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In supersymmetric quantum chromodynamics (SQCD) with N "colors" and M "flavors" (N &M),
quarks are generated as quasi-Nambu-Goldstone fermions in c, &; and leptons as chiral fermions in

e "c,cb c, &; (N =4) with antisymmetrized "colors" (a =three colors, i =weak isospins). Mass pro-

tection symmetry is SU(N —1)z+R X SU(M N+—1)z X SU(M —N+1)s X [U(1)'s] supported by

complementarity and an effective superpotential. The remaining chiral symmetries are necessarily all

broken once supersymmetry is explicitly broken. Masses for quarks and leptons are found to be con-

trolled by the scale Mr =Mssa (Msss /A. c )" with ir = (M N) /[2—p —(M —N —2)] for

2p & M —N —2, where Mssa is the supersymmetry-breaking scale and A,, is the scale of SQCD.

I. INTRODUCTION

In supersymmetric composite models of quarks and
leptons, the lightness of quarks and leptons is linked to
the Nambu-Goldstone mechanism. ' In the absence of
spontaneous supersymmetry (SUSY) breaking, quasi-
Nambu-Goldstone fermions (QNGF's) are generated as
massless particles in the Nambu-Goldstone superfields
(NGS's) associated with spontaneous breakdown of global
symmetry G to H (Ref. 2). If the subgroup H further in-
cludes chiral symmetry, composite fermions called chiral
fermions (CF's) will also be generated to satisfy
anomaly-matching conditions on H (Ref. 4). Since
QNGF's are controlled by the coset space G /H and CF's
are controlled by the anomalies of H, the spectra of
QNGF's and CF's are entirely determined by the sub-

group H, which is strongly constrained by the underlying
dynamics for composites.

The simplest underlying dynamics is given by super-
symmetric quantum chromodynamics (SQCD) with N
"colors" and M "flavors" that contains the gauge
superfield W„=(X,G„)„(A,B =1, . . . , N) and the
matter superfields 4'"; =(p",1l ");" and

=(P,P' ')'~ (A =1, . . . , N;i =1, . . . , M). It possesses
G = SU(M)z X SU(M)~ X U(l) ~ X U(1)„with Q~ =(1,

—1,0) for (&f&'",O' ', W) and Q„=(N M, N, ——M, O)

for (p'' ', 1('' ', A, , G„), which undergoes spontaneous
breakdown to H =SU(M)z ~R XU(1)t for N &M, H
=SU(M)z+~ XU(1)q for N =M, and H=S U( N) z+tt
X SU(M —N)z X SU(M N)q XU—(1)'q XU(1)',.~ for N
&M (Refs. 5 —7). Since the spontaneous SUSY breaking

will be induced if N & M (Refs. 5 and 6) the QNGF
mechanism calls for SQCD with N & M.

In SQCD with N &M, if there are at least six "flavors"
(M & 6) consisting of three colors of c, —J p 3 one B Lof-
co and two weak flavors of w; ] q with the V —3 cou-
pling to the weak bosons 8'+—for wL;, quark-lepton super-
multiplets are generated as NGS's, cL„owl; and c ~' & ~',
for N =4 and 6 with M = 6 (utilizing the minimal
"flavor" number) and for N =4 with M =8 (utilizing two
sets of the weak flavors). Dynamical examination on
mass generation, however, implies phenomenologically
unfavorable features: ' The models contain (1) light lep-
toquarks in cLoc ~' and cL, c ~ associated with
[SU(4)c]z X [SU(4)c]g ~[SU(4)c]z+tt for N =4 and 6
with M =6 or (2) the appreciable mixing of quarks and
leptons with their mirrors in (e;~t,.ttv gw ~ tv ~')cz, o and
(e""'tv&, tvzkt"vzt)«' (Ref. 10) for N =4 with M =8
(since &z has the V —A coupling).

In this paper we examine

G~H =SU(N —1)z+z X SU(M N+1)z X SU(M— N+1)z X [U(1—)'s] (N &M),

in which quarks and leptons are provided for N =4 and
their mirrors and leptoquarks turn out to be absent. The
dynamical issue of supporting this breaking pattern is first
examined by employing complementarity '"' and then
by finding an effective superpotential that is taken to be of
the Taylor-Veneziano- Yankielowicz type. By using an
effective Lagrangian, we find that masses of light compos-
ite fermions are characterized by the SUSY-breaking
(SSB) scale MssB and the SQCD scale A„as

MssB(MssB/A«)" with a =(M —N)/[2p —(M N —2)]-
for 2p~M —N —2.

