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SUPER-GAUGE TRANSFORMATIONS 
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and 
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Abstract A systematic method for constructing Wess-Zummo supergauge transformatmns ~s 
exhibited 

In a recent  art icle Wess and  Z u m l n o  [1 ] have inven ted  an in te res t ing  new symme-  
try. G e n e r a h z m g  f rom the  dual  mode l  super-gauge s y m m e t r y  [2] these a u t h o r s  suc- 
ceeded m def in ing  an ana logous  t r a n s f o r m a t i o n  group m fou r -&m e n s lona l  space- 
t ime This  i nven t ion  is q m t e  r emarkab le  m at least two respects  (1) the i r reducible  
r ep re sen t a t i ons  o f  this  s y m m e t r y  c o m b i n e  fe rmlons  wi th  bosons  and (11) the stric- 
tures  o f  O'Raxfeartaxgh's  t h e o r e m  are c i r cumve n t e d  - we seem to have here  a rela- 
tivistic sp in -con ta in ing  s y m m e t r y  which  is cons i s t en t  wi th  u n l t a n t y  ~ Moreover ,  m 
a s imple Lagranglan model  revolving two scalars and a Malorana spmor ,  Wess and 
Z u m m o  found  tha t ,  m the  one- loop  app rox lma taon ,  there  Is on ly  one  ( loga r i t hmic )  
divergence [3] 

The  purpose  o f  this  paper  is to  present  a ra ther  snnp le  m e t h o d  which  can be 
used for the  c o n s t r u c t i o n  o f  at least some o f  the  r e p r e s e n t a t m n s  o f  th~s s y m m e t r y .  

We shall con f ine  our  cons ide ra t ions  to the  14-paramete r  suba lgebra  o f  the  W e s s -  

* q'he group of Wess and Zummo can be looked upon as a sort of quasi U(2, 3) the set of umtary 
5 X 5 matrices, g, whose elementsg~, a, t3 = 1, 2, 3, 4, andg~ are ordinary complex numbers 
while g~ and gs are anti-commuting c-numbers. The subgroup SU (2, 2) X U( 1 ) of the ordinary 
sort is identified with the product of the 15-parameter conformal group of space-tmle and a 
1-parameter group of 7s transformations. The antlcommutmg parts are identified with super- 
gauge transformations. Looked at m this way an Immediate generahzatmn to U(2,4) (or U(25)) 
ts suggested The ordinary subgroup SU(2, 2) X U(2) (or SU(2,2) X U(3)) might then be stud 
to include a strictly internal SU(2) (or SU(3)) symmetry Contrasted with this mamage of in- 
ternal symmetries with space-time symmetries, one may also consider a rather trwml generah- 
zatmn of Wess and Zummo's work where each one of their fields is considered as (for example) 
the adlomt representation of an internal symmetry U(n). 
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Snperfiehh and Fermi-Bose symmetry

Abdus Salam
International Centre for Theoretical Physics, Trieste, Italy, and Imperial College, London, England

J. Strathdee
International Centre for Theoretical Physics, Trieste, Italy

(Received 12 3une 1974)

The realization of supergauge transformations on fields defined over an 8-dimensional space whose
points are labeled by x „and the anticommuting Majorana spinor 8 is described. The covariant
derivative is defined and applied to the problem of decomposing superfields into irreducible (chiral)
parts and to the problem of constructing "supersymmetric" Lagrangians. Further, it is shown how to
build internal symmetries (both global and local) into these Lagrangians. An example is discussed in
which the internal (global) symmetry is spontaneously violated, giving rise to a supermultiplet of
Goldstone particles (including fermions). When a local symmetry is broken the Higgs mechanism (for
bosons and fermions) is shown to be operative. A possible solution to the problem of defining a
conserved fermion number is indicated.

I. INTRODUCTION

The concept of a fundamental symmetry between
fermions and bosons has begun recently to receive
a good deal of attention. This symmetry was for-
mulated first in the context of dual model theory. '
In this 2-dimensional setting it takes the form of
a tacat symmetry and plays a vital role in the
elimination of ghosts. More recently, Wess and
Zumino'" took the decisive step of formulating a
global Fermi-Bose symmetry in 4-dimensional
spac ctime.
An approach to the problem of implementing the

