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Abstract 

We present a detailed analysis of the rishon model of composite quarks, 

leptons, scalar particles and weak bosons. The fundamental Lagrangian is 

assumed to be gauge invariant under SV(Z) xSU£3) xU(l) M. The fundamental 

particles are the two types of rishons (T and V ) , hypergluons, gluons and 

the photon. No fundamental scalars exist. Below the hypercolor scale A , 

only SU(3) -singlets exist. The simplest composite -.armions are made of 

three rishons or three antirishons and reproduce the observed properties of 

one generation of quarks and leptons. A new approximate SU(2)LxSU(2) xll(l) 

symmetry emerges at the composite level. The weak interactions appear only 

at the composite level as residual short-range interactions among hypercolor 

singlets. If composite W and 2 bosons are formed, the effective Lagrangian 

at low energies is likely to be gauge invariant and renormalizable, except 

for terms proportional to inverse powers of A„. Two elusive Goldstone bosons 

are predicted by the model. The *t Hooft consistency requirement is simply 

obeyed in a manner similar to the situation in QCD. The generation problem 

and the proton's decay as well as some theoretical difficulties and experi

mental signatures are briefly discussed. 
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1 • Introduction 

There are several reasons to consider the possibility that quarks and 

leptons are composite objects*- J. The probable existence of six types of 

leptons and six types of quarks, the repetitive pattern of generations, 

the analogy and similarities between the properties of quarks and leptons, 

the connection between the electric charges of quarks and leptons and the 

existence Of more than 20 free parameters in the "standard model", all point 

towards a common underlying structure. 

We also have convincing arguments for the compositeness of the scalar 

particles in the spontaneously broken electroweak theory. These arguments 

are not directly related to a possible substructure of quarks and leptons. 

However, in the absence of such a substructure, the composite scalars inevitably 

lead to many additional quark-like objects, intensifying the feeling that one 

faces too many "fundamental" particles and too many independent parameters. 

It is attractive to postulate that all quarks and leptons as well as all 

scalar particles are composites of a small set of new fundamental fermions. 

All relations between quarks and leptons should be traceable to their construc

tion from the same set of building blocks. The generation pattern should be 

understood in terms of excitations of the composite systems. The "standard 

model" would then become a low-energy approximation of the "true" theory, 

based on an "effective" Lagrangian involving composite objects. 

The experimental limits on the pointlike character of quarks and leptons 

indicate a compositeness scale A of the order of, at least, a ftw hundred 

GeV^ '^ . hence, for the first time, we encounter composite objects whose 

Compton wave-length exceeds their actual radius by many orders of magnitude. 

Alternatively, we may say that the composite quarks and leptons are approxi

mately massless in comparison with the scale parameter A. 



f4) 
The only known "natural" scenario which may yield approximately massless 

composite objects starts with a local gauge theory with massless fundamental 

fermions. Such a theory would normally possess a certain degree of chiral 

symmetry. If the chiral symmetry is not broken, it may "protect'' some of the 

composite fermions from acquiring a mass^ . The binding force among the 

fundamental massless fermions is, presumably, a new color-like force called 

"hypercolor" with a scale A„. The new fundamental massless fermions are hyper-

color-confined and cannot be directly observed experimentally. The hypercolor 

scale is substantially larger than the ordinary color scale: AII»Ar,. We iden-

tify A with the compositeness scale mentioned in the previous paragraph. 

All composite quarks, leptons and scalar particles are hypercolor singlets 

and are therefore "observable" below A„. 

n 

Using the above reasoning, one may consider a variety of composite models 

of quarks and leptons. Sometime ago, we proposed such a model (the "rishon 

model"), based on an earlier "counting scheme"^ . The present paper is 

devoted to a detailed analysis of the rishon model. 

The standard model contains several types of gauge bosons: photon, gluons, 

VT and Z. To these we must now add the hypergluons of the hypercolor force. 

Do the gauge bosons appear as fundamental fields in the original "underlying" 

Lagrangian, or are they composite? 

The photon, gluon and hypergluon are massless. They represent exact local 

gauge symmetries which are not broken in any stage of the theory. At least 

the hypergluon must appear in the underlying Lagrangian, since it is responsible 
f 81 

for the binding of the fundamental fermions. In spite of several attempts , 

no one has, so far, succeeded in constructing a theory with ntassless composite 

vector gauge particles. We therefore assume that the photon, gluon and hyptr-

gluon are fundamental and that SU(N),,x SU(3)cx U(1) E M is a local gauge symmetry 
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of the underlying theory. 

The situation concerning the weak bosons W and Z is quite different. 

They are not massless and the corresponding symmetry is spontaneously broken. 

In the usual Higgs mechanism, the longitudinal components of W and Z are "born" 

from the scalar particles which are now assumed to be composite. Furthermore, 

VT is the only charged gauge boson and its charge equals three times the 

fundamental electric charge of any set of new fundamental fermions. It is, 

therefore, not unlikely that the massive IV and Z are actually composite objects 

If so, the full electroweak group will not appear as a local gauge symmetry 

of the underlying theory. It will only be an approximate gauge symmetry of 

the low-energy effective Lagrangian which contains the composite fields of 

W, Z, quarks, leptons and scalars. Such a Lagrangian will differ from that 

of the standard model by terms which are proportional to inverse powers of 

the compositeness scale A„. 

In the rishon model, we postulate that the ordinary tf* and 2, as well 

as an additional set of W~ and Z belonging to an SU(2). x SV(2) xU(l) electro-

weak group, are composite particles. This assumption leads to interesting 

consequences and to difficult open problems, which we discuss in the following 

sections. 

The plan of this paper is as follows: In section II we describe a search 

for the most economic composite model which is consistent with the framework 

outlined above. We show that the rishon model is the minimal possible scheme. 

Section III is devoted to a detailed analysis of the underlying Lagrangian, 

and its local, global and discrete symmetries. The spectrum of first-generation 

quarks and leptons is constructed in section IV. The weak interactions are 

introduced in section V, as residual short-range forces operating between 

hypercolor-singlet composite fermions. The effective Lagrangian containing 

the composite fermions is shown to possess a larger global symmetry. In section 
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VI we discuss the effective Lagrangian, the composite W and 2 bosons and 

the question of "approximate renormalizability". Section VII is devoted to 

a study of the patterns of symmetry breaking, beginning with the underlying 

theory and proceeding towards the spectrum of physical composite particles. 

We encounter Goldstone bosons and discuss the ft Hooft consistency conditions. 

Section VIII includes a brief discussion of some open questions including 

the generation problem, proton decay and the g •* o limit of the theory. In 

the last section we present a summary and outlook. 
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II. Searching for a Minimal Scheme 

Starting from the theoretical framework of the preceding section, we 

now try to find the minimal realistic scheme which obeys our various require

ments. The line of reasoning presented in this section cannot be considered 

as a "derivation" of the model. It represents, however, a systematic search 

for the most economic candidate for a composite model. We proceed with the 

following steps: 

(i) We assume that the full local gauge group is SU(N)„xSU(3)CxU(l) . 

If the hypergluons, gluons and photon are fundamental gauge particles, nothing 

less will do. However, we do not allow any additional gauge symmetries, 

(ii) We assume that all fundamental massless fermions are in the N-

dimensional multiplet of SU(N)H. They cannot be hypercolor singlets, since 

that would make them observable. The fundamental N-representation is clearly 

the simplest and the most economic. Fermions and antifermions are, of course, 

in N and N-re/resentations, respectively. 

(iii) In order to form a composite SU(N)H-singlet fermion, we now used at 

least N fundamental fermions, where N is odd. The smallest and most economic 

N is three. Hence, we take the full gauge group to be^ ' SU(3)H x SU(3) x U(l) 

(iv) In order to construct neutral and charged composite fermions, we need 

at least two fundamental fermions with different electric charges. The funda-

1 

r 
mental unit of charge is clearly -=-e. Hence, the simplest model will involve 

one fermion with charge — (denoted by T) and one neutral fermion (denoted by 

V), both in hypercolor triplets. We refer to both fermions as "rishons"v . 

The antirishons are hypercolor antitriplets with chargjs --=-,0. 

