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A B S T R A C T 

We describe attempts to construct a phenomenologically viable model 
which embeds a unified theory of strong, weak and electromagnetic inter
actions in an extended supergravity theory. Following Cremraer and Julia, 
ve assume that the local unitary sytanstry which they found for SC(N) 
supergravity theories is realized dynamically,and that the usual quarks, 
leptons, gauge bosons and Higgs scalars of the renormalizable gauge 
theory are composite states which appear point-like on a mass scale 
below the Planck mass. We argue that this picture leads uniquely to 
S0(8) (or S0(7) ) supergravity with SU(5) as the grand unification 
gauge group. We find that conventional symmetry breaking schemes accor
ding to which particles acquire ail allowed invariant nasses at each 
stage of a step by step symmetry breakdown do not yield an acceptable 
particle spectrum. We argue that the original symmetries of Che compo
site supermultiplet may break dynanically to an effective anomaly free 
renorraaiizable sub-theory, with the underlying supersymmetry serving at 
most to restrict the particle spectrum and to specify the couplings of 
the effective renonnalizable Lagrangian at the Planck mass. Preliminary 
investigations safest that this approach may be more promising. 
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1. INTRODUCTION 
At present most particle physicists belipve that the known 

interactions are described by a renormaiizable gauge theory, namely 

S D ( 3 ) = o I o u r ® S U ( 2 ) I a f t 0 U ( l ) 0 ) 

and many theorists believe in addition that these interactions 
become unified*-1 at a mass scale of about 10 1 5 GeV. The minima! 
grand unified theory (GUT) which can incorporate the product group 
(I) is the SU(5) of Georgi and Glashov-)• This picture has met 
with some phenomenological success. The assumptions of a common 
unification mass scale for the three low energy gauge groups and 
of essentially no new physics below this scaJe determine-^ the 
weak angle which parameterizes neutral current couplings at the 
value2*) >5) 

sin26T = 0.206 ± 0.006, (2) 

compatible with values obtained from analyses ' of the present 
experimental data 
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sin 2 9 = 0.229 ± 0.008 (expO = 0.006 (theor.) (Ref. 6)") 
(3) 

sin 2 9 = 0.238 i 0.011 (Ref. 7) j 
0) 

In addition, the minimal GUT relates quark and lepton masses" at 
Wls GeV. Evaluation of syimnetry breaking effects**) gives, for 
example the ratio"*' ''* 

m b/m x = 3 , <4) 

again compatible with experiment. A further crucial test of at 
least the minimal GUT will soon be forthcoming with searches for 
nucléon decay with the predicted lifetime'"} 

T * 1 O 3 0 ± 2 years. (5) 
.-' proton 
However, the existing models for grand unification also have 

conspicuous failures which strongly suggest that they are incom
plete. They contain far too many free parameters: most of the 
fermioa marses and weak mixing angles are undetermined, as well as 
the couplings and even the field content of the scalar sector. 
There is a notorious "gauge hierarchy" problem which is the diffe
rence of about 12 orders of magnitude in the mass scales at which 
the initial breaking 

GUI -• SU13) 0 S*d(2)r ® CCI) C6) 
C L 

and :he f ir jal breaking 
SU(2)T 0 U ( 0 - UCO (7) 

L s .m. 
are found to occur. This is in fact the same problem or parameter 
adjustment, but it appears particularly unpalatable as it requires 
a readjustment of parameters in the scalar potential to many orders 
in perturbation theory. Finally, what is perhaps the most glaring 
defect of grand unification is that it excludes gravity which we 
know must become important at a mass scale m̂ , = 10 GeV, and 
another hierarchy problem'O i s to understand why the GUT unifica
tion scale is about four orders of magnitude lower. 

On the other hand, while there is no sign of the phenomenoLo
gical relevance of supersymmetry, let alone supergravity, the only 
known technology which might allow a marriage of renormalizable 
gauge theories with gravitational interactions is extended super-
gravity'2). The largest such theory known is M = 8 supergravity 
in which the elementary fields include 28 vector bosons which 
form the adjoint representation of a global S0(3) symmetry. Even 
if SO(8) is gaugeable, it is too small'*) to contain the observed 
gauge group of Eq. (1). Therefore this approach appeared to be a 
dead end until ~remmer and Julia discovered1-) that S0(N) super-



gravity theories have a concealed, nonlinear, iccal unitary symmetry: 
U(N) for N = 4, 5, 6 and 5U(8) for N = 7 or 8. They conjec
tured that the local gauge symmetry nay become dynamically realized. 

A supporting example for this conjecture comes from CP 
models in two dimensions'^'. This model contains n complex scalar 
fields with the normalization condition 

T |A.|Z = I (8) 
i-l 

so that it in fact contains 2n - 1 real scalar fields. The 

Lagrangian is 

Since the vector field V, has no kinetic energy term it is net a 
propagating field and is determined by the equations of motion in 
terms of the scalar fields: 

|£. = o = -2V + i Z A.* V A. (10) 

The Lagrengian C9) satisfies a formal Qfl) gauge invariance: 

A. - e A., Vti - VIP - 3,pA (I J) 

which can be used to reduce the number of scalar degrees of freedom 
to 2n - 2 by s particular choice of gauge. While the U(l) gauge 
invariance of the Lagrangian (9) is apparently a rorxal artifact, 
investigation of the two dimensional theory in the 1/îî expansion 
shows' •* that the propagator for the composite vector field operator, 
which is just the conserved Ufl) current, develops a pole. So 
also does the partner fermipn in a supersymmetri: version oi the two 
dimensional CP D _ 1 model15-'» ' . 

