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Quarks and leptons together with other exotic fermions are regarded as quasi N ambu·Goldstone 

fermions and chiral fermions generated by supersymmetric quantum chromodynamics (SQCD) with 

N"co,oc"( =N)<N"navoc"( =M). A mass protection symmetry, H, contains a chiral SU(M - N) [or 

SU(M - N + 1)] symmetry as well as a chiral U(l) symmetry supported "algebraically" by com

plementarity and "dynamically" by effective superpotential. The successive SUSY-breaking is 

constrained by the remnant of the QCD dynamics, i.e., the complete breakdown of chiral symmetries 

in H. The large mass splitting between /=1/2 and /=0 is shown to arise and masses for light 

composite fermions are specified by the SUSY-breaking scale Mss and the confinement scale il8C: 

Mss(Mss/il 8C )(M-N)/2K for Mss<t::il8C, where 2K~M - N is imposed by the consistency with the anomaly

matching. 

§ 1. Introduction 

Composite models of quarks and leptons have been discussed toward dynamical 

understanding of observed properties of quarks and leptons including their mass 

spectrum_I) The masses of quarks and leptons, mq,Z, are much less than their inverse 

. sizes rq:1, Le., mq,Zrq,z~1. It is useful to consider massless composite fermions (mq,Z 

=0) with the sizes rq,Z, giving mq,Zrq,Z (=0)~1, that arise if underlying dynamics is 

equipped with a certain mass-protection mechanism.2) Three types of mass

protection mechanisms utilizing chiral symmetry and/or supersymmetry. (SUSY) 

have been known to work,*) which are all related to the Nambu-Goldstone theorem on 

spontaneous breaking of an global symmetry C to its subgroup H or of SUSY: (i) 

Massless chiral fermions (CF'S)2) are required to saturate anomalies of H while those 

of C/H are automatically saturated by the N ambu-Goldstone bosons;3) (ii) Plassless 

quasi Nambu-Goldstone fermions (QNGF's)4) are generated as superpartners of the 

N ambu-Goldstone bosons associated with C -+ H provided SUSY is not spontaneously 

broken; and (iii) massless Nambu-Goldstone fermions (NGF's)5) appear as a result of 

spontaneous SUSY breaking. The most important issue is to induce "appropriate" 

explicit breakings of chiral symmetry and SUSY, which will generate relatively light 

masses for quarks and leptons and relatively heavy masses for exotic particles if they 

exist. 

In supersymmetric theories such as supersymmetric quantum chromodynamics 

(SQCD), it seems plausible to select SUSY-preserving phase, in which quarks and 

leptons are born as QNGF's living in the coset space C/H that possesses enough 

*) A local SUSY rather than the global one will also generate light composite fermions that become 

massless in the MPI->oo limit.") 
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1438 M. Yasue 

f~eedom to create quark-lepton quantum numbers. Since SUSY is exact, scalar 

partners of quarks and leptons, squarks and sleptons, show up as massless composite 

states and should be pushed up to sufficiently heavy masses. It can be achieved by 

introducing some sort of explicit SUSY breaking but only if massless fermions are 

further protected by chiral symmetries contained in the subgroup H. Then, SQCD as 

the simplest underlying dynamics for coinposite quarks and leptons should realize a 

specific phase that preserves SUSY and some of chiral symmetries. 

If chiral symmetries are present in the remaining subgroup H, the anomaly

matching on H in general requires another class of massless composite fermions CF.7
) 

The spectrum of massless composite fermions is, thus, entirely determined by the 

coset space C/H and the anomalies of H. Since the symmetry breaking of C---'> His 

so constrained to be compatible with the dynamics of SQCD, the subgroup H cannot 

be arbitrarily chosen to yield only favorite quantum numbers of massless composite 

fermions. 

In the present article, we discuss the feasibility of SQCD with N-"colors" 

< M-"ftavors" as underlying dynamics for composite quarks and leptons.*) The mass 

scale of SQCD, A sc, is taken to be ~ 1 Te V in order to account for the electroweak 

scale of CF-1/2~300GeV. The global symmetry is specified by C=SU(M)L 

x SU(Mh x U(l) v x U(l)A x U(l)anom, in which U(l)anom is broken by instantons of 

SU(N)I~cc. Shown in Table I are the transformation properties of the (L-handed) 

gauge superfields WAB(A, B=l ~ N) and the matter superfields <p(1)/ and <P(2)A i(A=1 

~ N; i=l ~ M) to be called subquarks (or preons). To incorporate quarks and le

ptons in the QNGF spectrum depends on the breaking patterns of C. To handle the 

spontaneous breakdown of C to H and the implementation of the SUSY-breaking 

effects, we rely upon an effective description of SQCD based on the effective super

potential (Weff) of the Taylor-V eneziano-Yankielowicz type,9) which will be extended 

to SQCD with N < M. Our results are as follows: 

(1) The effective superpotential necessarily exhibits a singular behavior owing to 

the presence of chiral symmetry: Weff~ (AA>ln(Z - (z>lo=o), where Z is the superfield 

made of composites. zlo=o-(z>lo=o( =';~1) in the broken SUSY measures the break

ing effect of the chiral symmetries, i.e., (¢Y)cjP)i> (i=n+ 1 ~ M)~';A ~c ~A ~c for 

SU(M - n)L x SU(M - n)R. 

(2) All remaining chiral symmetries are necessarily broken once SUSY is explicit

ly broken even if the SUSY-breaking itself preserves chiral symmetries. It is in 

accord with the result of QCD dynamics: The complete breakdown of chiral 

Table I. Quantum numbers of (/)(1.2) and W. (a, b) in U(l)A denotes the QA-charges of (j=0,]=1/2) for 

(/)(1.2) and (j=1/2,j=1) for W. 

superfields SU(N)~i SU(M)L SU(M)R U(l)v U(l)A U(l)anom 

(/)(1) /: (if'!!), tjP»,A N* M 1 (N-M,N) 1 

(/)(2)/: (if,'2), tj/"»A; N 1 M* -1 (N-M,N) 1 

WB
A: (A, Gpv)l ADJ 1 1 0 (-M,O) 0 

*) For the N=M model, see Ref. 8). 
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Composite Quarks and Leptons 1439 

symmetries. 

(3) The masses for light composite fermions including quarks and leptons are 

characterized by the SUSY-breaking scale Mss: MF=~aMss with ~=(Mss/Asc)(M-N)I/C (a 

=1/2 or 1), where Mss controls masses of the scalar partners. In the Mss--tO limit, the 

anomaly-matching is consistent with complementarity if a=1/2 with 2K-:;?,M - N. 

(4) Phenomenologically viable model is based on SQCD with SU(N -l)L+R x SU 

(M-N+1hxSU(M-N+1)Rx U(l)wx U(l)cx U(l)x for N(=l+color degrees of 

freedom) < M that accommodates quarks as QNGF's being two-body composites and 

leptons as CF's being N-body composites. One generation is provided by N =4 and 

M=5. Other models contain either light leptoquarks or the appreciable mixing of 

quarks and leptons with their mirrors. 

In the next section 2, three types of SQCD with N < M will be selected as 

quark-lepton models, which contain leptoquarks, color-octets, weak-triplets and 

neutrals as well as quarks and leptons. In § 3, the effective superpotential is con

structed to yield the consistent symmetry breaking with the anomaly-matching on H. 

In § 4, the SUSY- and chiral symmetry-breaking are included in the effective lagran

gian with a set of soft breaking terms arising from the gaugino-mass and scalar

subquark-masses, whose origin· is beyond SQCD and is not discussed. In § 5, 

dynamical issues such as the mass spectrum of light composite fermions and bosons 

and the splitting of exotic fermions are discussed in the three types of quark-lepton 

models. The final section is devoted to a summary and discussion. 