global Fermi-Bose supersymmetry, which is
somewhat different from that of Wess and Zumino,
was proposed by ourselves. " This involved the
consideration of a superfield 4 (x, 6) defined on an
8-dimensional space which is the product of ordin-
ary spacetime with a 4-dimensional space whose
points are labeled by the anticommuting Majorana
spinor 6) .' The purpose of this article is to dis-
cuss in more detail the properties of such super-
fields and their products and to show how it is
possible to set up supersymmetric Lagrangians
which are compatible with local internal sym-
metries. The plan of the article is as follows.
In Sec. II a pseudogeometrical point of view is

introduced and the action of the supersymmetry
group on the space of x„and 6) is defined. This
leads in a natural way to the transformation rules
for scalar, spinor, etc. superfields. The struc-
ture of such representations is discussed briefly.
The important concept of covariant differentiation
is introduced in Sec. III and its use in decomposing
superfields into irreducible pieces is indicated.
Detailed properties of the covariant derivative,
including a number of identities, are set out in

Appendix A. In Sec. IV the Lagrangian for a self-
coupled scalar superfield first exhibited by Wess
and Zumino' is given as an illustration. Section
V is devoted to the problem of incorporating in-
ternal symmetries in a supersymmetric scheme.
Those of the global kind are easily fitted in and
so are mentioned only in passing. The main
problem is to set up local (and particularly non-
Abelian) internal symmetries which are compat-
ible with supersymmetry. This is nontrivial. In
particular, it is found that zero-mass "gauge"
spinors must accompany the usual vector gauge
fields. ' Goldstone and Higgs mechanisms are
discussed in Sec. VI and Goldstone fermions are,
shown to arise when internal symmetry is spon-
taneously broken.
One of the disturbing features of the supersym-

metry scheme is the prevalence of Majorana spin-
ors. On the face of it, in combining fermions and
bosons into a single multiplet it would seem to be
inevitable that quantum numbers such as electric
charge or baryon number must be shared between
the fermions and the bosons in the multiplet, while
neutral bosons would go together with neutral (i.e.,
Majorana) fermions. Fortunately, this difficulty
is not inevitable. A counterexample is given at
the end of Sec. V, where it is shown that if the
system of gauge fields is allowed to interact with
a massless scalar multiplet [belonging to the ad-
joint representation of an internal symmetry, e.g.,
SU(n)] then a new symmetry appears. The Major-
ana spinors from the gauge system can be com-
bined with the spinors from the matter supermulti-
plets into complex Dirac spinors, with the Lagran-
gian exhibiting a fermion-number conservation.
With the incorporation of local internal sym-

metries into the framework of supersymmetric
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S U P E R G A U G E  T R A N S F O R M A T I O N S  IN F O U R  D I M E N S I O N S  

J. WESS 
Karlsruhe University 

B. ZUMINO 
CERN, Geneva 

Received 5 October 1973 

Abstract: Supergauge transformations are defined in four space-time dimensions. Their commu- 
tators are shown to generate 75 transformations and conformal transformations. Various 
kinds of multiplets are described and examples of their combinations to new representations 
are given. The relevance of supergauge transformations for Lagrangian field theory is ex- 
plained. Finally, the abstract group theoretic structure is discussed. 

1. Introduction 

Supergauge transformations have been studied until now in dual models, especial- 
ly in their formulation as two-dimensional field theories [ 1 - 4 ] .  They transform 
scalar (in general tensor) fields into spinors and boson fields into fermion fields. 
This is possible because the parameters of the supergauge transformation are them- 
selves totally anticommuting spinors. The commutator of two infinitesimal super- 
gauge transformation is a conformal transformation in two dimensions. Invariance 
under supergauge transformations is closely connected to the absence of ghost 
states in the two dimensional field theory. 

It is natural to ask whether one can define supergauge transformations in four 
dimensional space-time. In this paper we show that this is indeed possible, although 
the generalization from two to four dimensions is not completely straightforward 
and presents some interesting new features. In four dimensions the commutator of 
two infinitesimal supergauge transformations turns out to be a combination of a 
conformal transformation and a 3'5 transformation. Supergauge transformations can 
be represented on multiplets of fields, a given multiplet containing some tensors and 
some spinors. Examples of such representations are given in sect. 3. A representa- 
tion is characterized not only by a given multiplet of fields but also by a weight, 
much as an ordinary tensor representation corresponds to a tensor density having a 
given index structure as well as a certain weight. Representations for supergauges 
can be combined into other representations, as exemplified in sect. 3. Using the 
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Abstract: A method is given for constructing some of the unitary irreducible representations of 
the Wess-Zumino super-gauge symmetry. Application of this symmetry to the analysis of 
S-matrix elements is considered. A new super-gauge symmetry which includes isospin is in- 
troduced and some of its representations are constructed. 