In S0(3) supergravity, the supermultiplet of elementary 
fields is self conjugate and contains spins 0 to 2 with multi
plicities determined by the binomial expansion coefficients 16): 

1 spin 2, 8 spin 3/2, 28 vectors, 56 spin 1/2 and 7C scalars. 
The scalars transform according to the 70. representation of S0(3) 
which is an explicit global invariance of the theory. Making use 
of the implicit SU(8) local gauge invariance ]3> one can introduce 
63 additional scalar fields which correspond tc the parameters 
of the gauge transformations. This gives a tota. of 133 scalar 
fields which form a representation of a non-compact £_ which is 



also a global invariance of the theory. The original SO(8) global 
invariance group is a subgroup of both E_ and SU(8). 

The 133 scalar fields can be represented by a 56 x 56 matrix 

-[AB][MN] -[AB1 (12) 

where square brackets imply antisymmetrization of indices, 
A,B = 1,...,8 transform under SU(8), and M,N = I,...,8 transform 
under E7 (The elements of ((2) satisfy additional constraints so 
that the number of indépendant components is indeed 133). One may 
construct an E7 invariant composite vector operator from the 
matrix product , . 

"y S ) S " U & B C "1 - rr .1 / 03) D] 20 [c . D] 
\ A ° B ] 

which is a nonlinear function of the elementary scalar fields; 
the ?,j contains a linear term which is the gradient or a scalar, 
while Q. g is a traceless 8 * 8 matrix which transforms accor
ding to the adjoint representation of SU(8) and is in fact the 
part of the conserved SU(3) current matrix constructed from the 
scalar fields. Creamer and Julia constructed explicitly only chis 
part of the Q, , but their generalization to supercovariant ope
rators should correspond to the full SU(8) conserved currents, 
containing fermion field bilinears, etc. 

We conjecture that the composite operators so constructed 
become propagating fields which correspond to the standard gauge 
fields of low energy phenomenology, the photon, colored gluons, 
the '-7,Z of weak interactions, as well as the X and Y of SU(5) 
and additional (super heavy) gauge fields associated with the gene-
T=ition group. We further conjecture that the additional fields of 
the low energy theory, the observed quarks and leptons and the 
scalars needed for synmetry breaking, are dynamical realizations 
of composite field operators which belong to the same M = 8 
supersymtaetric sultipiet as the conserved current. Ac. objection to 
this conjecture xight be that, contrary to the case tor the C? n -' 
models, the S = 8 supergravity theory is infrared finite in 
perturbation theory, invalidating the previous analogy. Me would 
then appeal to some as yet undiscovered non-perturbative phenomenon 
as being responsible; the point is really that such a dynamical 
realization of composite oDeracors appears at present as the onlv 



hope for reconciling the particle spectrin of the low energy gauge 
theory with supergravity. 

Once this viewpoint is adopted, we are led to a unique candidate 
theory for the embedding of a GUT in a sup.̂ rgravity theory, namely 
S0(8) supergravity with an SU(5) GUT, The argument is based on 
three points: a) the largest supergravity theory is S0(8), so the 
largest dynamically realized gauge group is SU(8), b) the minimal 
GUT is SU(5), and c) since all observed particles are contained 
in a common supermultiplet, its algebra must contain a non-trivial 
generation group for which the minimal candidate is SU(2). Since 
U(5) and U(6) do not contain SO* (5) ©Su*(2), let alone anything 
larger, we are immediately led to S0(7) or S0(8) supergravity 
with -_ • 

SU(8) a GUT ©Generation group. 

Since SU(8) has rank 7, and the minimal GUT has rank 4, 
inclusion of a generation group restricts us to GUTs with rank 4, 
5 and 6. Georgi and Glashow2) showed some time ago that the only 
acceptable rank 4 GUT is SU(5}. Similarly, the only viable3' 
rank 5 GUT is S0(!0), but this is not contained in SU(8). It 
is then easy to see that SU(8) does not contain the produce of 
3U(2) with a suitable*) rank ô group. Me are thus uniquely 
restricted to 

SU(S) - S'JC5)„T ® SU(3)_ ® L*(l). •JUT Gen 

The philosophy which we tentatively adopt is the following. 
We plead ignorance of the dynamics of the underlying fully super-
symmetric and SU(8) gauge invariant theory, but assume that 
composite states are generated dynamically, and that at, say, the 
Planck mass the full symmetry breaks by some unspecified dynamical 
mechanism down to SU(5), possibly, but not necessarily, with an 
SU(3) or SU(5) ® SU(3) invariance at an intermediate stage above 
the mass scale of ]0 1 5 GeV where we believe SU(5) to break 
through a conventional Higgs mechanism- We use the initial sym
metries only to study the particle spectrua and constrain couplings; 
our strategy consists of two steps- First we look for the super-
muitiplet which contains the conserved currents of SU(8), which 