§ 2. Symmetry breaking and quark-lepton quantum numbers 

The characteristic feature of SQCD is that massless SQCD cannot be defined as 

the massless limit of massive SQCD.10) It can be translated in the SUSY-broken 

SQCD with two scales, the SUSY-breaking scale, Mss, and the SUSY-mass, mi, that 

the SUSY-limit maintaining Mss '2>mi (--to is allowed) leads to the massless SQCD 

while the limit of Mss«:" m/ --t 0 is forbidden) leads to the massive SQCD. In the 

quark-lepton world one knows Mss '2>mi since no scalar partners of quarks and leptons 

have been found. The massless SQCD is therefore relevant for underlying dynamics 

for composite quarks and leptons. 

A. Symmetry breaking of massless SQCD 

Properties of the massless SQCD have been studied by (i) the anomaly-relation for 

superpotentialll) requiring <AA)=O, (ii) the instanton-induced amplitude12) providing 

<det(¢P)¢(2)}»*O for N;;;'M and <AA)*O for N> M and (iii) complementarity.13) 

The inconsistency between <AA)*O for N> Mfrom the instanton-analysis and <AA)= 

o from the anomaly-relation is interpreted as a signal of spontaneous breakdown of 

SUSY in SQCD with N> M. 

From complementarity,2),14) we expect in the Higgs and confining phases the same 

spectrum of massless particles and the same breaking pattern of G --t H (more precise

ly G x SU(N)~f--t H with SU(N)~cC broken or confined). 15) In the Higgs phase, the 

symmetry-breaking of G to H is generated by <¢(l)/)rxO/ and <¢(2)A
i

) rx OA
i
, where A, 

i=l ~ M for N> M and =1 ~ Nor =1 ~ N -1 for N-:;?,M. In the confining phase, the 
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1440 M. Yasue 

same symmetry-breaking is generated by 2-body condensations 

<¢P)cjP)j)cxl)/ , (2·1) 

where i,j=l~M for N>M and =l~N or =l~N-1 for N;;;'M as in the Higgs 

phase, supplemented by N-body condensations.*) 

(a=I,2) (2·2a) 

for i, j = 1 ~ N;;;' M. Although this set of the condensations is consistent with com

plementarity, the case of i, j=1 ~ N -1 will further utilize 2(N -I)-body condensation 

(2·2b) 

which is required to construct an effective superpotential. Since in the case of N;;;, M 

the remaining symmetries contain chiral symmetries, the anomaly-matching should be 

satisfied. It turns out to be automatically satisfied because the anomaly-matching is 

trivial in the Higgs phase. 

Collecting each result, one observes that the subgroup H consistent with the 

dynamics of the massless SQCD is as follows: (1) SU(Nh+R x U(I)v for N> M with 

a signal of spontaneous SUSY-breaking; (2) SU(M)L+RX U(I)A for N=M; and (3) 

SU(Nh+R x SU(M -Nh x SU(M - N)R x U(l)v' X U(I)A' or SU(N -lh+R X SU(M 

- N + l)L x SU(M - N + Ih x U(I)w x U(l)c x U(l)x for N < M. The QNGF

mechanism calls for the absence of spontaneous SUSY-breaking, which is possible in 

Table II. (a) Transformation properties of fundamental superfields !p0
.2), Wand massless superfields in the 

Higgs phase or in the confining phase under (A) H=SU(N)L+R X SU(M - N)LX SU(M - N)R x U(l)v' 

x U(l)/. (x, y) in U(l)A' denotes Q/ denotes QA' for (j=0,]=1/2) of !P(1.2) and composites and for 

(j=1/2']=1) of W. 

For !p0 .2) and W: 

superfields SU(N)~i SU(N)L+R SU(M-N)L SU(M-N)R U(l)v' U(l)A' 

!p(1)A~l-N 
a=l-N N* N 1 1 0 (0, M) 

!p(1)A~l-N 
i=N+I-M N* 1 M-N 1 1 (-M,O) 

!p(2);~1-N 
A=l-N N N* 1 1 0 (0, M) 

!P(2);~N+I-M 
A=l-N N 1 1 M-N* -1 (-M,O) 

WAB ADJ 1 1 1 0 (-M,O) 

For composite superfields in the confining phase: 

Higgs confining SU(Nh+R SU(M-N)L SU(M-N)R U(l)/ U(l)A' 

!p(1)~~I:::% + !P(2):t~1:::% !p(1)aA!p(2)Ab ADJ 1 1 0 (0, M) 

!p(1)A~l-N 

i=N+I-M 
!p(1) /!P(2) Aa N* M-N 1 1 (-M,O) 

f/>(2)i=N+I-M 
A=l-N 

!p(1)aA!p(2)i N 1 M-N* -1 (-M,O) 

Tr( !P(1) aA), Tr( !P(2)Aa) 2-singlets 1 1 1 0 (0, M) 

"2-singlets" are formed out of ~{;'~1!P(1) a!p(2)a, [( !p(1) a)N] and [( !p(2)a)N]. (continued) 

*) [ ] denotes the antisymmetrization of the "colors":[( <)I(1)y] =det( <)1(1) /) ~ CA''''AN<)I(l)t,' .. · <)IWAN , 

[( <)I0)N-l]B=detB( <)10) /) ~ CBA''''AN_' <)I(1)1t, ... <)I(1)t::_-; and so on. 
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Composite Quarks and Leptons 1441 

(b) The same as in Table II (a) but under (B) H =SU(N -lh+R X SU(M - N + l)L x SU(M - N + l)R x U(1)w 

x U(l)c x U(l) •. 

For ([i(1.2) and W: 

superfields SU(N)~z SU(N-1h+R SU(M-N+1h SU(M-N+1)n u(1)w U(1)c U(l). 

([i(I)A~l-N 
a=l-N-l N* N-l 1 1 0 1 (0, M-N+1) 

([i(1)a~l-N 
i=N-M N* 1 M-N+1 1 -1 0 (N-M,l) 

([i(2)a~1-N-l 
A=l-N N N-l* 1 1 0 -1 (0, M-N+1) 

([i(2)i~N-M 
A=l-N N 1 1 M-N+l* 1 0 (N-M,l) 

WAB ADJ 1 1 1 0 0 (N-M-1,0) 

For composite superfields in the confining phase: 

Higgs confining SU(N -l)L+R SU(M - N + l)L SU(M - N + l)R U(l)w u(1)c U(l). 

([i(1)~~l:::Z=l 

+ (l)(2)~~~::~=~ 
",(I)A~l-N-l 

\V i=N-M 

l+ADJ 

N-l* 

N-l 

1 

1 

1 1 

M-N+l 1 

1 M-N+l* 

M-N+l 1 

1 M-N+l* 

"l·singlet" in l+ADJ is formed out of ~;:~I([i(l)a([i(2)a and [«([i(1)a)N-l«([i(2)a)N-l]. 

0 0 (0, M-N+l) 

1 1 (N-M,l) 

-1 -1 (N-M,l) 

1 1-N (N-M,l) 

-1 N-1 (N-M,l) 

SQCD with N ~ M. Furthermore, SQCD with N ~ M possesses chiral symmetries that 

will work as the seed of large mass splitting between fermions and scalar partners. 

For the present discussion, we list in Table II massless superfields in SQCD with N < 
M. The anomaly-matching turns out to be realized by all QNGF's for SQCD with the 

ch"iral SU(M - N) symmetry and by QNGF's and CF's for SQCD with the chiral 

SU(M - N + 1) symmetry. 

