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It is observed that the assumptions that quarks and leptons are composites and that they acquire masses
dynamically through preonic condensates rather than through the vacuum expectation value of a Higgs
field lead to a relatively low upper bound of only 1 to 3 TeV for the inverse size of the heaviest family—e.g, , the v family. It is furthermore stressed that the e and p, families, within a large class of models,
must, on the other hand, have a relatively large inverse size exceeding about 150 TeV; this is so in order
that the limits from rare processes such as AL p,e and E -E may be satisfied. Certain theoretical and
experimental implications of these two observations are noted.

I. INTRODUCTION II. AN UPPER BOUND

If quarks and leptons are composites' of more elementary
objects —preons —the most important parameter from an
experimental standpoint pertains to their size. They may
well be composite, but if their sizes are far smaller than
10 '7-10 ' cm, i.e., if their inverse sizes are much larger
than 10 TCV, say, their compositeness will unfortunately
remain undetected in machines of the near future.

Most theoretical models which suggest a compositeness
scale (i.e., inverse size) of order 1 TeV for quarks and lep-
tons base their suggestion, on the one hand, on the lower
limits on this scale derived from experiments involving, for
example, measurements of (g —2), „and e e+ e e+,
p, p,

+ scatterings, and on the other hand, from the fact
that the electroweak symmetry-breaking scale characterized
by GF 'i is nearly 300 GeV. Quite often the suggestion for
such a low composIteness scale has in fact been made pri-
marily on thc basis of a desirc for expcrHDcntal obscrvab111-
ty of compositeness rather than on the basis of any compel-
ling theoretical argument.

The main purpose of this Rapid Communication is to ob-
serve that within a large class of composite models in which
at least the heaviest composite quark receives its mass
through the formation of bilinear fermionic-preon conden-
sates rather than via a Higgs-type mechanism, the inverse
size of the heaviest family —which one could identify with
the 7 fam&ly —~s bounded from above by nearly 1 to 3 TCV.
For reasonable values of certain effective coupling con-
stants, the range of 1 to 3 TCV in fact represents the true
value of the inverse size of the heaviest family. %C fur-
thermore draw attention to the fact that within a class of
preonic models (this includes the "minimal" fcrmion-boson
or the flavon-chromon models, 3 which have recently been
used widely in the literature ), the limit from thc Kz p.e
decay rate requires that the inverse sizes of the e and p,
families (Ao, and Ao~) must exceed about 150 TeV (Ref.
6). In some cases, 5 where the p, family is merely a quan-
tum pair excitation of the e family, the known strength of
the E -K transition imposes the more severe constraint
that Ao, and Ao„must exceed about 1000 TCV. These
lower limits on Ao, and Ao„arc at variance with the sugges-
tions of certain recently suggested models. Some theoreti-
cal and experimental implications of the observations of the
relatively large size of the v family, on the one hand, versus
the possible small sizes for the e and the p, families, on the
other hand, are noted.

Consider the class of preonic models in which the preons
are bound by an underlying QCD-like force to make compo-
site quarks and leptons, which are neutral with respect to
the binding force. Consider the heaviest composite quark
q~. This may correspond to the top quark, or to a t' quark
belonging to a fourth r' family, if it exists. (I) Assume that
the composites ql. ~ consists of—among their constitcnts-
spin-2 preons fq, ~ which, in the chiral limit, define the
flavor-chiral transformation properties of qL~~, such that the
system (qrH+qg) has the same strong-interaction quantum
numbers as (f/+ fg). (11) Assume that at least this heavi-
est composite quark q acquires its mass through a dynami-
cal breaking of chiral symmetry owing to the formation of
bi!inear fermionic preon c-ondensares (fL fR ) —= A(f ), rather
than via an effective Higgs-type mechanism involving either
elementary or composite Higgs bosons of very small size
( (& 1 TcV '). Here, we are presuming, of course, that
the condensate (f~f ) is formed under the influence of a
preonic technicolorlike force under which the preon f is
non-neutral. Unlike familiar technicolor models, 7 however,
we are assuming, in the spirit of a preonic model, that the
condensate-forming fermion f is itself the constituent of
the heaviest quark q . For this reason, one does not need
to introduce extended technicolor.