We are implicitly assuming that the GUT by definition unifies only 
the presently observed interactions and does not account for gene
ration replication; the assumption that GUT commutes with the 
generation group, which vill be relaxed in section 4, allows it 
to be made fully natural*1' in the Glashow-Heinberg' ' ' sense. 



are assumed to be realized on mass shell as the corresponding gauge 
bosons. We further assume that this multiplet contains all the 
particles relevant to the "observed" low energy gauge theory 
(fermions and Higgs scalars), as well as many unobserved states 
including some of high spin. We ignore the fields contained in the 
original supergravity multiplet (preons) as being superconfined, 
with the exception of the graviton which is an overall singlet. 
Finally we adopt a conventional, purely group theoretical, symmetry 
breaking scenario according to which whatever states which can 
acquire invariant masses at each stage of symmetry breaking do so, 
and ask what states remain raassless at each level. That is, do we 
end up with an acceptable low mass particle spectrum? We shall see 
in section 3 that the answer is negative, and in section 4 that 
•assuming we misidentified the supermultiplet and/or the overall 
pattern of symmetry hierarchies does not alleviate the problem. In 
section 5 we consider an alternative conjecture'^-', according to 
which the effective theory of the self-interacting composite fields 
breaks dynamically at the Planck mass to the maximal renormalizable 
sub theory, and conclude that this approach appears somewhat more 
promising. 

2. THE SUPERMULTIPLET CONTAINING THE SU(8) VECTOR FIELDS 
We take the point of view that the vector fields in the adjoint 

representation of SU(3) are described by composite fields which 
are at least bilinear in the fundamental fields of the theory. 
The expressions given by Cremmer and Julia'-) are functions of the 
scalar fields alone, but it is clear that in a supersymmetric des
cription there will be additional terms containing the other funda
mental fields (which have spins up to 2), and that the vector fields 
are just the fields describing the conserved SU(8) currents. 
Therefore, the problem of finding the other members of the super
multiplet is the same as that of finding the supermultiplet of the 
"supercurrent", to which belong, in particular, the spinor currents 
(spin 3/2) and the (chiral) vector currents (spin 1). The corres
ponding particle states can then be obtained by putting on the mass 
shell of the composite particles the fields of the supercurrent 
multiplet. 

The supercurrent multiplet is not known for extended super-
symmetry for general M. However, it is known in great detail'^) 
for S = 1. For N = 2 it is known for a simple special case '; 
from the experience with N = 1 , one can assume that the fields 
and the transformation formulas obtained in the special case are of 
general validity for N = 2. In both the N = 1 and M - 2 cases 
we take the supercurrent for a massless supermultiplet of basic 
fields. It is not difficult to see which is the on-mass shell 
superraultiplet tor the composite fields. Since these two cases 
follow exactly the same pattern, one can extrapolate and make a 
"calculated" guess for higher N. 



_l 

Consider for instance N = 1. For massless fundamental fields 
the supercurrent multiplet consists of the axial vector current 
J,,(5), of the spinor current J . and the symmetric energy momentum 
tensor 0 . They are all three conserved and uv 

/J - a u - o. 
U U 

As it is shown in the Appendix of Ref. 19), these fields can be used 
to describe a massive supermultiplet of spins (2, 3/2, 3/2, I). 
It suffices to put them on the mass shell, by requiring all fields 
to satisfy in addition the Klein-Gordon equation for mass m. As 
m -*• 0, this massive sup ennui tip let decomposes into massless super
multiplets having the spins indicated: (2, 3/2) + (3/2, 1) + 
+ (I, i/2) + (]/2, 0, 0). There are two spin I fields, but it is 
easy to see that the axial current gives rise to the spin I field 
of the massless supermultiplet (3/2, 1) (the other spin ! field 
comes from the ra -*• 0 limit of the original massive spin 2). 

Similarly, for N = 2, the fields of the supercurrent multi
plet given in Ref. 3) can be used to describe a massive supermulti
plet having spins 2, 4 * (3/2), 6 * (1), 4 * (i/2), 0. (We take 
the reduced multiplet corresponding to vanishing central change). 
As m •*• 0 this massive supennultiplet decomposes. Among the 
resulting massless supemultiplets one finds an N = 2 supergravity 
multiplet with spins 2, 2 * (3/2), 1, and a supsraultiplet with 
spins 2 * (3/2), i * 1, 2 * (1/2). The latter is Che only one 
which has 3 spin 1 fields in the adjoint representation of S"(2), 
plus a spin I singlet. The additional massive supermuitiplets 
have spin 1 or lower, but the spin 1 are not in the adjoint 
representation. 

The cases N = 1 and S = 2 indicate that, for general N, 
the supermultiplet of states with the vectors in the adjoint repre
sentation can be constructed as follows. One starts with states 
(+3/2)A, with A = I....N, of positive helicity 3/2, belonging 
to the fundamental representation N of SU(N). Applying Co them 
the S spinor charges*', one obtains states (+1)Ag belonging to 
the M ® S. This decomposes into the adjoint representation plus 
a singlet. Continuing chis operation one obtains states 
(+1/2) Ar B C], (0) [BCD] • f - 1 / 2> ArBCDE] . e c c " "H*" 6 Censors are 
totally"antisymmetrized in the tower Indices, which all take values 
l,...N. The procedure scops when one reaches helicity 3/2 - N/2. 
The states of this last helicity are in the same representation 
(3/2 - X/2) A as the original helicity 3/2 states, since a 
totally antisymmetric tensor with M indices is an SU(N) singlet. 
To all the above states one must add the TCP conjugate states 
(-3/2)Aj C-D A

B etc. 