B. Quark-lepton models 

To see .the feasibility of SQCD as underlying dynamics for composite quarks and 

leptons, we argue whether the spectrum of massless fermions includes the quark

lepton quantum numbers. The minimal set of the "flavor" superfields, i.e., subquarks, 

which provides one generation of quarks and leptons, will consist of three colors of 
cti=I,2,3=([»)~f.2,3 and C~=I,2,3=([)A(2)i=I,2,3, one B-L of cto=([)(1)1=4 and C£~=([)A(2)i=4 

and two weak flavors of W£f=I,2= ([)(1)1=5,6 and w1A1
,2= ([)A(2li=5,6. The global symmetry 

SU(6h(R) for ([»)~1-6 «[)(2)i=1-6) is divided into the chiral version of the Pati-Salam 

[SU(4)c]L(R) symmetry 16) and the weak-isospin [SU(2)w h(R) symmetry. The color 

SU(3)c10C symmetry is contained in the [SU(4)ch+R symmetry and the electroweak 

[SU(2)wh IOC symmetry is identical to [SU(2)wk The quark-lepton superfields, qai 

and [i(a=l, 2, 3; i=l, 2), are made as 

(2'3a,b) 

(2'3c,d) 

where WL i
=l,2 are assumed to exhibit the V-A coupling to the weak bosons W±. If 
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1442 M. Yasue 

N =4, leptons can be made of C a=I,2,3 and Wi =I,2 as 

1- i - "'" c ABCD c c- Ca c- Cb c- Cc w- i L -LJc "'abc RA RB RC LD, (2·4a) 

(2·4b) 

There are three cases that at least contain one (or two) generation(s) of quarks 

and leptons in SQCD with N < M, which depends on the presence of [SU(4)ch 

x [SU(4)c]r+ [SU(4)ch+R and [SU(2)w h x [SU(2)w ]r~ [SU(2)w h+R. The symmetry 

breaking is given by (1) N =4 and M =6 with 

HI = [SU(4)ch+R x [SU(2)w h x [SU(2)W]R x U(l)v'x U(l)A' , 

(2) N =4 and M =8 with*) 

H2=[SU(4)w]L+R x [SU(4)ch x [SU(4)ch x U(l)v' x U(l)A' 

and (3) N=4 and M=5 with 

H3= [SU(3)c]L+R x [SU(2)w h x [SU(2)w h x U(l)w x U(l)c x U(l)x . 

(2·5a) 

(2·5b) 

(2·5c) 

HI,2 arise from SQCD with the chiral SU(M - N) symmetry while H3 from SQCD with 

the chiral SU(M - N + 1) symmetry. Table III summarizes the spectra of light 

composite superfields· and the condensations in terms of subquark fields. Weak 

interactions can be based on [SU(2) W h loC x U(2)y!OC with elementary or composite 

gauge bosons if the model allows [SU(2)whx [SU(2)w]r+[SU(2)wh+R that provides 

the weak triplet Nambu-Goldstone superfield (NGS) to be eliminated by the weak 

gauge fields. Otherwise, the weak bosons W± and Z should be created as ordinary 

composite particles and simulate almost everything of W± and Z of the gauge theory. 

Phenomenologically dangerous particles are leptoquarks, CLaCRco and CLOCRca (a 

=1,2,3) and color-octets, CLaCRcb (a, b=l, 2, 3). Color-octets become harmless since 

they can develop huge dynamical masses «100 GeV) due to QCD of the color 

SU(3)c loc
.17) On the other hand, for leptoquarks present in the model with N =4 and 

M =6 (HI), SQCD is the only dynamics to generate masses, which are thus at least 

required to be of order, spy, 100 GeV once SUSY and chiral symmetries are eXl?licitly 

broken. Thus, SQCD must generate relatively heavy leptoquarks while 'keeping 

quarks and leptons relatively light. 

In the remaining two models, i.e., N=4 with M=5 or 8 (H2,3), the model with N 

=4 and M =8 deserves careful examination. Since there are two kinds of conden

sates, <wdIJRC> and <[(wd]>+<[(WRC)4]>, that generate the "same" NGS's (with 

respect to the subgroup H), the physical NGS's are given by A ~c< ilhwRC> C LaWL i 

+ <[(WRC)4]> CLa[(WRC)3]i (a=O, 1, 2, 3; i=l, 2) and those by V--+R. Since we are 

assuming that WL i have the V-A coupling to the weak gauge bosons W±, C aW i are 

ordinary quarks and leptons while C a[ (wc)3] i turn out to be their mirrors exhibiting 

the V+A interactions. IS) The model with N=4 and M=8 can be accepted as a 

realistic quark-lepton model only if SQCD ensures <[(WL)4]>I<WLWRC>A ~c ~1 and 

<[Win4]>I<WLWRc>A~c~1. The same mixing occurs in the models with N=4 and M 

*) Since N?::3 for a complex N representation, the simplest case with N=2 leading to [SU(2)W]L+R 

x [SU(4)C]L X [SU(4)c]R x U(l)/ X U(l)A' is excluded. 
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Composite Quarks and Leptons 1443 

Table III. Spectra of massless composite superfields including the quark-lepton ones, C and ware the 

scalar components of the subquark-superfields 15 and W, Neutral fields are not listed, 

N & M Superfields 

Condensations/Subgroup 

N=4 
C a=O,1,2,3; il/=l,2 

M=6 

Quarks/Leptons Leptoquarks 

C aU// Co ii/ 

<CLaCuca>, <[(cdl>, <[(cuC)4l> 

Hl=[SU(4)c]L+U x [SU(2)w lL x [SU(2)w In x u(1),' x U(l)/ 

Color-octet 

~ ~Cb 

CaC 

Weak-triplet 

;:~ _~_~~~:l~~·~~_~:~~~ .. __________________ L ___ ~~_~ .. ~~_o_~~ ___ J ___________________ .l _________ :,_, _______ J ______ ~:~~~ ____ ___ 
<W/Wki>' <[(wJ4l>, <[(wuC )4l> 

H2=[SU(4)W lL+U x [SU(4)c]L X [SU(4)c]u x U(l)( x U(l)A' 

N=4 ~ ~i~12 
M=5 Ca~1.2.3; W • 

<CLaCuca >, <[(cd(cuc)'l> 

H3=[SU(3)clL+R x [SU(2)w lL x [SU(2)w In x u(1)w x U(1)e x U(l). 

~ ~Cb 

CaC 

=5,6 but between C aW i and [( c)3][( CC)2]aWi for M =5 or [( CC)2 CoC]aWi for M =6 that 

can be both taken as the ordinary quarks exhibiting the V-A interactions_19
) 

Leptons in the model with M =5 are generated as CF's, [( CC)3]W
i
, to saturate the 

anomalies of H. 

To discuss these dynamical aspects of SQCD with N < M, we will rely upon the 

effective lagrangian approach to SQCD. In the next section, an effective super

potential is constructed to describe the symmetry breaking of SQCD. 

§ 3. Effective description of SQCD 

The symmetry breaking of SQCD should also be described by an effective lagran

gian (Leff) for massless composite fields including quarks and leptons. ! The effective 

lagrangian contains an effective superpotential of the Taylor-Veneziano

Yankielowicz type_9
) It is invariant under G=SU(Mh X SU(M)R x U(l)vx U(l)A 

and accommodates the U(l)anom transformation 8Leff=8( Weft! 00 + H.c.)=2M(g~c/32J[2) 
Gl'vCP-U. The superpotential consists of two parts: Weff= w,m+ W~N, where W~?{ is 

responsible for U(l)anom. The relevant massless composite superfields are associated 

with (A) G~H=SU(N)L+RXSU(M-N)LXSU(M-N)RX U(l)v'xJJ(l)A' and (B) G 

~ H = SU(N -l)L+R x SU(M - N + l)L x SU(M - N + l)R x U(l)w x U(l)c x U(l)x as 

shown in Table II. 

