than two we obtain: 

t a n 62 5 /m7 5 °-3 

This is the best available constraint on B_. 

(ii) A much more important result, in our opinion, emerges from the 

assumption that the physics at very low energy cannot depend in any 

strong way on the existence of an extremely heavy quarlf . We cannot 

prove such an assertion, but it can be motivated by observing that large 

energy denominators make distant levels unimportant; nearby singulari

ties are expected to dominate dispersion integrals while distant singu

larities are usually neglected; the physics of the lowest lying levels 

of any simple system does not depend on the existence or the parameters 

of some very distant high energy level. If we apply this assumption to 

our case we conclude that AM must be determined, to a good approximation, 

by the c-quark contribution, and a high mass t-quark should not be 



17 

allowed to influence it too much. In other words, if m » m , the K°-K? 
t c 5 L 

mass difference should not be sensitive to whether m MO GeV or B.^50GeV 

or the t-quark does not exist. Considering the nature of our diagram, this 

can be true if and only if: 

Kd\il*t « lAcdAc>c 

or, in the approximation of small 6.: 

t a n e 2 « y ^ 
Notice that we have obtained this condition without appealing to any 

experimental values. Our-theoretical assumption directly leads to this 

bound. The result tells us that there must be relations between genera

lized Cabibbo angles and the quark masses. If the angles do not depend 

on the masses, the t-quark would dominate AM in the limit of large m l 

A very similar situation, amplifying our argument, exists in the 

process u -*ey. Let us assume that, in addition to (v ,e") and (v ,u") 

there is a third doublet (\>_,x") where v is extremely heavy. We then 

have contributions to u -*ey from the diagram of Figure 2. The contri-

— » — * — » * » 
fi" vx e-

Figure 2: A diagram contributing to u*e*y 
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bution of this diagram is proportional to A A and, in the limit 
20 xx 

m(v ) •+«>, it remains finite (A ,A are the appropriate matrix eliaent 

of the leptonic 3x3 matrix and they are explicit functions of the lep-

tonic Cabibbo angles). Here, again, we find that an infinitely heavy 

neutral lepton will decouple from the low energy process \i -*ey only if 

its mixing with the low energy leptons disappears for ;s(v >». We there

fore conclude that, in that limit, A A -+0, The angles depend, 
x v x 

again, on the masses. Distant generations become decoupled, anil the 

mixing angles between light and heavy quarks are somehow related to the 

appropriate mass ratios. 

It should be worthwhile to pursue this line of reasoning and to 

derive general rules for the relationship between masses and angles. 

More about this question in Section 4.3 

2.S Quark-Lepton Angles 

The generalized Cabibbo angles determine the three-dimensional 

rotation between the u-c-t axes and the d-s-b axes. The leptonic 

Cabibbo angles determine the rotation between the e-p-x axes and the 

v.-v.-v, axes [which are defined only if neutrinos have masses). As 

long as there is no connection between quarks and leptons an-i as long as 

there is no gauge boson which couples a quark to a lepton, we cannot 

relate the leptonic axes to the quark axes. They remain in different 

three-dimensional spaces and the concept of a generation is not well-

defined. However, if we define the generations by introducing a larger 

gauge group (such as SU(5) or 0(10)) it becomes meaningful to inquire, 

e.g., which combination of u,c,t belongs to the same generation as the 

electron. In other words, the Lagrangian of the theory will now contain 

a term in which a leptoquark couples the electron to a charge +2/3 quark 

which we define as u . Similarly, u is connected to c and x to t . It 

is now meaningful to define a 3x3 unitary matrix rotating the e-y-x axes 
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21 
(which are identical to the u -c -t axes) into the u-c-t axes . Such a 

matrix will, again, contain new angle parameters which measure the rela

tive orientation of the quark and lepton sectors in generation space. 

Such angles can, in principle, be determined by measuring branching 

ratios such as: 

r(p-*e++o 

In any theory in which the concept of a generation is well-defined, 

these quark-lepton angles should be treated on the same footing as the 

ordinary Cabibbo angles. They also should, presumably, depend on ratios 

of quark masses and lepton masses. 

2.6 Masses, Angles and the Higgs Sector 

In the last five sections we have discussed various aspects of the 

more than 20 parameters which arise through the fermion mass matrix. 

This mass matrix is generated by the spontaneous symmetry breaking. 

Each of its parameters is determined by the Yukawa couplings and by the 

vacuum expectation values of the Higgs fields. A complete knowledge of 

the latter would enable us to completely determine the mass matrix, thus 

determining its eigenvalues (the physical masses} and eigenvectors (which 

fix the angles). 

Unfortunately, we know almost nothing about the Higgs sector. The 

successful Weinberg mass relation indicates that all Higgs particles are 

in SU(2) doublets. This does not help us in the fermion sector. Since 

ail left-handed fermions are in doublets and all right-handed fermions 

are in singlets, only Higgs doublets can contribute to fermion masses. 

Hence, the existence or absence of other Higgs multiplets is not direct

ly relevant here. 

We do not have any hint for the number of Higgs doublets, except 

for an "empirical feeling" that it will be very difficult to distinguish 
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among three generations with only one Higgs doublet. Most attempts to 

understand the mass matrix assume two or three doublets. However, all 

other options are definitely open. 

The question of Higgs masses is, again, wide open. Fortunately, it 

does not seem to have a strong impact on the fermion mass matrix and it 

seems possible to make progress in understanding the fermion masses and 

angles without a complete understanding of the Higgs masses and self-

couplings. 

3. Additional Aspects of the Model 

3.1 Conservation Laws in the Standard Model 

The only exactly conserved "internal" quantum numbers in the stan

dard model are electric charge and color, reflecting the final, un

broken SU[3) xUCl)™ gauge symmetry. Conservation of baryon, lepton or 

muon number is not an intrinsic part of the model. In principle, all of 

these quantum numbers need not be conserved. However, the Lagrangian of 

the standard model contain a finite well-defined set of interaction 

terms, none of which break B or I conservation. If all neutrinos are 

massless, and if the Higgs sector is sufficiently simple (i.e. one Higgs 

doublet), there is also no interaction which violates the separate con

servation of electron, muon and c-number. All of these conservation 

laws are extremely interesting. They are not fundamental symmetries of 

the gauge group and they can be violated if we complicate the model by 

introducing additional fields or additional gauge bosons. In the latter 

case the overall (broken) gauge group is enlarged, the unbroken gauge 

symmetry remains unchanged but the extra conservation laws may be broken. 

The direct consequence of this situation is the observation that 

baryon, lepton and muon number violations probe terms in the Lagrangian 
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which go beyond the standard model, without contradicting it. A hypo

thetical violation of color or electric charge conservation would be 

evidence against the standard model. A violation of B, L or muon conser

vation would be evidence for possible extensions of the standard model 

(larger gauge group and/or more Higgs particles, etc.). This is the 

reason for the intimate connection between the search for rare processes 

such as p +e*ir°, u -*oy, K° -*e u- and the physics which lie beyond the 

standard model. 

3.2 exotic Quarks and Leptons 

An extremely important feature of the standard model is the exist

ence of only four color-charge combinations in the fermion spectrum. We 

find color singlets with charges 0, -1, color triplets with charges 2/3, 

-1/3 and all the corresponding antiparticles. All other combinations 

are missing, for no good reason. It is absolutely essential to search 

for these missing combinations, which we call "exotic" quarks and 

leptons. We might find: 

(i) Charge 1/3, -2/3 color triplets (rather than antitriplets). 

(ii) Fractionally charged leptons. 

(iii) Integrally charged quarks, 

(iv) Doubly charged leptons (or leptons with charge 3,4,...). 

(v) Charge 5/3, -4/3 quarks (or quarks with larger fractional charges), 

(vi) Color sextet fermions (or larger color multiplets). 

(vii) Spin 3/2 quarks or leptons. 

Exotic particles of the type (i) would produce fractionally charged 

hadrons. The experimental limits on the existence of such hadrons are 

probably quite strong. 

Fractionally charged leptons (type (ii)) would not be easy to detect, 

unless especially searched for. Their contribution to R in e+e" is small 
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(R-l/9 for Q*l/3 lepton). Quark search experiments could probably set 

the best limits on such objects, which might be stable. 

All other types of exotic fermions (types (iii)-(vii)) should be 

easily detected in e e* collisions, since they contribute large R-values. 

It is probably safe to assume that no such particles exist with a mass 

below 18 GeV, with the possible exception of a peculiarly behaved J=3/2 

fermion. 

