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1, - WHY SUPERGRAVITY ?

The present theoretical approach to high-energy particle physics is based on so-
me general principles which have received considerable experimental support in recent
years, These guidelines can be summarized as follows: the dynamical framework of
our theoretical understanding of the basic forces of Nature relies on Lagrangian Quan-
tum Field Theory. This framework is supplemented by symmetry principles, i.e., the
dynamics should not change whenwe perform some symmetry operations on the field va
riables of a model under consideraiion. These symmetry principles, when the symme.:
try operations are continuous, are further constrained by the requirement that symme-
tries should be made local, More interestingly this last requirement gives often some
additional informations on the underlying dynamics. In fact in recent time there has be
en increasing evidence that gauge quantum field theory may have some unconventional
properties which may show up beyond perturbation theory such as confinement, dyna-
mical Higgs mechanism and topological effects. If one accepts such framework for mo
dern particle physics it seems natural to further use some economy principle, that is,
different low energy symmetries are eventually unified at energies higher than the ener
gy scales which correspond to the strength of the interactions needed today in order to
understand "low energy" phenomena (J.Iliopoulos, 19879).

In the above mentioned framework a postible scenario for the unification of par-
ticle interactions emerges:

a) Unification of électromagnetic and weak forces at 100 GeV;

b) Grand Unification of electroweak and ruclear (strong) forces at 1014-1015 GeV ;
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¢) Superunification of electroweak, strong and gravitational forces at the Planck energy
~10M7 GeV.

Although this framework is highly questionable, especially in b) and ¢), it is im-
portant that the requirements of Grand and Superunifications can already give consira
ints and predictions on physical phenomena at present energies. Examples in Grand Uni
fied Theories are the proton decay rate, neutrino oscillations and cosmbdlogical implica-
tions (J.EMtis, 1979; J, Ellis, 1980a; R, Barbieri, . 1980; D, V. Nandpoulos, 1980). dn Su-
perunified Theories these constraints are more speculative but in some models onecan
get a modification of the Newton law at short distances whichmay give detectable effects
in laboratory experiments (J, Scherk, 1979 ; 1980). Another prediction ariges in a pre-
constituent model for a superunified theory based on spontaneously broken supergravity
with a local SU(8) invariance (J.Ellis et al,1980a). This model restricts to three the
number of quark-lepton families in a GUT based on SU(5). SU(5) is algo the maximal
allowed subgroup of this theory which may remains unbroken in a first step of sequen-
tial symmetry breakings, We recall that SU(5) is the minimal simple group which con-

tains SU(3)coLor ® (SU(2) ® U(1)) R ECTROWEAK:

In the attempts at superunifications, in the framework of gauge quantum field theo
ry, it is inevitable that the unifying gauge group must contain the space-time symmetry
group and the internal symmetry group all together, The former is related to gravitatio
nal interactions, the latter to'the non gravitational sector which is described by a Yang-
Mills theory. Once this gauge principle is accepted the only known ways these groupscan
be related is at present in the framework of supergravity (D, Z. Preedman et al., 1976 ;
S.Deser-et al, ,. 1976)."

Supergravity is the gauge theory of a graded (super) algebra, Graded (super) alge
bras whose even (bosonic) part contains the space-time symmetry algebra (Poincaré,
Conformal or De Sitter) are usually called supersymmetries (Fermi-Boge symmetries),
Supergravity is therefore the gauge theory of supersymmetry. What is supersymmeiry?
Supersymmetry (Yu. A, Gol'fand et al,, 1971; J,Wess et al., 1974 ; L. Corwin et al. ,
1975; P.Fayet et al,, 1977; A, Salam et al., 1978) is a set of symmetry operations
which transform particles of different statistics into each others, More specifically it
is a continuous symmetry of local quantum field theory, based on a GLA (Graded Lie
Algebra), which enables us to put bosons and fermions in irreducible multiplets of par-
ticle states, In supersymmetry the odd part of the GLA containg N-gpinoridl charges of
Majorana type Qh ¢=1,.4, i=1...N, These charges form the so called grading re
presentation of the GLLA, They are a representation of the even part of GLA, The Lie
algebra part of GLA containg the Poincaré algebra and one has
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the generators z1] (Z'ij), both antisymmetric in the i,j indices, belong to the centre
of GLA and are called central charges. M,w, Pp, are the usual generators of the Poin
caré group., In local quantum field theory the central charges correspond to additional
quantum numbers., They may correspond to global or local symmetries depending on
the particular theory under consideration, These operators have noun-vanishing eigen-
values only when they act on massive supermultiplets, Moreover when supersymmetry
is gauged, i,e, in supergravity, these massive multiplets are minimally coupled to so-
me spin 1 partners (graviphotons) of the graviton with a dimensionless coupling con-
stant g, proportional to their mass M andthe gravitational constant K (S, Ferraraetal,,
1977 ; K, Zachos, 1978; J, Scherk, 1979) g, %% MK, This peculiar relation, as pointea
out by Scherk (1979), can give a substantial modification of the Newton law at short di-
stances for identical particles because the gravitational force is attractive, the vecto-



rial force is repulsive and being of comparable strength, they may compensate at short
distances.

We now come back to the supersymmetry algebra whose relevant commutation
rules are given by (1), (2) and (3). In local quantum field theory the fermionic genera-
tors Qz.;‘ are obtained ag space-integrals of local current densities

i /ﬂs i _
Qg d EJoa(E’ t) (4)
and current conservation
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ensures that the corresponding action
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ig invariant under supersymmetry transformations
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We note that in order to define b = (6.£/6D) P anticommuting spinorial parame-
ters €3} , having the same trasnformation properties of Q}l, must be introduced, The
se parameters are odd elements of a Grassman algebra, They anticommute with any
ferrnionic quantity while commute with ordinary c-numbers as well as with bosonic ope
rators,

We now give some motivations for the introduction of supersymmetry in local
quantum field theory. There are indeed geveral reasons and the one alluded at the begin
ning of this section, namely the unification program,is just one of them,

1) Supersymmetry is the only known symmetry consistent with relativistic QFT which
relates particles with different spin. This is a major breakthrough because it'givesa
way to overcome previous no-go theorems on the possibility of non trivial mixing bet
ween space-time and internal symmetries.