Now the argument on the inverse size of qH goes as fol-
lows. By the assumption narrated above, since fH is a con-
stituent of q, we expect the four-fermion process
qL +fpV qpV+ff or equivalently qL + q pV fL +fpV

which conserves all quantum numbers of the strong binding
interactions, to be of order x /AO, H . Here AoH denotes thc
inverse size of q, which is expected to be of the order of
the scale parameter of the binding force, and ~ is a dimen-
sionlcss strong-interaction parameter of order unity. Now
the four-fermion process leads to an effective interaction

( 2/A 2) (q Hq0) (fHyP)

Subject to the formulation of the condensate (fH, fH), this
in turn leads to a mass term for q~:

m (qH) = K'[A(fH)'/Ao ~']

AO, I, = ~ [A (fH)'/m (qH) ]' '

Since thc condensate (f f ), while breaking global
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flavor-chiral symmetry, breaks the electroweak gauge sym-
metry SU(2)q x U(1) as well, it follows, from the empirical-
ly observed scale of electroweak breaking, that the conden-
sate parameter A (fu) is bounded above by about ~ TeV:
A(j'H) & y TeV. The equality or near equality would apply

if the condensate (f' fu) is the only source or the dom-
inant source of SU(2)L x U(1) breaking. Now, from the ex-
perimental searches at DESY PETRA and pp colliders it ap-
pears that the mass of the top quark lies above about 30
GeV and it may well lie between 40 and 50 GeV. In any
case, if we substitute, conservatively, m (q ) = m, ) 30
GeV, A(f ) & ~ TeV, and K'& 10, we obtain an upper

bound on the inverse size of the heaviest quark:

AOH & 3.3 TeV [for m (qH) = m, ) 30 GeV1

parameter A(fH), which is about 300 GeV, is indeed com-
parable to the inverse size of at least the heaviest family.
We have AOH/A(f ) =0.66—10. This naturally suggests
that one and the same force binds the heaviest family (r
and/or r ') and also breaks chiral symmetry. In other
words, judged at least from the point of view of the heaviest
quark which could be identified with the top, it seems to us
that chiral symmetry is broken by quantum preon dynamics very
much as in the case of 0CD." This becomes apparent, even
more so, if there exists a fourth family with a t' quark with
mass —100 to few hundred GeV. The lightness of the e
and p, families compared to the mass of the ~ or a fourth ~'

family as well as the lightness of the bottom quark and the
~ lepton compared to the mass of the top quark may well
have its origin in one or several of the three mechanisms
mentioned above.

If the heaviest quark is a t' belonging to a fourth family
with a mass m, =

~p to 1 TeV, say, its inverse size would

be bounded above by ApH & 2.4 to 0.8 TeV. This is the
reason for our assertion that the inverse size of at least the
heaviest composite quark is bounded above by about 1 to
few TeV. This is a theoretical upper bound, based primarily
on the assumption of dynamical mass generation for the
heaviest quark through bilinear fermionic-pr eon conden-
sates. Assuming that all members belonging to a given
family have the same composite structure, the stated upper
bound applies to the inverse size of a11 members of at least
the heaviest family. The heaviest family may correspond to
the 7 family, or alternatively to a fourth ~' family, if it ex-
ists. A few remarks are now in order.

(i) In the analysis presented so far, we have set aside the
question of the origin of the mass splittings within a family,
represented, for example, by (m, —mq), (m, —m, ),
(mb —m, ), (m, —m„), etc. , and of the mass differences
between the families represented, for example, by
(m, —m, ), (mq —m, ), etc. These may, in general, arise (a)
due to a nonperturbatively generated hierarchy in the sizes
of the condensates involving different preon flavors, ' or
(b) due to a hierarchy in the sizes of the families (e.g. ,
Ao = Ap& )) Ao ), or (c) due to symmetries which may
provide extra protection to the mass of one family relative
to another. " One can, in general, conceive of a combina-
tion of these mechanisms (see, e.g. , Refs. 9 and 12) to
solve the full fermion-mass-hierarchy problem. In this
note, we do not wish to address ourselves to this admittedly
ambitious problem. The point of this note has been that
the assumption of dynamica1 chira1-symmetry breaking
through fermionic preons seems to provide an interesting
upper bound [see (2)] on the inverse size of the heaviest
family, regardless of the mechanism of the generation of
mass hierarchy. For this purpose, we have found it reason-
able to focus attention on the mass generation for the
heaviest quark as this truly represents the scale of
SU(2)L & U(1) breaking in the context of dynamical sym-
metry breaking through preons.

