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A model is proposed in which the quarks and leptons belonging to SU(5)-decuplets are constructed out of
three new particles, the “quints.” These particles have strong interactions with a very small confinement
radius [ S(10" GeV)™'], related to a new gauge group (the “group of ages”). Another gauge group (that of
“families”) guarantees the existence of generations of quarks and leptons, and the condition of cancellation of
Adler anomalies leads necessarily to the existence of exactly three particle generations. An exception are the
quarks of charge 2/3, the number of which is indefinite, and may be large. The model requires a series of
dynamical hypotheses, the principal among which is the assumption that it is possible to construct composite
fermions with a mass much smaller than the reciprocal of the confinement radius. A relation is established
between this hypothesis and the existence in the theory of an unbroken chiral symmetry. The interaction of
the Higgs bosons with the fermions in this model has a purely phenomenological character: the Higgs bosons
couple elementary and composite states. The diagonalization of the skeleton mass matrix leads to the equality
of the masses of the b-quark and the tau-lepton, m, = m,., for momenta of the order of the unification mass,
and to vanishing masses m, = m, =m, =m, = 0. The masses of the light quarks and leptons are obtained
by taking into account the radiative corrections to the fermion mass matrix. This yields m, #m, and
m,5~m,. The equality m, = m, for (Q?)'">~10""~10"® GeV and the absence of a similar relation for the light

quarks agrees with experiment, as is well known.

PACS numbers: 12.90. + b, 11.10.Np, 14.80.Dq, 14.60. — z

1. INTRODUCTION

There exists by now a fairly substantial literature
discussing the hypothesis of a compound nature of
quarks and leptons. The problem of composite quarks
and leptons has two sides: a purely symmetry-theo-
retic aspect and a dynamic aspect.

From the symmetry point of view the problem of
constructing composite leptons and quarks consists in
the most economical choice of the appropriate com-
posing objects, which in the sense of formal multipli-
cation of group representations lead to the known
quarks and leptons. From the dynamical point of view
the problem of construction of composite leptons and
quarks runs into the fundamental question: can there
exist composite particles with a confinement radius »
and a mass m <712 It is clear that this is necessary
in order to reconcile the empirically highly accurately-
established pointlike character of the quarks and lep-
tons with their low mass. Some people are inclined to
think that the condition m ~»! is a general consequence
of the uncertainty relation. We shall try to give in this
paper arguments in favor of the possible existence of
massless composite fermions. At any rate, it is well
known that massless composite spinless particles can
exist; namely, the Goldstone bosons which occur in
dynamical spontaneous symmetry breaking.

Composite quarks and leptons were considered in
several papers.1 In the present paper we continue the
discussion of a “quint” structure of leptons and quarks,
which was proposed earlier.

The basis of the model described in Ref. 2 is the
SU(5)-unification of strong and electroweak interac-
tions.} In the framework of the SU(5) theory, which is
the simplest version of “grand unification,” there are
two questions for which an answer cannot be found:
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one of them is of a fundamental nature, the other has
rather an esthetic character.

The first question is the existence of generations
(families) of leptons and quarks: evud, uv.cs, Tv 2?b.
There is no doubt that the problem of the generations
is in general one of the most acute unsolved problems
of particle physics.

The second problem arises in connection with the
occupation of SU(5)-multiplets by quarks and leptons
of a given generation. Of the two SU(5)-multiplets
which unite the left-handed quarks and leptons, the
first represents the fundamental antiquintet 3, whereas
the second is the decuplet 10. One would like to have
special reasons for the existence of a nonfundamental
representation—the decuplet. One of the possible ex-
planations consists in extending the group SU(5) to the
group O(10), where the antiquintet and the decuplet en-
ter into the same spinor representation 16.* However,
this theory does not explain the existence of generations
of particles.

In Ref. 2 we have proposed a model in which, in dis-
tinction from the quintets, the SU(5)-decuplets are
composite. The main merit of this model is the fact
that it requires the existence of exactly three genera-
tions of quarks and leptons, with this number stemming
from the character of the group SU(5) itself, group
which unifies the particles within one generation. An
exception are the quarks of charge +% for which the
number is not determined and may be large. However,
the model requires appealing to new gauge fields.

2. THE QUINTS

We first consider the quarks and leptons of one gen-
eration. Restricting our attention to left-handed heli-
city states, the quarks and leptons form the multi-
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where the subscripts of the quarks (antiquarks) denote
the colors. The states with right-handed helicity rep-
resent the antiparticles of the ones in Eq. (1), e.g.,
ex=(CP)e;, uyp=(CP)uy, etc.

The nonfundamental character of the decuplet con-
sists in the fact that in the group-theoretic sense the
decuplet can be constructed from quintets. The sim-
plest method for this construction consists in taking
the product of two five-representations:

5X5=10+15, (2)

with the decuplet representing the antisymmetrized
product of two quintets. Should one try to attribute a
physical sense to this group-theoretic property, i.e.,
identify the quintets making up the decuplet as some
fermionic fields, one immediately runs into difficulty:
if the quintets have half-integral spin, the spin of the
decuplet must be an integer. There exists, of course,
another possibility for the construction of a decuplet,
namely the result of taking the direct product of three
antiquintets:

SX5X5=(10+15) X5=10+20+20+35. (3)

The presence of a decuplet ¥** (¥** = - »**) inthe decom-
position (3) is obvious: it is obtained as the completely
antisymmetric product of three antiquintets Q4 (@
=1,2,...,5):

P*~e™Q, (1) 0p(2) 0+(3). (4)

Here and in the sequel upper indices will correspond
to a quintet representation, whereas lower ones cor-
respond to the antiquintet representation. We now as-
sume that the decuplet ¥** of quarks and leptons does
indeed consist of three particles of a new type, called
“antiquints.” (We shall designate as “quints” particles
which transform according to the quintet representation
of the group SU(5) and as “antiquints” their antiparticles
that transform according to the complex-conjugate anti-
quintet representation.) In addition to the SU(5) label
@ the quints @** also carry an index i labeling the
states of a new unbroken symmetry (called “age”) of
the same type as the usual color symmetry, i=1,2, 3.
The quarks and leptons making up the decuplet repre-
sent “ageless” states, similarly to the lack of color of
the usual hadrons. The age confinement radius is
very small [we shall see below that it is < (10 GeV)™!]
explaining the observed pointlike character of the lep-
tons and quarks.

