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INTRODUCTION 

A long time ago i t has been suggested that matter was made of basic 

constituents. This view has always influenced the study of matter. 

The common rule i s to seek simple and economic theories. I n par t i c u l a r , 

economy and elegance have proved very helpful to a better understanding of the 

physical world. Thus any overabundance of fundamental object i s disrupting; 

i t seems that t h i s i s the way things are i n nature. 

Indeed, a. spectral d i s t r i b u t i o n of masses or energy levels often convey a 

manifestation of a compound physical system.. The periodic table r e f l e c t s t h i s 

p r i n c i p l e . Atoms which were thought to be fundamental, also appeared as a 

composite system of nuclei and electrons. 

Moreover, 'in 1968 electron scattering experiments (SLAC) gave the f i r s t 

h i n t that p o i n t - l i k e objects existed dnsi'da the protons, "the partons". 

Hence, confirming the proposition of Gell-Mann and Zweig (1964) that proton 

and other "elementary" particles were made from more basic e n t i t i e s , the 

quarks. 

Later on, the quark model contributed to the success of the u n i f i c a t i o n 

of the weak, strong and electromagnetic interactions i n the same theory, the 

standard model. However, some problems required the extension of the group of 

quarks and leptons of the standard model which causes an increase i n the 

number of fundamental e n t i t l e s . 

Again a plethora i s threatening, y i e l d i n g the inevitable question: 

" i s there a l i m i t to t h i s increase or i s there some in t e r n a l structure, a new 

spectroscopy?" Many attempts have been made to answer these questions and 

many views have been proposed, among them the compositeness of quarks and 

leptons which i s ratheraconventional answer. 

The purpose of t h i s dissertation i s to actually describe t h i s topic. The 

main ideas of composite models are more or less described. 

F i r s t of a l l , the standard model i s reviewed i n the f i r s t chapter. I n the 

2 3 SEP 5982 



- 2 -

second chapter, the problems are brought out to see what motivated the search 

for grand u n i f i e d models. The l a t t e r attempt to describe weak, electro

magnetic and strong interactions but do not provide answers to a l l the 

existing problems. In par t i c u l a r , the spectrum of quarks and leptons remains 

unexplained. 

I t seems that t h i s pattern (of observed fermionic masses) can be reproduced 

i f the quarks and leptons are assumed to be made of more fundamental objects 

"the preons". 

The number would be much smaller than the actual number of quarks and leptons. 

However there are many l i m i t a t i o n s and r e s t r i c t i o n s to t h i s idea as i t w i l l be 

seen i n the t h i r d chapter. 

The fourth chapter deals with an overall and general study of d i f f e r e n t com

posite schemes. 

Then, i n the f i f t h chapter, problems common to a l l v a r i e t i e s of composite 

models are exposed. They consist mainly o£ ' t Hooft conditions. 

In the s i x t h and l a s t chapter, the rishon model i s exposed. I t i l l u s t r a t e s 

a l l the previous chapters and constitutes a concrete example of the ideas dis

cussed by ' t Hooft and reviewed i n chapter f i v e . 
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CHAPTER 1 

THE STANDARD MODEL 

1.1 Description 

Although the basic phenomenology of low energy weak interactions has 

been known for a considerable time, a satisfactory theory was missing. 

The weak interactions were described by a current-current fermi interaction 

(four-point interaction) lagrangian, 

This was not, however, a complete theory since i t was not renormalisable. I t 

was successful only i n lowest order where, due to the smallness of the weak 

inter a c t i o n coupling constant Gw, the lagrangian could be used as an eff e c t i v e 

lagrangian involving a tree diagram and ignoring the divergent loops. 

Moreover, even considering lowest orders only ( i . e . f i r s t order), the model 

yields a lack of u n i t a r i t y . For instance, the evaluation of the cross-

section for £•))-scattering at high energies obtained by using Born approxi

mation, i s not s u f f i c i e n t ; higher order terms must be added so that the 

scattering amplitude s a t i s f i e s u n i t a r i t y . I n more d e t a i l the cross-section f o r 

e-p. scattering i s given by 

d o - - ±- JCL AJ*. 

where the amplitude Mj. i s 

1% : . S . j ^ ' ) f u(t )^5(W) ( 4 * u ( k ) j 

where ̂ p ^ j , ^ j are the i n i t i a l and f i n a l momenta respectively. 

In an ela s t i c scattering Ĵ J = |-p'| 

and so 

0*0- " J L l M r f — 

and f i n a l l y , the t o t a l cross-section i s 
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• t 

where Jb i s the energy squared of the centre of mass, i. e . 6̂ * ?9 C )*" 

But t h i s i s an jb -wave process (due to the loc a l character of the weak i n t e r 

action). The cross-section T~ only contributes to the XzO p a r t i a l wave and 

hence by u n i t a r i t y c j — ^ CsAt^S, i . e . i t cannot be greater than 

Therefore, the theory must f a i l at the " u n i t a r i t y l i m i t " f& NGX' where G~" 

vio l a t e s u n i t a r i t y . 

The s i t u a t i o n has been improved by introducing massive vector mesons 

to mediate the weak interactions between currents. 

The lagrangian became then 

and IS replaced lo} 

This modification does avoid the v i o l a t i o n of u n i t a r i t y i n lowest order, at 

least for the ©9 -scattering process. But although i t gives d i f f e r e n t results 

at higher energies i t does not ensure that the u n i t a r i t y bound i s n o t v j o l a t e d 

for any Born process, for instance processes involving "external" W p a r t i c l e s , 

e.g. 

Hence the theory remained unrenormalisable. 
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Quite recently, theories possessing nice symmetry properties, the gauge 

theories"'" have known an active development. 

In these theories conservation laws are not consequences of space-time 

symmetries. 

For every quantum number, there corresponds a transformation on the f i e l d s 

which leaves the theory invariant. In the simple case of electromagnetism, 

the group of transformation on the f i e l d s i s the abelian group U(1 ) . 

However, a theory may contain more than one conserved quantity and be 

invariant under a larger group of transformations than U (1 ) . In 1954,"\ang 

and M i l l s introduced SU(2), the group of isospin which i s also the simplest 

non-abelian group. In a theory with isospin symmetry, there are no preferred 

directions i n the f i c t i t i o u s isotopic space. Imagine that at each point of 

space time there i s a set of axes i n the isotopic space which define the iso

spin properties of a p a r t i c l e located at that space-time point. When a l l the 

axes are p a r a l l e l , i t i s a global gauge invariance (or a transformation of the 

f i r s t kind i n the case of EM). 

The symmetry properties of the theory are improved i f i t i s invariant when 

the axes are rotated independently. This i s a local gauge transformation (or 

a transformation of the second kind i n the case of EM). 

This idea has been generalised to other i n t e r n a l symmetries. Such theories, 

which are l o c a l l y invariant under: i n t e r n a l symmetries are known as Yang-Mills 

theories or non-abelian gauge theories because the gauge groups are non-

abelian o The gauge f i e l d s do not commute, they generate a Lie algebra. 

As any gauge theory, Yang-Mills theories must contain interactions 

mediated by p a r t i c l e s of spin 1, the gauge bosons. But, there was a sort of 

flaw i n these theories; the feng-Mills gauge part i c l e s have to be massless and 

apparently, except for the photon there were no other massless spin 1 p a r t i c l e s . 

Yet, a subtle way out to t h i s problem has been found. The non-vanishing 

masses of the gauge bosons have been a t t r i b u t e d to the non-exact nature of the 

gauge invariance of the group concerned. The gauge invariance i s said to be a 
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broken symmetry. 

To account f o r t h i s breakdown, i t i s assumed that the vacuum i s not invariant 

under the gauge group, for a simple addition of mass terms i n the fundamental 

lagrangian would spoil the renormalisation of the theory leading to i n f i n i t i e s 

i n pertubative calculations. 

That s i t u a t i o n i s called spontaneous symmetry breaking. The implementation 

of spontaneous symmetry breaking also requires a t r i c k , the Higgs mechanism 

which i s called a f t e r i t s inventor - P. Higgs as i t s name indicates. 

The Higgs mechanism postulates the existence of additional new f i e l d s . I t 

cures the gauge theories from the presence of threatening massless p a r t i c l e s , 

the Goldstone bosons. In fa c t , the would-be Goldstone bosons combine with the 

would-be massless gauge bosons to produce massive gauge bosons. 

The f r u i t of a l l these developments appeared i n the form of models pub

lished by Weinberg and by Salam i n 1968. However the f l o u r i s h i n g of these models 

had to wait u n t i l 1971, when the quantisation and renormalisation of Yang-Mills 
2 

theories have been established by G. * t Hooft . Indeed, a f t e r many years of 

studies by many people, i t has been realised that the spontaneous breakdown 

of the symmetry did not a f f e c t the divergences of the theory so that the same 

renormalisation procedure (counter-tarms) remove the divergences from the 

theory whether the symmetry i s spontaneously broken or not. 1 3 The Salam-Weinberg model as well as many other models proposed,. 
un i f i e s weak and electromagnetic interactions i n the simplest gauge group. 

Furthermore, i t constitutes the simplest form of the electro^weak theory 

according to experiments and thus i t has been retained as the standard model. 

In t h i s model, electro-weak interactions are described by the gauge group 

SU(2) x U(£). Four gauge part i c l e s are associated with SU(2) x U(1), the 

photon, the charged W "* and a neutral vector meson. 

A gauge theory i s constructed out of SU(2) x U(1). I t involves a t r i p l e t of 

gauge f i e l d s A^ for SU(2) with charge ^ and a f i e l d f o r U(1) with a 

coupling constant . 
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The lagrangian reads 
f - $ / 

with * ^ 
f > v r ^ b.^ - - ^ a A, 

There i s no electron mass terms because i t i s forbidden by the c h i r a l SU(2) 

invariance requirement. 

The leptons have been grouped i n doublets, eg. | g * j a n c * singlets, e.g. 

Indeed, the standard model separates r i g h t and l e f t handed particles i n t o 

r i g h t handed singlets and l e f t handed doublets. This i s because neutrinos are 

massless and occur i n nature only i n l e f t handed form and also because electro-

magnetism conserves pa r i t y whereas weak interactions do not. 

To end up with three massives vector mesons and one massless boson (the photon), 

a doublet of complex Higgs (four degrees of freedom) i s introduced, 

The addition of these scalar f i e l d s to the gauge theory with fermions 

originates three new terms i n the lagrangian: 

i . k i n e t i c term of the type]^^V>^|with 

= ^ - A<^, % 

where <j, i s the coupling constant and Ĝ  the i n f i n i t e s i m a l 

generators of the gauge group which contains the scalars. 

ii. "Yukawa interactions between the scalar f i e l d s and the fermions 

i i i . Self-interactions of the scalar f i e l d s , denoted VfVr) and known as 

Higgs p o t e n t i a l . A general renormalisable potential i s 

I t determines the scale of the theory and the structure of the 

vacuum. Vacuum exceptation value at lowest order i s given by, 
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with ^ | _ 0 and ^ 1 < 0 

where one electron only, i s considered. 

After performing a parametrisation and the SU(2) gauge transformation, 

the theory ends up with massive fermions. The electrons acquire masses 

and so do the charged v i c t o r f i e l d s W and the neutral f i e l d Z. There 

remains one massless f i e l d A^ , i t corresponds to the physical photon. 

They are defined by 

< (A,1 ; 

The electromagnetic coupling to the photon A^ i s defined as 

where $ w i s the Weinberg angle. 

The theory requires large masses for the W'& ,M = C78 £ 2.) G>eV } 

the Z° i s even heavier, M = (89 1 2. ) GeV. 

These values r e s u l t from the relations 

- Mw / cc3&w 
together with the experimental value f o r ^ w j £Av\a&w ^ 0<2. . 

In f a c t , weak interactions are suppressed with respect to electromagnetism up 

to energies s u f f i c i e n t l y high to create the intermediate bosons as real p a r t i c l e s . 

At energies of order M̂ , the weak and electromagnetic interactions eventually 

become of comparable strength, thus manifesting unity. 

But i n general, exchange particles could have only an intermediary role and 

do not appear i n i n i t i a l and f i n a l states. They are " o f f the mass s h a l l " , 

i. e . v i r t u a l p a r t i c l e s and contribute even i n reactions where there i s not 

enough energy to create a real p a r t i c l e , "on the shell mass". 
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The success of the u n i f i c a t i o n of weak and electromagnetic interactions 

lead to a further u n i f i c a t i o n with strong interactions at the l e v e l of 

quarks since they are at present the fundamental constituents of hadrons. 

As quarks come i n three colours ( s t a t i s t i c s requirement) the gauge 

group i s extended to SU(3) x SU(2) x U(1). 

The quarks are organised in t o l e f t handed doublet N u = J 

where d & = <A CeO % •* /&> & c j 

righ1»handed singlets Up, d^ and and a l e f t handed singlet ,S 6 t - (S Csti&^dsWi^N^-

From the inte r a c t i o n lagrangian rewritten i n terms of the f i e l d s W*, Z and A, 

i t can be seen that the neutral boson Z couples to the electromagnetic current 

and to a current A/u 'C^"^*NW» The l a t t e r includes terms i n S\tft$cCs33&fc 

Thus i t causes problems because ^ S ^ O together with A Q. - 0 currents are 

very suppressed. 

To i l l u s t r a t e t h i s , l e t us consider a type of strange mesons, the K-mesons. 

They frequently decay i n processes l i k e , 

^r-V • 
VO f iy° + y*1" -V ̂  . 

These decays involve charged currents since a charged jx combine with a 

neutral S)^ . 

A neutral current decay would correspond to 

where the leptons are both neutral. However t h i s decay does not occur i n 

nature. 

The problem was f i n a l l y solved by Glashow^-Ilipoulos and Maiani (1970) 

by use of a t r i c k called GtI-M mechanism. I t consists i n reordering the 

quarks i n analogy with the leptonic pattern. 

A fourth quapk "charm", i s introduced to make the left.handed doublets and 

righishanded singlets symmetrical i n both leptonic and quark sectors. 

The left-handed singlet ,S 8 t becomes a doublet j . 

This made the strangeness changing currents cancel and yielded an anomaly-free 

theory. 
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Indeed i f the symmetry of the theory i s violated, i . e . i f i t contains 

anomalies, the renormalisability of the gauge theory i s s p o i l t . 

Ward-Takahashi i d e n t i t i e s must hold i n order to have renormalisable 
5 

theories. Anomalies i n these i d e n t i t i e s may occur i n theories containing 

fermions, when the v e r i f i c a t i o n of these i d e n t i t i e s depends on the algebra of 

Dirac matrices (jf*^* T n i s happens when a vertex with odd number of ax i a l 

currents (with ) cannot be regularised. The W-T i d e n t i t i e s are then 

broken. Such anomalies occurring i n spontaneously broken gauge theories 

threaten the u n i t a r i t y of the S-matrix. Therefore, they must be absent or 

cancel between each other. 

The simplest anomalies are associated with the vertex of three currents, 

called the anomaly t r i a n g l e . 

The absence of such triangles from the theory guarantee i t s renormalisability. 

This i s a res u l t of two \.ev«w\as : 

i . Anomalies are not "renormalised", i . e . i f there i s no anomaly i n 

lowest order there w i l l not be any at a l l orders. 

i i , . . Allianomalies are;relate'd.,alje. J.f,tte simplest anomaly (triangle) i s 

absent i n a model, so are a l l the others. 

1.2 General Features of the Standard Model 

1.2.a. Cabifebo angles and fermion masses 

Although the standard model"*" has had a l o t of success i n correlating 

electromagnetic and weak interaction data, i t f a i l s to give any explanation 

of the Cabibbo angles and the fermion masses. 

In the framework of the standard model, the quarks and leptons come i n 

left =handed doublets of the "weak isospin". Three such doublets are known 

at present. 
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The weak interactions of the quarks are described by the weak inte r a c t i o n 

mixing angles . These angles arise since the weak interaction eigenstates 

are not eigenstates of the mass matrix. They are intimately related to the 

quark masses and could be regarded as elements of the mass matrix. 

Let the three quark doublets be / U ,C \ , 

the physical quark eigenstates «l' A , are related to the mass eigenstates 

dj A, \r . 

A i s a 3 x 3 transformation matrix such as 

A : / ^ . c e e& 

where (<&•») = WO^i C ^ h 8 0 JLc-^Z,^. 
The three Euler angles ^^.^ generalise the conventional Cabiikbo angle, 

giving a l l mixings between the (,U t^) ; ( < C ) a n d (t tir) doublets. 

The fourth parameters i n A i s the phase % known as the Kobayashi-Maskawa 
7 

phase. I t induces CPjveolation . I n general, there are three ways to account 

for CP„ v i o l a t i o n i n Tang-Mills gauge theories with spontaneously symmetry; 

breaking: 

i . by introduction of complex phase parameter i n the interactions of 

Higgs bosons; 

i i . by introduction of rightJianded charged current; 

i i i . by the increase of the number of quarks. 

Taking i n t o account the t h i r d p o s s i b i l i t y , the s i x t h flavor of quarks has 

been introduced. Indeed, the presence of the t h i r d generation permit to put 

a phase i n the A-matrix leading to CP-»$iolation. 

An a t t r a c t i v e aspect of the matrix A i s the way d i f f e r e n t and apparently 
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unrelated processes are determined by the four parameters and S. These 

processes should measure the A-matrix elements-but experimentally only 

^ i s known. 

The weak mixing angles have no physical meaning i n the leptonic sector. 

Indeed, i f neutrinos are massless there are no mass-eigenstates and so no 

transformation matrix (analog of A). In the case of neutrinos with small 

masses, Cabbibo-like angles and KM_phase are involved. The effects due to the 

weak inte r a c t i o n mixing are confined to the phenomenon of the neutrino o s c i l l a t i o n s . 

The actual l i m i t s on neutrino masses are YY\ (Ve.) ^. £ • I0»1tv; W> (>^) < 0 . ^ H ev. 

to^-O-c) <2.oo MeV . Massive neutrinos w i l l make the theory even more 

complicated; increase i n the number of free parameters, an additional mass 

scale to the mass hierarchy fermions, etc. 

1.2.b. Higgs sector 

Model independent analyses of neutral current data as well as the 

SLAC polarised electron-scattering experiment have v e r i f i e d a great deal of 

the predictions of the standard model. However, the data give information only 

about the symmetry nature of the neutral current and i t s r e l a t i v e strength to 

the charged current. I t says nothing about Higgs bosons. The facts are i n 

agreement with the model but do not prove the spontaneously broken symmetry 

nature of gauge theories. 

In the standard model, i t i s necessary to introduce scalar f i e l d s "the 

Higgs scalars", to provide with masses the p a r t i c i p a t i n g fermions and bosons. 

