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Locally Supersymmetric Maxwell-Einstein Theory

8. Ferrara* and J. Scherk
Labovaloive de Physigue Théovique de I'Ecole Normale Supérienre,t Paris, France

and

P. van Nieuwenhuizent
Mstitule for Theoretical Physics, State Universily of New York al Stomy Brook, Stomy Brook, New Yovk 11794
(Received 26 August 1976)

The spin-2-spin-§ gauge multiplet for supergravity is coupled to the spin-1-spin-4
vector multiplet in & locally supersymmetric way,

The gauge action for local supersymmetry (supergravity) was constructed by Freedman, van Nieuwen-
huizen, and Ferrara,’ and contains the massless spin-2 and spin-} gravitational and Rarita-Schwinger
fields. Deser and Zumino® gave an alternative simpler derivation in which they stressed the impor-
tance of torsion in supergravity, and Nath and Arnowitt’ showed that the theory of Refs. 1 and 2 can be
obtained from their superspace approach by taking a singular limit. In this Letter we discuss the next
step in mupergravity theory: coupling to matter. We couple the spin-1-epin-} vestor multiplet of glob-
al supersymmetry® in a locally supersymmetric way to the supergauge action. The key is to start in
lowest order of the gravitational constant by coupling the spin-; field to the Noether current of global
Supersymmetry, and to restore local gauge invariance in higher orders by successively adding terms
to action and transformation laws in a systematic way. This is thus the same approach as was followed
successfully in Ref. 1. We work in second-order formalism without auxiliary fields, but our final re-
sults indicate the presence of other auxiliary fields in addition to torsion.

Before commenting on the derivation, we give our final results. The complete action is the sum of
the supergauge action £ and the matter action £ =£ 4+ £ ™ to be defined below. The latter contains
a massless Abelian spin-1 vector field, A, (the photon), and a Majorana spin-} field, ), coupled to the
spin-} Majorana spinor, §,, and to the gravitational vierbein field, e,, (the graviton), by means of two
terms: a coupling of ¥, to the Noether current of global supersymmetry which is linear in the gravita-
tional constant x, and a direct four-fermion interaction £, of gravitational strength «*:

i”--'i‘t‘”""-.rp.—igiy'ﬂhl-#izl;“?.}')"iF.., (1)
£M=(en/B)- @ 0)00)+ By @™ Wy Q)44 @y - $)OA) + § G vy 0}y )
=40 o)y ) Gy W0 ) ENE). @)

The symbol § + ¢ stands for ¥4 and y - ¥ for y*y,,.
The gravitational action is the same as in Refs. 1 and 2,

L= fnteR - 1™ T vy D o= (/3D 4Ny 0.+ 2T 3,8 ) = 40y -9 P). (3)
The total action £°+£™ is invariant under the following local supersymmetry transformations on the
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Consistent Supergravity with Complex Spin-3 Gauge Fields

§. Ferrara® and P. van Nieuwenhulzent

Mstitute for Theoretical Physics, Slate University of New York at Stowy Brook, Stomy Brook, New Yovk 11794
iReceived & October 1976

We construct a naw theory of supergravity which is invariant under complex local su-
persymmetry transformations, This theory Is cbtained by coupling the massless apin-
t1, 1) multiplet of ordinary global supersymmetry to the spin-(2, §) gauge multiplet of pre-
vious supergravity.

Ordinary supergravity is formulated'”” in terms  spin-] field, This theory unifies gravitation and
of two real gauge fields. the spin-2 vierbein field electromagnetism, the photon now belonging to
and the Majorana spin-} Rarita-Schwinger® field. the gauge multiplet of complex local supersym -
The latter is the gauge field belonging to local su- metry, and constitutes the first example of a con-
persymmetry transformations with anticommuting  sistent interacting theory of complex spin-3

real (Majorana) spinorial parameters. In this fields,
Letter we formulate a new theory of supergravity Before discussing the derivation, we give the
in terms of the real spin-2 and spin-1 vierbein results, The complete action is the sum of the

and photon fields, and a complex spin-} Rarita- supergauge action L° of ordinary supergravity,
Schwinger lield. This theory is obtained by coup-  and the matter action £, The former contains
ling the real spin-(2, ) gauge multiplet of super- the vierbein field ¢, (the graviton) and the Ma-
gravity to the real spin-(}, 1) matter multiplet of jorana Rarita-Schwinger field y,, while the latter
global flat-space supersymmetry. The two real describes a pholon A, and a second Majorana