(ii) While we have stated the result (2) as an upper
bound on AOH, it is clear from Eq. (1) that for a reasonable
value of K = 1 to 10, and with m (q ) = 40 GeV-1 TeV,
and A(fH) = 300 GeV, say, we expect ApH —~-3.3 TeV.
In other words, the inverse size of at least the heaviest fam-
ily is in fact equal to about 1 TeV within a factor of 3, say,
either way. &e thus see that the chiral-symmetry-breaking

III. THE SIZES OF THE e AND p, FAMILIES

Ap = Ap& ) 150 TeV (3)

Now, consider the class of models in which the p, family has
precisely the same preonic quantum numbers (attributes) as
the e family, but differs from it, say, by a quantum pair ex-
citation, with the pair being neutral with respect to all con-
served quantum numbers. The recently suggested
fermion-boson preon models based on a quasi-Nambu-
Goldstone-fermion (QNGF) approach, with two flavors plus
four colors, '' in fact belong to this class. In these models,
the process qd+qd q, +q„and therefore E E, can
easily be induced through the strong preonic force via the

%e now discuss the question of the sizes of the e and p,
families within the minimal fermion-boson or flavon-
chromon preon models, which are being actively pur-
sued. ' The essential feature of this class of models is that
quarks and leptons are composites of two types of preons—those which carry only flavor and those which carry only
color; quarks and leptons in a given family are composed of
the same flavor attributes ("flavons"), i.e., f (qd) =f (e ),
f (q, ) =f (p, ), etc. , but they differ from each other only in
respect of their color attributes ("chromons"), i.e. ,
C(qd)'& C(e )' and C(q, )'& C(p, )'. In the interest
of economy, the "minimal" models of this type furthermore
assume that the e and p, families are made of the same
chromons for quarks and leptons, i.e., C(qq)'= C(q, )'
—= C~' and C (e )' = C (N, )' =—C~'. In addition, these
models assume that one apd the same force binds the
preons of the e and p, families giving them a common in-
verse size Ap, = Ap„——A.

In this class of models the four-fermion process qd
+ q, e + p, +, and, therefore, the decays KL, p, e and
E~ mp, e, would consist of an underlying preonic transi-
tion (fd+ C~') + (f, + C~) (fd+ C~') + (f, + Cq), which
clearly conserves all quantum numbers defined by the
preonic strong interaction. %'e thus expect the four-fermion
process to be induced through preon dynamics with an am-
plitude of order (A2/A2), where A2 —1 to 10, say. From
the presently known lower limit on the rate of E~ p, e de-
cay, ' one can thus deduce" that the inverse sizes of the e
and p, families, at least for the mi ni mal fermion-boson
models, must exceed about 150 TeV (for A ) 1):



JOGESH C. PATI 30

excitations of relevant preonic pairs. The corresponding
amplitude is expected to be of order 8'/A', where
8 —1-10, say. Comparing with the known strength of the
real part of the E -E transition, we would need
(8 /A') & 10 "GeV ', or for 8' & 1,

A & 1000 TeV . (4)

Thus the QNGF models, based on two flavors plus four
colors, together with the suggestion' that the inverse sizes
of the e and p, families are of order one to few TeV only,
seem to be inconsistent with the limit from EL p, e as well
as that from E -E transition.

If wc consider the fermion-boson model, with four flavors
plus four (or more) colors, as suggested in Refs. 1 and 9,
thc e and p, families can dlffcr from each other at least, in
terms of their flavor attributes, i.e., f (qd) &f (q, ). In this
case, the preon dynamics by itself will not induce the pro-
cess qd+qq~ q, +q, prior to Cabibbo mixing, and as such
the strong constraint mentioned above from the Eo-E
transition ~ould not apply. But even in. this case, one must
ensure that the preon dynamics of the e and p, families
must respect the equivalent of a Glashow-Iliopoulos-Maiani
(GIM) mechanism at the preon level, such that the four-
fermion processes (i) qd+qq qd+qq, (ii) q, +q, q, +q„
and (iii) qd + q, qd + q, induced through compositeness
respect GIM invariance to better than about (10
GeV /sin'Hc) in the amplitude. Otherwise, subject to Ca-
bibbo rotation these can induce IAS1=2 transitions (and
therefore E -IC ) with an amplitude & 10 "GeV '. This
suggests that the e and p, families have identical preon dynam
ics, although their preonic attributes (like their fiavons) may
differ from each other. Alternatively, if one wishes to consid-
er a model in which the e and p, families have differing
preon dynamics, one must ensure that such a difference ar-
ises only at a scale exceeding about 200 TeV so that
(sin2 gc /A ) & 10 ' GeV . For example, if the e and p,

families are bound by different preonic forces and thus have
different sizes (i.e., Ao, & Ao~}, it is imperative that both
Ao, and Ao„exceed about 200 TeV. '6

To summarize, the assumption of dynamical mass genera-
tion for composite quarks and leptons suggests'7 that Ao,
and/or A, & 1 to few TCV, and the limit from EL~ p, e

decay suggests, that at least for the minimal fermion-boson
models, for which the e and p, families have identical color-
carrying preons, Ao, and Ao„should exceed about, 150 TCV.