To some authors, t h i s i s a rather awkward explanation. They think that better 

methods should be found to account for the masses. 
g 

This i s the case of Dimopoulos and Susskind who b u i l t a model with dynamical 

symmetry breaking which induces fermion and boson masses. 

In the standard model with left-handed doublets and right»handed singlets, 

the only scalar f i e l d s which induce fermion mass terms are SU(2)-doublets. 

I f non-doublet scalars are present i n the theory, they do not lead Yukawa 

couplings and hence cto not a f f e c t the fermion mass.spectrum. However a f t e r 
symmetry breaking (VEV for neutral component of scalar mu l t i p l e s ) , t h e i r 
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ki n e t i c terms would affec t the gauge boson spectrum. An SU(2) m u l t i p l e t scalar 

does not contribute to the neutral boson mass and thus spoils the r e l a t i o n 

T COD e-w =. w w . 

This delusion of a l l scalar multiplets except SU(2)-doublets follows from 

the actual available neutrino data. However, the number of scalar doublets 

i s l e f t a r b i t r a r y . 

1.3 The Generation Puzzle 

The observed spectrum of quarks and leptons shows a d e f i n i t e order. 

Quarks and leptons seem to come i n generations. Except from masses, nothing 

else distinguishes among generations. 
9 

The fermions are c l a s s i f i e d i n t o generations according to t h e i r masses , 

l i g h t e r than 100 MtV . 

masses larger than 100 
and smaller than 1500 .MdV. 

heavier than 1500 l\A e / 

Several attempts have been made i n order to give explanations to the 

generation puzzle, i . e . what distinguishes the fermionic generations. 

Excluding Higgs couplings, the gauge lagrangian for the three 

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

This symmetry breaks down when the fermions acquire t h e i r masses. 

The breaking can occur via several ways. Let us review some of them: 

i , a "horizontal gauge symmetry"'''^ U(1) i s proposed to distinguish 

two fermionic generations. 

. The main assumptions are: 

i.a) a hypercharge i s assigned to the horizontal gauge groups 

'^ "*f being the usual hypercharge of the standard model, 

T-- ̂  . .V-- > 

1st 

2nd 

3rd 
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^ and v j ' are quantum numbers i n a given generation and X; 

and k\ are scale parameters c a l l e d " s e r i a l i t y " of the i - t h 

generation. 

i . b ) the model i s anomaly f r e e . The anomalies are cancelled 

w i t h i n each generation i n the Weinberg-Salam model. They 

might not vanish i n the presence o f the a d d i t i o n a l h o r i z o n t a l 

group but the o v e r a l l anomaly vanishes. 

i . c ) a Higgs doublet i s associated to each generation. There e x i s t s 

a Higgs s i n g l e t (zero W-S hypercharge) w i t h vacuum expectation 

value such as the r e l a t e d mass M(Z ') i s made as heavy as 

wanted. Z ' i s the analog o f Z the gauge boson associated 

w i t h U(1) the h o r i z o n t a l group. 

I n t h i s scheme three generations i s not the end but suggests a 

f o u r t h one and so on. 

H o r i z o n t a l gauge bosons (Z^) must e x i s t , but they induce undesirable 

features i n the weak n e u t r a l c u r r e n t sector. 

The major problem i s t h a t o f anomalies. For more than two generations, 

complications a r i s e . There i s only one r e l a t i o n g i v i n g the 

" s e r i a l i t y " numbers 

i s not determined uniquely i f more than two generations are 

i n v o l v e d . The model become than a r b i t r a r y . The anomaly c o n s t r a i n t s 

f o r a n d ^ c a n n ° t guarantee W-S u n i v e r s a l i t y any more. 

Another p o s s i b i l i t y ' ' " 1 i s the i n c o r p o r a t i o n of some f l a v o r symmetry 

i n t o the u n i f i e d gauge group along w i t h SU(5) s t r u c t u r e or 

equivalt.v\R^ i n c o r p o r a t i o n o f several generations i n one "dynasty 

m u l t i p l e f c " . 

A t h i r d a l t e r n a t i v e i s " d i s c r e t e symmetries". To each quark|:; 

l e p t o n and Higgs f i e l d t r ansforming under a d i s c r e t e t r a n s f o r m a t i o n , 

e.g. phasetransformation, there corresponds an unbroken d i s c r e t e 
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symmetry. These symmetries attempt to r e l a t e fermion masses and 

generation mixing angles i n order t o understand the f e r m i o n i c spectrum. 

However, t h i s does not e n l i g h t e n the d e s c r i p t i o n o f the d i f f e r e n t 

generations. 

Weinberg's model, f o r instance, induces t h a t some masses o f the f i r s t 

f a m i l y can be obtained as a k i n d o f r a d i a t i v e connection. Another 
12 

i n t e r e s t i n g model suggests t h a t the d i f f e r e n t scales observed among 

generations come from the VEV o f three d i s t i n c t Higgs m u l t i p l e t s . 

The scale problem i s then i n t r i n s i c , not a c c i d e n t a l . This s i t u a t i o n 

i s a b s o l u t e l y p l a u s i b l e . One doublet s c a l a r i s indeed simpler but, 

on the other hand, w i t h the p r o l i f e r a t i o n o f quarks and l e p t o n s , 

i t can be argued t h a t the scalars could also appear i n several 

generations.. 

The conclusion i s t h a t no r e a l i s t i c model e x i s t s yet and t h a t a l o t more 

work needs t o be done to be able t o understand the spectrum o f quarks and l e p t o n s . 

Therefore, the generation puzzle remains unsolved. 
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CHAPTER 2 

COMPOSITE MODELS: motiva t i o n s and a l t e r n a t i v e s 

2.1 Parameters and P a r t i c l e s i n the Standard Model 

The standard model 1 SU(3) c x SU(2) x U(1) i s compatible w i t h a l l known 

f a c t s and experimental r e s u l t s o f p a r t i c l e physics. However i t has been 

established only a t low energies /N> 100 I t i s probably an e f f e c t i v e 

model a t much higher energies. Whether t h i s i s r i g h t o r not cannot be pre

d i c t e d since even some main i n g r e d i e n t s o f the standard model have not been 

v e r i f i e d yet because s t i l l out o f reach o f a v a i l a b l e energies. But soon, 

f a c i l i t i e s w i l l be provided w i t h enough energy to produce them (\A/~ , , . , . ) • 

Furthermore, the standard model i s somewhat a r b i t r a r y ; the three 

i n t e r a c t i o n s are not t r u l y u n i f i e d i n the sense t h a t the model contains only 

one gauge coupling constant. 

The f a m i l y problem remains open as w e l l as p a r i t y which i s v i o l a t e d i n weak 

i n t e r a c t i o n s but not i n strong i n t e r a c t i o n s . The charge q u a n t i s a t i o n i s un

explained, e t c . . 

Due t o t h i s avtil-ve wess , there are many fr e e parameters i n the theory; 

the fermion masses, the mixing angles, CP-Isolating phase etc... > They are 

summarised i n t a b l e ^ ( l ) . Add t o t h i s , the p r o l i f e r a t i o n o f fundamental 

p a r t i c l e s which r e i n f o r c e the idea t h a t the standard model i s not the u l t i m a t e 

theory. 

I n the e a r l y 60's a f o u r t h l e p t o n has been discovered and f o r the 

sa^e o f e s t h e t i c a l analogy, a search f o r a f o u r t h "fundamental baryon" has 

been proposed. Later on, i n 1970 speculations on a f o u r t h quark became 
z, 

necessity . I t has been pointed out t h a t a simple gauge theory o f weak i n t e r 

a c tions must have n e u t r a l c u r r e n t .and t h a t the .absence.of-strangeness 

changing n e u t r a l c u r r e n t s can be re c o n c i l e d w i t h the presence o f strangeness 

conserving n e t u r a l c u r r e n t s . ( i . e . |&^>U 3 n e u t r a l c u r r e n t s are not observable) 

only i f a f o u r t h quark i s added. Thus p r o v i d i n g a t h e o r e t i c a l framework f o r 



- 17 -

sector p a r t i c l e s parameters 

Gauge bosons 

e i g h t gluons 
pVteW* fa) 

( ^sv &\ A ) 

U j &w ^ 3-1 , 3O 
M w , M i 

- l e f t doublets., a r i g h t s i n g l e t s 

- number o f generations 
>u c, - s i x quark masses 

- three charged l f i p t o n masses 

fermions 
- three generalised Cabbibo 

angles 

- one Kobayashi-Maskawa phase 

- three l e p t o n i c Cabbibo 
angles 

- one l e p t o n i c K-M phase 
quark - l e p t o n angles and 
phases 

Higgs p a r t i c l e s 
• 
more? Number o f Higgs p a r t i c l e s 

C l a s s i f i c a t i o n of Higgs 
p a r t i c l e s 

Higgs masses (couplings'^ 

t a b l e (1) Parameters i n the Standard Model 
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the search f o r the f o u r t h quark. 
13 

Two years l a t e r , i t became c l e a r t h a t the f o u r t h quark or "charm" was 

needed t o equalise the number o f (left-handed) quark doublets and lep t o n 

doublets, t o cancel the anomalies i n the standard model. 

Note t h a t , the c a n c e l l a t i o n o f anomalies r e q u i r e t h a t f o r each new quark 

there has t o be a new l e p t o n and vice-versa. Moreover, CP - v i o l a t i o n was cured 

by a d d i t i o n o f quarks and consequently o f leptons too. This, o f course, 

means more parameters i n the theory: generalised Cabibbo angles, K-M phase, 

new fermion masses. 

2.2 Higgs Scalars 

The Higgs mechanism has been w e l l e s t a b l i s h e d ; i t gives a s o r t o f 

explanation o f how some p a r t i c l e s are provided w i t h masses. Nevertheless, 

many people o b j e c t to the i n t r o d u c t i o n o f Higgs p a r t i c l e s i n any theory. 

A r b i t r a r y f r e e parameters are introduced i n t o the theory through the Higgs 

p o t e n t i a l and the Yukawa couplings. Hence, w i t h the simplest Higgs s t r u c t u r e 

( i . e . one doublet) and three fermion generations, the standard model i s l e f t 

w i t h fourteen fundamental parameters outside the gauge sect o r : 

Wl^, the ph y s i c a l mass of the scal a r 

nine fermion masses (neutrinos are assumed t o be massless) and 

three mixing angles plus one K-M phase. 

The Higgs sector proves t o be q u i t e complicated and i s not understood; the 

e l e c t r o n and % -l e p t o n f o r example have the same gauge couplings but t h e i r 

coupling t o the Higgs scalar d i f f e r by 3000 f a c t o r ! 
14 

I n grand u n i f i e d t h e o r i e s , the gauge sector i s s i m p l i f i e d and the 

d i f f e r e n t c o u p l i n g constants are r e l a t e d t o each other. However, t h i s causes 

f u r t h e r complication o f the Higgs sector. To guarantee the r e n o r m a l i s a b i l i t y 
15 

the theory, and according t o Susskind and Wilson i n t e r p r e t a t i o n a c u t - o f f 

J^. o f order o f the Planck mass ( <\y \ ̂  (m) ±s r e q u i r e d . 

This huge mass put a s t r i c t c o n s t r a i n t on the accuracy o f the bare mass which 
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-30 must be o f order 10 , i . e . 30 decimals. Such an adjustment i s not 
" n a t u r a l " . The mass scale has t o be put '!by hand" and the theory ends up w i t h 
very heavy p a r t i c l e s ; t h i s i s the hi e r a r c h y problem. 

Let us i l l u s t r a t e t h i s w i t h an example. The s e l f - e n e r g i e s o f the scalars 

are q u a d r a t i c a l l y divergent; the renormalised and unrenormalised sc a l a r masses 

are r e l a t e d by 

^ ~ * C * K* ^ - ™.* + * M"" 

where yuj 0 i s the bare mass, m the p h y s i c a l mass and -J^ the u l t r a - v i o l e t c ut • 

o f f . 

This i m p l i e s 

I n Grand U n i f i e d Theories, superheavy vector bosons (the leptoquarks) are 

needed to suppress unobserved i n t e r a c t i o n s (see l a t e r s e c t i o n 2.3). They a r i s e i n 

the spontaneous breakdown t o the observed i n t e r a c t i o n s , 

G-(e.q.,S\J(5j) ^ 0 > 7 ( ^ - V
 ; observed i n t e r a c t i o n s V C U V ^ Sufc)*UG 

/ i . e . SU(3) C x SU(2) x U ( l ) 

and have masses o f about the Planck mass. Hence the c u t - o f f ; ^ i s taken t o be 

approximately the Planck mass, i . e . ^ 

To o b t a i n w\ w 4 d V , j<k^~ must be adjusted ( f i v e tunned) t o 

about 10*^ decimals otherwise i t would come out t o be r*j 10"*"̂  CiV too. Indeed, 

These "unnatural" adjustments are caused by the quadratic divergences i n the 

sca l a r p a r t i c l e masses. 

Georgi1"'' argued against t h i s i n t e r p r e t a t i o n . He maintained t h a t t h i s i s 

simply an a r t i f a c t o f the r e g u l a r i s a t i o n procedure. The f a c t remains t h a t 

t o avoid mass scales a t M v ^ ^ C l ^ i n d a t At)** GsV the l a r g e r a t i o o f the 

hie r a r c h y o f masses must be obtained by use o f the Higgs mechanism. This i s 

apparently very d i f f i c u l t to o b t a i n and i n v o l v e s problems; again i n c r e d i b l e 

accuracy i s needed. 
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Some people t h i n k t h a t a t t h i s stage g r a v i t y should not be ignored any more 

and t h a t an understanding o f the mass spectrum, et c . w i l l f o l l o w from a 

u n i f i e d theory o f a l l fotXf i n t e r a c t i o n s . 

As such a theory does not e x i s t y e t , l e t us consider a l e s s ambitious but 

i n t e r e s t i n g a l t e r n a t i v e s o l u t i o n , t e c h n i c o l o r . 
Q 

Technicolor schemes known as QTD , are defined by a t e c h n i c o l o r gauge 

group SU(h/)«jt . QTD i s taken to be s i m i l a r to CCD; they are p a r a l l e l 

t h e o r i e s w i t h d i f f e r e n t energy scales. I n f a c t QTD i s a s o r t o f r e s c a l i n g o f 
3 

QCD. For example technihadrons e x i s t a t a scale 10 higher than usual hadrons 

o f QCD. The theory contains techni-quarks a f a m i l y o f massless fermions which 

ca r r y a s t r o n g t e c h n i c o l o r A^p "^-^ i n t e r a c t i o n . 

The techniquarks are doublets under SU(2) x U ( l ) , N-tuplets under SU(N)^^ and 

s i n g l e t s under c o l o r . They i n t e r a c t v i a unbroken i n t e r a c t i o n s , SU(N) T . These 

t e c h n i c o l o r b i n d i n g forces generate a spontaneous breakdown o f c h i r a l f l a v o r 

SU(2) x SU(2) e x h i b i t i n g the existence o f massless technipions. The technipions 

replace the usual s c a l a r sector i n y i e l d i n g a mass mat r i x f o r the intermediate 

bosons but l e a v i n g the quarks and leptons massless. Therefore they leave the 

generation puzzle as i t i s since these t h e o r i e s do not have anything to say 

about generations. 

However, these t h e o r i e s can be e x p l o i t e d . Indeed they have been combined to grand 

u n i f i e d t h e o r i e s ; the r e s u l t i n g synthesis possesses the u n i f i c a t i o n o f GUT together 

w i t h the s o l u t i o n o f the s c a l a r problem o f f e r e d by t e c h n i c o l o r . 

These extended t e c h n i c o l o r t h e o r i e s give r i s e to massive <v l o w gauge 

bosons connecting fermions to technifermions and allow f o r the dynamical 

technifermion ;masses to be o f the order o f o r d i n a r y fermions. 

But t h i s combination s t i l l i n v olves the complications o f a new t e c h n i c o l o r 

gauge i n t e r a c t i o n and new technifermions. 

This i s an i n t e r e s t i n g and hopeful s o l u t i o n though i t presents d i f f i c u l t i e s . 

A s i m p l i f i c a t i o n o f the fundamental theory may be possible i f the technifermions 

are composite o f more fundamental o b j e c t s (see l a t e r ) . 
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2.3 A l t e r n a t i v e Models; GUT 

The overabundance o f parameters and fundamental f i e l d s i n the SU(3) x 

SU(2) x , U ( l ) theory i n one hand and i t s many successes i n the other hand lead 

us t o t h i n k t h a t the model was not i n c o r r e c t but r a t h e r incomplete a t higher 

energies and needed t o be extended. 

Many speculations have been made but w i t h o u t any concrete r e s u l t , e.g. 

The extension o f the electroweak gauge group to a l e f t - r i g h t 

symmetry SU(2) k x S U ( 2 ) & x U ( l ) gives b a s i c a l l y the same 

r e s u l t s as the usual standard model. 

However, one q u i t e successful extension i s the grand u n i f i e d theory. These 

th e o r i e s c o n s t i t u t e a f e r t i l e f i e l d o f p a r t i c l e physics. The weak and e l e c t r o 

magnetic i n t e r a c t i o n s are u n i f i e d i n a grand u n i f i e d theory w i t h SU(5) gauge 

symmetry; SU(5) i s one among many p o s s i b i l i t i e s proposed. 

Many reasons motivated t h i s search. The re d u c t i o n o f the number o f gauge 

coupling constants from three t o one, the explanation o f the q u a n t i s a t i o n o f 

change ( i . e . as the c o n d i t i o n o f r e n o r r a a l i s a l i t y i s 2_\ Q» — ^ ^ \ " 
<3L» *7 • Qi . i / Q, . i n d o u b l e t - s e c t o r ) ; e t c . 

U n i f i c a t i o n proved t o be the answer t o some o f the questions such as 

- why i s e l e c t r i c charge quantised? 

- why do leptons c a r r y i n t e g r a l charge w h i l e quarks c a r r y 

f r a c t i o n a l charges? et c . 
14 

Furthermore, i t has been shown by Georgi and Quinn and Weinberg t h a t the 

three gauge cou p l i n g constants are equal w i t h i n numerical c o e f f i c i e n t s i n the 

symmetry l i m i t . 

However, u n i f i c a t i o n does not go w i t h o u t problems, the most serious being the 

hierarchy problem. 

The aim o f grand u n i f i c a t i o n i s t o remedy some o f the standard problems by 

considering one l a r g e gauge group i n c o r p o r a t i n g both electroweak and str o n g 

i n t e r a c t i o n s and one la r g e r e p r e s e n t a t i o n i n c l u d i n g a l l gauge bosons, i n other 

words i t i s based on a group G such t h a t 
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G ^ SU(3) C x SU(2) x U ( l ) 

The rank o f G determines the number o f conserved a d d i t i v e quantum 

numbers. The smallest group i s SU(5), i . e . the smallest which does not lead t o 

a r b i t r a r y parameters. I t allows f o r two quantum numbers o f SU(3) , the 
c 

e l e c t r i c charge and a "weak charge" ( u s u a l l y associated w i t h HL6 ) and p o s s i b l y 

a d d i t i o n a l quantum numbers i n c r e a s i n g w i t h the rank o f G. 