The fundamental distinction from the construction of
the baryons out of quarks is that now we consider
massless states of definite helicity (for the moment
we do not discuss the particle masses arising out of
Higgs couplings). Since according to Eq. (4) the de-
cuplet of left-handed particles ¥}* consists of three
antiquints, the right-handed antidecuplet #, ,5 is, of
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course, composed of three quints, whereas there is no
antidecuplet of left-handed particles, or right-handed
decuplet. In this situation it seems natural to attribute
definite helicities to the quints themselves, and we
shall assume that in nature there exist only left-handed
quints @ !, and accordingly, right-handed antiquints
Qx i,z Then the left-handed decuplet ¢} is by assump-
tion made up of three right-handed antiquints:

Pe'*~Qar, 2(1) Qps, 2(2) Qra, (3) Pt (5)

(the contraction with the tensor ¢'** guarantees the age-
lessness of the decuplet).

We shall discuss below the possible existence of
massless bound states of definite helicity, and shall
put forward some arguments on the basis of which, it
seems to us, it is most natural to construct the left-
handed decuplet out of right-handed antiquints rather
than left-handed quints, in agreement with our hypothe-
sis that there exist @' and Q,,,, but not @' and
@q ;.. For the moment we note that in the model under
consideration the left-handed electron, for instance,
remains elementary, whereas the right-handed one
consists of three quints with charges -(3): ep
~Q:'*Q;'*Q;"® [the electric, color, and weak charges
of the quints are, of course, the same as for any quin-
tet; see Eq. (1)]. Similarly, the right-handed dg-quark
is elementary, whereas d, ~QY Q%°@z, With the color
of d, being complementary to the color of two Q}>
quints, etc.

Let us now convince ourselves that there exists an
experimental upper bound on the confinement radius for
age, following from the known bound on the proton life-
time. It is easy to note that the ;- and d,-quarks
which make up the decuplet contain together the same
quints as the %, and the e; (Fig. 1). It is clear that
as a result of a simple quint redistribution the reaction

ditu—i.tect, (6)

becomes possible, reaction leading to proton decay. It
is obvious that in order not to contradict the existing
experimental bound on the proton lifetime one must
assume that the age confinement radius » is very small,
which implies that the cross section for the reaction

(6) will also be small.

Let us estimate the proton lifetime T, with respect
to the process (6) involving quint exchange. It is ob-
vious that T,=(onv)™, where o is the cross section for
the reaction (6), n~R™ is the density of quarks within
the proton (R is its radius), and v =1 is the speed of

” Y3
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uiaq u,
L ﬂ g
FIG. 1. A diagram illustrating the transformation of u— and
d-quarks into a fi-quark and a positron. The process dp+p,—~

3 L+ e} occuring on account of the exchange of one quint between
the initial quarks, leads to proton decay.

S
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the quarks inside the proton. The reaction (6) takes
place if the energy s'2 ~R™ of the colliding particles
is much smaller than the reciprocal of the age con-
finement radius »™: s2<« !, The process (6) can be
described under these conditions by an effective four-
fermion interaction with a coupling constant G ~rt,
The order of magnitude of the cross section is
o~Gs~r's. (7
Note that the factor s in the expression (7) is of pure-
ly kinematic origin: as usual it expresses the conser-
vation of the spin projection onto the direction of mo-
tion in the crossed channel, in which the left and the
right particles collide in backward scattering. From

dimensional considerations it is obvious that a'“rz('rzs)".

Each extra power of r%s leads to an additional order of
smallness of the cross section. However, we do not
see any reasons for such a smallness (beyond the uni-
que one which was pointed out above), and this leads to
the estimate (7). We note that if one turns directly to
a consideration of the diagram in Fig. 1, it is easy to
rediscover in the expression for the cross section a
power of s (or more precisely, s’~s, where s’"2is
the energy of the colliding quints, whereas the other
factors are determined in dimension by the quantity ».
Thus, any integration momentum is of the order ~»~*,
As a result of this, simple dimensional considerations
lead again to (7).

Making use of the fact that s=~R™, we thus obtain,
To=1/onv=R%/r*. . (8)

Setting »=1/M, where M is some mass, and taking in-
to account the fact that the experimental bound on the
proton lifetime is 7, >10*" yr, we obtain the bound on
the mass M: M 210" GeV. This number coincides in
order of magnitude with the grand unification mass, or
with the mass of the heavy SU(5) vector bosons. The
latter should not surprise us, since the proton lifetime
related to the decays mediated by the heavy X- and Y-
bosons is proportional to M},y, i.e., to the same pow-
er of a large mass as the expression (8).

To close this section, we turn to the problem of
choosing the age group. Since the decuplet is com-
posed of three quints, it is quite natural to select SU(3)
as the age group. However, (in distinction with the
situation of ordinary color), the group SU(2) could also
be used, if the quintets transform according to the ad-
joint (triplet) representations of that group. Compared
to SU(3), the group SU(2) offers certain advantages, on
account of which in Ref. 2 preference was given to this
group. At present the group SU(3) seems more appro-
priate to me; the problem of the relative merits and
demerits of the groups SU(2) and SU(3) will be discussed
below. Now we note only that the number of ages equal
to three is related to the three-quint structure of the
decuplet, which in turn is specific for the group su(5)
(since the tensor £*#™* has five indices). In the sub-
sequent sections we shall put forward arguments on
the basis of which the number of generations (families)
of quarks and leptons must be equal to the number of
ages of the quints, and thus we relate the number of
expected generations with the structure of the group
su(s).
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3. MASSLESS BOUND STATES

We now discuss the fundamental dynamical problem
appearing in connection with the model under con-
sideration: can there exist bound states with small
confinement radius » and not having a mass of the or-
der of 2 In other words, if one neglects the Higgs
interactions, can the bound states of massless quints
be themselves massless? The masses of the usual
baryons (e.g., the nucleon mass) do not tend to zero,
when the “current” quark masses vanish, which corre-
sponds to a switching off of the Higgs couplings. This
occurs on account of a dynamical spontaneous breaking
of chiral symmetry, i.e., the formation of a conden-
sate with nonvanishing vacuum expectation values:
(did)#0, @iuk)y+0 (where i is the color index). In
the case under consideration the situation is completely
different, since in distinction from the quarks, the
quints exist only in states with one helicity. It is there-
fore impossible to produce vacuum expectation values
for quints of the type written down above for the quarks.
The only possibility to obtain a condensate seems to be
the one consisting of the formation of expectation values
constructed from the operators of quints and antiquints
having the form (Q, ;,z@f/)#0. However, if the group
of ages is SU(3), these vacuum expectation values would
necessarily violate age symmetry, which by assumption
was supposed to remain exact. Indeed, the vacuum ex-
pectation values written above transform as 3X3=3+6
and do not involve the one-dimensional representation.
The formation of such expectation values would corre-
spond in the color case_to the formation of a condensate
of the type (kui) #0, (dkdi)#0,..., where #,d,. ..
denote the antiquarks.