This procedure for constructing multiplets of states is standard. 
See, for instance Ref. 21). 

t i 
i 

L _ . 



We nave constructed the supermultiplet for general S by extra
polating from the known cases for N =• 1 and 2. We can further 
argue that the general result must be correct on the grounds that 
the supergravity current is unique since it is the source of super-
gravity. It is also worth pointing out that the massless multiplets 
so obtained are preciseZy the particle states of superconformai 
gravity (but, hopefully, in the present case, without the accompa
nying ghosts). We may believe the algebraic structure of the super
multiplet which we are studying is more general than the specific 
S0(8) model which was our original motivation. Therefore some 
of our subsequent analysis may have a wider validity than this 
specific model. 

3. THE PARTICLE CONTENT OF THE COMPOSITE MULTIPLET 

Applying the construction obtained in the preceding section for 
the multiplet of the supercurrent on aero mass shell, we obtain the 
states of Table 1 and their TCP conjugates, (We start with negative 
rather than positive helicity because we want to embed left-handed 
10-plets and 5-plets in the usual SU(5) gauge theory; this 
simply means that we define the spinor operator of supersymmetry 
transformations which is an 8 of SU(S) to be lefc-handed). 
Except for the first and last entries, each helicity state trans
forms according to a reducible multiplet of SU(8), (h) a 

, j vhich decomposes int-i its trace, Cn)afab. .1 > a t u* a Graceless 
part which is the larger irreducible representation in each case. 
In addition to the spin I 63-plet which we identify with the 
SU(8) gauge bosons, we are interested in fermions and scalars. 
The left-handed spin 1/2 traceless multiplets decompose under 
SU(5) ® s * K 3 > G e n as 

216 = (10,3) + (5","3) + (45", 1) + (1,3) + (5,1) 
+ (1 ,6) + (24,3) + (5,8). 

504 = (45,3) + (40,3) + (24,1) + (15,1) + (10,1) 
+ (10,8) + (ÎÔ",ô) + (TO,!) + (5,3) + (1,3") 

(14) 

The first two terms represent obvious candidates for the three 
generations of light fermions. The scalar 420-plet decomposes 
according to 

420 = (24,3) + (5,3) + (5,6) + (45,3) + (40,0 ( ] 5 ) 

+ (TO",!) + (5~,1) + (10,1) + (10,8) + (1,3) 



Heliciny -3/2 -] -1/2 0 + 1/2 + 1 +3/2 +2 +5/2 

SU(8) 

concent 
Ï 1, 

63 

8, 

216 

28, 

420 

56, 

504 

70, 

378" 

56", 

768 

28. 

36 
Ï 

Table I. Helicity states of the composite multiplet of SU(8) 
gauge vectors. 

If the generation, triplet of 24's acquires a vacuum expectation 
value at a scale of 1 0 1 S GeV, it will serve to break 2).4) SU(5) 
down to SU(3) Q SU(2) © U ( l ) , and any combination of S's and 
45's can be u§ed 2>> 4) ko break SU(2) L ® U(l) down to U ( l ) e . m . 
at the second stage of the usual GUT hierarchy. One would like the 
same objects to generate fermion masses. The (5/3), (5,6) and 
(45,3) all have SU(5) © S U ( 3 ) G e n invariant couplingsto the 
fermion bilinear 

(10,3) L (5,3) L 

which is the conventional source of masses for charge -1/3 quarks 
and charged leptons. However, in the fermion bilinear which can 
give masses to charge 2/3 quarks 

(10,3) O 0 . 3 ) L = (I + 4j + 50, 3 + Ï) 

only the symmetric part, (5,6) + (45,3) + (50,6), can contribute, 
and none of these representations is contained in the multiplet (15) 
nor in the scalar 28-plet. Retaining the aesthetic and simp_l_e 
identification of the observed fermions with the (10,3) + (5,3) 
would then imply that the top quark mass arises from radiative 
corrections, which seems somewhat hard to swallow even if generation 
SU(3) is already broken at the Planck mass. However, there is also 
a {10,1 )L + O 0 , 8 ) L in the conjugate of the helicity +1/2 504, 
some of which might also be identified with the three 10's of 
5U(5), if one is willing to abandon a simple interpretation of the 
generation group. We will see in section 5 that this complication 
may indeed be what happens. 