(v) The only assignments which remar.n to be determined are the ordinary 

SUC5)c-colors of T and V. The simplest color representations for each one of 

them could be 1, 3 or 3. We must form composite quarks and composite leptons 
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belonging, respectively, to (1,3) and (1,1) representations of SU(3)H x SU(3)_. 

Hence, we need hypercolor singlets with different color-trialities. Consequently, 

the two types of rishons must have different colors. Since the definition of 3 

and 3 is arbitrary, we are Jeft with only two possibilities: (a) The two types 

of rishons are in the 1 and 3 color representations, respectively, (b) The 

two types of rishons are in 3 and 3 color representations. The first possibility 

leads to a difficult;' with Fermi statistics in the construction of leptons 

(see section IV). The only remaining possibility is, therefore*• J: T in 

(3,3J1/3 and V in (3,3)o. 

The starting point of our model is, therefore, the following: We 

postulate a local gauge symmetry based on SU(3)HxSU(3)Cx U(1) E M, with three 

independent parameters &,, A_, a. There are two types of massless left-handed 

and right-handed rishons. We also have the corresponding antirishons in the 

conjugate representations (see table 1). 

The complete list of fundamental particles includes rishons and antirishons, 

hypergluons, gluons and the photon. All particles are massless. No mass 

parameters exist. No fundamental scalar particles exist. 

The basic model suggested here is clearly extremely economic. The important 

question is whether, starting from our minimal set of particles, we can con

struct a realistic self-consistent theory. We try to do that in the following 

sections. The theory we obtain has many attractive features but it is still far 

from satisfactory, as many important questions remain open. 



III. The Underlying Theory 

We have now defined the ingredients of our modeJ. The full fundamental 

Lagrangian is given by; 

- Hw*yv 

Here, T and V are Dirac four-spinors, each representing a right-handed 

and a left-handed massless fermion; a=l,...,8 is an index specifying an 

SU(3) generator; A is the corresponding 3x3 matrix; j,k = 1,2,3 are color 

indices; j',lcr =1,2,3 are hypercolor indices; A„ , A_ , A are the hypergluon, 

rip *-*!* V 

gluon and photon fields, respectively; (F*) y v = 3 yA^ - 3 yA^ + g„f ̂ A ^ A ^ ; 

(F ) = 9 A - 3 A ; upper and lower color indices correspond to the 3 and 3 

representations, respectively. 

The basic Lagrangian may include, in addition, terms of the form 8FF, 

potentially yielding strong and hyperstrong CP violation. These terms do not 

pose any special problem in our modelv J and we do not discuss them any further 

in this paper. 

Note that our Lagrangian contains no mass parameters. The only free para

meters are gH»gr and e (or Au,A a). Note also that for A„ values between 

103 and 108 GeV, gc/gH at AR is around 0.15-0.25 while e^0.3(|~ = r*). 

The model involves three different local gauge symmetries: hypercolor, 

color, electromagnetisn;. These symmetries will remain exact at all levels of 



the theory. They are also symmetries of the vacuum. No other exact symmetry 

will exist. Hence, in our model, all exact symmetries are local gauge 

symmetries. 

The underlying Lagrangian possesses, by construction, additional global 

and discrete symmetries. These symmetries are not necessarily shared by the 

vacuum, and we will see in the following sections that all of them must be 

spontaneously broken. We now turn to study these symmetries. 

The discrete symmetries of the Lagrangian are very simple. It is clearly 

invariant under parity and charge conjugation. All fermions appear as both 

left-handed and right-handed and we have only vector interactions. 

The global symmetries are somewhat more complicated. First wenotethat 

although we have two types (or ,:flavors"J of rishons, we do not have any 

global SU(2) symmetry. T and V have identical hypercolor but opposite color 

(see table 1). T and V have identical color but opposite hypercolor. The two 

rishons and the two antirishons represent the four possible combinations of 

hypercolor and color triplets and antitriplets. Each combination appears once 

and only once. 

Superficially, the Lagrangian appears to conserve separately the number 

of left-handed and right-handed T and V rishons. Hence, we must consider four 

possible li(l) symmetries for which we may define the following four currents: 

T 
f J 1 = T Y T v vector'u u 

(JV * ) = V y V v vector' p u 

(JT . ,) = f y Y.T 

(JV . .) = v" y Y-V 1 axial'p 'u'5 

T 
The first current J is actually identical to the electromagnetic current. 
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It therefore represents the local gauge symmetry of U(l) „ and no extra global 

symmetry is involved. 

V 
ponding current J ctor is

 a conserved vector current, representing a global 

The net number of V-rishons is conserved by our Lagrangian and the corres-

V ing current J t is a conse vector 

U(l)„ symmetry of the Lagrangian. 

It will be convenient to define two linear combinations of the net numbers 

of T-rishons and V-rishons. We therefore define the currents : 

The quantum number R ("rishon number") counts the total number of rishons minus 

antirishons. The second quantum number counts [(n_-n=) - (n* -n^)] and will turn 

out to be equal to baryon minus lepton number. We may replace the invariance 

under U(l)EMx U(l)v by g.'jbal invariance under U(l) xU(l)B , where
 UC1)CM is 

contained in the product-

T V 

The two axial currents J . . and J . . are not conserved. Their diver

gences do not vanish because of the well-known anomaly terms: 

3 2 2 

2 2 
a f7

v i . gH uvpo a a gC uvpo a a. 
V Jaxial 3v " ̂ T e tFH3yv( V p o + ^T e t F c W F c V 

Note that the coefficients of the FUF„ (respectively, F„F„) terms in both 

divergences are equal. This follows from the fact that T and V are in hypercolor 

(respectively, color) representation of the same dimensionality . Again, it is 

useful to define the sum and difference of the two currents: 
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\ = Vs T + Vsv 

Y = Tv 'rcT - Vy Y_V 

We immediately observe that while X is not conserved, Y is essentially 

2 3 2 

3 X - —?H- ruvpofPal fFal + -£- FUvporFal fFal 
V u - — 2 " £ (FH'PV(FH'PO ^ T £ ^c'uv^c'pc 

16u* " H" " "" 16lT 

2 e 

16n2 
_ .uvpo. . . . 
2 L l"Wuv l EMJ(XJ 

u U ,, 2 "• Bfuv"' EM'pa 

The current Y is not conserved only as a result of the electromagnetic 

anomaly term. We can always define a conserved charge Y and our Lagrsngian is 

invariant under the corresponding global axial U(l)ysymmetrŷ  . We thei :fore 

have a chiral U(l)xU\'l) invariance, which is closely related to our hypercolor 

and color assignments of the rishons. 

Lagrangian does not possess a global U(l)y symmetry. However, the breaking 

of the X-charge is always done in "lumps" of 12 units. The instanton term (for 

color or for hypercolor) must always involve 3T+3V+3T+ 3V of the same 

"handedness" for a total |AX 1 =12. Consequently, a discrete Z. _ subsymmetry of 

U(l)x remains conserved (or, in other words, the axial charge X is conserved 

modulo 12). 

The complete list of U(l) symmetries and the corresponding currents is 

summarized in table 2. The complete list of quantum numbers for all left and 

right-handed rishons and antirishons is given in table 3. 

The overall symmetry of our Lagrangian is given by SU(3)H x SU(3)., x U(l) x 
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t/(i)B ,xll(lL with parity, charge conjugation and Z.- as additional discrete 

symmetries and a local gauge group U(1) E M contained in U(l)-xU(l). ,. The 

global and discrete symmetries need not be respected by the vacuum and may 

eventually be spontaneously broken. 
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IV. Composite Fermions 

At energies well above A our theory is asymptotically free. As we 

decrease the energy, all rishons and hypergluons become confined. Only 

hypercolor-singlets remain as "free" particles. Composite bosons and fermions 

are, respectively, constructed from even and odd numbers of fundamental fermions. 

All possible combinations with less than eight constituents are listed in 

tables 4 and 5. The tables contain the R-values of the composites. It is 

clear that bosons (respectively> fermions) must have even (respectively, odd) 

R-values. 

