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Abstract

We discuss the central role that supersymmetry plays in string models,
both in spacetime and at the level of the string world-sheet. The
problems associated with supersymmetry breaking are reviewed
together with some of the attempts to solve them, in the string as well
as the field theory approach.

The issue of supersymmetry breaking is one of the weak points of the whole

superstring construction, and certainly the one that hurts most its predictive power at low

energy. There have been in the recent years exciting developments in the study of

compactification (or 4-dimensional models) which allow the possibility of determining,

for a given model, the spectrum, the symmetries, the couplings. Of course, the large

number of models and the lack of methods for discriminating between them prevent from

giving statements which could be disproved, or checked, by experiments, the ultimate

goal. But the fact that a given model can be studied in full detail is something that was

beyond reasonable hope in the first days of the superstring revolution. Nevertheless,

there is one big flaw in this reasonably exciting program : we cannot reproduce the mass

spectrum of the standard model because we lack a definite way of breaking

supersymmetry. And the unfortunate -or fortunate- reason for this is that supersymmetry

appears so naturally in string models.



Of course, we might have supersymmetry without a string model, in which case

the question of supersymmetry breaking is easier to solve (in particular because it

addresses issues not as deep as the ones that a Theory of Everything has to face). It turns

out that the most attractive solutions are found in supergravity models i.e. when the

supersymmetry is made local. In the following, after reviewing the standard arguments

for supersymmetry, I will discuss the different ingredients necessary to obtain a realistic

spectrum by breaking supersymmetry in a supergravity model. The rest of this review

will be devoted to the superstring case and I will try to discuss the different approaches

that have been followed to attack the problem, as well as the problems that they

encounter. Hopefully clarifying these issues will eventually serve in extracting the way of

breaking supersymmetry in strings.

1. WHY SUPERSYMMETRY ?

The standard argument for supersymmetry deals with the so-called hierarchy

problem. This term describes in fact two different problems, and I will make an effort to

be precise by calling them with different names. I will therefore distinguish :

The naturalness problem

Take the Higgs field H of SU(2) X U(I). Write its potential in the standard way :

V = y m 2 H2 + £ H4. (1.1)

When m- < 0, the Higgs field gets a non-zero vacuum expectation value

(vev) < H > * 0, which breaks the SU(Z) X U(I) gauge invariance,

< H 2 > = 1U^ => M 2 = g 2 < H 2 > = g2 1 ^ i . (1.2)

This equation tells us that Mw and the Higgs mass parameter are within one order of

magnitude.

But the theories that we are dealing with also have very large scales -whether it is
the grand unified scale MQUT. the string scale Ms = a'-1*12 or even the Planck scale Mpi -



and correspondingly superheavy fields. And, as a rule, it is difficult to keep a scalar light
in this case because loops involving heavy fields will generate corrections

5m2 ~ M^1.-, M ... This is the naturalness problem1).

On the other hand, it is easy to keep a fermion massless by using a mismatch in

the chiralities. The obvious solution is to relate the scalar H to such a massless fermion

by supersymmetry. As long as supersymmetry remains unbroken, the scalar remains

massless. The technical problem of naturalness is thus solved by supersymmetry2). It

answers the "kinematical" question as to why there are no corrections of the order of the

physical cut off of the theory.

The hierarchy problem

It remains now to break supersymmetry, but certainly at a scale m which is not

large since this would spoil all the benefits that we just gained from supersymmetry. We

must therefore require :

m*2 « M^1n, M*,, Mf. (1.3)

The problem of hierarchy of scale which appears here is now really a dynamical

one and must be faced by any theory, such as string, which pretends to explain

everything we know.

Let us first consider however the general case of supergravity models.

2. SUPERSYMMETRY BREAKING IN SUPERGRAVTTY MODELS

The main consideration in breaking supersymmetry is to obtain a tealistic

spectrum for all the fields. I will thus first discuss the different ingredients necessary for

obtaining this complete mass spectrum before discussing some issues concerning the

spectrum itself.



2.1. The Ingredients

Supersymmetry

As is well-known, the main ingredient is the superpotential, an analytic function

of the scalar fields. Keeping only the renormalisable terms, it reads

W = aj<l>> + )ijjflty + X y k ^ t y k , (2.1)

where the $* an the scalar fields. One infers from it both the scalar potential and the

Yukawa couplings

where *?' is the supersymmetric partner of $'.