2) When supersymmetry is realized as a global (rigid) symmetry, supersymmetric theo
rieg are the less divergent QFT's known today. For instance the super Yukawa theory,
which is a particular combination of renormalizable couplings among scalars and spin
.1/2 fermions, needs only one (logarithmically divergent) renormalization constant.
Other remarkable examples are the supersymmetric Yang-Mills theories: the maxi-
mally extended N = 4 theory has a vanishing B(g) function at the first two loops and it
is a completely finite theory up to this order of perturbation theory.

3) At the local level gauge supersymmetry requires gravity. It gives a new type of exten
sion of the BEinstein theory in which a subtle interplay between the quantum mechanical
concept of spin and of space-time geometry occurs. General coordinate invariance is
not the primary (local) symmetry principle : coordinate transformations are obtained
by merely repeating twice 2 local supersymmetry transformation.

4) Supergravity theories have better quantum properties than Einstein theory (P. Van Nieu
wenhuizen et al. ,1977). They offer examples of modelfield theories inwhich interaction of
matter receives finite gravitational radiative corrections in the first two order of per-
turbation theory. This is a major progress with respect to all previous unsuccessful
attempts in ordinary Einstein theory.

5) Supergravity and especially extended supergravities offer possible schemes for super
unification (M. Gell-Mann, 1977). Yang-Mills and Einstein Lagrangians are linked un-
der the invariance principle of local supersymmetry.

8) Supergravity theories provide the unification of interactions of gauge particle of diffe
rent spin like the graviton, Rarita Schwinger spin-3/2 fields (gravitinos) and Yang-



Mills vector bosons. Gauge particles of half-integral spin therefore emerge for the
first time. As a byproduct supergravity provides the first example of a cunststent in
teraction for Rarita-Schwinger fields. In extended supergravity spin 0 and 1/2 mat-
ter fields are unified with gauge fields in a single irreducible multiplet, Matter fields
and geometrical fields are therefore unified through the local supersymmetry princi-
ple.

1. - MULTIPLET STRUCTURE.

Supersymmetric theories and in particular supergravity theories are described in
terms of field supermultiplets, These are collections of ordinary fields with different
spin, statistics and internal symmetry properties. In this section we will congider the
multiplet structure of one particle states which are supposed to be described by the
agymptotic fields of supersymmetric quantum field theories.

We consider the representation of the supersymmetry algebra given by (1), &), (3)
on one-particle states. The construction of particle supermultiplets uses the Wigner me
thod of induced representations (A, Salam et al, ,1974a, 1975; W. Nahm, 1978; B. Z, Fre-
edman, 1978), We will temporarely consider the supersymmetry algebra without the
central charge operators ZJ, Z'l], Because these operators belong to the cenire of the
algebra it is consistent to set them equal to zero,

iy,
We consider first the stability subalgebra of a time-like momentum P*= (M, ©),
M is the common mass of the different spin states of & massive multiplet, If we use
two component Weyl spinors the stability subslgebra is

N T .
{5 Qg; j=o (8)

It is nothing but the Clifford algebra for 2N creation and destruction fermionic operators,

If M=0 we may choose ph - (1,0,0, -1) and we have

{a. 3,1 =), | (9)
fo', . W} -0, (10)
{al , QjB} - 0 (11)

From (10), (11) we can put Qi =0, QJLZ = Qi and then we obtain the Clifford algebra for
N creation and destruction operators, If we define the Clifford vacuum £ as the one-
particle state having the property

Q2 =0 (12)

then we obtain irreducible representations of the supersymmetry algebra of dimension
22Ny dg for M#0 and 2N x dg for M=0. dg is the dimensionality of the represen
tation of the Clifford vacuum. This is a representation of the even part .of the stab‘ilitym
supersymmetry algebra, The smallest representation (fundamental representation) is
obtained when  is a singlet (dg =1). The generic state of the fundamental represen-
tation is obtained by repeatingly applying the creation operators Q}z to the vacuum sta-

te Q.

2, QL2, q ke, ...... (13)
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For M#0 we get states
i i,
Qaj «vv .. Qq;

1 in

Q2 . (14)

N-n

The state of given spin s = (0 £ n$ N) belongs to the n-fold (traceless) antisym-

metric representation of 8p(2N) (S.Ferrara et a,1,1979@.):[:2Nx. R ZNJn , 2N is the defin-
ing spinor representation of Sp(2N). The highest spin state is a singlet with spin S =
=N/2, If & isnota singlet but has spin J and belongs to a given representation R of
Sp(2N) then the generic state given by (14) will belong to a reducible representation of
Sp(ZN) given by [2Nx.... ZNjnx R and it will contain several spin states from

Ne-n l N-n
2

=5 +J down to - Jl . Irreducible representations of the supersymmetry algebra

Whi‘ch are not the fundamental one have therefore the property that a state of given spin
S lies in a reducible representation of Sp(2N). For M =0 the generic state

Ql...qQng (15)

Q' is a lowering helicity operator) belongs to the N-fold antisymmetric representa-
tion of SO(N) if @ is a singlet.SO(N) can be enlarged to SU(N) if we allow the inter-
ndl symmetry part not to commute with parity. In this case Q! belongs to the N repre
sentation of SU(N). If the Clifford vacuum Q, has helicity A the state (15) has helici
ty  A-n/2. If we require to a given massless representation to be TCP self-conjugate
we must add to the states given by (15) the states