There is also, of course, a lot of unwanted garbage in the 
states of Table 1. We should remark at this point that we checked 
that the SU(8) gauge currents are not anomaly free at the preon 
level, nor at the composite level either, and presumably the spinor 
currents coupled to higher spin states also have anomalies. The 
singularities arising from anomalies could induce large masses in 



some states and effectively remove them from the theory below the 
Planck mass. However at this stage we simply ignore the question of 
what mechanisms induce masses (and also che question of what keeps 
some scalars effectively massless so that the usual SU(5) gauge 
hierarchy can go through), and take it as an empirical "fact" that 
SU(S) is a good gauge symmetry above 10 1 S GeV and SU(3)C © SU(2) 
®U(I) is good above 10 Getf. Then, as in conventional Higgs and 
super-Higgs symmetry breakiug mecha.iisms , those states which can 
acquire SU(5) gauge invariant masses will have m - mp, those 
masses which are SU(3) @ SU(2) ©U(l) invariant will be m = 10 1 E 

GeV, and those which break SU(2)L will be ra = 103 GeV (with 
the very light fermian masses possibly corresponding to zeros in 
the original mass matrix), A spin 1/2 fermion, for example, in 
a representation r of SU(5) acquires a iias_s 0(&%)_., if Che 
reducible representation (8)^ + (216)L + (56")L + (504-)L contains 
the conjugate representation r" as well as r. For a massive 
higher spin fermion, rotational invariance in its rest frame demands 
that all helicity states n, a-1,..., -n occur. Therefore elimi
nation of a spin 3/2 object in representation r requires that 
r + r" be contained in the -3/2 representation 8 + 56 + 168 and 
also in the -i/2 representation given above. One sees immediately 
£hat the charged members of the SU(5) 5-plet contained in the 
8"-plet of -5/2 states will never acquire a mass if conventional 
SU(5) charge assignments are used and if electromagnet-Ism remains 
unbroken. One might try to argue that the confined color triplet 
of spin 5/2 has such highly non-renorm2lizable interactions that 
its bound states acquire masses beyond the reach of present expe
riment, faut we certainly caznot tolerate a massless charged lepton, 
which must remain forever massless as it has no heiicity partner. 

Since the program described up to here has obviously failed, 
we tried several alternatives which we outline in the r.exz section. 

4. ALTERNATIVE SCENARIOS 

A possibility might be that we misidentified the multiplet 
containing the conserved vector current. Me also tried a multiplet 
with the structure 

( - » M . ( . , / 2 ) M , { . „ M , C . 1 / 2 ) M M)M. < I 0 ) 

The supermultiplet (!6) contains 3/2 as its highest half-integral 
spin, and this falls in a complicated reducible multiplet where we 
might hope to find at least opposite charge partners for everyone. 
This turns out not to be the case. 

A second possibility is that we have been taking our conven
tional view of GUT too seriously, and that we should bypass S'J(5) 

L 



as an intermediate, physically relevant symmetry. Our previous 
difficulty was that the electromagnetic theory was noc vector-like. 
We can cure this by imposing charge symmetry en the 'uasic super-
multiplet. The only charge assignment which does that and which 
preserves the factorization and observed charge spectrum of the 
observed group (I) is 

8 " & e o l o a r t Q - 0), 2 S U C 2 ) L ( Q , Q - , ) , -Q, -Q • ,, 0]. 

We found that in order to give masses to all spin 3/2 states we 
had co impose an additional and amusing charge quantization condi
tion, Q = n/3, which gave us quarks and leptons with the conven
tional charges as well as integ^ *lly charged coloured quarks and 
fractionally charged leptons (which might possibly be found'12) on 
Niobium balls). However, even in this scenario we found it neces
sary to abandon partially the principle of attributing all possible 
invariant masses at each stage of breaking; some spin 1/2 self-
conjugate Sl!(2) triplets had to remain massless until after S1H2) 
breaking to feed left over 3/2 states which would otherwise have 
eaten desirable fermions. 

A much worse result was that we were left with many massless 
unpaired helicity states which were non-singlet and non-self-
cocjugate under colour SU(3). The previous argument wishing away 
bound states of high spin quarks would noc seem applicable to spin 
1/2 states. In addition, ever, if one could wish away all the 
bound states of such quarks, it would seem difficult to wish away 
their loop contributions to gluon se]5-couplings at low energies, 
and we would expect them to generate parity violation in strong 
interactions. We could try to impose Chat the basic supermultiplet 
be self conjugate, and thus vector-like, with respect to both charge 
and colour. For N < S, the only such possibility is SU(8) with 

8 = [3 C(Q), 3"c(-q), 2 L ( Q ' ' - Q , ) ] - ( 1 7 ) 

The observed SU(2) charge structure dictates -Q' = Q' - I, so 
Q' = !/2, and we found that there is no choice of Q which repro
duces the observed particle charge spectrum. (Another possibility, 
net a priori vector-like, for embedding SU(3) ® SU(2). in SU(8) 
would be wich a fundamental 6-plat transforming like a colour 
triplet and an SU(2) singlet; this does not work either,) 

The major difficulty is simply that the composite multiplets 
of S0(8) supergravity appear as chiral multiplets of dynamics' 
SU(8). This chiralicy property is a priori appealing as it may be 
relevant to the apparent masslessness of the neutrino and the 
observed chirality of weak interactions. Our problem is one of 
two much chiralicy; we are unable to make any interactions vector-
like. Is there any way to salvage the marriage of low energy gauge 



theories with supergravity? One might ar^ue that any composite 
supermuitiplet containing vectors which transform according to the 
adjoint representation of the unitary group might be the one contai
ning dynamically realized physical s rates, on the grounds that the 
vector interactions have to be those of a Yang-Mills theory if they 
are to result in an effective renorraalizable theory. One could 
further argue that the condition S = 8 is not necessary. Since 
the supermultiplets contain large irreducible representations of 
helicity 1/2 states, containing repeated representations of sub
groups, it may be that an explicit non trivial generation group is 
not a necessary condition for a realistic theory. Therefore we 
asked the question: is there any suitable irreducible supermulti
plet of SO(N) supersymmetry, with the basic N-plet transforming 
under Sî7(.V) * SU(3) . according to 

colour & 

[3 , , (N - 3) . . . 1 , L colour colour singlets-1 

and which contains spin 1 states which transform according to the 
adjoint representation of SU(N)? A general irreducible multiplet, 
is constructed^!) "by assigning helicity h to some irreducible 
representation R 0 and applying the (automatically totally anti-
symmetrized) îï spinor charges to obtain states of helicity 
decreasing (or increasing) successively by one half unit. Thus we 
consider a multiplet of the form 

