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ABSTRACT

A preon model of composite quarks, leptons and weak bosons ia
constructed based on the hypercolor group GHC = su(a)Tc x su(z)L x
SU(2)R with a chiral SU(4) hyperflavor symmetry. Two of the hypercolor
forces confine the preons into composite fermions which are hypercolor
singlets and technifermions belonging to 4, 3 and 2 dimensional
representations of technicolor. The most attractive channel hypothesis
leads to technifermion condensates which (1) break the hyperflavor
symmetry in stages providing 't Hooft anomaly matching at the first
stage, (2) determine the generation structure through a resulting
discrete axial Z(m)A group, and (3) lead to light fermion masses through
techniboson exchange graphs. At most 3 generations of standard quarks
and leptons plus 2 ™mirror" generations arise in the model with Q, B and

(optionally) L conserved quantum numbers.
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I. INTRODUCTION

The notion that quarks and leptons may not be elementary objects
has received widespread attention1 over the past several years. Though
no completely satisfactory composite model has emerged to date, various
models have been proposed which address the issues of repetitive family
structure and mass generation, which remain largely unsolved in the
simpler versions of grand unified theories,2 where the quarks and
leptons are treated as elementary objects and the strong, weak and
electromagnetic interactions are unified at some high energy scale.
However attractive the GUT scenario and despite the remarkable success
of the electroweak sin2 Sw mixing angle prediction,3 the hierarchy
problemu concerning the widely disparate mass scales for the GUT and
SU(Z)L x U(1) symmetry breakings remain a mystery in that context.
Moreover, at the time of this writing, proton decay has not been

5 in disagreement with the simplest SU(5) model in the standard

observed
GUT scenario.

In contrast to Gthe vast GUT desert spanning many orders of
magnitude above 1 TeV where no new particles or interactions are
predicted, composite models in general predict new constitutent or preon
interactions at energles above the confining hypercolor scale, typically
of the order of 1 - 103 TeV. Below AHC the presently observed quarks
and leptons exist as preon bound states. If the weak bosons themselves
are composite, more masaive excited states are also expected. Only the
supersymmetry scenar106 where superpartners of the cbserved quarks,

leptons and gauge bosons must exist in the mass range of 100 - 1000 GeV

is expected to exhibit a richer spectrum of particles. Variocus authors
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have even recently attempted to combine the features of supersymmetry
and compositeness to construct supersymmetric preon models.7

Composite quarks and leptons emerge as natural extensions of the
idea to replace fundamental Higgs scalars by fermion-pair bound states,
where the fermions carry a new kind of c¢olor (technicolors) which
becomes confining at a scale of order 0.3 - 1.0 TeV. It may then happen
that the elementary preons can form both hypercolor-singlet composite
quarks and leptons as well as technifermions which carry technicolor as
part of the hypercolor confining force.

The composite nature of the weak bosons Wand Z is somewhat more
speculative. Past experieﬁce suggests that interactions which are
mediated by massive bosons (e.g., strong interactions and p, ® bosons)

9

are residual interactions of a more elementary force (quantum

chromodynamics) which is transmitted by massless gauge fields (gluons).
On the other hand, the standard Glashow - Salam - Weinberg model10 of
electroweak interactions appears in good shape11 in that the charged W
and neutral Z bosons appear to have approximately the correct masses
predicted for them - up to and inc¢luding radiative corrections.
Nevertheless, Kogerler, Schildknecht and Fritzseh12 have shown that if
one invokes W - dominance for the least massive weak boson, one can
suppress the effects of the isoscalar and higher 1isovector boson
contributions 30 as to explain the "low energy" electroweak effects in a
satisfactory alternative manner: only at higher energies will
predictions of the residual "weak" interaction picture depart radically
from the standard gauge model scenario. The composite model builder is

therefore free at this time to consider preon models with either

elementary or composite weak bosons.
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{Qther sources of departure for composite model construction concern
the origin of parity viclation in weak interactions. In some models

13 the number of left-handed

which are inherently chiral asymmetric,
precns 1s chosen to be greater than the number of right-handed preons.
In other cases,1u the left-handed quarks and leptons are taken to be
composite while the right-handed ones are fundamental. Another favorite
scheme15 is to make the model left-right symmetric, but include a
mechanism that breaks the left-right symmetry at a suitable energy
scale.

In this paper the author has attempted to construct a preon model
which is left-right symmetric, involves composite weak bosons, and which
includes a technicolor mechanism among 1its strong confining forces.
Preliminary results of this investigation have already been reported by
the author.16 This work is an outgrowth of composite models developed by
Abbott and Farhi, and other authors of Ref. 14; and more recently by
Barbara and Fridger Schrempp.17 In the Abbott - Farhi model, the SU(2)L
gauge force is strong and confining, rather than weak as in the standard
model. With elementary fermions and scalar fields which are doublets
under SU(2)L, composite left-handed quarks and leptons can be
constructed which exhibit a residual (weak) SU(2) global symmetry.18 The
right-handed quarks and leptons are regarded as elementary and do not
participate in the weak interactions.

Schrempp and Schr'empp17 have recently extended the Abbott-Farhi
model1u by replacing the fundamental scalars by fermionic preons which
transform as doublets under the strong confining hypercolor product

group SU(2)L x SU(E)R- Both left-handed and right-handed quarks and

leptons are now composite fermions which éxhibit a residual
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SU(E)L % SU(2)R global symmetry. The left-right symmetry is broken by
assigning different confinement scales to the SU(2)L and SU(Z)R
hypercolor groups. Their model admits one generation of standard quarks
and leptons, although more generations c¢can be recovered through suitable
enlargement19 of the model.

Here we extend their model by conaidering three confining groups:
GHC = SU(N)Tc % SU(2)L x SU(E)R, one of which can be identif;ed with
technicolor. With proper breaking of the hyperflavor symmetry through
technifermion condensates; 't Hooft's anomaly conditions?0 can be
matched so as to yield n standard generations of quarks and leptons and
n - 1 generations of "mirror" gquarks and leptons, where the weak
interaction enters through the appearance of a global SU(2)L % SU(E)R
symmetry which did not exist at the preon level. All quarks and leptons
of one generation are kept massless on the scale of AHC by a conserved
U(1)A symmetry; a discrete axial symmetry labels the different
generations and prevents mass generation through pairing off between
standard and “"mirror"™ generations. Three conserved vectorial U(1)
symmetries are identified with I3, B-Land B + L, so0o the correct
charges can be assigned and gquark-lepton transitions forbidden. The
problems associated with proton decay occurring rapidly through preon
rearrangement are thus alleviated.

With the presence of a confining technicolor group, the standard
quarks and leptons can acquire light masses through techniboson exchange
and technifermion condensates. No extended technicolor (ETC)

mechanism21

is intrcoduced or required. A possihle mechanism for
lowering some of the weak boson masses 1s also present through

technifermion condensates.
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In short, the strong SU(2)L x SU(2)R forces confine the preons into
3-preon bound states which are technifermions or technicolor singlets
(quarks and leptons). The technicolor force in turn plays three roles:
it breaks the conserved chiral symmetry in stages through technifermion
condensates with anomaly matching provided in the first stage at the
A2L,R confining scales; the particular condensate(s) which acquire a
non-zero vacuum expectation wvalue determines the surviving discrete
symmetry which distinguishes different generations of quarka and
leptons; and masses for the 1light fermions are generated through
techniboson exchange and technifermion condensates.22

Unfortunately, since the hypercolor dynamics is not well
understood, we can at most present a plausible scenario for the
symmetry-breaking and mass generation features of the model. In this
regard, the most attractive channel hypothesis of Raby, Dimopoulos and

Susskind23

plays a crucial role in evolving the picture from the high
energy (103 TeV) preon interaction region down through the technicolor
(1 - 100 TeV) and low energy (1 - 100 GeV) region. Nevertheless, we
find that scalar condensate formation and concomitant symmetry breaking
go hand in hand with the mass generation mechanisms to yield a plausible
scenario. We do not claim that the model is completely realistic, but
many of the desired features may persist in a similar form in the real
world.

The outline of our work is as follows: The preon model is
formulated and composite spectrum deduced in Section IXI. The role of
technifermion condensates and the most attractive channel hypothesis 1is
explored in Sect. III. Electroweak interactions are discussed in Sect.