The search for exotic quarks and leptons is crucial. If they are 

found - we have to "redesign" the standard model. If they are not found, 

and especially if the third generation is confirmed t> have the sane 

structure as the first two, we must be able to explain why the same 

four color-charge combinations repeat themselves while no other combina

tions exist. If quarks and leptons are composite, or if they all belong 

to one multiplet of a large gauge group, the list of allowed color-

charge combinations should be the first item to be explained. 

3.3. The Standard Model: Summary 

Until this point we have discussed various aspects of the standard 

model itself, usually with an eye towards future developments. Before 

we move on to discuss the physics which lies beyond the model, let us 

list some of the open experimental and theoretical questions. 

The experimental tasks are: 

(i) Find the t-quark. 

(ii) Determine the generalized Cabibbo angles and the K-M phase and 

verify the weak transitions among the six quarks obey the standard 

phenomenology. 

(iii) Detect the T-neutrino. 

Civ) Measure neutrino masses or improve upper limits. Search for 

neutrino oscillations, 

(v) Search for exotic quarks and leptons. 
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(vi) Find W+, W , Z° and their CwVz°) coupling. 

(vii) Search for additional generations. 

(viii) Probe the Higgs sector: find Higgs particle(s) and study their 

interactions. 

All of these experimental "assignments" would test and verify 

various aspects of the standard model itself. Other experiments, to be 

discussed in the following sections, would probe topics which go beyond 

the model. 

The open theoretical problems serve as pointers towards the next 

steps: 

CiJ Can we truly unify the three independent interactions of SUC3)_xSUC2)x 

UC1)?. 

(j.i) What is the connection between quarks and leptons? Why are their 

charges related? Why do they have a similar pattern? Why does the sua 

of all fermion charges in each generation vanish, thus rendering the 

triangle anomaly harmless? 

(iii) Can we relate to each other the numerous free parameters of the 

standard model? In particular, we should be able to relate the Cabibbo 

angles to fermion mass ratios. 

Civ) What is the reason for the redundancy of the three generations? 

What identifies a generation? How many generations are there? 

(v) Can a theory with 24 fundamental fermions, 12 fundamental bosons, an 

unknown number of Higgs particles and, at least, 30 free parameters, be 

considered the final word? 

These questions lead us towards topics which lie beyond the 

standard model. 



24 

4. Beyond the Standard Model 

4.1 Alternative Models? 

Before embarking upon our voyage beyond the standard model, we 

should stop for a moment to inquire whether there are any viable alter

native models. The physics of the first two generations of quarks.and 

leptons leaves very little room for any alternatives. However, the 

absence of the t-quark has led many authors to consider alternatives to 

the three-generations picture. The most popular among these is the 

possibility that a sixth quark h will be found, but its charge will be 

1 2 
-s, completing two triplets of quarks, each with electric charges = , 

-;,-;. In such a case we would have a (u,d,b) SU(3) triplet and a 

22 
(c,s,h) SU(3) triplet, with the possibility of b+*h interchange . The 

SU(3) gauge group will have to include flavor changing neutral currents 

as well as a lack of quark-lepton similarity. Other schemes suggest a 

color sextet b-quark, a spin » b-quark, etc. All such schemes can be 

completely excluded only when the t-quark is discovered and the t and 

b weak decays are studied. The preliminary results from CESR indicate 

that b-decays are probably consistent with the predictions of the stan

dard model . A slight improvement of these results should be 

sufficient for excluding most alternative models, with the possible 

23 
exception of a model assigning (u.d.hj and (c,-,b) to two triplets . 

Such a model would predict dominant b decays into charmed and strange 

quarks, and much better b-decay data Cor finding the t-quark) will be 

necessary in order to reject it. 

In any event, all alternative models are, in our opinion, theoreti

cally unattractive. We hope and expect that the standard model will 

continue to survive all experimental tests, and we reiterate our view 

thatj at present, there are no experimental difficulties. 
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4.2 Extensions of the Standard Model 

Extensions of the standard model are schemes for which the stan

dard model serves as an adequate low energy approximation, requiring 

additional ingredients at higher energies. Such extensions can be con

sidered in several directions: 

Ci) The most trivial extension is, of course, the possible exis

tence of additional generations. This would not change *ziy essential 

features of the standard model, except for a further increase in the 

number of parameters and perhaps additional attention to the generation 

puzzle. We discuss the question of "how many generations" in Section 

5.2, but with our present level of understanding, only experiments can 

tell us whether additional generations are necessary. 

(ii) The color gauge group may be extended, for instance, into a 

spontaneously broken chiral SU(3).xSU(3)R with an exact "diagonal" 
24 

SU(3)C symmetry . Such a possibility cannot be excluded, but we see very 

little reason to consider it. 

(iii) The electroweak gauge group may be extended into a left-right 

symmetric SUC2),xSUC2).xU(l). This is an attractive possibility which 

has many important implications for the physics beyond the standard 

model. We discuss it in the next section and return to it several times 

in these lectures. 

A potentially attractive possibility which does not work is to 

extend the electroweak group into a simple group, thus allowing for a 

calculation of the Weinberg angle without reference to the strong inter

actions. We have explained elsewhere why this does not work, and will 

not discuss it any further". 

(iv) Finally there are the grand unification schemes, and their pos

sible extensions into larger groups incorporating several generations in 

one large multiple!. We will discuss these topics in Section 4.4. 
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4.3 The Left-Right Symmetric SUC2)LxSUC2) xU(l) 

An attractive extension of the electroweak group of the standard 

model is the left-right symmetric SU(2),xSU(2)_xU(l) scheme . In the 

unbroken stage we have three independent couplings g2L'g2R*8l but t h e 

assumption of a discrete left-right symmetry gives gjr^gjp' bringing us 

back to the two-coupling situation of the standard SU(2)xU(l). In the 
+ 

symmetry limit, parity is conserved. We have seven gauge bosons: W" 
+ i 

W_, Z,,Z_,Y. All left-handed fermions are in the (W.O) representations. 

All right-handed fermions are in the (0,-=} representations. 

The spontaneous symmetry breaking, with the usual Higgs mechanism, 

provides masses to six gauge bosons and to the fermions. Parity is 

violated spontaneously, not by introducing different couplings but by 
+ + 

introducing different masses for W. and W_. The vacuum expectation 

values of the Higgs fields are arranged to give M(K,)<M(tf_). Thus at 

low energies, only left-handed currents are observed, the standard 

model is reproduced, and only the SU(2), classification of femions 

matters. 

The present experimental limits on right-handed charged currents 

and on deviations from the standard neutral-current phenomenology allow 

the second set of W*,W",Z to be as low as 200-300 GeV. It could, of 

course, lie much higher. 

The left-right symmetric model has several potentially attractive 

features: 

(i) It allows for a parity conserving theory at short distances, 

(ii) The different SU(2) assignments of left-handed and right-

handed fermions in the standard model, follow naturally from the simp

lest symmetric non-trivial assignment in the SUC2).xSU(2)RxU(l) model, 

(iii) The U(12 "weak hypercharge" is proportional to B-L and is, of 

course, identical for the left- and right-handed components of the 
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same fermion. In the standard model, the U(l) quantum number has no 

simple interpretation. 

(iv) If neutrinos have nonvanishing masses, the left-right symmetric 

model becomes even more attractive. 

We must remember, however, that: 

(i) There is no experimental evidence for the left-right model, 

(ii) If neutrinos are massless, the assignments of right-handed 

leptons become difficult and artificial. 

(iii) The group SU(2),xSU(2)_xU(l) cannot be incorporated into the 

most economic grand unification scheme of SU(5) (but it fits naturally 

within 0(10)). 

Experiments at the next generation of accelerators could substan

tially extend our sensitivity to effects due to WR-particles at masses 

of a few hundred GeV. Such experiments might give us the first indica

tions for an SU(2),xSU(2)RxU(l) gauge theory. 

4.4 Grand Unification: General Features 

An exciting extension of the standard model is the attempt to 

unify the three independent interactions under one simple gauge algebra 

GJSU(3).XSU(2)XU(1). This "grand unification" program leads to several 

general features which are common to all choices of G. 

(i) Quarks and leptons are assigned to the same multiplet of G. 

(ii) Consequently, the concept of a generation is now precisely 

defined, and generation mixing angles (including the quark-lepton 

angles of section 2.5) are now defined. 

(iii) The twelve standard gauge bosons together with, at least, a 

dozen "leptoquarks" are all in the adjoint representation of G. 

(iv) All gauge coupling constants are related in the symmetry 
2 

limit. In particular,sin 6„ is determined. _f the observed spectrum 

of quarks and leptons of one generation is assigned to one (possibly 
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2 
reducible) representation of G, we find sin 6^*0.375 at the symmetry 

point. 