What can we say about the masses and radii of such composites? The 

effective radius of the confining hypercolor force is, presumably* A „. Hence, 

all combinations which actually form composite states are likely to have effective 

radii of order A~ The underlying Lagr-iiigian had a chiral symmetry. If it is 

not broken spontaneously, the chiral symmetry can be realized, in the composite 

level, in two ways: We may have massive parity doublets (probably with M^A\.) 

and we may have massless composite fermions. As long as we cannot fully calculate 

the confining hypercolor forces, we cannot decide whether or not the chiral 

symmetry is broken, and - in case it is not broken - which composite fermions 

will emerge massless. At most we may have consistency conditions which should 

(4) 
be obeyed by any candidate theory 

The only exercise we can perform is to check whether the simplest set of 

composite fermions resembles the observed spectrum of "approximately massless" 

quarks and leptons. The simplest composite hypercolor-singlet fermions are 

formed from three rishons or three antirishons. The R and B-L values are deter

mined by the explicit rishon content. FOT each combination we consider the 

simplest allowed color representation. The complete list of such three-

constituent composites is given in table 6. 
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We immediately notice that the table displays the precise content of one 

generation of quarks, leptons and their antiparticles. Each B-L value appears 

with the correct corresponding color and the only allowed combinations are 

the ones observed in nature. (No integer-charge color triplets; no fractional-

1 2 
charge color singlets; the only qua:rk charges are ±-̂ , i-̂ ; all charges are one 

1 2 
or less; the only allowed B-L values are ±1, ±-=- and not, e.g. +•=•). 

The relation between the quantization of quark and lepton charges is 

trivially understood, since all charges come from one fundamental charged 

particle - the T-rishon. A proton contains 4T + f + 2V + 2V ("net content1' of 3T). 

Hence, a hydrogen atom is not only neutral (4T + 4T + 2V + 2V) but contains equal 

numbers of rishons and antirishons and has Q = B-L=R = 0. This immediately 

raises the question of proton stability (see section VIII) and of the matter -

(61 
antimatter symmetry^ . 

Another puzzle that is trivially solved here is the famous vanishing sum of 

all quark and lepton charges in one generation. It is well-known that the 

renormalizability of the standard model requires the absence of anomalies, 

leading to the constraint 

Q(e-) * Q(v) + SQOO +3Q(d) = 0 

This constraint is indeed obeyed by a "miraculous" cancellation between quark 

and lepton charges. In fact, it is the only ingredient of the standard model 

which tells us that the observed leptons could not have existed without the 

observed quarks, and vice versa. In our model, the vanishing of the above sum 

is extremely natural and simple1 J. The total rishon-content of e~,v,u,d is 

6T + 6T+6V + 6V. Hence, the sum of all electric charges as well as the sum of 

all B-L values automatically vanish . 

Our next concern is to verify that the necessary combinations of rishons 
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in table 6 obey Fermi statistics. We assume that the effective field of the 

composite quark or lepton is always constructed from the rishon fields without 

any derivative coupling. Consider first the leptons and antileptons. Their 

wave-function contains three identical rishons or antirishons. It is totally 

antisymmetric under both hypercolor and color Cthree SU(3)-triplets forming a 

singlet). The only remaining degrees of freedom are the Lorentz properties. 

Each rishon can be described as a Dirac four-spinor transforming according to 

a (k,0) * [0,Jg) representation of the Lorentz group. The required overall 

antisymmetry of the wave-function forces the Lorentz part to be totally anti

symmetric. The totally antisymmetric product of three Cs,0) * («,%) represen

tations is given by one (̂ ,0) + (0,3s) representation. Consequently, our composite 

1 3 
leptons can be "legally" constructed, they must have i--K, there are no J = j 

leptons and there is only one lepton-state for each set of three rishons . 

The above discussion tells us that we could not have chosen T and V to be in 

3 and 1 representations of SU(3)_ respectively. Such a choice would not have 

enabled us to form a VW-lepton with J=Jj. 

An alternative way to look at the lepton wave-functions would describe a 

left-handed (or a right-handed) rishon as a two-component spinor. In that 

case T L and T R are different particles. We can, at most, antisymmetrize two 

TL-spinors or two T.'s. Hence, we find: 

eL = W L • <-\\T* 
where the two identical rishons always form a Lorentz scalar. The masslessness 

of the rishons is an important part of the argument here. Note that for mass-

less rishons we cannot consider concepts such as orbital angular momentum and 

spin-at-rest. Had we considered a nonrelativistic approximation, we could not 

have constructed a totally antisymmetric three-rishon state without orbital 

angular momenta. However, this is not the case for the extreme relativistic 

case of massless fermions, where the orbital angular momentum cannot even be 

defined. 
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.Note that all leptons and antileptons have Y = ±I. Note also that in 

each lepton we find a Lorentz-scalar two-rishon set (T.T.) or (TnT_) or (V.V.) 

L L R R L L 
etc. This "dirishon" is always antisymmetric in the hypercolor, color and 

Lorentz degrees of freedom. We will later encounter such "dirishons" again 

+ 
and again in the wave functions of the quarks and the W"-bosons. 

The analysis of the quark wave-function is more complicated. There are 

several possible ways of forming a J= y, color-triplet, TTV composite with a 

given handedness. Table 7 contains all the possible ways of constructing a 

three-rishon composite with the quantum numbers of the u. -quark. Unlike the 

3 
lepton case, J =•=-quarks cannot be apriori excluded. However, there are general 

arguments against the existence of massless J = j fermions . We will also 

see later, in section VI, that the electroweak anomalies vanish only if each 

lepton is accompanied by only one tricolored J = •= quark. 

At this point of our discussion we cannot definitely choose the appropriate 

wave-function for the u-quark. We remark, however, that if we want the quarks 

to have the same Y-values as the leptons (i.e. Y=±l) and to include a "dirishon" 

system in a color antisymmetric, Lorentz scalar (as the leptons do), the only 

allowed solution is given by the second entry of table 7; 

UL = f W V L •• UL " CTBTR]VR 

However, we must postpone our definite choice of the quark wave-function till 

the end of the next section, after we have discussed the weak interactions. 
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V. The Weak Interactions 

Up to this point we have not discussed the weak interactions. The only 

fundamental interactions in our model are hypercolor, color and electromagnetism. 

The massive W and 2 do not exist in the fundamental level of the theory. The 

short-range weak interaction is not introduced in the underlying Lagrangian 

and does not operate between single-rishon states. 

Consider the forces between two hypercolor-singlet composite objects such 

as two leptons. At large distances there will be no net hypercolor forces 

between two SU(3).,-singlets. However, at short distances of the order of A „ 

n n 

we expect complicated short-range residual forces, reflecting the color and 

hypercolor interactions between the rishons inside the two composite objects. 

These forces are analogous to the residual color forces operating between two 

colorless hadrons. The residual color forces between hadrons are identified 

with the "strong" or hadronic or nuclear force. We now conjecture that the 

residual forces among hypercolor-singlet composites of rishons be identified 

with the conventional weak interactions J . The "tail'* of the hadronic 

forces is determined by the masses of the lightest composite colorless mesons 

which can be exchanged (i.e. pions, p-mesons, etc.). The "tail" of the weak 

force would now be determined by the masses of the lightest composite hypercolor-

singlet bosons which can be exchanged (presumably W and Z). 

If our conjecture is correct, the weak interactions should not be considered 

as one of the fundamental forces of nature. In order to prove such a conjecture, 

we should be able to derive the observed weak interaction phenomena from our 

fundamental hypercolor and color forces. This we cannot do, at present. However, 

we are able to study the symmetry properties of the forces among hypercolor-

singlet composite fermions. 

Let us consider the low-energy effective Lagrangian involving the composite 
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quark and lepton fields. It contains the kinetic terms for the composite fermions 

as well as the QCD and QED terms describing their interactions with gluons 

and photons. Consider two composite fermions with the same B-L values, e.g. 

TTT and W V (see table 6). Except for the electric charges, all their quantum 

numbers are identical. It is clear that all the effective Lagrangian terms 

mentioned above (except for the photon couplings} are invariant under a global 

SU(2) symmetry, under which the two composite fermions form a doublet . If 

these fermions are massless, the global symmetry is actually SU(2)j xSU(2)R. 

Note that the symmetry here is not discrete, since we can separately rotate 

(TTT) into any linear combination of (TTT) and (VW), without changing the 

Lagrangian. 