1V, and mass generation mechanisms are presented in Sect. V. We
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conclude with a summary of the features of the model in Sect., VI.

II. PREON MODEL AND COMPOSITE SPECTRUM

A. Preons and Hypercolor/Hyperflavor Symmetries
Qur starting point is a set of preons which transform under the

product hypercolor group

Gyp = SU(N)TC X su(z)L X su(z)R (2.1

where the confinement scales labeled A A and A2R will all be taken

TC’ 2L
greater than 300 GeV but are otherwise left unspecified for the time

being. The SU(N)Tc group will be identified with technicolor, and like

in the Schrempp-Schrempp model,17

SU(2)L X SU(Z)R is chosen so as to
recover a "hidden" global flavor symmetry SU(2)L X SU(2)R associated
with the left-right symmetric weak interactions. We treat lepton number
as the 4th color in the manner of Pati and Salam24 and assign the preons
to the hypercolor group in (2.1) according to (N;Z,E)L + (N;2,2)R +
(N32,1), + (N31,2) + B(152,1), + 4(151,2) . The B(R), x UMY x (U(1)"

hyperflavor symmetry is broken by instanton ef‘f‘eets25 down to

G = SU(H)L x SU(ll)R X U(1)V X U(1)v

uF X U(1)A (2.2)

t

in terms of which the left-handed preons appear in the representations

T = (2,251,140 B2,20,0_, o
U = (H;g:lshﬂo,u;_u Ut =z (3;1'3;1’1)0,_4;_4 (2.3)
Vo= (1;2,154,1) Vo= (131,251,
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The hypercolor representations of (2.1) are underlined for clarity.
The U(1) values are assigned by constructing from the preon number

operators three conserved generators

Y9 7 N7 = Ngs

15
il

2 Ll'(nu - nU') - N(nv - nv') (2-“‘)

e
1]

A 2(nT + Np,) =4(ny + 7y, ) -N(ng + nv,)

which are crthogonal to the three generators broken by instantons

¢ = 2(np + npy) + (ng + 1)

0
1]

L 2N(nT + nT') + NnU + an (2.5)

L&)
1]

R 2N(nT + nT,) + NnU, + an,

From these 3 broken generators we can form the orthogonal set

Xgy = 2(ny + Ny )+ (ng + )
Xg, = N(nT + nT,) - 2N(nU + nU,) + 1O(nv + nv,) (2.6)
YB = N(nU - nU,) + H(nV - ”v')

corresponding to two broken axial U(1)'s and one broken vectorial U{1).

The change in the broken generators can be related to the v and

vER winding number325 by

AV

TC’ 2L
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AXB1 = QOvTC + QN(vL + VR)
_ 2
AXBZ = (2N + 140)(\)L + UR) (2.7)
AY = (N2 + 16)(v, - v.)
B L R

Finally, separating the effects of the independent instantons we find

9N
A(X,, - —2=—X__) =20 v__ = 0, 20, +40,...
B1 " 2,40 B2 TC
B (—5 Xg, + =S5 Y) = Bv, = 0, £h, £5,... (2.8)
204N 164N
A (_'1_2 sz - —2-2_YB) = ,'I'\)R = 0, i’ll, tB,.oo
204N 1648

Although three U(1) symmetries are broken by instantons, three discrete
symmetries emerge in tact. In addition to the two discrete axial
symmetries, the unbroken U(‘l)A axial symmetry in (2.2) prevents the
preons from pairing off and becoming massive.

The rank of the SU(N)TC group has been left unspecified, but N must

be even to avold the thecoretical inconsistency pointed out by Witten26

which arises when an odd number of SU(2) doublets are present. If we

27

further impose the requirement of asymptotic freedom on each of the

hypercolor forces, we require both

EN + 4 < 22 and 12 < 11N (2.9)

Hence we are led to N

2 as the sole possibility. We shall not

immediately impose this restriction but shall later return to it for

purposes of illustration.
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B. Anomaly Matching Conditions and Light Composite Fermions

A and A

Below all three confinement scales ATC’ oL oR?

the only
composite ' fermions and bosons which can exist are hypercolor singlets.
Ify, for simplicity, we restrict our attention to 3 preon bound states
for the fermions, a complete 1ist of the left-handed Weyl spinors is

given by

grs v (T'U) = (1,0)

2.: V(TU') = (4’1)1,-(H+N);-(2+N) 1

=T,4+N;=(2+N)

gre ve(rt = (1,0)

+
VDT = W1y oy 2

(2.10)

gr: vrrut) = (1,W

L.: v(T'U'T) = (E,1) 3

-1, 44N ;64N 1y=(Y4N) ;64N

2 vieTru Yt 2 (5,1) e vireruh?t = (L,

1,-4+N;-64N =1, 4-N;-64N

for even N. The Qi label the indices of each bound state, while only
the chiral SU(Y4) representations are indicated in parentheses.

Hyperflavor anomalies28 which exist on the preon level must be

matched on the composite level as emphasized first by 't Hoof‘t20 and

later clarif‘ied29 by Frishman, Schwimmer, Banks and Yankielowicz and by
Coleman and Grossman. In particular, 8 non-trivial anomaly conditions
must be matched (for a left-right symmetric solution) corresponding to
triangle diagrams with (SU(M)L)3, (SU(H)L)zU(T)V, (SU(H)L)ZU(T)V,,
(s %D, w3, w0, w02, and
U(1)AU(T)VU(1)V, currents at the three vertices. It is a aimple matter
to check that the anomaly conditions can not be matched for any

nonnegative30 integer choice of the eight indices appearing in (2.9).
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This requires that saturation of the anomaly conditions involves
magsless Goldstone bosons in addition to any possible massless composite
fermions, implying that at least part of the hyperflavor symmetry of
(2.2) must be broken.20r23

Postponing to Section III a study of what condensates can form to

break the c¢hiral hyperflavor symmetry, we simply observe here that if

GHF is broken into the subgroup

Gle = SU(3), x SU(3)p x U(1), x U(Dyy X UMDy, x U1, (2.11)

anomaly matching can be achieved for all vertex diagrams at the
composite fermion and preon levels. In terms of this new hyperflavor

group, the preons now transform according to

ur = (N51,2;1,1)
(2.12)

Ql

1}

~
| -
-
| =
-

38}
-
-
-

wi
L

c
il
—
{—
-e
Ina
-
[
—
-
-k
e

L' = (131,23, 1)

where the first two U(1)V quantum numbers are Y, and T,y as before, and

1

the new third U(1)_ . and U(1)A' generators are

n

Y3 =My = Ngr - 3(nL - nL,)

(2.13)
Kt =”Q*“Q' -3(ﬂL+T]L,)

respectively. The original U(1)A is broken down to a discrete group
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Z(m)A, where m will later be specified, which serves to keep all preons
massless if m > 4. In general, the discrete symmetries (2.8) resulting
from the ' instanton effects will be broken by condensates which induce

i 4
the breaking of GHF into GHF'

The hypercolor-singlet composite states in (2.9) split into the set

r.e Lr(T'U)=(1,1)

fyqr LOTUD=(L 0 Ny ,-35-3 1

11 -1,44N,3;=-3

By, L(TU')+=(1’1)-1,(H-N),-3;-3 R, L'(T'U)+=(1,1)1,_(H_N)’3;_3
%458 Q(TU')=(3’1)1,-(R+N),1;1 P Q'(T'U)=(1,3)_1,”“],_1;1
Ryt QUTUD 23,14 g Lot QWL 4y, a5
(2.14)
Byt LNTUTR0, Ryye LTOUDLD G 33
N L+(T'U'+)+=(1,1)1,_(u_N),3;3 24, L'+(TU+)*=(T,1)_1’H_N,_3;3
Rapt QN(TUNI=(B Ny g,y 21t QTN iy 1,

2,0 QT =3, QM) "=(1,3)

= (U=N) ,=13=1 -1, 4N, 1;-1

where only the representations of the broken hyperflavor group GéF in
(2.10) are indicated. Now matching of 12 non-trivial anomaly conditions
ia obtained such that the restrictions on the indices reduce to one

equation
‘Q, - RI - 1 (2-153.)