(v) The rate of logarithmic variation of the QCD coupling together 

with the size of the electroweak coupling dictates a symmetry point 

15 2 

somewhere above 10 GeV. The above prediction of sin 8„ applies to 

that energy range. Its value at present energy can be calculated, 

extrapolating over thirteen orders of magnitude. The obtained values 

are around 0.2-0.27 depending on G. 

(vi) The quantization of electric charges for quark and leptons are 

• related, "explaining" why Q +=0. 

(vii) The sum of electric charges of quarks and leptons in one 

generation must vanish, as required by the anomaly condition. 

(viii) Many additional Higgs particles are necessary. (At least 24+5 

in the most economic scheme). 

(ix) Baryon and lepton number conservation are explicitly violated. 

Specific combinations such as B-L may remain approximately conserved in 

some cases. If proton decay occurs in lowest order it, independently, 

sets the grand unification scale around 10 GeV. 

Cx) There seems to be a "desert" in which no new physics is to be 

found between 102-101S GeV. 

The two strongest candidates for the grand unification algebra G 

are SU(5) and 0(10). Both possess all the above features, but they 

differ in the symmetry breaking chain, Higgs structure, low-energy 
2 

extrapolation of sin 6W, possible fermion mass relations, etc. 

A summary of some interesting symmetry breaking patterns of 0(10), 

including SU(S) as a subgroup, is given in figure 3. 
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0C10) 

Gauge bosons in 45 

(30 leptoquarks) 

Left-handed fermions 
and antifermions in 16 

SU(4)xSU(2)LxSU(2)R20(6)xO(4) 

SU(4) includes 6 leptoquarks, 

Left-handed fermions and 
antifermions in (4,2,1)+ 
(4,1,2) 

SU(3)cxU(l)B_LxSU(2)LxSU(2)R 

Left-right symmetric electro-

weak model 

Parity violated 

SU(S) 

Gauge bosons in 24 

(12 leptoquarks) 

Left-handed fermions 
and antifermions in 
10+S 

Parity 
Violated ' 

SU(3) xSU(2)xU(l) 

Standard Model 

SU(3) XU(1) 

Exact symmetry 

Figure 3: Patterns of Symmetry Breakir.g in Grand 
Unification Models 
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S. The Generation Puzzle 

5.1 What Identifies a Generation? 

Assuming that quarks and leptons indeed come in three or more 

identical "generations", we would like to understand the labels which 

distinguish these generations from each other. As far as we know, all 

strong and electroweak gauge couplings of the fermions in the three 

generations are identical. The only measurable difference, so far, are 

the masses and the related Yukawa couplings of the fermions to the 

Higgs scalars. 

We do not know of any conserved quantum number which distinguishes 

among generations. The Cabibbo mixing indicates that, even if such a 

quantum number existed, it could not have been exactly conserved. If 

the neutrinos are massless, leptons in different generations do not mix. 

"Electron number" and "imion number" are then automatically conserved by 

all gauge couplings, simply because no term in the Lagrangian connects 

e to u. Even in this case, Higgs scalars could violate these conserva

tion laws, leading to transitions such as pN->eN or u -*-ey. 

The full gauge Lagrangian for three generations in the standard 

SU(3)cxSU(2)xU(l) model, excluding the Higgs couplings, automatically 

possesses a global U(3) symmetry among the generations. This symmetry 

must clearly be broken when the fermions acquire their masses. Several 

situations may be considered: 

(i) A discrete symmetry is left unbroken, with each quark, lepton 

and Higgs field transforming in a well-defined way under the discrete 

transformation. Such symmetries do not seem to shed too much light on 

the physics description of the different generations, but they may 

yield interesting relations among the fermion masses and generation-

mixing angle. We discuss these in section 5.3. 

(ii) We may have a continuous global symmetry. The simplest would 

be a U(l) algebra, where each generation transforms with a different 
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phase factor. We could also have an SU(N) algebra, where the three (or 

more) generations transform according to a three (or more) dimensional 

representation of SU(N). For three generations, N can only be 2 or 3. 

For all broken continuous global symmetries, we must face the possible 

existence of a Goldstone boson which must either exist as a physical 

particle or should be otherwise removed from the spectrum by some yet 

unknown mechanism. 

(iii) Another possibility is a so-called "horizontal" gauge group 

which could, again, be U(l), SU(2), SU(3) or perhaps even a larger 

group. Here, the symmetry breaking would follow the usual Higgs mecha

nism and the Goldstone problem is solved. Horizontal gauge bosons must 

exist, possibly leading to generation-changing neutral currents and to 

processes such as u -*ey, uN -*-eN, K +eu, K ->-iteu and to new contributions 

to the K°-K. mass difference . A major problem in this case is that of 

anomalies. The overall theory must be based on the gauge group 

SU(3) xSU(2)xU(l)xH where H is the "horizontal" group. The absence of 
c 

anomalies imposes a severe constraint, especially in the case of SU(3) 

(or any SU(N), N>2). 

(iv) A final possibility is a very large gauge group which goes 

beyond grand unification, incorporating several generations of quarks 

and leptons in one "dynasty" multiplet. Such a group would include the 

grand unification group SU(5) or 0(10) as a subgroup. It is likely, but 

TiOt necessary, that the "dynasty" group includes SU(5)xH or 0(10)xH as 

a maximal subgroup, where H is, again, the "horizontal" gauge group. 

Models based on SU(7), SU(8), SU(9). 0(14), 0(18) and larger groups have 

been proposed 

In each of the above cases, fennions of different generations 

possess certain labels which distinguish them from one another. The 

Higgs scalars also have such labels and certain Yukawa couplings are 
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then forbidden. This imposes constraints on the feraion mass matrix 

(see section 5.3). 

Even if a discrete or continuous, global or local symmetry exists 

among the generations, we would still like to understand the physics 

which leads to such a symmetry. One possible source could be a com

posite structure of quarks and leptons, where the generation-labels 

characterize different excitations of the composite system. 

S.2 How Many Generations Are There? 

Several indirect arguments seem to limit the number of fermion 

generations. The arguments are totally unrelated to each other and 

none of them can be regarded as an absolute limitation. 

The arguments include: (i) cosmological bounds on the allowed 

number of massless (or very light) neutrinos (ranging from 3 to 7, 

depending on the Helium abundance in the universe) . (ii) The famous 

requirement of no more than 16 quark-flavors (8 generations) in an 

asymptotically free SU(3)C gauge theory, (iii) Bounds on the mass 

difference between the two quarks or the two leptons in one generation, 

derived from the smallness of the radiative corrections to the Weinberg 

a 

mass relations . (iv) Bounds on the fermion masses derived from the 
30 Higgs potential . 

The first two bounds limit the number of generations, but are not 

very compelling. If all neutrinos have masses and high-generation 

neutrinos are heavy, the first bound disappears. If asymptotic free

dom applies only to the first few generations, we could have many 

distant generations without spoiling it. 

The last two bounds introduce a "reasonable" cutoff of several 

hundreds GeV on the fermion masses, without explicitly limiting the 

number of generations. In this case, the number of generations is not 

a particularly significant parameter. 
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An interesting "philosophical" question is whether the number of 

19 

generations is a fundamental parameter of the final theory. If grand 

unification is the correct approach and if all generations are to be 

found in a large "dynasty" multiplet, the number of generations must 

be related to the size of the "dynasty" group. In fact, in that case, 

the number of generations plays an important role in determeining the 

fundamental symmetry of nature, and all generations are, in some sense, 
, . . , 29 

equal in importance. 

An alternative possibility is that the number of generations is, 

19 
more or less, irrelevant to the fundamental symmetry • The number of 

energy levels of a bound carbon nucleus or the number of N^resonances 

are not important parameters in physics. There may be an infinite 

number of possible generations, with the physical spectrum being trun

cated by some cutoff, perhaps at a few hundred GeV. This would almost 

certainly happen in a composite model of quarks and leptons, but could 

even happen in other situations. In that case we will not have a 

dynasty oultiplet and no horizontal gauge group (other than, possibly, 

11(1)) is likely to exist. 

We believe that the second possibility is more attractive, but 

only time will tell. 

S.3 Quark Masses and Cabibbo Angles 

Most of the parameters of the standard model represent the masses 

of quarks and leptons and their various mixing angles. All of these 

parameters emerge in the processes of spontaneous symmetry breaking via 

the Higgs mechanism. The gauge theory Lagrangian contains Yukawa 

couplings of the form: 

which, after symmetry breaking,result in mass terms: 
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S i j k ^ A j V 

where X.><$.>. The element n.. of the quark mass matrix is then given 

by 
m . . * g . . . X. jk s i j k i 

In the case of three generations, we start, in the symmetry limit, with 

three identical raassless doublets of quarks (and, similarly, leptons). 