The super-gauge operations invented by Wess and Zumino [ 1 ] have the remark- 
able property of  transforming bosons into fermions and vice versa. These authors 
define such transformations on a multiplet of  fields which is then.built into an in- 
variant Lagrangian. The absence of  ghosts (in the perturbative development at least) 
shows, among other things, that the symmetry is consistent with unitarity. Indeed, 
it is possible to proceed directly to the construction of  unitary representations. 
This we shall do in the following. 

The super-gauge symmetry of  Wess and Zumino may be looked upon as the first 
example of  a unitary and relativistic spin-containing theory. Particles with distinct 
intrinsic spins are here combined into irreducible multiplets. In this letter we present 
a generalized super-gauge symmetry which contains isospin as well. It is not a rela- 
tivistic version of  Wigner's SU(4), though it resembles it. It appears to be a potent 
new symmetry, though we do not speculate at present on its usefulness in particle 
physics. 

The full super-gauge symmetry involves dilatations, conformal and 75 transforma- 
tions. In a recent note [2] we considered the more easily manageable subalgebra 
which is generated by the Poincare operators Juv, Pu and the Majorana spinor Sa 
for which we adopted the following algebra: 

[S~,P~] = O, [S~,J~.]  ~ (o . . ) . S~  , (S~ ,S~)  = - ( 7 . C ) . ~ e ~  . (1) 
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We show that the conventional Yang-MiUs Lagrangian with the Yang-Mills field interacting with Majorana fermions 
belonging to the adjoint representation of an internal symmetry group like SU(n) is super-gauge invariant. 

The feasibility of combining fermions with bosons 
in irreducible multiplets of a new kind of global sym- 
metry (super-gauge symmetry) has been established 
by Wess and Zumino*. These authors have given two 
examples [3, 4] of renormalizable Lagrangians which 
possess this symmetry. The question naturally arises 
as to whether and to what extent the new symmetry 
can be compatible with internal symmetries. Internal 
symmetries of the global type are easily incorporated. 
More interesting and more difficult is the question of 
compatibility with internal symmetries of the local 
type. What is clearly implied in such cases is that the 
vector mesons of the gauge system must be associated 
with new gauge particles which are fermions. In the 
absence of spontaneous symmetry breaking, the gauge 
fermions would have zero mass, like the gauge vector 
mesons. 

.Wess and Zumino have constructed a super-gauge 
invariant extension of quantum electrodynamics, i.e. 
of an Abelian local symmetry [4]. The gauge multiplet 
consists of  a photon together with a neutral (Majorana) 

* These authors [ 1 ], following the usage in dual model theory 
where the concept originated [2], designate this Fermi-Bose 
symmetry by the expression "super-gauge". Since the word 
"gauge" has come to be associated more commonly with 
"gauges of the second kind" or local symmetries, it is con- 
fusing to use super-gauge to describe what is indeed a global 
symmetry of fermions and bosons. We suggest therefore 
that the expression "super-symmetry" might be more ap- 
propriate for the global concept and reserve the word 
"gauge" for local symmetries. 

zero-mass spinor, while the matter multiplet consists 
of an electron and two charged spin-zero particles. 
The resulting model is renormalizable. 

In this paper we construct a super-symmetric La- 
grangian which at the same time exhibits a non- 
Abelian gauge symmetry. In particular, we find the 
somewhat remarkable result that the Lagrangian for a 
conventional Yang-Mills system of fields interacting 
with a multiplet of Majorana fermions is .superinvari- 
ant, provided that the Fermi fields (like the Yang- 
Mills fields themselves) belong to the adjoint represen- 
tation of the internal symmetry group (e.g. SU(n)). 

To construct the Lagrangian, we use the method 
of super-fields [5]. A typical super-field, ~(x, 0), de- 
fined over the space of anticommuting Majorana 
spinors 0a, is equivalent to a set of sixteen ordinary 
fields (half of them fermionic and the other half 
bosonic) defined over space-time. These ordinary 
fields are simply the coefficients in the expansion of 
• (x, 0) in powers of  0 (which expansion must ter- 
minate in the fourth order because of the anticom- 
mutativity of the variable 0). Differentiation with 
respect to 0 is easily defined and enjoys the usual 
properties except that attention must be paid to the 
order of factors. A particularly useful operator is the 
"covariant derivative" Da defined by 

D ~,(x,0)-- a---~-~ i ~ ,  aO~ - ~ (~0)~  b-x" (1) 

This derivative is a Dirac spinor under Lorentz trans- 

353 

Volume 51B, number 4 PHYSICS LETTERS 19 August 1974 

S U P E R - S Y M M E T R Y  A N D  N O N - A B E L I A N  G A U G E S  

A. SALAM 
International Centre for Theoretical Physics, Trieste, Italy 

and Imperial College, London, England 

and 

J. STRATHDEE 
International Centre for Theoretical Physics, Trieste, Italy 

Received 6 June 1974 

We show that the conventional Yang-MiUs Lagrangian with the Yang-Mills field interacting with Majorana fermions 
belonging to the adjoint representation of an internal symmetry group like SU(n) is super-gauge invariant. 