where
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L, = £ = 2 = 2. =
1i

]
fand

A 11 21 2i
i = 1,2 (2.150)
RB = 231 = Rui = léi = Eﬁi

With %, = 0, a global SU(Z)L X SU(2)H symmetry appears for the composite

fermions, as in the Schrempp-Schrempp mode}.,17

resulting in a global
doublet structure; at the preon level this global symmetry is absent and
is replaced by the confining SU(N)TC X SU(2)L X SU(2)R gauge symmetry
instead. With LB £ a, the global symmetry is
SU(E)L X SU(2)R x SU(Z)L X SU(E)&. In any case, the general solution is
N-independent, i.e., indepgndent of the rank of the gauged SU(N)TC
gr‘oup.31

In order to associate the physical quarks and leptons with the
composite states of (2.14), we identify the following quantum numbers

with the ¥ Y. and Y_ hypercharges:

17 Yo 3
I + I = l Y
3t ¥ Ik T2 T4
B-L =~y (2.16)
373
2 1 1
B+lL=-gY i -3x¥-357;

so the electric charge 1s given by

0
1
—
+
H
+
P | —
-
o

(2.17)

The quantum numbers for all preons and composite states are given in
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Table I, from which we identify set A with one generation of standard
quarks and leptons, while set B corresponds to a generation of "mirror"
quarks and leptons for the same choice of chiral color SU(3)L X SU(3)R.
Anomaly matching condition (2.15) then requires n standard generations
and n - 1 ‘"mirror"™ generations of quarks and leptons. In terms of
diagonal (vectorial) SU(B)C, the "mirror" composites ©behave just 1like
another standard generation though they belong to a different global
SU(Z)L X SU(2)R group and have different weak bosons associated with
these interactions.32

The states within a generation are prevented from pairing off and

becoming massive by the U(1) aymmetry of (2.13). On the other hand

AT
the preons and standard and mirror generations are prevented from
pairing off only by the discrete symmetry Z(m)A into which the original
U(T)A symmetry is broken, provided m > 4, This discrete symmetry, in
turn, can be used to distinguish different generations. We shall return

to this issue later when we discuss possible condensates which effect

the nyperflavor symmetry breaking.

C. Other Composite Fermions and Bosons
The 1list of hypercolor-singlet bosons include the scalar and vector
states presented in Table II. These boson states are unprotected by the

GHF chiral symmetry and get heavy with typical masses of the (largest)

et Mop oF Ay

pseudo-Goldstone bosons33 {PGBt's) which arise from the chiral G

confinement scale A The only exceptions are

HF

symmetry breaking via condensates. This is taken up in Section ITI.
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Other bosons can be constructed which are nonsinglets with respect
to one or twe of the confining gauge groups. Examples of technibosons
are given in Table III for the special case of SU(Z)TC. With the
exception of Section IV, we shall not make use of bosons which are
nonsinglets under one of the confining SU(z)L,R groups and do not list
them explicitly.

Alsc of special interest are the technifermions which are singlets
under the confining SU(2)L X SU(E)R. These states can be classified into
several types according to their hyperflavor transformation properties:
TUU', TUV' and TVV'., A complete list is presented in Table IV, again
for SU(2)TC. Included among the TUV'-type are conventional techniquarks

and technileptons,8 but all cthers have exotic Q, B and L assignments.

III. TECHNIFERMION CONDENSATES

A. Spontaneocus 3Symmetry Breaking

We now attempt to identify fermion condensates which can develop
nonzero vacuum expectation values and dynamically break the chiral
symmetry from GHF in (2.2) down to GﬁF in (2.11). Various author'sy'I
have shown that multipreon condensates occur in more attractive channels
than two-preon condensates. This suggests that we explore the
possibility that composite hypercolor-nonsinglet fermiona, eg.,
technifermions, form 6-preon condensates.

The symmetry breaking GHF > GﬁF can occur all in one step or

through a =eries of steps. Consider first the one-step proceas

suggested in our earlier work16 on this model. There the condensate
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TV (T'Wrvr ) = (15,15)4 4 (3.1)
y

34

i3 presumed to develop a non-zero vacuum expectation value which breaks
the chiral SU(Y4) symmetry down to chiral SU(3) with the U(1)A symmetry

broken to Z(H)A. New U(1) and U(1)Al symmetries appear so the

yn

Gup GﬁF x Z(N)A directly. Alternatively the separate condensates

<V(TV™> = (15,14 4.0 (3.22)
rvy
<TVH(TV™> = (1,15, 4.0 (3.2b)
and
<muturH(rutur > = (1,1 (3.2¢)

0,0;20

could effect the desired breaking G Gl X Z(20)A in this case. The

HF ~ HF

latter scheme involving hyperboson condensates 1s less par'cabable?’)4 than
the former technifermion condensate since it involves just 4 rather than
6 preons in the condensate. Also technibosons are not protected by a
chiral symmetry from developing large masses and becoming sterile with
respect to condensate formation.

We now consider a more appealing condensation scenario based on the
most attractive channel (MAC) hypothesis of Raby, Dimopoulos, and
Susskind.23 According to the MAC hypothesis, the relative binding
strength of two technifermions can be estimated by considering the one
technigluon exchange graph and its corresponding coupling coefficient
and quadratie Casimir operator: 82(U)C2(R) where R is the dimension of

the technicolor representation of the technifermions and yp is the energy

scale in question. At a given energy scale u, the binding is greater
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the larger the quadratic Casimir operator. On the other hand, it is

35 that a wvacuum condensate will be formed

s’

whenever a(uR)Cz(R) = 1. This implies that technifermions with larger

conventionally assumed

C2's will condense at higher energy scales than those with smaller Ce's

which become strong enough to condense only at lower energy scales,
provided a{u) rises as p decreases. This will be the case for
asymptotically-free theories or for nonasymptotically-free theories if

the B function 1is negative in the relevant region, such as beyond the

ultraviolet fixed point.36

Given the above pattern of hypercolor condensation in the most

attractive channels, the G nyperflavor symmetry can be broken down to

HF

G'HF in two steps with the first condensates involving type-TUU!'

technifermions breaking the U(1)A symmetry. Examples of such

condensates are the following:

<TOUTTHTUTI> = (L, o, (3.3)
<(roun)(rruturty - (1514 o5 (3.3b)
<(ruur (Tt = (1,14 5._g (3.3¢)
<t (rtuur > = (1315 5.8 (3.3)
<(TOU* ) (T'UU*)> = (1,1)0,0;_12 (3.3e)
<(rutur (ot Ty - (1) 6.20 (3.3F)

where only the G hyperflavor representations are indicated. In the

HF

respective cases, the U(1)A continuous symmetry is broken into the

discrete axial subgroups Z(H)A, Z(B)A, Z(12)A or 2(20)A accordingly, and



-18- FERMILAB-Pub-83/31-THY

the U(1)v, symmetry is conserved or may be broken down to Z(8)v for
{3.3¢) and (3.3d). The discrete symmetries resulting from the instanton
interactions are broken completely. We, of course, have no handle over
which breaking pattern occurs but simply note the two extremes
corresponding to the largest, Z(EO)A, and the smallest subgroup, Z(R)A,
both of which keep U(1),, unbroken.