2 .Q 2 .].Q @ ... . . (16)

or equivalently the states

i
2y ,QlﬂN Qe o (17)
73

Note that E?l belongs to the N representation of SU(N) and rNx. ... l\ﬂn = EITIX. .. N N-n
We have then that a TCP conjugate massless supermultiplet has dimension 2N+l whith
helicity content | A}....1 2 - N/2]. There are however special cases in which the

representation given by (15) is automatically PCT self - conjugate,
This happens when A= g -A i.e A= % In this case the representation hag dimen-

sion ZN. Particular casesof self-conjugate multiplets are the 1 - 1 gauge supermultiplet
of N=4 maximally extended Yang-Mills theory and the A =2 gauge supermultiplet of

N = 8 maximally extended supergravity theory. We note, as far as internal symmetry
properties are concerned, that SO(N) is the maximal internal symmetry of a massless
supermultiplet which gives states which are parity preserving, Any SO(N) representa-
tion in a given CPT self-conjugate supermultiplet is automatically parity preserving,
However if we enlarge SO(N) to SU(N), the SU(N) representations are generally not
invariant under parity, A given SU(N) representation acts on a state of a given chirali
ty. For instance if the Clifford vacuum hag helicity (chirality) 4 and belongs to the
representattion R.of SU(N), the generic state given by (15) will have helicity (chirality)

A - -35 and will belong to the representation Lﬁ:xﬁx - N_]nx R of SU(N). It follows that
i given SU(N) representation (irreducible or not) can be parity preserving if and only if
it is self-conjugate, This implies that in a given supermultiplet one can get states of both
chiralities only if the corresponding SU(N) representation is self -conjugate. An irre
ducible CTP self-conjugate supermultiplet is never SU(N) self-conjugate so it cannot be
invariant under parity because it wili contain some states of fixed chirality. However
one can édd several massless supermultiplets i order to obtain only SU(N) self-conju-




gate representations and therefore states with both chiralities. This is for instance
what happens if we decompose a massive representation of N-extended supersymme-
try with respect to states of given helicities, W.e obtain in this way a set of magsless
(CPT self-conjugate) multiplets which are clasified according to SU(N) representations
coming from the reduction Sp(2N) > SU(N).

We can give an explicit representation of the Sp(2N) and of SU(N) generators for
massive and massless supermultiplets if we consider the enveloping algebras of the sta,
bility subalgebras given by (7) - (11).

Consider first M#0, then the following matrices give a realization of the N{2N+1)
dimensional compact Lie algebra

s - Qe Qg, (18)
ali- L@ls™ Q- 9™ a) (19)

Any Sp(2N) generator can be written in the form

A - 1At st gt complex symmetric N¥xN matrix

*1j (20)

S -iaY ‘AN hermitian NxN matrix

(20) is in fact the most general form of an element which belongs to the SU{(2N) alpgebri
and which satisfies the symplectic condition ATO +804 =0, ACSUEN),

Q=07 o).

For massless representations s = 0, because Ql1 = 0 and we have only the U{N])
subalgebra of Sp(2N). The SO(N) subalgebra of U(N) is given by

1Qld - g . » (21)
The matrices Sij, Alj satisfy the following set of commutation relations |
[Sij’ lem] o plmgil, pdmil pilgime gl gim
['Sij' slm] -0 ‘
[Alm’ Sij:] - s].;j 6im _ Sli 8 jm
[Aij, Alm] - d‘leim R 6i:mA1j ] ,
From the previous considerations we obtain the following general result..: in N
extended supersymmetry massless ﬁf{):r"ese:ntations contain a set of particle states who

ge helicity must reach at least E (T). it follows that scalar spinor multiplets can
exist up to N =2 and scalar-spinor-vector multiplets up to N=4.

(22)

Perturbatively renormalizable QFT limits the spin content of fields to 0, 1 /2 and
1. We conclude that these theories can tolerate at most N =4 extended supersymmetry.
However if we allow helicity 2 states, suitable to describe the graviton, as it happenslin
supergravity theory, we have much larger supermultiplets, Supergravities can toleraie
at most N =8 extended supersymmetry, We also note that the maximally extended theo-
ries, which occur at N =4 for Yang-Mills interactions-and at N = 8-for zg;ravita1:i‘%h!nf]zz~.;inti?£



actions correspond to PCT gelf-conjugate particle supermultiplets.

In Tables I and II the list of all magsless multiplets which correspond to maximal
helicities A= ¥1 and 4 = 12 are reported.

_'I-'_ABLE_I'_- Particle spectrum of extended
Yang-Mills theories.

N 0

1 1 1

2 1 2 2=101
3 1 381 3®@3

4 1 4 3R1©163

The gauge group G is arbitrary and commu-
tes with the supersymmetry generators,

TABLE 1 - Particle spectrum of extended supergravity.

N Mo s 1 . 0
Lo )
2 1 2 1
3 | 1 3 3 1
4 | 4 31 ®1®3 4 2=1 ®1
5 5 10 001 55
6 6 15 @1 20 @ 6 15 @ 15
7 T®1 21 ® 7 35 @21 35 ® 35
8 8 28 56 35 © 35

From Table II we see the remarkable fact that the (t1) helicity states embeded in the
gravitational multiplet occur in the adjoint representation of SO(N) as a consequence of
the fact that the maximal helicity state (2) is a singlet. This circumstance suggests
that, using the supermultiplet of the graviton, one can unify gravity with an SO(N) Yang-
Mills theory whose gauge fields just correspond to the T1 helicity partners of the gra-
viton, This posgibility has been shown to occur (D. Z. Freedman et al., 1977, 1978; E.
Fradkin et al., 1977) in extended supergravities up to N = 4 by explicit construction of
the Lagrangian, For N# 4 the Lagrangians withan SO(N) gauge coupling have not been



constructed so far and it remains to be seen whether this is possible. As far &s the re-
presentation content is concerned exceptional cases are N=86 and N =7 extended super
gravities. In these cases the t1 helicity states belong to reducible pepresentations of

SO(N). For N =6 the adjoint +a singlet (15 +1), for N =17 to the adjoint + the fundamen -

tal (21 +7) representations respectively. In these special chses one expect: the symiie -
tries to be enlarged to SO(6) x SO(2) and SO(8) respectively.