The composite superfields required can be taken as: 

(3·1a) 

containing QNGF's associated with <T/>lo=o~<¢/1)¢(2)i> (i=l~N for (A) and i=l 

~N-1 for (B», 
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y;(l) - d t( m(l) A) [i,oooiNJ - e IV i , 

M. Yasue 

(3·1b) 

(3·1c) 

with < Y[\~!'NJ>lo=o~<[(¢(l»)N]> and < y(2)[1"oNJ>lo=o~[(¢(2»)N]> for (A) containing QNGF's 

and with < Y[\~!oNJ>lo=o=< y(2)[loooNJ>lo=o=o for (B) containing CF's and 
N 

U~I.'·::"I:~ir = ~ detA( ¢(l?)dee( CP(2)jB) (3·1d) 
A=l ' 

that will develop VEV as <U~t::-=-N>lo=o~<[(¢(1»)N-l(¢(2»)N-l]> to yield SU(N -l)L+R 

for (B).*) An additional composite superfield, 

(3·2) 

containing AA, will show up to accomodate the anomalous U(l)anom transformation of 

L eff• 

The superpotential W~?{ can be constructed from T and 5 only. The U(l)anom 

transformation of O'Leff= 0'( W~?(loo+ H.c)=2M(g~c/327[2)GG is translated into O'W~?( 

=-2iMS, leading to TaW~?(jaT=MS. The U(l)A-invariance of W~?( 100 reads 

[- M(Sa/aS-1)+(M - N)Ta/aT] W~?{=O. By considering other invariances, one 

obtains9
) 

(3·3) 

The remaining W~l{ is arbitrary functions of Zy=det( T/)/Xy and Zu=det( T/)/Xu: 

where 

(3·4) 

(3·5a) 

(3·5b) 

up to normalization constants, where the repeated indices are all summed. Since det 

(T/) and Xy,u are both equivalent to rrr=l( CP/l) CP(2)i), the fields Zy,U are neutral under 

G X U(l)anom. The functions /y,u(Zy,u) will be determined by the consistent symmetry 

breaking with complementarity generated by the effective superpotential. The func

tion /u(Zu) is absent for (A) since the case (A) does not permit the massless U field. 

The condensations <Zy>lo=o=;l=O and <Zu>lo=o=;l=o will fix <T/>Io=o. The formation of 

< Y[«.)oNJ>lo=o and < y(2)[loooNJ>lo=o spontaneously chooses < T/>lo=oCX: 0'/ (i, j = 1 ~ N) leav

ing SU(M - Nh X SU(M - N)R unbroken while that of <U~lo:::-=-N>lo=o spontaneously 

chooses <T/>lo=oCX:O'/ (i,j=1~N-1) leaving SU(M-N+1hxSU(M-N+1)R un

broken. Finally, the effective super-potential is given by 

(3·6) 

The possible condensations generated by Weff are chosen to be: 

7[i=< T/>Io=o( ~ <¢i(l)¢(2)i» , (3·7a) 

*) [ ] denotes the antisymmetrization of the "co!ors":[( ¢(1»N] =det( ¢(I) /) ~ CA,oooAN¢(1)t.' 000 ¢\~)AN , 
[(¢(I))N-1]8=det8(¢(I)/)~c8A,oooA.'o,¢(1)1,'ooo¢(1)1N'_-.' and so ono 
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Composite Quarks and Leptons 

7rYI = < Yrl~!'NJ>18=0( ~ < cjJ\p ... cjJ}Jl» , 

7ryz= < y(Z)[I ... NJ>18=0( ~ < cjJ(Z)[I ... cjJ(Z)NJ» , 

'"" =<U[I ... N-IJ>I _ (~<-I.(1) ••• -I.(1) -I.(Z)[I ... -I.(Z)N-IJ» 
"U [I···N-IT 8-0 '1'[1 'l'N-IJ'I' 'I' , 

1445 

(3·7b) 

(3·7cJ 

(3·7d) 

(3·7e) 

The SUSY vacuum is realized if OWeft/07rI=O (I=i, y1, y2, u, it) with OWeff/07rI= WI 

calculated to be: 

W ;=I-N-I = [1 + <Zy > /v'( <Zy » + <Zu > fu'( <Zu » ] (7r;./7r;) , 

W ;=N = [1 + <Zy > fy'( <Zy » ] (7r!./7r;) , 

W;YI,yz= - <Zy > fy'( <Zy> )(7r!./7rYI,yz) , 

W U= -<Zu> fu'( <Zu> )(7r!./7ru) , 

(3·Sa) 

(3·Sb) 

(3·Sc) 

(3·Sd) 

. (3·Se) 

(3· Sf) 

where <Zy>=<Zy>18=0= IH'=I7rJ7rYI7ryZ and <zu>=<ZU>18=0= IIf=ll7rJ7ru. The VEV's of 

7rI given by complementarity are 

(3·ga) 

for (A) and 

(3·9b) 

for (B). The form of fy,u(Zy,u) of W~N is so determined to provide these VEV's. 

One observes that M?/ develops a singularity due to 7r!. =0 and 7r;=0 (i = N + 1 ~ 

M for (A); i=N ~ M for (B». It can be seen from W!.=O as 

M-n 

fy«zy» + fu«zu»=ln[7r!.n-N II (7r!./7r;+n) + "const"] , 
i=l 

(3·10) 

where n = N for (A) and n = N - 1 for (B) and "const" represents the regular parts. 

This equation dictates l8
),19) 

(p>O) (3·11a) 

for (A) with fu(Zu) being absent and 

fu(Zu) = pln(Zu -<zu» (p>O) (3·11b) 

for (B) with a regular fy(Zy). The singularity in W~?/ is transferred to the one at Zy,U 

=<Zy,u> in fy,u(Zy,u). For the chiral fields y(I,Z) present in (B), < y(1,Z»18=0=0 (thus 

<Zy -1>18=0=0) should be maintained even if SUSY is broken. The simplest choice is 

(3·12) 

which effectively yields the Higgs-type coupling for CF's. 
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1446 M. Yasue 

§ 4. Effective lagrangian for broken SQCD 

The explicit breaking of SUSY and chiral symmetry is assumed to be caused by 

the following fundamental lagrangian Lbreak for scalar- and gaugino-mass: 

+ mlilil + H.c.) , (4'1) 

where f1.iL,iR,i, mA~Asc for the approximate SUSY. The effective lagrangian, L mass, 

that possesses the same breaking effects on SU(Mh x SU(M)R x U(l)y X U(1)A takes 

the form of 

(4'2) 

where UO) / ~ L},c!kl···kN-2Cll ... lN_l UN~;·:.~Z-;,~l2], y(1) / ~ L},c!kt-'.kN- 1 YM1
1

' .. kN-tl and similarly for 

U(2) and y(2). The kinetic t~rms for composite superfields (QJ = T, y(I,2l, U, 5) are in 

general given by 

(4·3a) 

but KJ will be restricted to satisfy 

[iKJ(QJ* QJ)/JQJ*JQj = 8f]GI- 1(QI* QI) , (4 ·3b) 

where, as mass dimensions of GI, GT~A~c, GY(a)~A~~N-l), Gu~A~f-6 and Gs~A~c. 

Then, our starting lagrangian is 

Leff=Lkin+( Weffloo+ H.c.)+ Lmass. (4·4) 

In the quark-lepton models, the mass parameters of Lmass are further constrained to 

be consistent with SU(3)c!oe and [SU(2)w Voe x U(l)y!oe (or U(l)!?~). 

The effective potential (Veff) is derived as: 

The functions jy,u(ZY,u) contained in W;l are modified to 

jy,u(ZY,u)= In{(zy,U - <Zy,u) )P[l + ay,u(zy,u - <Zy,u»+ ... ]} , 

(4 '5) 

(4'6) 
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Composite Quarks and Leptons 1447 

by the SUSY-breaking, where Zy,u=Zy,UI8=O coincide with <Zy,u) in the SUSY limit. 

The parameters C;y,u=Zy,u-<Zy,u) measure the SUSY-breaking effect. The condi

tions of aVefr/areI=O are written as 

for i=l ~n (n=N for (A); N -1 for (B)), 

for i=n+1~M, 

cyGY(a) Wfya(re,)reya) = 7}yWy+ CyGs Wf. - M;a- Gir(a)lreYaI21 W;yal2 , 

cuGu Wf u(re./reu) = 7}uWu+ cuGs Wf. - Mu2- Gu'lreul21 W; ul 2 
, 

M . 