It is of interest to remark that once the U(1)A group is broken by
one {(or more) of the condensates in (3.3), ancmaly matching can be
achieved for the three remaining non-trivial vertex diagrams of the form
suw )3, suw (), and (U, This suggests that
although the confinement écales may be ordered according to
ATC << AeL s AZR' the effective scale where the type-TUU' technifermions
confine is of the same order of magnitude as the A2L and A2R scales.,

In addition to the hypercolor-singlet set (2.10) of fermions with
indices EA - QB = 1as in (2.15), type-TUV' and TVV' technifermions can
appear at this stage. The restrictions on the indices required to

satisfy anomaly matching at the preon and composite levels for an

N-independent solution are

0=L,~-L, = L2 - LH

1 3
0=z 231 - 253 - 252 - Esu (3.4)
0 = &yq - Ay

These states are protected from pairing off by the discrete Z(m)A

symmetry provided m > U4,
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Condensates of the type-TUV! technifermions can then occur via the
N2-1, N{N+1)/2, or N(N-1)/2 dimensional representations of technicolor
at a lower energy scale than the first-stage condensates of the
type-TUU' technifermions in (3.3). These condensates are numerous in

number and serve to break the chiral SU(ll)L x SU(M)R symmetry.  Among

the posaibilities are
<vTu) (VT T)> = (15,15, 051 © (3.5a)
. 3

<EVTU (V' T'U)> (u4,1) (3.5b)

1]

0,05=-4-2N

C<vrturty(erm ety = (4,0 (3.5¢)

0,0;4-2N

With (3.%) and its primed counterpart, the chiral hyperflavor group is

broken to
SU3), x SUC3), x Uy x UC g, x UC = TCD,, x 2(4),  (3.62)

Wwith (3.5b), N = 2 and m = 12 or 20 according to the condensates of

{3.3), the surviving group is only
SUH), x U1y x U1y, (3.6b)

whereas with N=2, (3.5¢) and any m or (3.5b) and m = 4,8 the surviving

group is
su(u)c x U(1)v x U(T)V‘ X z(m)A (3.6c)

as the discrete symmetry remains unbroken. In the above, SU(H)c is the

Pati-Salam Y4-color symmetry group. If the axial symmetry breaks down to
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Z(ll)A or completely, the TUV'- and TVV'-type technifermions are no
longer protected by the discrete axial symmetry, and all ec¢an pair off
and get massive.

Finally we note that if any type-TVV' technifermions survive the
hyperflavor symmetry breaking as light objects, they can condense at the

ATC scale and break the symmetry down to

SU(3) x U(1)v X U(I)v| x U)o (3.7)

For this purpose, the condensate

<ATQQ(T'LL'> = (3,3) 4 4.y (3.8a)
P A T
in the case of (3.6a) or the condensate
<(TYV')(T'UU)> = (15)0 0 (3.8b)
]

in the case of (3.6b,c) are suitable. Alternatively, one can simply
gauge the SU(3)c % U(1)em subgroup of the surviving global symmetry in
{3.6). In any event, all the technifermions get massive, while only the
HC-singlet fermions of the type 1listed in (2.14) remain relatively
light. They themselves can pick up small masses through techniboson
exchange diagrams with the help of technifermion condensates as
discussed in Section V. No spectators need be introduced if only SU(3)c

X U(1)em is gauged.

B. Pszseudo-Goldstone Bosons

Weinbergs-

has clearly demonstrated that to each broken generator
of a chiral symmetry group corresponds one (pseudo-) Goldstone boson.

Consider first the one-step GHF > Gt

HF symmetry-breaking condensate of

(3.1).
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The full Gyp Broup of {(2.2) has 33 generators which transform

according to

AT (15,1)0,0; yryrt - (1,15)

0 0,030

Y, - }5 (rtt - 'Y = (1,1)

1 0,030

1

2

LA {3.9)
VBN +32

+ e ¥ + + -
[4(UU =Uryr )=N(VV V'V )] = (1,1)0,0;0

1

X 2

[2(TT T T %) - seuutsurur ) - Neuvtevrve 1 = (1, 1)
A 0,030

Y2NT+40
where only the hyperflavor symmetry is specified. Under the breaking of
GHF down to GﬁF only 20 of the 33 generators are conserved, while 13 are

broken as follows:

Conserved Generators:

et = (8,1), Q'*er = (1,8)
Y1 ’ Y2

(3.10)
3 7 7%u [Q*Q - @'"q" - 3(L*L - 'L Y = (1, )

-~ 1 1 1
X0 ~ 720 la*e + @' - 3L o+ L TLDY = (1, 1)
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Broken Generators:

+ + _
L' = 3y g u5m,s Ok = B0Mo,0,005(0),-0
Tt o ity
LTQr - (1’3)0,0,-u;(0),u Q' Lt = (1’3)0,0,u;(o),-u (3.11)
X, = (Mg 5.6:(0),0

The appropriate symmetry breaking occurs with the vacuum condensate

<SITHV(VWW) > = (15,15) 4.y (3.12a)
My

in the one-step process where the non-zero element is chosen to be

STT'LLY(LLY)™> = (1,1) 0 (3.12b)

0,0,03(4),0 *

such that the 12 pseudo-Goldstone besons transform as

+ +
TT'QLt LULY (3’1)o,o,u;(u),u

+ + 3
TT'Q LL'L (39D 0,-4;5(4),-4

(3.13)

trnLtQrLe?t

(1305 0,05 (1),

) + ) + =
TT'LL L'Q! -(T,B)O,O’u;(u),_u

and the one true Goldstone boson transforms as
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Im TT' = (1,1) (3.14)

0,0,03(4),0

The broken generator value is indicated in parenthesis. The 12
pseudo=-Goldstone bosons carry chiral color and will be confined by the
QCD force; the true Goldstone boson can, in fact, represent the Peccei -

37

Quinn axion, if we identify U(1)PQ = U(T)A. The surviving discrete
axial symmetry is just Z(H)A.

We now turn to the two-step symmetry-breaking process via
technifermions discussed earlier in some detail. The first step

involves the breaking G,. + SU(H)L x SU(N)R X U(T)v X U(1)V, x Z(m)A via

HF
one of the condensates in (3.5). The true Goldatone boson then

transforms as

Im TT' = (1’1)0,0;(4),0

Im TT'UUU'U' = (1,1) (3.15)

0,0;(-12),0

1'++I+I+-
Im TT'U U U UY = (1,1)0,0;(20),0

according to whether the surviving discrete axial symmetry group is
Z(H)A, Z(12)A or Z(ZO)A. The other possible condensates in (3.5) leading
to 2(8), break the U(1),, symmetry.

The chiral SU(Y4) symmetry breaking in (3.6a) occurring at the
second stage leads to the 13 broken generators listed in (3.11). The
corresponding pseudo-Goldstone bosons which appear must have exactly the
same quantum numbers for the remaining conserved symmetries. Hence only

PGB's of the following type can appear:
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Qru'LtTryge*

(325 0,45 (4), 4
(3.186)

Lttty t

(3,105, 0,43 (4) -

as well as their right-handed counterparts. The discrete axial symmetry
Z(m)A surviving the first-stage U(1)A breaking is broken down to Z(H)A
form = 12 or 20. As a result of this breaking, the technifermions are
no longer protected from acquiring a mass and will, in general; pair off
and get massive.

In the case of (3.6b,c) where the chiral SU(Y4) symmetry breaks down
to SU(M)C, only 17 generators are conserved and 15 are broken. The 15
broken generators are all axial and diagonal in character and transform

as

VY o+ vty 2 (15,1) & (1,15) = (15), (3.17)

The corresponding pseudo-Goldstone bosons transform as
U (VT )« (vt (vt = (1), (3.18)

While all the PGB's in (3.16) carry chiral color and will be
confined, only 14 of the 15 broken generators of (3.17) carry SU(3)c
color; the remaining one is a color singlet 1like the true Goldstone
boson of {(3.12). Hence two axions are present in the symmetry breaking

schemes of (3.6b,c).
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C. Generation Labels
Different composite models admit the possibility of more than one
generation. of quarks and leptons through different mechanisms such as a

continuous U(1) symmetry38 39

or higher, or through dliscrete symmetries
arising from instanton effects. In the model considered here, the
discrete symmetry arising from the breakdown of the continuous U(!)A
symmetry serves as a useful generation-labeling mechanism.

We have already noted that the anomaly-matching conditions reduce
to the single equation (2.15) which is satisfied for any RA =1,2,3,...
with LB = EA - 1. In order to allow the possibility that either index
is greater than unity, we must be able to disﬁinguish composite objects
naving the same chiral and hypercharge properties with some new label.
The broken generator label, corresponding to the Z(m)A discrete symmetry
arising from U(1)A breaking by condensate formation, is at our dlspcsal.
From cur discussion of technifermion condensates in Sect. IIIA, we have
noted that the surviving discrete symmetry is Z(R)A, z(8),, 2(12), or
Z(20)A. We shall discuss each ‘in turn.

