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We extend our analysis of four- and five-flavor preon models to six-flavor preon models;
only a single color-triplet preon and three color-singlet preons are allowed by the trace con-
straints and the composite spectrum. Assuming that the precolor group is either SU(N) or
SO(N) we find three models of each kind which satisfy the anomaly- and asymptotic-
freedom constraints along with possessing a reasonable composite spectrum. All these
models may be grand unified at some large mass scale far above the precolor scale Apc.

I. INTRODUCTION

In a recent paper,! hereafter referred to as I, we
performed a search for a “successful” preon model
with a small number of flavors. The idea that
quarks and leptons may be composite objects® has
grown in popularity recently with the apparent
growth of the number of fermion families, and the
possibility that Higgs bosons are also composite has
also been explored within hypercolor models.> Al-
though there is some theoretical support for these
preon ideas, experimentally quarks and leptons ap-
pear quite pointlike. Accelerator experiments* set a
lower limit of ~150 GeV on the scale of any com-
posite substructure, Apc (PC for precolor) while lim-
its from flavor-changing reactions such as p—ey
(Ref. 5) and the anomalous magnetic moment of the
electron (Ref. 6), g,—2, indicate Apc may be as
large as 100—1000 TeV. This is beyond the region
which can be explored directly by any planned or ex-
isting accelerator and so preon ideas must be tested
indirectly.

The idea of our earlier work, I, was to find the
minimum number of preon flavors which are con-
sistent with a set of reasonable criteria:

(i) Preons are spin-% particles which obey Fermi-
Dirac statistics; three-preon bound states are quarks
or leptons in analogy with baryons in QCD with
SUQB)c.

(ii) Preons transform as 1, 3, or 3 under SU(3)c.

(iii) The precolor gauge interactions of preons are
asymptotically free and are responsible for preon
binding into precolor-singlet composites. The
precolor gauge group Gpc is either SU(N) or SO(N).

(iv) There must exist a normal generation of
quarks and leptons among the composites.

(v) Both Gpc and the preflavor group Gpr must
be anomaly’ free; 't Hooft® has shown this as a
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necessary condition for forming massless composite
states from massless preons. Quarks and leptons are
essentially massless on the scale of Apc; their small
masses are produced via electroweak interactions.

(vi) It should be possible to unify Gpc with the
usual strong and electroweak interactions at some
mass scale.

The results of our previous analysis strongly indi-
cates that four- and five-flavor preon models are not
consistent with these constraints; we also found that
the only possibly allowed six-flavor preon model is
one with a single color triplet and three color sing-
lets of preons. Models with two color triplets or one
triplet and one antitriplet cannot be anomaly free
and reproduce the correct composite charges simul-
taneously. We will use the following notation
remembering that the flavor groups we will analyze
are left-right symmetric Gr =G X Gg; G (g) must
contain at least SU(3), g XSU(2), (g as a subgroup
in order to reproduce the ordinary strong and elec-
troweak gauge groups. Under SU(3)XSU(2) we
have

AN(_3.9_1.) ’
(B,C)~(l,2) ’ (1.1)
D~(l’.1_) ’

so that color and weak isospin are incorporated at
the preon level.

There have been many attempts’ to find reason-
able composite models, with few successes; there-
fore, we try to impose as few constraints as possible.

In order to study the asymptotic-freedom and uni-
fication constraints we are imposing on six-flavor
preon models we must examine the B-function coef-
ficients'® of the color and precolor groups above the
precolor scale Apc. Since apc>ac at Apc (since
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TABLE 1. Representations, dimensions, anomaly contribution, and S-function contribution

for SUN).
Representation Dimension T K
n N % 1
) N v ~1
2nd-rank A4 N(N-1)/2 (N—-2)/2 N -4
2nd-rank S N(N+1)/2 (N +2)/2 N+4
3rd-rank 4 N(N —1)N -2)/6 (N —=2)N-3)/4 (N —3)N —6)/2
3rd-rank S N(N +1)N +2)/6 (N +2)N +3)/4 (N +3)N +6)/2
Adjoint N2—-1 N 0
precolor is strong at Apc) a minimal condition for A. SUWN)
unification is that Bpc> B¢ so that apc~ac some-
where. This is a minimal condition and the only one For SU(N) we have
we will impose in what follows. In general, we may 1
. 1 4
write BPC=TN"‘T(3T1+2T2+T3) (2.1

B=5Cy(G)—38,(F) , 1.2)

where C,(G) [=N for SU(N) and 2(N —2) for
SO(N)] represents the gauge-boson contribution to
the B function and S,(F) depends on the number
and representations of chiral fermions present in the
theory. Remember, above Apc, it is the preons
which control the fermion contributions to the B
function. The QCD S function above Apc is given
by

Bc=11—3dpc , (1.3)

where dpc is the dimension of the precolor represen-
tation of 4. Note dpc < 16 for SU(3)¢ to be asymp-
totically free.