The unification picture which comes out by gauging SO(N) is not satisfactory with
the present understanding of "low energy" particle phienomenology (M. Gell ~-Mann, ¥977).
1f we want to identify the (+1), (“.‘.”1/ 2) and @ helicity partners of the gravitons with the
fundamental particles of a unified theory of electromagnetic, weak and strong interac-
tions we must recover at least SU(3)COLOR¥ (8U(2)x U BELECTROWEAK but this is
not a subgroup of SO(8), the orthogonal symmetry group of the maximally extended su-
pergravity theory. Also if we confine ourselves to the unbroken gatge group
SU(3)coLor @ Ulem < SO(8) many light particles (like the tnuon) are missing in the
fundamental gauge multiplet (M, Gell-Mann, 1977).

We now consider again massive representations. We have seen that the fundamen
tal representation, in absence of central charges, has dimension 22N The spin content
runs from 0 up to N/2, therefore in N-extended gupersymmetry with massive multi-
plets without central charges, one must have at least particlestates with spin N/ 2.

Massive representations cen be smaller in presence of central charges (R, Haag
et al,, 1975; P, Fayet, 1979). We give few examples: In N=2n extetided supersymime
try, if one central charge does not vanish, one can get massive multiplets of dimen- "
sion 220+l (instead of 24M), whose maximum spin is n/2 (instead of n), These gan+l
states are a doublet of massive representations of n-extended supeérsymmeétry without
central charges. The internal symmetry breaks from Sp(4n) down to ZxSp(2n). Z is
the central charge operator which rotates the two real multiplets of miagimum epin
8 = n/2. In Tables II and IlI we report some massive repregentations of extended super
symmetry without and with central charge respectively, B

TABLE HII - Some massive representations of N-ex ~TABLE IV » Some massive repre

e i s

tended supersymmetry (without central charges), sentations of N-extended super -

symmetry (with central charges).
J 5 2 3 1 1 0 Complex representations.
N 2 2 , 2 - :
J
. 3 ’ 1 i
1] 2 N PR L B
1 2 1 -
1
1 2 1 1 2
1 2 1 2 1 ) 1
1 4 5 ! 2 1,
2 1 i
4 501 ¢4 1] 4 | s
1 4 51 4 1 4
1 4 5@ 1 4
1 6 14 14
3 ;
1 6 | 401 | 1408 14 6 1 6 14 14
4 1 8 : 5 ]
27 ,l 48 42 The central charge acts as a phase
transformation on these complex
5
1 10 44 110 i 165 132 representations.




Masgive répresentations of extended supersymmetry with non vanishing central
charges oceur in the N+ 8 brokensupergravity model through dimensional reduction (J,
Secherk et-al,, 1979; E, Cremmer et al, , 19794), From this model one gets magsive mul
tiplets with central charge for N=6, 4, 2 extended supersymmetry (S. Ferrara et al.
19'79a). Other examples for N =4, 2 are given by Yang-Mills theories with a spontaneo
us breakdown of the Yang-Mills group (P, Fayet, 1979).

11, - SPONTANEOUS SUPERSYMMETRY BREAKING : THE SUPERHIGGS EFFECT.

] e*bas‘:c fea.ture of s*upersymmetrm field theo»mes 11es in the poss1b111ty of hav-

ver mult let cw-e degenerate in mass., ThlS is a bad property because such a degenera-
¢y has rigt been obsérved in Nature, If supersymmetry is relevant for the physical world
it musgt have two.properties :

a) It must be a brokeén symmetry ;
b) 1t must be realized as a gauge symretry.

The gymmiétry breaking can be either spontaneous or explicit but renormalizability and
gimplicity arguments favor a gpontarieous symmetry breaking., In fact non supersymme
tric in’cerawt‘ions would probably spoil good renormalizability properties and lose all
Hotive power of the symmetry. The requirement b) is due to the particular role

| gravity plays as gauge theory of the Poincaré group. The supersymmetry alge-
’ﬁ)r glven by (L) (2) (3) 1mp11e=; that 1f we gauge the Poincaré group then also super-

Gymm try a"nd vmeversa loc'al supersymmetry implies gravity. From the previous ar-
ghiments we can conclude that only spontaneously broken realization of supergravity may
have the chance of being candidates for the superunification of the fundamental interac-
tiong,

Vheét :upersymmetry iy gpontansously broken particles arise in the spectrum of
4 whlch dre masslegs and tarry the same quantum numbers of the broken gene
., THe signal for spontanébis breskdown of supersymmetry is a non linear

he trdnsformation law of some spim 1/2 fields (R. V. Volkov et al,, 1973a; J.
IllO]pO\ﬂlOS et al., 1974; A, Salam et sl,, 1974b; P.Fayet et al., 1974 ; L, O'Raifeartaigh,
1975)

‘53’1(x) = aéa+q--num1ber terms , (23)

The patameter: a which has the diinension of (mass)2 is related to the size of spontaneo
§ gymmetry breaking, In model field theories the parameter a is proportional to the
vaeuum expectation value of some auxiliary field H of the basic field representation of

the supersymrnetry algebra

<OIHIOD ~va | (24)