^ (IS) 

and impose the condition that states of given half-integer helicity 
in S + S T (the TCP conjugate) be vector-like under Sl"(3), that 
is, that each set of helicity states contain equal numbers of r 
and T where r is any non-self-conjugate representation of 
SU(3). Our analysis of this general case led to the conclusion 
thai: no such irreducible multiplet can be found, at least for 
5 < X < S, which are -rhe limiting values imposed by the minimal 
rank incorporating the observed gauge interactions and the maximal 
supergravity theory. 

Perhaps even the restriction to an irreducible composite super-
ûiultiplet is toe strong, and it might be possible to construct a 
viable theory using some superposition of multiplets. There is 
no obvious way to see that this is possible, and it would require 
a better group theoretical technology than we have found to either 
construct an example or prove that it is not possible. Another 
escape route is to conjecture that a supeigravity theory with 
N' > 3 Eight be constr:ctec by means of a non-linear realization 
of the supersymmetry. For S > 10 it is trivial to impose the 
required vector-like conditions by choosing, for example, a 



decomposition of SU(10) •*- SU(5) according to 

10 = (5, 5). 

In this case even SU(5) is initially veccor-like, and the observed 
chirality would have to be attributed to synnnetry breaking effects. 

There is yet an alternative possibility, which seems to us at 
present the most plausible one, which is that the initial philosophy 
was misguided. We have assumed *:îîat composite states of high spin 
must necessarily acquire group invariant masses in the way we conven
tionally attribute masses to elementary fields described by an 
elementary field theory. In fact we have no notion of how dynamical 
syiaaietry breaking may occur in supergravity theories, nor of the 
dynamics of a self-coupled composite supermultiplet, and In parti
cular no indication that its effective interactions could ever be 
made renormalizable even if the underlying supergravity theory were 
shown to be renonnalizable on the preon level. In the following 
section, we outline an alternative program18' based largely on 
intuition and experimental evidence for the reality of renormali-
zable gauge theories. 

5. AN EFFECTIVE RO082ÎALIZA3LE 3UB-THÏ0RY 

Present experimental data strongly support the belief that lew 
energy physics is describee by renormalizable field theory, which 
as far as we know could he valid up to energies not such below -he 
Planck mass; this is precisely the assumption made in obtaining 
the GUTs predictions (2), (4) and (5). The renormalizable theories 
thac we know consist solely of Yang-Mills vector fields, spin î/2 
fermions, and scalar fields. 

73) 
There is an unpublished argument of Veltman" , which we under

stand as follows: if composite states with masses that are much 
smaller than their inverse size have effective interactions which 
can be described by perturbation theory at energy scales much 
lower than the inverse size, then these interactions must be renor
malizable. Otherwise singularities would arise in the computation 
of vertex functions for which the only available cut-off is the 
inverse size. 

The above two points encourage us to exploit the following 
conjecture'"): the would-be supersymmetry of the effective 
Lagrangian describing the self-interaction of the dynamically 
realized composite supermultiplet in the S0(8) supergravity 
theory is dynamically broken down to a sub-theory containing only 
renormalizable interactions. Those states which do not have renor
malizable interactions may acquire masses ^ (size)~ ^ m p and 
decouple from the effective "low" (< rap) energy theory. Within 



this philosophy we are simply ignoring the previous question as to 
where all the states in the original supermultiplet find helicicy 
partners with the same SU(3)C ©U(l)e.m. transformation properties 
to form a rotationally invariant massive state. Since we are dealing 
with composite states, they could simply become unbound at the scale 
mp or possibly marry helicity components of some other composite 
supennultiplet in a non-supercovariant way. 

We thus arbitrarily reduce the original composite supermultiplet 
to its renarmalizable sector which to our knowledge can contain only 
the Yang-Mills vectors, spin 1/2 fermions and scalars of a renor-
malizable gauge theory which could be as large as SU(8). Aside 
from restrictions on the multiplet structure, are we left with rny 
predictive power at all? An initial working hypothesis'^) might be 
that a remnant of the underlying supersymmetry of the interactions 
Survives in the coupling constants of the residual renormalizable 
theory as specified at the Planck mass. Since perturbation theory 
is by assumption applicable below the Planck mass, the low energy 
theory becomes in principle completely determined. 