If the age group is SU(2) the vacuum expectation val-
ues (@ ;@5 are age singlets, and their existence would
not violate the age group. It would, however, violate
the group of usual color and the electromagnetic group:
there would appear a charged and colored condensate.
One exception is the condensate (@s;,z@;") # 0, but in
this case there would occur a very strong violation of
the group of usual weak interactions. Once we assume
that the electromagnetic and color groups [and in the
approximation under consideration, also the weak SU(2)
group] remain exact, we must assume that there is no
vanishing vacuum expectation values of the type
(Qy1.2@F"). There remains, however, the suspicion
that the “age” interaction, remaining a strong interac-
tion at short distances, where all the SU(5) gauge in-
teractions are small, would still lead to a nonvanishing
condensate (Qq ;24" # 0. This would imply that the
symmetries which we wished to maintain as exact are
violated. This is the circumstance which forces us to
lean towards the choice of SU(3) as the age group, al-
though compared to SU(2) it has some disadvantages,
which will be discussed in the next section. As we al-
ready said, for the group SU(3) the quantities @M,RQQ‘)
are not scalars in age, and therefore such expectation
values must vanish.

In the absence of a condensate of quints the massless-
ness of the states made up of them seems to be quite
natural. It is based on an unbroken dynamical chiral
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symmetry that admits separate phase transformations
of the left-handed and right-handed fields. In the usual
case the dilemma of “massive nucleon plus massless
pion (goldstone)”, or “massless nucleon plus absence
of pion” is resolved in favor of the first alternative, on
account of the spontaneous breaking of chiral symmet-
ry. In the case under consideration here, the second
alternative is realized. The lack of mass of the fer-
mions can also be justified in the following intuitive
way. The appearance of a mass number signifies the
possibility of a transition between states with identical
quantum numbers but opposite helicity. However, in
the model under consideration, one of the two states of
opposite helicity is composite and the other one is
elementary (e.g., the two states of the electron), or
else the left-handed and right-handed states contain
different particles: the first is made up of antiquints
and the second of quints (as, for the u; and %g). Itis
clear that transitions between the left-handed and right-
handed states involving the exchange of age-gluons are
impossible for unbroken age symmetry.

4. ADLER ANOMALIES AND THE GENERATIONS
OF LEPTONS AND QUARKS

It would seem that the transition from decuplets to
quints as elementary objects would lead to the appear-
ance of Adler anomalies. Indeed, within the framework
of one generation of particles we now have three left-
handed quintets @, i=1,2, 3, and only one quintet of
usual right-handed particles. [Or an antiquintet of
left-handed particles, see Eq. (1). In the sequel it
will be convenient to consider both left-handed and
right-handed particles, but belonging only to quintets.
We omit the antiquintets which are obtained from the
quintets by CP-conjugation.] The remarkable [in the
framework of SU(5)] cancellation of the Adler anomaly
between the right-handed quintet and the left-handed
decuplet disappears. However, it is easy to see that if
one considers simultaneously with the quints @ three
families (generations) of ordinary right-handed parti-
cles, then the number of left-handed and right-handed
quintets becomes equal and there will be no Adler
anomaly. The quints, together with three generations
of leptons and quarks belonging to three right-handed
quintets, i.e., all the elementary fermions (for the
moment we leave aside the problem of several com-
posite decuplets) can then be classified in the following
manner. We assume that besides the group SU(5) there
are two additional gauge groups: the age group SU(3)°
discussed above, and the family (or generation) group
SU(3Y. The quints @* are SU(3)° triplets and SU(3)
singlets, and the usual right-handed particle quintets
are SU(3)® singlets and SU(3)Y triplets. The groups
SU(3)® and SU(3Y have a chiral character, in the sense
that as far as the quintets of SU(5) are concerned, the
group SU(3)° is associated with left-handed particles
and the group SU(3Y is associated with right-handed
particles. For the antiparticles—the SU(5) antiquin-
tets—the situation is, of course, the opposite. All the
known elementary fermions thus belong to the follow-
ing representations of the three groups:

SU(5)XSU (3):°XSU (3) <, (9)
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(5,3, 1) and (5, 1, 3). The first set represents the quints
and the second the usual right-handed quintets. The
difference between the age group and the family group
consists in the fact that the former remains an exact
symmetry, whereas the latter is strongly spontaneously
broken. As a result the triplets of the first group are
subject to confinement and yield bound states. The
triplets of the family group are the usual three genera-
tions of leptons and quarks, making up the right-handed
quintets. As long as one does not consider the break-
down of the family group one can form four-component
spinors out of the left-handed quints and the right-
handed usual particles, and with respect to these spin-
ors all the currents of the group SU(5) will be pure
vector currents. Therefore the nonconservation of
parity in the usual weak interactions is a consequence
only of the breakdown of the family group, as a result
of which the quints and the usual quintets become com-
pletely dissimilar to each other. On the other hand,
the theory contains from the very beginning some parity
nonconservation, since the gauge bosons of the age
group interact only with the left-handed SU(5) quintets,
whereas the bosons of the family group interact only
with the right-handed quintets.

With such a classification of the fermions the ques-
tion immediately arises: why do there exist three de-
cuplets of quarks and leptons, since the quints making
up these decuplets have no index indicating their mem-
bership in a definite generation? It seems to us that
since we are dealing with bound states, it is not ab-
surd to assume that there may exist a whole array of
such states, distinguished by their internal structure,
very roughly speaking, by some “principal quantum
number n.” The fundamental difference from the usual
bound states is that the states with different values of
n are now degenerate, they are all massless helicity
states. If the number » would take on only three val-
ues: n=1,2,3, we would have exactly three decuplets,
and after the phenomenological Higgs couplings are
switched on (of which more below), one would get exact-
ly three families of quarks and leptons. If, however,
n runs over a larger number of values (e.g., an infi-
nite number), a different situation arises.