(Majorana) spin-} fields are combined into the spin-1 field ¢,. The matter action couples, as
single complex (Dirac) spin-] field. The resuit- expected, y, to the Noether current associated
ing action turns out to have a complex local su- with the global supersymmetry invariance of the

peraymmetry whose gauge field is this complex matter action, and contains, in addition, a four-

I termion contact term ar,

L=204+ 2%, gMagh.pM (1
EMe = 3™ vy D0, = 1™ F F ot W INDG [ eP™ ¢y ™)y, (2)

LM= - Wi, (@ =T + " i,y 00
- (e 18) [ (T v ¢ W@ 9. + 20,0, 0.) = 4Ty 0¥,y 9)]

= (e 3DF v NFrriw, * 20,740, ) - 47, 79P], (3)

£° =~ (") "eRle) - §™F, v, D, 4,
(e ADF v 9 Wy v ¥ * 2w ob ) - 4@,y 9PL (4)

The action is invariast under the following transformation laws

8A, =V2tg,), be*, ~uTy'y,, (s)
b= = (WVDLFyv s beF oy v e+ i@, = Do "€+ duee . (8% " 'y e, (6)
By, = 69,° + o™ 29, v.0,* Br .0, | (1)
B8, °= 2 "D+ ixo™ el W,y 0 Vuvu Wy b (8)

In these equations D, is the gravitational covariant derivative (without torsion), F,,- gt 2 TY
*y o e=det(e’), ¢ is a real space-time ~dependent Majorana spinor, while Greek (Latin) indices con-
sistently denote world (local Loreniz) tensors, We use the positive metric £ E"=0) = (+,+,+,+)in
fat space (the Pauli metric) and our gamma matrices are Hermitian with squares equal to one (y,*= 2
=1 witha=1,4),

As in previous matter -supergravity couplingd,* " the bilinear term in the transformation law of the
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SPONTANEOUS SYMMETRY BREAKING AND HIGGS EFFECT
IN SUPERGRAVITY WITHOUT COSMOLOGICAL CONSTANT

E. CREMMER, B. JULIA and J. SCHERK
Laboratoire de Physique Théorique Ecole Normale Supérieure *, Paris, France

S. FERRARA
CERN, Geneva, Switzerland

L. GIRARDELLO

Istituto di Fisica dell'Universita, Milano,
INFN, Sezione di Milano, Itelia

P. van NIEUWENHUIZEN **
Instituut Lorentz, Leiden, The Netherlands

Received 20 September 1978

The super Higgs effect is studied in the (2, 3) + (3, 0*, 07) model. The most genesal
action is obtained using the recently developed tensor calculus: it contains an arbitrary
function of rwo variables Q{A, 8), A and B being the 0" scalar and 0~ pseudoscalar fields
of the matter system. The conditions are given which § must satisly in order that both

the gravitino v, becomes massive and no cosmological hzlm:lmecL Explicit examples
are given, a class of them leading to the mass formula m% + my = 4mJ,.

1. Introduction

Supersymmetry *** assigns equal masses to bosons and fermions in the same
multiplet. Such a degeneracy is not observed in Nature. It is thus important to
break supersymmetry, either explicitly or spontaneously. Below we consider
spontaneous breaking of supersymmetry in the spin (2, ) + spin (§,0°,07)

* Laboratoire propre du C.N.R.S. associé i I'Ecole Normale Supérieure et & I'Université de
Paris-Sud.
** On leave from the Institute for Theoretical Physics, State University of New Y ork, Stony
Brook.
**¥ For reviews on supersymmetry, see, for instance, ref. [1].
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NATURALLY VANISHING COSMOLOGICAL CONSTANT IN N = | SUPERGRAVITY