It is interesting to note that at the underlying level T and V have the 

same color and B-L. NevertheJess, we did not have a global SU(2) symmetry 

connecting them, because of their different hypercolors. In the composite level, 

the SU(3)H-singlets TTT and V W do not, anymore, differ by their hypercolor. 

The hypercolor is "integrated away" and anew approximate global SU(2)-symmetry, 

which is absent at the fundamental level, appears in the effective Lagrangian. 

The quantum number which distinguished between, say, TTT and V W is the 

R-number. It is easy to see that J: 

l R • J3L + T3R 

We also have a neutral axial charge, given by I,. - I,R. We identify it with 

the axial Y charge of the underlying theory: 

— Y = 1 - I 
2 l X3L 3R 

The Y-values of the left-handed and right-handed leptons and antileptons were 

determined in section IV, where the lepton wave-functions have been introduced. 



If we now identify jY with n 3 r - I 3 R ) , we can easily determine the SU[2) xSU(2) 

the right-handed antileptons (e » \ O R are in (%,()) representation while (v »e ) R 

and (e ,\) ) are in (0,3s). 

The Y-values of the quarks depend on the choice of their wave-functions 

(see section IV and table 7). If Y is indeed identified as the neutral axial 

charge of the new global SU(2)- xSU(2) , the Y-values of all quarks and anti-

quarks must be±l, rejecting the first entry of table 7. With these Y-values, 

we find that (u,d). and (d,u)p are in (̂ ,0) while (u,d)R and (d,u). are in (0,?s) . 

There is no candidate quark wave-function which would be consistent with any 

other assignment. 

What is the overall continuous symmetry of the effective low-energy Lagrangian? 

At the underlying level we had an SU(3) x SU(3)C x U(1)R x U(1)B L x U ( l ) Y symmetry. 

In the effective Lagrangian, the following changes occur: 

(i) Only SU(3)„-singlets appear. Hence, the SU[3)„ symmetry is trivial 

and meaningless. 

[ii) A new approximate global SU(2). xSb'r2)_ appears, containing UC1)R 

and U(l)v as the two neutral generators. 

It is then easy to see that the full approximate continuous symmetry of the 

effective Lagrangian is*- ' SU(3),,xSU(2)TxSU(2)nxU(l)D .. This is precisely the symmetry 
L L K D - L 

group of the l e f t - r i g h t symmetric extension of the standard model, except that in 

our case, SU[2) x SU(2) x U(l) i s a global symmetry. I t i s s igni f icant tha t 

a l l our composite fermions are necessar i ly assigned to the correct i3presentat ions 

of SU(2), x Sll(2)_xU(l)_ . . All left-handed quarks and leptons and a l l r i gh t 
ly K D-L 

handed antiquarks and ant i leptons are in (h,Q), and a l l other fermion s ta tes are 
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in CO,1!), precisely as required. Under SU(2) (the standard model) all left-

handed (respectively right-handed) quarks and leptons are in doublets (respectively 

singlets). 

It is remarkable that we are able to find our initial Y-charge inside the 

global SU(2). xSU(2) symmetry. It is even more surprising that all quarks and 

leptons have the correct V,I_. and I,_ values and that the three neutral currents 

of SU(2) x SU(2)_ x U(1)R . are identical to the three neutral currents of our 

original Lagrangian corresponding to U(l) xl)(l)fl xU(l) or U(l)£Mx U(l) v x U(I ) y . 

Iv'e conclude this section with a determination of the quark wave-function. 

Considering the possibility listed in table 7, we have already eliminated the 

first entry which has the wrong Y-value. We have already noted in section IV 

that it would be attractive to conjecture that the quark contains a dirishon-

state identical to the one found in the lepton wave-function, i .e. a Lorentz scalar 

(T.T.) state in a (3,3) representation of SU(3)„ x SU(3)C> The only entry in table7 

which obeys this requirement and has the correct Y-value is the second entry (T.T.) V. . 

We will now show that only thi:. wave-function is consistent with the require

ment that the same operator I performsthe transformations v -*e , d-*-u, u-*-d, 

e~-+-v . Describirg such an operator in terms of rishons we find that the state 

v ,e (corresponding to I ) is given by (T T )T0(V„V_)V, where the parentheses eL K L L L K K K . L 

denote a Lorentz-scalar dirishon. The same combination could describe u 3 

only if u. =(T.T )V. and 3_ = C VD V»^ TR' confirming the choice of the quark wave-

function as the second entry in table 7. 

Table 8 summarizes the wave-functions and the full SD£2), xSU{2) assignments 

of the first-generation fermions. 

We summarize: We have conjectured that the weak interactions are residual 

forces which appear only in the effective Lagrangian. We have shown that, at 

that level, a new continuous symmetry group exists. It is identical to the left-

right symmetric extension of the standard model and the quark and lepton 
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classification is correct. However, the symmetry is global, we do not know 

whether W and Z bosons exist and we have not yet discussed the symmetry-

breaking mechanism. 
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VI. The Low-Energy Effective Lagrangian 

Our composite theory involves two different Lagrangians. The fundamental 

"underlying" Lagrangian (see section III) is Tenormalizable. It includes 

rishons, hypergluons, gluons and the photon. Its continuous symmetry is 

SU(3)HxSU(3)cxU(l)RxUCl)B_LxU(l)v, and it describes physics at energies 

well above L,, In principle, the same Lagrangian should also enable us to 

calculate low energy phenomena. The low-energy "effective1* Lagrangian should 

be a direct consequence of the basic Lagrangian of the theory. 

The "effective" Lagrangian provides us with a phenomenological description 

of physics well below JL,. No hypercolored objects can appear. Hence, the only 

fields which participate in both Lagrangians, are the gluons and the photon. 

To these we must now add all hypercolor-singlet composites of mass smaller than 

/L,, such as quarks, leptons and, possibly, additional particles. The continuous 

symmetry of the effective Lagrangian (see section V) is SU(3)- x SU(2) xSU(2)_x 

In order to provide us with a realistic theory, the low-energy effective 

Lagrangian should presumably resemble, as much as possible, the Lagrangian of 

the standard QCD-electroweak model. Since we already have a global SU(2) x SU(2)R x 

U ( 1 ) B , symmetry, wevwould actually expect the effective Lagrangian to approximate 

the left-right symmetric extension of the standard model, based on SU(2). xSU(2)Rx 

u(l)B T > rather than the basic SU(2)xU(l) model. 

B-L 

What are the ingredients of the Lagrangian of the left-right symmetric 

extension of the standard model? 

(i) It includes quarks, leptons, gluons, photon, their kinetic terms and 

all their interactions (i.e. photon couplings to charged quarJcs and leptons, 

gluon-quark couplings and gluon self-couplings). 

(ii) It includes six weak bosons ( WL» WR»ZJ,Z 2), their kinetic terms, their 
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self interactions and their interactions with quarks and leptons. Only two 

coupling constants (g« for S'0(2') and g. for U(l)) describe all of these couplings, 

(iii) It includes an unknown '.lumber of Higgs fields which provide masses 

to weak bosons, quarks and leptons. At least some Higgs fields couple to each of 

these particles. 

Experimentally, we nave good evidence for part (i), indirect evidence for 

(ii) and no evidence for (iii). With parts (i) and (ii) the theory would be 

renormalizable but all particles remain roassless. With parts (i), (ii) and 

(iii) we regain the full standard renormalizuble model. 

Following trie discussion of sections IV and V, the effective Lagrangian of 

the rishon model already contains all the terms of part (i). We have already 

noted that we must also have residual short-range forces operating between 

hypercolor-singlet fermions. These may be described in terms of effective four-

fermion interaction terms. Alternatively, it is possible that composite color-

singlet, hypercolor-singlet, bosons are formed at masses below A^. Such bosons 

would then be the carriers of the residual force and would play the role of W's 

and Z's. We have no specific dynamical reason to expect the creation of such 

composite bosons, but they may, nevertheless, exist. 

If they do, we already know their rishon-content. For instance, W. should 

have the rishon-content of the operator I. , already discussed in section V. 