(4'7a) 

(4·7b) 

(4'7c) 

(4'7d) 

[GT L: W'!'i(re.!re;) + CyWy+ cuWu+(N - M)Gs W'!'.]re.- I+ m. + re.*Gs'l W. .12=0 
i=l ' " 

(4'7e) 

with cx=zx/x'(zx) and 7}x=zx(zx/x'(zx))' for X= Y or U; c=CY+cu; and 7}=7}y+7}u, 

where 

N 

M2 =..., II~ A-2(N-I)lre 12 
yl ~,.-zL se yl, 

i=l 

N 

M2 =..., II~ A-2(N-I)lre 12 
y2 L..J /-""zR se y2, 

i=l 
(4'8c, d) 

(4'8e) 

N-I 
Wu= ~ GTWfi(re.!rei)-GuWfu(re./reu). (4 '8f) 

The factors c and 7} depend on the symmetry-breaking patterns and are given by 

CY=PZv/C;y, 7}Y=-PZY<ZY)/C;y2 and cu=7}u=O, (4·9a) 

from /y(Zy)=pln(Zy-<zy») and /u(Zu)=O in case (A) and 

cy= - hzy -I, 7}y=hzy -I, cu=pzu/C;u and 7}u= - pZu<zu)/c;u2 , (4'9b) 

from /y(Zy)=hZy -I and /u(Zu)=pln(Zu-<zu») in case (B). One can observe that, 

for /y(Zy) = hZy -\ reYI,Y2=0 are solutions to aveff/areYI,Y2=0 of Eq. (4 '7c) because Cy,7}y 

and reya W; ya = hzy -Ire. turn out to be all proportional to reYlreY2. 

By keeping the leading terms of c;y~u=(Zy,u-<Zy,u»)-I)/l and by using Irei=l_nI2)/ 
Irei=n+l_MI2, Ire.12/A~c, we find that 

(4'10a) 
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1448 M. Yasue 

m 

+(nRT- p) ~ RxaM;a] 
a=l 

with LlT,Y(a)' RTi,xa and R defined by 

n n 

RTi=l +nLlTI7riI2, RT=l +LlT~I7riI2= GTI(GT- G/~I7rin, 
i=l i=l 

n m n 

R=~RTi- ~Rxa, nRT=~RTi, 
i=l a=l i=l 

(4 ° lOb) 

(4 0 10c) 

(4 0 10d) 

(4 0 lla) 

(4 ° llb) 

(4 ° llc, d) 

(4 0 lle) 

(4 ollf, g) 

where n=N for (A) and n=N -1 for (B) stand for the SU(n)L+R symmetry of the 

subgroup H; Xa= y(a) (a=l, 2) with m=2 for (A) and Xa= U (a=l only) with m= 

1 for (B) are the freedom ofthe multi-body composites; Mxa=Mya (a=l, 2) for (A) and 

=Mu (a=l only) for (B); 17r () *012= ~7=117riI2and M2() *0= ~7=lMl; M2() =0= ~~n+1Ml 

is the explicit breaking of the chiral SU(M - n) symmetry; the parameters of z and ~ 

are z=zy(U) and ~=~Y(U) for (A) «B)). LIT and LlY(a) vanish for the canonical kinetic 

terms with G/=O for composites. 

From the conditions of (4°10 a~d), we find the following general features of 

symmetry breaking: 

(1) The breaking from M2() *0 and M;a,*) i.e., from j1.iL,iR,i (i=1 ~ n), is not 

. compatible with Eqs. (4 ° lOb, c) because ~7=lRGT(P(Z)7rA/~7r;)2(>0)=-~'!i=1 

x RGxa(P<Z> 7rA/~7rxaY « 0) results from Gs W; A ~ ~M2( ) ,*0,xa4:.M2( ) *o,xa; 

(2) the hierarchy of 7ri=n+l-M4:.7r () *o~ A~c is dynamically ensured by ~4:.1 as 

*) If all fJ.'S and rn. are the same order, then M2() *0 and Mia automatically dominate in the SUSy· 

breaking effect since liTil (i=n+l-M)<tA~c and liT.I<tA~c as well as liTil (i=l~n)~A~c. 
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Composite Quarks and Leptons 1449 

(4 '12a) 

which crucially depends on the singular behavior of In(Zy,u-<ZY,u>) at Zy,u=(Zy,u>; 

(3) a constraint on Gs. W;. 

(4'12b) 

arises from ~7=1[Eq, (4·10b)]+~:i'=1[Eq. (4·10c)]=pRGsW •. 

Since the breaking by J.liL,iR,i (i=1 ~ n) cannot be the main source, the splitting of 

J[i (i=l~n) is suppressed. The VEV's can be approximated to be i-independent: 

(4'13) 

by omitting the terms of M? (i=1 ~ n) and M2() *O,xa. The four equations (4 ·10a ~d) 

are further reduced to: 

(4 '14a) 

RGTlp<z>J[./~J[ () *oI2=Rx{[p(RT/Rx)-1)]Gs W. 

-LhlJ[<>*oI2(MGsW.+M2()=0)}, (i=l~n) (4'14b) 

RGxalp<Z>J[./~J[xaJ2=Rxa[(n- p)Gs W;. + LlTIJ[ () *OI2(MGs W. + M2() =0)] , 

(4 '14c) 

(p- n+ N)Gs W.= _(M2() =0+ m.J[.) . (4 ·14d) 

By considering the Mss- and ~-dependence of these equations with J[i=n+l-M ~ ~J[ ( ) *0, 

one can find that 

(4 '15a) 

for Mss provided by m. and (J.l7L + J.l7R)1/2 in M2() =0 that preserve some of the remaining 

chiral symmetries and 

(4'15b) 

for Mss provided by J.li in M2( ) =0 that break all of the remaining chiral symmetries. 

The Mss-dependence of ~ is determined by Eq. (4'14d) together with Eq. (3'9f) for 

W ·*) 
; .. 

E (M /A )(M-N)/[P~(M-N)] (M d) 
c, ~ ss sc , ss=m. an J.liL,iR 

~ ~ (Mss/Asc)(M-N)/[P-(M-N)/2], (Mss= J.li) 

in SQCD with the chiral SU(M - N) symmetry 

~~(Mss/Asc)(M-N)/[P+I-(M-N)], (Mss=m. 'and J.liL,iR) 

~~(Mss/Asc)<M-N)/[P+l-(M-N)/2], (Mss= J.li) 

(4·16a) 

(4'16b) 

(4'17a) 

(4'17b) 

*) In the leading approximation with ay,u=O in Eq. (4'6), the determined Mss-dependence of t; yields 

[RHS of Eq. (4 '14d) 1 =0, which is actually of order f.1.2( ) ~ot; for f.1. ( ) ~o ~ f.1.i (i = n + 1 ~ M). The inclusion of the 

aY,u-term gives ay,U ~ f.1.2() ~oA~c/Gs. 
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1450 M. Yasue 

in SQCD with the chiral SU(M - N + 1) symmetry. 

Consider the SUSY breaking by f-L=(f-L7L + f-L7R)I/2 that is the singlet of all the chiral 

symmetries, which induces 

7[.( ~ <AA» ~ A~cf-L(f-L/Asc)2(M-N)/IC , 

'Tr. (~<,,"'<I),,"(2)i»~A2 (lilA )(M-N)/IC 
""z=n+l-M .......... \jJz 'f' se t-'" se , 

(4'18a) 

(4'18b) 

where K=p-(M-N) or K=p+1-(M-N). These results show that the explicit 

SUSY breaking necessarily induces the breakdown of the chiral SU(M - n) symmetry 

signalled by 7[i=n+l-M'*O and chiral U(l) symmetry by 7[.,*0. The simultaneous 

breakdown of SUSY and chiral symmetries results from the QCD dynamics generat

ing the complete breakdown of all chiral symmetries because SQCD effectively 

becomes QCD well below the scale f-L. 

§ 5. Mass spectrum of composite particles 

The composite superfields are expressed by T, y(I,2) and U. To define masses of 

composites, these fields should be replaced by canonical fields with the mass dimen

sion=1: 

(5'1) 

which yield .QI*.QlloOiiii as kinetic terms. The massless fields required by com

plementarity do not exhaust all of components of T, y(l,2) and U. The fields with the 

"same" quantum numbers get mixed. Some of them become massive in agreement 

with the anomaly-matching given by complementarity and decouple out of the low

energy physics. 