II. SYMMETRY BREAKING

A. Complementarity

Complementarity relates two phases of massless SQCD,
the Higgs phase and the confining phase, " and postulates
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that the same symmetry-breaking pattern and the same
spectrum of massless particles are generated in both
phases. ' The anomaly matching that is trivial in the
Higgs phase is automatic in the confining phase. In the
Higgs phase, if the scalars ()((' ' develop nonvanishing vac-
uum expectation values (VEV's),

(y(1)A&
~

(y())A& (la)

(i, A =1, . . . , N —1),
(lb)

y (p(1) Aq)(2)j
i y y(1)Ay(2)j

O=p A

~A„5'; (ij =1, . . . , N —1) . (3)

the symmetry G X SU(N),",' spontaneously breaks to

Ho = SU(N —1)z + j( X SU(M N+ 1)z—

X SU(M —N + 1)R X U(1)„XU(1), XU(1)r, (2)

where Q =[(M N+1)—Qv —(Qz+Qjt )]/M, Q, =Q~
+Qv+ Qsc~ Qr ——[(M —N)(Qz —QR ) + (M —N + 1)QA ]/
M with Qz R ——(M N+1, 1 N—) for (i =—1, . . . , N —1,
i =N, . . . , M), and Q„=(1,1 N) for (—A =1, . . . ,
N —1, A =N). In the confining phase, the same breaking
G ~Hp is generated by

QNGF's and CF's.
To implement quarks and leptons, SU(N —1)z+jt is

identified with the color-SU(3)c symmetry (N =4) while
SU(M —N+ l)z jt take care of the chiral version of the
weak-isospin SU(2) symmetry (M =odd&5). The scale
of SQCD A„ is taken to be about 1 TeV in order to ac-
count for the electroweak scale GF ' =300 GeV. The
"Aavor" superfields consist of e, ] 2 3 and LL); ~ ~ 3.
Since cp is absent, no leptoquarks are generated. B —I.
can be taken as Q, /(N —1). The model thus contains
quarks as QNGF's in cz, wz; and c jt'w jt' and leptons as
CF's in (e,b, c jt'c jt~ c g')wz; and (e' 'cz, czbcz, ) W j('

(Ref. 10) without their mirrors. Generations can be as-
cribed to the copies of two weak flavors. Since
M &3N =12 for the asymptotic freedom of SQCD, at
most four generations (M =11)are allowed.

B. Effective superpotential

The symmetry breaking of G ~Hp in the massless
SQCD should be described by an effective superpotential
W, (r containing composite superfields
An eft'ective superpotential is taken to be of the Taylor-
Veneziano-Yankielowicz type that consists of two parts:

ff —8 ff + 8 ff where 8",ff' is responsible for the
anomalous U(1),„, transformation 5&&" ) = —i N" '.
Composite superfields required are S, T, Y" ', and U
denoted as

The U(1), charge is defined by Q, =Q +Qv instead of
Q, =Q +Qv+Q„. The spectra of massless superfields
in both phases are shown in Table I. Composite fermions
in c w and c c are QNGF's and other fermions are CF's.
All anomaly-matching constraints are satisfied by these

5 =(g„ /32rr )WA Wg",

Tj q)(1) A(p(2jj
)

1)
( A )q)(1) A I. . . (Ii(1)AN

I I IN

N 1
( A )q)(2)~( . . . (P(2)~N

I

(4a)

(4b)

(4c)

(4d)

TABLE I. (a) Transformation properties of superfields N" ' and W under H in the confining phase. (x,y) in U(1)i denotes Q» for

(J =O,J= —,
'

) of N" ' and for (J = —,',J =1) of 8'. (adj denotes the adjoint. ) (b) The same as in (a) but for massless superfields in the

Higgs phase or in the confining phase.

Superfields
(a)

SU(N)sc SU(N —1)L ~R SU(M —N + 1 )L SU(M —N + 1 )R U(1)u) U(1)c

@(I)A = I,i=l, .
~(I)A = I,i=N, .