Hence, we have: 

W+L "= W W R ^ L •*; , CTRTR)TL(VLVL)VR 

The parentheses denote, again, a Lorentz-scalar pair of rishons, in an 

antisymmetric color and hypercolor state. We may also have neutral vector 

particles with B-L = R = Y = 0, They may mix, and we do not apriori know which 
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are the physical eigenstates. Their rishon content can be viewed in terms of 

TT and VV combinations, but also in terms of 2r + 2r or 3r+3r combinations 

as long as all quantum numbers of all combinations are identical. 

Our weak bosons are the analogs of the vector mesons p,w,4>,A., etc. The 

latter are quark-composites and can be viewed as effective mediators of the 

strong nuclear force which is a residual color interaction. Our W's and Z's 

are rishon-composites mediating the weak force wh\ch is also a residual inter

action. 

What do we know about the couplings of these f:weak bosons"? Since the 

effective interactions of the weak bosons are residual, their effective couplings 

should be, in principle, given in terms of complicated functions of the funda

mental color and hypercolor coupling constants g_ and g„ (in the same way that 

the effective pNN coupling should, in principle, be calculable from QCD). 

Our effective Lagrangian, prior to the introduction of the weak bosons, 

possessed a global SU(2).x SU(2)„x U(1)B , symmetry. If we have only one weak 

boson, transforming like each generator of the global group, and if all weak 

boson couplings respect the global symmetry, it follows that all the weak boson 

couplings obey the same relationships as the corresponding couplings in an 

SU(2). x Sli(2)_ x U(1) R . local gauge theory [i.e. uriversal coupling of bosons 

f 141 
to quarks, leptons and weak bosons). This is an old well-known result which 

can be derived, using the vector-dominance idea or the field-current identity 

approach. Note that at this stage, there is no relation between the effective 

weak couplings (which depend on g„ and g„) and the electromagnetic coupling 

constant a. 

There a 

seven vector particles in the effective Lagrangian. A well-defined linear com

bination of the three neutral vector particles has the same quantum r.jmbers 

as the photon. It might be that the elementary photon does not belong to a complete 
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multiplet of SU(2) xSl*(2) xl)(l) and its were existence slightly breaks 

this symmetry. In this case there are eight vector particles, seven of them, 

which correspond to the seven generators of SU(2)L xSU(2)R x U(1) B_ L
 a r e composite 

and the eighth is the photon, which is elementary. A similar situation occurs 

in the case of the vectors p and u>, which are composed of quarks. One linear 

combination of p and 10 has the same quantum numbers as the photon but the 

photon itself does not belong to a complete multiple1: of the group of isospin. 

Until now we have not discussed the mass terms in the effective Lagrangian. 

Quark and lepton masses could be due to a small nonvanishing mass of the rishons 

themselves, or they could be due to dynamical symmetry breaking (or both). The 

dynamical symmetry breaking could be due to scalar condensates which form as a 

result of the short-range residual interactions between leptons or quarks. We 

have discussed this mechanism in detail elsewhere and showed that it could 

provide us with the correct spectrum of scalar condensates needed in order to 

reproduce all the phenoroenological requirements of an SU(2). x SU(2)_ x U(1)R . 

gauge theory. We essentially have two types of condensates: 

(i) A scalar (or scalars) transforming according to the (0,l) + ;, represen

tation of SU(2), xSU(2)Rx U(l) . This condensate is responsible for parity 

violation, W -masses, B-L violation and Majorana masses for neutrinos . All 

of these phenomena are due only to this scalar field (or fields). 

(ii) Scalars transforming like a (%,%) representation. These contribute 

to fermion and weak boson masses. 

The weak bosons may have masses induced by the same dynamical symmetry 

breaking mechanism. They may also have masses due to the binding forces of 

the rishons. The chiral symmetry which "protected" the composite fermions from 

acquiring a mass (prior to the dynamical symmetry breaking) does not protect the 

weak bosons. 
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An extremely interesting situation occurs if the elementary photon and 

the composite W and Z bosons belong to the same multiplet. In that case there 

are or.iy seven vector particles, six of them are composite and the seventh is 

the photon. The situation is even more interesting if the masses of all W 

and Z bosons are entirely due to a dynamical symmetry breaking mechanism which 

respects the U(1)F„ subgroup of SU(2) xSU(2)Rx U(1)B , e.g. the mechanism 

described above. In such a case the neutral boson which couples to U(l)_ -

the photon does not acquire a mass, but the other six weak bosons become 

massive. 

If we neglect all terms which are proportional to inverse powers of A,,, our 

effective Lagrangian becomes renormaZizable and gauge invariant under a local 

SUC3)cxSU(2)LxSUC2)R x U ( l ) B L gauge group. Thus, the low energy effective 

Lagrangian is "approximately renormalizable*' and "approximately gauge invariant". 

It will be convenient for us to define these concepts to mean as follows: 

(i) An "approximately gauge invariant" effective Lagrangian is an effective 

Lagrangian which becomes gauge invariant when we remove all terms which are 

proportional to inverse powers of /L,. 

(ii) An "approximately renormalizable" effective Lagrangian is an effective 

Lagrangian which becomes renormalizable when we remove all terms which are 

proportional to inverse powers of A„. 

If the W and Z masses are entirely due to the scalar condensates^the 

effective Lagrangian, including the mass terms will be "approximately renormalizable". 

If additional W and Z mass t^rms come from other mechanisms, this "approximate 

renormalizability" cannot be guaranteed. 

Let us summarize what we have done up to this point. In addition to the 

quarks and leptons of sections IV and V, we assumed the existence of composite 

W and Z bosons whose couplings obey the same global symmetry which we have found 

earlier. We have also introduced dynamical symmetry breaking through scalar 
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condensates, contributing masses to quarks, leptons and weak bosons. If the 

elementary photon and the composite W and Z belong to the same multiplet and 

if all masses are only due to the effective Higgs mechanism, the emerging low-

energy effective Lagrangian is renormalizable and SU(2), xSU(2) x U ( l ) B L gauge 

invariant, except for terms which behave like inverse powers of A,,. If additional 

mass contributions exist, they may be non-renormalizable. 

Can we say, at this point, anything abouth the relationship between g and 

gj, the effective weak coupling constants of SU(2) xSU(2) and U(l)_ , 

respectively? The underlying Lagrangian is invariant under a global U(l)_x 

U(l)„ ,, which turns out to be a subgroup of SU(2) xSU(2)„xU(l) , (since 

j R = I 3 L
+ I 3 R ) - The U(1)R coupling constant is g^STwhile the U(1)B.L 

coupling constant is g.. The global symmetry group U(l]RxU(l)„ , is equivalent 

to the global U(l)_xU(l)v (see section III). However, if U(l)RxlJ(l)BL becomes an 

approximate local gauge symmetry, it is equivalent to a local U(l)TxU(l).r only 

if all of these U(l) factors have the same coupling . Hence, the coupling 

constants of U U ) R and of U(l)n . must be equal (or, equivalently, the couplings 

to T and V must be identical). We then obtain: 

7//2- = 

(5) (6) . 

sin26 -

2 1 SiiT9 = -i-w 4 

8 i 
2 n 2 

V 2«i 

This relation is valid at /L,. At energies below A^ it is renormalized 

downward according to a simple prescription. For TL.'WO GeV (respectively, 

8 2 
10 GeV) we obtain, at present energies, sin 6 ^0.23 (respectively, 0.21). The 

results depend somewhat on the masses of the W_-bosons, and may suffer additional 

N 
contributions proportional to A„ terms. 
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We may actually fine*, ourselves with an effective Lagrangian which is 

completely equivalent to the standard gauge Lagrangian of SU(3)-xSU(2), xSU(2)Rx 

U(1)B , (except for terms of order 1/A,). 

This, however, would require some "miracles" such as an explicit relation 

between a and the effective weak couplings (which are complicated functions 

of g- and g H ) . Such an equivalence between the standard model Lagrangian and 

the low-energy effective Lagrangian of a composite model, must emerge if we 

accept the ansatz known as "Veltman's theorem" . If the full low-energy 

effective Lagrangian is to be realistic and "approximately renormalizable"^it 

must coincide with t>"2 standard model Lagrangian (or with its left-right symmetric 

extension). 

The "approximate renormalizability" of the effective Lagrangian requires 

vanishing anomalies for all triple products of currents within SU(2) xSU(2) xU(I) B .. 