Returning to our original arguments that thé only viable 
embedding of a GOT in a supergravity theory requires S0(8) super-
gravity, and that the dynamically realized supernrultiplet is the 
one of Table 1, we reduce the theory to that part which contains 
only the 63 gauge bosons of 5u'(8), the 216 (^ 8?) left-handed 
spinors, the 50̂ - (*• 56?) right-handed spinors, the 420 (*• 28?) 
scalars, and the TC? conjugates of these states. Ac this stage 
there is a certain amount of ambiguity as to how much of the fer^ion 
and scalar sector we should actually retain. Our criterion of 
renormalizability requires us to make the theory anomaly free which 
implies the elimination of some fermions. It is a priori unclear 
as to at what stage and in what way this should be done. Also, in 
addition to the non-Yang-.Mi 11 s J 7& -+ 70 of vector bosons, we 
have discarded the SU(8) singlet accompanying the 63 as it 
does not coupie to a conserved current (this is because of che 
self-conjugate nature of the fundamental supermultiplet which is 
unique to the S0(8) supergravity theory). It could be that the 
trace parts (8 + 3D", 28) of the fermion and scalar reducible 
SL*(3) multiplets go out i.i the wash with the vector singlet, but 
this cannot be inferred from the renormalizability criterion alone. 
In either case, the group theoretical structure of our renormali-
zable sub-theory is much more general than our starting point which 
was S0(8) supergravity; starting with vector fields in the 
adjoint SU(N') representation, application of N supersymmetry 
transformation operators will generate the same fermion and scalar 
states although they can presumably not be made to form a closed 
multiplet. 

The next ste? in our program is to extract a candidate effec
tive Lagrangian for the surviving fields. To this effect we assume 



that there exists an effective Lagrangian describing the self-
coupling of the entire composite superraultiplet which is superfi
cially invariant under global S0(8) supersyntmetry and local SV(8) 
gauge symmetry. We then extract that part which corresponds to a 
renormalizable gauge theory describing the interactions of the above 
subset of fields. There are several methods which we can appeal to. 
Relations have been derived2*) for S matrix elements in an unbroken 
extended supersymmetric theory, ày imposing these constraints on 
the amplitudes calculated in the tree approximation in perturbation 
theory, one can, in principle, reconstruct an effective Lagrangian 
which has the required invariance properties. In practice this 
approach is lengthy, and since we are only interested in a subset 
of couplings, we can make use of supersymmetric Lagrangians in the 
existing literature by noticing that the full symmetry contains 
many smaller symmetries. The eight indices of the basic S0(8) 
[SU(8)J vector (spinor) play a double role: they label the eight 
supersynmetri&s of the theory and the eight fundamental gauge 
transformation properties. We may consider a sub-symmetry which 
is the product of N < 8 supersymmetries with 8 - N variations 
under unitary gauge transformations: 

SO(S) t ® S0C8 - H ) v w-,i • 09) 
supersyrametry Yang-Mills 

Lagrangians for theories invariant under the product group (]9) 
are known ̂-5) f o r j; < /,. T^g \j = 4 case in fact describes a 
real supennultiplet, but is equivalent to a complex \' = 3 theory 
which is relevant for us since the right-handed fermions in Table . 
are not the conjugates of the left-handed feraioiis. The iise of 
known Lagrangians syinroetric under (l?), with the additional cons
traint of a full local SU(8) symmetry allows us to partially 
cons traint some couolings, namely : 

*[Ci20)"] + <£[(2lG)2 * 420] + -£(216 x 504 * i20) (20) 

together with the SU(8) gauge couplings. Even this limited 
sector ofgthe effective Lagrangian displays some interesting 
features , which we summarize. 

a) The quadratic coupling of the 42C vanishes for certain 
non trivial scalar field configurations, so the local SU(8) gauge 
symmetry can be spontaneously broken at the tree level. If we may 
neglect non-perturbative effects, the minimum of the potential is 
then determined by radiative corrections, which in the one-loop 
approximation take the form-"' 

V(0) = E n . M£ CO) in [M?(0)/U
2], (21) 

where u is the field strength for which the tree Lagrangian 



couplings are specified, here assumed to be the Planck mass, M-(0) 
is the mass acquired by the i^h particle in the tree approximation 
when 0 is the scalar vacuum expectation value, and n. = +3, +1 
and -4 for vectors, scalars and fermions, respectively. At this 
stage it is essential that the high spin states have decoupled from 
the effective Lagrangian; it the full supermultiplst were retained, 
the vacuum degeneracy would persist to all orders in perturbation 
theory Ci- it could be defined!). 

b) 3y inspection of the S0(2) & SO (6) and S0C3) ® SU(>) 
sub-Lagrangians which were used to construct the fully SU(8) inva
riant quartic coupling, it is easy to show that the tree potential 
vanishes for certain field configurations.where the only non-
vanishing components of the 420 - plet fy r.. .-I have one lower index 
equal co the upper index: *-J -J 

^[iu/ * ° «*> 

One can see immediately (excluding the unlikely possibility that 
the true minimum occurs for zero field strength), that the 
largest simple unitary group which can remain unbroken at the 
?lanck ciass is SU(5) . this is because the tensor -ij1- ~,-s-f contains 
;io singlets of SU(6) or of S'd(7) , but the diagonal "fori ( — ) 
does contain an SU(5) singlec. 