One should note from (2.1) that a term linear or quadratic (mass term) is a priori

compatible with supersymmetry but is generally killed by considerations of gauge

invariance (W is a gauge singlet) or hierarchy (a term EHs H5 in supersymmetric SU(S)

is a singlet but would prevent the necessary doublet-triplet mass splitting). In the
following, we will take ai = Hy = 0. This is indeed exactly what happens with string

models : in this case, the only fields that we consider at low energy are the massless

modes of the string (massive modes of the string have masses of the order of Mpi).

Supersymmetry breaking

The usual method to break supersymmetry in supergravity models is by giving

large vevs to scalar fields which are in a hidden sector i.e. a sector which interacts only

gravitationally with observable matter (leptons, quarks,...)3). In this hidden sector, there

appears then a fermion field x whose supersymmetry transformation includes a constant

spinor term. This constant piece can be used to transform % away. This is the super

Higgs mechanism : in more picturesque terms, the goldstino % is eaten by a spin | field

to yield a massive gravitino with mass 1113/2 * 0. The gravitino mass is thus the order

parameter for supersymmetry breaking.



The interest of breaking supersymmetry in a hidden sector can be easily seen :

whereas this procedure yields quadratic divergences (of order M ) in the hidden sector,

when we go to the observable sector these divergences are damped by the gravitational

couplings (contributing a factor 1/Mpi ) and we are left only with logarithmic

divergences : one says that supersymmetry is broken only softly in the observable

sector. Moreover, whereas the supersymmetry breaking scale is 1113/2 in the hidden

sector, the information may have some difficulty to be transfered to the observable

sector : the supersymmetry breaking scale there is some Scale m, a function of 1313/2 and

(in most cases but not always, m = 1113/2 : we will return to this question later).

Flat directions and non-perturbative breaking

Of particular interest is the case where the scalar potential vanishes on a line (or

surface) extending to infinity in the scalar field parameter space -this is traditionally

called a flat direction-. The key result here is the following theorem2) which is a

consequence of the non-renormalisation theorems4) in supersymmetric theories : as long

as supersymmetry remains unbroken, flat directions are not lifted, to all orders of

perturbation theory. This is evidently in contrast with the non-supersymmetric case where

flat directions not associated with symmetries are tree level artifacts : the corresponding

degeneracy is lifted by radiative corrections.

In connection with this theorem, models with flat directions (e.g. string models)

have an interesting behaviour with respect to supersymmetry breaking. Broken

supersymmetry is necessarily connected with the lifting of some flat directions, and this

has to be realized through non-perturbative effects. Affleck, Dine and Seiberg5) have in

particular studied this dynamical breaking and, by looking at many different models,

come to the following conclusion : if the degeneracy is lifted by non-perturbative effects,

the potential still goes to zero at infinity along the corresponding direction, either from

above or from below ; and this point at infinity corresponds to supersymmetry

restauration.

Effective Lagrangian

The most general Lagrangian with soft supersymmetry breaking terms reads6)* :

* Neglecting a mass splitting between the real scalar components of a chiral supermultipleL



L = - ms
2 I * p - ^ nu U - A (Wfl» + W«»)*) (2.3)

s

where the X. fields are gauginos. Such terms are generated at the Planck scale by our

supersymmetry-breaking mechanism and each of them, scalar mass, gaugino mass or A-

term are in principle of the order of m . Of course, we must take these interactions

down to scales (i of order Mw Following the standard Renormalization Group picture,

the inclusion of radiative corrections (logarithmic divergences since supersymmetry is

softly broken) turns these parameters into running ones ms(|x), nu(|i), A(|x), obeying

coupled Renormalisation Group Equations (RGE). And our input masses turn into the

boundary conditions :

ms(Mpi) ~ rra(Mpi) ~ A(MPi) ~ m. (2.4)

SU(2) x UfD radiative breaking7)

Let us restrict our attention to the evolution of mH(jx), the mass-squared for the

Higgs field of SU(2) xU(l). It starts at Mp1 with the value m2 and evolves down to a

region where it becomes negative, corresponding to a SU(2) X U(I) broken phase.
Denoting by [XQ the scale where its evolution stops, one has

|m2(no)| = KOi0) m
2 (2.5)

because the RGE are homogeneous. Since |m2(|io)l is nothing but |m2| in Eq. (1.1), one

obtains from (1.2) and (2.5)

m2 ~ M2 , (2.6)

where I have neglected the factor g2 (Ho)A (we are dealing here with orders of magnitude

only). It is again clear that if we want to break SU(2) xU(l) in a realistic way, we need a

hierarchy condition of the type (1.3).