The spin -1/2 particle fields which transform as in (23) are the Goldston fermi-
otig (Goldstinos) of the theory. These massless particles canbe identified withnew types of
neutrinos or are evertually eaten up by the spin 3/2 gauge particles (gravitinos) of local
supersymimety, It is evideat from (23) that if €, )y is space-~time dependent we can
perform a supergymmetry transformation such that Al(x) = 0. The lower T1/2 helici
ty states of the massive gravitinos are nothing but the would be Goldstone fermions of
gpontaneously broken supersymmetry. This mass generation for spin 3/2 particles is
called the Supgr-Higgs mechanism: (D, V, Volkov et al,, 1973b; S, Deser et al,, 1977)and
is entirely analogous to the more conventional Higgs-Kibble mechanism for vector par-
ticles in spontaneocusly broken Yang-Mills theories. Because Rarita-Schwinger fields
can have consistent interactions only through gravitons we encounter the remarkable si-
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tuation that the Higgs mechanism for spin 3/2 particles can only occur in curved space-
time. Due to this fact it is important to have the posgibility that the spontaneous break-
down does not induce a cosmological congtant which would affect the particle interpreta
tion of the physical states It will turn out that the contraint of zero cosmological term

in broken supergravity is a quite strong one and it will have additional consequences on
the properties of the broken theory.

1f the gravitino is a real particle one may wonder which is the magnitude of its
masgs. This is controversial, If spontaneous supersymmetry breaking takes place in the
energy range of hadron interactions then the mass of the gravitino is very small (8, De-~
ser et al, 1977)

2 o =19
mw'v Km PROTON 10 GeV (25)

This is also the case in the supersymmetric version of electroweak interactions where
Fayet (1977, 1980) found

KM2 <
m, v W Ke 00108 ey, (28)
'w e GF

A supersymmetry breakdown at scales of electroweak interactions would imply the exi-
stence of new families of hadrons (R-hadrons) associated to a new (R) quantum nuniber
in the GeV-mass range. More importantly gravitational amplitudes involving massive
gravitinos would be of strength comparable to electroweak amplitudes involving the
would be Goldstone fermions and they could give dectable effects at moderate energies,

The alternative picture is that supersymmetry breaking occurs at the Planck sca
le. This would in particular explain why there is no trace of a supersymmetry pattern
at present energies. In this case exact supersymmetry would manifest at the superunifi
cation scale and in the gauge hierarchy it would be prior to the grand unification scale
which is believed to be in the 1014-10!% GeV range. In such a situation the gravitino,
if not confined, would have conceivably a mass mg,3 1019 GeV, An intermediate possi
bility, which may occur in extended supergravity, is that the different supersymmetry
generators QY Q are broken at different scales. In particularsome of them at superhigh
energies (1015~ 1019 GeV range) and some other at "low energies" (~ 102 GeV).

Recently it has been suggested (E. Cremmeretal,,1978a, 1979b; J.Ellis et.al.,
1980a) that the elementary fields of N = 8 extended supergravity, with the exception of
the graviton, may be preconstituent fields of a superunified theory. In particular the
gravitino would be superconfined and would not correspond to any physical state, We
will comment on this possibility in the last section of this review,

We now return to the question of spontaneous breaking and superHiggs effect in
supergravity. Using a non-linear realization of supersymmetry (D.V, Volkov et al,,
1973a), which is suitable to describe Goldstone fermions (D.V, Volkov et al,, 1973a;
J.Iliopoulos et al,, 1974; A, Salam et al,, 1974b; P.Fayet et al., 1974; L. O'Raifear-
taigh, 1975), it has been shown, to lowest order in the gravitational constant K, that
the spin 3/2 gravitino can become massive with vanishing cosmological term, More-
over the gravitino mass m,, is related to the symmetry breaking parameter a (see
eq. (23)) by the following universal relation (8, Deser et al,, 1977)

1
m = —= Ka (2 7)1
v oV

In the class of models considered in (P, Fayet, 1977, 1980) one has

Am2
G

(28)
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where Am?2 is the fermion-boson (mass)2 splitting of a given multiplet and eg is the
Yukawa or vector coupling of the Goldstone spinor A.

The superHiggs effect and the general validity of eq. (27) has been explicitely ex-
hibiited (E. Cremmer et al, ,1978b; 1979c¢) to all order in K.inthe minirnal N=1 supergravity
model which describes the interaction of the gauge multiplet of helicity content (12, t3/2)
with the (super) Higgs multiplet of spin content (1/2, 0%, 07). The most general interac-
tion is described by a real function of two variables (A(oh), B(07)). If a canonical energy
term for the scalar fields is demanded, then the degree of arbitrariness is reduced to a
function of the complex variable A +iB. After spontaneous breakdown of supersymmetry
and superHiggs effect (without induced cosmological constant) the spectrum consists of a
massless graviton (i'z helicity states), a massive gravitino and two massive superHiggs
particles, Moreover the following general mass formula holds

2 2 2
4m,w = my +mB (29)

It is interesting to note that eq. (29) ensures that the one-loop induced cosmological term
by radiative corrections is at most logarithmically divergent, in constrast with non su-
persymmetric field theories where it is quantically divergent. We recall that the one-loop
induced cosmological term for a particle of spin J and mass My is given, according to B, S.
De Witt (1965)

2 4
23 M2 M
- ) (21 I:_!-.- J__J 2 3
v Rl [ B (21g|2MJ6|+ v-1g2 - ) (30)

where A = 1/6 is an ultraviolet cutoff. The previous mass formula {eq. (29)) is a parti
cular case of a more general mass formula which holds in a large class of supersymme
tric theories (S, Ferrara et al,, 1979b)