A. Heavier and lighter fields 

It should be noted that the masses for the decoupled fields behave as 0/0 in the 

SUSY limit. The number 0 will be replaced by the appropriate powers of the 

SUSY-break~ng scale of Mss. Consider the mixing between composite fermions in T 

and X( = Y(l,2) or U) whose spectrum has been fixed by the anomaly-matching. 

There are 7[i=<T/>lo=o'*o for i=l~n and 7[x=<y(a»lo=o'*o or=<U>lo=o'*o that 

generate the "same" NGS's associated with broken generators of C/H. Let K be a 

broken generator, and then the physical states are classified as NGS's: 

Ilight>=(rT + X)/ J1 + r2, (5·2a) 

where <OI[K, llight> ]10>,*0 and as chiral fields: 

Iheavy>=(T-rX)/J1+r 2
, (5'2b) 

where <OI[K, Iheavy> ]10>=0. T and X (= y(l,2) or U) are the same members of C/H: 

For Tk
i
, 

(5·3a) 

(5'3b) 

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
tp

/a
rtic

le
/7

8
/6

/1
4
3
7
/1

9
0
7
3
6
1
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



Composite Quarks and Leptons 1451 

and similarly for Y/ and U/, where the indices i, i1 ..... n-l from SU(nh+R and the index 

k from SU(M-nh.R (n=N for y(1.2) and =N-1 for U). The chiral fields should 

not be massless because their presence disturbs the anomaly-matching in a manner 

consistent with complementarity. 

The Mss-dependence of the masses for "light" and "heavy" fermions can be 

evaluated from (M)Ij=;]2Weft!Jff/JffJ: 

(5'4) 

on the (T, X)-basis, where 7r () =0 represents one of tri for i = n + 1 ~ M with tri = 0 in 

the SUSY limit; ffx= ffy or ffu; and ffYl = ffy2= ffy. The masses are given by 

(5'5a) 

(5'5b) 

In the SUSY-limit with ~, 7r () =0, 7r.-"'0, both mUght and mheaVy behave as 0/0. The 

ratio % should yield 0 for "light" and ;CAse for "heavy" so that "heavy" fields 

decouple of the low-energy physics. Using the ~- and Mss-dependence of 7rA and 

7r ( ) =0, we find that 

mlight~~Mss and mheavy ~ Mss , (5'6a) 

for MSS=mA and fl.iL.R (i=n+1~M) that preserve some of the chiral symmetries and 

mUght ~ I[ Mss and mheaVy ~ Mss/ I[ , (5·6b) 

for MSS=fl.i (i=n+1~M) that break all of chiral symmetries. 

The SUSY-breaking by MSS=mA and fl.iL.R (i= n+ 1 ~ M) is not suitable because it 

yields the massless "heavy" fields at Mss=O.*) The consistent SUSY breaking is then 

only possible for 

Mss= fl. () =0, 

where fl. () =0 represents one of fl.i (i = n + 1 ~ M), which induces 

7r.( ~ <AA> ) ~ ~3/2 fl. ( ) =oA~e , 

7r () =o( ~<¢P)¢P» )~~7r () *0, 

~ ~(Mss/Ase)(M-N)/K 

(5'7) 

(5·8a) 

(5·8b) 

(5·8c) 

with 7r () *o~ A~e, where 2K=2p-(M - N) or =2(1 + p)-(M - N) as in Eqs. (4'16b) and 

(4 ·17b). From mheavy~ MJS(M-N)/2K, we finally find that the decoupling is realized if 2K 

~M-N, i.e., 

p~M-N, (5'9a) 

*) If one abandons complementarity as a guiding principle. the contribution from the extra "heavy" fields 

will be cancelled by the one from their complex conjugates constructed by L-handed conjugate superfields20
) 

of 1)1) [WW exp(gsc V) (1)(1.2)*] = (GpvGW 9',<',2)* + .... 6pap( Gw 6 PV).¢.(I,2)*) + ---). where V is the vector superfield 

giving W~DD1)V. 
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1452 M. Yasue 

for SQCD with the chiral SU(M - N) symmetry (2K=2p-(M - N» and 

p~M-N-1, (5 0 gb) 

for SQCD with the chiral SU(M - N + 1) symmetry (2K=2(p+ l)-(M - N». Other 

massive fields such as T/ for i, j in SU(M - nh X SU(M - n)R acquire masses typical· 

ly of order 7rA/7r
Z
() =0, which gives Mss/.f[ ~ mheaVY because 7r ( ) =0 ~ ~7r ( ) *0. The 

"light" fields are then specified by the lighter mass scale of 

.f[Mss~Mgs/Asc , (50 lOa) 

while the "heavy" fields by the heavier scale of 

Mss/ .f[;;;;Asc , (5 ° lOb) 

since ~~(Mss/Asc)(M-N)/K~(Mss/Asc)2 by 2K~M - N. 

The Ji ( ) =o·dominance does not mean the dominance in mass scales. Because the 

effect of the SUSY-breaking always comes in the form of (Ji7L + Ji7R)A;f!7ri!Z, JiiZ7ri and 

mA7rA, it is realized once JiiL,iR,i (i=l~n) are neglected. Owing to 7ri~~A~c::?>!7ri!Z/A~c, ' 

and Ji/7ri~ ~Jiz( ) =OA~C::?>mA7rA ~ ~3/ZmAJi ( ) =oA~c, the Ji ( ) =o-dominance is possible even 

for Ji ( ) =0 ~ JiiL,iR ~ mAo 

B. Masses for light composite fermions and bosons 

Let us now examine quark-lepton models characterized by Hl=[SU(4)ch+R 

x[SU(2)whx[SU(2)whxU(1)v'XU(l)A' with N=4 and M=6 (n=N),Hz= 

[SU(4)wh+Rx[SU(4)chx[SU(4)chxU(1)v'XU(1)A' with N=4 and M=8 (n=N) 

and H3= [SU(3)C]L+R X [SU(2)W]L x [SU(2)W]R x U(l)w x U(l)c x U(l)x with N =4 and 

M=5 (n=N -1). The SUSY-breaking is restricted to induce the breaking of all the 

remaining chiral symmetries given by the scalar masses of Jihp/l) ¢pli (i = n + 1 ~ M). 

We denote the'breaking of [SU(4)ch x [SU(4)ch (or [SU(3)ch x [SU(3)ch) by Jica (a 

=1,2,3) and Jil with Jica= Jic for SU(3)c10C and the breaking of [SU(2)w h x [SU(2)W]R 

by Jiwi. Since for Hl,3 the SUSY-breaking necessarily induces the explicit breaking of 

[SU(2)whx[SU(2)wh, the weak interactions cannot be based on [SU(2)wh IOC 

Table IV. Mas,ses for quarks, leptons, leptoquarks, color-octets and weak·triplets and constraints on the 

models. The parameters re,' are given as re,'= ffe,dff:r:. 

SQCD with N=4,M=6 N=4,M=8 N=4, M=5 

VEV's of Jr, I Jre,,1 ~ I Jrwd I Jre,,1 <t I Jrw,l I Jrel ~ I Jrw,l 

Quarks 
r/ IJr.1 

'(i'+r?yrff~-ff;';J 

r, 2 IJr.1 hi jY(I)jY(2,1Jr.1 
Leptons -Ci'+r/Y rii,-if;';,]' -"JCif~y'i':j7r~T 

Leptoquarks 
p(z>IJr.1 
-~riie-7iJ 

211se ... 

Color-octets 
p<z>IJr.1 

211se 
p<z>IJr.1 

---~ffr --""{if?--

Weak-triplets 211se 
_e_~~~l7})L 

211se 
~jfWijfWj 

Constraints <z>~l re,,~l ... 
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Composite Quarks and Leptons 1453 

X U(l)yloC while for H2 weak interactions can be introduced as the gauge interactions. 

The spectrum of light composite fermions in each model is listed in Table III. 

Their masses shown in Table IV are calculated by d2 Weff/d7rld7r, and expressed in 

terms of 7rc(~(CLaCRca» (a=1,2,3), 7rl(~(CLOCRCO»> 7rW;(~(WLiW~i» and 7r/-""(""», 

The typical masses are given by 7r;./7r ( ) *07r ( ) =0 ~ J.l ( ) =0(J.l ( ) =O/AscYM-Nl/IC from 7r;. 