2.2 The S upersymmetric Mass Spectrum

Experimental lower bounds

Since no supersymmetric partner has yet been found, experiments give lower

bounds on the masses of these fields. The best bounds on the weakly interacting particles

(sleptons T and Winos W, i.e. the supersymmetry partners of W) come from e+ e~

colliders. Latest LEP results thus yield8) :

mê S: 41 GeV, m£ £ 41 GeV,

mw ^ 44GeV. (2.7)

On the other hand, pp colliders give the best limits on strongly interacting

particles. Recent results from UA2 are9) :

mq>74GeV

mg>79GeV (2.8)

under the assumption that my < 20 GeV and Tg < K)-10S. One expects more stringent

bounds (around 150 GeV) from CDF in the near future. One should note that these limits

rest on several assumptions : five degenerate L+R squark flavors; the Lightest

Supersymmetric Particle (LSP) is a photino ; the branching ratio of say a gluino into a

photino is 100%. The last two are approximations which become more crude as rriq, mj

increase. Taking into account the right branching ratios lowers the bounds by some 10 to

30 GeV1»).

Upper mass bounds. Back to the naturalness criterion.

Let us increase m. As it becomes larger, supcrsymmetry is broken at larger scales

and becomes less efficient for solving the hierarchy problem. One has therefore to resort

back to fine tuning among parameters.

A nice analysis of Barbieri and Giudice11) rests on this observation to set upper

bounds on the masses of supersymmetric particles. Assuming that supersymmetry is the

solution to the naturalness problem, they obtain bounds by forbidding fine tuning of



parameters larger than a factor A (these bounds scale as A1/2). More precisely, they

obtain constraints by requiring that a percentage variation of any input parameter (cf. Eq.

2.4) does not correspond to a percentage variation of M^ more than A times larger. Of

course, this does not ensure that the higher order corrections to the Higgs squared mass

are small (the "naturalness" criterion). But it gives a good indication on the range of

masses that we might expect for the supersymmetric spectrum. One realizes this way that

only a small fraction of this range has been explored so far.

3. SUPERSYMMETRY AND STRING MODELS

Restricting from now on our attention to strings, we first discuss why most string

models considered for phenomenology incorporate supersymmetry.

3.1 The Central Role of Spacetime Supersymmeiry in String Theory.

The double requirement of :

(i) absence of tachyons in the spectrum,

(ii) zero cosmological constant,

seems to single out string models with spacetime supersymmetry*. These two conditions

seem appropriate : the presence of tachyons would mean that we are considering an

unstable solution of the string equations of motion ; in a much similar way, a non-

vanishing cosmological constant implies a non-vanishing dilaton one-point function i.e.

that the background considered is not a solution of the string equations of motion.

Indeed, the connection between the two issues is apparent in the case of the 0(16) X

0(16) model (a tachyonless model with no supersymmetry13)) : this theory is connected

with other rank 16 tachyonic theories by suitable choices of background fields14). Hence

it seems that, in order to have a stable solution of the equations of motion, one must

require (i) and (ii) which singles out almost uniquely string models with spacetime

supersymmetry.

Let us note however that this certainly does not mean that non-supersymmetric

models are not worth being investigated. First of all, any realistic model will have to

* There are actually some non-supersymmetric models with no tachyons and a zero cosmological

constant at one loop12) but these models are rather pathological and have not led to any realistic theory

for particle physics.



incorporate supersymmetry breaking at some stage. Secondly, it is important to see in

detail what is so particular with supersymmetric models and which symmetries play a role

in discreminating them from the rest of the models.

In this respect, it proves interesting to study, among the models with non-

vanishing cosmological constant A (hence broken supersymmetry), the ones which

correspond to an extremum for the value of A1^). It turns out that an extremum occurs for

values of the background fields such that there appears an enhanced gauge symmetry.

This is generally a property of the so-called self-dual models, i.e. models obtained by

compactification on a manifold of radius R, such that they are invariant under the duality

transformation : R -» 1/R. The partition function (which yields by integration the

cosmological constant) is invariant under this duality transformation. We will see below

(section 5) what role duality may play with respect to supersymmetry breaking.