The f i r s t three are e x a c t l y conserved and are coupled to massless p a r t i c l e s 

(gluons and photons), the r e s t correspond to broken symmetries and massive 

bosons since no other massless bosons are known. 

I t f o l l o w s t h a t i t i s not possible t o have an e x a c t l y conserved baryon number 

and l e p t o n number operators as generator o f G. The many grand u n i f i e d models 

belong t o two classes: 

a. "minimal schemes", a t y p i c a l example being the SU(5) group. The 

t o t a l number o f c o l o r l e s s weak bosons i s three (W ^ £. ) . A l l the 

fermions i n one generation are ,related to each other but there i s no 

connection between two d i f f e r e n t generations. I n f a c t , the number o f 

generations i s undetermined and could take any value. 

b. "maximal schemes" i n which a l l quarks and. leptohs belong to one 

i r r e d u c i b l e r e p r e s e n t a t i o n o f G and thus fundamental fermions are 

connected. On the c o n t r a r y o f the minimal schemes, the SU(N)^ f l a v o r 

group a c t i n g on the N-quark f l a v o r s i s a subgroup o f G, i . e . 

G SU(N) f x SU(3) C 

This means, many c o l o r l e s s weak bosons e x i s t , i n c l u d i n g bosons 

which r e l a t e the d i f f e r e n t quarks t o each o t h e r . 

Examples o f maximal scheme; groups are 

E(7), SU(A)^ x S U ( 4 ) c 

Both classes o f grand u n i f i e d models present common fe a t u r e s . They 

cont a i n gluons, a t l e a s t three c o l o r l e s s weak bosons and the photon, a l l o f 

which are included i n the a d j o i n t r e p r e s e n t a t i o n o f G and are coupled t o the 

generators o f 
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a. S U ( 3 ) C x SU(2) x U ( l ) 

b. SU(3) x SU(N)t 

c f 
I n a d d i t i o n t o these, there are bosons c a r r y i n g the quantum numbers o f 

S U ( 3 ) C and SU(2), and leptoquarks. 

Leptoquarks are bosons c a l l e d so because they can convert a quark i n t o a 

l e p t o n . Thus they c a r r y c o l o r , baryon number and l e p t o n number. They respond 

to both strong and weak i n t e r a c t i o n s and they are presumably confined, because 

colo r e d . As already mentioned, the baryon and/or l e p t o n numbers are not 

e x a c t l y conserved and p r a c t i c a l l y t h i s means t h a t the proton i s unstable! 

However, the proton i s known to l i v e f o r o\ h o 3 0 years, i t f o l l o w s t h a t the 

gauge bosons (leptoquarks) responsible f o r proton's decay are very heavy about 

some 1 0 ACO/, e.g. 

G 1 0 1 4 6 t V * S U ( 3 ) C x SU(2) x U ( l ) •. 10 2<H \L*SU(3) X U( 

As the reduction o f gauge coupling constants from three t o one was a 

m o t i v a t i o n f o r the search o f grand u n i f i e d models, i t n a t u r a l l y characteriaes 

them a l l . This i s possible only i f the magnitudes o f the weak electromagnetic 

and s t r o n g i n t e r a c t i o n couplings become the same a t some high energy. This 

energy i s taken to be the mass scale at which G i s broken down, i . e . 1 0 " ^ G*V . 

The weak and the EM i n t e r a c t i o n s are presumably comparable a t energies above 

W-masses («/l0 6<V ) . The gauge theory o f colored quarks and gluons, QCD, i s -.. 

a s y m p t o t i c a l l y f r e e a t s u f f i c i e n t l y high energies and i t s "running" coupling 

constant may decrease t o the l e v e l o f weak and EM i n t e r a c t i o n s . According t o 
1 4 1 4 /• \ 1 

Georgi and Quinn and Weinberg , below 1 0 (k.V the three couplings evolve as 

f o l l o w s : 
( r e n o r m a l i s a t i o n Group) $V {\)c : o£ ̂ ) - of^ t (^"'JL(^-j ( 4 ^ - 2>i) 

Where N i s the number o f f a m i l i e s o f fermions. 
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At jji - M a l l the three couplings are p r o p o r t i o n a l t o each other. To deduce 

these formula, i t i s assumed t h a t G breakdown to SU(3) x SU(2) x U ( l ) ; a n d not 

to another group. The three formula may be combined and reduced t o one: 

which i s independent of N and o( . 

U n f o r t u n a t e l y , these r e l a t i o n s are (intestable by known experiments. So 

the theory ends up w i t h p r e d i c t i o n s such as fundamental fermions, determination 

o f Weinberg angle, e t c . the v a l i d i t y o f which cannot always be checked. 

Hence, there remains many unanswered problems. I n p a r t i c u l a r the theory 

gives no explanation f o r the experimental f a c t t h a t more than one f a m i l y 

e x i s t s ; the i n c o r p o r a t i o n o f more than one f a m i l y i s possible but there i s no 

t h e o r e t i c a l reason f o r i t . I t seems then, t h a t not only u n i f i c a t i o n does not 

answer a l l the questions i t was b u i l t f o r , but also i t leads t o the serious 

h i e r a r c h y problem and does not reduce the number o f fundamental p a r t i c l e s . 

2.A Quarks and Leptons 

I n the f i r s t generation a t the l e v e l o f the leptons j£. and the <| 

quarks i t can already be n o t i c e d t h a t both quarks and leptons are (V-A) 

weak c u r r e n t s and must come together i n order t o have an anomaly f r e e (V-A) 

theory. They are s i m i l a r ; leptons are^]sl|l p o i n t - l i k e o b j e c t s i n the StM&e. 

of minimal coupling i n weak and EM processes s i m i l a r l y t o quarks which are 

Ĵ-=-l/l p o i n t - l i k e c o n s t i t u e n t s o f hadrons. Their charges are quantised, 

e.g. 3 Q(d) = Q ( e ) . 

The second generation i s s i m i l a r t o the f i r s t one but the "s" and "d" 

quarks are mixed (Cabbibo angles) together and i n general the two generations 

are s p l i t by a l a r g e mass d i f f e r e n c e . I f N£)€T ) and ( V^. ,j£ ) doublets 

undergo an i d e n t i c a l way a l l i n t e r a c t i o n s , what causes the d i f f e r e n c e mass 

scale o f the two l e p t o n doublets? and s i m i l a r l y f o r quarks. This became even 

more pronounced when the t h i r d generation i s included. 

Therefore, i n a l l generations there e x i s t s s i m i l a r i t y between quarks and 
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le p t o n s . I t may be wondered what i s the cause o f t h i s connection. Two 

possible answers are being sort e d out. The grand u n i f i c a t i o n and the composite 

models. The l a t t e r are based on the ambitious and r a t h e r e x c i t i n g idea t h a t 

quarks and leptons are composites o f the same fundamental o b j e c t s . This was 

suggested by the i n c r e a s i n g number o f fundamental p a r t i c l e s e s p e c i a l l y as 

the spectroscopy o f quarks and leptons i s r a t h e r r e g u l a r and could e v e n t u a l l y 

be compared to nucleous spectroscopy. 

At present, the o r i g i n o f quark and l e p t o n masses have been explained by 

d i f f e r e n t mechanisms. Namely Yukawa i n t e r a c t i o n s o f quarks and leptons w i t h 

elementary scalars t h a t develop vacuum expectation values by spontaneous symmetry 

breaking and new gauge i n t e r a c t i o n s t h a t connect the quarks and leptons w i t h 

very heavy fermions whose masses are provided by a dynamical spontaneous breakdown. 

None o f these explanations i s completely s a t i s f y i n g . 

Another mechanism has been suggested"^. I t says t h a t the s t r o n g and electroweak 

i n t e r a c t i o n s could be responsible f o r the fermion masses. This i s not obvious, 

a t f i r s t s i g h t . The gauge couplings of the s t r o n g and electroweak i n t e r a c t i o n s 

t h a t connect the quarks or the leptons w i t h each other preserve enough c h i r a l 

symmetry so t h a t i f the quarks and leptons are massless when these i n t e r a c t i o n s 

are switched o f f they do not seem to get any mass when the i n t e r a c t i o n s are 

taken i n t o account. 

Weinberg argued t h a t t h i s d i f f i c u l t y i s over i f the quarks and leptons are 

composites o f more elementary fermions. 

As the quarks and leptons are known to be p o i n t - l i k e o b j e c t s , the gauge c o u p l i n g 

t h a t binds them would be a very l a r g e energy A ^ . This e x t r a s t r o n g force 

" h y p e r c o l o r ' ^ ' ^ would provide the means o f breaking the c h i r a l 

symmetries which could not be broken by c o l o r and electroweak i n t e r a c t i o n s . 

I n f a c t no serious model has been proposed except may be the rishon 

model which o f course has been i n f l u e n c e d by the many incomplete models a v a i l 

able but which i s s t i l l a t an "embryonic" stage too. This "braking" i s due t o the 

r e s t r i c t i o n s and l i m i t a t i o n s t o which composite models are subjected. This i s 



j u s t the t o p i c o f the next chapt> 
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CHAPTER 3 

RESTRICTIONS AND LIMITATIONS ON COMPOSITE MODELS 

3.1 The Scale Problem 

I n the l a s t decade, some disco v e r i e s have deeply i n f l u e n c e d the under

standing o f p a r t i c l e physics; the successful Weinberg-Salam model, the 

approximate s c a l i n g of deep i n e l a s t i c s t r u c t u r e f u n c t i o n s , e t c . 

The r e s u l t s o f these various experiments i n d i c a t e t h a t the quarks and 

leptons do not show any sign o f in n e r s t r u c t u r e down to A~AJ X (*C i s the 

e f f e c t i v e radius o f a quark or a le p t o n ) where A equals 10 t o lO^GtV 
The quarks and leptons behave l i k e Dirac p o i n t p a r t i c l e s and any subst r u c t u r e 

can, t o a good approximation, be ignored a t l e a s t down t o l O - " ^ cm. The si z e 
-23 

o f a le p t o n or a quark may be as small as the Planck l e n g t h , i . e . 10 9 cm. 

Compositeness should then be expected a t energy scale w e l l above t\ or 

e q u i v a l e n t l y a t distances below 10""^ cm. Furthermore, i f the quarks and 

leptons are made o f the same c o n s t i t u e n t s (preons), baryon and l e p t o n number 

S/iolation are l i k e l y to occur, l e a d i n g t o proton decay. The present l i m i t on 

proton's l i f e t i m e i n d i c a t e s t h a t t h i s can probably happen only a t distances below 
-29 1 5 r \i 

10 cm or momenta somewhere above 10 <-*V. 

At such scales (*j the masses o f the observed quarks and leptons are very 

small, i . e . M ^< A^l/^or Mr^<4 . This i s r a t h e r unusual. A l l known 

composite systems have Mv/^'l. : atoms have Mvoc ID f n u c l e i \D*" and 
nucleons CSj, 6 . 

The evidence o f p o i n t - l i k e behaviour o f leptons and quarks r e s u l t i n g 

from experimental and t h e o r e t i c a l f a c t s put severe c o n s t r a i n t s and l i m i t a t i o n s 

on composite models. 

For instance, the c o n t r i b u t i o n t o the anomalous magnetic moment from the 

quark and le p t o n substructure, i s a t f i r s t s i g h t d i f f i c u l t t o evaluate. Indeed, 

the mass scale o f the moment does not c o i n c i d e w i t h the mass scale o f the 
20 

composite system. L i p k i n argued t h a t i t would be a p e c u l i a r accident f o r the 
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magnetic moment to combine w i t h the Dirac moment i n t o a minimal c o u p l i n g . 

Other a u t h o r s ^ 1 , however, claimed t h a t assuming Mx.<£<1 e v e r y t h i n g else 

f o l l o w s q u i t e a u t o m a t i c a l l y . Thus the minimal coupling i s c o n s i s t e n t w i t h 

a renormalisable e f f e c t i v e theory. 

The r e n o r m a l i s a b i t y o f the theory a t the composite l e v e l would emerge 

n a t u r a l l y i f the gauge bosons are composites (see l a t e r ) . 

Furthermore, a l l low energy p a r t i c l e s are r e l a t i v e l y massless i f the 

scale A i s very l a r g e . 
2 2 

This presumably reveals the presence o f some symmetry which insures the mass-

lehess-r- o f these p a r t i c l e s ; c h i r a l symmetry f o r fermions, gauge symmetry f o r 

vector bosons, et c . 

A composite model should then possess a c h i r a l symmetry. A common b e l i e f i s t h a t 

knowledge o f the macroscopic world f o l l o w s from the microscopic one. 

Accordingly, the e f f e c t i v e lagrangian should be derived from the fundamental 

lagrangian which describes the fundamental f i e l d s and do not i n c l u d e any 

composite p a r t i c l e . 

Therefore, i t would be nice i f the symmetry appears a t the fundamental l e v e l , 

i . e . i f the fundamental fermions are massless. 

Nevertheless, t h i s i s not s u f f i c i e n t since the symmetry may be broken 

spontaneously a l l o w i n g the composite fermions t o be massive. Thus the 

requirement t o help t h i s s i t u a t i o n i s t h a t the c h i r a l symmetry o f the funda

mental lagrangian remains, a t l e a s t , p a r t i a l l y unbroken a t the composite l e v e l . 

Now, the massleness o f the composite quarks and leptons i s guaranteed. However, 

t h i s does not t e l l anything about the scale A or about the fundamental 

fermions; why are they not seen? what binds them together?, e t c . 

To answer t h i s , l e t us f o l l o w a t r a d i t i o n a l way. 

Assume a new c o l o r - l i k e degree o f freedom, "hypercolor". The fundamental 
/ 1 7 1 8 1 9 7 

fermions c a r r y hypercolor:. - ' ' - . They are confined i n t o hypercolor 

s i n g l e t composite fermions w i t h radius \Tr>->AHtby hypercolor forces 



- 29 -

characterised by a scale parameter A « C . The s i n g l e t quarks and leptons 

are observed a t momenta below A ^ . 

Even though the c o n s t r u c t i o n o f hypercolor i s s i m i l a r t o QCD-color i t i s 

somewhat d i f f e r e n t . Indeed, i n QCD SU(2)^ x SU(2) R i s broken spontaneously 

i n t o a vector SU(2); i n other words the theory ends up w i t h massless gauge 

vector p a r t i c l e but no massless composite fermions. The c h i r a l symmetry 

i s completely broken i n t w o - f l a v o r massless QCD and probably i n higher 

f l a v o r QCD as w e l l (see l a t e r i n Chapter 5 ) . 

The way the hypercolor model has been defined, i t i s isomorphic t o the 

corresponding number o f f l a v o r QCD, i . e . although these " c o l o r s " are generated 

i n apparently d i f f e r e n t ways, they have i n f a c t i d e n t i c a l s t r u c t u r e and 

th e r e f o r e they lead t o e x a c t l y s i m i l a r symmetry p a t t e r n s . 

Here comes out a serious problem. How can some c h i r a l symmetry o f the 

hypercolor model remains unbroken i f the model behaves l i k e QCD? 

This looks i n c o n s i s t e n t . Nevertheless, i t d i d not discourage t h e o r i s t s from 

l o o k i n g f o r a way out. They made many hypotheses which could e v e n t u a l l y 

be formulated i n t o a model w i t h the r e q u i r e d p a t t e r n o f c h i r a l symmetry 

breaking (see l a t e r ) . 

I n some o f these models i t i s assumed t h a t l e f t handed and r i g h t handed 

fermions have d i f f e r e n t t r a n sformation p r o p e r t i e s under the gauge group. Such 

models are not isomorphic to QCD since a fermion-antifermion condensate (a s c a l a r ) 

cannot break the c h i r a l symmetry w i t h o u t breaking the gauge symmetry. 
18 

Here, people opted f o r two a l t e r n a t i v e s . E i t h e r no condensation e x i s t s 
1 9 

a t a l l or the gauge symmetry breaks i t s e l f i n t o a smaller subgroup. 

But, the f a c t remains t h a t both considerations have not succeeded. I t might 

be t h a t the p a t t e r n o f c h i r a l symmetry breaking i s flavor-number dependent 

or t h a t c o l o r and electroweak i n t e r a c t i o n s have d i f f e r e n t i n f l u e n c e s on QCD 
2 

and hypercolor wonders Harari . 

His aliments are t h a t i f these p o s s i b i l i t i e s have not been proved wrong, they 

could be r i g h t . 
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A l l t h i n g s considered, a proper dynamics o f composite models i s needed 

i n order t o e n l i g h t e n the c h i r a l symmetry breaking p a t t e r n and thus the 

generation puzzle. This l a t t e r remains unsolved since a l l the p l a u s i b l e 

explanations suggested are not supported by convincing proof. 

I t has been assumed t h a t , as the generations do not d i f f e r by a conserved 

q u a n t i t y and apparently cannot be l a b e l l e d by a quantum number, higher generations 
17 

could be thought o f as an analog o f the f i r s t one . The s p l i t t i n g between gener

a t i o n s w i l l be due t o an e x c i t a t i o n ( r a d i a l or o r b i t a l ) and hence masses o f t h i s 

e x c i t a t i o n o f composite quarks and leptons are expected t o be o f the same order as 

the scale Ap»(4W)hhich i s the inverse o f the radius o f the system, i . e . A r J t • 

But t h i s i s not i n agreement w i t h the values o f mass s p l i t t i n g among 

generations (loo 

Could i t be t h a t e x c i t a t i o n s are d i f f e r e n t i n each case? 

I n the f o l l o w i n g chapters we w i l l see how d i f f e r e n t models handle t h i s problem. 

3.2 Anomalous Magnetic Moment 

I t i s t r a d i t i o n a l l y expected t h a t i n t e r n a l s t r u c t u r e c o n t r i b u t e s t o the 

a»>ovn<\l magnetic moment. 

The usual electromagnetic vertex £ i s described by 

where ^ and ̂  are the form f a c t o r s . 

The value <^(p) has an important p h y s i c a l meaning. I t gives the r a d i a t i v e 

c o r r e c t i o n to the magnetic moment. 

For instance, l e t us assume the s c a t t e r i n g amplitude i s 

the term corresponding to the form f a c t o r <̂  i s 

S»V - j£ % 0 ) C S c r ^ W * Art»0 
where e i s the e l e c t r i c charge and m the mass o f the spin-g fermion 

considered [tT&\,jJ< ). 