We may denote the three doublets by (u ,d )(c ,s )(t , b ) , remembering 

that any set of orthogonal linear combinations of these doublets is an 

equally adequate starting point. Since electric charge is conserved, 

only neutral Higgs fields may acquire vacuum expectation values and 

only equal-charge quarks are connected in the mass matrix. The mass 

matrix therefore splits into two matrices for the I-= +•=• and the 

IT- --J quarks, respectively. We have terms of the form: 

C"o co V > L < 

l'oJ 

* <ao So Vltf + h.c. 

R 

In order to obtain the "physical" quark masses and the generalized 

Cabibbo angles we must diagonalize Mfj and M?. In general, this is 

achieved by a bi-unitary transformation for each matrix: 

fm 0 0 
u 

0 m„ 0 c 

0 0 u. 

• h,1 < «u 

/•m. 0 0 

0 m 0 
s " L"D «u «D 

[0 0 B^j 

C • S 1 LD 

The matrix C contains the three independent Cabibbo angles and the 
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Kobayashi-Maskawa phase13 (see section 2.2}. 

In the case of a left-right symmetric model, U."R.., U^Kx and 

MJ|,M° are hermitian. In general, they are not. 

The total number of free parameters in the quark sector is ten: 

six masses, three angles and one phase. The matrices MJ? and v£. appear 

to include more than ten parameters. However, a common unitary trans

formation of M.. and M? does not change any physical quantity. 

Consequently, many of the parameters are not physical. 

A full understanding of the physics of the model would require 

a complete knowledge of the Higgs potential, the Yukawa couplings and 

the vacuum expectation values. These would determine the mass mat

rices t£ and t£ which would then be diagonalized. If the number of 

independent Higgs fields and couplings is small, a few parameters 

would determine the ten physical parameters leading to interesting 

relations among masses and angles. 

Any "explanation" of the generation concept and any symmetry 

among the generations would, in principle, lead to constraints on the 

mass matrix. A well-known simple example for a two-generation model 

is a hypothetical U(l) symmetry under which 

u o 

do. 

* e i a 
u o 

do 
t 

I. 

uo 

• d J 

[C°] ^ f ° ) ; P°] • .-«["•) 
U0JL l»Jt l»JR U 0 J R 

If we have only two Higgs fields, it is easy to show that the two mass 

matrices must either be diagonal (in which case 6 »0) or have the 

schematic form: 

n 
lx y } 

In the latter case we obtain the following expression fox the Cabibbo 
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angle: 

8 « arc tani/— + eiri arc tan J— c | V m »a 
s 

where 1 is an arbitrary phase. Inserting the standard quark masses, 

we obtain 
9° < 8 < 16° c 

compared with the experimental value B M J . In the case of three 

generations we get additional relations, if we continue to assume that 

we have only two Higgs fields. One interesting solution has the 

following form for each mass matrix : 

0 a* 0 ' 

a 0 b* 

0 b c 

leading to explicit expressions for 8,,8-,6, in terms of the six 

masses and to the mass relation: 

c y y y 3 . c y y y 3 

W u * Vsmd 

This relation predicts aJ^M GeV and is, therefore, inconsistent with 

experiment. 

The above examples serve only to indicate the kind of mass-angle 

relationships which we may expect, when we determine the symmetry 

among the generations and the complete spectrum of Higgs fields. The 

failure of the above prediction for mf may simply indicate that we 

have more than two Higgs fields. 

It appears that a full understanding of the quark and lepton 

masses as well as all the mixing angles requires: 

(i) A solution of the generation puzzle, 

(ii) An understanding of the Higgs sector. 
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5.4 What Next? 

On the horizon beyond the standard model we see three clouds: 

(1) We do not understand the generation structure. What disting

uishes among them? Why do they mix? How many are there? Are there 

any exotic quarks and leptons? If not, why? 

(ii) We do not understand the Higgs sector. Are the Higgs fields 

composite? If so, are they composed of new "technifermions"? If so, 

do these come in generations, further increasing the number of para

meters? Do we have new gauge bosons, connecting fermions to techni

fermions? How do thdy get their masses? 

(iii) We do not understand the relation between quarks and leptons. 

Is it governed by a grand unification group, incorporating quarks and 

leptons in the same multiplet? Do we have composite quarks and lep

tons, all consisting of the same building blocks? 

We believe that all three problems point in the direction of 

further compositeness. Part II of these lectures is devoted to this 

possibility. 
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1. Motivation 

1.1 Too Many Quarks and Leptons 

Five quark flavors have been discovered, and we expect at least 

one more. Five lepton flavors are directly observed and the sixth must 

exist. The standard gauge theory of the strong, electromagnetic and 

weak interactions contains a large number of undetermined parameters' 

representing quark and lepcon masses as well as Cabibbo-like mixing 

angles. The observed spectrum of quarks and leptons shows several 

regularities. The same unexplained pattern [a "generation") seems to 

repeat three times. Certain combinations of electric charge and color 

never appear while others appear repeatedly. All of these facts lead 

us to two simple observations: 

(a) It is hard to accept the notion that we already have a "final" 

theory of the fundamental building blocks and their interactions. There 

are too many particles and too many parameters. 

(b) The entire observed pattern is quite normal for a composite 

system. It is natural to expect many types of composite objects with a 

complicated set of mass parameters. It is also quite normal to expect 

certain composite combinations to be forbidden ("exotic") while others 

appear in several excited states. 

The possibility of composite quarks and leptons is by no means the 

only one. The notions of ^rand unification offers an attractive alter

native, attempting to reduce the number of principles and parameters, 

while keeping the quarks and leptons elementary. 

Composite models are not necessarily incosistent with grand unifi

cation models, but the physical approach is certainly different. 

1.2 Are Quarks and Leptons Composed of the Same Objects? 

The reasoning outlined above indicates that quarks and leptons may 

be composite, but no necessary connection is established between their 
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respective constituents. However, an additional major puzzle exists in 

the world of quarks and leptons. There seems to be a deep relationship 

between the two types of particles indicating that, if they are compo

site, they probably contain the same set of constituents. 

Both quarks and leptons exhibit the same pattern under the electro-

weak SU(2)xU(l) group (left-handed doublets and right-handed singlets). 

Both quarks and leptons seem to exhibit the same pattern of generations. 

Even more important is the fact that the quantization of electric 

charges of quarks and leptons is based on related units, leading to the 

unexplained precise equality between the proton charge and tiie electron 

charge and eventually to the electric neutrality of atoms and most 

matter is general. This crucial and profound property of matter is not 

explained in the standard electroweak model. It is explained in grand 

unification models and it is self-evident and automatic if quarks and 

leptons are formed by different combinations of the same fundamental 

building blocks. 

Finally, there is the mysterious vanishing of the sum of electric 

charges of all quarks and leptons in each generation. This sum must 

vanish if the electroweak theory is to be renormalizable ("the anomaly 

constraint"). This is the only ingredient in the standard theory which 

explicitly connects quarks to leptons and which states that the observed 

leptons could not survive in a self-consistent theory without the 

observed quarks, and vice-versa. Somehow the quarks and lepton "know 

about each other" and the remarkable vanishing sum is given by: 

ZQ. «= 3 X 2/3 + 3 X (-1/3) + (-1) + 0 » 0. 

This can, again, be explained in grand unification schemes where EQ. is 

the trace of a generator of a simple Lie algebra. In a composite model, 

ZQ. should be rewritten in terms of the constituent charges, and its 

vanishing may become a trivial consequence of the composition of the 
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quarks and leptons. 

1.3 Composite Higgs Particles 

A completely different argument for compositeness follows from the 

observation that the presence of fundamental Higgs scalars is 

"natural". The standard electroweak theory would then require tremen

dously precise "fine tuning" of its parameters. This can be avoided if 

the scalars are not fundamental fields but are composites of fermion 

2 
pairs . Since the longitudinal components of W and Z emerge from 

these scalars, they are also composite in a certain sense. This raises 

the possibility that the transverse W and Z are composite, although it 

is not necessary. 

The scalar fields may, of course, be composite while the quarks 

and leptons remain elementary. However, this would introduce new fun-

2 
damental fermions ("Techniquarks" and "Tt hnileptons"), complicating 

even further the theory and strengthening our general reasoning in 

favor of another layer of constituents. It world be much more elegant 

if quarks, leptons, Higgs fields and possibly Wand Z are composites of 

the same set of fundamental fermions and if the new theory does not 

require further fundamental scalars. 

1.4 Extended Supergravity 

Grand unification is an ambitious attempt to unify strong, electro

magnetic and weak interactions. Even more ambitious is the desire to 

unify gravity with the three other forces. The scale is, of course, 

the Planck mass and the difficulties are enormous, especially because 

no self-consistent quantum field theory exists for gravity. 