3.2 World-Sheet Supersymmetry.

It is possible to define a supersymmetry at the level of the two dimensional world-

sheet, the surface described by a closed string : it associates a two-dimensional fermion

with a two-dimensional scalar.

More precisely, because the left-moving and the right-moving oscillations on a

closed string are independent, one defines a supersymmetry of type (p,q) i.e. with p

supersymmetry charges for left-movers and q supersymmetry charges for right-movers.

A two-dimensional supersymmetry charge qa obeys the standard anticommutation

relations :

{q a ,q b }=2(Yn ) a b p m , (3.1)

where a,b are spinorial indices in two dimensions (in fact qa is a Majorana-Weyl spinor

and corresponds to a single degree of freedom), 7™ is a gamma matrix in two dimensions

and Pm is the momentum operator on the world-sheet.

Now remember that the Fourier series expansion of the two-dimensional fields

that we consider here yield the oscillators which are used to construct the Fock space of

mass eigenstates ("our" world of particles and fields). It is therefore not surprising that,



under some circumstances, world-sheet supersymmetry generates a supersymmetry of

the four-dimensional spectrum i.e. space-time supersymmetry. More precisely, we just

learned that a supersymmetry of type (p,q) counts for p + q degrees of freedom of

supersymmetry charges ; we also know that four-dimensional supersymmetry counts for

two of them ( the supersymmetry charge Qa is a Majorana spinor). Hence we conclude

that necessarily p + q > 2. One can show16) that indeed (0,2) supersymmetry is sufficient

to guarantee N = I space-time supersymmetry*.

We see that, in order to have a spontaneous breakdown of spacetime

supersymmetry we need :

- local spacetime supersymmetry i.e. (0,2) world-sheet supersymmetry,

- non-invariance of the spacetime vacuum 10 > under this local

supersymmetry transformation.

3.3 The Hierarchy Problem in S trings

This is in fact the main issue that string models have to address and why most

supersymmetry-breaking mechanisms fail. One can distinguish a priori many different

possible scales in a string model : a string scale, Ms = a'-1/2 , where a ' is the

(dimensionful) string coupling ; the Planck scale Mpi ; a grand unification scale MQUT ;

and in the case of models with more than four dimensions, a compactification scale

Mcomp- But they are not all independent and one can show thats in order to have a

realistic grand unification model (one of the claims of superstrings), all these scales must

be within a few orders of magnitude18)

Ms ~ Mpi ~ MQUT ~ Mcomp • (3.2)

Thus, at the same time that we break supersymmetry, we have to answer the

rather formidable question : how can one generate a scale as small asm = O(MW) in a

theory with basically only one scale?

* The apparent dissymmetry between left and right moving charges in (0,2) comes from the fact that in

the heterotic string theory17) that we consider here, two-dimensional fermions are introduced only in the

right-moving sector.

10



4. THE STRING APPROACH TO SUPERSYMMETRY BREAKING.

4.1 A No-go Theorem.

A natural way to generate a hierarchy of scale would be to find a supersymmetry-

breaking minimum infinitesimally close to a supersymmetry-conserving one. The

infinitesimal distance e (in scalar field parameter space) between the two would possibly

provide an origin for the smallness of ratio m / Mpi. The idea is thus to consider a flat

direction of the string potential and check whether this type of situation may arise along

this flat direction. Banks and Dixon proceeded to do so but proved the following

disappointing no-go theorem19) ; if one point of the flat direction has (0,2)

supersymmetry then all points within a finite distance have (02) supersymmetry. Exit the

hope of generating a hierarchy of scale this way. This theorem indeed tends to prove that

the supersymmetry-breaking minima are isolated points in the scalar field parameter

space, hence all the more difficult to trace.

4.2 A Way to Evade the No-go Theorem : the Scherk-Schwarz Mechanism.

The field theory case20)

Consider a five-dimensional Lagrangian invariant under some global symmetry :
<[>• —» M*j <|)J, where <])' are a set of scalar fields. Then reduce the model to four
dimensions by giving these fields a non-trivial dependence in x. :

<|>i(xi...X4, X5) s CeJgMx5)
1 $j (Xl...X4).

