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Abstract 

We consider models in which quarks and leptons are approximately 

masaless composites of fundamental maasless fermiona which are confined 

by a hypercolor force. The fundamental Lagrangian exhibits an axial 

U(1) symmetry which ia broken by hypercolor instantons, leaving a 

conserved discrete subgroup. We proposed that the distinction between 

different generations of quarks and leptons is given by the X-nuaiber. 

The resulting generation labelling scheme does not lead to massless 

Goldstone boaona or to new anomalies and is based on a quantum number 

which is already contained in the theory. The dynamical rishon model is 

described as an illustrative example. 
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A major puzzle in quark and lepton physiosi is the pattern of 

fermion generations. The first genereatlon (v ,e,u,d) exhibits an 

identical structure to the second generation (v,u,o,s) and, possibly, 

to the third (v ,T,t,b). Corresponding fermions in different 

generations have identical transformation properties under the Lorentz 

group, the full SU(3)cxSU(2)xU(1) gauge group of the r-oandard model, the 

left-right symmetric extension to SU(3)£.xS0(2)1xSU(2)BxU(1)B_L and the 

grand unification algebras SU(5) or SO(IO). 

Many authors have considered new quantum numbers which could 

distinguish among different generations. In all cases, these quantum 

numbers are introduced "by hand" for the sole purpose of labelling the 

generations. The "physical" quarks cannot be exact eigenstates of such 

quantum numbers and the related symmetry (sometimes called "horizontal 

symmetry") must be broken in order to allow Cabibbo mixing. 

Among the various proposed generation labels we ?U/d discrete 

symmetries, continuous global symmetries and local gauge symmetries. 

Discrete symmetries are usually artificial and their origins are 

unclear. Broken continuous global symmetries require massless Goldstone 

bosons which no one has observed. Horizontal gauge symmetries raise the 

question of anomalies. In all of these variations, the source of the 

additional broken symmetry is never explained. 

In composite models of quarks and leptons, the pattern is 

presumably explained by stating that higher generations are excitations 

of the first generation. These excitations are neither radial nor 

orbital, since the inter-generation mass splittings are much smaller 

than the inverse radius of the composite system. The most likely 
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excitation Is the addition of one or several fermion pairs to the 

2 
first-generation ground state. However, even in this case.it is likely 

that a new quantum number distinguishes among the generations. It must 

correspond to a broken symmetry without yielding unwanted massless 

Goldstone bosons. Furthermore, in the case of a composite model, the 

additional quantum number cannot be arbitrarily introduced. It must 

already exist somewhere within the theory. 

In this paper we propose a possible solution to the problem of 

generation labels. We first discuss our proposal within the framework 

of a general class of composite models for quarks and leptons. We then 

illustrate the mechanism by considering the dynamical theory of the 

rishon model as a specific example. 

We start by describing a general theoretical framework for 

composite models. We assume that quarks and leptons are composites of 

fundamental fermions. All quarrs and leptons are approximately masaless 

in comparison with their inverse radius. Massless composite fermions 

are likely to emerge only if the fundamental fermions are also massless 

3 
and the theory enjoys a ehiral symmetry. This scenario leads to two 

cuestions: 

(i) If the new fundamental constituents are massless why aren't 

they observed experimentally? 

Cii) What sets the high-energy scale of the inverse radii of the 

composite fermions? 

Both questions are satisfactorily answered if one assumes that the 

massless constituents are bound by a confining hypercolor force based on 

an SU(N)„ algebra with a scale parameter AH>TeV. The composite quarks 
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and leptona are approximately massleas hyperoolor singlets with radii 

determined by the effective radius IC of the hypereolor confining 

potential. 