In the case of a surviving Z(H)A symmetry, all X, labels for the
composite states in (2.9) are identical (for all even N}, and the A and
B sets of states are unprotected from pairing off when U(1)A is broken
and anomaly matching can first be achieved. Hence the only poasibility
is QA =1, lB = 0 corresponding to one generation of standard quarks and
leptons. For a Z(8) symmetry, the conclusion is the same since one can
not introduce two generations of type A composites both of which are

protected from pairing off with the single B type composites by the Z(8)

symmetry.
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The situation is different with a surviving 2(12)A or Z(20)A
symmetry. In the former case, we can introduce two generations of type
A and one of type B which are protected by the discrete Z(12)A and
chiral SU(H4) symmetries. Although the particular choice is not unique,
once one selects XA labels for the A states, the B state 1labels are
uniquely determined. One possible choice for Z(12)A symmetry is given
in Table V with N = 2. For the case of 2(20)A symmetry, one can choose
three generations of type A and two of type B which are labeled by this
discrete chiral symmetry. One example, again for N = 2, is given in
Table VI.

It is interesting that while the anomaly-matching condition (2.15)
permits any number of standard generations and as many "mirror?®
generations less one, the technifermion condenstates in (3.5) at our
disposal yield at most a 2(20)A symmetry, and hence at most 3 standard
generations and 2 "mirror" generations of composite quarks and leptons.

With regard to the technifermions, any generation pattern must be
consistent with the anomaly-matching conditions of (3.U4). For a Z(ll)A
symmetry, all technifermions can pair off and get massive, so that no
generation of type-TUV' and TVV' technifermions exist. In the case of a
Z(12)A generation symmetry, at most one generation of type-TUV' and TVV'
technifermions can occur. With a Z(20)A symmetry, at most two
generations of technifermions exist. Hence only in the latter two cases
is the mechanism of type-TUV' technifermion condensation definitely
available to break the chiral SU(4) hyperflavor symmetry down to chiral

SU(3) or SU(H)C.
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IV. ELECTROWEAK INTERACTIONS

A. Weak Isovector and Isoscalar Bosons

We have noted earlier that in the case of just one standard
generation of quarks and leptons, a global SU(2)L X SU(2)R symme try
appears at the composite level which did not exiat at the preon level.
This symmetry can be identified with the left-right extension of the
usual weak interactions. The basic difference is that the weak bosons
here are bound astates of hypercolor rather than fundamental gauge
fields. As such, the weak force is a manifestation of the residual
hypercolor inter-actions.9

The weak isovector bosons are U4-preon objects which are formed from

two scalars as follows:

+

WL = HfLH = (1’1)2,—8;-4
0 +

W= H ﬁ}i = (1,1 00 (4.1a)
- + +

W = H E%H = (11 g0y

for the SU(2)L transitions and

+ + +
Wp = KRK™ = (1,10, 4.
0 +5
Wy = K ELK = (1,1)0,0;0 (4.1b)

X,
-
[f}
=
=
-
1

= (1’1)-2,8;—4
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for the SU(Z)R transitions, all with B = L = 0 and I3 = 1,0 or -1.

H= T0' = (152,151,1)

1,-“;-2

{(4.2)
K = T'U

(1;1’3;1’1)-1,4;-2

and their Hermitian conjugates are the composite scalars which form the

vector bosons. Since the discrete symmetry in the case of just one

i

L and WE bosons have the same quantum numbers

generation is Z(H)A, the W
and will mix in general. We explore the possible consequences in
Section V.

When iA > 1 so that at least one "mirror"™ (B-type) generation
appears, the global symmetry is actually SU(2)L x SU(2), x SU(2)] x

SU(Z)é and the additional vector bosons transform as

AR H'BuH' = (1N, g,y
W - H'+§LH' = (1,14 4.9 (4.3a)
W H'+BUH'+= (1,15 g,y
and
LIAE K'+ELK'+ = (1,1, gy
Wéo - K'+§UK' = (1514 0.0 (4.3b)

Wi = KIRET = (L) 5 g
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H' = T*Y U (TTY)

1L

u
—
I—.
-
134
-
j—
-
—
-
—
fy

(4.b)

K' = TTU(TT?')

1
~
[
eu
| =
-~
L)
-
—
-

—
~—r

and their Bermitian conjugates are the composite vector constituents of
the corresponding vector bosons. The L and R nature of these new weak
bosons are assaigned so they have the same charge and XA quantum numbers
as the WL and WR bosons.

We thus see that the dynamics of the binding mechanisms will be
different for the two types of weak bosons: the standard generation
transitions invelve 2-preon scalar constituents, while the "mirror®
generation transitions involve l-preon vector constituents. Mixing will
ocour among the charged vector bosons and also among the neutral vector
bosons, so the mass eigenstates will, in general, be linear combinations

of the weak eigenstates.

The isoscalar bosons corresponding to the above isovector objects

0 1 + +
L -ﬁ(ﬂeuﬂ+ﬂ%ﬁ)

4
]

0 1 + +
Yo =7§(K;9uK+KJ%K)
(4.5)
'0 - 1 l+ [ ] [ ] +
AR TR BUH +HQJH' )
W oo w0k kD™
R " 7/2 i i

violate Bose statistics (p-wave coupling of isospin symmetric scalars)
and are expected to be particularly massive.uo Among the HC-singlet

isovector bosons listed in Table II, only the
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vo = W' > 1L and @°
(4.86)
yﬂo = v > 1Lt and Qrart

states couple directly to the light composite quarks and leptons. These
isoscalar bosons are unprotected by the chiral symmetry and tend to pick

up masses corresponding to the largest binding scale involved.

B. Weak and Electromagnetic Interactions

The UYd-preon composite isovector bosons effect weak charged
transitions between the standard (A} generation up and down quarks and
neutrinos and charged leptons, as illustrated in Fig. 1. The B-precn
composite isovector bosons, on the other hand, effect the weak charged
transitions between mirror (B) quarks and lepteons for both the Z(12)A
and 2(20)A cases with the assignments given in Tables V and VI. It is

elear from the diagrams that the effective weak couplings

ngn':gwud: 'R =gw (MOT)

are universal to the extent that only the hypercolor interactions are
taken into account. Some renormalization effects may occur when the
hyperflavor (gluon and photon) interactions are turned on, unless a Ward
identity serves to guarantee the continued universality of the weak
coupling3.41 This is a sticky point with all composaite weak boson
models, and we have not explored this issue in detall.

The neutral weak bosons couple to the 1leptons and quarks in a

similar fashion, but they alaso mix with the photon which couples

directly to the charged T or T' preon constituents of the Wwo's. The
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photon also interacts directly with the V {(charged Q or L) or V' preons,
effectively mixing with the isoscalar boaons yg and yio. The photon -
light fermion interactions are pictured in Fig. 2e With gw the
universal weak coupling of {4.7) for the W boson, gy the corresponding
{(universal) isoscalar coupling to the light fermions, Aw and Ay the v -

w° and Y - yo mixing parameters, respectively, we have the compositeness

conditionsu2 of Kdgerler and Schildknecht, and Chen and Sakurai:

it
[U]

Tt = &

(4.8)

A = ' =
Byhy = Byhy = @

where only the lowest-lying composite isovector and isoscalar bosons are
considered. The standard form of the electroweak interactions is
obtained provided the W-dominance approximation is a wvalid one; 1i.e.,
the lightest compcsite W 1s much lower in mass than the next heavier one
{by a factor of 5 or more), and the isoscalar mass is much greater than

the lightest W mass. In this approximation, one can identify

*w - sin@w (4.9)

€. Flavor-Changing Neutral Currents

Since different generations of quarks and 1leptons have been
distinguished by the X, quantum mumber, i.e., the number of TT' pairs
attached (module 3 for Z(12)A and 5 for Z(ZO)A), flavor-changing neutral
currents will exist and effect generation transitions among quarks and
leptons if TT' palrs can be emitted or absorbed via ¢T = TT' (pseudo-)

scalar boson exchange. Such hypercolor-singlet bosons are tightly bound
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by all three confining forces and are sxpected to acquire masses of the
order of the largest binding scale.

To effect transitions among the different generations explicitly
labeled in Tables V and VI; one, two or three ¢T bosons must be
exchanged. 3Since the mass of ¢T is expected to be very large, multi-¢T
exchange 13 expected to be very suppressed. Examples of the basic two
types of flavor-changing neutral current interactions are given in
Fig. 3 corresponding to k0 - g9 mixing (s +3d + 3 + d) and X~ + 7ep
decay (s » den). Of course, until the mass spectrum is accurately
calculated, we do not know which fermion generations in the model to

associate with the generatlions appearing in nature.