The kinetic term for the scalar fields in five dimensions reads :

^ - g2 V Ml MJ $J . (4.2)

If we started with local supersymmetry, the Lagrangian of the four-dimensional

theory is still invariant under a local supersymmetry. But the vacuum may not be

annihilated : it is indeed the case if the MJ arc chosen such that all the gravitinos become

massive through a mechanism of the type (4.2). We thus obtain a spontaneous breaking

of supersymmetry.

11



A simple example in string theory21)

To apply this mechanism to the string case, the idea is to use twisted boundary

conditions in torus compactification. Take for example a ten-dimensional model (such as

the original heterotic string) and compactify six of the dimensions on a six-dimensional

torus.

The usual boundary conditions impose periodicity along the six directions. We

can express this by the operator condition :

e"V<i=l, (4.3)

where the Li are the dimensions of the torus and Pi the momentum operators in the ith

direction (i = 5...10). A twisted boundary condition would consist in imposing

periodicity up to a rotation in a transverse plane, for example

eiP5L a ei6M67 (4.4)

where we accompany the translation along the fifth direction by a rotation of angle S = J

in the (x6, X7) plane before making the identification. Since this is a global effect, the
Lagrangian remains locally supersymmetric. On the other hand, fields with different
spins behave differently under rotations, and hence through (4.4) under translations in
xs. They have different quantized momenta P5 and thus different masses.
Supersymmetry is broken spontaneously and the gravitino acquires a mass which reads
typically (L5 s R)

1113/2 ~ n/R, n e Z . (4.5)

Two remarks should be made here. First of all, the quantization of the gravitino

mass (which is due here to the quantization of Ps) is a general property which we will

find again later. Secondly, in the limit R -» <», we recover supersymmetry, in agreement

with the results of Affleck, Dine and Seibcrg5) mentionned earlier (as we will see, R

corresponds to a flat direction of the potential). This shows indeed how the no-go

theorem is generally evaded : along the flat direction, the only supersymmetry conserving

12



minimum lies at infinity, i.e. at an infinite distance of any supersymmetry-breaking
minimum.

Realistic models22)

To generalize these ideas to more realistic models, one starts from a five-

dimensional heterotic string model : remember that in the original hetcrotic string17), one

considers twenty-six left-moving coordinates and ten right-moving ones ; in the five-

dimensional case, eleven left-moving and five right-moving ones describe internal

degrees of freedom (quantum numbers). This five-dimensional model is compactified on

a torus (0 < X5 < 2rcR, with identifications similar to Eq. (4.3), i = 5, L5 = R), This is

our starting point : a model Mo with local supersymmetry. One then deforms this model

Mo to generate twisted boundary conditions on the coordinates describing the internal

degrees of freedom as well. This breaks spacetime supersymmetry spontaneously. On the

other hand, world-sheet supersymmetry imposes quantization conditions on the angles 6j

associated with the different twisted boundary conditions. Thus masses of order n/R,

n € Z are generated and the gravi tino mass again obeys a quantization condition of the

type (4.5).

4.3 The Decompactification Problem23)
Results of this type (1113/2 ~ no/R, no e Z ) generate some problems. Indeed, if

we want to generate a hierarchy of scales through supersymmetry breaking, that is (cf.

Eq. (3.2))

013/2 « Ms ~ a1"1/2, (4.6)

we need

R » V»'. (4.7)

Thus at least one compact dimension has a very large radius. Of course this is not

in absolute contradiction with experiment : since the foreseeable accelerators will not

reach 100 TeV, one could live with R ~ (100 TeV)-1. However it is not a single mass

eigenstate which appears but a whole tower of Kaluza-Klein states corresponding to

masses n/R, n>no- This would in turn spoil the grand unification picture that is one of the

13
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claims for fame of string models (one of the characteristics of grand unified models is

that they cannot possibly incorporate many low energy states since these would speed the

evolution of the running coupling constants and bring M0Uf down to scales forbidden by

proton decay experiments).

5. THE HELD THEORY APPROACH TO SUPERSYMMETRY-BREAKING
S.I Introduction

This is the path first followed by people who tried to work on strings without

learning string theory. It turns out to be not as stupid an approach as it would seem at

first sight. Indeed, we are only interested at low energies in the massless modes of the

string. By integrating out the heavy modes (i.e. solving their equations of motion), one

obtains an effective action where all the symmetries of the massless modes are manifest.