Most recent work in the direction of constructing a quantum theory 

of gravity, has utilized the ideas of supergravity, where the J=2 

graviton is accompanied by a massless J=3/2 "gravitino". Various 

authors have attempted to go beyond supergravity and to unify all 
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interactions in an "extended supergravity" theory • in which one 

supersymmetry multiplet might contain the J=2 graviton, J=3/2 graviti-

nos, J=l vector gauge bosons, J=l/2 quarks and leptons and J=0 scalar 

particles. The largest group which allows such a multiplet without re

quiring unwanted J=S/2 particles is S0C8). However, S0(8) does not 

have enough room for particles such as u, T, t, b, W~. There are 

simply too many quarks, leptons and gauge bosons. One possible solu

tion to this difficulty is to suggest that gravity is to be unified 

with the other interactions -not at the level of quarks, leptons and 

4 

W-bosons, but at a more fundamental level of subparticles • If the num

ber of these is smaller, we may have enough room for them in an SOC8) 

supermultiplet or even in a multiplet of a smaller extended super-

gravity group. 

1.5 Composite Quarks and Leptons 

None of the above arguments proves that quarks and leptons are 

composite. Nevertheless, we believe that the arguments are quite con

vincing and that the alternative of grand unification leaves too many 

important questions unsolved (the generation pattern; the composite 

Higgs fields; number of mass and angle parameters, etc.). The 

possibility of another layer of fundamental constituents is certainly 

exciting and we will pursue here its limitations, difficulties and 

potential successes. 

Throughout these notes we will therefore assume that quarks and 

leptons are composites and will discuss various theoretical ideas and 

models, aiming at an understanding of the new substructure. 
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2. Scale Limitations 

2.1 How Pointlike is "Pointlike"? 

There is a wide range of experiments which leads to the conclusion 

that quarks and leptons have no inner structure. These include high 

energy tests of QED, scaling in deep inelastic electron and neutrino 

scattering, the constant R-value in e e~ collisions, and various 

successful tests of QCD. All of these observations can be directly or 

indirectly translated into "form factors" for quarks and leptons. In 

all cases it appears that quarks and leptons have no observable struc

ture down to distances 1/A where A is somewhere in the range between 

10 and 100 GeV. 

Any theory of composite quarks and leptons is therefore limited to 

energy scales above these A-values. This is the only absolutely 

certain limitation that we have. At present, "pointlike" means smaller 

than 10"15-10"16 cm. 

2.2 The anomalous Magnetic Moments of the Electron and Muon 

The limitation of the previous section is based on high-momentum 

probes. However, internal structure can be observed at zero momentum 

transfer through anomalous moments. For instance, the compositeness of 

2 
the proton can be deduced from its q =0 anomalous magnetic moment, even 

2 
if large-q form factors are not measured. 

The electron and muon have very small anomalous magnetic moments 

which are fully accounted for by higher order QED corrections finclud-

2 
ing effects of the known strong and weak interactions). Thus, the q =0 

moments do not give any hint of compositeness. 

Can we reach a negative conclusion on the basis of the absence of 

unexplained moments? In principle, the answer is no. It is possible., 

but not likely, that a certain internal structure may conspire to con

tribute nothing to the anomalous moment. Theoretically speaking, we 
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cannot completely exclude a structure at a scale of, say, A "WOO GeV 

which would mysteriously give no measurable contribution to Cg-2) of 

the electron or the muon. However, this appears to be ugly, unnatural 

and unlikely. No-one has constructed such a scheme. 

Barring mysterious conspiracies, we are left with the possibility 

of a substructure at a scale which is beyond the present accuracy of 

(g-2) measurements. If we denote by 6a the allowed contribution of 

—10 8 
possible new physics to (g-2), we have: 6a <5xl0 ; 6a <3xl0 . 

e ~ u ~ 

The relevant relation for the new scale parameter, in the case of 

6 
fermion constituents obeying a chiral symmetry is 

f ^ f -<*i 
,2 

lepton 

Hence: 

A < 500 GeV 

In the absence of a chiral symmetry one finds : 

"lepton r . 

A " lepton 

leading to A <1000 TeV. 

We wish to emphasize that these limits are sufficient but not 

necessary. However, in the absence of an explicit dynamical model 

which might teach us how to avoid them, we should probably abide at 

least by the weaker limit of the chiral symmetry case. 

2.3 The decay y -*-e+y7 

If second generation fermions are excitations of first-generation 

fermions, decays such as u *e*y need not be forbidden. They may be 

suppressed by an approximate selection rule or by some dynamical 

reasons (e.g. small overlap between wave functions). In the absence of 

such suppression factors we expect: 

r(u-»-e + Y ) \. o p3 A" 
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where p ̂ 50 MeV is the cm. momentum and A is the "radius" of the 

composite lepton. From the present experimental bound on r(u-»-e*Y), 

we find A ?1000 TeV. This limitation is highly model dependent, since 

it is valid only if no other suppression mechanisms are at work, and 

the lepton "radius" is the only controlling factor. 

2.4 The scale of composite Higgs field 

If the Higgs fields are composite and if their vacuum expectation 

values are to yield the W and Z masses of order 100 GeV, the character

istic scale should be around 1 TeV. This is the case in various tech-

2 
nicolor schemes. Higher values of the compositeness scale cannot be 

excluded, especially if the binding of the fermions in the scalar con

densate is not due to the exchange of a new vector gauge particle, but 

is due to more complex phenomena. If we have a new color group whose 

confinement radius is involved we might expect it to be somewhere with.-

in one or two order of magnitudes above 1 TeV. 

2.5 Proton Decay 

If quarks and leptons are composites of the same constituents, 

baryon and lepton number violations are almost unavoidable. The 

proton may decay through a rearrangement of the constituents in a 

reaction like: 

u + u •*• d + e 

Such a decay may or may not proceed in lowest order of the basic inter

action of the fermion constituents. If it proceeds in lowest order, 

the relevant scale is: 

A -v 10 1 5 GeV 

This value cannot be reconciled with the scale of Higgs composite-

ness, but it is, of course, consistent with all earlier lower bounds 

on A. If proton decay proceeds in second order, A should depend on 



49 

the details of the model, but a crude estimate would place it within 

one or two orders of magnitude from 10 GeV. It is conceivable even 

that in some composite models baryon number is violated but the proton 

is stable. 

2.6 When Can We Expect to Detect Compositeness? 

In the case of proton decay in lowest order, direct experimental 

detection of the effects of compositeness (other than proton decay it

self) is hopeless. However, if proton decay is forbidden or even if it 

proceeds in second or third order, we expect the scale of composite-

4 
ness to be anywhere between 1 TeV and 10 TeV. In the lower part of 

this energy range we may have direct experimentation within one or two 

decades. Higher energy scales can be probed by rare processes such as 

u -»-eY, UN +eN, K° -»-eu, K ->-7reu, etc? All of these processes already 

probe the region around 1-100 TeV, and new precision measurements may 

push the explored momentum range even further. In the next few years, 

the only hope of reaching the multi-TeV region seems to be through 

high sensitivity searches of extremely rare transitions. 

3. Theoretical Difficulties 

3.1 Massless Composite Fermions 

Assuming that the scale of the next layer of physics is above 

1 TeV, all quark and lepton masses are small parameters. We may say 

that the composite quarks and leptons are approximately massless on 

such, a scale. 

This can happen if the constituents have masses of the order of 

the new scale A, and their binding energies are such that they pre

cisely cancel the original masses, to give an almost vanishing compo

site mass. Such a possibility cannot be rigorously excluded, but it is 

extremely unlikely and unnatural (both in the technical sense and in 
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the usual, everyday meaning). 

A more plausible alternative is the suggestion that the fundamen

tal constituents are massless and their original Lagrangian possesses 

9 

a chiral symmetry. If that symmetry renains unbroken, certain compo

site fermions may be massless, their effective Lagrangian being 

chirally invariant. In such a case, no miraculous cancellations are 

required and the masslessness of the composites is established as a 

result of a symmetry principle. 

Two questions immediately arise: 

(a) If the fundamental constituents are massless, why don't we 

see them experimentally? 

(b) What determines the scale A? 

Both questions can be answered in terms of the same hypothesis. 

We assume that the fundamental constituents possess a new "hypercolor" 

degree of freedom. They are not observed because they are confined by 

the hypercolor potential. The scale parameter of the hypercolor coup

ling constant is Aj, and the radius of the confining potential is of 

the order of A~ . All quarks and leptons are presumably hypercolor 

singlets and are therefore "observed" at momenta below A„. 