The feasibility of combining fermions with bosons 
in irreducible multiplets of a new kind of global sym- 
metry (super-gauge symmetry) has been established 
by Wess and Zumino*. These authors have given two 
examples [3, 4] of renormalizable Lagrangians which 
possess this symmetry. The question naturally arises 
as to whether and to what extent the new symmetry 
can be compatible with internal symmetries. Internal 
symmetries of the global type are easily incorporated. 
More interesting and more difficult is the question of 
compatibility with internal symmetries of the local 
type. What is clearly implied in such cases is that the 
vector mesons of the gauge system must be associated 
with new gauge particles which are fermions. In the 
absence of spontaneous symmetry breaking, the gauge 
fermions would have zero mass, like the gauge vector 
mesons. 

.Wess and Zumino have constructed a super-gauge 
invariant extension of quantum electrodynamics, i.e. 
of an Abelian local symmetry [4]. The gauge multiplet 
consists of  a photon together with a neutral (Majorana) 

* These authors [ 1 ], following the usage in dual model theory 
where the concept originated [2], designate this Fermi-Bose 
symmetry by the expression "super-gauge". Since the word 
"gauge" has come to be associated more commonly with 
"gauges of the second kind" or local symmetries, it is con- 
fusing to use super-gauge to describe what is indeed a global 
symmetry of fermions and bosons. We suggest therefore 
that the expression "super-symmetry" might be more ap- 
propriate for the global concept and reserve the word 
"gauge" for local symmetries. 

zero-mass spinor, while the matter multiplet consists 
of an electron and two charged spin-zero particles. 
The resulting model is renormalizable. 

In this paper we construct a super-symmetric La- 
grangian which at the same time exhibits a non- 
Abelian gauge symmetry. In particular, we find the 
somewhat remarkable result that the Lagrangian for a 
conventional Yang-Mills system of fields interacting 
with a multiplet of Majorana fermions is .superinvari- 
ant, provided that the Fermi fields (like the Yang- 
Mills fields themselves) belong to the adjoint represen- 
tation of the internal symmetry group (e.g. SU(n)). 

To construct the Lagrangian, we use the method 
of super-fields [5]. A typical super-field, ~(x, 0), de- 
fined over the space of anticommuting Majorana 
spinors 0a, is equivalent to a set of sixteen ordinary 
fields (half of them fermionic and the other half 
bosonic) defined over space-time. These ordinary 
fields are simply the coefficients in the expansion of 
• (x, 0) in powers of  0 (which expansion must ter- 
minate in the fourth order because of the anticom- 
mutativity of the variable 0). Differentiation with 
respect to 0 is easily defined and enjoys the usual 
properties except that attention must be paid to the 
order of factors. A particularly useful operator is the 
"covariant derivative" Da defined by 

D ~,(x,0)-- a---~-~ i ~ ,  aO~ - ~ (~0)~  b-x" (1) 

This derivative is a Dirac spinor under Lorentz trans- 

353 



Volume 135B, number 5,6 PHYSICS LETTERS 16 February 1984 

ON K A L U Z A - K L E I N  COSMOLOGY 
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Abdus SALAM 
International Centre for Theoretical Physics, Trieste, ltaly 
and Imperial College, London, England 

and 

J. STRATHDEE 
International Centre for Theoretical Physics, Trieste, ltaly 

Received 16 November 1983 

A generafization of Friedmann-Robertson-Walker cosmology to 4 + K dimensions is considered. The space-time mani- 
fold R 1 × S 3 × S K is characterized by two time-dependent scales, R (t) and a(t). The equations of motion for R and a are 
derived from the 4 + K-dimensional Einstein action supplemented by a one-loop thermal term, corresponding to a gas of 
non-interacting scalar particles. It is shown that in the approximation when T < 1/a the equations of motion admit a solu- 
tion in which the internal space has a constant radius a while the external R (t) evolves in the usual manner. 