These symmetries might be more difficult to disentangle in the full string approach since

there massive and massless modes are considered on equal grounds. Dine and Ssiberg24)

refer to these two methods respectively as the macroscopic vs microscopic points of

view.

[The renormalisation group (RG) approach proves to be useful to make more

specific statements. The reason is that solutions of the string equations of motion appear

as RG fixed points in a regulated two-dimensional field theory25). It is in principle these

fixed points that we want to study but any point on the critical surface which is in their

attraction domain is just as good to us since the renormalisation group flow will drive it to

the fixed pointe. It turns out that the expectation values of the massive fields are described

by irrelevant operators on the world-sheet (i.e. operators with negative scaling

dimensions : they decrease as one follows the renormalisation group flow). Thus, even

though we are not able to solve correctly the equations of motions for the infinite number

of massive modes, the system that we obtain will relax to the fixed point we would have

obtained by an exact integration of the heavy modes24).]

To show what simplifications one can expect from the field theory approach, we

will give a straightforward proof24) of the no-go theorem discussed in subsection 4.1. It

is in fact a simple consequence of the form of the potential in supersymmetric field

theory. Consider first the case of global supersytnmetry : the potential is a sum of F

terms and D terms

14



V = I I F 1 I + 2 D (5.1)
i a a

At the supersymmetric ground state, the scalar potential vanishes

<Fi> = 0 <D a > = 0 (5.2)

Then if we perturb around this minimum,

SV = S (< Fi* > 8Fi + < F1 > 8F1*) + 22 < D3 > 8Da = 0, (5.3)
i a

we see that the perturbed ground state is also supersymmetric (V + SV = 0). If we now

make the supersymmetry local, a difference of behaviour could arise for expectation

values of the order of Mpi. But since here we perturb around the solution (5.2), the

conclusion soil holds.

This trivial proof of the no-go theorem should be contrasted with the proof of

Banks and Dixon19), which used the whole machinery of two-dimensional

superconformai theories. Of course proofs at the string level are eventually more reliable

but the field theory (macrocospic) approach may help to discard the irrelevant details of

the underlying string theory.

5.2 Parameters of a String Theory.

Before we come to the heart of the matter, I would like to stress a property of

string models which proves to be of basic importance. In string theory, all dimensionless

parameters are given by vacuum expectation values (vevs) of some fields.

The reason is that a string theory has basically only one dimensionful

parameter26), the string coupling a'. Thus, all the scales are expressed in terms of the

string scale Ms = a'-1'2 and the vevs of some scalar fields. For example the Planck

scale is given by the vev of the dilaton field S :

15



(5.4)

(we take all scalar fields to be dimensionless). In the case of models obtained by

compactification from a ten-dimensional heterotic string theory, the compactification scale

(mass of the heavy Kaluza-Klein modes), is given by :

(5.5)

T+T 1/2
where < -5— > measures the radius of the compact manifold. This scale turns out to

be also the scale where all gauge couplings are equal, i.e. Mcomp - MGUT-

In the light of this, the relation (3.2) between the different scales is just a

statement that these vevs < S > and < T > are of order one ; which is not a surprise if no

fine tuning is allowed.

Another parameter of importance is expressed in terms of < S >. It is the value of

the gauge coupling at grand unification :

s+s.
~> (5.6)

We are now ready to describe a couple of supersymmetry-breaking mechanisms

which turn out to have some promising properties.

5.3 Gravi tino Condensation

This interesting mechanism was proposed by Konishi, Magnoli and

Panagopoulos27). It rests on the observation that local supersymmetry is dynamically

broken by gravitational instantons in a supergravity model with chiral supermultiplets.

The key point is how a hierarchy of scales appears. The basic hypothesis is the presence

in the (Euclidean) action of a term

16



S = a Jd4X V l *Rmnpq *Rpqmn + •••, (5 .7)

Rmnpq — 2 ^nmst R s ^ i

where Rmnpq is the Riemann curvature tensor.

This term, in the presence of topologically non-trivial quantum effects
(gravitational instantons) results in a gravitino condensate

< D[m Vn] D[m \|An] > ~ M pj e" 1 ^ a (5,8)

which breaks local supersymmetry :

16Mj e32«V (5.9)

The exponential behaviour, characteristic of non-perturbative effects, may thus
provide the hierarchy of scales that we look for.