A = I,
k(2)i =N

N ~ A
I C L

, N ~ CA
M W R

, N —I ~C
N CRA

. , M
V WL

N

adj

1

1

1

M —N+1
1

1

M —N+1
1

1

1

(O,M —N + 1)

(N —M, 1)

(OM —N+1)
(N —M, 1)

(N —M —1,0)

Higgs phase

(b)

Confining SU(N —1)L+R SU{M —N+1)L SU(M —N+1)R U(1) U(1), U(1),

LOLA = I, .

~ CA=I, .
LO R

WLA =N
~ CA=N
LO R

, N —I, C+C RA=I

, N —I

, N —I

, N —I CLC R

CL LOI

~C~ cCRW R

[~C C]N —)W

[ ]N —(~ C~

1+adj
N —1

1

M —N+1
1

M —N+1

1

1

M —N+1
1

M —N+1 —1 N —1

(O, M —N +1)
{N—M, 1)

(N —M, 1)

(N —M, 1)

(N —M, 1)

'[c)(]' '=([c s] ')" ~ g e; . ; ( pe ' 'c RA
. c)(A ) and similarly for [cz]
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[j l j,y l t
['1 ' '.7 —1~ A

1

Bl By l A

A,g

X +[1j
Il /,v —

&

+ ~ (2)j& ~ . . @(2)&.JV —l

Bl B~ 1
) (4e)

where the repeated indices are all summed and e( 2 )

denotes the antisymmetrization of the indices A;. Quarks
represented as QNGF's in c w will be described by T and
U and similarly for singlets in c c . Leptons as CF's in

[c ]~w are described by Y'' I.

ff can be constructed from S and T only. The
anomalous U(1),„, transformation of oL,ff 5W ff—

~
gg

+H. c. =2M(g„ /32ff )FF can be translated into

The remaining W, ff is the
=det(T~)IXp y.

function of ZU ~

Weff:S [fg(Zp )+fr(Zy )],
where

5 W ff ——2iMS since S
~ gg contains FF, leading to

Tr)W, ffl r)T =MS. The invariance of W, ff ~ gg under
U(1) ~ reads

[ —M(sa/as —1)+(N —M)a/aT]W, =0.
By considering other invariances, one obtains

Wig =S [ ln[S det( Ti)/A„]+ M N]—

]/2
1

. I . I

(
t f)U(&. 't' '&IV —l)U(J1 ' ' '&v —1)TJV. . . 7 &MT&x. . . 7 JM

g7 ~~ [ 1 X —l~ [/1 ' ' ' Iy 1],7 M /y /M
U

(7a)

x~ = ff(i,j)YI,',I

Ny

(2)[j,
i~]

jTJ,~ ' TJ
/y+ l /M (7b)

with Np = [(N —1)!] [(M —N + 1)!] and Nr = [N!] (M
—N)!. As is readily recognized the fields Ztr r are neutral
under GXU(1),„, . Since the condensation of (3) corre-
sponds to (T~)

~
g pcc5,' (i,j =1, . . . , N —1), the sym-

metry breaking G~HO described by complementarity is
realized if W,ff= W, ff + W', ff' allows (Z~)

~
g p&0 and

(Zr)
~

g p=O. The formation of the condensate
( U((I

'

~ II ) is thus essential for G~Hp in this kind of
eff'ective-Lagrangian approach. Namely, the formation of
the condensate ( U(! I

'

~ I
ll) spontaneously chooses

(T~)
~

g p~S,' (i j =1, . . . , N —1) while that of
( YII'. . . z,;) ) and ( Y' '(' '

) ) spontaneously chooses
(T~) g pcs&,' (i j =1, . . . , N)

Possible condensations generated by W, ff are
~„=(T ) g p (i =1, . . . , N —1), ff~;=(T,"+~ ]') ~g p

rryf=(YII. . . +])gp, rry2=(Y'')gp, and
~p = (S)

~
g p. The VEV's are determined by

W I =8 W,ff/d~l =0 (I = ci, wi, u, ya, X ) with

fr(Zr ) =hZr (9a)

which yields h Y'"Y' ' like the ordinary Higgs-boson cou-
pling. As a result, Eq. (8e) is satisfied by wy~ y2=0. From
W. ~ =0 in Eq. (8f), the singularity due to ~„„=~q=O in