For a pur magnetic f i e l d h}*'= (0, A), 
% ^ - jSj- g (UZ ̂  i I A ( 3 dimensions) 
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A i s constant and i m p l i e s = ( O j K ) . 

Replace / U a by the magnetic f i e l d then take the l i m i t k —*> ©y 

and are defined by 

The s c a t t e r i n g amplitude i n a s c a l a r p o t e n t i a l (|)^ ( i . e . by an e l e c t r i c f i e l d ) i s 

~ " €- ^ ̂  (^G^ CO xJ 
By analogy, we could a t t r i b u t e to the e l e c t r o n (muon) i n a magnetic f i e l d a 

p o t e n t i a l energy 

This means t h a t the e l e c t r o n (muon) has an anomalous magnetic moment 

) 

which i s an e x t r a moment to the Dirac normal magnetic moment 

/ X m;c 

I f quarks and leptons are composites there should be new corresponding 

c o r r e c t i o n s t o the magnetic moment. 

However, the magnetic moments o f the ele c t r o n s are known w i t h such a good 

accuracy t h a t experimental r e s u l t s are i n p e r f e c t agreement w i t h t h e o r e t i c a l 

ak -19 
p r e d i c t i o n s (up to 10 decimals) i n c l u d i n g QED + weak and QCD c o r r e c t i o n s . 

cwo) - i _ f i 
i t r e s u l t s t h a t 

Ai z. ( A + ^ = = ) a t f i r s t order; 
23 

i t was f i r s t e s t ablished by Schwinger i n 1949 
At second order, 

t h e r e f o r e 

• w
w f i J * /w. + E- -31. *«u +A.OC0) 
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For the rauon, the magnetic moment i s 

And using u n i t s o f Bohr magnetons 

= a (4 + i - * 0(oe)) 
where ^ - t ^ f T and = ^ |&\ / 2.Wt £ = 0 , 9 2 ? . 1 0 tt*5>A. 

F i n a l l y , 

where ĉ , i s the gyromagnetic r a t i o also c a l l e d f a c t o r o f La^de. 

Qyu ' a - ~ V O.J * \. % ) . ID 
, [ 2 . 4 1 

°rP - % W = ~(a3\ I ^54). lo° . 
Thus i t i s hard t o f i n d any room f o r any e x t r a c o r r e c t i o n s which would 

e v e n t u a l l y i n d i c a t e the compositeness nature o f quarks and leptons. 
20 25 Even more serious d i f f i c u l t i e s are posed by L i p k i n and other authors 

They claimed t h a t the o b t e n t i o n o f the Dirac moments o f the elec t r o n s i n 

composite models i s d i f f i c u l t because the mass, scale o f the moment must co

i n c i d e w i t h the mass scale o f the composite system and because the sp i n and 

magnetic moment are a l i n e a r f u n c t i o n o f the spins and moments o f the 

c o n s t i t u e n t s and i n v o l v e CUbsWs . 

For instance, f o r an elementary s p i n - ! p a r t i c l e , the mass appearing i n the 

formula g i v i n g the magnetic moment i s the mass o f the Dirac equation. 

But t h i s i s not t r u e f o r a composite system because there i s no simple 

r e l a t i o n between a mass o f a composite system and i t s c o n s t i t u e n t s . And 

apparently there i s no reason why the d i f f e r e n t c o n s t i t u e n t couplings should 

combine i n t o a minimal co u p l i n g depending only on the fotflflP-momentum o f the 

system and not of the masses o f the c o n s t i t u e n t s . 

Moreover, as the spins o f the c o n s t i t u e n t s are p a r a l l e l or a n t i - p a r a l l e l t o 

the spin o f the bound s t a t e , the spin and magnetic moment o f the composite 

system does not r e s u l t from a simple a l g e b r a i c sum as i t i s the case f o r 

e l e c t r i c charge. 

Hence, the r a t i o o f the magnetic moment o f the composite systems to i t s e l e c t r i c 

charge i s given by 
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m/q. - 2--, ^ ^ / ^ 

where^Yjfl|' a r e ^ n e c o n s t i t u t e n t magnetic moments and e l e c t r i c charges 

r e s p e c t i v e l y , /CA are the f u n c t i o n s o f CW\B&V»-Gordon c o e f f i c i e n t s i n the 

coupling o f the spins o f the c o n s t i t u e n t s to the t o t a l s p i n . 

I n general ̂ A / & i s completely d i f f e r e n t f r o m y u ; ^ . 

These a d d i t i o n a l d i f f i c u l t i e s due to magnetic moments are a c t u a l l y avoided 
21 20 by authors who argue t h a t the above suggestions are n o n - r e l a t i v i s t i c . 

They f i r s t note t h a t the high accuracy o f (JJ~2. ) i s not r e a l l y an obstacle. 

The weak and QCD„contributions t o the magnetic moment p r e d i c t e d by the 

standard model are very small and could have been neglected. I f t h i s d i d not 

put o f f the standard model, i t should be possible to add new small c o r r e c t i o n s 

due t o the compositeness o f quarks and leptons. 

The basic assumption i s t h a t quarks and leptons are l i g h t bound s t a t e s 

i n v o l v i n g M r ^ £ ^ . This problem has been discussed i n the previous s e c t i o n . 
21 

Shaw-Silverman and Slansky assumed Mv ̂ 5.1. Then they deduced a sidewise d i s p e r s i o n 

r e l a t i o n f o r the anomalous magnetic moment which i s given by the form f a c t o r 

i n the expression o f the amplitude a t a minimal coupling. 

The dispersion r e l a t i o n i s expanded i n terms o f mass parameters, t a k i n g i n t o 

account Mv-^Ci . I t r e s u l t s t h a t the new c o n t r i b u t i o n s o f the form f a c t o r (from 

the composite nature o f the spin-g fermion considered) obtained, gives the 

new bin d i n g c o r r e c t i o n s O^Vw/vne,^ • 

The magnetic moment o f a composite system w i t h mass m, charge e and spin-J 
i s _ 

Js- -1 ^ ^ usual Weak* 0lCX>) Cot-re obons * 0 (.W>/v»ic ) j 
2-Wt L 

ra are the c o n s t i t u t e n t masses. I f the c o n s t i t u e n t s are a boson w i t h mass m _ and c © 
a fermion w i t h mass , f o r ^ w i p , the a d d i t i v e b i n d i n g c o r r e c t i o n s 

t o {yl) are 0^wMp^W|) . 
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3.3 The Gauge Bosons ( o f QCD) 

The QJluons are the non-abelian analog t o the photon. Except t h a t they do 

not e x i s t as f r e e p a r t i c l e s , they couple t o themselves and come i n e i g h t 

c o l o r s , gluons and photons^are s i m i l a r . 

A l l c a l c u l a t i o n s and experiments are c o n s i s t e n t w i t h massless gluons and 

photons. 

I n general, massless p a r t i c l e s i n c l u d i n g composites occur together w i t h a 

s p e c i a l symmetry which guarantee t h e i r massleness. I n t h i s case, t h i s means 

exact l o c a l gauge symmetry and i f these e x a c t l y massless gauge bosons appear 

i n the fundamental lagrangian, t h i s l a t t e r i s e x a c t l y gauge i n v a r i a n t under 

the corresponding gauge group . 

The e f f e c t i v e lagrangian ( i . e . the lagrangian i n v o l v i n g only l i g h t 

p a r t i c l e s ) and the fundamental lagrangian ( i . e . the lagrangian considered a t 

higher energies when the s t r u c t u r e o f the p a r t i c l e s i s revealed; i t i s u s u a l l y 

taken t o be f r e e o f any mass term) possess the same l o c a l gauge symmetry i f 

the gauge inv a r i a n c e o f the former i s not broken by small c o r r e c t i o n s and 

because the symmetry o f the l a t t e r cannot be broken by higher dimension terms 

p r o p o r t i o n a l to • 

I t f o l l o w s t h a t the two lagrangians contain the corresponding gauge bosons 

as fundamental f i e l d s . 

Therefore gluons and photons would not be composites. 

I f they were composites, the fundamental c o n s t i t u e n t s should also possess an 

exact gauge symmetry which remains unbroken a t the composite l e v e l t o ensure 

t h a t the composite gluons and photons do not gain any mass. This proved 

d i f f i c u l t t o r e a l i s e and i n v o l v e s many serious problems. 

A c t u a l l y , the ;gluons and the photons are assumed to be fundamental which i s 

very l i k e l y . 
+ 

The gauge bosons l e f t are the massive W and Z. As seen before, 

d i f f i c u l t i e s i n the c o n s t r u c t i o n o f composite gauge bosons are mainly due 

t o t h e i r massleness. 

This makes the c o n s i d e r a t i o n o f composite W and Z easier and more p l a u s i b l e . 
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I n p a r t i c u l a r , i f the Higgs sc a l a r s which are responsible f o r the l o n g i t u d i n a l 

components o f W and Z are composites, i t f o l l o w s t h a t the W and Z are, a t l e a s t , 

p a r t l y composites and may not appear i n the fundamental lagrangian. 

M w and Mg are very small before A&t , hence the gauge bosons W and Z 

are almost massless a t t h i s scale and a symmetry p r i n c i p l e i s needed. 

But u n f o r t u n a t e l y , i t seems t h a t there i s n e i t h e r a symmetry argument nor a 

dynamical argument f o r l i g h t composite W and Z i n a hypercolor theory w i t h 

fundamental fermions. 

The symmetries of the fundamental lagrangian must be such as the electroweak 

symmetry emerges a t the composite l e v e l . 

I f the W and Z bosons are composites, the corresponding f o r c e s , the weak 

i n t e r a c t i o n s are not fundamental any more. They became probably r e s i d u a l 

hypercolor forces w i t h s h o r t range a c t i o n . 

A l l the gauge symmetries i n the fundamental lagrangian are exact 

symmetries o f nature. 

The fundamental gauge symmetries are e x a c t l y conserved w h i l e other symmetries 

are spontaneously broken. 

Hopefully, a f t e r the breaking, the usual gauge group o f the standard model 

w i l l emerge a t the o v e r l y i n g l e v e l . 

I f however, the W and Z bosons are elementary, the electroweak group 

e x i s t s already i n the u n d e r l y i n g theory. 

Also, Higgs scalars must.ibe present a t the fundamental l e v e l t o give 

masses to the fundamental W and Z. As the presence o f s c a l a r s - ' - i n 
28 

the fundamental lagrangian i s a f l a w to the "naturalness" o f the theory, i t i s 

reasonable to assume t h a t the W and Z bosons are composites as w e l l as the 

s c a l a r s . 
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CHAPTER 4 

COMPOSITE MODELS 

4.1 General Features o f a Composite Model 

Before considering some s p e c i f i c examples, i t might be h e l p f u l to know 

roughly what i s req u i r e d from a composite model. Taking i n t o account, i n one 

hand the p r e d i c t i o n s which would confirm the v a l i d i t y o f the model and i n the other 

hand the problems t o avoid, a t h e o r e t i c a l framework can be constructed. 

This w i l l be the c r i t e r i a f o r a t y p i c a l composite model and t h e r e f o r e a c t u a l 

a v a i l a b l e composite models are not expected to f u l f i l these requirements. 

As any model, a composite model o f quarks and leptons 

i . should be expressed i n simple and elegant mathematical terms which 

w i l l h o p e f u l l y y i e l d neat, economic and simple answers; 

i i . should be r e a l i s t i c f o r i t i s expected t o reproduce a t l e a s t roughly, 

the observed spectrum o f quarks and leptons and. i n general t o 

describe as much as possible the r e a l world. Hence a r e a l i s t i c 

model should s u r v i v e i t s p r e d i c t i o n s . The experiments p r e d i c t e d 

should be observed otherwise the model i s simply r u l e d : b u t . 

Furthermore, i t should respond some basic requirements we have come across i n 

the preceding chapters. 

i . The anomaly c o n s t r a i n t s shoftld be s a t i s f i e d (see Chapter 5 ) . 

i i . The generation puzzle should be solved. 

i i i . The p a t t e r n o f c h i r a l symmetry breaking ( i f present i n the model) 

should be c l a r i f i e d and described by an appropriate dynamics. 

Model b u i l d i n g and dynamics 

A model can be b u i l t d i f f e r e n t l y depending on the hypotheses imposed a t 

the s t a r t . I t f o l l o w s t h a t the s p e c i f i c requirements d i f f e r from a v a r i e t y 

o f models t o another. Thus p u t t i n g d i f f e r e n t c o n s t r a i n t s i n each case. 

Here are some examples. 
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The fundamental fermions could presumably be massive or massless; 

the main t h i n g i s t h a t they are bound i n t o approximately massless 

composite fermions (compared w i t h ). I n the former cjase, i t i s 

hard t o e x p l a i n the s i t u a t i o n but i n the l a t t e r case two s o l u t i o n s 

are being s t u d i e d . The f i r s t one i s the c h i r a l symmetry which has been 

discussed before and which s h a l l be seen again i n the context o f p a r t i c u l a r 

models. The second i s supersymmetry; the massless composite fermions 

could be i d e n t i f i e d to the Goldstone fermions o f a broken super-

symmetry^^ . 

Equally c r u c i a l i s the problem o f the dynamics i n v o l v e d . Indeed, 

some force should bind the preons together t o make quarks and leptons. 

Many speculations have been made as to the nature o f t h i s f o r c e . 

i i . a . The problem may be analog to QCD i n v o l v i n g non-abelian c o n f i n i n g 
IT XO forces known as hypercolor , QDD , QSD and so on. 

28 

' t Hooft c a l l these b i n d i n g gauge forces "metacolor". The 

metacolor forces become str o n g a t energies o f order An 

(the compositeness s c a l e ) . The preons possess some c h i r a l 

symmetry which, i f i t i s not broken a t the composite l e v e l , 

would y i e l d massless spin^g bound fermions. SU(N) metacolor 

group d i d not lead t o con s i s t e n t r e s u l t s f o r N ^ 2; i t gives 

r i s e to anomalies and hence cannot be gauged, (see Chapter 5 ) . 
29 

Thus, B a r b i e r i e t a l studied the case where the metacolor group 

i s 0(in ) w i t h V\ odd. Preons transform as the Y\-dimensional, 

vector r e p r e s e n t a t i o n . 

They claim t h a t b i n d i n g can be obtained w i t h o u t spontaneous 

c h i r a l breaking. The r e a l i s a t i o n o f c h i r a l symmetry breaking 

i s i n f a c t very d i f f i c u l t and probably r e q u i r e s something l i k e 

t e c h n i c o l o r . Some o f the scal a r composites which do not 

acquire a vacuum expectation value i n the metacolor dynamics 

could do so a t an energy scale where some o f the metaflavor 
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( i . e . symmetries e x t e r n a l t o metacolor) i n t e r a c t i o n s become 

strong. However, the a d d i t i o n o f technipreons may lead t o the 

breaking o f the SU(N) subgroup considered, i . e . the l o c a l 

symmetry o f the preonic langrangran which a t low energies 

generate ( h o p e f u l l y ) the standard model. Further, i t may 

y i e l d normal fermion masses i f t h e i r g l o b a l c h i r a l i t y i s 

e x p l i c i t l y broken by t h e i r r e s i d u a l metacolor i n t e r a c t i o n s . 

i i . b . The dynamics might also occur v i a abelian forces w i t h magnetic 

and e l e c t r i c component-^' These magnetic models are 

characterised by a strong coupling ) , a p o s s i b i l i t y o f 
7 

generation of spin by Saha's mechanism and an economy o f 

degrees o f freedom. 

Moreover, grand u n i f i e d t h e o r i e s can be deduced from such 

models, e.g. SU(10) 3 1 

32 
s u ( 5 r . 

The f l a v o r symmetry i s e x p l i c i t l y , but s l i g h t l y broken by 

e l e c t r i c charges and hence except f o r gluons there are no mass-

less p a r t i c l e s . The c o l o r symmetry i s exact a t the preonic l e v e l . 

The vector mediant o f t h i s , magnetic theory i s c a l l e d luxon. 

The photon i s a massless composite o f vector bosons. Photonic 

and lux o n i c charges are p r o p o r t i o n a l so t h a t the exact 

q u a n t i s a t i o n o f observable e l e c t r i c charge i s kept. 

C r i t e r i a f o r composite models o f leptons only 
32 

Greenberg and Nelson consider composite models o f leptons only; the 

quarks being fundamental. They describe ten c r i t e r i a which a composite model 

o f leptons should s a t i s f y . 

I t should p r e d i c t : 

i . the c h i r a l algebra o f l e p t o n charges; 

i i . muon-electron u n i v e r s a l i t y ; 
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i i i . separate conservation o f muon and e l e c t r o n numbers; 

i v . t h a t o d d - h a l f - i n t e g r a l ( i n t e g r a l ) spin p a r t i c l e s have odd (even) 

value o f lepton and baryon numbers; 

v. l e p t o n magnetic moments; 

v i . Gy and G f t f o r weak lep t o n c u r r e n t s ; 

v i i . mass r e l a t i o n s f o r leptons and the low mass o f the known leptons; 

v i i i . massless two-component neutrinos?;; 

i x . lepton-hadron u n i v e r s a l i t y ; 

x. absence o f strong l e p t o n i n t e r a c t i o n s a t low energy. 

They a c t u a l l y present two models which w i l l be considered l a t e r on and which 

s a t i s f y some o f these requirements. 

4.2 Models Based on One Fermion and One or More Bosons 

Greenberg° proposed a model i n which a quark i s a composite o f a ^ermi, 

spin-g c o l o r l e s s f l a v o r e d o b j e c t and a Bose, spin-O, f l a v o r l e s s colored o b j e c t . 

The fermion Q i s an e l t o f S U ( 3 ) ^ - t r i p l e t r e p r e s e n t a t i o n and the boson C i s 

an element o f S U ( 3 ) , - t r i p l e t r e p r e s e n t a t i o n . 
34 

P a t i e t a l suggested a s i m i l a r scheme w i t h the a d d i t i o n a l f e a t u r e 

t h a t the fermion c a r r i e s charm as an a d d i t i o n a l quantum number and the boson 

c a r r i e s l e p t o n number as a f o u r t h " c o l o r " . 

I n P a t i e t a l model, the d e s c r i p t i o n i s very general. The i n t e r p r e o n forces 

are hardly discussed. They note t h a t massless bound s t a t e s are d i f f i c u l t to 

o b t a i n , f o r instance the zero-mass l e p t o n i c composites, i . e . the n e u t r i n o s . 

They suspect t h a t the n e u t r i n o s , l i k e the photon are r a t h e r s p e c i a l composites 

whose existence should be guaranteed by a symmetry p r i n c i p l e . The r e l e v a n t symmetry 

i n the case o f the photon would be gauge i n v a r i a n c e . As f o r the n e u t r i n o s , 

supersymmetry may p o s s i b l y be i n c o r p o r a t e d . 