As regards the quarks of charge g =3, both their
right-handed and left-handed components belong to de-
cuplets. Therefore, if there exists a large number
of decuplets, one may expect the existence of a large
number of massive (after the Higgs couplings are
switched on) quarks with charge 3.

The situation with quarks of charge g =—3 and leptons
is quite different. Since the composite left-handed de-
cuplets and the elemetary right-handed quintets are no
longer equal in number, after the Higgs couplings of
the decuplets and quintets are switched on there should
remain “supernumerary”’ massless decuplets, in addi-
tion to the three observed massive families of quarks
and leptons. Could one observe these massless decup-
lets, which consist entirely of charged particles? The
problem of the possible existence of charged massless
particles was already raised in Ref. 5, where it was
asserted that in principle massless charged particles
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could exist (although this would contradict experiment).
However, the conclusions of Ref. 5 are incorrect at
least in one respect. The existence of pointlike charg-
ed particles is impossible on account of the Adler
anomaly (the nonconservation of the axial-vector part
of the electromagnetic current would lead to the ap-
pearance of a photon mass). In our case composite
two-component charged particles are involved. In
reality the theory has no Adler anomalies, but only be-
cause the quint structure of the decuplets manifests
itself at short distances. It seems possible that in such
a situation a produced pair of massless composite
charged particles would be subject to a confinement of
a particular kind. At any rate, the possible production
and observation of massless composite charged parti-
cles does not seem obvious, even if one forgets about
the problem of Adler anomalies.

The problem of existence of massless charged par-
ticles arises also in connection with another aspect of
the model under consideration. Until now we have only
discussed the possibility of formation of bound decup-
lets. Yet one could pose the problem of the existence
of other SU(5) multiplets [see Eq. (3)] formed out of
quints in ageless states. The usual stipulation that the
other states are situated at higher masses is untenable
here, since we are dealing with massless helicity
states. It is, however, easy to convince oneself that
the crux of the matter here is very similar to the situ-
ation of massless “supernumerary” decuplets, describ-
ed above. Going over all possible three-quint helicity
states we see easily that the majority of these must re-
main massless on account of the absence of a suitable
“partner” (i.e., of a particle with the same electric
and color charges, but opposite helicity), necessary
for the formation of a massive state. Thus, there is
a left-handed state of charge —% constructed out of
three right-handed antiquints: Q}{ :"Q;Q,}, but there are
no analogous right-handed states constructed out of
left-handed quints; the same is true of the left-handed
state of the type QzQzQ%, etc. Only in a few cases are
there states with identical electric and color charge
and opposite helicity. Let us enumerate these cases.

The left-handed quark u; consists of three right-hand-
ed antiquints: %, ~Q5"*QY°@%, and the right-handed
quark Uy consists of three left-handed quints: wug
~Q:'*Q1 Q). These states belong to the decuplet and
antidecuplet, respectively. After the Higgs couplings
are switched on we obtain a massive u-quark, whose
left-handed and right-handed components are both com-
posite.

The left-handed states constructed out of three right-
handed antiquints: QY*Q%Q% and Qz@%Q%, Wwhich do not
belong to the decuplet, have the quantum numbers of
the d, and the ef, respectively. On the other hand, in
our model the c-iR and ey belonging to the antidecuplet
are constructed out of quints: d~Q:'*Q:'*Q%, ex
~Qi"Q1*Q1. 1t is necessary to take into account
the fact that there exist the d; and e; which enter into
the usual antiquintets of elementary left-handed fer-
mions. Thus, it turns out that in pringiple there could
exist two left-handed electrons e; (or d;), an elemen-
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tary one and a composite one, and only one right-hand-
ed composite electron ey (or dg). Therefore, in addi-
tion to the massive electron (or d-quark) which appears
when the necessary Higgs couplings are switched on,
there remains a massless charged electron (or d-
quark). The discussions above apply in equal measure
to these states involving “supernumerary” decuplets.

Finally, one can construct curious states out of three
neutral quints or antiquints. These states, of opposite
helicity, could in principle form massive fermions; in
addition there could participate neutrinos v; from the
5 representation (or ¥ r from 5). Thus the theory does
not exclude massive neutrinos in addition to the usual
ones.

Thus, for the absence of Adler anomalies with re-
spect to the interactions of the vector bosons of the
group SU(5) it is necessary that three families (genera-
tions) of leptons and quarks should exist. The quarks
with charge +% are in an exceptional situation, since
their number may be larger than three. The model re-
quires a dynamical hypothesis that it is impossible to
observe massless states of charged particles.

Until now we have only discussed the Adler anomalies
for the SU(5) gauge interaction. But we have intro-
duced additional gauge interactions related to the
groups SU(3)* and SU(3Y, groups which have a chiral
character: the group SU(3)° is related only to left-
handed particles, and the group SU(3Y is related only
to right-handed particles, both forming SU(5) quintets.
On account of these, there appear new Adler anomalies
in diagrams involving the gauge bosons of these groups.
In Ref. 2 it was proposed, in order to avoid these diffi-
culties, to use SU(2) as the age group, since this group
does not exhibit Adler anomalies. In the preceding sec-
tion we have indicated the reason why SU(3) is neverthe-
less preferable. The question of the anomalies we have
discussed could then be resolved in such a manner that,
for instance, for the group SU(3)¢ in addition to the left-
handed fermions belonging to the representation (5,3,1)
of the group SU(5) X SU(3)*xSU(3Y, i.e., quints, there
could exist right-handed triplets of the group SU(3)°
which are singlets with respect to SU(5) (and transform
arbitrarily under SU(3Y]. Fields which do not have
SU(5) gauge interactions are practically unobservable,
and although the hypothesis that such fermions exist
seems uneconomical, it moves the problem into a re-
gion about which absolutely nothing is known. The
existence of a “shadow” world, related only to our
bosons of the age group or family group would lead to
even less observable consequences than the existence
of the shadow world, often discussed in the literature,
related to our usual weak interactions.