W, ff' dictates f~(z~) [because fr(zr ) =0 from ny& ye=0]:

M —N+1
fv (z~ ) = —ln (~g/A„') g (~„;/A„)

i=1

where z~:Zp g p: g;:, 77 /77 '
z. y:Zy g p

N —1

, /~y, rry~ The s.olutions should be given

by w„—A„and m„—A„and ~~i =~~] ——~~2 ——

Since 7Ty1 wy2 0 are required to be exact constraints val-
id even in the presence of SUSY breaking, that is, the
SUSY breaking should not generate ~, yz ccM+g"", the
form of fr(Zr) can be taken as

W «
——[1+.z~f~(zz)+zrfr(zr)](rrq/~«)

(i =1, . . . , N —1), (8a)

+const, (9b)

W.„;= [1+zrfr(zr )](~q/ff, ,; ) (i = 1),
W; /L~i = 2, . . . , M —N + 1 ~it /~u. i

(i =2, . . . , M —N+1),
W „=—z pfp (z~)(n~/vr„),

w.y,
— zyfy(zr )(ffg/~y, ), —

N —1

W. = ln (~ /A„) Q (vr„/A„)

M —N+ 1

X Q ( ., /A, .')

+f~(z~)+fr(zr ),

(8b)

(8c)

(Se)

where const represents the terms from ~„/A„. Since
rr~/~„„=0 from Eqs. (8b) and (8c), Eq. (9b) is consistent
if

fp(Zp )=p 1n[Zp —(Zp ) g —p]+regular (p & 0),

(&0)

where regular stands for the regular terms such as lnZU.
The singularity due to sr~/~; =0 is transferred to the one
due to Zp = (Zp )

~ g p. One observes that QNGF's in T
and U are placed in the singular part in(Zp —(Zp ) g p)
with (Z~ ) g p&0 while CF's are contained in the regu-
lar part ~Zr ' with (Zr ')

g p=0. For comparison,
we note that SQCD with N =M is described by
W', ff' ———plnZ& (0&p&1) (Ref. 8) leading to rr; —A„.
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(i = 1, . . . , M) and ~y( y2- A„without U and SQCD
with N &M possessing the chiral SU(M N—) symmetry is
by W', ff' ——S[P ln(Zr —(Zz)

I g o)+regular] (P &0) (Ref.
9) leading to rr; —A„(i =1, . . . , N) and my) y2

—A„
without U.

It should be noted that 8 ',~ correctly produces the
anomaly relation of the Konishi type ' in the massive
SQCD with

In the effective superpotential, 8 „, is equivalent to

Bm; =0 gives

~x =mi~wi ~

Therefore, the form of 8,~' is unique in this respect.

III. EFFECTIVE POTENTIAL
M

W y (pi 1 )(p(2)&

i =1
Our starting Lagrangian L,ff is given

L,ff Lo+ —[( Wcff+ Wm,'»)
I
gg+H. c. ] L„,—with

by

Lo = g Kl (fII ~SII )
I ggg g ~

I
(12a)

y(A Tjl +A ( ) Ull )+A ( )I y(

2 'y(A —2I Tjl2+A —4(jv —6)
I

Ujl2)+A —2()V —
i)I y((ijl2'

+ g p, '(T + T*) +mz(S+S*) (12b)

where

IN —2J)
kN 2i)

kg. [t1
~1 IN —2 tk 1

kN —li )

a =1

Uj=[(N —2)!] ' g e '

t k, l
~

y( 1 ) [(N I )1]
—1 g ) "Jv —) yI1)

IkI

and similarly for Y ' . Lo is the kinetic term for the composite fields AI ——S, T, Y" ', and U taken to be
8 K/BfII BQJ 61JGj '(fl——j Aj); and L „, to the SUSY-breaking mass terms pL p ''*(t) ", pR p '*it) ', p it)"'it)' ', and
m gkA, .