The fermion contribution, S,(F), can be written as

—28,(F)=—2X203T,+2T,+T3),  (14)

where T is the contribution of 4, T, that of B or C,
and T; that of D. This will be used in what follows.

II. ANALYSIS OF CONSTRAINTS

The first constraints we will impose on our six-
preon models are the following:

(a) The precolor group Gpc must be asymptotical-
ly free (AF).

(b) Both Gpc and the gauged part of the preflavor
group Gpr must be anomaly free.

(c) Unification of Gpc with the usual electroweak
and strong interactions should be possible. The ac-
tual constraint imposed here is that Bpc>Bc>0
above Apc (=~100—1000 TeV).

(d) At least one ordinary composite generation
must exist. Let us now turn to individual cases.

and B¢ given by (1.3). Table I shows the values of
T; for various SU(N) representations.

(i) In this case we take 4 ~R under SU(N) and B,
C, and D as R so that anomalies cancel automatical-
ly and T\=T,=T3=T. We assume that either
R3~1 or R2R ~1pc. The only possibility here is
that R is the second-rank antisymmetric representa-
tion of SU(N) (which we denote by 4) since for
larger representations Gpc will not be AF. We find

33—N(N-1)
-

These lead to the constraints that 3<N<7. We
find that the only N for which 4 satisfies 424 or
A3~ 1pc is N=6 where 4 is the 15-dimensional rep-
resentation of SU(6). Here Gr=SU(6); XSU(6)r
XU(1)y.

(i) We now assume that we have at least two dif-
ferent representations of Gpc and try to make
3T, +2T,+T; as small as possible. The first
choice is to choose 4,B,C ~n and D ~4 (or 7 and 4,
respectively). Any larger representations will not
satisfy the anomaly constraints. In this case
T1=T2=-;-, T;=(N —1)/2 so that the constraint
Bpc> Bc >0 implies that 4 <N <16. We now must
turn to the anomaly cancellation problem; let K,
K,, and K; represent the contributions to the anom-
aly by 4, B or C, and D, respectively. For anomaly
cancellation we must have 3K;+2K,+K;=0;
Table I shows the contributions to the anomaly of
various SU(N) representations. There are three sub-
cases:

(@) K;=K,=1, K3=—(N —4) =N =9 only.
Here we have 4,B,C ~n, D ~4; the flavor group is

Bec=—+N +8, Bc= 2.2)
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TABLE II. Precolor singlets for SU(N) preon models as discussed in the text.

i iia i

iiia iii iva va vB

Color triplets

ABB X

ABB

ABB

ABC X

ABC

ABC

ABC

ABD X X
ABD

ABD X
ABD

ACC X

ACC

ACC

ACD X X
ACD

ACD X
ACD

ADD X

ADD

ADD

AAB

AAB X

AA4C

A4C X

AAD

AAD X X X

X
X
X
X
X
X
X
X
X
X X
X
X X
X

Gpr=SU(5), XSU(5)g XU(1)
XU(Dg XU(1)y . (2.3)

B) Ki=—-K,=1, K3= —(N —4) =N =5_0n1y.
We find then that 4 ~n, (B,C)~f, and D ~4; the
flavor group is the same as in (@) above.

(y) Kj=—K;=—1, K;=—(N—4)=>N=3
only. This does not satisfy the asymptotic-freedom
bound obtained above and so this case is ruled out.

(i) Now we take T\=T3;=+, T,=7(N—2)
such that we again find 4 <N <16 from the con-
straint Bpc>Bc>0. There are again three cases
that have to be considered for anomaly cancellation:

(@ Ki=K;3=1, K=—(N—4) =N =6 only;
this gives the representations 4,D~n, (B,C)~A.
The flavor group is

Gpr=SU(4), XSU(4)g XSU(2),
XSU((2)g XU(1)y . (2.4)

(B) K;=—K3=1, Ky=—(N —4) = N =5 only;
we find A ~n, D ~fi, (B,C)~A with the same Gpp
as in (a) above.

() K;=—K3=-1, K)=—(N—-4)=>N=3
only; this is inconsistent with our asymptotic free-
dom constraints and so this model is ruled out.