This requirement is obeyed only if, for each pair of composite leptons we have 

exactly one pair of tricolored composite quarks. This provides us with extra 

motivation for accepting only one of the quark candidate wave-functions as a 

valid description of a composite fermion of mass below /L, (see sections IV and 

V). 

Theoretically, we are not sure that "approximate renormalizability" of 

the effective Lagrangian is a necessary requirement. The lower is A^, the 

less we would be inclined to assume it. 

Experimentally, we must remember that the W, Z and scalar particles have 

not been seen yet, and only a few terms in the standard model Lagrangian have 

actually been directly tested. 

Consequently, it is not clear whether the effective Lagrangian should 

indeed obey the "Veltman theorem" or whether it should exhibit only a few terms 

which resemble the standard-model Lagrangian , and be allowed to contain 
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additional non-renormalizable terms. This is an important open question, common 

to many composite models, which should be further investigated. 

We remind ourselves, however, that regardless of the resolution of the 

above question, the effective Lagrangian should, in principle, follow from 

the fundamental Lagrangian, and the latter is, of course, renormalizable. 
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VII. Symmetry Breaking, Goldstone Bosons and the *t Hooft Condition 

We are now in a position to review our various symmetry groups and their 

symmetry breaking. 

It is interesting that, in our model, all exact symmetries are gauge 

symmetries. The only exact symmetries are, in fact, the three local gauge 

symmetries of the fundamental theory; hypercolor, color and electromagnetism. 

All other symmetries of the original Lagrangian are dynamically broken. 

The discrete symmetries are parity, charge conjugation and +.he Z.? subgroup 

of U(l)x (see section III). Our scalar condensates break these discrete 

symmetries, yielding W - W, mass differences, neutrino Majorana masses and 

Cabibbo mixing which breaks Z * * Clearly, no Goldstone bosons are involved 

in the breaking of discrete symmetries. 

The situation concerning the global symmetries is, again, more complicated. 

Consider the axial U(1)Y symmetry of the fundamental Lagrangian. At the under

lying level, U(l) is a global symmetry group. At the level of the effective 

Lagrangian we have postulated an "approximate gauge invariance" under 

SU£2) LxSU(2) RxU(l) B L which contains U(1)Y as a subgroup. Hence, U(I)y becomes 

an "approximate local gauge symmetry" of the effective Lagrangian. The 

"approximate SU{2),xSU(2)R xU(l)B_, gauge symmetry" is then dynamically broken 

by scalar condensates, breaking the U{I)Y subgroup as well. We know that the 

dynamical symmetry breaking of a local gauge symmetry (Higgs mechanism) does 

not require physical massless Goldstone bosons. Thus, in the approximation that 

U(1)Y is
 a local gauge group, we do not expect a Y-breaking Goldstone boson. 

However, U(1)Y is not an exact local gauge symmetry of the effective Lagrangian. 

There will be terns proportional to A^ which violate the U(1)Y local gauge 

invariance but respect the original global U(l) symmetry. Thus we may have a 



massless Goldstone boson X. reflecting the breaking of U(1)Y and coupling to 

light fermions, wi-h coupling constants of order A» . In fact, we must have 

such a Goldstone boson, since the original theory had an exact global U(l)v 

symmetry and the final outcome shows a breaking of the same U(l)„. 

We can check the consistency of the result in a different way. Define the 

parameter F as <o|Y (x)|x(q)>=iF q^e-1^"*. Clearly, F must be of order /L, 

(what else?). We have the Goldberger-Treiman relation mf-g Yff
F
Y where f is a 

composite fermion and g „ is the coupling constant of the x boson to the same 

fermion. Since in our case F ^A„, m f«A, , we must indeed have gyff^nu/Aj,. 

A similar argument follows for the global U(l)v symmetry of our fundamen

tal Lagrangian. Here, again, we expect a massless V-breaking Goldstone boson, 

C, with a small coupling to composite fermions. 

If the rishons have a small mass, the boson x becomes a massive pseudo-

Goldstone boson but C remains massless. 

Can we observe such Goldstone bosons experimentally? The £.-boson is 
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very similar to the "Majoron"1 J and it couples directly only to neutrinos, with 

a coupling proportional to A^ (in fact, the"%1ajoron"is a linear combination of 

C and x ) - J t * s many ordeisof magnitude away from experimental observation*• -*. 

The X-boson is more similar to a massless or a low-mass axion with a very 

small coupling to fermions. It seems that the strongest limit on its existence 

comes *• f from the process: 

Y + e"-»-x+e" 

which could frequently take place in the sun (or in stars) and cause 

o.nergy losses by the emission of the x_particlesl •*. 

The obtained limits on A^ depend on the X-mass and on assumptions concerning 

models of stellar evolution. For instance, for m(x)j$200 KeV one gets 

8 9 
Ay jlO - 10 GeV. A detailed analysis of the expected properties of X 

deserves a more detailed study. 



We therefore conclude that, at present, the two Goldst.one particles do 

not necessarily pose a major experimental threat to the model. On the other 

hand, it should be interesting to investigate the theoretical and experimental 

implications of the X-hoson, with the hope that they may yield a practical 

experimental test of the theory. 

Our effective Lagrangian and the standard model Lagrangian 

are supposed to be equivalent, except for terms of order A~': -

We have now learned that these terms may include not only terms involving 

particles of mass A„ or effective four-fermion and six-fermion interactions, 

but also Yukawa coupling of massless Goldstone bosons with coupling-constants 

We should add, at this point, that the appearance of a weakly coupled 

Goldstone boson is a general feature which must appear whenever a composite model 

exhibits an underlying global symmetry which becomes a dynamically broken 

"approximate local gauge symmetry" in the composite level. 

In his remarkable paper, 't Hooft has derived*' s necessary consistency 

conditions relating an underlying theory to its composite companion . In our 

fundamental Lagrangian, we should consider four anomaly terms, described by the 

triple products of the currents Y , / ^ , Ypj£ j{J. Vvi"
L jp" L a"d V u J u " L ( f ° r 

notations see section III, table 2). Of these, the first three show a vanishing 

R B L 
anomaly at the rishon level. Only the last product, Y J J , has a non-vanishing 

anomaly. 

We must then have^ ' composite massless particles which, at the composite 

level will enable us to obtain the iame results. There are two possible ways 

in which such composite massless particles can account for the anomaly. The first 

is the existence of massless composite fermions whose contribution exactly provides 

the needed anomaly. This is the possibility considered (and essentially rejected) 
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by 't Hooft1 \ The second way is the existence of a massless composite 

Goldstone particle which couples directly to the relevant global current and 

provides the necessary contribution, This is the way in which QCD obeys the 

anomaly constraint. In our case, a very similar situation exists. Our x~ D O 50 n 

plays the role of the pion in QCD. It couples directly to the current Y and the 

condition is automatically and trivially obeyed. The composite quarks and 

leptons are almost, but not exactly, massless. It is debatable ^ whether 

their contribution to the anomaly should also be included in the consistency 

equation. However, since all the relevant currents Y, R and B-L, are included 

in the group SU(2), xSU(2)R xU(l) B ,, we know that the total contribution of 

each generation of quarks and leptons to any anomaly involving these currents, 

must vanish. Hence, we have no difficulty with the consistency requirements, 

with or without the contributions of the quarks and the leptons. If the rishons 

have a small mass, so will the x-D°sons and the consistency remains valid. 
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VIII. Open Problems 

We now turn to some of the problems which remain open. 

(i) The Generation Structure. The quarks and leptons described in section 

IV account for one generation. Additional generations are presumably obtained 

by excitations of the first generation. Orbital and radial excitations clearly 

have the wrong energy scale. The most likely type of excitation is the addition 

of rishon-antirishon pairs. Elsewhere^ J , we have speculated *.h it the discrete 

Z-2 subsymnetry of U(l)y (see section III) provides us with a suitable generation-

labelling scheme. We do not repeat here the full discussion of t/iis idea, but the 

main point is the following: Higher generations can be formed by adding to the 

first generation a (T.f.V.V ) or a (TDf VV_) Lorentz scalar. All quantum numbers 

of this Lorentz scalar vanish, except for the X-charge which is changed by ±4 and is 

conserved modulo 12. In fact, if we insist that each two generations possess 

different X-values, we can only have three generations. More generally, the 

number of generations is dictated by the number of colors. The Z.^-symmetry is 

dynamically broken J by the same type of scalar condensates which produce the 

fermion masses, yielding Cabibbo mixing and fermion mass matrices. 