The quark-lepton model (N =4) requires the following. (1) p;=const and p, ,L R
——const (i =1, . . . , N —1) for the

color-SU(N —1) symmetry. (2) m;( =m„)=0 (i = 1, . . . , N —1) for the anomaly relation m„~„=m) ——0 (Refs. 5 and
13). (3) m;=0 (i =N, . . . , M) to avoid spontaneous SUSY breaking due to the instanton eft'ect. ' (4) m;=i2;=0
(i =N, . . . , M) for W„—and Z„based on the electroweak [SU(2)1) ]I" symmetry correlated to SU(M N+1)I . In ad-—
dition to these constraints, the present phenomenology requires that m; &&Mssz since the scalar partners of quarks and
leptons have not been discovered. This requirement is consistent with the massless SQCD defined in the limit of
MssB »m, ~0 but not with the massive SQCD in the limit of m;(&0) &&MssB~O.

The effective potential V,~ is written as

N —1 M —X+1 2

2 lw;
I

+ X lw; 'I +GUlw;
I

+ g Gr()lwy
i =1 i =1

+Gs
I w;~ I'+ g [(p;c'+p;R')A.. 'I~, I'+)M ~;]+ g (i;l. '+p;R')A„

—2(N —1)
SC

N —1 N —1

L +p&L I ~y) I
+ g plR +P"NR I

)ry2
I

' +m~1r). . (13)

The conditions of 0V,~/8~1 ——0 are given by ~~, =0 and

GT W.', (~2/~; ) = Gs W.*& +M„„2+GT
I
7r;

I

2 g I

W., I

',
J

( 1+6)GT w;ci (rr), /77ci ') 2)x +(1+6)Gs w;2 +M ' +GT
I

rrci
I g I

wj
J

eG, w*„(~,/~„) =gx+eG, w , M„' G,'
I
~„

I

'.
I

—w. „ I

'—,

GT y W ",(~,/~, )+gX+(.N M)G, W*, +m,—~&+
I
~& I'Gs

I
W& I'=0,

J

(14a)

(14b)

(14b)

(14d)
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with e=zf'(z), 7)=z[zf'(z)]', and f(z)=pin(z —(z)
l () 0=) (z =zv) where Ml =(plr+.pl71 )~1 A +pl

(1 = (cc), M„= g, :)' (p7 +p;„)~„A„' ', and X = g Gr W.„(7rll~„) G—UW. „(~7/7r„).
By keeping leading terms of (z —(z) )

'
( =g ' »1), i.e., e=pz/g and 7) =pz(z) /g, and by adopting canonical ki-

netic terms for composites, i.e., G7= f7 =const, we find that, for real VEV's,

fT(rr). /brut )'=fS W;7. +M~!',

f7 (p (z ) 7ri /$7r, ) = [(p —1)f W i —(M„+M„)]/(1V —2),
fU(p(z)~). /~~„) =[(1V —1 p)fs W—.; +(N —1)(M, +M„2)]/(N —2),
(1+p)fsW), ——— QM„,7 +m~vr), +/[(p —1)(N —1)M, +(p 1V+1—)M„]/[p(z)(N —2)],

(isa)

(15b)

(15c)

(15d)

where 7r, =7r„and M, =M„(i =1, . . . , 1V —1). The
SUSY breaking by M, „ is not compatible with Eqs. (15b)
and (15c) because fs W. ), —gM, „«M, „while the
breakings by m~~~ and M; are allowed if 1 &p &N —1

and fs W. 2 & 0. This restriction on the allowed breakings
is not specific to the canonical kinetic terms but also valid
for noncanonical kinetic terms with Gl'&0. Other general
properties which do not depend on the choice of the kinet-
ic terms are the g and MssB dependencies of ~7 ($~0 as
MssB ~0): (1) 7r„—A, , and 7r„—A„'; (2)
rr;-gA„ensured by the singular behavior of W, Ir'. (3)

k MssBAac for MssB dominated by m), and )uu„r. 77

2 2

and ~),=k MssBA- «r MssB by p;.

from p;, which are taken to be p; =p,
(i =1, . . . , n)»p„„(i =n +1, . . . , M —N+1) that
give fs W;7. ——g," 1 M; . Our results' are
1&p&min(N —l, n —1) leading to n &3, r(=rr, /7r„)
=v'(N —1 —p)/(p —1),

, „=—yg (18a)