Greenberg has some discussion o f the dynamics i n v o l v e d . Mesons are four-body 

systems and baryons are six-body O.CQ.C systems. 

I g n o r i n g the centre o f mass motion the mesons have three degrees o f freedom, 
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three modes o f space e x c i t a t i o n . The usual quark model corresponds t o the 

e x c i t a t i o n s o f the centre o f mass o f QC and CO" systems, c a l l e d the \T-mode. 

The two other p o s s i b i l i t i e s are the ^ and R-modes. For the R-mode, Q and Q 

and also C and C o s c i l l a t e i n opposite d i r e c t i o n s as i n the r-mode, w h i l e f o r 

the ̂ -mode Q and Q, C and C o s c i l l a t e i n the same d i r e c t i o n as i n the a n t i 

symmetric s t r e t c h i n g mode o f the molecules. 

An analogous discussion o f modes can hold f o r the baryons as a QC QC* QC system. 

By an appropriate choice o f the fo r c e constants and masses, the y-mode w i l l hpg, 
33 

lowest, the^-mode o c c u r r i n g next. Then, Greenberg present^ a t a b l e g i v i n g 

the quantum numbers f o r various modes i n the harmonic o s c i l l a t o r model f o r 

s t a t e s w i t h I = Y = 0 i n o r d i n a r y SU(3). The ground s t a t e corresponds t o an 

i d e n t i t y mode w i t h 3^ = ® or 1 . The f i r s t e x c i t e d s t a t e contains an 

= 1 or (0, 1, 2) and a ̂ . mode w i t h J = 1 U -.0 ) or 

(0, 1, 2 ) + ~ ( T * D~ ) . 

Because i t s d i p o l e moment vanishes, the ̂ -mode can make d i p o l e t r a n s i t i o n s t o 

other ^-modes but not to o r d i n a r y hadrons. Thus, the model p r e d i c t s a set o f 

narrow n e u t r a l s t a t e s or i n other words p a r t i c l e s w i t h narrow w i d t h . 

The main idea o f t h i s model i s t h a t the "^-resonances are narrow f o r hadronic 

decay because o f the conservation o f color-SU(3). Moreover, the "V̂" 's are 
narrow f o r r a d i a t i v e decays t o the usual hadrons. 

AO 
Kalman showed t h a t the spectrum o f the quarks i s i n reasonable agreement 

w i t h the rough approximation o f the harmonic o s c i l l a t o r model. He r e f e r s t o 
36 

Ho&gohls: work i n which a compound-quark model based on a dynamical group 

o f the o s c i l l a t o r i s used t o describe the i n t e r a c t i o n s . He notes t h a t the 

number o f generations i s l i m i t e d i f the very heavy quarks decay v i a the 

r e a c t i o n , 

^—» v t w 

where W i s the weak inte r m e d i a t e boson. 

Lichtenberg has suggested t h a t even w i t h o u t a c a l c u l a t i o n the f a c t t h a t 

p a r t i c l e w idth f o r the decay, 

file:///T-mode
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W > <Y + Y 
i s approximately 1 HtVmight mean t h a t very heavy quarks have u s u a l l y s h o r t 

l i f e t i m e s . 
37 

I n Krolkowski's model , the fermion and the boson are both c o l o r -

t r i p l e t s w i t h charge-^. They i n t e r a c t w i t h a c o l o r - o c t e t o f gluons. 

The leptons and quarks o f the lowest generation are then bound s t a t e s ; 

- [^S-^s c o l o r - s i n g l e t 

€. z ^ (£Qf\s c o l o r - s i n g l e t 

M : <̂3$ c o l o r - t r i p l e t 

c o l o r - t r i p l e t , 

where the l a b e l s P and S r e f e r to the r e l a t i v e angular momentum 1 and 0 

s t a t e s r e s p e c t i v e l y . This i s almost the unique i n t e r p r e t a t i o n o f preon 

bound s t a t e s . Some o f the other combinations are probably unstable. 
•t 

The i n t e r m e d i a t e weak bosons'W "* and Z are given by the combinations 

c o l o r - s i n g l e t 

Z = a l i n e a r combination o f c o l o r - s i n g l e t s (Q ) 
and (CC) . P 

The photon may be described by an orthogonal combination o f the l a t t e r s t a t e s . 

However, i f the photon i s elementary l i k e the gluons, a second n e u t r a l i n t e r 

mediate weak boson may describe i t . 

37 

Krolkowski r a i s e s a c r u c i a l question f o r the model, which i s why leptons 

do not undertake any strong i n t e r a c t i o n s w h i l e hadrons, being also c o l o r 

s i n g l e t s , do. Moreover, l a r g e forces are needed to provide zero-mass f o r the 

n e u t r i n o , so i t s i n t e r n a l dynamics i s very r e l a t i v i s t i c . Therefore, non-

r e l a t i v i s t i c approximations cannot be applied t o the i n t e r n a l motion o f preons 

i n s i d e l e p t ons. But as such approximations are needed to introduce preon 

magnetic moments i n t o the l e p t o n i n t e r n a l dynamics, i t f o l l o w s t h a t l e p t o n 

magnetic moment, i . e . magnetic i n t e r a c t i o n s cannot be expressed i n terms o f 

preon magnetic moments. 
38 

To solve the generation problem, Ne'eman introduced a second Bose f i e l d 
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which c a r r i e s a new quantum number c a l l e d s e r i a l i t y and hence takes 

account o f the generations e x p l i c i t l y . 

The model c o n s i s t i n a fermion d o u b l e t / s i n g l e t s c o l o r l e s s s e t , 

I _ I t 0̂  , the alphon and two Bose f i e l d s 
— l a £ 

s i n g l e t s under SU(2 ) t , ^ and ^ the b e i t o l l s , i n a d d i t i o n to the 

SU(2. ) L x U ( l ) and QCD gauge f i e l d s . 

The ^ boson c a r r i e s " h a d r o n i c i t y " , i . e . baryonic quantum number as w e l l as 

SU(3)-color t r i p l e t f e a t u r e s . Thus i t changes a le p t o n set i n t o a quark s e t . 

Indeed, the alphons combined w i t h |̂  give leptons w i t h d i f f e r e n t s e r i a l i t y . 

For each f i x e d s e r i a l i t y «S a combination w i t h g i v e the analog quark. 

The proton persumably decay v i a the process ^ j> •+ . 

Hence should be as heavy as the Planck mass. S i m i l a r l y , from the present 

bound on 
JA -» < * * - j f , 

i t can be deduced t h a t i f i s a gauge vector p a r t i c l e i n a u n i f i e d theory, 

i t s mass i s l a r g e r than 300 GeV. However, there i s no d i r e c t i n d i c a t i o n o f 

the nature o f e i t h e r or . . 
39 

Shaw proposed a model i n which the u, d, s and c quarks are elementary. 

However, heavier quarks q^ are " f l a v o r e x c i t a t i o n " o f the .(our f l a v o r s q 

due to s t r o n g b i n d i n g t o a colored n e u t r a l boson 0V w i t h a new quantum number. He 

uses t h i s model t o e x p l a i n the Y-system but the p r e d i c t i o n s he ends up w i t h are 

not q u i t e confirmed by experiments. Furthermore, i t i s not c e r t a i n t h a t the 

model can be modified t o make i t v i a b l e . 

Nevertheless, Shaw claims t h a t i t can have some value i n the sense t h a t i t 
could be reconsidered i f new heavier quark f l a v o r s are found. 

40 

Kalman notes t h a t even w i t h the naive harmonic o s c i l l a t o r p o t e n t i a l , 

the present quarkonium s t r u c t u r e can be understood by the assumption t h a t the 

heavy quarks are compound s t r u c t u r e s . 
I n a d d i t i o n to h i s s i n g l e boson plus fermion model Greenberg noted w i t h 
19 

Sucher t h a t another a l t e r n a t i v e i s t o introduce a second boson. They propose 
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a composite model o f quarks, leptons,weak vector bosons and Higgs mesons. 

Most o f these p a r t i c l e s are two-body composites and most o f the two-body 

composites correspond t o desired p a r t i c l e s . They are confined by an 

SU(N)^ l o c a l gauge "QSD" i n t e r a c t i o n . The photon and the SU(3) £ o c t e t o f 

gluons can e i t h e r be kept elementary, c o n s i s t e n t w i t h the idea t h a t exact l o c a l 

symmetries are associated w i t h fundamental f i e l d s , or can be constructed out o f 

preons being then composites. 

The strong and the weak i n t e r a c t i o n s o f quarks and leptons are both r e s i d u a l 

e f f e c t s of flavor-independent l o c a l gauge i n t e r a c t i o n s , QSD and QCD r e s p e c t i v e l y . 

The generations are accounted f o r , i n a schematic way. There i s no reason f o r 

the neutrinos to be massless and d i f f e r e n t generations are due t o o r b i t a l 

and r a d i a l e x c i t a t i o n s . Their number i s not l i m i t e d by the theory. 

Moreover, t h i s model p r e d i c t s generations o f narrow s t a t e s up t o the W-mass 

and d e f i n i t e l y not above. 

The model has Cabbibo s t r u c t u r e , GIM mechanism and spontaneously broken l e f t -

r i g h t symmetry f o r the weak i n t e r a c t i o n s . Whether t h i s scheme i s r e a l i s t i c i n 

the sense t h a t i t leads t o the observed mass spectrum o f quarks and leptons i s an 

open question, since such models r e q u i r e energies l a r g e enough ( a t l e a s t i n the 

-range) t o probe the c o n s t i t u e n t s t r u c t u r e o f quarks and l e p t o n s , which i s 

i n f a c t the case o f a l l composite models. 
41 

Terazawa and Akama presented a model i n which a l e p t o n or a quark i s 

made o f a spinor preon and a s c a l a r preon. Yang-Mills theory f o r i n t e r a c t i o n s o f 

a l e p t o n or a quark and E i n s t e i n ' s general r e l a t i v i t y f o r g r a v i t y appear as 

e f f e c t i v e t h e o r i e s i n which gauge bosons and g r a v i t o n s are composites o f a preon-

antipreon p a i r . There e x i s t s a u n i v e r s a l s h o r t distance c u t - o f f a t about the 

Planck l e n g t h . As a r e s u l t the gauge cou p l i n g and newtonian g r a v i t a t i o n a l 

constants are r e l a t e d w i t h each other. Also, the anomalous magnetic moment o f a 

lep t o n (quark) due t o the preon s t r u c t u r e i s p r o p o r t i o n a l to the r a t i o o f a 

le p t o n (quark) mass to a preon mass. They suggest t h a t the photon could pos

s i b l y be extremely l i g h t but not e x a c t l y massless. This i s because i n the 
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strong coupling l i m i t the photon (or gauge boson) mass squared can become 

small but never vanishes p r e c i s e l y because o f the lagrangian i n v o l v e d . 

4.3 Models Based on a Three-Fermion System 

A.3.a. two types o f fermions 
AA 4 2 

H a r a r i and Shupe considered a scheme i n which a l l leptons and quarks 

are made of two s p i n . \ f i e l d s w i t h charge 0 and 

The c o n s t i t u e n t s are assumed t o be n e u t r a l and f r a c t i o n a l l y charged {Af%) i n 

order t o reproduce the e l e c t r o n w i t h o u t d e a l i n g w i t h f r a c t i o n a l couplings t o 

the photon. 

Notions o f c o l o r and f l a v o r have meaning only a t the composite l e v e l . The 

leptons and quarks are formed by superpositions and i n v o l v e s t a t e s such as, 
a*\ Ay i "All 

> j • ' ' • p e r m u t a t i o n s . 

The ^ s \fX j O- = preon i s l a b e l l e d T 

3?. Ay a. ) Ok s. O pvton i s l a b e l l e d V; 

i t i s assumed t h a t V , the a n t i p a r t i c l e corresponding to the n e u t r a l con-

s i t u e n t e x i s t s . 

The fermions o f the f i r s t generation can be b u i l t w i t h three c o n s t i t u e n t s combined 

i n e i g h t d i f f e r e n t ways. 

TTT _^, fc+ 

TTV, TVT, VTT •> U 

TVV, VTV, VVT ^ c i 

VVV » "Oc . 

Leptons have only one allowed arrangement and t h e r e f o r e are not colored. 

But quark s t a t e s are degenerated and correspond t o exact c o l o r symmetry. 
18 

However, a mechanism other than o r d e r i n g is.used by Squires to " e x p l a i n " 

c o l o r . I n t h i s scheme T and V transform under SUO)^ x SU(3) W (SU(3)^ i s 

a hypercolor gauge group) as 

T: (3, 3) and V: ( 1 , 3 ) ; 

and thus c o l o r i s j u s t a l a b e l on the T-fermion. 
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Proton decay occur v i a 

U + VA * 

i . e . (TTV) + (TTV) (TVV) + (TTT) 

I n such processes B and L are not conserved, however t h e i r d i f f e r e n c e i s con

served and the n e u t r a l i t y o f matter i s preserved. 

The second and t h i r d generations contain presumably the same set o f s t a t e s 

a t d i f f e r e n t energy l e v e l s . But the c a l c u l a t i o n o f the d i f f e r e n t masses and 

the t r a n s i t i o n s among generations r e q u i r e a b e t t e r acquaintance o f the dynamics 

i n v o l v e d . 
48 

I n h i s model Squires notes t h a t the ground s t a t e s do not have the same 

s t a t i s t i c s under permutation o f the SU(3) U x SU(3L i n d i c e s . Therefore there 

should be another s o r t o f l a b e l on the preons. This might be a possible "reason" 

f o r the existence o f generations. However, the s i t u a t i o n i s q u i t e complicated 

and the procedure not c l e a r a t a l l . 

Moreover, assuming t h a t the eventual dynamics o f these models lead t o the 

Salam-Weinberg model a t the o v e r l y i n g l e v e l , the s t r u c t u r e o f the n e u t r a l 

c u r r e n t Z 0 i s put by hand and the n e u t r a l c u r r e n t coupling f o l l o w s w i t h 

s i n 6 0.2.5. 

A serious problem i n these models i s t o e x p l a i n why TTT and VVV s t a t e s , i . e . 

the leptons are f r e e when TTV, e t c . , i . e . the quarks are confined. Add 

to t h i s , the unexplained spectrum o f quarks and leptons (see l a t e r i n 
Chapter 6,the f i n a l version o f the ri s h o n model). 

43 

Adler proposed quatertjlonic QCD ( i . e . n = 2 o f SU(n) QCD using U(2.)) as 

a theory o f quarks and leptons. He made a p r e l i m i n a r y study o f the dynamics o f the 

r e s i d u a l i n t e r a c t i o n s of three spinor composites, using the quark and.lepton 
44 42 i d e n t i f i c a t i o n o f Har a r i and Shupe 

He concluded t h a t three types o f i n t e r a c t i o n s appear: 

i . a c o l o r - s i n g l e t , f l a v o r - d i a g o n a l photon coupling t o the e l e c t r o n , 

quarks and neutrinos w i t h c o r r e c t charge assignment and a second 

photon coupling t o the neutron and quarks but not to the e l e c t r o n ; 
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i i . color-changing, f l a v o r - d i a g o n a l gluons coupling t o the quarks i n a 

p a t t e r n resembling but not i d e n t i c a l to SU(3)_(SI.C& . 

i i i . color-changing, flavor-changing gluons, three exchanges o f which 

can produce a weak flavor-changing t r a n s i t i o n between c o l o r - s i n g l e t 

s t a t e s w i t h o u t r e q u i r i n g the existence o f conventional intermediate 

bosons. 

This i s not a r e a l i s t i c scheme; the symmetric l i m i t o f the theory i s r a t h e r 

d i f f e r e n t from the standard phenomenology. For instance, the existence o f a second 

photon i s c e r t a i n l y undesirable. Nevertheless, t h i s model may be on the r i g h t 

t r a c k . I n p a r t i c u l a r , i f U(2) gauge symmetry could be broken down to a U ( l ) 

gauge symmetry i n such a way t h a t only the a = 0 + 3 components o f the gauge 

f i e l d s s u r v i v e as massless e x c i t a t i o n s , a s i n g l e photon could, be obtained (a i s the 

l a b e l on the usual Hermitian bases f o r U(2) a = 0, 1, 2, 3 ) . 

I t would probably have the c o r r e c t couplings and a s i n g l e set o f f l a v o r -

conserving c o l o r gluons. 

4 3 

Adler suggests the Use o f the Higgs mechanism to implement such a symmetry 

breaking scheme. Although, he notes t h a t the i n t r o d u c t i o n o f s c a l a r f i e l d s 

may not be necessary. 

4.3.b. three types o f fermions 
45 

Terazawa, Chikashige and Akama proposed a model i n which the gauge bosons 

and Higgs scalars as w e l l as leptons and quarks are a l l composites o f s p i n \-

subquarks. 

One carry f l a v o r quantum number, the second c a r r y c o l o r and the t h i r d one i s a 

s i n g l e t i n c o l o r and f l a v o r ; i t i s composed o f a doublet u \ and two s i n g l e t s 

t O ^ ^ and tOa.<*. under the Weinberg-Salam-SU(2) group. 

According t o whether a quark or a l e p t o n i s i n v o l v e d , the second preon i s a 

t r i p l e t or a s i n g l e t under SU(3)^ . This scheme p r e d i c t s the mass o f the charged 

weak bosons to be approximately >/3P times the preon mass. As a r e s u l t , the 

authors suggest t h a t there e x i s t much heavier leptons and/or quarks whose 

masses reach or go beyond the weak-vectftr boson masses or t h a t the masses o f the 
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Higgs scalars and weak vector bosons are close t o the threshold o f preon-

p a i r production, i f any. 
34 

Later on, P a t i , Salara and Shathdee noted t h a t the present quark 

spectrum can be accounted f o r i n a s i m i l a r model based on three fermionic preons. 

However, the s i n g l e t i n f l a v o r and c o l o r i s not composed o f other o b j e c t s . The 

Higgs scalars are also fundamental. The preons are bind together to make quarks 

and leptons by means o f forces a r i s i n g through two v e c t o r i a l abelian 

symmetries U ( l ) x U ( l ) n generating two spin-1 gauge p a r t i c l e s . The co r r e s -

ponding e l e c t r i c and magnetic charges are ope r a t i v e only a t the preonic l e v e l , 

they are hidden db the composite l e v e l . They note t h a t the preons may be 

sca l a r p a r t i c l e s possessing i n t r i n s i c spin-O, the h Q l f - i n t e g e r spins o f the 

composites being c o n t r i b u t e d by the force f i e l d . I t i s due t o h a l f - i n t e g e r 

angular momentum associated w i t h the f i e l d created by the two r e c i p r o c a l 

charges Q. and Q0. This i s analogous to the case o f angular momentum 

possessed by the EM-field o f an e l e c t r i c charge i n the presence o f a magnetic 

monopole, though t h i s treatment i s n o n - r e l a t i v i s t i c and needs f u r t h e r 

e l a b o r a t i o n . 