V. ENERGY SCALES and MASS GENERATION

4. Energy Scales and SU(2)TC Forces

We now address the issue of the ordering of the energy scales ATC’

A and A2R at which the respective SU(N) SU(2)L and SU(E)R

2L TC’

hypercolor forces become strong enough to confine the preons inte
composite hypercolor-singlets. One useful clue concerning this scale
ordering arises in connection with chiral symmetry breaking and anomaly
matching. We have noted that anomalies associated with hyperflavor can
be matched only if the original U(1)A group is broken. Condensates of
type-TUU' technifermions can break this symmetry at a relatively high

scale. This suggests that we choose the ordering

A, << A

e o, § AZR (5.1)

The SU(Z)L R forces can then be used to form technifermions and
’
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technibosons, as well as TC singlets. We allow for the possibility that
the SU(2)L scale is possibly lower than the SU(2)R scale to aid in L/R
symmetry breaking of the global SU(QJI x SU(Z)R chiral hyperflavor

17 The TC scale is taken sufficiently low that condensates of

symmetry.
the type-TUU!' technifermions can oceur by the MAC hypothesis at the

effactive A A, scales for anomaly matching.

2L’ 2R

To ensure asymptotic freedom for the SU(E)L,R forces at the preon
level, we require N = 2 as deduced earlier from (2.9}). With SU(E)TC as
the third confining hypercolor, the three types of technifermions are
just TUU', TUV', and TVV' with E_ (and g), 3 and 2 dimensional
representations of TC. From Table IV we then observe that given all the
technifermién posaibilities, the TC force is not asymptotically free at
the composite level. But the possibility exists that below A2L £ A2R’
technicolor 4is born in the region beyond the ultraviolet fixed point
where the £ function 1is negative. Thus, although TC is not
asymptotically free in the composite region, the TC force becomes
stronger as the energy scale decreases, a possibility originally
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suggested by Holdom. The MAC scenario for TC condensation sketched

earlier in Section IIIA is a legitimate possibility.
In particular, we are led by the requirement of anomaly matching

and the MAC scenario to adopt

A (2) << Apa(3) << Apo(B) S A, <A, (5.2)

rc = Apct2 TC 2

This follows from the observation that the SU(2) quadratic Casimir
operators take on the valuesu3 C2(2) = 3/4, 02(3) = 2, CZ(U) = 15/4. By

the assumption that the product Cz(R)aTC(U) is similar for all TC

35

condensate formation, the corresponding TC couplings at the different
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confining scales are related by

- 8 -
SGTC(uu) 3 aTC(u3) aTC(uz) {(5.3)

The corresponding mass scales where the different confining TC forces

become strong can not be determined in practice, since the 8 funetion is
unknown for couplings larger than the ultraviolet fixed point. For

numerical estimates in the next Sections, we shall adopt
ATC(g) 1 TeV

<< Apa(3) 7 10 TeV

(Siu)
<< Mg (B) 7 1000 TeV

i A2L A2R

in keeping with (5.2). We illustrate the running hypercolor couplings

in Fig. 4.

B. Fermion Mass Generation

Many mass generation mechanisms have been discussed in the

literature. Among them are instanton contributing effects,39
techniboson exchange with technifermion condensation,uu and higher order
correctionsu5 via pseudo-Goldstone boson exchange or emission and

reabsorption of photons. All four mechanisms are possible in this
model, but the most attractive from our point of view appears to arise
through TC interactions, and we shall explore that mechanism Iin asome

detail here.
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We begin with the general form of the light fermion mass matrix.

With Z(“)A symmetry and just one generation of quarks and leptons, this
has the simple f‘or'mu6
M D
m = (5.5)
D M
in the basis B4 = {fL,fE} of fermion and conjugate fermion left-handed
Weyl spinors. The off-diagonal D terms are standard Dirac terms,; while
the diagonal M and M' contributions are of the Majorana-type and
non-vanishing only for neutrinos.
With 2(12)A symmetry and two standard and cone "mirror" generations

of quarks and leptons present, we adopt the basis

2 lc fEC

1
Bip = (st sy

c
12 ’FL’FL}

and write down the general mass matrix for the light fermions according

to

M b m d
D M? d’ m'
s m? arT Mh D! (3-6)
[ o7 w'T DY ny

Here Dy, M and M" are 2 x 2 matrices connecting standard generation
objects; d, d', m and m' are 2 x 1 matrices connecting standard and
mirror generations; and D', M" and M'" are 1 x 1 elements connecting
only the mirror generation spinors. With 2(20)A symmetry, the basis is

enlarged to
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3c e .2¢

3
B,. = {fL,fL,f £ £] ,FL,F JF C1Fp

20 L' }

L!fL’

and the mass matrix is 10 x 10 with each submatrix of (5.6) enlarged
accordingly.

We now consider the Dirac mass terms

ieT . _j aeT,. B ieT, _B acT,. .J
DijfL c fL + D&BFL C FL diBfL C FL - aj L C f + h.c.
(5.7)
- 2l oJ ¢ g0 o8 t‘iB o d
= Dij . DaBFR Fl o+ diB FF +d jFRfL + h.c.

which can appear in the second and third stages of hyperflavor symmetry
breaking. When the type-TUV' technifermions condense via QTC forces at
the acale ATC(g), d terms can appear when G,. is broken into the chiral
SU(3) channel of (3.6a), D and d terms appear in the SU(ll)c channel of
(3.6b) irf Z(m)A is broken completely, while only D terms appear in the
SU(4), channel of (3.6¢) if Z(m), remains unbroken when m = 12 or 20.
The mechaniam of techniboson exchange with technifermion
condensation can  generate mass terms much 1like the extended
technicolor21 concept proposed several years ago. Examples of this
mechanism when the chiral SU(4) symmetry is broken to chiral SU(3) are
shown in Fig. 5, where the technifermion condensates of type {(3.%a) can
occur 1in the s- or u-channel., The Dirac d terms are generated between
fermion and mirror fermion of (5.7). One or two generations of
technifermions exist and can contribute if m = 12 or 20, respectively.
Since the technibosons are born at the AZL,R scales and pick up masses
0(103TeV), whereas we have assumed the condensation scale is

ATC(i) ~ 10 TeV, some of the light fermions can acquire masses of order
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, a3
m gTC(u3) —*'IE:E-—*“ < 1 GeV (5.8)
2

Here d is- the anomalous dimension associated with the number of
technifermions existing at the ATC(g) scale.,

When the chiral SU(Y4) symmetry is broken to SU(H)C, technifermion
condensates of type (3.5b) or (3.5¢) can form in the u-channel as
illustrated in Fig. 6. This mechanism leads to Dirac mass terms of the
D-type generated between standard and conjugate fermions or mirror and
conjugate mirror fermions. If the mirror technifermion condensate of

Fig. 6b

+ l+ l+ 1 + -
<(VTUr ")V T )> = (11,4)0”0;16 (5.9)
is somewhat larger that the technifermion condensate of Fig. fa
<(VT'Ur)(V'TU)> = (4,1) (5.10)

0,0;-8

one has a ready mechanism to give the mirror fermions larger masses than
the fermions belonging to the standard A-type generations.