E:3/2 A2 d E:A2 ' h E: ( fA ){M-Nl/IC L' h . f ~ <, J.l ( ) =0 sc an 7r ( ) =0 ~ <, sc WIt <:; ~ J.l ( ) =0 sc • Ig t composIte er-

mions are characterized by the scale M F : 

M -M (M /' 1\ )(M-Nl/2IC 
F- SS SS L.lsc (5,11) 

with 2K~M - N by the anomaly-matching, where Mss= J.l () =0. The parameter K is: K 

=p-(M-N)/2 for SQCD with the chiral SU(M-N) symmetry and K=p+1-(M 

- N) for SQCD with the chiral SU(M - N + 1) symmetry. MF is bounded as MF 

~Mss/A~c. 

The masses of light composite scalars of d2 
Veft!d7r{ d7r/1 d

2 
Veff/d7rld7r,1 turn out to 

be consistent with diagrammatic argument: Attach J.ltL(iRl to the line for I¢PlI2(1¢(2li I2) 

and J.ll to the line for ¢/ll¢(2li. We calculated their masses by assuming the canonical 

kinetic terms for composites with GI(O)= /I=const that simplified the conditions from 

dVeff/d7rI=O into, for real VEV's, 

fr(p(Z>7r;./~7r () *o)2=(p- m)/s W;;./(N -2) , 

/xa(p(z>7r;./~7rxa)2=(n- p)/s W; ;./(N -2) , 

(i=1 ~ n) 

(a=l~m) 

(5'12a) 

(5'12b) 

(5'12c) 

Table V. Calculated VEV's of 7r/. In the case N<M, n=N and r=p for SQCD with the chiral 

SU(M-N) symmetry and n=N-l and r=p+l for SQCD with the chiral SU(M-N+l) symmetry. 

The negative VEV's arise from (mass)'>O for true NGB's and Eq. (4'12b) for 7r () =0<0. 

7r ( ) =0 7ri+n = - r.;l7r ( ) *01 Ci=l~k) 

Ci=k+l~M-n) 

p 

A 

C 

r 

7ri+n=( k'k r )"'c - r.;l7r () *01) 

';[U-(M-N)]=C ~ 
( )

2(M-N) 

Asc 

Max(2, M 2N)<r<Min(N, k)*) 

r:;;;'M-N 

r 2(N-n)( r(k- r)l7r () *01 )M-n(~)M-n-k( A~c )2N 
rlr k r 7r ( ) *0 

( 
k( r- 2) )'12 

(p<z>)-' (N-2)(k-r) 

*l For N=4, M-n-;;'k>2 leads to M>6 (n=N) and M>5 (n=N-l). 
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1454 M. Yasue 

(5·12d) 

with n=N and m=2 'for the chiral SU(M - N) symmetry and n=N -1 and m=l for 

the chiral SU(M - N + 1) symmetry. Our results are listed in Table V for /.t7+n = ,i (i 
=1-k)~fl7+n (i=k+1~M-n). 

We show masses for octets (mg2), squarks (m~q) and sleptons (m~l), which are the 

superpartners of QNGF's: 

ml=/Tflc2/llrcl, 2frCsIM2() =01/lrc2, 

m~q,SI=r2/T{CTXA:;l(p~,I+ p~i)/2 

± lr(2) =0Ifl2( ) =0" ( ) =0 - CSM2( ) =ol} / (1 + r2) , 

(5·13a, b) 

(5·13c) 

where r= ffdffx (i=l ~ n); Cs=(p- m)/(p+ N -n)(N -2); CTx=l + (jx/fTr2 A ~n; 

M2() =0= ~~n+lfl/lri; D=(N -1) for X = y(l,2) and D=2(N -2) for X = U; lr () =0 (fl () 

=0) denotes either lrc,lflc,l) or lrwi(flw;) with VEV = 0 in the SUSY limit. The positivity 

of the true NGB's for octets gives lrc( = lri=l-n) < O. For sleptons in H3 being as the 

superpartners of CF's, their masses are calculated to be: 

(5·14) 

We have taken the L-R symmetric situation with P/=fl7L+fl7R=2fl7L=2fl7R and with 

jy(li= /Y(2) = jy and used fliL,iR,i (i=n+ 1 ~ M)~ fliL,iR,i (i=1 ~ n). The mass hierarchy 

between fermions and their partners is realized as 

( /
' A )(M-N)/t<#, 

mJ=l/2~ fl () =0 fl () =0 Ll.sc· "",mJ=o~ fl () =0, (5 ·15) 

for N<M. 

C. Dynamical constraints on quark-lepton models 

Let us consider the possibility of splitting the quark and lepton masses and the . 

potential difficulties in the quark-lepton phenomenology. To make arguments 

qualitative, we employ the canonical kinetic terms and the conditions given by Eqs. 

(5·12a ~d). 

First, we discuss the quark-lepton mass splitting. In the model with quarks being 

QNGF's and leptons being CF's for N =4 and M =5, the splitting is expected owing to 

the dynamical difference between QNGF's and CF's, which will reflect in the form of 

kinetic terms. The simplest canonical ones lead to 

(5·16) 

although mt/mq4;l is not predictive. 

For models with quarks and leptons both described by QNGF's, the quark-lepton 

masses are given by mq,lCX lr.;:l and the ratio is 

(5·17) 

The large splitting of mt/mq4;l at least requires [SU(4)ch x [SU(4)ch as an approxi

mate symmetry, which allows the "flavor"-dependent explicit breaking and will 

generate lrl~ lrc. It is because if [SU(4)ch+R is a symmetry for the SUSY-vacuum, 
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Composite Quarks and Leptons 1455 

then the explicit breaking of [SU(4)ch+R is dominated by the "flavor"-independent 

terms because f1.iL,iR,i (i *- SU(4)c)~ f1.iL,iR,i (i = SU(4)c) are dynamically required, and 

will induce 7[1=7[c. However, even in the presence of an approximate [SU(4)ch 

x [SU(4)ch, mdmc4:.1 is not easily attained since 7[c~ 7[1 is still driven by the "flavor"

independent !sW;).=-(ncf1.c z7[C+nlf1.1z7[I)/(p-n+N) as in Eq. (5·12a), where nc(l) 

denotes the number of colorS' (lepton numbers). This aspect of the "flavor"

independent VEV's is the remnant of the QCD-dynamics of the "flavor" -independent 

spontaneous breakdown of chiral symmetries. Therefore, unless some kind of fine 

tuning is invoked, the large mass splitting between quarks and leptons both as 

QNGF's is dynamically suppressed in SQCD. 

We next examine the potential difficulties present in two of the three types of 

models as have been discussed in § 2: The existence of light leptoquarks in SQCD 

with N =4 and M =6 (HI) or the appearance of the mixing of quarks and leptons with 

their mirrors in SQCD with N=4 and M=8 (Hz).18) . 