The quark-lepton gauge symmetry i s i n t e r p r e t e d as an e f f e c t i v e low-energy 

symmetry a r i s i n g a t the composite l e v e l . 
25 16 Taylor considered a model s i m i l a r to Ne'eman's but w i t h three 

s p i n - i fermions i n s t e a d o f one fermion and two bosons. One carry f l a v o r , the second 

ca r r y c o l o r and the t h i r d one c a r r y generation number. 

This model presents some d i f f i c u l t i e s . He notes t h a t Ne'eman's model leads to 

quark composites which a u t o m a t i c a l l y have the c o r r e c t d o u b l e t - s i n g l e t s t r u c t u r e , 

i . e . the c o r r e c t SU(2) T x U(1) T n transformation p r o p e r t i e s and t h a t t h i s 
L L + n 

i s not so i n h i s model. To ensure t h i s , he assumes t h a t the c o r r e c t f l a v o r 

group i s the graddWgroup SU(2/1). The t o t a l symmetry i s then SU(2/1) x 

SU(3) C x SU(»), where SU(wi) i s a "superglue" gauge group t h a t binds the 

preons together. 

I n t h i s scheme the proton i s a b s o l u t e l y s t a b l e and baryon and l e p t o n numbers 
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are separately conserved. 
46 To g i v e the c o r r e c t assignments o f charge to the preons, Taylor takes i n t o 

20 25 

account the d i f f i c u l t y r a i s e d by L i p k i n and Gluck (see Chapter 3 ) . To 

preserve these p r e d i c t i o n s he suggests t h a t the photon i s coupled only t o the 

f l a v o r e d preon. 

The most c r u c i a l problem i n t h i s scheme as i n any theory c o n t a i n i n g three 
a 47 

fermions i s the existence o f s p i n - ^ composites . Fundamentally massless 
~ 28 bound-states cannot develop w i t h s p i n - 2. or higher, ' t Hooft argues 2-

t h a t the occurrence o f massless bound st a t e s w i t h s p i n - % are forbidden by 

p o t e n t i a l problems o f undferity E o l a t i o n s and n o n - r e n o r m a l i s a b i l i t y . 

4.4 Other V a r i e t i e s o f Models 
32 

Greenberg and Nelson gave ten c r i t e r i a f o r composite models o f leptons 

(see 4.1) and presented two models which s a t i s f y some o f these c r i t e r i a . 

Three t r i p l e t s o f l e p t o n i c o b j e c t s analog o f quarks and c a l l e d 

"leptoquarks" are used i n both models. 

The f i r s t model uses f r a c t i o n a l l y charged leptoquarks. I t s a t i s f i e s the 

f i r s t s i x requirements l i s t e d i n 4.1. However i t does not deal w i t h the 

dynamical problems. 

I n the second scheme, the leptoquarks are i n t e g r a l l y charged f e r m i 

p a r t i c l e s . Greenberg and Nelson speculated about the p o s s i b i l i t y t h a t 

leptoquarks and quarks are i d e n t i c a l . I n t h i s case i t seems impossible t o 

i s o l a t e leptons from strong i n t e r a c t i o n s . Nevertheless, i g n o r i n g t h i s d i f -

c $ u l t y the i d e n t i f i c a t i o n o f quarks w i t h leptoquarks may p o s s i b l y lead t o a 

u n i f i e d d e s c r i p t i o n o f l e p t o n i c and h a d r j > n i c phenomena. I t should be possible 

to r e l a t e the masses o f leptons and baryons. 

F i n a l l y , i n both models the leptons are assigned t o n o n - s i n g l e t representations 

t h i s presumably y i e l d s leptons whose masses are l a r g e r than hadron masses. 

Here, the authors emphasised t h a t a p l a u s i b l e mass formula allows the known 

leptons t o be l e s s massive than baryons i n the case o f i d e n t i c a l quarks and 
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leptoquarks. 

I n a d d i t i o n t o t h e i r u n i f i e d three-spinor-preon model, .'Terazawa Chikashige and 
45 

Akama proposed a model i n which the photon, weak vector bosons and Higgs 

scalars are composites o f l e p t o n - a n t i l e p t o n p a i r or quark-antiquark p a i r . 

I t f o l l o w s t h a t the Weinberg angle i s given by S'wV =1/8 f o r f r a c t i o n a l l y 

charged quarks. 

A l l the gauge cou p l i n g constants are r e l a t e d t o a s i n g l e c o u p l i n g constant, 

the f j J i e s t r u c t u r e . The gluon coupling constant i s determined t o be 8/3 times the 

filge s t r u c t u r e . This suggests t h a t the model could be extended t o a l a r g e r 

symmetry than SU(3) x SU(2) x U ( l ) . 

The weak vector bosons acquire mass a f t e r the spontaneous breaking o f the 

SU(2) x U ( l ) symmetry through the Higgs mechanism. 

However, the r e l a t i o n s between the masses o f the weak bosons and those o f 

leptons and quarks are s p e c i f i c t o the model. 
48 

Nowack, Sucher and Woo st u d i e d the p o s s i b i l i t y t h a t leptons are bound 

to a non-leptonic core t o form hadrons. They note t h a t such a model has t o 

deal w i t h three main problems: 

i . the r e c o n c i l i a t i o n o f the weak i n t e r a c t i o n s o f leptons w i t h the 

strong i n t e r a c t i o n s necessary to bind the leptons i n t o a hadron; 

i i . the magnetic moment o f the e l e c t r o n which i s l a r g e on the scale 

o f hadronic magnetic moment; 

i i i . and the massleness o f some leptons which may be d i f f i c u l t t o t r a p 

i n t o bound s t a t e s . 

They suggest t h a t the b i n d i n g occurs v i a a massive n e u t r a l vector meson. 

They show roughly t h a t the magnetic moments o f the composite system are i n 

accordance w i t h present experimental values. A major e f f e c t would be a change 

i n the value of 

f o r non-charmed mesons. 

Also, as the lagrangian reads 
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where /^^ = j^- ^ ^ A/LM s Non Leptonic Matter, 

sharply r i s i n g cross-sections i n s c a t t e r i n g should be seen a t some p o i n t . 

Furthermore, the model r e q u i r e s the existence o f observable cores whose 

masses are presumably as low as fo u r to s i x G^/. 
49 

Zee presented a semi-empirical study ftf the quark-mass d i s t r i b u t i o n . I n 

p a r t i c u l a r he noted from e m p i r i c a l f a c t t h a t , 

This induced a mass formula f o r the n-th quark, 

^ = 3* 1 m e . 

A c t u a l l y , he reminds the reader t h a t t h i s r e l a t i o n has never been explained 

s a t i s f a c t o r i l y . 

Nevertheless, a class o f models known as "Cluster models" are based on t h i s 

mass formula. 
50 

Taking t h i s r e s u l t i n t o account, Carrigan suggests t h a t a l l quarks 

could be regarded as made up o f u and d quarks and two "shadow" quarks 

o l ^ (Q = ) and (Q = -V^)> the prime i n d i c a t e s shadow quarks. 

Shadow quarks are quarks w i t h abnormal quark charge. They are necessary 

t o get the r i g h t charge balance w h i l e m a i n t a i n i n g the mass formula, 

Further quarks are given by the f o l l o w i n g combinations: 
- <,> J ' > 

S' =. w 

- s-u> S&/4 > ^ -
S . 

Mi 

The normal quarks have negative bi n d i n g energy, but shadow quarks have p o s i t i v e 

b i n d i n g energy and t h e r e f o r e are unstable when not bound t o normal quarks. 

I t f o l l o w s t h a t a compound-quark cannot decay s t r o n g l y . 
51 

P h i l l i p s proposed a scheme c o n t a i n i n g ten leptons and ten subquarks^ 

each comes i n nine c o l o r s . The proton i s p r e d i c t e d t o be s t a b l e , baryon and 
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l e p t o n numbers are separately conserved. New heavy leptons and f i v e generations 

o f quarks are also p r e d i c t e d . 

I n t h i s model the s i m p l i c i t y o f subquark s t r u c t u r e i s l o s t . 
52 

Derman has considered a model f o r composite quarks and leptons i n 

which the Higgs bosons H i n the standard SU(3) x SU(2) x U ( l ) gauge models i s 

responsible f o r strong b i n d i n g . A l l quarks and leptons are constructed o f one 

fundamental massive l e p t o n and quark generation and a heavy n e u t r a l Higgs Boson. 

The mass of the l a t t e r , can be estimated i f i t causes l i g h t bound fermion s t a t e s . 

He shows how the wave fu n c t i o n s o f such composites could produce p o i n t - l i k e 

behaviour i n the l i m i t o f 0 ; he suggests M^ ,Si /^ *̂ «V . The major 

problems are the o b t e n t i o n o f the Dirac magnetic moment f o r a composite l e p t o n 

(quark) whose mass i s t h a t o f the bound s t a t e r a t h e r than t h a t o f i t s massive 

c o n s t i t u e n t s and the suppressed r a d i a t i v e decays, e.g. u ^ and o f course a proper dynamics which i s c r u c i a l f o r any composite model to be 

v i a b l e . 
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CHAPTER 5 

PROBLEMS IN COMPOSITE MODELS 

5.1 ' t Hooft Conditions 

I n physics, symmetry p r i n c i p l e s are c l o s e l y connected w i t h conservation 

laws. Conservation o f momentum and energy f o l l o w s from invariances o f s p a t i a l 

and temporal t r a n s l a t i o n s r e s p e c t i v e l y . Symmetry p r i n c i p l e s , e.g. t r a n s l a t i o n 

i n v a r i a n c e , imply conservation laws and vice-versa. For instance, continuous 

symmetry lead t o a d d i t i v e conservation laws, d i s c r e t e symmetry correspond to 

m u l t i p l i c a t i v e conservation laws, e t c . 

Among the symmetrical forms o f quantum f i e l d theory, there are the famous 
28 

gauge t h e o r i e s , ' t Hooft argued t h a t i n such t h e o r i e s i f some parameters are 

very small i t cannot be an accident; i t must be the consequence o f some 

symmetry. The smaller the parameter, the higher the symmetry or else the 

theory i s "unnatural". 

I n u n i f i e d gauge t h e o r i e s , the e f f e c t i v e i n t e r a c t i o n s a t low energy scale 

should f o l l o w from the p r o p e r t i e s a t higher energy scaleyui^ (or smaller l e n g t h , 

i . e . microscopic induces macroscopic). 

I n n a t u r a l t h e o r i e s t h i s should not r e q u i r e t h a t the d i f f e r e n t parameters a t the 

energy scale j u a match w i t h an accuracy o f order ŷ ŷ Â  • However, i f a t the 

energy ̂  some parameters are very small, say 

t h i s may s t i l l be considered as n a t u r a l , i f t h i s property i s not s p o i l t by 

higher order e f f e c t s . 

At any energy scaleyui, a p h y s i c a l parameter CH;(yJi) c a n take small value pro

vided t h a t the replacement 0^-^j=0 increases the symmetry o f the theory. 

For instance, a t a mass scale ym - 50 GJA/, 

the e l e c t r o n mass i s Wl^ - ^0 

This i s a small parameter; W^i O imply an a d d i t i o n a l c h i r a l 

symmetry corresponding t o conservations o f left„handed and r i g h t . 
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handed e l e c t r o n s . This guarantees t h a t the renormalisations 

o f rw c are p r o p o r t i o n a l t o vy»t i t s e l f . 

I n the same way, gauge cou p l i n g constants and other i n t e r a c t i o n constants may 

be small because r e p l a c i n g them w i t h zero would f r e e the gauge bosons or 

other p a r t i c l e s so t h a t they are separately conserved. 

Imposing "naturalness" on gauge t h e o r i e s comes out w i t h r e s t r i c t i o n s and 
28 

c o n d i t i o n s . This i s the aim o f ' t Hooft who attempts to c o n s t r u c t models 

w i t h improved naturalness, the i d e a l case being o f course a complete n a t u r a l 

theory. To achieve t h i s , more QCD-like t h e o r i e s are needed besides QCD i t s e l f . 

I n a l l known t h e o r i e s naturalness seems to be l o s t beyond a c e r t a i n mass scale 

yX 0 which i s about AO^ GcV ; i t i s r e f e r r e d t o as NBHS, Naturalness Break

down Mass Scale. A l l elementary p a r t i c l e i n t e r a c t i o n s do not i n v o l v e 

unnatural parameters i n the range o f a v a i l a b l e energies. This excludes quantum 

g r a v i t y which does not obey the formation o f naturalness. 

As f o r the standard model i t i s n a t u r a l up t o energy scale J**~Z, l o * . 

Aboveyi\ 0 , d i f f i c u l t i e s w i t h unnatural mass parameters occur. These unwanted 

parameters are present only i n t h e o r i e s w i t h s c a l a r f i e l d s . The e l e c t r o n s , 

f o r example have the same gauge couplings but t h e i r couplings t o the Higgs 

scal a r d i f f e r by huge f a c t o r s . Even i n GUT where the various coupling con

s t a n t s are r e l a t e d t o each other, two mass scales are needed; they are 

apparently unrelated and s o r t o f f i x e d "by hand". This i s the h i e r a r c h y 

problem. 
a. 

The Higgs mass squared Yfi i s a fundamental parameter i n the lagrangian (up 
H 

to a c o e f f i c i e n t ) ; i t i s small a t energy scale /̂ Ŵ  . t a k i n g the l i m i t 
21 

Y V J ^ - J ^ o does not seem to i n d i c a t e a symmetry. To cure the s i t u a t i o n ' t Hooft 
2 

emphasised w i t h Dimopoulos and Susskind t h a t the " p h y s i c a l " Higgs f i e l d must 

be composite. 

Note here t h a t " n a t u r a l " r e f e r s t o the o r i g i n a l lagrangian o f the theory and 

does not include the Higgs mechanism i t s e l f . Therefore, i f the Higgs f i e l d i s 

a composite f i e l d i t does not appear i n the fundamental lagrangian and hence do 
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not d i s t u r b i t s naturalness. 
Q 

Dimopoulos and Susskind employed c o n f i n i n g gauge forces ( t e c h n i c o l o r ) t o 

ob t a i n s c a l a r bound st a t e s which could s u b s t i t u t e the Higgs f i e l d (see 

Chapter 2 ) . The fermions are s t i l l considered as elementary. The Higgs 

f i e l d i s a fermion-antifermion composite f i e l d . The quarks and leptons 

must couple t o t h i s composite f i e l d i n order to produce t h e i r masses. This 

coupling requires again new sc a l a r f i e l d s t h a t cause naturalness t o break down 

at some 'SDTJV which i s more s a t i s f y i n g than ^0 k\A naturalness has 

th e r e f o r e been improved. 
/2*8 267 

At t h i s stage, ' t Hooft- ' - speculated t h a t i t can be even more improved 

i f the observed quarks and leptons are composites (see l a t e r ) . 

Compared w i t h the energy scale on which the binding forces take place, the 

composite fermions must be almost massless. On the other hand the u n d e r l y i n g 

theory should lead to the standard model a t the o v e r l y i n g l e v e l . These f a c t s 

suggest t h a t the quarks and leptons are bound st a t e s o f some unbroken 

"strong c o l o r " SU(N) group. 

As the massleness o f the quarks and leptons cannot be an accident, a c h i r a l 

symmetry must be present i n the fundamental theory. However, t h i s c h i r a l 

symmetry can lead t o inconsistency i n the theory once i t i s spontaneously 

broken as i n QCD. Hence, a l i k e l y s o l u t i o n i s t h a t the c h i r a l symmetry i s not 

completely broken. The p a r t i a l breaking would leave some s t a t e s massless 

which h o p e f u l l y w i l l c o i ncide w i t h the observed quarks and lep t o n s . 

The problem now i s to f i n d these QCD-like models where the c h i r a l 

symmetry i s not spontaneously broken . 

' t Hooft considered a set o f fundamental fermions bound by some hypercolor 

gauge group w i t h a g l o b a l f l a v o r symmetry,,^. . I n general, the confinement a t 

A ^ t w i l l be accompanied by some spontaneous breaking o f the g l o b a l symmetry 

Qrf. — , w i t h fermions p r o t e c t e d from a c q u i r i n g mass by the 

preserved c h i r a l symmetry i n Hp . This w i l l be i l l u s t r a t e d i n a concrete example 

the r i s h o n model i n the next chapter. 
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To determine which and how many ^ - r e p r e s e n t a t i o n s o f massless composite 
28 

fermions appear, ' t Hooft p o s t u l a t e d several consistency c o n d i t i o n s . The 

proposed c o n d i t i o n s on the spectrum o f massless bound st a t e s provide severe 

c o n s t r a i n t s on any composite model. 

I n ' t Hooft example there are two types o f anomalies associated w i t h 

f l a v o r t r a n s f o r m a t i o n s : 

i. those associated w i t h Hp* G"c . Only U ( l ) i n v a r i a n t subgroups of 

Hp c o n t r i b u t e here. They correspond to small i s o l a t i o n s o f 

symmetry. Only the anomaly f r e e p a r t o f the f l a v o r groups i s 

considered. Thus i n QCD w i t h N f l a v o r s ^ p i s not 

U(N) x U(N) 

but SU(N) x SU(N) x U ( l ) ; 

ii. those associated w i t h Ap and which are removed by adding new 

"spectator" fermions coupled t o alone. 

At small distance ( i . e . high energies<vA F T T) the group seen i s the gauge group 

G c * ^ p w i t h c h i r a l fermions i n several representations o f t h i s group. Fermions 

w i t h t r i v i a l r e p r e s e n t a t i o n under CrA ( i . e . s i n g l e t s ) are put i n the o r i g i n a l 

theory i f necessary t o make the theory anomaly f r e e . A l l the anomalies are 

th e r e f o r e cancelled by c o n s t r u c t i o n . 

At low energies, lower than K c , only ttp and i t s gauge f i e l d s are seen. 

L i g h t bound s t a t e s are coupled t o these gauge f i e l d s and form new representations 

V o f Hp w i t h l e f t or right.handed c h i r a l i t y . The number o f left.handed and 

right.handed fermion f i e l d s i n the representations are given by unknown 

in d i c e s A\(X) . The spectator fermions are unchanged. 

As the o r i g i n a l theory i s anamoly f r e e and thus renormalisable, the 

derived e f f e c t i v e theory must also be renormalisable. Hence the anomalies 

must vanish a t the o v e r l y i n g l e v e l as w e l l . The spectator fermions are the 

same i n both the o r i g i n a l lagrangian and the e f f e c t i v e l a g r l a n g i a n , they are 

th e r e f o r e discarded w i t h o u t any e f f e c t on the anomaly c a n c e l l a t i o n requirement. 