1. Einstein equations. The idea o f  an internal space 
whose symmetries correspond to the observed internal 
symmetries of  low energy physics has received much at- 
tention,  recently. I t  is assumed in this picture that  s p a c e -  
time has more than four dimensions and that all but  four 
o f  them are highly curved and compactif ied so as to be 
unresolvable with the energies available at present. The 
relevant distance (measured in units of  Planck length) 
would be inversely correlated with the gauge coupling 
constants in the theory.  

As with other questions involving inaccessibly small 
distance scales it  seems appropriate to look for cosmo- 
logical implications o f  the Ka luza-Kle in  hypothesis.  
Were the compact  dimensions always compact  and 
always so much more curved than the others? If  there 
is a temporal  evolution o f  the distance scales, is it  com- 
patible with the observed constancy of  gauge coupling 
parameters like the fine structure constant? We shall 

1 Supported by Schweizerischer National Funds. 
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demonstrate that it is indeed possible to maintain a 
mixed internal scale while the external radius evolves 
in the conventional manner. 

To study the cosmological aspects [1] of  the 
Kaluza-Kle in  hypothesis we shall begin by  setting up 
a straightforward generalization of  the homogeneous 
Friedmann, Roberston, Walker cosmologies for space -  
times with extra dimensions. To be specific we shall 
assume the geometry R 1 X S 3 X S K where R 1 corre- 
sponds to the time dimension, S 3 to the "large" space 
dimensions and S K to the "small" or internal space 
dimensions. Instead of  the sphere S 3 one could choose 
an open space of  constant curvature and, instead o f  
the sphere S K one could choose a compact  quotient 
space G/H of  K dimensions. In any case the metric 
tensor could be presented in the form 

gMN = 

- 1  

R( t )2gmn(X)  , ( 1 . 1 )  

a( t )2g , , (Y)  

0.370-2693/84/$ 03.00 © Elsevier Science Publishers BN.  
(North-Holland Physics Publishing Division) 
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Received December 8, 1981 

Assuming the compactitication of 4 + K-dimensional space-time implied in Kaluza-Klein- 
type theories, we consider the case in which the internal manifold is a quotient space, G/H. 
We develop normal mode expansions on the internal manifold and show that the conventional 
gravitational plus Yang-Mills theory (realizing local G symmetry) is obtained in the leading 
approximation. The higher terms in the expansions give rise to field theories of massive 
particles. In particular, for the original Kaluza-Klein 4 + l-dimensional theory, the higher 
excitations describe massive, charged, purely spin-2 particles. These belong to infinite dimen- 
sional representations of an G( 1,2). 

I. INTRODUCTION 

The motivation for studying generally covariant field theories in space-time of 
more than four dimensions is to obtain a geometrical interpretation of internal 
quantum numbers such as electric charge, i.e., to place them in the same context as 
energy and momentum [ 1, 21. The latter observables are associated with translational 
symmetry in 4-dimensional Minkowski space; the internal observables would be 
associated with symmetry motions in the extra dimensions. 

In theories of the Kaluza-Klein type one starts with the hypothesis that spacetime 
has 4 + K dimensions. One assumes general covariance and adopts the 4 + K- 
dimensional curvature scalar as the Lagrangian. Next, one supposes that because of 
some dynamical mechanism, the ground state of this system is partially compactifled 
[3], M4 x BK rather than I’U~+~, where M4 denotes 4-dimensional Minkowski space 
and BK is a compact K-dimensional space [4]. The size of B” must be sufficiently 
small to render it unresolvable at the currently available energies. For example, with 
the size of B” < 10-i’ cm, it would be invisible to probes of energy <lo3 GeV, this 
being an upper limit. 

Models have been constructed which illustrate this phenomenon of spontaneous 
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It is argued that large gauge hierarchies occur naturally in some theories with supersymmetry spontaneously broken at 
the three level. Such theories may also lead to time-dependent values of the natural "constants". 

In this paper an a t tempt  will be made to solve the 
gauge hierarchy problem [ 1 - 3 ]  (to explain the large 
ratio between the mass scale o f  grand unification and 
the scale of  ordinary particle physics) on the basis of  
supersymmetry theories in which supersymmetry is 
spontaneously broken at the tree level. The main no- 
velty of  the approach here is that  it will be assumed 
that the small mass scale is fundamental ,  the large one 
being generated dynamically* 1. 