In string theories, as just discussed, the parameter a is expressed in terms of the
vev of a scalar field. It turns out that the field S introduced above has similar couplings to
the Yang-Mills supermultiplet and to the gravitational supermultiplet. In analogy with
(5.6) one has :

|a|~ <^> (5.10)

The typical value for < S > being of order one, one might expect to be able to
generate through (5.9) a gravitino mass as small as Mw. Since in this model, a mass of
order 1113/2 is generated both for gauginos and scalars, one would thus solve the hierarchy
problem expressed by Eq.(1.3).

17



One should however point out that the couplings of the dilaton to the gauge and

gravitational supermultiplets have opposite signs in ten dimensions, thus yielding the

wrong sign for a in (S. 10). Konishi et al.27) argue that this cannot happen in a realistic

four-dimensional theory but this remains to be shown on an explicit example.

5.4 Gaugino Condensation

In a large class of superstring models, there exists a sector of gauge

supermultiplets which interacts only gravitationally with the ordinary gauge fields, quarks

and leptons, thus forming a hidden sector of the type described in subsection 2.1. This is

in particular the case of heterotic string models compactified on a Calabi-Yau

manifold28) : the gauge symmetry is there Eg ® E's or one of its subgroups G ® H ; the

sector charged under G c E'g consists only of gauge fields and gauginos which form a

hidden sector. As we go down in energy from the grand unification scale, the

corresponding gauge coupling increases and becomes strong at a scale

Ac ~ Mcur exp[-l/(2bog2)] = N W exp[-(S+S)/(4b0)], (5.11)

where bo is the coefficient of the one-loop beta-function for the group H and we have

used our knowledge of the gauge coupling at grand unification Eq.(5.6). When the gauge

interaction becomes strong, we expect that gauginos will form condensates which break

local supersymmetry 2^)* :

< XX > ~ Ac3 = M ^ 1 exp[-3(S+S)/(4bo)]. (5.12)

One way to sx this is to note that the dilaion S corresponds precisely to one of the

flat directions that we discussed above. After gaugino condensation, the presence of a

gaugino quartic term in the Lagrangian yields a potential term for S

— 2
V ~ (< XX > ) = h2 exp[-3(S+S)/(2bo)] (5.13)

* Let us note that the theory we are dealing with here is supersymmetric QCD which behaves very

differently from QCD. In particular the one instanton contribution manifest in (5.12) is the leading

contribution. For a nice review on the subject, see Ref.30).
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or equivalently an extra term in the superpotential <*)

W = he"3S/2bo (5.14)

The structure which appears in the S direction and lifts the original degeneracy is a
sign of supersymmetry breaking by non-perturbative effects. Unfortunately, the true
ground state lies at S —» °o, i.e. where supersymmetry is restored.

To remedy this situation, Dine, Rôhm, Seiberg and Witten32) proposed to

introduce a companion supersymmetry-breaking mechanism which induces a constant

term in the superpotential

W = c + he~;'S/2bo (5.15)

The origin of this constant term could be :

- the field strength HMNP of the antisymmetric tensor BMN present in the

massless sector of any closed string. Define

HMNP = ^M BNP + 9p BMN + S N BPM (5.16)

Then assume that the "compact part" of HMNP acquires a vev33) ;

(5.17)

where one considers only indices i,j,k describing the compact manifold. For future

reference, one should note that c obeys in this case a quantization condition found by

topological arguments very similar to the ones that lead to the quantization of the charge

of a Dirac monopole34) ;

- the contribution to the superpotential of a gauge singlet scalar field

acquiring a large vev35) ;

(*) More rigorous arguments based on the anomalous behaviour of some symmetries yield the same

results. See for example, Refs S. 30,31).
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- or even a gravitino condensate of the type described above.

In any case, a superpotential of the type (S.IS) yields a potential with a

supersymmetry-breaking ground state at a finite value So. The corresponding

cosmological constant is zero at tree level :

V(So) = O (5.18)

The potential vanishes also for S-»o°, the value corresponding to supersymmetry

restoration.

Since supersymmetry is broken locally, the gravitino becomes massive :

(So+s"o)(T+T)3

but one can check that all the soft-supersymmetry-breaking terms in Eq. (2.3) (gaugino

mass, scalar mass, A term) remain zero at tree level : supersymmetry seems not to be

broken globally.