Could there exist bound states of a quint and anti-
quint, i.e., mesons? From the point of view of the
group SU(5) they must belong either to the one-dimen-
sional, or to the 24-dimensional adjoint representa-
tion: 5X5=1+24. It seems that such states are pos-
sible, but they must either have a mass ~»~10%

GeV, as, e.g., scalar mesons, for which there are no
helicity restrictions, or remain strictly massless if
the bound state has a definite helicity, as, for example,
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for some vector mesons. According to our hypothesis,
in both cases such mesons would be practically unob-
servable.

Thus, in all cases we get rid of the supernumerary
unobservable states either on account of their very
large mass, or on account of the fact that they are
massless charged particles. Then the observable
particles are charged particles of spin 3 which in gen-
eral have both right-handed and left-handed compo-
nents, with transitions which could in principle give
rise to a mass. It is interesting to note that all the
fermions contained in the framework of the model un-
der discussion are experimentally observed.

5. THE WAVE FUNCTIONS OF COMPOSITE
PARTICLES

If one imagines a massless particle consisting of
three other massless particles, one ends up with the
picture of particles flying in the same direction. In-
deed, if one neglects the transverse motions, three
free particles moving in parallel on the mass shell
(p2 =p% =p2=0) will form a state of mass zero: (p,
+p2 +ps)?=0. On the other hand, if the three particles
have right-handed helicity, then the composite state
must have its spin projection on the direction of mo-
tion equal to +-§ rather than —3 , as was assumed for
the left-handed decuplet consisting of three right-hand-
ed antiquints.

In fact, of course, the quints within a composite
quark or lepton do not necessarily have their momenta
on the mass shell. It is obvious that, roughly speaking,
in the wave function which describes a particle the mo-
menta should realize the configuration represented in
Fig. 2, where two particles with smaller momenta are
moving in a direction opposite to that of the particle
with the larger momentum.

The determination of the explicit form of the wave
function is a complicated dynamical problem; the best
one can achieve without a complete solution of the prob-
lem of confinement (which we have postulated), is to
write an example of a decuplet wave function having the
correct symmetry properties in terms of some unknown
coordinate functions. It is easy to understand that the
required symmetry properties cannot be achieved if
one considers for the quints a wave function which is
purely symmetric in the coordinates (or momenta).

The general form of an expression containing explicitly
the minimal (first) power of the momentum is

e @)= Y (1) PT0ua(p) ]

X Qasis,r (P2) CToQuastsr (Ps) Je™ ™™g s f, (pypyps) , (10)
o~—12 Py
(= "I/IP o T,
2

( /4 P=py+py+py
-~

3

FIG. 2. A composite particle of left-handed helicity (right in
the figure) is obtained from three particles with right-handed
helicity. The straight arrows denote the momenta, the wavy

ones denote the projection of spin on the direction of motion.
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where the sum is taken over the values a=S, T and over
the permutations of the indices 1, 2, 3.

Here Q4 ;,z are the wave functions of the constituent
right-handed antiquints [ @ is the SU(5) label and i de-
notes the age], since the quints are not on the mass
shell: p2#0. The expression (10) can contain S- and
T-terms: I'sXT's=1X1, I't X'y =g, ,%X0,,, C is the
charge conjugation matrix. The wave function ¥7" sat-
isfies a Dirac equation” p YL(P)=0 (P=p, +p, +ps, P?
=0) and the projection on the right-handed helicity must
vanish: (1-7%)9%“=0. The sum over permutations of
all variables, includes the signature factor (-1)%. If
one combines together in Eq. (10) the terms corres-
ponding to the permutations (123)—~(132), (213)—(231),
(312)—~(321), it is easy to see that in fact the sum (10)
contains only the combinations fs(123) + £5(132) + £5(213)
+fs(231). .. and f7(123) - f7(132). . .. Thus we may
simply consider fs as a symmetric function, and fr as
an antisymmetric function of its last two arguments:

fs(psp2ps) =fs(pspsp2), fr(pup2ps) =—Ffr(pipsp:). (1 1)
Then the sum (10) will contain only three terms: (123)
—~(312)—=(231). With the help of Fierz transformations
all these terms can be reduced to the original order of
the spinors. The expression (10) can be reduced to the
form

P(P) ={[PQuss,, »(p1) 1 [Qus, r(p2) CQusss, r(ps) ]
XFs (pupsps) +[ PouuQai, n(p1) ]

X[ Qum, R (Pz) CGquu,n, R (Ps) ]FT (PiPzPS) } e T EHglhh; (12)
Fs(1,2,3)=fs(1,2,3) /2 (fs(3,2,1) +15(2,3,1) ) +3(fr (3,1,2) = f~(2,3,1) ).
(13)

. Fr(1,2,3)=£r(1,2,3) —'/i(fs(3,4,2) —1s(2,3,1)) =)o (f= (3,4,2) +£: (2,3,1) ).

If one tries nevertheless to describe the wave func-
tion of the decuplet in the language of free or almost
free particles, it becomes obvious that it is necessary
to include explicitly the “age” gluons. Since these glu-
ons do not carry the quantum numbers of the group
SU(5) they do not affect symmetry properties which are
related to that group. On the other hand, since it is
assumed that by themselves the three quints are in an
ageless state, at least two additional gluons forming an
age singlet are necessary. Two gluons flying in paral-
lel may have a spin projection on the direction of mo-
tion equal to +2,0, — 2. It is clear that out of three
right-handed quints and two gluons traveling in the
same direction one can obtain a state with spin projec-
tion on the direction of motion equal to —3 (Fig. 3), but
not +3. Thus we have some argument why the left-
handed decuplets (right-handed antidecuplets) can be
constructed from right-handed antiquints (left-handed
quints).

( ~—~r>*/2

—>*/2

There naturally arises the question: why cannot the
( o~ "/2

P
a
& Wz
] . ~
(—I <~~~

peeo— }b

Pa=p,+pyt...bs

(1

FIG. 3. A composite particle of left-handed helicity construct-
ed out of three antiquints (a) and two gluons (b).
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state depicted in Fig. 3 decay into a pure three-quint
state, an SU(5) decuplet of helicity +3 and gluonium of
helicity -2? If this were possible we would obtain, just
as in the cases discussed above, composite massless
charged states, which by assumption cannot exist as
ordinary particles. The difference from the helicity
~+ situation is that in the latter case the elementary
quintet and antidecuplet contain states with the same
charge and color charge, but opposite helicities, as a
result of which massive particles may arise (e.g., via
the Higgs mechanism). Thus we get rid of the “super-
numerary” decuplets of spin 3 or states belonging to
the higher representations of the group SU(5).