Let us note briefly certain implications of these con-
straints on model building. First, observe that these two
constraints arc incompatible with each other if one insists
on a universal size for e, p, , v, and/or 7'. They suggest
that, one way or another, one must go beyond the minimal
fermion-boson model. Insofar as one wishes to maintain
the assumption of dynamical mass generation for quarks
and leptons, there appears to be two alternative ways of
reconciling these two constraints:

(i) One may arrange the preon model so as to avoid the
constraints of EL, p, e and E -E 0 and thereby hope to
maintain relatively low universal inverse size of order 1 to
few TCV for all three or four families. This could be possi-
ble, for example, by introducing four flavons

and eight complex spin-0 chI'omons

C = (r,y, b, l
1

r' y' b' I') ' —= (C 1C )',
as in Ref. 9, and assuming that these are nontrivial under a
metacolor local gauge symmetry 6~ with a scale parameter
A~ as well as the familiar flavor-color local gauge symmerty
SU(2)I x SU(2)z x SU(4)c (Ref. 3). Here, both C~ and Cn
are quartets of the familiar color symmetry SU(4) . We
can, in this case, construct four metacolor-singlet composite
quark-lepton families, all of inverse size —A~, out of
"two-body" flavon-chromon composites ~

Q &
=frCr,

= fnCP, 43= fICPi, »d 44= faCri. We can identify ~h~s~
composite families with the e, p, , v and v families in a few
alternative ways. But with the e and p, families being built
out of two different sets of chromons (and possibly even
different sets of flavons), e.g. , with I', =P~ and F„=$3, or
Q4, the straightforward arguments leading to the constraints
from EJ p, e and E -A do not apply. In this case, one
may be able to choose A~ —few to 10 TeV„say, so that all
four families would have an inverse size of this order. '

Details of this type of model will be presented elsewhere.
(li) 3/relnarively, 'one may arrange the model so as to

satisfy both constraints, i.e., Ao, = 1 to few TeV and
Ao, = Ao„& 150 TeV. There is an intriguing mechanism for
realizing this possibility by starting with the same four-
flavon-eight-chromon system mentioned above, but assum-
ing that the primed chromons Cu= (r',y', b', i') are associat-
ed with a new hypercolor gauge symmetry SU(4) with a
scale AH —1 TeV, rather than with the ordinary color. The
metacolor gauge force with a scale A~ & 150 TCV could be
used to bind the e and p, families, while the ~ and a fourth
v' family could be built as composites of composites through
the hypercolor force. Details of this two-scale model have
recently been presented in a separate note.

Needless to say, for either alternative to be viable, one
must examine the consistency of each alternative with
hierarchical fermion masses and mixing angles as well as
with cosmological problems such as the question of the gen-
eration of baryon excess in the early universe. These ques-
tions will be treated separately.

To conclude, the main point of this Rapid Communica-
tion is the observation that the assumption of dynamical
mass generation through fermionic-preon condensates leads
to a relatively low value of only 1 to few TeV for the in-
verse size of the 7 and/or v' family. This says that there is
an a priori fairly compelling theoretical reason to expect that
high-energy machines of the near future should help discov-
er compositeness of quarks and lcptons at least through the
heaviest 7 and/or 7' families. Even if the e and p, families
are made as small-size composites (i.e., Ao, = Ao~ ) 150
TeV), the eventual mass mixing of these families with the
large-size v and/or v' families, through whatever mechan-
ism, 2 should permit one to observe signals of composite-
ness of a few-TCV scale even for these families, albeit with
some damping due to mixing. %ith such a mixing one
would expect to see clear signals of compositeness through
family-nondiagonal processes such as (e e+ or q, q, )

~+, q~q q, q, q „etc., for center-of-mass energies —1
TeV. If the e and p, famihes have a very small size « (1
TeV) ', the signals will not, however, be prominent at
these energies in the family-diagonal processes ' such as
(e e+ or q, q, ) e e+ and q, q„unless the mixing is
large —50'/0 (say), which is unlikely.
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binding force. A model of this kind has been considerd by Tera-
zawa, Chikashige, and Akama (Ref. 4). In this case, owing to
different composite structures for the e and p, families, we expect
that the amplitudes for qd + qd qd + qd and q, + q, q, + q,
would differ from each other by terms of order (B'/A2) and,
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A fermion-boson preon model with a single scale parameter—few to ten TeV is, however, likely to suffer from other diffi-
culties involving cosmological issues, as stressed in Ref. 9. First,
one must face the problem of the generation of the baryon excess
in the early universe, the relevant temperature scale for which far
exceeds 10 TeV. Second, in these models, flavon and chromon
numbers are good global symmetries of the preonic Lagrangian.
Unless they are broken spontaneously, one would expect stable
members which are likely to conflict with present energy density.
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scale preon model has recently been presented in Ref. 9.