~un =n +1, . . . , M —N+1 (n P)/n ~tci =1, n

~2. =+v'(n —p —1)I(p+1)f7.(y l
7T,

l
5/f7. )' '12„, , (18c)

g2p —(M —N —2) C ( /A )2(M —N)

where

IV. MASS SPECTRUM OF COMPOSITES

Since W, (r contains U that mixes with T by f (Z(7), W, (r

should guarantee the decoupling of one combination of T
and U as MssB~O in agreement with comPlementarity.
The mass matrix M for quarks in NGS's, T and U, is cal-
culated from t3 W,lrl(37»rc37rJ with 7r7 7r7/ t/ f7 an——d is
found to be

C=y [y(n —1 P)7r, l(1+—P)fr]
+ [ /(n 1 )]M —N+1 —n(A 2/ )2N+1

and

y =(p(z ) ) '[n (p —1)I(N —2)(n —1 —p)]'i

The decoupling is then realized by p & M —N —1.
Fermion masses are calculated to be

M = —(7»)./7»„5. ,; )

1+&z)p/g
X —&z )p~, Ig~„

—(z )p7r, /&m-„

(z )p~, 'Ig~„'
on the (T, U) basis, for a =1, . . . , N —1 and
i =1, . . . , M —N+ I. We obtain

mg =fTr
l

rr),
l
I(1+r )

l
7r, 7r;

ml ~+fY()AY(2) rr)
l
I

l
(7r. )

mg=frp(z)
l
~),

l
/$7r, rr, ,

mt =frp&z)r'
l
~~

l

I(3+r'

(19a)

(19b)

(19c)

(19d)

2 2m light = r lr2. /( 1 + r )'irca 7ru!i

mheavy ( 1 +» )P& ) 7r2. %~ca 7rui!( r = rr, /7r„)
(17a)

(17b)

where the lighter field —rT+ U and the heavier one
—T—I"U. For MssB =m x and/or p;L ~,
m heavy -7r), /g%;-MSSB Whll. e fOr MSSB Pui
mheavy MSSB/P - The decouPling is thus only Possible
for 7r), —g MssBA, , (MssB ——)u„;).' The SUSY break-
ing is thus required to be dominated by p, ~; with
7r~; &0 for fs W. ), &0 in Eq. (15d). The p„„dominance is
allowed if p~; ~)p„,p«1 z while p~„l z and m& can be
the same order as p; because vr„„/A„, ~~/~ „A„&&1.
Since p„; ~„„ invalidates the mass generation of 8' —and
Z based on [SU(2)B ]L", W+, and Z should be described
by composites.

We compute ~~ „generated by the SUSY breaking

SSB SSB sc
)(M —N)/(2p —(M —N —2)] (20)

with MssB=p and 2p —(M —N —2) &0, from which
MF~small as p~small ( & 1). For p= —,

' with M =7 and
n =4, one obtains MF =MssB(MssB/A„) and estimates
MF - 1OO Me& if MssB = 5O Ge& and A„= 1 TeV

where m~ stands for quarks as QNGF's, ml for leptons as
CF's, mg for the color octet as QNGF's, and ml for the
color singlet as QNGF. The mass splitting between
quarks and leptons is controllable owing to the difference
of QNGF's from CF's, i.e.,

mq /m ) —f7 Aa /17 ")IfY() )fY(2)

but is not predictive. Since rr; —g~, , the scale for these
composite fermions, MF, is determined to be

Mp(-fT
l

7r), /~, 7r;
l

)



36 DYNAMICAL MODEL FOR COMPOSITE QUARKS AND LEPTONS. . . 937

( —GF '
), which will f1t the second generation. A simi-

lar result has also been obtained in SQCD with the chiral
SU(M —N) symmetry (N &M) although this case is un-
favorable owing to the presence of appreciable mixing
with mirror quarks and leptons.