3.2 The Generation Gap 

If all quarks and leptons are composite, we might expect the 

second and third generations to be some kind of excitations of the 

first generation. Two types of excitations can be excluded immediate

ly: 

(a) A fermion of a higher generation might consist of the same constit

uents as its first-generation analog, the level splitting being due to 

a radial or an orbital excitation. This possibility is totally 

excluded by the mismatch between the radius of the system {/T ) and 

the mass splittings among generations which are somewhere between 



51 

100 MeV and several GeV. All radial and orbital excitations of a 

composite quark or lepton must have masses of order A, somewhere 

above TeV. 

(b) Generations cannot differ from each other by an exactly conserved 

quantum number. The observed Cabibbo mixing clearly demonstrates that 

no such quantum number exists. 

We are left with the following possibilities: 

(i) Generations may differ from each other by the addition of 

sets of constituents with vanishing quantum numbers. The composite 

muon may differ from the composite electron by the addition of one or 

more pairs of fundamental fermion constituents or by the addition of a 

(hyperjglueball or a scalar Higgs-like meson. In all of these cases 

it is conceivable that the composites in each generation will have 

masses which are small with respect to A, although no explicit dynami

cal description for such a situation has been proposed, so far. 

(ii) There may be an additional global symmetry or local gauge 

symmetry identifying a "generation number". Such a symmetry must be 

broken, to allow for generation-mixing. If it is a broken global 

symmetry, we must worry about the existence of Goldstone boson. If it 

is a local gauge symmetry, we must understand its symmetry breaking 

mechanism and worry about its anomalies. 

It is possible to combine the two options, if generations differ 

from each other by the addition of, say, constituent pairs and the 

added pairs carry non-vanishing values of some new quantum number which 

represents a broken symmetry. 

3.3 Composite Gauge Bosons? 

If quarks and leptons are composite, what about the gauge bosonsT 

If we accept a composite electron or neutrino, should we insist that K 

and Z are fundamental? 
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The standard theory contains three types of gauge bosons: photon, 

gluons and massive weak bosons. Let us study each of these gauge 

bosons separately: 

(i) The photon is massless, representing an exact local gauge 

symmetry. It exists as a free particle. At least one type of funda

mental constituent must possess electric charge and couple to the 

photon. Among the gauge bosons, the photon is least likely to be com

posite. 

Attempts to construct a composite photon in different contexts 

have never fully succeeded and the question remains wide open. 

We will assume that the photon is not composite. 

(ii) The gluons are massless and they also represent an exact 

local gauge symmetry. They differ from photons at least in three 

(presumably related) aspects: they do not exist as free particles, 

they appear in eight species and they couple to themselves. 

Various authors have attempted to construct composite gluons . 

Some of the problems are similar to those encountered in the case of 

photons. An exciting possibility is to associate the color of quarks 

not with some intrinsic property of their constituents, but with the 

particular combinations or "arrangements" of the constituents in the 

7 12 

quark * . In such a case, gluons would not couple to the basic con

stituents, color would not be defined on the fundamental level of the 

theory and the gluons would necessarily be composite. 

Unfortunately, all attempts to construct an explicit scheme with 

these features lead to radical departure from the principles of local 

field theory . Unconventional statistic, violations of CPT and non

local effects seem to be necessary, and even then - serious difficul

ties remain. 

We therefore suspect that composite gluons are unlikely. 
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(iii) The situation with respect to the massive gauge bosons is 

quite different. Many of the difficulties encountered in the attempts 

to construct composite photons or gluons are tied to the masslessness 

of these particles. The W and Z are exempt from this problem. 

If the Higgs scalars are composite, at least the longitudinal 

K and Z are composite, since they are "born" from the scalars. 

+ 
The electric charges of W~ are not the fundamental unit of charge. 

If there is an economic constituent model, the basic electric charge 

is likely to be •? and one might expect all higher charges to be con

structed from combinations of such units. 

Composite W and Z could apparently mix with an elementary photon 

without too much difficulty. If SU(2)xU(l) is an effective theory, its 

broken part could correspond to composite gauge bosons while the sur

viving exact U(l) symmetry necessitates a fundamental gauge boson. 

All the above arguments convince us that, if quarks, leptons and 

Higgs scalars are composite, the massive weak gauge bosons are probably 

also composite. This cannot be proved, at present, but we consider it 

a likely possibility . 

3.4 "Naturalness" 

Let us assume that quarks and leptons are composites of fundamen

tal fermion constituents and that the latter interact via gauge bosons. 

These include the photon, probably gluons, possibly some "hypergluons" 

and perhaps even weak bosons. The theory is described by an "under

lying" Lagrangian which describes the physics above the new scale A. 

This Lagrangian does not contain any composites. In particular, the 

quarks, leptons, scalar bosons and possibly the weak bosons do not 

appear. 

At lower energies and larger distances the composite objects are 

formed. Physics is described by an effective "overlying" Lagrangian in 
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which the fundamental fermions do not appear, quarks and leptons are 

present, etc. If the energy scales of the underlying and overly-..g 

theories are very different it may be "natural" to assume that the 

overlying Lagrangian is, by itself, renormalizable without the need 

o 14 
to appeal to the more fundamental level of physics ' . In other 

words - the high energy dependence of the overlying theory, at 

energies below the new A, is well-behaved. 

The requirement that the effective Lagrangian of the composite 

fields is renormalizable, cannot be proven. At present, it is more a 

matter of taste. If the new scale A is not far from Jty and VL, it is 

not even clear that such a requirement is elegant or simple. However, 

if A is, say, 10 GeV, then it is difficult to ima- .e a nonrenorma-

lizable composite theory. 

If we accept this "naturalness" hypothesis, we obtain extremely 

powerful constraints on the composite theory, especially with respect 

to its gauge couplings and the absence of anomalies. 

4. Composite Quarks and Leptons: Different Approaches 

4.1 Lessons from the Past 

The latest triumph of the concept or compositeness is, of course, 

the quark model. In trying to move towards the next level, many 

authors have imitated the successful strategy of the quark idea. In 

the case of hadron physics, the following motivations ind circumstances 

led to our present understanding of quarks: 

Ci) There were too many hadrons and they had a finite size, 

(ii) Several SU(3) multiplets (\_, 8_ and 10) appeared again and 

again while others did not exist ["exotics"). 

Ciii) The simplest SUC3) multiplet Cthe triplet) did not appear in 

the observed spectrum. 
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Civ) When the simple quark scheme was proposed, it answered the 

above questions but viola'ted ordinary statistics. 

(v) The simple constituents (the quarks) could not be found 

experimentally. 

(vi) The origin of quark binding was not clear, 

(vii) The introduction of color, gluons and finally QCD answered 

the remaining open questions. 

In the case of the quarks and leptons, there is no evidence for a 

finite size, but the spectrum is as suggestive as the hadron spectrum 

was twenty years ago. It is not surprising that various authors tried 

approaches which proved successful in the past: Looking for the 

simplest representations, inventing counting schemes with wrong statis

tics, introducing new constituents which are confined by a new color 

degree of freedom, etc. In this section we briefly review some of 

these idecs. 

4.2 "Factorized" Quantum Numbers 

The first published suggestion of composite quarks and leptons is 

due to Pati and Salam who considered the simplest possible idea. 

Since quarks and leptons possess color, flavor and a generation label 

one might introduce four fundamental objects carrying the four colors 

(the three usual colors and lepton number as a fourth color) and no 

other attributes. Additional "preons" carry only weak SU(2) quantum 

numbers and a third set of "preons" carries only the generation label. 

A red charmed quark will then consist of the "red" preon, the "up" 

preon and the second-generation preon, etc. 

Such a scheme is fairly economical and it is constructed in such 

a way that the pattern of identical generations as well as the quark-

lepton similarity are guarranteed. All gauge bosons are elementary. 

At least some of the "preons" are not confined and should be observed. 
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or be extremely heavy. Unfortunately, this kind of model does not 

really teach us too much. 

Several other authors have suggested variations on the same 

theme . 

4.3 Where is the Fundamental Multiplet? 

In grand unification schemes, quarks and leptons are usually not 

assigned into the fundamental representation. One might try to con

struct the 5+l0 of SU(5) from combinations of 5-dimensional re

presentations. In OC10) one may wonder about the role played by the 

10-dimensional multiplet. In larger schemes (SUC7), 0(14)), etc.) 

various authors tried to incorporate several generations into one large 

multiplet of a higher gauge algebra. In all of these cases the funda

mental representation does not seem to play any significant role, and 

no-one has succeeded in suggesting a meaningful scheme in which quarks 

and leptons are constructed from building blocks which transform 

according to it. 