To pursue our preliainary analysis further we oake the simpli
fying assumption that the true vacuum expectation value h?.s non-
vanishing elements only for fixed values of (k,l) in (22), i.e. 
that it transforms according to the adjoint representation of an 
SUÇ6). Then we can make the following further observations. 

c) The surviving group will be a rank 5 subgroup of SU(6). 
From the study'") of adjoint breaking in SU(5), we can niake some 
guesses as to how the radiative corrections will determine the 
preferred direction of symmetry breaking in SU(6) space. For 
positive n, the lowest vacuum is generally that with the greatest 
degree of (non-vanishing) mass degeneracy. Thus the contribution 
of gauge boson loops alone would choose a symmetry breaking to 
SU(3) £> Sl)(3) © U ( l ) . The scalar loop contribution is more compli
cated to analyse, but is likely to go in the same direction. How
ever, since the fermion loop contribution has a negative coeffi
cient, it will prefer the solution with maximum mass degeneracy, 
namely SU(5) © U(l). Since we have more fermions (with weight 
factor 4) than bosons, they may turn out to play a determining 



role. In the subsequent remarks we assume that the surviving sym
metry at the Planck mass is SU(5) ® U(I). 

d) Keeping only the 420-plet of scalars, at least two adjoints 
and one 5-plet of SU(5) remain massless at the tree level. Such 
massless scalar multiplets are precisely whan is needed to implement 
further symmetry breakdown at lower mass scales through radiative 
corrections^').1 I). In conventional perturbation theory, in fact, 
the massless 5-plet would have been eaten by a 5-plet of ultra-
heavy gauge bosons of SU(8). However, the analysis of anomalies 
discussed below shows that this vector multiplet should already 
have acquired a mass through its anomalous current divergence. It 
remains to be seen whether the masslessness of the SU(2) doublet 
of the 5-plet will survive SU(5) breaking. (There are of course 
other 5-plets in the 28, some of which may remain massless if 
their couplings are included in the effective Lagrsngian.) 

e) If we examine the Yukawa couplings contained in the partial 
Lagrangian (20), we find thac the_ (5, 3), of 216 [see Eq. (14)]' 
remains massless, but'the (10, 3) T acquires masses through its 
Yukawa couplings to combinations of 010, 6), airi (10, 3 ) L 

contained in 504. It therefore cannot be identified with the three 
generations of "massless" 10's in the conventional SU(5) theory. 
Since the set (216)-^ + (504)L contain altogether :2 10's and 
9 10's, including the self-couplings of 504 to £20 will neces
sarily leave at least three iO's massless. These surviving states 
can have SU(8) allowed tree-level couplings to the (5, I) of 
the scalar 420, providing a aeroth order t quark mass upon 
Su(2) breaking. However, the set (216)^ + (504)L also contains 
6 5's and !2 5's, which would_ leave us with at least 6 massless 
5's (and not necessarily any 5's). What actually survives in the 
low energy effective theory depends on how the initial fermion 
content is reduced to an anomaly free subset. 

From an analysis of SU(N) anomalies we learn the following. 
The effective SU(8) gauge theorv cannot be made anomaly free. 
Sub-theories based on SU(7) or SU(6) which are anomaly free 
cannot be made vector-like under su(3)Colour ©U(I) e,m. unless 
they are completely vector-like. On the other hand there is a set 
of fermions contained in (216)^ + (504)^ which has no SU(5) 
anomalies, is chiral, and is vector-like under '" ~ 
U(I)e.m., namely: 

(23) 

This choice is maximal in the sense that it contains the largest 
number of anomaly fr'de helicity states which can be found in 



(2]6) + (504) . (There is another subset with the same number of 
states which is excluded phenomenologically because it is not 
vector-like under S U ( 3 ) c o i o u r . ) We note wxtti satisfaction that t: 
contains precisely three generations of (5 + 10>x, which is the 
minimal number compatible with observation, and the preferred 
number for giving a satisfactory calculation of the b quark 
mass*''^'. The remaining content oE (23) is vector-like under 
SU(5) and can acquire SU(5) invariant (Dirac or Majorana) masses 
0(aip) . We note also that the content of (23) is too large to fit 
into one of the vector-like anomaly free SU(6) or SU(7) sub-
theories of SU(8) . 

A final feature of our effective Lagrangian is that the 3 
function is extremely positive when the full fermior. and scalar 
multiplets are 3includedwith the Yang-Mills fields of SU(S) 
(3 = (K7.3) \t-f2 f° r £ t i e traceless parts). If there are a suffi
cient number or'superheavy fermions which acquire masses only at 
the SU(5,) breaking scale of I0 : s GeV where ^Q\^T - 1/40, the 
coupling may become strong28) at nip, which is desirable if we 
wish to attribute the priEiary dynamical breakdown of supersvxnetry 
to a non-perturbative strong coupling effect. 

In suinaarv, arguments based on the form of the Higgs potential 
as determined from the conjectured underlying symxetry, and on the 
requirement of an anomaly free but non vector-like fermion sectar, 
bcth point to S'J(5) as the largest gauge group which can remain 
unbroken after the conjectured dynamical breakdown of the 50(3) 
supersymmetry at the Planck mass. Superficially, at least, the 
content of the residual gauge theory contains the elements necessary 
to populate the low energy particle spectrun and to permit a perrtur-
bative SU(5) theory to emerge from a strong coupling theory at 
the Planck mass, with the further breakdown of SU(5) at lower 
energies arising from radiative corrections. It remains to be seen 
whether such a program can be made to work in detail. 
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