The scalar masses calculated are consistent with di-
agrammatic argument: Attach p;L (;R] to the line for

(
~

P' '
~

) and p, to the line for (t,'"P '. For ex-
ample, masses for scalar quarks msq and scalar leptons
m, 1

are calculated as

2= 2 2 —1 2 . 2msq CTUi2wiV —r fT irca j2 wi Csq g pwj (rrwj /~wi )
j=1

(21a)

ms( =fr(iLwiV +i1 j2wi )/Asc (21b)

with cTU —[(fTr /A„)+(vr„/A, , ' ") ] and c,
=(p —1)/(N —2)(p+1), where p;I ——(u;ji(=((L;v) and

fr(, 1

——fr(2((=fr) are assumed for simPlicity and

p;~ &&p„L R are used. Since p„;v can be the similar
order to j2, (m,q, 1) &0 imply (m,„,1) (-((L„;v +(u; )

2 2~p -~ ~p
The model contains light neutral and color-octet

QNGF's with the mass —MF and color-octet scalars with
the mass —p,L R,p, «p . The color octets can devel-
op heavy dynamical masses ( & 100 GeV) due to QCD be-
cause of larger color charges. ' However, the neutral fer-
mion remains as light as quarks and leptons.

V. SUMMARY

We have demonstrated that quarks and leptons are gen-
erated, respectively, as QNGF's and CF's by SQCD with
N =4. The approximate mass-protection symmetry can
be taken as H = SU(N —I )j + 11 X SU(M —N + 1)t
X SU(M N+ 1)ji X U—(1) X U(1), X U(1)r, which is
sPecified by the condensations (cj,c j( )

~ ii o +5,A„-
and

( [~ ](v —1[~ c ]x —1)
)

+A 2(iv —I)

The massless composite superfields consist of the
Nambu-Goldstone superfields associated with this break-
ing and the chiral superfields required by complementari-
ty to saturate the anomalies of H (Ref. 18).

The dynamical observation depends on the effective La-
grangian of SQCD of the Taylor-Veneziano-Yankielowicz
type, which can incorporate the anomaly relation of
(Ak) =m;((I)' P '). Composite quarks being QNGF's
contained in the superfields T and U and composite lep-
tons being CF's in the superfields Y" ' are placed in the
effective superpotential symbolically specified by
St ln det(T)+p ln[det(T) —( UU)' ]+hY' "Y( '). The
SUSY breaking is so constrained as to be induced by the
SQCD gaugino mass given by m2i(. i(, and/or the funda-
mental scalar masses given by p; teL; w R'

~ (1

Pw;I
'

~
Wl;

~

'
~ ~ y O, and Pwiji ~

CV ~'
~

'
~ ~ y O

that break
mass protection symmetries SU(M —N + 1)L j1 and U(1)r.
All chiral symmetries in G can be broken [by the term
fs W. 2 in Eqs. (15a)—(15d)] even if the SUSY breaking (by
m1, and/or p„„L ji = const) preserves the chiral symmetries
SU(M —N +1)L j(. This feature is in accord with the
QCD result: the spontaneous breaking of all chiral sym-

metrics because SQCD turns out to be QCD well below
the scale Mssz. However, the consistency with the anom-
aly matching at Mssz ——0 in agreement with complemen-
tarity requires that the SUSY breaking be induced by
MssB ——P; from P;&I;w j1'

l e o, which exPlicitly break
remaining chiral symmetries.

The successive breaking of chiral symmetries is signaled
by

( T, )ij 0(i j =N, . . . , M —N+1)=(t(jt, uj „')
~ 9 o

5& Asc (MSSB /Asc )

and

(S)
~

= =(A.A, ) —+M A„(M /A„)'
for ir & 0, where ir=(M N)/[2p ——(M N —2)]. —The
consistency with the anomaly matching on 0 at Mss~ ——0
is satisfied by p&M —A' —1. The quark-lepton masses
are controlled by the scale MF (Ref. 19):

MF ™SSB(MSSB/Asc) (MSSB « Asc) ~

while masses for scalar partners are characterized by the
scale Mssg.

Other features can be summarized as follows. (i) The
mass splitting between quarks and leptons is due to the
diff'erence between QNGF's and CF's; (ii) the mass split-
ting between up and down weak flavors is not large
enough because SU(M N+1)1 z can be b—roken by the
SU(M N+1)-singlet —term fs W. 2 as in Eq. (15a) and
the large mass splitting is only possible by G&8'.~ &&M;
subject to the fine-tuning of m ~~1 + g M j =0; (iii) at
most four generations can be included and large mass
splittings among generations will also depend on the fine-
tuning; and (iv) the nearly masslessness of neutrinos will
be ascribed to the seesaw mechanism ' based on
( vj1 )

~ (1 0 A„, w-hose inclusion in W, (r is, however,
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