M @rrnmia, o (31)
7

d, is the degeneracy of the state of mass My and spin J. Eq,(31) is the statement
that the graded trace of the square mass matrix vanishes

GrTrM? - 0. (32)

It is interesting to note that in spontaneously broken (renormalizable) globally su-
persymmetric models (eq. (31)) has been shown to be preserved by radiative corrections
up to finite terms of second order in the symmetry breaking parameter (L. Girardello et
al., 1979),

The question of an induced cosmological constant is a standard problem in ordina
ry gauge theories and especially in Grand Unified Theories. These theories would pre-
dict a huge cosmological constant in contrast with experimental evidence, One could cu
re this by adding to the Lagrangian a compensating cosmological term which however
must be tuned with a fantastically high accuracy. To our knowledge supersymmetry is the
only principle which implies (B. Zumino, 1975)

<O|TI“,(x)(O) =0 (33)
provided supersymmetry is unbroken. The very simple explanation of (33) is that T Ax)

belongs to a supermultiplet which contains the supersymmetry current J;m(x) and under
a supersymmetry transformations

dJl_im(x) ~ Oij(-é?'"’)‘a Tyy(¥) + q-number terms (34)




_ 12 -

by taking the V.E, V. of (34) and using the fact that th(o> = 0 one gets (33). It is more
important that eq, (33) is preserved by the spontaneous breakdown of supersymmetry.
This is precisely what happens in the "minimal® model previously consideredwith one
superHiggs multiplet, It must be pointed out that the vanishing of the cosmological term
in a spontaneously broken theory is not automatic but one has to select some potential
which has this property. The mass relations {29) and (31) are -dutomatically fulfilled
once this choise has ben done.

The superHiggs mechanism considered in this section is the simplest case of spon
taneously broken supergravity model. This mechanism can be probably enlarged to more
complicated (and interesting) situations like N =1 supergravity with Yang=Mills multiplets
or N=2, N=4 supergravity coupled to matter multiplets. Work along these liges has not
been done yet but ig strongly recommended,

3

IV. - ALTERNATIVE WAYS OF SPONTANEOUS BREAKDOWN IN' SUPERGRAVITY.

The spontaneous supersymmetry breaking and superHiggs effect discussed in the
previous section is the natural generalization of the standard Higgs mechanism of spon
taneously broken Yang-Mills theories, It takes place because the scalar potential has
minima which correspond to non-supersymmetric solutions of the equations of mofion,
The field which takes a non-vanigshing expectation value is one of the auxiliary fields of
the theory and it provides the symmetry breaking parameter which is in turn related to
the gravitino mags,

Other two types of spontaneous supersymmetry breaking can oceur in eXtended Su
pergravity models. The first one uses generalized dimensional reduction to get magses
in lower dimensions {J. Scherk et al., 1979). The second one (J, Bllis, T 2) advecates
a dynamical mechanism responsable for the supersymmetry breakdown and it is based
on the agsumption that (extended) supergravity theories make sense as ‘guantum field
theories. The latter is a bold hypothesis because supergravity theories fall in the clags
of (power-counting) non-renormalizable field theories.

Let us first consider the case of supersymmeétry breaking through dimensional
reduction (J. Scherk ¢t al,, 1979), This method uses the fact that if a Lagrangian has a
global compact symmetry G in D+E dimensions, this symmetry can be used to obtain
masses in D dimensions by requiring that the D +E dimensional fields depend on the
extra E coordinates through an element of the group G. If the global symmetry is non
compdact then G is a maximal compact subgroup. If the theory has general covaridnce
in D+E dimensions, the dimensionally reduced theory (in D dimensions) has a mass
matrix which depends at least on a number of parameters which equal the rank of
G xSO(E), SO(E) being the maximal compact subgroup of SL(E,R). Ditnersional re-
duction from D+E to D dimensgions in a theory invariant under general coordinate
transformiations induces in addition a minimal (broken) gauge symmetry whose global
Lie algebra has dimension E. The E vector fields gauging this internal symmetry are

_the vector fields coming from the gravitational field in D+E dimensions, In ordinary
dimensional reduction (without dependence of fields on the extra E coordinates) this
gauge gréup is unbroken and reduces to U(]L)E. In the case of generalized dimensional
reduction this group is non trivial and if one dernands that no cosmological term is ifi-
duced in tHe 4-dimensional theory,one obtains a "flat group" accordingto Scherk and
Schwarz (1979). We observe that this group always contains an unbroken U{1) subgroup
whose gatige field has been called by Scherk(1979) graviphoton, In extended supergravity
the flat group has dimension higher than E because the theory hag additional (abelian)
gauge symmetries in D+E dimensions, For instance in D=4, N=8 gpontaneously bro
ken supergravity the flat group has dimensions 28 and in lower N-extended models it
has dimension N(N -1)/2. Spontaneously broken N =8 supergravity in four-dimensions
can be obtained through generalized dimensional reduction of N =8 extetided supergra-
vity in D=5 dimensions (E. Cremmer et al,, 1979a).
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In five dimensions the supersymmetry algebra has a global Sp(N) symmetry (B,
Cremmer et al,, 1979a)

- b ab a,b=1. N
§Q5. Q) - e rp aB=1...4 (35)
B B w=0...4
N has to be even because the charges satisfy a generalized Majorana condition
a =Ta . . -a +
Qa = CQOL 5 (/ = 70}75 ) Qa - (Qa yo)a s
(36)
Q =92.@, @ .=-20
a ab ’ ““ab ba °

Massless five-dimensional multiplets of N =8 supersymmetry have the same spin con-
tent of massive four-dimensional multiplets of N =4 supersymmetry (without central
charges). This is because the little group (SO(3)) of a massless particle of given mo-
mentum in D=5 dimensgions. is the same as the little group of a massive particle in
D=4 dimensions,

The particle fields of the supergravity multiplet occur in antisymmetric traceless
representations of Sp(N). For N=8 we have a singlet graviton, an octet of spin 3/2,a
27-plet of spin 1, a 48-plet of spin 1/2 and a 42-plet of spin 0 .

a ab abc abced
e s wMa ’ AH’ ’ xa 2 gb ( 37)
In the full non linear theory this Sp(8) is the diagonal subgroup of

Sp(8) g1obal @ Sp(8hocal & Esglolbal ® Sp(8)15cals the last being the full group of invarian
ce of the five~dimensional Lagrangian.