(iv) The next case we consider has Ty =(N —2)/2,
T,=T;=7; we find that N=4, 5, and 6 are the
only values allowed by the constraint Bpc> B¢ >0.
There are again three cases:

(@) K;=K;3=1, K;=—(N —4) =N =5 only,
we then have 4 ~4, (B,C)~n, and D ~n. The fla-
vor group in this case is '

Gpr=8U(3), XSU(3)g XSU(3);,
XSU3)r XU(1)y . (2.5)

B K3=—K,=+1, K;=—(N —4). No solution
exists.
() K3=—K;=—1, K;=—(N —4). No solution
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TABLE II. (Continued.)

i iia i iii8 iva va vB
Color singlets
AAA
BBB
BBB X
BBC
BBC X
BBC X
BBD X
BBD X X
BBD X
BCC
BCC X
BCC X
BCD X
BCD X X
BCD X
BCD X
BDD
BDD X
BDD X X
cce
ccC X
CCD X
cch X X
cCp X
CDD
CcDD X
CcDD X X
DDD
AAB X
AAC X
AAD X

exists. .

(v) The last case we consider is Ty=-5,
T,=T3=(N —2)/2. There are many subcases here
but only two are successful:

(@) A ~n, (B,C),D ~A4 with N=S5 only; Gpg is the
same in this case as in (2.5) above.

(B) A ~n, (B,C)~A4, D~A with N=17 only; Gpg is
again the same as in (2.5) above.

To summarize the SU(N) situation, we have

TABLE III. Representations, dimensions, and J-
function contributions for SO(V).

Representation Dimension T
Vector N 2
2nd-rank A4 N(N—-1)/2 2(N -2)
2nd-rank § N(N+1)/2—-1 2(N +2)
Spinorial (N even) 2N/2-1 aN/2=3
Spinorial (N odd) 2N -172 2(N =3)/2

several models which are anomaly free and satisfy
the constraint Bpc>Bc>0: SU(5) for models iif,
iiip, iva, and va, SU(6) for models i and iiic, SU(7)
for model vB, and SU(9) for model iiac. We now
must turn to the spectrum of composites produced
by these various models; these are shown in Table 11
where the singlets under Gpc are indicated. We see
immediately that five of these eight models do not
have the correct particle spectrum; iva, va, and v
have no color singlets while in iia and iiB color sing-
lets form isotriplets only. The only models surviv-
ing are now i, iiic, and iiif so that N=5 or 6.
We will return to these models below.

B. SOV
For SO(N), Bpc is given by
Brc="2(N—2)—+(3T\+2T,+T3),  (2.6)
while B, is still given by (1.3). The advantage of
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TABLE IV. Precolor singlets for SO(N) preon models as discussed in the text.

1 2 3

4

oo

5 6 7

Color triplets

ABB
ABB
ABB
ABC
ABC
ABC
ABC
ABD
ABD
ABD
ABD
ACC
ACC
ACC .
ACD
ACD
ACD
ACD
ADD
ADD
ADD
AAd
AA4B
A4AB
aac
44AC
AAD X

AAD X

X X X X
X X X X

X X X X

X X X X
XXXXXXXXXXXXXXXXXXXXX

X X X X

X X X

XXX X XXX

X X X
XXAXXXXXXXXXXAXXXXXXXXX

XX XX XX
XX XXX X

SO(N) as precolor groups is that all SO(N) represen-
tations are automatically free; this however leads to
a much more complex composite spectrum in gen-
eral. In this case, we will find that the preons may
be in the vector, spinorial, and second-tank tensor
(both symmetric and antisymmetric) representations
without violating the constraint Bpc> B¢ >0. Table
IIT shows a list of relevant SO(N) representations
and their corresponding values of T. The basic pro-
cedure is the same as in the case of SU(N) except
that we need not consider any anomaly constraint
conditions since no anomalies exist within SO(XN)
groups. 4 and S will label the 2nd-rank antisym-
metric and symmetric tensor representations, respec-
tively. We will simply list our results below.

1. 4,BC~pn, D~A4 (4<N<16) or D~S
(7<N <16). The flavor group is

Gr=SU(5); XSU(5)g X U(1) XU(1)g XU(1)y .

2.7

2. A,D~n, (B,C)~A4 (10<N <16); no solution
exists if (B,C)~S. The flavor group is

Gr=SU(4), XSU(4)g XSU(2),
XSU(2)g XU(1)y .