Finally we note that those fermions which escape acquiring a mass
by type-TUV' technifermion condensates can pick up a mass through
condensation of type-TVV' technifermions at the ATC(E) scale. The

acquired mass is of the order of

.2 [Age(2)1%*
n STC(UZ) ____;E:E—_— < 1 MeV {5.11)
2

An example of this mechanism is given in Fig. 7, where a U'V'Y vector
techniboson is exchanged and a technifermion condensate of (3.8) is

involved.
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Majorana mass terms in the mass matrix of (5.6) arise only for

neutrinos. They have the form

iT J ¢ leT JeT
Miij c v * Miij C vL

" !U'T !B LR} lGCT 'BC
+ MaBVL C vt o+ ManL c v (5.12)

lT IB ) L
+ (miB\JL c Vit o+ mtiL C v

where the notation is used as given in Table I. M-type mass terms can

ieT Be + h.c.)

appear via 3., forces at the scale ATC(g) via condensates of the type

<(L'T'U)(L'T'U)> = (1’1)-2,12,6'-6 (5-13)

as illustrated in Fig. 8a. This condensate carriea AQ = AB = 0, and
AL = 2 and hence preserves charge and baryon number but breaks lepton
number {as well as I3R). The resulting Goldstone boson can be identified
as the Majoron of Chikashige, Mohapatra and Peccei.uT The posaibility
exists that only right-handed {or vE) neutrinos acquire a mass, but the
mass is only expected to be of order of 1 GeV as in (5.8). m-type mass
terms of the order of 1 MeV as in (5.11) can appear via 2 forces at

TC

ATC via condensates of the type

<(L'TLNY(Tour ) = (1,1) (5.14)

=2,12,630

as in Fig. 8b.
We have thus seen that the hypercolor-singlet fermions can acquire
masses of 0(1 GeV) or so through TC-condensation and techniboson

exchange. These masses are much below the scales ATC(E), Ann(3) or

TC
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Apc(2) at which the condensation takes place. On the other hand, the
technifermions which participate in the condensation get massive at the
same scale. All other technifermions can pair off and get massive once

the discrete symmetry Z(m)A is broken down to Z(M)A. Hence we find m__ 2

TF

ATC = 1 TeV for the illustrated choice of scales.

C. Boson Mass Generation

We have already noted that all technibosons acquire masses at the
preon binding scales, AEL,R' A puzzling issue common to all preon meodels
in which the weak bosons are composite is why the weak bosons do not
also acquire masses of the order of the confinement scale, AZL,R here.
No completely satisfactory answer has been given in the literature, and
we do not pretend to give one here. However, we do have at our disposal
a mechanism somewhat peculiar to this model.

Although the weak bosons WL, Wps W£ and Wg are "born" at the AEL,R
scales, and should acquire masses comparable to these scales, mixing
effects can occur among these weak bosons via preon 'exchange diagrams.
The outcome of the mixing is that some masses will be driven down and
others up. For example, in the case of the Z(ll)A symmetry where only W,
and WR exist, a diagram such as Fig. 9a c¢an occur, where the

technifermion condensates

<(ttuurycrrtutuyy = (1,1) (5.15a)

0’0;-1,’

and
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<(TUU' )(T'UU*)> = (1,1)(}’0;_12 (5.15b)

both appear at the A2 scale. With the W-mass matrix elements all

comparable

A
(5.16)}

MNP N

A

in the {WL, WR} basis, the eigenvalues of the rank 1 tensor are just oy
= 0and 2A = 2 x 107 Tev.

In the case of the discrete symmetry groups Z(12)A. or 2(20)A

arising at the A2 scale through type-TUU' technifermion condensation,

both condensates in (5.15) can not appear at this gcale and WL - WR

mixing will not oecur at that stage. However, W - W'L mixing can occur

L
via the diagram shown in Fig. 9b. There the type-TUU' technifermions

of two different generations can form condensates

<(ruury(rruturtrrretys = (1,1) (5.17a)

0,030

<(TrourHy(TrtutuTT)> = (1,14 5.0 (5.17b)
LR ]

via HTC forces without further breaking the Z(12)A or Z(20)A symmetry.,
Again 1if WL - Wﬁ mixing is nearly complete, one of the "left-handed"
weak bosons will be driven down to a low mass as in (5.16). No such

simple diagram is found for W - W! mixing.

L R
As a result of the WL - WL' mixing where one of the weak boson mass
eigenstates is driven 1low in mass, both the standard fL quarks and

leptons and the "mirror" F ¢ fermions will couple to this low mass boson

L
with impunity if the mirror states are heavy. (An analogous coupling of
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f, and ch states to the same light boson in (5.16) with Z(ll)A symmetry
would be disastrous.) We do not understand, however, why the same type
of mechanism would not drive one of the "right-handed" weak bosons also
low in mass.

With regard to the isoscalar bosons yLO and yL'O in (4.5) already
discussed earlier, we have noted that they pick up a mass of order of
the binding scales AQL,R‘ Moreover, the exchange of HC gluons in the
annihilation channel shown in Fig. 10 ensures that they remain

massive.qo

The corresponding diagram connecting yLo and yL'O can not
appear since the exchanged HC gluons must be of the SU(2)L type or the
SU(2)R type, whereas yLo communicates with only the ~former, yL'O only
with the latter. The isoscalar bosons should thus remain much heavier
than the lowest mass isovector weak boson, as required by the

W-dominance approximation to ensure that conditions (4.8) and (4.9)

apply.

VI. SUMMARY

By starting with a simple set of preons bound together by three
gauged, confining hypercolor foreces exhibiting an SU(2)TC x SU(Z)L X
SU(2)R symmetry, we have shown how one can obtain a rich composite model
of quarks and leptons with a number of intereating features. In the
simplest version the light composite feermions consist of just one
standard generatlion of quarks and leptons. More generally, n standard
and n - 1 mirror generations of quarks and leptons emerge, where the

limitation n = 1, 2 or 3 is realized through the breaking of a conserved
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U(1)A symmetry to a disecrete subgroup Z(m)A with m = 4, 12 or 20,
respectively. The gquarks and leptons have the standard I3L,R’ Band L
guantum numbers which are all conserved, s¢ proton decay is prohibited
via =simple preon rearrangement graphs. The weak bosons are composite
fields which transmit the weak force through residual hypercolor
interactions with a global hidden symmetry manifested oniy on the
composite level.

In the scheme presented, thé two strong SU(E)L x su(2)R hypercolor
forces can form 3-preon light hypercolor-singlet fermions as well as
technifermions transforming according to 2, 3, or 4 - dimensional
representations of the SU(EJTC technicolor group. According to the most
attractive channel scenario of Raby, Dimopoulos and Susskind, the
technifermions can form condensates 1in decreasing order of the
technicolor representation as the energy decreases, breaking part of the
chiral symmetry at each stage. In fact, we find that the technicolor
interactions play three different roles: by breaking the originally
conserved U(1)A symmetry, the ETC technifermion condensates permit the
't Hooft conditions to be satisfied at the AZL,R confinement scales.
Which particular condensate forms determines the surviving discrete
axial symmetry and, in turn, the number of standard (and mirror)
generations at this first atage of c¢hiral symmetry breaking.
Technifermion condensates at the asecond and third stage can then
generate 1light fermion masses through techniboson exchange graphs.

For this scenario to make sense we must order the relevant scales
according to (5.2) and demand that the discrete Z(m), symmetry be 2(12),
or Z(2O)A, i.e., that 2 or 3 standard generations of quarks and leptons

exist, in order that one or two generations of {(massless) technifermions
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survive for the mass generation mechanism at the 2nd and 3rd stages.
With these assumptions, we note that dynamical chiral symmetry breaking
occurs in stages and that 't Hooft anomaly matching is achieved through
light composite fermions without the disasterous possibility that the
full chiral symmetry is broken all at once leading simply to a spectrum
of massless Goldstone boscons. Technicolor must be regarded as one of
the hypercclor forces here and not as a hyperflavor interaction as
usually assumed.

Despite the many attractive features of the model, we note the
decided shortcoming that we have not succeeded in unifying the strong
hypercolor forces in the preon interaction region. Alse no detailed
calculation of the fermion mass spectrum has been attempted since other
mass generation mechanisms beside technicolor interactions ean play
major roles in the model as discussed at the beginning of Section V-B.
Moreover, the mechanism suggested in Section V toc keep some of the weak
composite bosons light is admittedly very speculative. Nevertheless, we
feel that some of the features expanded upon may persist in even more

attractive models of the real world.
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TABLE I. Quantum numbers for the preons and composite fermions of each
generation. The representations and hypercharge labels correspond to the
hypercelor and hyperflavor groups of (2.1) and (2.11).