The mass matrix of the spontaneously broken four-dimensional theory is obtained
by introducing xg-coordinate dependence on the five-dimensional fields in the form (J.
Scherk et al., 1979; E, Cremmer et al,, 1979a)

Pylx, x5) = exp(i 'meﬁ}) $4(x) (38)

m. being a representative of the Cartan subalgebra of 3p(8) in the representation ap-
propriate to the particle field of spin J. The generic element can be written as follows

4

m - k;—z'I' m, Zk (39)

where Ay is a basis in the (4-dimensional) Sp(8) Cartan subalgebra. The mass spec-
trum of the broken theory depends therefore on four arbitrary (real) parameters. They.
equal the rank of the global symmetry group G = Sp(8). The mass spectrum is given in
Table V. We list some properties of the N =8 broken theory:

a) The mass spectrum satisfies three mass relations (for all values of mk)

2(-.)‘J(23+1)M:§r= GrTr #%° =0 r =0,1,2,3 (40)
i

In general the number of these mass relations depend on the rank of G, These mass
relations are an extension, for r »1, of the mass formula (31).

Al
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b) The theory has an unbroken U(1) gauge group whose gauge field is the (4u) component
of the five dimengional graviton. This field (graviphoton) ig minimally cuupled to all
magsive particles with charge coupling

Q = i’zmiK (41)

¢) If n parameters out of the my,s vanish the theory hasg an punbroken N=2n local su-
persymmetry and massive multiplets have non vanishing central charge (8, Ferrara
et al,, 1979a), These multiplets contain charged particles which lie in representa-
tions of Sp{2n).

d) The introduction of the parameter my. in the broken theory breaks the SO(8) glcbal
symmetry of the N =8 unbroken theory down to SO(2) ~ U(1). However if h of the
my, & (h % 4) are equal, the theory has an additional SU(h) global symmetry and the
28-dimensional flat group contains at least an unbroken U(I}h® factor.

TABLE V - Masgs spectrum of the broken N = § theory,

‘ _ ‘ Number
Spin Mass Degeneracy |+ iates
2 0 ' 2
3 jm 2 32
2
0 4 8
1
byl i< 2 "
. |m1| 4 32
2 +m. *
g =0y =m0 gk ’ ™
0 6 6
0 s fmzitmﬂ ie] 2 24
e tm T
e R 2 e

We now make some comments on the properties listed above, Property a) ensures
that, according to (30) the one-loop induced cosmological term is finite for N=8 and N=
=6 broken supergravity. The vector field minimally coupled to massive particles is the
gauge field of the central charge operator which appears in the supersymmetry algebra
for N =2, 4 and 6. This explains eq. (41). The property alluded in c) and the symplectic
structure of M are responsable for the mass relations given in a), The quantity
Gr Tr #4T is in fact an homogeneous symmetric polynomial of order 2r in the m
variables, GrTr / 2¥=( for all r if atleastone of the my, s vanishes, Then it follows
that GrTr #2T= identically for r=0...n-1 for an Sp{4n) group. As a byproduct any
truncation of N = 8 supergravity with 2n <8 broken supersymmetries will fglfili n-1 mass
relations,

In the final part of this report we would like to mention the possibility of a dynami
cal spontaneous symmetry breaking in extended supergravity. This situation has been re
cently envisaged by Ellis, Gaillard, Maiani and Zumino (1980a, b) following a previous
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result obtained by Cremmer and Julia (1978a; 1979b; 1980) for the unbroken N-extended
supergravity models,

Cremmer and Julia have pointed out that in N-extended supergravities there are
hidderi internai symmetries which doc not commute with the supersymmetry charges. The
se symmetries are always of the form Gglobal ® Gyoea] Where Gg]tobal is non compact -
and Gypeaj is compact. Moreover Gglobal > G # Gygyea] @8 its maximal compact subgroup.
For example in N =8 supergravity in D=5 dimensions Gglohal = Eg, Gioeal = Sp(8).

In N =8 supergravity in D=4 dimensions Gglobal En, él al = SU(8). In particular
the scalar fields always belong to the coset space Ggiopal G Note that for N <4
Gglobal © G. In N=8, D=4 supergravity the scalar fields can be represented by a

56 56 matrix, a group element of Ex, of the form

U g V [ag] [mn]
Vo= . ) . (42)
7 BE] MN] + BE] e

where square brackets mean antisymmetrization of indices and (A,B)=1...8, (M,N) =
=1,..8 transform under SU(8) and En respectively. From (42) one can construct an
E- invariant composite vector field

(G, D]
g [ CuiatE Fu [aBeD)
# '\ = [aBcD] - Ic p D) “
" 2Qu[a’s]

where Q,uAB and PM]AB 1‘[ transform according to the self-conjugate (adjoint) 63 and

70 dimensional representations of SU(8). AB isa connection for SU(8) so that the
Lagrangian for the scalar fields can be written

12 =u[ABCD]
(D, VYV PuaBen] T (44)

and contains only 70 degrees of freedom. From (44) it is evident that the scalar sector
of the theory has a o - mode] structure and the theory has an SU(8) local invariance.
This is analogous to the CPN-1 models in D=2 dimensions when Gglobal = SU(N) and
Gipea) = SUN-1) & U(1).