4.4 A Simple "Counting" Scheme: Rishons 

The most ecomomic scheme which has been proposed, so far, is the 

7 J? 

original rishon scheme * . Quarks and leptons are assumed to be com

posites of fundamental J=j constituents ("rishons") of two types: A 

charged T-rishon and a neutral V-rishon. The fundamental electric 

charge of the T-rishon is +•=•. All quarks and leptons of one generation 

are composites of three rishons or three antirishons, according to the 

following assignments: 

e* = TTT V •= VVV 
e 

u = TTV d = W f 

3 5 T W u 3 Vtf 

\>e = V W e" S TfT 

The three different colors are allegedly formed by three different 
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"arrangements" of the three rishons in a quark Ce.g. TTV, TVT, VTT)• 

Gluons and weak gauge bosons must be composites. 

As a counting scheme the model is attractive but it fails to 

answer simple questions such as: What is the interaction which binds 

the rishons? Are rishons heavy? What kind of statistics do they obey? 

Why don't we have J=3/2 quarks and leptons? How do we form higher 

generations? Why do we have only composites of three rishons or three 

antirishons and not, e.g., two rishons and one antirishon? 

Among the attractive features: The absence of "exotic" quarks 

and leptons is "explained"; the vanishing sum of electric charges of 

quarks and leptons in one generation follows simply from the fact that 

they contain 6T+6V+6T+6V; the two conserved quantum numbers are the 

number of T's and the number of V's, or equivalently, the electric 

charge and B-L (baryon minus lepton number). 

In short: a simple counting scheme in search of dynamics, and 

with several fundamental difficulties. 

4.5 Metacolor, Supercolor, Hypercolor, Subcolor 

In section 3.1 we referred to the idea that the constituents of 

quarks and leptons are massless fermions, confined by a new color-like 

degree of freedom. The overall gauge group would then include an 

SU(N)„ hypercolor Cor metacolor or supercolor or subcolor) group. 

The underlying theory is based on an SU(N)„xG algebra, where 
n 

G represents all of the "usual" physics, including ordinary color, 

weak interactions etc, G may include local gauge symmetries as well 

as global symmetries. 

The fundamental fermions are assumed to be in representations 

(N,k) under SUCN)„xG while all quarks and leptons are hypercolor sing

lets in Cl.kj) representations. 

An immediate disadvantage of such theories is the large number of 
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fundamental fermions. A severe constraint is imposed by the absence 

of anomalies in the underlying theory. 

9 

A particularly interesting condition was noticed by 't Hooft . 

He considered a theory with N' fundamental massless fermions trans

forming like N-dimensional SU(N)„ representations. The theory would 

thsn have an SU(N)„xG_ symmetry where Gp=SU(N,)xSU(N,)xU(l) is a global 

chiral "flavor" symmetry (which may eventually include ordinary color, 

SU(2)xU(l) and even SU(5)). In the underlying level of the theory the 

anomalies of the flavor currents do not necessarily vanish, since Gp 

is not gauged. These anomalies can be, however, computed explicitly 

from the full structure of the fundamental Lagrangian. In the over

lying level of the theory, the composite quarks and leptons (SU(N)„-

singlets) appear, while the fundamental fermions are confined and are 

not part of the effective Lagrangian. The anomalies can, again, be 

calculated (at least at q=o) and their values in the overlying theory 

must correspond to the values computed in the underlying theory. 
9 

The conditions obtained in this way are severe and the only 

known solutions correspond to unrealistic schemes which do not exhibit 

17 
the correct spectrum of quarks and leptons . 

4.6 Extended Supergravity: A Bold Scheme with Hundreds of Particles 

The only serious attempt to construct a composite model of quarks 

and leptons in the context of extended supergravity is based on the 

18 
following interesting observation . In an S0(8) theory, the Lagran-

19 
gian "miraculously" acquires a local SU(8) symmetry , larger than th? 

original assumed SO(8). The same Lagrangian possesses an even larger 

global symmetry based on SU(8)xE„f (7) where E„_(7) is a noncompact 

19 
version of the exceptional E(7) algebra . The local SU(8) gauge 

symmetry involves 63 vector gauge particles which are formed as compo

sites of the original SO(8) "underlying" fields. In that sense, all 



59 

63 gauge bosons Concluding the photon, gluon, W, Z) are conposite. 

The SU(8) algebra contains the standard grand-unified SU(S) and the 

three remaining directions in the 8-dimensional space allegedly 

18 
represent the three generations . 

While the model can accomodate the three generations of quarks and 

leptons, it contains an enormous array of additional J«>5 fields and 

J*0 fields. Altogether we count 784 J«*s composites and 448 J=o compo

sites, without a clear guideline which might distinguish between the 

observed physical states and all the additional, unwanted states. 

5. A Theoretical Framework 

5.1 A Prescription for Model Building 

Combining all the wisdom expressed in the previous sections, we 

are now ready to formulate a theoretical framework for a candidate 

model. 

The fundamental gauge bosons should presumably be the photon, the 

gluons of SU(3)_ and the hypergluons of a hypercolor SU(N)H group. We 

assume that the massive weak bosons are composite. The theory would 

therefore be locally gauge invariant under SUCS^SUOOjJcUCl) • ?*** 

hypercolor scale L, must be much larger than A_. 

The fundamental J=% objects should be massless, leading to a 

certain degree of chiral symmetry, which will later lead to massless 

g 
composites . The massless building blocks are not observed because 

they are confined by hypercolor forces. They presumably belong to the 

fundamental N-dimensional representation of SU[N). Their SUC3)C 

assignments are most likely to be singlets and/or triplets but higher 

multiplets are not completely excluded. The fundamental electric 

charge is, presumably, 1/3. 

Given a set of such constituents, the "underlying" Lagrangian 
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will, possess an additional global chiral symmetry which depends on the 

number of constituent flavors and on their SUC3)cxSU(N)HxU(l) 

assignments. This chiral symmetry enables us to define various con

served currents. Certain three-point functions of these currents may 

contain "triangle anomalies" which can be computed and which need not 

vanish. The original Lagrangian also conserved parity, by construc

tion. 

As the energy decreases below /L, all hypercolor nonsinglets 

become confined and only SU(N)„-singlets survive as physical particles. 

In general, such singlets should have masses of order K,. However, 

because of the chiral symmetry, some composites may be massless, We 

can predict which composites are massless only if we fully understand 

the confinement mechanism (but we don't]). However, we can formulate 
9 

. necessary conditions based on the 't Hooft consistency equation 

which states that the computed anomalies in the overlying effective 

Lagrangian should be equal to those in the underlying Lagrangian, 

In order for the theory to be realistic we must have three gener

ations of massless quarks and leptons, as well as massless composite W 

and Z bosons (at least for SU(2)xU(l), but possibly for the larger 

group of SU(2),xSU(2)_xU(l)). We must also have composite Higgs fields 

which will then provide al'l fermions and composite gauge bosons with 

masses. The original constituents would remain massless and the 

theory would not have any fundamental scalar particles. 

In the process of symmetry breaking, the chiral "flavor" symmetry 

as well as parity invariance must be broken. However, the local gauge 

group of the original Lagrangian would remain unchanged. 

Another constraint that we may wish to impose, is to demand that 

the overlying effective Lagrangian which describes the physics below 

9 14 
/L is, by itself, renormalizable * This Lagrangian should 
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essentially be the Lagrangian of the standard model, containing the 

photon, gluons, K~, Z, quarks, leptons and Higgs fields. 

Finally, given that the simplest non-trivial multiplet of 

SU(3)cxSU(N)H contains 3N states, we should insist on a small number of 

different fundamental constituents, or else we will immediately have 

too many of them. 

The challenge, as we see it, is to construct a mod^l which obeys 

all the above rules and conditions. In section 6 vi describe our best 

try. 

5.2 Dynamical Symmetry Breaking and Composite Quarks and Leptons 

We have already noted (in section 1.3) that fundamental scalar 

particles are not natural and that the simplest way to avoid them 

would be to suggest that the Higgs particles are fermion-antifermion 

condensates. 

Technicolor models assume the existence of new fermions 

("Technifennions"), bound by the gauge bosons of a new color group of a 

2 
new scale, to form the composite scalars . The scalar particles cannot 

be formed from qq pairs because the energy scale would then be A_, and 

the masses of W and Z would be too small by three orders of magnitude. 

However, if quarks and leptons are composites of fundamental 

fermions, and the latter are bound by a hypercolor potential of charac-

terisitc scale JL, a totally new situation emerges. The leptons are 

hypercolor singlets and color singlets. However, "inside" them hyper-

color and color forces operate. They are neutralized beyond distances 

of order K. (the effective "size" of the lepton). At distances compa

rable to IC. , a residual hypercolor (and color) force will operate 

20 
between two leptons . This force will be analogous to the hadronic 

forces. In the same way that hadron-hadron forces are short-range 

residual color forces between colorless objects, our new lepton-lepton 



62 

forces are short-range residual hypercolor forces between singlets of 

SU(3)cxSU(N)H. 