(221 
(ii) Proton Decay. In a separate publication^ / we discuss the question of 

proton decay in the rishon model. Again, we shall not repeat here the full 

4 ' (23) 
argument. To lowest order in /L, {i.e. T-^^j)» proton decay is forbiddenk J. 

It is allowed in higher orders and we obtain: 

where the K mass factor may involve quark, lepton, proton or K-raasses. For 

different proton decay processes we find that the experimental limit on T yields 

V 

(22) 

values around 10' GeV. 



(iii) Pattern of Chiral Symmetry Breaking. In ordinary QCD with approximately 

marsless u and d quarks the SU(2)xSU(2) "flavor" chiral symmetry is spontaneously broken 

and an approximately massless Goldstone pion exists. All composite fermions 

are not massless. They have masses of order A_ or more. In contrast, any realistic 

composite model of quarks and leptons, based on hyperco!or dynamics, must exhibit 

a chiral symmetry which is essentially unbroken, yielding massless composite 

fermions well below A„. Since the composite fermions do have a small mass, some 

chiral symmetry breaking must take place, either through small mass terms in the 

original Lagrangian or through "soft" dynamical symmetry breaking as is the 

case in our model. Regardless of the detailed pattern, one should be able to 

understand the reason for the difference between the chiral symmetry breaking 

in QCD and its approximate conservation in our model. We do not have a satis

factory answer to this question, except to note that even in QCD the reason for 

chiral symmetry breaking is not fully understood. Our model differs from QCD 

in the interplay between the two color groups, which is crucial for the formation 

of our set of composite fermions. It is conceivable that this interplr."' 

affects the pattern of chiral symmetry breaking, but we are far from a reasonable 

understanding of this point. This is, probably, the most serious open question 

af our approach. 

Civ) The Limit g„ -»o. At E^A, the color coupling constant g_^0.2. It 

might be interesting to investigate the limit of our model for g-^o. We 

immediately discover that our description is very sensitive to such an operation. 

For g--»-o, the fundamental Lagrangian acquires a global SU(6). xSU(6)_xU(l) 

symmetry. When g_ is "turned on", this symmetry breaks into our familiar 

SU(3}f x U(l)_ x U(l)„ . xU[l) . The almost massless quarks and leptons do not 

(2?,) 
form multiplets of SU(6) OJ . In fact, there is no SU(6) multiplet whose composite 

fermion-content remains anomaly-free under the "approximate SU(2),x SU(2) xU(l) R , 

gauge symmetry" of the effective Lagrangian. We must therefore conclude that 

when g„^o, the composite fermion masses move to A, and the chiral symmetry is 
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broken. In a sense this is satisfactory, because the limit g--»-o is mathematically 

completely identical to a six-flavor QCD theory and there we expect the chiral 

symmetry to break and the fermions to obtain masses of order A. In the preceding 

paragraph we have already i njectured that the difference between QCP and our 

model must come in some way from the irterplay between the two color groups. If 

that is the case, sending gp^o would eliminate any such interplay and we should 

not be surprised if the theory proves to be very sensitive to it. We emphasize 

that we understand neither the pattern of the chiral breaking nor the gc"*o limit. 

Both are serious difficulties in our model. However, if the interplay of the 

two colors solves one problem, it automatically solves the other. 

Another intuitive indication for the important role played by g„ being 

different from zero is obtained by considering, e.g., a hypercolor singlet, color-

octet, TTT composite. Such an object must have a mass of order At,, yet it 

differs from the positron only in its color. "Switching off" g„ would leave the 

positron and its color-octet companion as very similar objects, and their masses 

would then be likely to be of the same order of magnitude. 

A H of these considerations make it mandatory that the gr=o limit of our 

model is very different from the "physical" g-,^0.2 value. 
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IX. Summary and Outlook 

We have followed her** *n extremely simple-minded approach. There are too 

many species of quarks, leptons and scalar particles. There are too many free 

parameters in the standard model. We, therefore, try to describe a model in 

which there are only two types of fundamental fermions, no fundamental scalars 

and only three parameters. Since the goal is so ambitious, it is not surprising 

that we encounter difficulties. 

Our rishon model is obtained as the minimal scheme obeying a certain 

reasonable set of assumptions (see section II). It is surprising that such a 

simple scheme develops the right amount of complexity needed to allow for a 

realistic spectrum of composite quarks and leptons and for a realistic symmetry 

of the effective Lagrangian. We have to make several bold assumptions on the 

way. We believe that they are perfectly self-consistent, but we cannot prove 

them. A complete understanding of the combined nonperturbative physics of 

QCD and of its hypercolor analogue, should enable us to prove or disprove every 

one of these assumptions (Do we have almost massless composite fermions? Scalar 

condensates? Composite W and Z-bosons? Is the chiral symmetry approximately 

conserved and, if so, why? What happens at the limit g--*-o? Do generations 

differ by the X-charge?). Such an understanding is far away, even for QCD alone. 

Our approach is significantly different from that of the grand unified 

theories. We do not attempt to unify the strong and weak interactions into one 

gauge group. Instead, we pursue an analogy between the weak interactions and 

the hadronic forces, demoting both into the role of residual forces. We have 

three fundamental forces (in addition to gravity). Each of them is described in 

terms of an exact local gauge symmetry and is mediated by massless gauge bosons. 

Whether one can further unify these three forces, only time will tell. 
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There are three types of short range forces in physics: Van der Waals 

forces, hadronic forces and weak forces. In our model, each short range force 

becomes the residual force of a fundamental interaction originating from an 

exact local gauge symmetry: Electromagnetism, color and hypercolor. 

The weak interactions, being a residual force, obey only approximate, 

dynamically broken symmetries. It is clear in our approach why the weak inter

actions, and only them, violate parity1, '. We also explain why the relevant 

weak symmetry is SU(2) and not any other SU(N). It is SU(2) because there are 

only two ways to construct composite hypercolor singlet fermions with identical 

color and B-.L: one from rrr, the other from frr. 

Finally, we are disappointed by the absence of decisive experimental 

tests of our model. We feel, however, that at the present stage, it is most 

important to pursue the theoretical questions of self-consistency (especially 

those discussed in sections VI, VII and VIII) and to consider only sufficiently 

general experimental aspects of the model. 

The following experimental results could teach us something about the validity 

of the rishon model: 

(i) A discovery of integer-charge quarks or fractional-charge leptons would 

immediately destroy the model. A discovery of additional "bottom" quarks without 

corresponding "top" quarks, would also destroy it. 

(ii) A discovery of right-handed currents or a W -boson would encourage us, 

although it will not prove compositeness. On the other hand, if an SU(2). x 

SU(2)_ x U(l)_ . symmetry is experimentally confirmed, our model predicts that all 

bosons (scalar and vector) must have integer I_. + I__ and all fermions must have 

°^ *3L+I3ft" A scalar boson in a Cs,0) representation or a fermion in (0,0) 

would rule out the model. 



(iii) A proton lifetime of 1031 or 10 3 2 years is consistent with our model 

as well as with the standard grand unified theories. However, unlike those theories, 

we can also live with T 'WO 3 6 or 10 4 0 years. As long as we do not have a strong 

P 

reason for choosing a specific value of A ^ it is not very probable that AH 

happens to be precisely in the right "window1' which enables detect?^ of proton 

decay in the next few years. 

(iv) We cannot avoid neutrino masses of order mf/m(W_). 

All of these features are very general and none of them are specific to our 

model. More specific tests such as a possible enhancement of (B-L)-violating 

f 221 
proton decays , properties of the Goldstone boson X and the prediction for 

the mass ratio1 J between the right-handed VT and the right-handed Z, depend on 

explicit details of the model. These could be wrong, even if the model itself 

turns out to be correct. One should therefore handle such tests with great care. 

We feel that only a combined slow evolution of theoretical understanding and 

experimental discoveries will enable us to tell whether this modei or any other 

composite scheme shows any resemblance to the real world. 