Preons | _13__ 9 _B _L
T o= (852,231,1), 4000 172 172 -1/N -1/N
U= (52,150,040 0 0 ~1/N ~1/N
Q = (152,253, 5 _y 1,1 0 176 173 0
L= (152,130 v 3,5 0 -1/2 0 ' 1
T = (M52025151)_4 4 0.0 -1/2 -1/2 N /N
Ur = (831,251, _y 040 0 0 17N /N
Q= (131,20,3) 0 ~1/6 -1/3 0

L' = (131,2;31,1) . 0 1/2 0 -1
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3
Set A Composites (Standard Generation)
vy ¢ L(TUY) = (1,1)1,_4_N’_3;_3 1/2
+
g L{TU")" = (1’1)-1,H-N,-3;-3 -1/2
u : Q(TU') = (3,‘1)1,__“_%’1;1 172
: ' = 1 -1/2
d Q(TU ) (3’ )_1’u_N,~1;1
(8]
vy 3 L'(T'U) = (1’1)-1,h+N,3;-3 -1/2
c Yyt 2
27 LY(THU)T = (1’1)1,-H+N,3;-3 12
W€ QUTY) = (1,3 oy, qp0 -1/2
c - + -
a” 2 @UTWT = (1,3), 59 172
Set B Composites (Mirror Generation)

c, + +y _
Vs LHTWTY = (LD iy aig 1/2
2% LY (TNt - (00w, 333 172
QT = By g1y =12
ar%: QM T = (B0, e 172
v = Lttty - (1,19, _4-N,-3;3 172
QJ' : L1+(TU+)+ - (1,1)_1,}4_!“"3;3 -1/2
ut 2 N = (L3 gy a1 1/2
'+ TUNT = (1,30 g1y -1/2
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2/3

-1/2

-2/3

1/3

-2/3

1/3

2/3

-1/3

1/3

1/3

-1/3

-1/3

-1/3

-1/3

173

173
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TABLE II. List of hypercolor-singlet bvosons for SU(Z)TC. Only the
hyperflavor representations of {2.2) are indicated.

Spin 0
+
TT' = (1,1)0’0;4 (TT') = (1,1)0,0;_u
S
Vo= (6,1 .y (W)" = (6,10 yyy
+
‘J'V' = (1)6)0,1';_11 (V'V') = (1,6)0’_u;u
Spin 1
+ _ “+ -
T = (115,050 T = (LY 5050
+ + _
TT = (1'1)0,0;0 T!Tr = (1,1)0’0;0
-+ - + _
UU - (1,1)0,0;0 U'U' - (1’1)0,0;0
+ *
vV = (15,1)0’0;0 vyt o= (1,15)0,0;0
+ - +
vy = (1,1)0’0_’0 vyt o= (1,1)0‘0;0

TABLE III. List of technibosons for SU(Z)T . Only the technicolor and
hyperflavor representations of (2.2) are ingicated.

Spin 0
T = (35151, gy (1D)* = (331,15 o,y
T = (351014 o,y (rr1)" = (31414 ;4
T'T = (331,1)_5 o,y (') = (33115 g,y
v = (2541 56 wn* = @HNy o
U = (231,8) 5. g (UVDT = (231N og6
Spin 1
T = (3311, 549 T = (3301 5 050
T = (37,1 050 T = (3511 050
oot = (339514 950 prur® = (331,04 4.0
vt = {g;ﬁ,1)0’6;_2 v = (2310 _g;-2
UtV = (258,1) urtyr = (251,H)

0,-632 Q0,632
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nyperflavor representations of (2.2) are indicated.

Type~TUU! ’
TUU!
Tyt

tHur)

T+(UU'+)+

TUU'
T(ug)*

)

oyt

Type-TUV!'

13 VTU*

)+

-
-

v(TU®

L, :  vHT'U")

=
*"»

Rg ! viTun)’
. + +
Bgqt  V(TU'T)
+ +, +

Roy: ¥ (TU* ")
nge—TVV'

fgqt  TVV!

ENZ: T(VV')+

+ +
1N3: TT(YVT)

Iny

(13

Hvyr )t

vi(Troeh?t -

(1510 0510

(£;1’1)—1,8;-2

(2;1’1)_1,-8;_2
(2;1’1)1,0;_6

250V 0510

(331,1)—1,8;-2

(2;1’1)—1,—8;-2

(_.3;14,1)1'-6;_”

(i;u,1)-1’2;0

(i;n,1)_1’6;8

(358,14 254

(_3_;”,1)_1,_6;_]4
(;;4,1)1’2;0
{é;ﬁl.l)-l,ﬁ;a

(g;ﬁ,1}_1,_2;_u

(234,8) 4,2

(238,904 056
(_E_;H,u)_1’_u;_2

28,8, 4o

T
rruru)’t
Terru™)

T'+(U'U+)+

Ty
Ty
et

T'+(U‘U+)+

VT
vt
vi¥(ru™)

vruh*

V'Y
ve(Tu)"
virer™)

v'+(T'U+)+

T'V'V

Te(vev)t

¥y

T'+(V'v+)+

. Only the technicolor and

(5;1’1)_1’0;”6
(33121 _4,0;10
(£;1'1)1,—8;-2

(231’1)1,8;_2

(g; 1 ,1)_1,0;_6

(2311 _1,0510

(§;1,1)1,_3;_2

(§;1,ﬂ)‘1,6;_u
(;;1,H)1,_2;0
(‘3";1’1‘)1,-6;8

(31,8_y 5,y

(331, q,65-4
(;;1,E)_1,_2;0
(331:%)_1,.6;8
(;;1,&)1'2;_4

(g;“,n)_1,0;_2

(g;“,u)-1’0;6

(g;n!n)-"u.’_z

(g;u!u)1,_u;_2
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TABLE V. List of 2 standard and 1 mirror generations for 2(12)A with

one choice of broken XA lables.

v(TU") = (4,1) XA = 8 ve(ru) = (1,0

A,:
U oveun*t = (4,1) o vt = (1,1
V(TU' ) (TT") = {4,1) 0 V(T U (TT") = (1,1)

A :
2 v(tur)*(rT") = (4,1) Y vi(rrm*rTy) = (1,1
vt = (§,1) 8  viHmuh) = (1,4)

B :
Uyt trrmn? = (3,1 vt = (1,

TABLE VI. List of 3 standard and 2 mirror generations for 2(20)A with

one choice of broken XA labels.

V(TU') = (4, 1) X, = 16 VH{T'U) = (1,1

A.:
Y yuny* = (4,1) o ve(Tm*t = (1,
V(TU* )} {TT") = (4,1) 0 V(TW)(TT?) = (1,3)

Al
2% yerun)t(rT) = (4,1 B y(TTN(TTY) = (1,3)
v(TU*) (TT*)3 = (4,1) 8  yr(Tru)(TTY)3 = (1,1)

ALz
3 ymuoyterrn3 = 1) 12 wrmrer3 - (1,m
yr(T'ur+) = (T,1) 8 yrH(TUt) = (1,%)

B.:
Uyt rorrn)? = (3,1) byt Tun)rrT2 = (1,4)
vHTrUrhy(TT)e = (3,1) 16 vrHTUt)(TTDZ = (1,8)

B,:
2 vH(Trur )Tyt = (3,1} 12 vrr(ruH)rerro)? = (1,4)
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Figure Captions

Residual interaction couplings of the global SU(Z)L and SU(2)R
weak bosons to the charged light fermion currents,
Electromagnetic interactions of the 1light fermions through
direct couplings of the photon to the weak isovector and
igoscalar bosons.

Horizontal transitions involving one or two ¢T = TT! egchanges
resulting in flavor-changing neutral currents.

Running hypercolor c¢oupling constants gTC’ 32# and g5R
according to the MAC scenario sketched in Sect. VA.
Techniboson exchange graphs with Dirac d - type mass terms
resulting from type - TUV' technifermion condensation in the
(a) s - channel and (b) u - channel breaking the chiral SU(4)
symmetry down to chiral SU(3).

Techniboson exchange graphs with Dirac D - type mass terms for
(a) standard and (b) mirror generation fermions resulting from
type - TUV' technifermion condensation in the u - channel
breaking the chiral SU(4) symmetry down to SU(M)Q.

Techniboson exchange graph with Dirac D - type mass term
resulting from technifermion condensate (3.8) in the u-channel
breaking SU(ll)c down to SU(B)C.

Techniboson exchange graphs leading to (a) M - and (b)) m -
type Ma jorana mass terms resulting from technifermion
condensates (5.13) and (5.14), respectively, in the

u = channel.
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(a) W~ Wy and (b) W, - W' mixing diagrams through

technifermion loops.

Mass contributions to the weak isoscalar bosons (a) yLO and

(b} yL'O through hypercolor gluon exchange in the annihilation

channels.
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