The basic Lagrangian of the theory obeys an SU(N)„xF symmetry where 

SU(N)„ is the local hypercolor gauge group and F is a "flavor" group 
n 

which should include ordinary color, electromagnetiso, and possibly 

the full eleetroweak algebra or even a grand unification algebra. In the 

simplest example, the theory contains K fundamental masaless left- and 

right-handed fermions, each in the N-dimensional representation of 

SU(N)H. We then have3: F 5 S0(K)LxSO(K)RxU(1) 

In addition, we always have an extra axial U(D X factor. The 

corresponding axial charge is defined to be X=1 for all left-handed 

fermions and antifermions while X=-1 for all right-handed ones. The 

tfCDj. symmetry is broken by hypercolor inatantons which produce 

nonvanishing vacuum expectation values for a 2K-fermion operator. This 

operator carries no color or flavor quantum numbers, but has X=2K. Thus, 

UO)„ is broken, but a discrete Z,„ 3Ub-symmstry remains conserved . No 

masaless Goldstone bosons are needed. The axial quantum number X is 

conserved modulo 2K. 

Assume now that we have constructed the first-generation quarks and 

leptons as massless composites of N fundamental fermions. A second-

generation composite is presumably obtained by adding fermion pairs to 

the combination which formed the corresponding first-generation 

composite. The "bundle" of added fermion pairs must have vanishing 

quantum numbers under the Lorentz group, hypercolor, color, the 

electroweak group and a possible grand unification group. However, it 
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must carry some nonvanishing quantum number or else e and u (or u and c, 

or d and s) would be indistinguishable. Such a quantum number is 

readily available in the global axial charge X which is conserved modulo 

2K. (Equivalently, we may view X as a multiplicative quantum number, 

obtaining the values exp( ^ n ) for any integer n.) 

He therefore propose that X be identified as the label which 

distinguishes among generations. Corresponding massless fermions of 

different generations may have different X-values but they possess 

identical values of the other quantum numbers. 

It is, of course, crucial that we can form a scalar "bundle" with 

X(mod 2K)jft), i.e. a "bundle" consisting of less than 2K fundamental 

fermions. This cannot be done if the "bundle" is a singlet of the full 

SU(K),xSU(K)„xU(1) group. However, if the "flavor" group F contains the 

gauge group of SU(3)C, it is sufficient that the "bundle" be a singlet 

of a smaller group (For instance - it must be an SU(3) singlet, but not 

an SU(3)LxSU(3)R singlet). In that case we can always form a "bundle" 

with X(mod 2K)^0. We demonstrate this explicitly in the specific 

example of the rishon model, to be discussed below. 

At this stage of our discussion, quarks and leptons of all 

generations may remain massless due to the chiral symmetry of the 

theory. In order to generate masses we normally introduce dynamical 

symmetry breaking by (composite) scalar fields. These must be 

constructed from the fundamental fermions of the theory in a way which 

depends on the model and does not concern us here. Each scalar field 

has a well-defined X-value. A scalar which couples to e § . cannot 
o o 

couple to e j] (and vice-versa) since e and JI have different X-values. 



(Here e , M are the "bare" massless fermions which appear in the 
o o 

"overlying" effective Lagrangian before dynamical symmetry breaking). 

Scalar fields with non-vanishing X-values may develop vacuum 

expectation values, leading to a dynamical breaking of the Z,„ symmetry. 

Different matrix elements in the fermlon mass matrix are, in general, 

due to different scalar fields. Belations among Cabibbo angles and 

quark masses follow , If we assuae that only two or three scalar fields 

have substantial vacuum expectation values. The physical quarks and 

leptons are obtained by diagonalizing the mass matrix. Their masses 

depend on the various vacuum expectation values and are presumably small 

compared with /V.. 
n 

We now proceed to discuss our ideas within the framework of a 

2 
specific composite model. The dynamical rishon model starts from a 

fundamental Lagrangian with a local gauge symmetry under 

SU(3)HxSa<3)cxU(1)EM with two types of massiess rishons: T in (3,3>1/3 

and 7 in (3,3) . Four 0(1) factors can be defined, corresponding to two 

vector and two axial currents. It is convenient to choose the currents 

as: 

JTEJem=fY T 

\ - f \ ys
 T " v Yy ys v 

\ = f *„ *5 T + ? Yy Y 5 V 
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All hypercolor and color indices have been omitted here. The first 

current represents the u(1)_„ factor in the orignal gauge group. The 

second current is a globally conserved vector current. The third 

current If is an axial current whose divergence obeys: 

ay « CFF)_„ 

V V EM 

A corresponding conserved axial charge Y can be defined. Tne divergence 

of the last current X depends on nonabelian anomalies. The 

corresponding O d ) , symmetry is therefore broken by hypercolor and color 
ii 

instantons down to a Z., discrete subgroup. Thus, the axial charge X 

is conserved modulo 12. 