We thank our colleagues T. Banks, E. Cohen, A. Davidson, Y. Frishman, 

E. Rabinovici and S. Yankielowicz for many helpful discussions. One of us 
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part of this work was begun and of the Max-Planck-Institute in Munich where 

the manuscript was completed. He also thanks J.D. Bjorken for a discussion of 

experimental searches for Goldstone bosons-



40 

References 

1. See e.g. H. Harari, Proceedings of the 1980 SLAC Summer Institute, p.141 

(Anne Mosher, Ed., Stanford, 1981) 

2. L. Susskind, Phys. Rev. D20 (1979) 2619; 

S. Weinberg, Phys. Rev. D13 (1976) 974; 

K. Wilson, unpublished. 

3. G.L. Shaw, D. Silverman and R. Slansky, Phys. Lett. 94B (1980) 57; 

S.J. Brodsky and S.D. Drell, Phys. Rev. D22 (1980) 2236. 

4. G. 't Hooft, Proc. Cargese Summer Institute, 1979. 

5. H. Harari and N. Seiberg, Phys. Lett. 98B (1981) 269. 

6. H. Harari, Phys. Lett. 86B (1979) 83. 

7. M.A. Shupe, Phys. Lett. 86B (1979) 87. 

8. See e.g. J.D. Bjorken, Ann. Phys. 24 (1963) 174; T. Eguchi, Phys. Rev. 

D14 (1976) 27SS. 

9. E. Cohen, Phys. Lett. 102B (1981) 413. 

10. S. Yankielowicj, private communication. 

11. H. Harari and N. Seiberg, Phys. Lett. 102B (1981) 263. 

12. S. Weinberg and E. Witten, Phys. Lett. 96B (1980) 59. 

13. See also 0.W, Greenberg and J. Sucher, Phys. Lett. 99B (1981) 339. 

14. See e.g. B. Zumino, Lectures on Elementary Particles and Quantum Field 

Theory, 1970, Brandeis University Summer Institute in Theoretical Physics, 

Vol. 2 (MIT Press, 1970); B.W. Lee, Chiral Dynamics (Gordon and Breach 

Science Publishers, 1972). 

15. H. Harari and N. Seiberg, Phys. Lett. 100B (1981) 41. 

16. M. Veltman, Michigan preprint 1981, to be published. 

17. See e.g. J.O. Bjorken, Fermilab-Conf-80/86-THY, to be published in the 1980 

Arctic School of Physics, Finland; P. Hung and J.J. Sakurai, Nucl. Phys. B143 



41 

(1978) 81; L. Abbott and E. Farhi, Phys. Lett. 101B (1981) 69. 

18. Y. Chikashige, R.N. Mohapatra and R.D. Peccei, Phys. Lett. 98B (1981) 265. 

19. J.D. Bjorken, private communication. 

20. K. Sato and H. Sato, Prog. Theor. Phys. 54 (1975) 1S64; D.A. Dicus, E.W. 

Kolb, V.L. Tepliuz and R.v. Wagoner, Phys. Rev. D18 (1978) 1829. 

21. Y.Frishman, A. Schwimmer, T. Banks and S. Yankielowicz, Nucl. Phys. 

B177 (1981) 157. 

22. H. Karari, R.N. Mohapatra and N. Seiberg, CERN preprint TH-312J, July 1981. 

23. We do not agree with the conclusions of I..B. Okun, Moscow preprint ITEP-73. 



42 

Table 1: The assignments of the rishons and antirishons 

Rishons 

T(3,3)1 / 3 

V(3,3)0 

Antirishons 

V(5.5)0 

f ( 3 . 3 ) . 1 / s 



Table 2: A summary of all vector and axial U(l) symmetries of the rishon model Lagrangian 

A complete se t 

of 

currents 

An a l t e rna t ive 

choice for the 

complete se t 

of 

currents 

axial 

vector 

axial 

U(l) symmetry 

UCHEMEUCI)T 

ud)v 

" W A T 

<KDAV 

U(DR 

U(1>B-L 

U(1)Y 

u c i ) x 

Name of current 

T 
^JEM^U = ^vec to r^u 

vector p 

T 
axial'jj 

^axiaPp 

JR 

P 

^L 

Y 
P 

\ 

Current 

f y 

v 
VsT 

%V 

i-CT-y T * Vy V) 3 'p 'p 

T(TY T - Vy V) 3 'p y 

V s T - W 

VsT 4Vsv 

Remarks 

Gauged. Conserved 

Global. Conserved 

Global. Not conserved 
due to color and 
hypercolor anomalies 

i i it 

Global. Conserved 

Global. Conserved 

Global. Current not 
conserved due t o EM 
anomalies. Conserved 
charge can be defined. 

Global. Current notcon
served due t o color and 
hypercolor anomalies. A 
d i sc re te \ 2 subsymmetry 
remains. The charge X 
i s conserved modulo 12. 



Table 3: Summary of all quantum numbers for rishons and antirishons. All fermions and antifermions with sub

script L (respectively, R) transform according to the Ps,0) representation (respectively, (0,^) 

representation) of the Lorentz group. 

! 
| Particle 

: TL 

TR 

T, 
L 

T„ 
R 

V, 

VR 

VL 

VR 
l 

SU(3)H 

3 

3 

3 

3 

SU(3)C 

3 

3 

3 

3 

v(i)T 
i 

1 

-1 

0 

0 

Vector 

ud) v 

0 

0 

l 

-l 

charges 

UC«R 

l 
6 

-I 3 

l 

"f^B-L 

1 

1 

u(DAT 

1 

-1 

1 

-1 

0 

0 

1 

Axial charges 

| Utl)AV U U ) Y 

0 

0 

1 -1 

-1 1 

1 -1 

-1 1 

1 
u(D x J 

! 

i i 

- i 

_i 

1 

- i 
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Table 4: All hypercolor-singlet composite bosons with 
less than eight constituents. Here r is any rishon (T or 
V) and r any antirishon 

No. of 
constituents 

2 

4 

6 

J.-1 

6r 

Rishon Content 

J . . . 
i 2i 

j 2r + 2? 

3r + 3r 

i« = -i 

6f 

Table 5: All hypercolor-singlet composite fermions with 
less than eight constituents. 

No. of 
constituents 

3 

5 

7 

Rishon Content 

h - I 
T 2 

3r 

4T + r 

5r + 2r 

iR - -I 
2* 2 

3r 

4r + r 

Sr * 2r 
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Table 6: All hypercolor-singlet, three-constituent 
composite fermions, assuming the minimal color for 
each configuration 

Minimal 
allowed 
color 

1 

3 

3 

1 

Hypercolol 

1 

1 
3 

1 
" 3 

-1 

1 

1 
2 

TTT (e+) 

TTV (u) 

TW (d) 

WV (\) ) 

1 

1 
" 2 

m (we> 
w f Cd) 

Vff (G) 

fft (e~) 
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Table 7: Candidate wave-functions for a u.-quark 

Rishon Content 

T T V 
R R L 

T.T.V. 
L i b 

T T V 
I L L 

T T V 
' L ' R V R 

Properties of (TT) system 

Color 

3 

3 

6 

3 or 6 

Lorentz 

(0,0) 

(0,0) 

(1,0) 

Cs.W 

Total Y 

- 3 

1 

1 

1 

Table 8: Quark and lepton wave-functions and their SU(2),xSU(2) x 

U(l)_ . quantum numbers 

eL • (TRTR>TL 

"I ' C W V L 

3L " W T L 

\ m (fRTRJTL 

S U ( 2 ) L x S U ( 2 ) R x U ( l ) B L 

(O.Wj 

ft-°Ji/s 

<°-«-l/3 

Os.oj.j 

*• 

-1 
i 
2 
1 

"I 

1 

4 

** 

i 
" 2 

1 
2 

1 
2 

1 
"2 

1 
"2 

1 
2 

1 
2 

1 

IJL4(R+Y) 

0 

0 

1 
2 

1 
" 2 

0 

0 

1 
2 

1 

IsR-i<R-Y) 

1 
2 

1 
" 2 

0 

0 

1 
2 

1 
"2 

0 

0 

EEZEZdO 