The l a t t e r s t a t e s t h a t the values o f the anomalies should not depend on 
whether they are c a l c u l a t e d i n terms o f fundamental f i e l d s or i n terms o f 
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composite f i e l d s . 

* t Hooft studied the c o n s t r a i n t s on f l a v o r group f o r SU(3) and SU(5) 

gauge t h e o r i e s . He di d not succeed i n f i n d i n g a model which conserves c h i r a l 

symmetry. The set o f { ^ l * " ) he was l o o k i n g f o r was not p h y s i c a l l y acceptable 

(non- iv\Ve.oj*r v a l u e s ) . 

The net c o n t r i b u t i o n o f re p r e s e n t a t i o n V~ to an anomaly i s Itr) AC*-) , 

where A(y) i s the anomaly o f a s i n g l e vntwktv o f re p r e s e n t a t i o n . The 

anomalies are required t o be the same whether evaluated i n terms o f preons 

( 4 j Q ) and ( D , 4 ) (under SU(N) L x SU(N) R) or composite s t a t e s . This means 

t h a t summing over a l l composite representations Y~ , 

]_rhr)f\(Y) r A(O) ( 1 ) 

where O i s Young-tableau r e p r e s e n t a t i o n f o r . t h e fundamental re p r e s e n t a t i o n 

o f ^ • 

A (a) = K cMu - ^V. )*) . 
This put a c o n s t r a i n t on X(jr) . Since A(r) depends on U f , equation 

i s N-dependent. However ' t Hooft argued t h a t hypercolor which i s 

responsible f o r the binding o f preons and thus f o r determining the 

should not depend on the number o f f l a v o r s , i . e . the number o f fundamental fermion 

Equations (1) do not f i x the values o f Air) completely and hence a d d i t i o n a l 

equations f o r the a r e needed. They are c a l l e d the Appelquist-

Carrazone-Symanzik (A-C-S) decoupling equations. They f o l l o w from r e q u i r i n g 

the composites t o be such t h a t , when one o f the fundamental ffirmions acquire a 

l a r g e mass, the remaining unbroken c h i r a l symmetries a l l o w a l l composite 

p a r t i c l e s c o n t a i n i n g t h i s fermion t o get a mass al s o . This decoupling theorem 

app l i e s t o any renormalisable theory w i t h d i f f e r e n t mass scales ( and A c ) • 

I n more d e t a i l s Gp being SU^(N) x SU R(N) x U ( l ) , when one o f the 

N. fermions becomes massive w i t h mass m, Gp i s reduced i n t o C 

&F r SU(AM) L $ su(M-0R & <& uo;h 

where corresponds to the heavy fermion. 
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When W) —^ so. the e f f e c t s due to t h i s fermion should also disappear and 

they can do t h i s only by becoming heavy . To become heavy, they should 

c o n t a i n an equal number o f left-handed and right.handed fermions, i . e . they 

form r e p r e s e n t a t i o n o f Gp w i t h t o t a l index X(f')= 0. 

JL'(_r') i s the number o f massless m u l t i p l e t s o f i n Y"f . 

Therefore XJ (V1) = 2_ ^l*") must vanish . 

The main r e s u l t i s t h a t when the A.C.S. theorem consequences f o r the 

fermion spectrum are taken i n t o account along w i t h the anomaly c o n s t r a i n t s , 

there are no s o l u t i o n s f o r any number o f c o l o r . 

* t Hooft concluded t h a t the maximal f l a v o r group i s SU(2).for instance he shows 

t h a t i n a model where G"c - SU(j) 

G> c S0(/M)l * *U(rO 
cannot completely preserve i t s g l o b a l f l a v o r symmetry f o r I n other 

words, the number o f zero mass quarks must be smaller than t h r e e . 
53 

Frishman e t a l analysed the nature o f zero-mass s i n g u l a r i t i e s i m p l i e d 

by ' t Hooft a x i a l anomaly equations. They emphasised w i t h • t Hoof t h a t 

massive s t a t e s do not c o n t r i b u t e to the anomaly equation i n absence o f 

c h i r a l symmetry breaking. They claimed t h a t the a x i a l anomaly o f t h r e e -

p o i n t f u n c t i o n s o f c o l o r - s i n g l e t c urrents (e.g. * ^ 0 ) y 

being the a x i a l anomaly i n the ri s h o n model) i n quark c o n f i n i n g t h e o r i e s 

i m p l i e s the presence o f massless bound s t a t e s i n the p h y s i c a l spectrum. These 

can be e i t h e r fermions or Goldstone bosons. The l a t t e r p o s s i b i l i t y i s r e a l i s e d 

i n QCD where the anomaly equations w i t h fermions do not hold since the number 

o f zero-mass quarks i s l a r g e r than two. Therefore a breakdown o f c h i r a l i t y i s 

i n e v i t a b l e . 

There remains, however the p o s s i b i l i t y t h a t c h i r a l symmetry i s only par

t i a l l y broken as i n the r i s h o n model, l e a v i n g a few massless c h i r a l bound 

s t a t e s . The success o f such models resides i n the reproduction o f the observed 

quark and l e p t o n spectrum. 
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5.2 Alternative Models Satisfying ' t Hooft Conditions 

^•groups other than have been considered. For instance the 

gauge group which i s responsible for the binding of quarks and leptons 
• 29 

i n t o composite states of preons i n the model of Barbieri, Maiani and Petronzio . 

The metaflavor symmetry i s an SU(N) global ungauged symmetry. U(l) i s 

eliminated because i t leads to. Adler-Bell-JackiW (A-rB̂ -J) anomalies. 

The preons transform as the n-dimentional (n-odd), vector, real 

representation of 0(w) a n (* metacolor currents are anomaly free. 

n i s r e s t r i c t e d to be odd, to allow for composite 0(yv) -singlet states with 

half-integer spin. Moreover n s a t i s f i e s 
n > 2. t 2 - N / 4 1 / 

i n order to keep metacolor IR_(infra-red) divergent, i . e . asymptotically free. 

Then, the observed interactions are obtained by gauging the metaflavor group. 

The gauging of the f u l l SU('N) i s however not allowed by anomalies with the 

assumed representation of preons. 

They found solutions to the consistency conditions proposed by ' t Hooft. 

The simplest solution i s precisely -families of quarks and leptons. I t can be 
interpreted as composite states of one preon and 0(w) -glue. 

29 
In t h i s scheme , the binding has been obtained without spontaneous breaking of 

the c h i r a l symmetry. The l a t t e r i s not easily "made to break". I t requires 

technicolor besides 0(y\) forces. The global c h i r a l i t y of normal fermions could 

be e x p l i c i t l y broken by t h e i r residual metacolor interactions. Hence, the techni-

preons could be responsible for the breaking of the gauged metaflavor subgroup and 

also f o r the normal fermion masses. 
54 

Bars and Yankielowicz proposed a model for composite fermions which 

s a t i s f i e s the anomaly constraints. The decoupling theorem i s also obeyed when 

the preons acquire mass and accordingly when a preon mass becomes very large 

the composite becomes very massive too by breaking the c h i r a l symmetry 

spontaneously. However, preons of small mass can bind i n t o massless composites. 

This weaker form of the decoupling theorem i s adopted to allow f o r solutions 

i n l e f t - r i g h t symmetric QCD-like metacolor theories. Indeed, i f the A-C-S 



- 63 -

decoupling theorem i s not taken i n t o account, there are solutions of the 

anomaly constraint equations for SU(n)c x SU(N)L x SU(N)R x U(l) theories. 
56 

I t has even been argued that the A-C-S theorem i s not absolutely r e l i a b l e 
and may be dropped. 

54 
The model i s r e a l i s t i c enough to account for SU(3) C x SU(2) x U(l) at the 

overlying l e v e l . I t predicts new, presumably heavy fermions i n addition to 

the observed quarks and leptons, but the number of composites i s s t i l l larger 

than the number of preons. 

The electroweak interactions are not residual forces of broken meta-
55 ~ 

flavor symmetries i n the composite model of Barbieri et a l . They are d i r e c t l y 

related to An , the scale of metacolor {Or hypercolor). 

The model consists of fundamental preons, two of which are fermions, two 

others are scalars. I t i s l e f t - r i g h t symmetric and i t s a t i s f i e s the anomaly 

constraints. The standard model i s not exactly recovered at the overlying 

l e v e l . Moreover th i s model predicts pseudo-Goldstone bosons, one Goldstone 

boson - a Mojoron - associated with spontaneous breaking of lepton number 

and required by the existence of massive neutrino 

5.3 Proton Decay 

The s t a b i l i t y of proton i s usually a t t r i b u t e d to the conservation of 

baryon number. 

Baryon number was believed;.to be an exactly conserved quantity and any 

v i o l a t i o n of th i s conservation law occurring i n a model meant that the model 

had to be reconsidered to make sure the proton was stable. 

In composite models, quarks and leptons are bound states of the same 

objects, the preons. Hence, baryon and lepton numbers are not well defined 

at the fundamental l e v e l . Then, v i o l a t i o n s of baryon and lepton numbers are 

expected at the composite l e v e l , leading to proton decay among other things. 

Let us contrast the conservation of baryon number with another conservation 

law which i s not questioned, that of e l e c t r i c charge. 
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The e l e c t r i c charge, on the contrary of baryon number i s d i r e c t l y associated 

with a gauge symmetry. Any %^SQ.ation of e l e c t r i c charge would lead to a 

massive photon. However as wv^ i s estimated to be smaller than &J© HeV, 

i t i s reasonable to assume that Q, the e l e c t r i c charge, i s exactly conserved. 

For baryon number, the long range forces associated with i t couple to mass 

(not to baryon number). I t i s not associated with a gauge force symmetry. 

Therefore, i f baryon number i s exactly conserved, i t must be because of an 

unbroken global symmetry as i n the standard model. 

I t i s however possible to have interactions which v i o l a t e the quantum number by 

a small amount without causing further d i f f i c u l t i e s . 

Actually, the v a l i d i t y of baryon number conservation i s considered as an 

experimental question, although a l l known interactions are not l i k e l y to 

v i o l a t e baryon conservation at experimentally observable rate. 

Indeed, the time scale of weak interactions i s about <Lv second and that of 

strong and electromagnetic interactions i s even less, while the present lower 

l i m i t on the proton l i f e t i m e i s v j O years. Therefore, these interactions 

probably conserve baryon number, although a small v i o l a t i o n cannot be ruled out. 
59 

.'.t Hooft suggested that baryon and lepton numbers are v i o l a t e d by vacuum 

tunneling effects of weak interactions, e.g. reactions l i k e 
|p+ n > e + t ^ 

w i l l occur i n SU(2) x U(l) model. However, t h i s source of baryon"Ulolation i s 

negligible i n practice; the decay and cross-sections are proportional to 

txya (=4 IT s'U A < ^ - ( „ 400) \ 
Therefore, i t i s l i k e l y that i f proton does decay at observable rate, i t i s 

because of a new interaction. 

This i s the case of GUT models where baryon number i s e x p l i c i t l y v i o l a t e d 

by gauge and Yukawa couplings of fermions to the new bosons i n the theory. The 

quarks and leptons belong to the same representation of a group G; they are 

connected by means of superheavy gauge bosons. Thus baryon number E o l a t i o n i s 
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a t t r i b u t e d to the fact that leptoquarks and Higgs bosons are very heavy; 

the GUT mass scale i s about 40<ytV(see section 2.3). 

This i s not the case of composite models where the compositeness scale of 

quarks and leptons, Aft could be as low as Theoretically, i t i s 

hoped that A^ i s not too large, especially i f the weak bosons (W and Z) are 

composites. 

In f a c t , i n composite models there are " l i g h t " particles with very small masses 

i n comparison with ky± (e.g. quarks, leptons, gluons, W) Z .. . ) and presumably 

"heavy" particles with masses of order A\fc . 

Processes involving l i g h t p a r t i c l e s can exchange heavy par t i c l e s through 

non-renormalisable high-dimension terms i n the ef f e c t i v e langrangian. Thus, a 

high dimension term i n the e f f e c t i v e Lagrangian involving only l i g h t p articles 

w i l l not induce proton decay. I n general, the simplest baryon number v i o l a t i n g 

(6„dimensional) term i s an effective four-fermion interaction of the form 

U U f l t . i t contains a c o e f f i c i e n t , possibly in d i c a t i n g the exchange of 

heavy composite vector p a r t i c l e s . Such a term yields a proton l i f e t i m e : 

^ fO A \ / ^ f ? ^ A0% years, 
leading a l i m i t of ^ /\o Gc V . 

Therefore, proton decay must be forbidden i n lowest order) i n composite models 

allowing such a term i n order to allow for smaller values of Aft • 

In the Rishon model for instance, the leading proton decay v i o l a t e (B - L), 

e.g. 

(p — — - » V I * 
and allows /\ ̂  ^ ^ . \07 GtA/ . 
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CHAPTER 6 

THE RISHON MODEL 

6.1 The Model 

6.1. a. An economic scheme 

As seen b r i e f l y i n the t h i r d section of the fourth chapter, the Rishon 
/Zf2 447 

model- ' - consists of two spin-g objects, the T-rishon charge.3 and the 

neutral V-rishon. Quarks and leptons are composites of three rishons or three 

anti-rishons. 

In t h i s scheme the standard model appears only at the composite l e v e l . I t i s 

described by an effective lagrangian at low energies. The fundamental 

lagrangian includes massless fermions and gauge bosons: the photon, the gluons 
and ( t h e i r SU(N)U analog) the hypergluons. 

n 

The weak bosons and the scalars are composites and hence not fundamental (see 

l a t e r ) . 

The theory i s l o c a l l y gauge invariant under the d i r e c t product of the gauge 

groups present, i . e . color, electromagnetism and hypercolor. Hypercolor i s 

introduced to ensure the construction of (almost) massless composites from 

massless rishons. I t i s a color-type symmetry which keeps the rishons con

fined (or else they would be observed). 

The minimal gauge group i s SU(N) H x SU(3)^ x U ( l ) g M (the photon i s assumed 

to be fundamental). The massless rishons belong to the N-representation of 
SU(N)„, hence a composite hypercolor fermion can only be made of N rishons 

n 

(Nodd). The most economic N, i s therefore N = 3. Moreover, as the smallest 

values taken by Q and B-L are 3 and as .three rishons with 

l&|s4(S)0 and l<b = H s ( V ^ M o . 2. .) are s u f f i c i e n t to construct composites with 

the r i g h t values of Q and B-L. 

In t h i s argument two values of Q are needed, thus at least two rishons are 

necessary. I t i s crucial to keep the smallest number of d i f f e r e n t fundamental 

constituents otherwise there w i l l be too many of them. 
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The composite fermions, quarks and leptons are hypercolor singlets (see 

l a t e r ) ; furthermore they come i n three colors. Therefore the Tand V rishons 

cannot have the same color. 

Consider the quantisation of charge; i t implies that 3Q equal the color 

t t f g a l i t y . I f T and V are assigned to any pair of d i f f e r e n t color t r i a l i t i e s , 

the color-charge r e l a t i o n i s guaranteed since a quark (or a lepton) i s made of 

three rishons. 

The simplest representations of SU(&L are 1, 3 and ̂ . 

The color assignments of T and V can then be, 

{%, 1 ) , :(1, 3*) and ( I , 1). 

(1, %) assignment i s retained because i t s a t i s f i e s ffermi s t a t i s t i c s (at the 

composite l e v e l ) . I t follows that T and V transform l i k e (3, 3)-,, ( & , 3 ) n 

3 u 

under SU(sl)tt x SU(i§)̂:;':x U(1) E^, the l o c a l gauge group of the theory. 

6.1.b. lagrangian and symmetries 

For the theory to be r e a l i s t i c , some conditions are required. I t must 

have at least three generations of massless quarks and leptons as well as very 

l i g h t W and Z bosons ( i n comparison with , the hypercolor scale) 

at least f o r SU(2) x U(l) but preferably for SU(2) L x SU(2) R x U(l) since the 

model i s l e f t - r i g h t symmetric (see section 2 -W. ). 

The massless p a r t i c l e s appearing i n the underlying lagrangian are the rishons 

and seventeen gauge bosons. The l a t t e r correspond to the color octet (gluons), 

the hypercolor octet (hypergluons) and the photon. Their massleness i s 

certain since hypercolor, color and electromagnetism are exact gauge symmetries 

guaranteed by the construction of the model; they are not broken at any 

stage. 
22 

The fundamental lagrangian of the rishon model i s : 

I -. \. (• • ? + % £ (flS K • 3 . & (X* K • 
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Upper and lower color indices correspond to the 3 and 3 representations where 

T and V are Dirac four-spinors representing a right„handed and left„handed 

massless fermion. 

a ^ 4, .... ^ index for SU(3) generators; A are the corresponding 

3 x 3 matrices. 

-̂ 1 k. - \2*x"h are the color indices 

and ^ Vi.' - >i|2L t are the hypercolor indices. 

The lagrangian includes the couplings of rishons to gluons and hypergluons, 

as well as gluon and hypergluon self-couplings, but no mass terms. 

Ĥ̂ A ) > ^f*- a r e ^ e nyP e r§l u o n> gluon and photon f i e l d s . 

The free parameters of the lagrangian are ^« j a n c^ ^ * ^ e ^ w o 

coupling constants and <^ are presumably inequal, say ^ 3^ 

I f /\̂  i s the scale at which ^ ^ . d then ^ ^ ( J W ) ^ • ̂ he ^ w o s c a l e parameters 

then obey A c ^ • 

This lagrangian conserves ft and Wv , the net numbers of T and V 

rishons. I t therefore possesses a global U(l) x U(l) symmetry. The two 

U(l) quantum numbers are chosen to be 

- ^ ( ^ f "V" VW ) the t o t a l rishon number 
and 

Since, 

'Y* _ j j _ (y\ v\ v) such as I T & = t C^avyow tnuvwWv-
3 

mi 

2> 
i t follows that, 

Moreover, as there are no masses i n the fundamental lagrangian, there i s a c h i r a l 

/ U ( l ) / symmetry besides two axi a l U(l) symmetries. One of them, U ( l ) ^ 

corresponds to a divergent current - "T -jj „ V "JV-̂ J ̂  which 

however yields only an electromagnetitanomaly. 
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Thus the a x i a l charge Y i s conserved and could eventually be i d e n t i f i e d to 

note that 

and R = ( 4/*, Jjov T And V 
\~4/*> 4-°^ T And V 

4 

note also that the two vector quantum numbers can be chosen to be T = Q = ̂  vu» 

and *X ^ v\v - V • 
One of the two vector symmetries i s then U (.0 • I t s corresponding . 

current i s - "^^^.^ "S • The second vector current i s 

The second U ( l ) j { symmetry i s not conserved. The divergence '9^.)^*. of 

the current - "T Y ^ ^ f j + ̂  ^V*$s^ depends on non-abelian anomalies. 