6. HIGGS BOSONS

In the model under consideration one must have, in
addition to the strong spontaneous breaking of the SU(5)
symmetry to SU(3)°XSU(2) X U(1), an extraordinarily
strong complete breakdown of the family group SU(3) .
The fact that SU(3) is significantly broken is empiri-
cally obvious, since the gauge bosons of this group in-
teract with flavor-changing neutral currents (e.g.,
with the sd-current). On the other hand, one may as-
sume that the breaking of the family group has a char-
acteristic scale of its vacuum expectation values = 10*°
-10' GeV. This follows from the following reasoning.
It seems very natural that the groups SU(3) and SU(3)¢
which have a chiral character should have identical
gauge coupling constants. This would correspond to
some discrete symmetry with respect to spatial re-
flections with a simultaneous interchange of the gauge
bosons of the age and family groups. Their common
asymptotically free coupling constant becomes of order
~1 at distances of the order »~ (10" GeV)™, where » is
the age confinement radius. If the spontaneous break-
down of family symmetry would lead to smaller gauge
boson masses for this group, there would occur a con-
finement of “family charge” which is not being observed
experimentally. A complete spontaneous breaking of
the group SU(3Y can be realized by means of any suffi-
ciently large array of Higgs fields which are multiplets
under the SU(3) group and singlets with respect to the
groups SU(5) and SU(3)°.

A strong breaking of the SU(5) group can be achieved
in the usual manner using a 24-plet of SU(5) Higgs
fields which are singlets under the groups SU(3)° and
SU(3Y.

Considerably less trivial is the problem of fermion -
masses. At the elementary level, operating with the
quints Q‘i‘ and the quintets of ordinary quarks and lep-
tons in three generations, it is impossible to exclude
Higgs couplings which would lead to the appearance of a
mass for the elementary fermions without violating the
age group. However, purely phenomenologically, we
can try to exclude the Higgs interactions which couple
the composite decuplets with elementary quintets and
decuplets with decuplets. The phenomenological char-
acter of the Higgs couplings is considerably more ob-
vious than is usually the case, when the Higgs coup-
lings can be understood as fundamental interactions of
elementary fields. We adopt the viewpoint that such
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phenomenological couplings correctly reflect the sym-
metry aspects of the problem and may turn out to be
areasonable description of some dynamical mechanism
It is quite natural to assume that the Higgs bosons
themselves are composite systems, made up out of
quints. For example, the bosons in the 24-plet which
produce the breaking of the SU(5) symmetry could sim-
ply be quint-antiquint bound states.

The decuplet ¥'/(rn) has an index n—a “principal quan-
tum number,” describing its internal structure, but has
no indices related to the groups SU(3)® and SU(3Y.
Accordingly, the Higgs couplings of decuplets to de-
cuplets have the same form as in the usual theory.
Their Yukawa interaction with the quintet of Higgs
fields has the form

PamEauvpoPan, r (1) PP (m) ¢*th.c. B (14)

where the Yukawa coupling constants #,, can obviously
depend on the generation labels n, m. In the usual
manner the interaction (14) guarantees arbitrary mass-
es and mixing angles for quarks of charge + 2/3({¢% # 0).

Matters are different for the interaction of decuplets
with quintets. Since the latter have a family group in-
dex which the decuplets do not have, the corresponding
Higgs fields must also have such an index. As a result
of this the interaction can be written in the following
form:

Bapn p™(n) O*+hc. | » (15)

where X and ¢ are SU(5) labels, and f is a triplet index
of the group SU(3Y. The neutral components &% have
nonvanishing vacuum expectation values (8¥y =/, The
mass matrix which results from this

(mm.)/n=vl.hn (16)
has a factorized dependence on f and ». The matrix
(16) can be diagonalized by means of independent rota-
tions of the left-handed and right-handed quarks of
charge —1/3, witha corresponding rotation of the charged
leptons. Setting d —~ Vydy, dr— Vrdy (and similarly for
the leptons), we have

Maz—VarmaVe. (7)

It is easy to find unitary matrices V; and V; which

diagonalize the mass matrix (16):

<Ry " oo 1 (18)
Ve=|..h* [hif)  Ve=[..v* [vi?) 8
OO (e
where the matrix elements which have not been written
out explicitly remain arbitrary. It follows from Egs.
(17) and (18) that the mass matrix m , has only one
nonvanishing eigenvalue:

(Va*'mRLVL)=diag(0,0,[2 Ih.—|2~Z=' Iu‘IZ]V’) : (19)

Thus, in the approximation which we consider, only
the masses of the heaviest quark and lepton (the b-
quark and the 7-lepton) are nonzero, and

my=m.. (20

It is known that if this relation is valid at small dis-
tances, corresponding to the unification mass, then for
qz ~10 GeV? the mass ratio between the b-quark and the
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(9, 9¢7)

FIG. 4. A diagram leading to the appearance of a muon mass.
At the left vertex the composite ug-particle goes over into the
Tg-lepton with the emission of a Z%-boson. This transition in-
cludes a formfactor of the weak charge, having a radius »~
(10'°GeV)~!, Since the characteristic virtual momenta in this
diagram are ~7»~!, in order of magnitude this vertex is gz -
the usual weak coupling of the Z%-boson interactions.

7-lepton will agree with experiment. At the same time,
the relations m;=m, and even more m,=m, do not
agree with experiment (cf. e.g.,?). In the model we
are developing there appears no difficulty at this stage,
since the masses m,, m,, m,, and m, vanish identi-
cally.

The masses of the light quarks (m; and m,) and of
the light leptons (m,,m,) can be obtained from radia-
tive corrections. One should keep in mind that many
diagrams which at first sight would contribute to these
masses lead in effect only to a renormalization of the
quantities v” and k, in Eq. (16). A nonvanishing muon
mass comes from a two-loop diagram represented in
Fig. 4. The meaning of this diagram is the following.
It is obvious that in order that a transition between g
and pu, should occur it is necessary to transform the
muon into a massive fermion, e.g., into the 7-lepton.
For the elementary left-handed component u; this oc-
curs naturally with the emission of a gauge boson of
the family group (an F-boson). The right-handed com-
ponent ULy can transform into a Ty with the emission of
a Z’-boson since the L consists of the same quints as
the 7, and in spite of the absence of a flavor-changing
neutral current. The situation is the same as for the
pL—e+7 transition (cf. infra). It is clear that the ver-
tex u;-"r;+Z° is nonzero only on account of the exis-
tence of a formfactor for the transitions into the com-
posite states up and 7;. However, this does not lead
to a large order of smallness, since the characteristic
integration momenta in the diagram are of the order
~r'1, where 7 is the radius of the mentioned formfactor,
or the age confinement radius. As a result of this the
vertex of the transition uy—~73 +Z, is equal in order of
magnitude to gz, the usual weak vertex of the Z"-voson.