Since we assume a simple gauge group, the F a y e t -  
Il iopoulos D term [associated with elementary U(1) 
gauge fields] is not available as a mechanism for sym- 
metry breaking. Supersymmetry breaking must be ob- 
tained as a variant of  the O'Raifeartaigh model  [7]. 
In this model ,  there are three complex f ie lds ,A,  X 
and Y, and the superspace potential  is W(A, X,  Y)  = 
XX(A 2 - M  2) + gYA * 2. The potential  energy of  the 
scalar fields is V = 2~ I~W/O~il 2 or in this case 

1 Permanent address: Joseph Henry Laboratories, Princeton 
University, Princeton, NJ 08540, USA. Supported in part 
by NSF Grant PHYS0-19754. 

,1 For previous discussions of the hierarchy problem based 
on supersymmetry, see refs. [4-6] .  

,2 All models in this paper are natural in the strong sense that 
the most general W compatible with certain symmetries is 
used. Since W undergoes no renormalization in perturba- 
tion theory [8,6] a weaker concept of naturalness - all 
terms in W should have coefficients of the same order of 
magnitude - may be physieaUy adequate. The relevant 
global symmetries of the O'Raffeaxtaigh model axe Y --* 
-Y ,A  --, - A  and also X--, el~X, Y-+ elay. (Recall that any 
transformation in which W changes only by an overall phase 
is a symmetry of a supersymmetric model.) 

V(A, X, Y) = ?,2 IA 2 _ M 212 + g2 IA 12 + [2XAX+gYI 2 . 
(1) 

This potential  nowhere vanishes, so supersymmetry 
is spontaneously broken. Minimizing this potential ,  
one finds A = 0 or A = (M 2 - g2/2x2)l/2 depending 
on whether g/LM is large or small. However [7], the 
potential  does not  determine X and Y. One may 
choose any X,  as long as Y = -2SAX/g.  

Such degeneracy is very common in models with- 
out  elementary U (1) gauge fields in which supersym- 
metry is spontaneously broken. The qb i being complex 
and W analytic,  the equations aW/O¢/= 0 of  unbroken 
supersymmetry have solutions (but  perhaps at infi- 
nite $; see eq. (13) below) unless they are algebraically 
inconsistent. Algebraic inconsistency means that the 
~W/O$ i are independent o f  one combinat ion o f  the 
~/, whose expectat ion value is undetermined at the 
tree level. 

Since X and Y can be arbitrarily large, and since 
the A particle, for instance, has a mass of  approxima- 
tely 2~,(X), this theory can have at the tree level an 
arbitrarily large mass scale, total ly  unrelated to the 
parameters in the lagrangian. The higher-order correc- 
tions decide whether this possibility is actually realized. 

These corrections have been discussed in most de- 
tail by  Huq [9], who showed that  the corrections pre- 
vent X and Y from becoming anomalously large. For  
other discussions of quantum corrections in this model,  
see ref. [10]. 

The result that  X and Y cannot become arbitrarily 
large is most easily understood for g/kM>> 1, where 
Gi) = 0. As is well known [11], the one-loop correc- 
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We construct an action for a supermembrane propagating in d= 11 supergravity background. Using the constraints of d= 11 
curved superspace, we show that the action is invariant under Siegel-type transformations recently generalized by Hughes, Li and 
Polchinski. The transformation parameter is a world-volume scalar and d= 11 spacetime spinor. We also discuss the general 
problem of the coupling of n-dimensional extended objects to d-dimensional supergravity. 

1. Now that we have become accustomed to the 
notion that strings should replace particles, it is nat- 
ural to investigate the properties of  higher-dimen- 
sional extended objects, in particular of  membranes 
since they are the simplest extended objects, and they 
might describe strings in an appropriate limit. 

In 1962 Dirac [ 1 ] put forward a theory of an 
extended electron based on the idea of a relativistic 
membrane. In 1976, Collins and Tucker [2] studied 
the classical and quantum mechanics of  free relati- 
vistic membranes. A year later a locally supersym- 
metric and reparametrization-invariant action for a 
spinning membrane was constructed by Howe and 
Tucker [3]. The action describes anti de Sitter 
supergravity coupled to a number of  scalar multi- 
plets in three dimensions. It is the membrane analog 
of the Neveu-Schwarz-Ramond formulation of the 
spinning string theory. 

More progress towards the construction of a mem- 
brane theory was made by Sugamoto [4] in 1983. 
More recently, Hughes, Li and Polchinski [ 5 ] have 
constructed a Green-Schwarz-type action for a three- 
extended object propagating in flat six-dimensional 
spacetime. The consistency of  the action requires the 

Supported in part by INFN, Sezione di Trieste, Trieste, Italy. 

existence of a closed superspace five-form, in anal- 
ogy with the Henneaux and Mezincescu [6] con- 
struction for the Green-Schwarz superstring action 
[ 7 ], where a closed superspace three-form is required. 
The novel feature of  the theory of Hughes et al. is 
that the parameter of the Siegel-type transformation 
[8] is a scalar rather than a vector on the world 
volume. 