The next step is to look at radiative corrections. The idea here is twofold. First,

we see that the T field appears in the determination of 013/2 as well as Mcomp> MGUT- This

field actually corresponds to another flat direction of the model and its vev remains

undetermined as long as supersymmetry is conserved. Upon supersymmetry breaking, a

structure should develop in this direction but we see from Eq.(S.lS) that no T

dependence appears at tree level. We thus have to go to the one-loop level to check

whether radiative corrections determine T (since supersymmetry is now broken, there is

no non-renormalisation theorem that holds to prevent a non-trHal potential in the T

direction). This was done in Ref.36 in the case of a simple model with a no-scale

structure37). The resulting potential is given in Fig.l in terms of c and T. One finds that

there remains a flat direction : however when c obeys a quantization condition, we are left

with a discrete set of minima. AU scales are now determined in terms of the value of c :

one obtains in particular that 1113/2/ Mpi is of order 1(H to 10~2 times c~1/2. Note that,
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1

Fig. 1. Form of the one-loop effective potential as a function of c/rc and Re T36). The
potential diverges for Re T -> 0. Supersymmetry restauration corresponds to Re T -> «>.

as in the case of the Scherk-Schwarz mechanism, we find that the gravitino mass can take

only quantized values.

The second interest in looking at the one-loop corrections is to check whether

soft-supersymmetry-breaking terms are generated by radiative corrections. The

computation performed in the last of Ref.36) indicates that no such term appears at one

loop : although local supersymmetry is broken in the hidden sector, the information

seems to have some difficulty to be transferred to the observable sector of quarks and

leptons where global supersymmetry remains stubbornly conserved.
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The symmetry responsible for this property has recently been identified3"). It has

to be searched for among the non-compact symmetries of the model. One type of non-

compact transformation associated with no-scale models is gTT. ^ \Tns which is only a

symmetry of the scalar field kinetic terms. There is however a subgroup of it, namely
SL(2,K ), which is a symmetry of the full Lagrangian at the field theory level39). It reads
in terms of the fields that we have introduced :

a T - i b Q

icT + d ( 5 l 2 0 )

v^ icT + d

where a, b, c, d are real and satisfy ad - be = 1 (the $ are the gauge non-singlet scalar
fields ; cf Eq.(2.1)). One can show38) that, in a theory where local supersymmetry is
spontaneoulsy broken, this symmetry is responsible for the cancellation of all soft
supersymmetry breaking terms in the Lagrangian.

There is however a source of non-invariance : the symmetry has an anomaly
which can be computed at one loop. This allows to break the wall between hidden and
observable worlds in a non-perturbative way and provides a seed of global
supersymmetry-breaking in the observable sector. The effects of this anomaly have been
studied in Ref.38 using an effective Lagrangian approach40). The end result is that
gauginos receive a mass which may be very low : the small hierarchy which appears
between 1113/2 and Mpi (at most two orders of magnitude) gets drastically amplified in the
observable sector to easily account for the sixteen orders of magnitude necessary between

m ~ Mw and MR.

We end this discussion with a final comment on the role of the SL(2,3R )
symmetry considered above. It turns out to be the field theoretical version of a
transformation which plays an important role in string theory : the duality transformation.
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It is not the place here to discuss duality in detail but it may be of interest to say a few

words about it.

If we consider the compactification of one string coordinate on a circle of radius

R, the momenta for the left-moving and right-moving modes read :

PL = nR + 2 ^ + oscillating modes,

(5.21)

PR = -nR + O R + oscillating modes,

where n is the number of times the string winds around the circle and the total momentum

is quantized (PL + PR = m/R). One can check that the duality transformation defined by

R <-> 1/2R

(5.22)

leaves the mass spectrum of the string invariant (M2 = PL + PR ). This duality

transformation plays an important role in comparing string theories41), in discussions of

strings at high temperature42), in statistical models4^), in orbifolds44)...

To come back to our concerns, we have already noted that < T > is precisely the

radius of the compact manifold. In the model that was considered above, the duality

transformation takes precisely the form (5.2C)38»45) but with a, b, c, d 6 Z (duality is a

discrete transformation ; cf (5.22)). It would be interesting to understand how one

generates this discrete character of duality at the level of the effective theory. Efforts in

this direction have been made by Ferrara, Liist, Shapere and Theisen45). A possible

solution could also be found in connection with the quantization conditions encountered

in breaking supersymmetry (in particular 1113/2, c and the discrete symmetries left over by

anomalies).
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