This force among leptons (and also among quarks) may or may not be 

identified with the weak interaction. We believe that such an identi-

21 
fication is very attractive and we discuss it in section 6.3. However, 

independent of such an identification, two leptons at a distance A." 

may bind. We, therefore, have a convenient new mechanism for forming 

scalar condensates. They may simply be lepton-lepton or lepton-anti-

lepton or quark-antiquark composites, and the neutral combinations may 

develop vacuum expectation values. The only energy scale is A„ and 

there is no difficulty in generating W and Z masses of order 100 GeV. 

Having proposed this idea , we may proceed to check whether the 

obtained Higgs composites possess the correct quantum numbers in order 

to provide a realistic pattern of symmetry breaking. In the case of 

the left-right symmetric SUC2),xSU(2)RxUCl) model, we find a surprising 

answer: The most general set of scalar condensates which can be formed 

from one generation of composite quarks and leptons is identical in all 

20 
properties to the minimal set of Higgs particles which is needed in 

22 
order to achieve the following necessary ingredients : 

(i) Produce heavy masses for the "right-handed" W and 1, leaving 

an approximate SU(2).x U(l) symmetry. 

(ii) Produce lighter masses for the ordinary W and Z, obeying the 

Weinberg mass relation. 

(iii) Produce fermion masses. 

(iv) Produce a Majorana mass for the neutrino, leading to a light 

left-handed neutrino and a heavy right-handed neutrino. 

The details of these calculations are presented elsewhere . Here 

we only comment that the dynamical symmetry breaking mechanism sugges

ted here is natural and does not add any new particles to the theory. 
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6. The Dynamical Rishon Model 

6.1 The Underlying Lagrangian 

Within the general framework established in section S.l, the 

simplest candidate for the hypercolor group is SU(3). We therefore 

propose that the fundamental Lagrangian is locally gauge-invariant 

under SU(3)cxSU(3)HxU(l) . The seventeen fundamental gauge bosons are 

eight gluons, eight hypergluons and the photon. 

The most economical set of constituents must include at least one 

charged particle and one neutral particle. The success of the rishon 

7 12 
model ' (section 4.4) as a simple counting scheme encourages us to 

21 
try two types of fundamental fermions : 

(i) A T-rishon in the (3,3) representation of SU(3)cxSU(3)„ and 

with electric charge +1/3. 

(ii) A neutral V-rishon in the (3,3) representation. 

The only particles appearing in the underlying Lagrangian are the 

rishons and the seventeen gauge bosons. All particles are massless. 

There are no fundamental scalars. 

In addition to the local gauge invariance under SU(3)cxSU(3)Hx 

U(l) , the Lagrangian possesses additional symmetries. Since T, V, f 

and V all transform according to different representations of the local 

gauge group, no "flavor" SU(N) symmetry is present. We have, however, 

a U(l)xU(l)xU(l)xU(l) chiral group with two vector U(l) factors and 

two axial U(l) factors. The two vector U(l) groups correspond to sep

arate conservation of T-number (n_-n».) and V-number (iiy-nrp. Their sua 

can be defined as the total "rishon number". Their difference is 

proportional to B-L (baryon minus lepton number). One of these U(l) 

factors is coupled to the electromagnet current tyT. The other re

presents a global symmetry. 

Of the two axial U(l) factors, one is not conserved. The 
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divergence of the corresponding current is proportional to a combina

tion of (FF)C. ( F P ) H and (Ff)em- The current is fy„Y5T+VY YjV. The 

second axial U(l) factor corresponds to the current TYuY5T-tfYuYsV, 

whose divergence develops only an electromagnetic anomaly. The cor-

23 
responding axial charge is conserved . 

All triangle anomalies vanish except the one involving the con

served axial charge and the two vector currents fYuT+vYV and tyT-

VY.V. The underlying Lagrangian is also invariant under parity, since 

it contains only vector interactions. 

6.2 The Composite Fermions 

When we consider energies below the hypercolor scale A„, only 

SU(3) -singlets survive. The simplest composite fermions consist of 

three fundamental fermions. Since all rishons are SU(3)H-triplets and 

all antirishons are SU(3)„-antitriplets, the only allowed composite 

fermions are made of three rishons or three antirishons (thus answering 

one of the difficulties in section 4.4). 

A TTT state can form a (1,1) lepton of SU(3)_xSU(3)H, being 

totally antisymmetric in both color and hypercolor. Fermi statistics 

then require that the Lorentz part of the three-rishon wave function 

21 
be totally antisymmetric . This means that the composite lepton must 

have 3=-K and cannot have J=j. (This solves two additional difficulties 

mentioned in section 4.4). The first-generation quarks and leptons 

are composed by the same combination as in the simple rishon counting 

scheme7,12. 

Higher-generation fermions may be formed by adding rishon-anti-

rishon pairs to the first generation composites. In order to have all 

the correct quantum numbers, it appears that one needs composites of 

24 
five rishons and two antirishons . Independent of details, the highei 

generations are excitations of the lower ones, but the mass scale has 
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no direct relation to the radial size UC D. Generations may differ 

from each other by a UC1) quantum number which is not exactly con-

served . 

6.3 The Weak Interactions 

For each massless three rishon-composite there is a massless • 

three-antirishon composite with the same color, hypercolor and (fi-l~) 

quantum numbers. The overlying ». .grangian possesses an SU(2),xSU(2)R 

21 1 

symmetry under which these pairs of fermion transform as (•=•, 0) or 

(0,-=-). Since hypercolor is confined below VL, the overall symmetry of 

the effective low-energy Lagrangian is SU(3)_xSU(2)LxSU(2)RxUCl)B ,, 

exactly the symmetry group of the left-right symmetric extension of 

the standard model. 

We therefore identify the weak interactions as the short range 

residual hypercolor interactions among composite hypercolor-singlet 
21 

quarks and leptons . The W and Z bosons are assumed to be composites 

of rishons. The three neutral currents of SUC2),xSU(23RxUC13BL 

exactly coincide with the three conserved U(l) factors of the under-

7 21 
lying Lagrangian. The Weinberg angle can be computed and we find ' , 

V 
sin2e„ = 0.25 

Below L^, this value is renormalized downward, in good agreement with 

experiment 

The composite weak bosons, quarks and leptons presumably acquire 

masses through a Higgs mechanism, governed by scalar condensates of 

the type discussed in section 5.2. Parity as well as SUt2),xSU(2)_x 

20 
U(1)D , are broken symmetries . In fact, all "accidental" symmetries 

of the underlying and overlying Lagrangians end up being broken, while 

the original local gauge symmetry of SUC3)_xSU(3)HxUC13e_ is the only 
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one which remains exact at all energies. 

6.4 Difficulties of the Model 

(i) In section 6.1 we mentioned the nonvanishing anomaly in the 

underlying level. We should be able to calculate the same three-

current amplitude in the overlying theory, arriving at the same 

g 
result . We face a problem only at zero momentum, and there - only 

massless particles can contribute poles which would cancel the vanish

ing of the amplitude and contribute the required i.ontrivial answer . 

If all our composite fermions have masses, we obviously do not obey 

the consistency condition. However, it is not entirely clear how to 

treat non-vanishing composite masses which are negligible with respect 

to /L,. For instance, if only the u and d quarks are "declared" mass-

less for this purpose, the overlying theory gives exactly the required 

23 24 
anomaly ' . Whether this remark is meaningful, we do not know. 

2 
(ii) The Higgs condensates and the small renormalization of sin 8 , 

4 
both point at A, values somewhere between 1 TeV and 10 TeV, but 

certainly not 10 GeV. Hence, the experimental limit on proton decay 

may "kill" the model. It turns out that with the proper wave function 

for the u and d quarks, proton decay is forbidden in lowest order of 

24 
the theory . It is probably allowed in second order, and an explicit 

calculation requires much more analysis. Whether the proton lifetime 

is consistent with the expected value of \ , remains to be seen. 

(iii) The mechanism which forms the composite W and Z bosons is not 

at all clear. It remains to be shown that the difficulties encountered 

in constructing massless composite gauge bosons ' disappear when the 

bosons acquire masses via scalar condensates. 

(iv) It is not at all clear why Au^A^, and what generates the 

original SU(3)cxSU(3)„xUCl) symmetry. A purist would wish to further 

unify the three independent gauge groups, not to speak of gravity. 
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The overall picture that we see is, however, an exciting picture 

of a rapidly developing field. Whether a final correct theory will 

resemble any of the ideas presented here remains to be seen, but we 

are certainly pursuing a worthwhile goal. 
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