E.CREMMER
Ecole Normale Supérieure, Paris, France

and

S. FERRARA, C. KOUNNAS and D.V. NANOPOULOS

CERN, Geneva, Swirzerland

Received 5 September 1983

For ¥ = | supergravily thumthhtm:hhifIMch-urMnm[oﬂltkﬂﬂulultifold
of the hidden sector leads 10 a vanishing cosmological constant without unnatural fine tuning. The total scalar potential
from the hidden and physical sector is positive definite. The resulting low energy sofily broken global supersymmetry for
the matter fields is thus the same as in the case of Tactorized superpotential models with a fat Kihler metric,

The almost vanishing value of the cosmological
constant is an old, interesting, but unsolved problem
in gravity and more recently in supergravity theories.
The experimental upper limit on that quantity is found
to be extremely small (A ~ 10-50 GeV*). However,
no convincing theoretical or syymetry argument is
known to explain the almost vanishing of the cosmol-
ogical constant. It is the purpose of the curtent paper
to study that problem in the context of N = | local
supersymmetric theories.

Some successful phenomenological implications
seem to follow from supersymmetric theories [1]. For
instance, the stabllity under radiative corrections of
the well-known hierarchy between the two mass scales
(My, My ) appearing in grand unified theories has a
natural explanation in supersymmetric theories due
10 the non-renormalization theorems [2]. The splitting
between the doublet and triplet parts of § Higgs in
SU(5) theory can be also understood in the framework
of supergravity theories [3]. Furthermore, the My,
My hierarchy is naturally realized, assuming a radia-
tive breaking of the SU(2) X U(1) subgroup [4,5]. It
turns out that the radiative breaking is the simplest
mechanisrm which does not destabilize the doublet-
triplet hierarchy when the SU(2) X LX(1) is embedded
into a grand unification group [6). Moreover, another
serious hierarchy problem seems to find its natural ex-

0.031-9163/83/$ 03.00 © Elsevier Science Publishers BV

(North-Holland Physics Publishing Division)}

planation in the framework of a supersymmetric the-
ory, such as the smallness of non-perturbative effects
in QCD which are parametrized by # (@
<10-71) [7). it o

Although the GUT hierarchy problems may be nat-
unﬂyadwl'-upwmym.hbnutpoﬂbh
to shed any light on the cosmological constant problem,
at least in the case where the minimal super-Higgs
mechanism (8] *! is assumed. In this work, we focus
our attention on that specific problem. We will show
that if a suitable non-minimal structure is introduced
for the hidden sector (chiral supermultiplets which
are related to the supersymmetry breaking and de-
couple in the flat limit), a vanishing value for the cos-
mological constant is automatically ensured. To this
non-minimal structure of the hidden sector there cor-
responds a particular class of non-trivial Kihler mani-
folds which are actually Einstein spaces. Hence no
fine-tuning of the value of the cosmological constant
is necessary. In fact, the total potential (from the hid-
den sector and the usual matter sector) turns out to
be positive definite and its value at the minimum is
identically equal to zero.

In order to explain the main idea, let us first con-
sider only one chiral multiplet (z, x) coupled to super-

*! For a discussion of Kihler invariance, see also ref, 19).
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MATTER COUPLINGS IN SUPERGRAVITY THEORY

S. FERRARA *, F. GLIOZZI and ). SCHERK
Laboratoire de Physigue Théorique de I'Ecole Normale Supérieure, Paris, France **

P. VAN NIEUWENHUIZEN ***
ITP SUNY at Stony Brook, LI NY 11794, USA

Received 14 Seplember 1976

The Abelian (Maxwell) and non-Abelian {Yang- Ml.lh} spin-1 — :pm—i- vector multiplets
of global sy mmetry are coupled to the spin-2 - t.pm-, gauge multiplet of supergravity in a
locally supersymmetric way. The corresponding transformations of the fltl.dl which leave
the action invariant are derived. The coupling of the scalar spin-0 - qm\-l multiplet to
supergravity is also discussed. The same results are also obtained by the requirement of
gauge invariance of the S-matrix,

1. Introduction

Supersymmetry was originally introduced as a global invariance of certain La-
grangian field theories in which bosons are transformed into fermions and vice versa
[1]. Global supersymmetry transformations involve constant (anticommuting)
spinor paramelers €.