Cremmer and Julia further conjectured in analogy to CPN'1 models that the com-
posite operator Q,aB may become dynamical because of quantum effects, In CP mo
dels this indeed happens (A.D'Adda et al,, 1978; 1979; E, Witten, 1979) ag a non-pertur
bative phenomenon and can be studied us:ing the 1/N expansion thanks to the arbitrariness
of the SU(N) symmetry of these models, Moreover the renormalizability of cpPN-1 mo-
dels is crucial, In extended supergravity none of these two points are fulfilled but one may
take the optimtistic point of view that N = 8 supergravity makes sense as a quantum theory
and then one might explore the consequences of such an hypothesis,

In a supersymmetric field theory the SU(83) gauge connection Q“AB must belong to
some N =8 supérmultiplet, In particular if Q,,B becomes a propagating field and its
propagator develops a pole at zero mass one should get quantum excitations which fall in
a N =8 massless supermultiplet which contains helicity T1 states in the adjoint repre-
sentation of SU(8). This is under the assumption that the quantum effect responsable for
these new particle states is prior to supersymmetry breaking, Ellis et al. (1980a; 1980b)
conjecture that this composite supermultiplet contains the standard gauge fields of low
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energy physics, the photon, colored gluons, thie WL, Z vector bosons 6f weak interactions
as well as the gauge fields of the GUT and additional gauge fields associated with the ge
neration group. They also conjecture that the sarne supermultiplet must contain all 1ep_
tons and quarks of electroweak and strong irnteractions,

The fundamental miltiplet of the N =8 supergravity Lagrangian ig assumed to be a
multiplet of preconstituent fields (preons) with the exception of the 'fz*he‘lic:i[ty states
which corresponds to the graviton. Therefore the interpretation of the basic multiplet of
extended supergravity is entirely different from the models considered in the previous
section and the spin 3/2 gravitinos as well ag the other elementary fields are suppoged
to be superconfined at least for energies up to the Planck mass 1019 gev.

The composite CPT self-conjugate multiplet which contains the adjoint represen-
tation of SU(8) is assumed to be the following (J, Ellis, 1980a, 1980%).

Helicity x -251 2 i3 11 1 0
sU(8) 8 28 B 63 8 28
36 56 1 2186 420
content i e (45)
168 70 56 28
378 504 120

Ellis et al. (1980b) show that extended supergravities with N < 6 havenot sufficient states
in an analogous supermiultiplet toaccomodate the observed spin- -1/2 spectrum of
fermions, namely three (10+ 5) SU(5) representations of left-handed fermions.
They focus the attention on the spin-1/2 and SU(5) content of (45) and neglect the SU(5)
representanons which are not contained in the SU(8) representations of the type
8x[8x.. 8] [8x S]N 1. Under these circumstances these authors conclude that
the max1mal unbroken subgroup of SU(8) below 1019 geV is SU(5) and that the maximal
anomaly free renormalizable gauge theory which can be constructed out of the multiplet
given by (45) contains exactly three families of (10+5) SU(5) representations for left-
handed spin-1/2 particles plus a set of self -conjugate representations

(45 +45)_ + 4(24)L+ 9(10 + 10)L+ 3(5 +5)L+ 9(1)L (486)

L
which may acquire a big SU(5) invariant mass. The other unwanted states in the su-
permultiplet given by (45) are supposed to have became massive with masses % 1019
GeV through an as yet un 5pe01f1ecl dynamical symmetry breaking and to be decoupled
from the low energy ( GeV) renormalizable theory (GUT), This last argument
(Veltman theorem) is required because the full 3U(8) supermultiplet would have ano-
malies both at the composite and at the preon level. Moreover many unwanted high
spin states (J 2 1) could not become massive through conventional symmetry breaking
due to the absence in (45) of the required helicity partners with the same properties un
der the exact gauge group SU(3)cgior ® Ullg. m. -

It is interesting to further remark that the requirement of chirality (left-handed
spin~1/2 states without their right-handed partners) and a vector-like subgroup
SU(3)color @ Ull)e, m, of the bigger group SU(8) almost uniquely favor
the anomaly free subset of spin=1/2 particles given by 3(5+10) plus the self-con-
jugate states given by (46). If one considers for instance a subset of (45) without
SU(6) (instead of 8U(5)) anomalies and a vector like subgroup SU(3)color ® U(?I)e_ m.
then the only solutions are completely vector like. Ancther possibility would be to- go
to the low energy theory through a sequential breaking which does not contain SU(5),
for example:

SU(8) > Sp(8) > SU(3) ® SU(2) ® U(1) .
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The Sp(8) group is of same interest in supergravity because it plays a role in attempts .

to formulate this theory in a consistent way off mass-shell (E. Cremmer et al,,1980). Unfor
tunately this decomposition is completely vector-like gnd it would also imply a
wrong charge assignement for quarks and leptons.

Some possible alternatives can be envisaged in the framework considered by
Ellis et al, One possibility is to look for anomaly free subset pf (45) without disregar-
ding the SU(8) trace-representations contained in 8x [8x.. .S]N. Another possibility
is to try to restore conventional symmetry breaking by considering more supermulti-
plets other than (45). It is evident that if one add sufficiently many massless supermul
tiplets to (45) one can give in fact a (supersymmetric invariant) mass to every state by
enlarging SU(8) to Sp(18) (see section II). This is too much but one could contemplate
intermediate situations and it is to be seen if one can give masses to the unwanted
(would be) massless states in a way which is still consistent with the constraints impo
sed by "low energy" phenomenology. -
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