3. B,C,D~n,A~AorS. No solution exists.

4. A,B,C~n, D~SP (the spinorial representa-
tion) If N is even, 6<N<16; if N is odd,
7<N <15. Gy is given by (2.7).

5. A,D~n, (B,C)~SP. For even N, 6<N <16,
while for odd N we have 7<N <15 only. Gy is
given by (2.8).

(6 B,C,D~n, A~SP. For even N, 6<N < 14;
for N odd, 5 <N <11. The flavor group is

Gr=SU(3); XSU(3)x XSU3);,
XSU@3)z XU(1)y . 2.9

7. A~n, B,C,.D~A4 (3<N<16) or S (10<N
<16). Gy is given by (2.9).

8. A~n, B,C,D~SP. For even N, 6<N <16,
while for N odd we get 7<N <15. Gy is given by
(2.9).

We now must examine the composite-fermion
spectrum in each of these cases.

(2.8)
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TABLE 1V. (Continued.)

1 2 3

4 5 ) 7 8

Color Singlets

AAA

BBB

BBB
BBC
BBC
BBC
BBD
BBD
BBD
BCC
BCC
BCC
BCD
BCD
BCD
BCD
BDD
BDD
BDD
cccC
ccC
CCD
cch
CCD
CDD
CDD
cbD
DDD
AAB X
AAC X
AAD X

X X X X X X X
X X X

X X X

X X X

X X X
X X X X X X X

X X X

X X X

Table IV shows a listing of the precolor singlets in
each of the eight models discussed above; note that
models 1 and 5 are ruled out since these models con-
tain only weak isotriplets of color singlets. Models 3
and 8 contain no color singlets and model 4 has iso-
singlet color triplets; these models are all ruled out
leaving only 2, 6, and 7 as viable—there are only
three models based on SO(N) consistent with the
AF, unification, and anomaly constraints with
reasonable composite spectra.

III. THE COMPOSITE SPECTRUM

We now turn to an examination of the composite
fermion spectrum of each of the three SU(N) and
three SO(N) which passed the initial constraints.
We turn first to the SU(N) models iiia and iiif
which have rather simple composite spectra.

Model iiia. In this model we have

) 3.0

and either

A: = (3.2)

or

u A4

B: = |17 | - 3.2

d

In either case, the other color-triplet isodoublet is
exotic; in case A we have

A4B

zicl with Q=

and B—L=—7,

w|s Wl

(3.3)
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while in case B we find

4acp| 3
ABD |’ with Q= 2

3

and B—L=—+ .

(3.3
We find
04 =’;‘, 0p=0c—1=0, QD=_%

and
(B—L)y=7 ,
(B—L)g=(B—L)c=—(B—L)p=1

in model A; in model B we have
3

1 1
Qi=—359=7 Q=0 —1=—7,

and
(B—L)y=—+5(B—L)p=+,
with

1

(B—L)p=(B—L)c=—7 .

Model iiif. In this case we find

v BDD
e|™ |CDD (3.4)
and
u ACD AAC
=" lor 22 (3.5)
d|~ |aBD |*" 4B | -

Either choice leads to the usual charge assignment
for both color-triplet isodoublets:

Qi=30=7, Qc=0p+1=1
and

(B—L)y=3(B—L)p=+,

(B—L)p=(B—L)c=1.

Model i. This model has a very complex compos-

ite spectrum:

Triplets:
ACCh 4ep)| (2aB) ___
ABC|, |4pp| |g7c|- 44D, 4DD;
ABB

Singlets:
cDD CDD AAC (x?
bb | |BoD | |azB| |“BP|>
. BBD

_ CCB (3.6)
.Fmi BBC ccc
m?xmp, BBB CCB

CBD BBE

There are two isodoublet color triplets, two iso-
singlet color triplets, and an isotriplet color triplet.
The lepton spectrum contains four isodoublets, two
isotriplets, two singlets, and a quartet. There are at
least four possible charge and B — L assignments in
this model; a sample solution is

Q=7 Op=7, Qc=03+1=0,
(B—L)4=5, (B—L)p=3,
(B—L)g=(B—L)c=—1.

In the case of SO(N), models 6 and 7 have identi-
cal composite spectra

v AAB Adp

e]” ldc) ’ (3.7)
u AAB 44C| __  ___

d = ZA— C or XA—B— > AA.D Iy AAD ’

so that Qp=Qc+1=0 and (B—L)g=(B—L)¢
=—1 from the lepton sector alone; note Q; and
(B —L)p are arbitrary at this point since D does not
ma%te up any isodoublet members. We ﬁm‘i Q4
=3‘(B —L)A =—73, Or QA = —7(3 —L)A =% de-
pending upon which doublet corresponds to (u,d);
the isosinglet properties depend on the nature of D.
In one case we also get an isodoublet color triplet
with

E
3
Q=|:| and B—L=—3 (3.8)
3
or we have
1
-3 )
Q= 4 and B—L=—+ (3.8
3

(3.8’) is similar to (3.3).