Table 1 summarizes the vector and axial charges of the rishons and 

antirishons. 

The simplest Lorentz scalars which carry no net quantum numbers 

under SU(3)HxSU(3)cxU(1)EMxU(1)vxO"(1)Y but have X(mod 12)^C are the 

composites (T.f, V.V, ) and (TRT_VRV_). Each of them can have four 

different configurations of color and hypercolor, leading in all cases 

to overall singlets. The X-values of these scalar "bundles" are ±U. It 

is easy to see that we cannot form a neutral Y=0 Lorentz scalar from one 

rishon-antirishon pair. 

In the model a "bare" positron is a TTT composite. The "bare" \i 

and T are then given by seven-rishon states of the form TTT(TTVV). 

Dynamical symmetry breaking via composite scalar particles leads to 

violation of SU(Z) LXSU(2) R XU(1), as well as of parity and the Z^ • 

discrete symmetry. Mass matrices for the quarks and leptons are 

obtained. In general, each term in the mass matrix may be cor.tributed 
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by a different composite scalar with a well-defined X-value. It is 

possible to obtain relations among masses and angles by making (the 

15 
usual) assumptions concerning the number of contributing scalar fields. 

The results are unrelated to our specific interpretation of the 

generation labels and we rfill not pursue them any further, in this 

paper. 

The number of generations of "massless" fermions (i.e. masses small 

with respect toA„) is left open in the model. There are eight allowed 

combinations of seven-rishon states with the correct quantum numbers, 

allowing for a total of nine generations. However, in all composite 

models the crucial dynamical question is: which composite fermions 

emerge as "almost massless" on the hypercolor scale A„? The explicit 

answer here and in all other composite models can come only from the 

hypercolor confinement dynamics. However, we note that in our model 

each additional generation by itself is anomaly free. Consequently, no 

anomaly constraints can limit the number of generations and we must 

eventually rely only on the dynamics. (Incidentally, in the unlikely 

7 
ease of m ="a-0 but m ,m io the rishon model seems to obey all the 

anomaly constraints3' . Otherwise, there are difficulties ). 

We wish to emphasize that the rishon model serves here only as an 

illustration of the general scheme of labelling generations by the 

broken uO)„ symmetry and its Z™ subgroup. The validity of our general 

proposal is, of course, unrelated to a possible success or failure of 

the rishon model. 

We summarize: In a class of composite models for quarks and leptons 

we identify an attractive candidate for the quantum number which labels 
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fermion generations. A global axial U(l) symmetry ia always there. It. 

is broken by instantons, avoiding oassless Goldstone bosons and leaving 

a discrete Z K symmetry. The corresponding axial charge (conserved 

modulo 2K) serves as an exact "generation number" in the symmetry limit 

of the "overlying" effective Lagrangian. The dynamical symmetry 

breaking via composite scalars, breaks the discrete symmetry, leading to 

Cabibbo mixing and fermion mass matrices. 

Our suggestion has two main advantages: 

(i) The generation quantum number is not introduced artificially. 

On the contrary, it is there waiting to be used. 

(il) We have no difficulty with Coldstone bosons or anomalies due 

to a "horizontal" gauge symmetry. 

We wish to acknowledge helpful discussions with E. Cohen, A. 

Davidson, Y. Frishman, E. Rabinovici and S. Yankielowioz. 



10 

SU(3)H SO(3)c U(1)T = U(1)EM U(1)v U(1)y U(1)x 

j TL 3 3 1 O i l ; 

I TL 3 3 -l o i l ! 

j \ 3 3 0 1 -1 1 ! 

j VL 3 3 o -1 -1 l ! 

+ —_- — — - — — — — — — — — — — — - + 

Table 1: The quantum numbers of left-handed rishons and antirishons. 

The axial X and Y nunbers of right-handed particles are obtained by 

inverting X >-nd Y of the corresponding left-handed states. All other 

quantum number* are left-right symmetric. 
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