We have further made use in this diagram of the fact
that the theory has an interaction which mixes the Z°
boson with the F bosons, since there exist the Higgs
fields & ¥ [see Eq. (15)] interacting both with the bo-
sons of the group SU(5) and with the family group bo-
sons. The coupling constant for the process AR
+8% is ~gzg,v’ (accurate to numerical constants de-
pending on the group), with »*=(&¥), The emitted "
mesons can be absorbed by the 7 -lepton, with 7,—~7;.
It is interesting that there also occurs a direct mixing
of the Z°- and F-bosons with a mixing mass ~gzgr (v)°
”(gp/gz)Mzz, therefore in addition to the two-loop dia-
gram in Fig. 4 there exists a one-loop diagram in
which the $%-boson is not absorbed by the T-lepton, but
goes off into the vacuum. Compared with the diagram
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of Fig. 4 such a diagram has a small factor of order
M%¥ ~(M,/10" GeV)?. Estimating the contribution of
the diagram of Fig. 4, we obtain

(Brz’“'i) ’ (21)

i.e., a reasonable magnitude. (For momenta of the
order of ~10" GeV it follows that g%/4~0.03.) The esti-
mate (21) is valid if the mass of the family group vec-
tor boson has a mass My of the same order of magni-
tude as r'l, the reciprocal age confinement radius. As
was explained above, one can expect that Mp» =21. If
Mpr>1, then the expression (21) contains an additional
order of smallness ~(Mp7)? In(Mg 7).

mu~gz et (hv) =gz m.

A more accurate calculation of the mass matrix re-
lated to diagrams of the type of Fig. 4 shows that they
lead to a nonvanishing muon mass only if the masses
of the gauge bosons of the family group are different
from zero. In the opposite case the diagrams of this
type reduce to a renormalization of the Yukawa coup-
lings h, in the expression (16) for m,,. The mass ma-
trix my;, maintains its factorized structure (16). If
the masses of the family group bosons are not equal to
each other, it is easy to show that m g, has the form

(mas) ;n=v;"hotgs* 2 an'vsha, (22)
k

where the quantities af,~ 1.

It is interesting to understand whether the relation
m, =m, is maintained in the described radiative mass
generation mechanism. In diagrams of the type of Fig.
4 in the place of the Z % boson one must take into con-
sideration arbitrary SU(5) gauge bosons. Then the
diagrams in which the Z° boson is replaced by heavy
X- or Y-bosons of SU(5) are suppressed compared to
the diagrams involving the light bosons. This sup-
presion is by a factor £<1 since the masses of the X-
and Y-bosons may be of the same order of magnitude
as the age confinement radius, which determines the
integration momenta. It is easy to show that if one in-
troduces the quantity as the ratio between the diagram
of Fig, 4 with a heavy boson to that with a zero-mass
boson, then

mJ/m="+E, 0<t<i, (23)

from which it can be seen that the ratio m, /m is in the
interval between % and 1. Experimentally it is neces-
sary that at small distances ~(10* GeV)™ m, /m,~2,
however the fact that m, #m  in itself is instructive.
We show that there exist also other diagrams which
contribute differently to the masses of quarks of ¢ =13
and leptons. The diagram in Fig. 5 contributes to the
mass of the s-quark, and has no analog for the muon.
Since both the s; - and #5-quarks enter into decuplets,
they are related by the interaction (15). On the other

Sk 5

FIG. 5. A diagram contributing to the mass of the s-quark.
Account is taken of the possible mixing of the SU(5) quintet of
Higgs fields ¢° which are SU(3)-singlets (Eq. 14) with the
quintet ®%+f which form an SU/-triplet (Eq. 15).
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hand, s enters into a quintet, and #, is a member of a
decuplet. Therefore these two states participate in the
interaction (14). It is also obvious that a mixing of the
Higgs bosons ¢ and &* ¥ is possible. This gives rise
to the one-loop contribution to the s-quark mass, rep-
resented in Fig. 5. If the mixing of the ¢ and the & is
of the order of unity, then ms~h2m,, where 7 is the
Yukawa coupling constant. It is obvious that a similar
diagram does not exist for the leptons.

Concluding the analysis of the Higgs interactions we
mention one difficulty related to the Lagrangian (15).
This Lagrangian does not lead to natural flavor con-
servation in the exchange of neutral Higgs bosons (af-
ter the transition to physical quarks processes of the
type s ~d + neutral Higgs boson become, in general,
possible). In order not to run into any contradictions
with experiment one is forced to assume that these
bosons have a very large mass. However, this is hard
to reconcile with the fact that the vacuum expectation
values should not be too large, since the sum of their
squares determines the Fermi coupling constant Gg.

In conclusion of this section we consider the problem
of the electron electromagnetic formfactor and the de-
cays L ~e+7vYand u—~3e. Since the left-handed elec-
tron is elementary and the right-handed one is com-
posite, the most general expression for its electro-
magnetic vertex between states of a real electron on the
mass shell has the form

Aty o A1 ) ﬁi—x,
L=, ) +a(q )'Yu“—z—"'"b(Q) ¢ 2 (24)
where current conservation g, I', = 0 implies that
atb=1. (25)
Hence
_ AR
Ty=1,+(a—1) ('Yu T ) 5 (26)

It is obvious that for q2 =0 we have a=1; it is natural
to think that for q2 —o we shall have a—0. In this limit
the vertex I', can be written in the form

1+ys ﬂ1”'h_( 03 1+ys
e () T (27)

gt

The interaction between the right-handed particles
which survives in the limit qz-'°° guarantees the con-
servation of the current. Since for small q2 we have
a-1=¢"»% »~(10" GeV)™, it is obvious that it is
impossible to observe the electron formfactor in any
real experiment.