Local supersymmetry invariance with arbitrary space-dependcm parameters €(x)
can only be achieved by going 1o curved space and therefore the introduction of
gravitation is necessary [2). The gauge action for supergravity has recently been con-
structed [3). It describes the interaction of the graviton with a massless spin-3 fer-
mion, the gauge field related to local supersymmetry transformations. This theory
provides the minimal extension of Einstein theory which incorporates a local fer-
mionic symmetry and il has a particular simple form in the Cartan first order formu-
lation with torsion of general relativity |4).

In a previous note [5) the first example of a consistent coupling of a multiplet of
global supersymmetry to supergravity has been reported together with the transfor-

* On leave of absence from | rascati National Laboratories, Frascati, ltaly.
** Laboratoire propre du CNRS associc a I'Ecole Normale Supéricure et 3 I'Université de Pans
Sud. Postal address: FNS 24 rue Lhomond, 75230-Paris Cédex 05, France,
*** Supported in part by the National Sacnce Foundation, grant no. MPS 74-1 12-08-A01.
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Scalar multiplet coupled to supergravity

S. Ferrara,* D. Z. Freedman,' and P. van Nicuwenhuizen'
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supergravity. The resulting locally supersymmetric Lagrangian and transformation Laws are derived both in
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the scalar multiplet is also discussed

L INTRODUCTION

Supergravity is a newly proposed theory of gravi-
tation which has an extra gauge invariance, namely
local supersymmetry, in addition to the expected
general coordinate invariance. The action of the
gauge or gravitational multiplet describes a mass-
less spin-2 boson field (lhe graviton) and a mass-
less real spin- } fermion field (the Rarita-Schwing-
er field'). The action and transformation rules
were first constructed® using the more convention-
il second-order formalism for gravity and were
then shown to be simplified® by the use of the first-
order formalism. The commulator algebra of lo-
cal supersymmetry' displays the connection be-
tween supersymmetry and general coordinate in-
Variance,

A natural direction of development for super -
gravity is the extension of the actions and lrans-
formation rules of known® globally supersy mmetric,
four -dimensional field theories to achieve local
symmetry. There has been recenl progress in this
matter-coupling problem. MNamely, the locally
supersymmetric Maxwell-Einstein theory has been
obtained® by a consiructive method (similar to that
of Rel. 2), using the second-order description of
gravity. These techniques’ and similar methods®
using first-order gravitation have been used to con-
struct the locally supersymmetric extension of the
Yang-Mills multiplet. Partial results have also
been obtained for the scalar or chiral multiplet.’
Locally supersymmetric systems in one and two
spacetime dimensions (spinning particles® and
strings') have also been eonstructed.

In this article, the complete coupling of the mass-
less scalar multiplet to supergravity is obtained,
together with the transiormation laws of the !iel?s.

15

The results are valid for an arbitrary global in-
ternal-symmetry group. The results are obtained
both in second-order and in tirst-order [lorsion)
form. Unexpectedly, we found that the Lagrangian,
presented in Ref. 7 as a partial result, is in fact
the complete Lagrangian in second-order form.
The commutator algebra of supersymmetry trans-
formations is considered next and is found to have
a more complicated structure than in previous
models ** Finally, a mass term is added to the
scalar multiplet. Results of the zction up to order
«' and of the transformation laws up to order
seem (o indicate that in this case the locally super-
symmetric action is nonpolyaomial in the scalar
and pseudoscalar fields. No inconsistencies are
present up to these orders,

The method by which the action and transforma-
tion laws are obtained is the same method as in
Rels. 2, 4, 6, 7, and 8. One starts by adding the
order-u« coupling of the spin-} field ¢, to the Noe-
ther current of the globally supersymmetric mat-
ter system, and by covariantizing such that all
results hold in curved space. Then one expands
the variation of the action in powers of », and adds
terms to action and transformation laws such that
at each x level invariance is maintained. It should
be stressed that this method is unique, wnambig-
uous, and straightforward. It is applicable to all
cases where one wanis to couple two systems in an
inwvariant way. The method is based entirely on
ordinary four-dimensional spacetime, but super-
space methods'' may eventually also illuminate
the problem of matter couplings in supergravity.

In the next two sections the action and transfor-
mation laws for the massless scalar multiplet
coupled to supergravity are obtained. In Sec. IV
the algebra is discussed, while in Sec. V the mass-
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