The generalization of the Hughes et al. model to n- 
extended objects propagating in flat d-dimensional 
superspace is evident. All that is required is the exis- 
tence of a closer super (n + 2)-form given by 

H =EoEaEa". . .Ea '  (Y . . . . .  a , ,  ) or,8 , (1) 

where (E% E a) are the basis one-forms in super- 
space. This form is closed provided that the follow- 
ing/ ' -mat r ix  identity holds: 

(ya) (o~ (y . . . . . . . . .  )~) = 0 .  (2) 

The purpose of this note is to construct Hughes et 
al. -type actions describing the propagation of an n- 
extended object in d-dimensional curved superspace. 
We give a general formula for the action and the 
transformation rules, whose consistency requires, 
among other things (see below), the existence of a 
closed (n + 2)-form in curved superspace. Thus we 

0370-2693/87/$ 03.50 © Elsevier Science Publishers B.V. 
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Abstract

We propose a new framework for solving the hierarchy problem
which does not rely on either supersymmetry or technicolor. In this
framework, the gravitational and gauge interactions become united at
the weak scale, which we take as the only fundamental short distance
scale in nature. The observed weakness of gravity on distances ∼> 1
mm is due to the existence of n ≥ 2 new compact spatial dimensions

large compared to the weak scale. The Planck scale MP l ∼ G−1/2
N is

not a fundamental scale; its enormity is simply a consequence of the
large size of the new dimensions. While gravitons can freely propa-
gate in the new dimensions, at sub-weak energies the Standard Model
(SM) fields must be localized to a 4-dimensional manifold of weak
scale “thickness” in the extra dimensions. This picture leads to a
number of striking signals for accelerator and laboratory experiments.
For the case of n = 2 new dimensions, planned sub-millimeter mea-
surements of gravity may observe the transition from 1/r2 → 1/r4

Newtonian gravitation. For any number of new dimensions, the LHC
and NLC could observe strong quantum gravitational interactions.
Furthermore, SM particles can be kicked off our 4 dimensional mani-
fold into the new dimensions, carrying away energy, and leading to an
abrupt decrease in events with high transverse momentum pT ∼> TeV.
For certain compact manifolds, such particles will keep circling in the
extra dimensions, periodically returning, colliding with and depositing
energy to our four dimensional vacuum with frequencies of ∼ 1012 Hz
or larger. As a concrete illustration, we construct a model with SM
fields localised on the 4-dimensional throat of a vortex in 6 dimen-
sions, with a Pati-Salam gauge symmetry SU(4)× SU(2)× SU(2) in
the bulk.

Large	  Extra	  Dimensions	  
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Ž .Physics Letters B 436 1998 257–263
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Abstract

Recently, a new framework for solving the hierarchy problem has been proposed which does not rely on low energy
supersymmetry or technicolor. The gravitational and gauge interactions unite at the electroweak scale, and the observed
weakness of gravity at long distances is due the existence of large new spatial dimensions. In this letter, we show that this
framework can be embedded in string theory. These models have a perturbative description in the context of type I string
theory. The gravitational sector consists of closed strings propagating in the higher-dimensional bulk, while ordinary matter
consists of open strings living on D3-branes. This scenario raises the exciting possibility that the LHC and NLC will
experimentally study ordinary aspects of string physics such as the production of narrow Regge-excitations of all standard
model particles, as well more exotic phenomena involving strong gravity such as the production of black holes. The new
dimensions can be probed by events with large missing energy carried off by gravitons escaping into the bulk. We finally
discuss some important issues of model building, such as proton stability, gauge coupling unification and supersymmetry
breaking. q 1998 Published by Elsevier Science B.V. All rights reserved.