Similarly, the vertex for the electromagnetic transi-
tion u"—~e"+7, related only to transitions between
right-handed particles, has the form

s (= 20} 110
I (p—rety)=eg’r ('{.. o ) 5 (28)
It can be seen from this equation that the decay of a
muon into an electron and a real gamma-quantum is
forbidden (¢* =0, e, g, =0, e, is the photon polarization).
However, the decay u —~e +e +e’ is possible. The
probability of this decay has the order of magnitude

W(u—3e)~ar'm,  (a=1/137), (29)
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so that the ratio of this probability of the usual decay is
W (p—3e) i 2 -
B=m=ar(}p ~10-%2, (30)

7. CONCLUSION

Let us attempt to summarize briefly the main hypoth-
eses of the proposed model. The main assumption is
that massless helicity states can be constructed out of
massless helicity particles. We have advanced argu-
ments in favor of this hypothesis, explaining that it is
related to the absence of a dynamical spontaneous
breaking of chiral symmetry in this theory.

We have assumed further that such massless com-
posite states can be distinguished by some internal
structure, so that for specified ordinary quantum num-
bers a whole array of such states is possible.

In addition to the fermions which are observed in
reality, we have also obtained a series of unobserved
states: a large number of decuplets, belonging to the
higher-dimensional representations of the group SU(5),
and particles of higher spin. One can get rid of all
these “supernumerary” states if one assumes that the
massless composite particles suffer a kind of confine-
ment of their own: they cannot be produced and observ-
ed in free states. We have considered all cases when
in the model under consideration for given electric and
color charge the fermions appear in states of both heli-
cities. It is obvious that in these cases the formation
of a massive particle becomes possible, e.g., via the
Higgs mechanism. We have convinced ourselves that
all the massive particles of spin 3 which can be con-
structed in this model are exhausted by the three gen-
erations of usual quarks and leptons, plus an unknown
number of quarks of charge +3/2.

If one adopts the enumerated dynamical hypothesis,
then all the elementary fermions can be accomodated
in the simplest representations (5, 3, 1) + (5, 1, 3) of the
three gauge groups: SU(5)XSU(3)°xSU(3). The ap-
pearance of exactly three generations (families) of lep-
tons and quarks turns out to be a consequence of the
structure of the group SU(5).

I am grateful to V. N. Gribov, D. I. D’yakonov,
A. A, Iogansen (Johansen), O. V. Kancheli, A. A.
Migdal, L. B. Okun’, A. M. Polyakov, N. G. Ural’t-
sev, and V. M. Shekhter, for numerous useful discus-
sions.

Note added in proof (1 December 1980). Recently
V. N. Grivob has considered the problem of pair pro-
duction and the possibility of observing massless charg-
ed particles and has shown that the vacuum current
which arises in this process screens the charge of each
of the particles according to the formula 2 =él1
+(2¢%/37) InAf]™, wheretisthetime,andA isanultra-
violet cutoff, Af>1 (this equation becomes obvious if
one remembers the well-known expression for the
charge renormalization first derived by Landau, Abri-
kosov, and Khalatnikov). Thus, the charge is screen-
ed over a time period ¢~ A7 exp(37/2¢%). This time may
not be catastrophically large, since the exponential
contains the value of the charge ¢’ at distances ~A ™%,
where ¢ > 1 /1317.
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DThe requirement that the wave function should satisfy the
Dirac equation follows from its construction. By definition
the wave function is obtained by multiplying the amplitudes
for the formation of the bound states, A,, for given polariza-
tion », and sign of the energy (+) with the standard spinors
u,(P) and v, (P): ¥= EA;u'+ Alv,.
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A quasiclassical theory of vibration-rotation excitation of molecules is proposed on the basis of a general
expression obtained earlier for the scattering amplitude in angle-action variables. For eikonal trajectories, it
reduces to a generalized Glauber formula, taking into account internal motion of the target. If the Morse
rotating oscillator model is used, the calculation of the differential cross sections reduces to quadratures.
Various simplified expressions are derived for the cross sections, including, in particular, a Bessel
approximation. This approximation is used to calculate the cross sections of vibrational transitions in the
Li*-H, system and of rotational transitions in H,~H, collisions; these cross sections are compared with the
experimental values and calculations by the strong coupling method. The comparison indicates a good
accuracy of the simplified analytic expressions. The proposed theory may be particularly effective for treating
collisions with multiatomic molecules and also with the surface of a solid.

PACS numbers: 34.10. 4+ x

The development of the theory of vibration—rotation
excitation of molecules in collisions with various tar-
gets (electron,atom, molecule, solid) is of great inter-
est in connection with investigations with lasers,! the
study of rotational relaxation in freely expanding jets,??*
experiments on molecular beams,* the solution of prob-
lems concerning the structure of shock waves,’ etc.
This explains the recent publication of many studies on
this question.

. The main difficulties in calculations of the cross sec-
tions of vibration-rotation transitions are due to the
multidimensional nature of the problems, and also the
circumstance that under the most typical conditions one
does not have fulfillment of the conditions of applicabil-
ity of perturbation theory, €,=a,r,/k <1, 1,/h=(AE)™,
or the Massey adiabatic criterion n,=v7,>1. On the
other hand, the condition of the quasiclassical approxi-
mation for the relative (¢,=KR,> 1) and internal mo-
tion of the molecules is frequently satisfied. Here, we
have denoted by g, the mean value of the potential, by
R, the interaction range of the molecules, by v the
characteristic frequency of the internal motion, by 7,
the collision time, and by AE the mean defect of the
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resonance. Therefore, to go beyond perturbation the-
ory in the solution of this problem, a number of authors
have recently made very laborious numerical calcula-
tions based on the approximation of strong channel cou-
pling® and the classical trajectory method.” The diffi-
culties of carrying out and using such calculations for
a large number of pairs in kinetic problems prompted
an information-theory approach® aimed at establishing
simple approximate expressions (containing free pa-
rameters) for the cross sections and transport coeffi-
cients.

Among the analytic approaches, the most popular has
been the exponential approximation for the S matrix in
its various forms,®? the basis being provided by the
Magnus approximation for the nonstationary propagator.
It should however be noted that a rigorous expression
for the scattering amplitude in terms of such a propa-
gator has not hitherto been given. Therefore, the
heuristic method of introducing the exponential approx-
imation in multidimensional problems leads to funda-
mental difficulties associated with the use of approxi-
mate classical trajectories, the fulfillment of the opti-
cal theorem and the symmetry property of the ampli-
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