U ( l ) ^ must therefore be broken. 

The f u l l symmetry of the lagrangian i s then SU(3) W x SU(3)^ x 11(1)^ x 

U d ) ^ ^ x U ( l ) ^ . The model contains an exact flavor symmetry 

The three U(l) charges R, B-L and Y correspond to the three charges of V 

the global flavor symmetry 

(There are six l e f t and right.handed rishons i n the theory each i s i n the 

3-dimensional representation of SU(3) W.). 

The fourth a x i a l charge X i s defined to be X = 1 for left.handed fermions and 

antifermions while X = -1 for the right.handed oneS. The non-conserved a x i a l 
59 

U ( l ) ^ symmetry i s broken (by hypercolor instanterns . effects) to a discrete 

conserved axial subgroup . The global axial charge X i s a suitable candidate 

f o r a generation l a b e l . Higher generations are presumably excitations of the 

f i r s t one. However, they can neither be ra d i a l nor o r b i t a l , since the mass-

s p l i t t i n g s between the generations are smaller than the inverse radius of the 

composite systevw (see Chapter 3). 

They may be formed by addition of fermion pairs T^°ft Vw V^or T & TR V a V which 
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carry X ^ t ^ - . These added fermions do not carry quantum numbers under the 

LofewJ"^ group, hypercolor, color and the electro„weak group. The unique 

allowed"quantum number i s X. I t distinguishes between analog fermions from 

d i f f e r e n t generations which except for t h i s are the same. 

At t h i s stage quarks and leptons are massless. Hence, the c h i r a l symmetry 

i s dynamically broken by composite scalar f i e l d s i n order to generate masses. 

The scalar f i e l d s (with X^O ) may develop VEV leading to a dynamical 

breaking of £ l 2 > symmetry (see 6.3.a.). 

Different scalar f i e l d s would then lead to d i f f e r e n t matrix elements i n the 

fermion mass matrix. I t follows relations between Cabbibo angles and 
Q 

fermion masses . The physical quarks and leptons are eigenstates of the 

diagonalised mass matrix. 

6.2 Composite Fermions - Weak Interactions 

6.2.a. quarks and leptons 

As the energy decreases below A^ , for instance at Ac. > a l l hypercolor 

non-singlets become confined and only SU(3)n -singlets survive as physical 

p a r t i c l e s . Such particles are three-rishons or three-antirishons states 

(TTT, TTV, TVV and VVV and t h e i r a n t i p a r t i c l e s ) . 

Assuming that for each of these combinations, the only l i g h t state' i s 

the lowest color state (see table 1), the observed spectrum of quarks and 

leptons i n one generation i s recovered. Combinations involving rishons and 

antirishons at the same time, e.g. TTV, TVV, etc. correspond to confined 

"hyperfermions" (non-singlets). Their ef f e c t i v e masses are probably of order 

V 
A p r i o r i , the masses of the hypercolor-singlets cannot be predicted since the 

corresponding confinement mechanism i s unknown. However, i t i s suspected that 

i f some composites have small masses t h e i r overlying theory must be "natural" 

and i n pa r t i c u l a r the e f f e c t i v e lagrangian of the small-mass composites 

should be renormalisable. Although, t h i s does not guarantee that the funda-
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mental lagrangian induces the ef f e c t i v e lagrangian, i t i s a necessary 

condition. 

The minimal color-multiplet of table 1, i . e . TTT-singlet, TTV-singlet, 

TVV-antitriplet, etc., are assumed to be approximately massless on the 

scale of . Hopefully, they obey the requirements of a natural theory. 

They reproduce precisely the quaritum numbers of one generation of fermions 

( i . e . e l e c t r i c charges, (B-L) values and colors). Also, f o r each value of 

color and (B-L) there are two d i f f e r e n t values of R (see table 1) and hence 

two d i f f e r e n t composite fermions. They can be i d e n t i f i e d with the doublets 

of SU(2) L x 311(2)^. 

As to the rishon wave-function, i t must be antisymmetric i n order to s a t i s f y 

f e r m i - s t a t i s t i c s , 
e.g. C V U ) \ , v e L . ( y * v r j v u 

Let us consider TTT-singlet for instance; i t i s <A (A} 1 ) lepton of SUO)^ x SU(3) 

t o t a l l y antisymmetric i n color and hypercolor. Left and right.handed rishons 

transform l i k e C^/^jO1)* (°) A[2-) under the Lorentz group. The TTT-state 

must therefore transform l i k e ( p j l / a . ) * - O/2- j o) under SU(2) L x 311(2)^ , 

thus giving r i s e to a composite with % 4/2. ; <]-3/2. cannot occur. 

However, i n the case of quarks, although Afz states are consistent with 

f e r m i - s t a t i s t i c s , 3-5/2. states are not eliminated. Eventually, i t 

could be argued that massless par t i c l e s cannot develop with ^-3/2. or higher r ' 

the problem i s l e f t open. 

In a word, provided the lowest color state only are allowed, the model 

reproduces the correct spectrum of the f i r s t generation of quarks and letpons 

with a l l quantum numbers. 

There remains some questions concerning the SU(2)^ x SU(2)^x U(l) approximate 

gauge symmetry, the anomaly constraints and the massleness of these states. 
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hypercolor 1 1 

Minimal 
color 

R/2 
B - L \ 1/2 -1/2 

1 1 TTT U*) WV ( ^ ) 

3 1/3 TTV (*4) VVT U) 

3 -1/3 TVV ( I ) VTT (tt) 

1 -1 VW (^a) TTT (e ) 

table 1: hypercolor - singlet 3-rishon. or 
3-antirishon composite fermions 
assuming the minimal color. 
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6.2.b. the weak interactions 

Hypercolorless leptons contain hypercolored rishons inside a radius of 

order A^ „ Two colorless hadrons containing colored quarks int e r a c t via 

hadronic forces. Similarly, two leptons i n t e r a c t with each other via short 

range residual hypercolor forces, which hopefully are i d e n t i f i e d with the weak 

interactions. To see how much t h i s i s possible, l e t us consider the 

"observed" properties of the short range hypercolor forces. 

At the overlying l e v e l , hypercolor i s confined and only SU(3) u-singlets appear 

i n the ef f e c t i v e langrangian. Since the o r i g i n a l symmetry i s SU(3) C x SU(3) H x 

U(l) f l x U(l) x 0 ( 1 L , the symmetry of the eff e c t i v e lagrangian would appear 

to be SU(3) t x VU)K x U ( l ) 6 _ u x U ( l ) ^ . 

However, at the composite le v e l there are pairs of hypercolor fermions 

( y ^ V and TTY ) with the same SU(3) £ x U(1)^ = L properties. This corresponds 

to an SU(2) global symmetry of the low energy lagrangian. 

This weak int e r a c t i o n group SU(2) i s not of course a gauge symmetry of the 

fundamental lagrangian; that i s to say, there are no fundamental massless 

gauge bosons corresponding to W'and^: . I t i s not even a global symmetry since 

the T and V rishons transform d i f f e r e n t l y under SU(3)^ x 311(3)^ . However at 

the overlying l e v e l , a l l composite fermions are hypercolor singlets and a 

global symmetry SU(2) k x SU(2)^ emerges due to the interchange of 

(see table 2). 

Hopefully, massive W~and iL w i l l appear i n the ef f e c t i v e lagrangian. The 

l a t t e r i s renormalisabie. Moreover the theory possess composite Higgs f i e l d s 

which provide the masses. Therefore, the e f f e c t i v e theory must be l i k e the 

standard model since there are no known theories possessing these features. 

To make sure the effective theory i s renormalisable, i t i s required that the 

composite bosons are very l i g h t compared with A^. I t follows an ef f e c t i v e 

lagrangian l o c a l l y invariant under the gauge theory of the vector boson 

couplings and therefore renormalisable. Indeed, i f the effective lagrangian 
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i s renormalisable (except for A\i terms) i t must be approximately gauge invariant 
under SU(2) U x SU(2)^ x U ( l ) , with ^'^Wv dimension terms- breaking the 
symmetry. 

However, the small masses of the weak bosons requires a new symmetry p r i n c i p l e . 

A l l i t can be suggested i s that the composite weak bosons as well as the 

fermions acquire mass through a Higgs mechanism governed by scalar condensates 

s i m i l a r l y to technicolor. 

Technicolor has been f i r s t introduced to replace the usual Higgs mechanism. 

I t involves new complication due to the technicolor gauge interactions and 

the new technifermions (see Chapter 2). 

However, K i n g ^ argues that, i f the technifermions are composite of preons 

they w i l l appear only at the composite l e v e l and the underlying theory may be 

simple. 

He introduces technipreons T and V i n addition to the T and V rishons. They 

transform as 

under the l o c a l gauge group SU(3) U x SU(WL x SU(3) x U ( l l u l 

where SUM)^t i s the technicolor gauge group. 

The hypercolor singlets appearing at the composite le v e l are the quarks, the 

leptons and the technifermions. The l a t t e r condensate at ^ ^ ^ 

( A y^fl ATt) forming the usual Higgs scalars. SU (3 )tC and SU (^) can be 

u n f i ed int o a gauge group SU(|0)s , N = . At some energy / \ j the 

symmetry breaks down, SU(Al)s _ ^ SU(M) T tx SU(3) . 

Thus the model contains again two preons only which transform under 

SU(3) x SU(Al) x U(l) as V = (3, N , 0 ) and T = (3 , fO, -\/2> ). 

However, the o r i g i n of t h i s symmetry breaking i s unknown along with the 

spectrum of the technifermions. 
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6.3 D i f f i c u l t i e s and Problems 

6.3.a. c h i r a l symmetry breaking 
28 

' t Hooft analysed the r e s t r i c t i o n imposed by a x i a l anomaly equations 

on the fermionic spectrum i n confining theories with massless quarks (see 

Chapter 5)• 

In the rishon model, one of the two a x i a l currents X^ , presents a non-

vanishing anomaly at the underlying l e v e l . I t follows a x i a l anomaly equations 

corresponding to t h i s current which should remain true at every l e v e l ( i n 

energy) of the theory. A problem arises at zero-momentum where massive composite 

fermions do not obey the consistency conditions. Massless pa r t i c l e s only 

contribute to the cancellation of the vanishing of the amplitude, Whereas, 

massive states do not contribute to the anomaly equations i n the absence of 

c h i r a l symmetry breaking. The continuous c h i r a l symmetry U(l) ̂  i s then 

broken to a c h i r a l (discrete) sub-symmetry "S^ which must remain i n t a c t to 

prevent quarks and leptons from acquiring masses of order A^. A further 

breaking of UUJy w i l l provide the composite fermions with masses at the 

eff e c t i v e l e v e l . 

Two ways of breaking U ( l ) y a r e suggested. A Goldstone boson i s needed i n 

both cases. I t exists wi t h i n the theory and decouples from some composite 

fermions kept massless by the discrete 2^ symmetry. In either ways,- the symmetry 

breaking occurs via complicated procedure. Whether t h i s i s j u s t i f i e d or not 
can be answered by a proper dynamics. 

58 
King noted that i t i s quite sensible to take the l i m i t o ̂  e<— 

at energies *j A^C > <Jt
 a n <^ tf. are the QCD and QED couplings respectively. 

This i s equivalent to switch o f f SU(3L x U(l) and yields the global flavor 

symmetry, 

^ S U ( O L * sou;* A VJO; 
which exactly coincides with ' t Hooft's example with MS ̂  (see Chapter 5). 

I t i s therefore expected to be spontaneously broken to S U ( 6 ) ^ ^ with a l l 

fermions acquiring mass />J l\ ̂ c- That i s to say that whereas quarks and leptons 
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are almost massless, masses tend to /V^when , ok tend to zero, 

(Hierarchy problem). 

Thus, i f the rishon model and ' t Hooft conditions are correct there i s only 

one way out: a p a r t i a l breaking of 6^ ; =^ where 14̂  i s i n pr i n c i p l e 

unknown. 

Squires argued that 

Su(0 L * s u e t ) * — > S O ( * 0 L x s u ( ^ 
was the minimal breaking allowed consistent with the A-P-C decoupling and 

therefore i t was assumed that 

with 

and at energies K^A^c* Q C D i s given by 

and with 

can be regarded as the g c ~ © , .̂ p l i m i t of the rishon model with 

U(1)Y broken as i n Harari and Seiberg scheme. 

The f i r s t generation of quarks and leptons i s probably recovered. However 

a l l the particles are s t i l l massless. ^ £ must be broken, to allow f o r 
16 

masses. The color forces may be responsible for t h i s breaking and hence, 

where 2^ i s a subgroup of UP . More s p e c i f i c a l l y , i t i s a U(l)^. subsymmetry 

as i n Harari and Seiberg scheme. 

6.3.b. neutrino masses 

The neutral V-rishon has no t r i v i a l color and hypercolor; these acquire 

a meaning only at the composite l e v e l . V and V d i f f e r by some conserved 

quantity and cannot mix. Therefore, the massless V-rishon cannot acquire a 

Majorana mass. 

At the composite l e v e l , the fermions are (VVV) = Ve and (VVV) combinations. 
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They are s t i l l n e u t r a l but they are now c o l o r and hypercolor s i n g l e t s . They 

are not d i s t i n g u i s h e d by a quantum number and can o b t a i n a Majorana mass 

through a 6\/=condensate, f o r example. 

Six V-rishons are the simplest Lorentz s c a l a r combinations possessing a 

net R-number and t h e r e f o r e conserving hypercolor, c o l o r and e l e c t r i c charge. 

They can be i d e n t i f i e d w i t h the Higgs s c a l a r s o f SU(2)^x SU(2)^x U ( l ) . 

They can be used to break R-number B-L, P and C a t the same time. Parity (P) 

and charge conjugarson (C) are spontaneously broken by the r e s i d u a l weak 

i n t e r a c t i o n s through the 6V-condensates although hypercolor, c o l o r and EM 

i n t e r a c t i o n s conserve C and P. 

Moreover, a t energies above Ay , the number o f T, T, V and V i s equal; 

m a t t e r - a n t i m a t t e r symmetry i s conserved, e.g. Hydrogen atom has 4(T + T) + 

2 (V + V) and i t i s n e u t r a l . 

At the scale i n which condensates form the number o f V and V i s eg^ual 

any more, (B-L) i s not conserved. The n e u t r i n o s and W^-boson acquire masses 

which are determined by the VEV £ 4 ̂  ; the l e f t . , handed n e u t r i n o mass depends 

on i t s corresponding l e p t o n ( wWe^/fVi^R,) very s m a l l ) . 

These 6V-condensates put e v e r y t h i n g i n order. U n f o r t u n a t e l y , the dynamics 

to manipulate i t i s missing, f o r instance ^ ^ c a l c u l a t i o n . 

6.3.C proton decay 

I n a (B-L)-conserving composite model, the proton may decay through the 

process — 

or e q u i v a l e n t l y i n terms o f rishons 

(TTV) + (TTV) ^ (TTT) + (TVV) 

I f such a process proceeds i n lowest order o f the basic i n t e r a c t i o n o f 

the fe r m i o n i c c o n s t i t u e n t s , the r e l e v a n t scale i s A (V lt> G&V (the GUT 

scale) which i s not c o n s i s t e n t w i t h the scale o f Higgs i n composite models. 

Squires suggested t h a t t h i s may be i n c o n s i s t e n t a t f i r s t s i g h t only. This 

suggestion i s based on the f o l l o w i n g naive argument: as the r e a c t i o n (1) 
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i s suppressed by a f a c t o r p r o p o r t i o n a l t o H<^/^where i s the quark mass, 

the r e l e v a n t scale may be adjusted by the suppression f a c t o r , thus l e a d i n g 

approximately the radius o f grand u n i f i c a t i o n mass, i . e . 

I n the r i s h o n model however, a lowest order proton decay i s not allowed when 

considering the quarks and leptons o f t a b l e ( 1 ) . A second order decay may be 
60 

allowed butthe dominant processes are ( B - L ) - i s o l a t i n g r e a c t i o n s , e.g. 
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CONCLUSION 

A v a r i e t y o f t h e o r e t i c a l ideas associated w i t h the n o t i o n t h a t quarks and 

leptons are composites have been reviewed. There remains the problem o f 

assembling them and u n i f y i n g them i n the same theory f o r a t present, there i s no 

completely s a t i s f a c t o r y composite model o f quarks and leptons. 

From an experimental p o i n t o f view, i t i s hoped t h a t f u t u r e high energy 

experiments w i l l i n d i c a t e some new physics beyond the standard model, perhaps 

r e v e a l i n g evidence o f quark and l e p t o n s u b s t r u c t u r e . 

The possible e f f e c t s are expected from, 

i . the existence o f more f l a v o r s and o f fermions i n new ( e x o t i c ) c o l o r 

r e p r e s e n t a t i o n s ; 

i i . the improvement o f the bounds on quarks and l e p t o n form f a c t o r s , 

muon (^-2. ) and r a r e weak decays ( i . e . d e v i a t i o n s o f the weak 

charged currents o f leptons and quarks from the V-A form); 

a t some stage there may be evidence f o r non-zero r a d i i . 

From the t h e o r e t i c a l p o i n t o f view, the open problems are: 

i . the implementation o f c h i r a l symmetry breaking; 

i i . the f u l f i l m e n t o f various c o n s t r a i n t s (see Chapter 3) and ' t Hooft 

consistency requirements (see Chapter 5 ) ; 

i i i . the r e s o l u t i o n o f the mass spectrum o f quarks and leptons. 

The present experimental and t h e o r e t i c a l r e s t r i c t i o n s are so severe t h a t 

the c o n s t r u c t i o n of a con s i s t e n t model has not y e t been po s s i b l e . 

However, i t may be t h a t the world i s j u s t not as simple and t h a t a r a d i c a l 

new idea i s missing. I t i s i n t e r e s t i n g t o compare the present s i t u a t i o n w i t h 

t h a t which occurred some twenty years ago when the search was on f o r the 

s t r u c t u r e o f hadrons. The quarks had been o r i g i n a l l y proposed as a 

mathematical t o o l t o ex p l a i n the SU(3) f l a v o r symmetry i n the hadron spectrum. 

Because o f P a u l i s t a t i s t i c s i t had also been hypothesised t h a t quarks possess 

a r a d i c a l l y new degree o f freedom, " c o l o r " . This concept appeared very 
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a r t i f i c i a l a t the time but i t has since been confirmed and has o f course 

formed the basis o f the theory of s t r o n g i n t e r a c t i o n s (QCD). 

Are quarks and leptons composites? This question i s f a r from being 

answered. But the s i t u a t i o n i s not hopeless; i t seems r a t h e r promising. 
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