In SQCD with [SU(2)w h x [SU(2)w h for N =4 and M =6, leptoquarks appear as 

pure states in e eC and quarks and leptons as mixed states as in Eq. (5·2a). Their 

masses are given by mql= p<z>I7[).I/';:1 ffcffd and mqi,l= r ZI7[).I/(l + rZ)1 ffC,lffwil, where 7[wi 

~';:7[c,l. The large splitting of mql~mq is possible if <z>~l, namely, IU"=I7[t!7[YI7[yZ 

(= 7[}7[d7[YI7[Y2)~ 1. On the other hand, SQCD with [SU(4)C]L x [SU(4)C]R for N =4 

and M = 8 generates the mixing of quarks and leptons with their mirrors as in Eq. (5·2 

a): llight> = (rT + X) I J1 + rZ with r = fft! ffya for i = 1 ~ N and a = 1, 2. The mixing is 

required to satisfy r~l, namely, fft!ffya(=7[wt!7[ya)~1. To be phenomenologically 

consistent, both cases of SQCD are subject to the constraint of ffi~ffya (i=l~N; a 

=1,2). From Eq. (5·12b,c) with m=2 and n=N(=4), we obtain ff(),*olffya 

=jN-plp-2 (2<p<N), where 7[0,*0 represents 7[i (i=l~N). The large ratio is 

attained by the fine tuning p ~ 2, which shows from Eqs. (5 ·12b, c) . that 7[ ( ) ,*0 gets 

larger as II j p-2, i.e., 

(5·18) 

The VEV of 7[ () ,*0 describes [SU(4)ch x [SU(4)c]r" [SU(4)ch+R for N =4 and M =6 

and [SU(4)whx[SU(4)w]r .. [SU(4)wh+R for N=4 and M=8. For N=4 and M=8, 

it seems unnatural to take 7[ () ,*o~ Asc;(;l TeV since 7[ () ,*o~<wwc>lo=o in this case will 

provide the electroweak scale of C F -1/Z ~ 300 Ge V. For N = 4 and M = 6, there is no 

restriction on 7[ () ,*o~< e eC>lo=o although VEV's much larger than the scale of the 

theory is considered as a singnal of SQCD realized in the Higgs phase. This restric

tion is also valid for general kinetic terms with C/*-O since 7[<,\ ,*0 or 7[;} can be made 

extremely small by adjusting the parameter p. 

The remaining case with [SU(2)whx[SU(2)w]R for N=4 and M=5 contains 

neither light leptoquarks nor the mixing with mirror quarks and leptons.19
) This is 

the model without "tuning", in which the light fermions consist of color-octet and 

color-singlet as QNGF's in ee c
, quarks as.QNGF's in ew+[(e)3(e c)2w] and leptons 

as CF's in [( eC)3W]. 
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1456 M. Yasue 

§ 6. Summary and discussion 

We have demonstrated that SQCD with N-"colors"<M-"flavors" generates 

massless quasi N ambu-Goldstone fermions and chiral fermions including quarks and 

leptons and their scalar partners including squarks and sleptons. Massless composite 

fermions are protected by 

SU(N)L+R x SU(M - Nh x SU(M - N)R x U(l)A'x U(l)v' , 

SU(N -l)L+R x SU(M - N + 1h 

x SU(M - N + l)R x U(l)w x U(l)c x U(l)x , 

supported by complementarity and an effective superpotential. 

(n=N) 

(n=N-1) 

The successive SUSY-breaking is provided by the gaugino mass term, mAlIA that 

breaks U(l)x and U(l)A', and the scalar-subquark mass terms, L:~n+1(,LtiLI¢i(l)12 

+ ,LtiRI¢(l)i12) that preserve some of the chiral symmetries and L:1f=n+1,Ltl¢P)qP)i that at 

least breaks the chiral SU(M - n) symmetry. The breakdown of the remaining 

chiral symmetries by the SUSY-breaking reflects the QCD dynamics featured by the 

complete breakdown of all chiral symmetries. Even if the SUSY-breaking itself 

preserves some of chiral symmetries, the breakdown of all chiral symmetries is a 

must. In fact, the susV -breaking by ,LtiL,iR =,Lt (i = n + 1 ~ M) that does not break any 

of them is shown to induce the breakdown of the chiral U(l) symmetries signalled by 

(..1..1) ~ ~2 ,LtA~c 

and chiral SU(M - n) symmetry by 

with ~~(,Lt/Asc)(M-N)11C (see Eq. (4·18) for K). However, the SUSY-breaking by ,LtiL,iR,i 

(i=1 ~ n) alone, which are irrelevant for the remaining chiral symmetries, is 

dynamically forbidden. The appearance of the suppression factor ~ is linked to the 

singular behavior present in the effective superpotential as ln~. 

The large mass splitting between J=1/2 fermions and J=O bosons is shown to 

arise as a result of the approximate chiral symmetries: 

where a=l or 1/2. In case that the SUSY-breaking preserves some of the chiral 

symmetries, the masses for composite fermions are characterized by the two scales 

~Mss for "lighter" fermions (a=l) and Mss for "heavier" fermions. In the Mss~O 

limit, "heavier" fermions become massless and spoil the anomaly-matching realized in 

a manner consistent with complementarity. The consistent breaking is given by the 

SUSY-breaking from L:~n+1,Ltl¢i(l)¢(2)i that always breaks the chiral SU(M - n) 

symmetry and that yields 

(..1..1) ~ e/2 MssA~c , 
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Composite Quarks and Leptons 1457 

with ~ ~ (Mss/Ase)(M-N)'1C (see Eq. (5·8) for K). Since in this case the mass spectrum· 

consists of ..Jl Mss for "lighter" fermions (a=1/2) and Mss/..Jl for "heavier" fermions, 

the decoupling of "heavier" fermions is realized if 2K~M - N. The resulting masses 

for light composite fermions are controlled by MF : 

M -M (M fA )(M-N)/21C 
F- SS SS se • 

SQCD offers quark-lepton models based on HI = [SU(4)c]L+R X [SU(2)W]L 

x [SU(2)W]R X U(l)v' X U(1)A' (N=4 and M =6), H 2= [SU(4)w h+R x [SU(4)ch 

X [SU(4)C]R x U(l)v'x U(l)A' (N=4 and M=8) and H3=[SU(3)ch+R x [SU(2)wh 

x [SU(2)W]R x U(l)w x U(l)e x U(l)x (N =4 and M =5). The models with Hl,2 are 

sufferring from potential difficulties due to the existence of massless leptoquarks as 

QNGF's present in HI and the mixing of quarks and leptons with their mirrors as 

QNGF's in H 2 • The relatively heavy leptoquarks and the suppression of the mixing 

with mirrors are realized only if <wLwRc>19=o}/A~e for HI and <cLcRc>19=o}/A~e for H2 

although the VEV's much larger that the scale of the theory Ase is a signal of SQCD 

falling in the Higgs phase. The model with H3 is free from such difficulties and 

contains quarks as QNGF's and leptons as CF's. It is possible to accommodate the 

mass hierarchy between quarks and leptons by the difference between QNGF's and 
CF'S.19) 

Generations of quarks and leptons can always be included by the copies of C a=I,2,3, 

Co and/ or Wi=I,2. The number is constrained by M < 3N for the asymptotic freedom. 

For the model with H3, Ng-generations are given by the Ng-copies of Wi=I,2 for Ng~ 

N=4 and by H3=[SU(3)c]L+RX[SU (2N)g)whx[SU (2Ng)w]RxU(1)wxU(1)cX 

U(l)x. Once generations are included, one has to explain the suppression on ftavor

changing processes such as K ~ TCf1.e, f1.e ; f1.~ ey; Ko-Ko.211 In the present model, the 

suppression on f1.~ ey and Ko-Ko will be ensured by the (approximate) symmetries of 

[SU (2Ng) W kR and U(l) w,e, which should also be responsible for the interfamily mass 

hierarchies. 

However, it is hard to suppress K --> TCf1.e, f1.e by a possible symmetry-argument. 

The simple suppression mechanism22
) is based on the difference of subquarks, 

"chroms", responsible for SU(3)c and U(l)B_L such as "e"~ CaW and "f1."~ SaW or 

~[(CC?]aW. The SQCD-based model with two kinds of "chroms" is given by N=7 

with M=6+2Ng giving H3=[SU(6)]ch+RX[SU(2Ng)whx[SU(2Ng)W]RX U(l)wx 

U(l)e x U(l)x (Ng~N=7). For Ng=3, c a and Sa (a=l, 2, 3) being two SU(3)c!OC

triplets and Wi, iii and Vi (£=1, 2) being three [SU(2)wh+R-doublets yield 6-families of 

quarks=(ca, Sa)0(Wi, iii, Vi) and 3-families of leptons=(cccsss)x(Wi, iii, Vi). 

The excess of three fa~ilies of quarks will not be comfortable. It seems that a key 

to the "strong" suppression of interfamily transitions is not found until the proper 

understanding of the "huge" splitting of interfamily masses is achieved. 
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discussions. 
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