1. Introduction

w xIn a recent paper 1 , a general framework for
solving the hierarchy problem was proposed not
relying on low-energy supersymmetry or technicolor.
The hierarchy problem is solved by nullification: in
this scenario, gravity becomes unified with the gauge
interactions at the weak scale and there is no large
disparity between the size of different short distance

w xscales in the theory. As argued in 1 , the observed
weakness of gravity is then due to the existence of
new spatial dimensions much larger than the weak
scale, perhaps as large as a millimeter for the case of

two extra dimensions. The success of the Standard
Ž .Model SM then implies that, while gravity is free

to propagate in the bulk of the extra dimensions, the
SM fields must be localised to a 3 spatial dimen-
sional wall at energies beneath the weak scale. While
field-theoretic mechanisms for localising the SM
fields on a topological defect were suggested, the
nature of the theory of gravity above the weak scale

w xwas left unspecified in the general framework of 1 .
In this letter, we show that the above scenario can

be embedded within string theory, which at present
offers the only hope for a consistent theory of grav-
ity. The traditional line of thought has been that

0370-2693r98r$ - see front matter q 1998 Published by Elsevier Science B.V. All rights reserved.
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We recently proposed a solution to the hierarchy problem not relying on low-energy supersymmetry or
technicolor. Instead, the problem is nullified by bringing quantum gravity down to the TeV scale. This is
accomplished by the presence of n>2 new dimensions of submillimeter size, with the SM fields localized on
a 3-brane in the higher dimensional space. In this paper we systematically study the experimental viability of
this scenario. Constraints arise both from strong quantum gravitational effects at the TeV scale, and more
importantly from the production of massless higher dimensional gravitons with TeV suppressed couplings.
Theories with n.2 are safe due mainly to the infrared softness of higher dimensional gravity. For n52, the six
dimensional Planck scale must be pushed above ;30 TeV to avoid cooling SN 1987A and distortions of the
diffuse photon background. Nevertheless, the particular implementation of our framework within type I string
theory can evade all constraints, for any n>2, with string scale ms;1 TeV. We also explore novel phenomena
resulting from the existence of new states propagating in the higher dimensional space. The Peccei-Quinn
solution to the strong CP problem is revived with a weak scale axion in the bulk. Gauge fields in the bulk can
mediate repulsive forces ;106– 108 times stronger than gravity at submillimeter distances, as well as help
stabilize the proton. Higher-dimensional gravitons produced on our brane and captured on a different ‘‘fat’’
brane can provide a natural dark matter candidate. @S0556-2821~98!02224-3#

PACS number~s!: 11.25.Mj, 12.10.2g

I. INTRODUCTION

In a recent paper @1#, we proposed a framework for solv-
ing the hierarchy problem which does not rely on supersym-
metry or technicolor. Rather, the problem is solved by re-
moving its premise: the fundamental Planck scale, where
gravity becomes comparable in strength to the other interac-
tions, is taken to be near the weak scale. The observed weak-
ness of gravity at long distances is due to the presence of n
new spatial dimensions large compared to the electroweak
scale. This can be inferred from the relation between the
Planck scales of the (41n) dimensional theory MPl(41n)
and the long-distance 4-dimensional theory MPl(4) , which
can simply be determined by Gauss’ law ~see the next sec-
tion for a more detailed explanation!

MPl
~

4 !

2
;rn

nMPl
~

41n !

n12
~1!

where rn is the size of the extra dimensions. Putting
MPl(41n);1 TeV then yields

rn;1030/n217 cm. ~2!

For n51, r1;1013 cm, so this case is obviously excluded
since it would modify Newtonian gravitation at solar-system
distances. Already for n52, however, r2;1 mm, which is
precisely the distance where our present experimental mea-
surement of gravitational strength forces stops. As n in-

creases, rn approaches (TeV)21 distances, albeit slowly: the
case n56 gives r6;(10 MeV)21. Clearly, while the gravi-
tational force has not been directly measured beneath a mil-
limeter, the success of the standard model ~SM! up to
;100 GeV implies that the SM fields can not feel these
extra large dimensions; that is, they must be stuck on a wall,
or ‘‘3-brane,’’ in the higher dimensional space. Summariz-
ing, in our framework the universe is (41n) dimensional
with Planck scale near the weak scale, with n>2 new sub-
millimeter sized dimensions where gravity perhaps other
fields can freely propagate, but where the SM particles are
localized on a 3-brane in the higher-dimensional space.
An important question is the mechanism by which the SM

fields are localized to the brane. In @1#, we proposed a field-
theoretic implementation of our framework based on earlier
ideas for localizing the requisite spin 0,1/2 @2# and 1 @3#
particles. In @4# we showed that our framework can naturally
be embedded in type I string theory. This has the obvious
advantage of being formulated within a consistent theory of
gravity, with the additional benefit that the localization of
gauge theories on a 3-brane is automatic @5#. Further inter-
esting progress towards realistic string model building was
made in @6#.
The most pressing issue, however, is to insure that this

framework is not experimentally excluded. This is a concern
for two main reasons. First, quantum gravity has been
brought down from 1019 GeV to ; TeV. Second, the struc-
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