The last model we will consider is model 2 which
has a very lengthy spectrum of weak isodoublets:
Triplets:
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ADB ADB ADC
ADC |’ |ADC|* |4ADB|’
4bc| (a4B| [14C 3.9)
ADB |’ |44Ac|’ |44B
Singlets:
BDD BDD BDD AAB
CDD |’ |cpD|” |cDD| |44cC|"

We can choose the Q and (B —L) values in many
ways at this point; an interesting choice is

Op=(B—L)p=0, Qp=Qc+1=0,
(B —L)B=(B —L)c=—1 ,

which yields four generations of ordinary lepton
doublets. We also obtain two ordinary quark dou-
blets:

ADB ADB u
as well as four exotic doublets
o —— 5
ACD ACD 3
ABD | |aBD | 92" - ’
B—L=1/3

—_— 4

448 o (3.11)

aic|™9= |1 ’ ‘
B—L=—11/3

——— 1

AAC -3

1372 |- ’
B—L=—5/3

where Q4 =% and (B—L), =% has been chosen.

Can we apply further constraints to reduce these
six models further? In our previous analysis our fla-
vor group was just SU(5). XSU(5)x and so the
charge operator Q had to be traceless; if we gauge
the left-right-symmetric'! subgroup of Gy then
B — L must also be a sum of generators and traceless
as well. This condition was also used in our previ-
ous analysis. Can we apply such considerations
here?

The flavor groups we have to consider are

Gr=SU(4); XSU(4)g XSU(2), XSU(2)g
XU(1)y, for iiia and iiiB,
Gr=S8SU(6); XSU(6)g XU(1)y, fori,
Gr=S8SU(5); XSU(5)g XU(1),
XU(1)g XU(1)y, forl, (3.12)
Gr=SU(3); XSU(3)g XSU(3);
XSU(3)x XU(1)y, for 6and 7.

For model i, if we leave U(1)y as a global symme-
try, both Q and B—L are generators of
SU(6);, X SU(6)g and, hence, must be traceless. This
has already been incorporated into the assignments
for this model; we imagine the embedding

SU(6);—SU(3); XSU(2);x U(1);xU(1);  (3.13)

and hence obtain the left-right-symmetric model'? as
the relevant, natural electroweak group. In this case
TrQ=Tr(B —L) imposes no strict conditions and
the model survives intact.

For model 1 we can gauge either the entire Gp
[except for U(1)y] or just the SU(5), X SU(5)g sub-
group; if we choose the latter then D is a singlet
under SU(5); XSU(5)g and has no Q or B —L value.
Then we must satisfy

30,+Q5+Qc=0,
3(B—L),+2(B—L)=0.

We must have the values of Qp,Qc,(B—L)g
=(B —L)c given above in order to make leptons
and thus Q4 and (B —L), are totally determined by
the trace conditions:

Qi=7, (B—L),== (3.15)

(3.14)

and none of the color-triplet isodoublets can corre-
spond to (u,d). Thus, if this model is not to be
dropped we must also gauge the “extra”
U(1); XU(1)g factor since we cannot embed Q and
B —L successfully within SU(5); X SU(5)g. There-
fore Qp = %(B —L)p+#0. We cannot, however, con-
strain Qp and (B —L)p within this Gy alone since
the SU(5) and U(1) factors are unrelated; only an
embedding in a larger group could accomplish this
task.

A similar situation occurs for the flavor group of
models iiia and iii3; we imagine the embedding

SU(4),—SU(3); x U(1); , (3.16)
such that
SU(4), XSU(4)g —SU(4)¢
—SU@B)eXU(l)g_r . (3.17)
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Only the embedding into a larger group'? can fully
constrain the charges; a particular choice has been
taken above.

For models 6 and 7 we have the same situation
and we cannot make further restrictions.

IV. CONCLUSIONS

We have analyzed six-flavor preon models based
on precolor SU(N) or SO(N) and have found three
models, based in either group, which pass all of the
constraints. The preon content consists of a single
color-triplet weak isosinglet, a color-singlet weak
isodoublet, and an extra singlet. The models found
are free of anomalies, are asymptotically free, have a
reasonable composite spectrum and may lead to a
unification of precolor with the other inter-
actions—electroweak and strong.

In our earlier work we found that four- and five-
flavor preon models are ruled out and so were two

kinds of six-preon models. The simplest possible
models are thus of the six-flavor variety unless fur-
ther constraints are imposed which could eliminate
them as well.

All of the models we have found contain the
SU@B), XSU(2), XSUR)g X U(1)s_; subgroup with-
in Gpg and, hence are naturally left-right sym-
metric; these models also contain exotic composites
in either the color-triplet or color-singlet sectors or
both.
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