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Abstract 

In a certain class of superstring models, supersymmetry is broken in a hidden sector 
but remains globally conserved in the observable sector of quarks and gluons. We 
recently identified the symmetry responsible for this property, a nonlocal symmetry 
closely connected with spacetime duality. This symmetry is broken by chiral and 
conformal anomalies, which provides the source of supersymmetry breaking in the 
observable sector and a possibly large hierarchy of scales. We give here details on our 
analysis, focussing on the identification of the anomalous terms which provide a source 
of breaking. 

., 

"This work was supported in part by the Director, Office of Energy Research, Office of High Energy 
and Nuclear Physics, Division of High Energy Physics Of the U.S. Department of Energy under Contract 
DE-AC03-76SF00098 and in part by the National Science Foundation under grants PHY-85-15~57 and 
INT-87-15131. 

b 1989-90 Guggenheim Fellow 

L.A.P.P. B.P.110 F-74941 ANNECY-LE-VIEUX CEDEX 0 TELEPHONE 50.23.32.45+ 0 TELEX 385180F 0 TELECOPIE 50279495 

r 
OJ 
r 
r .... 
r;r 
'i 
PI 
'i 
"< 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



1 Introduction. 
• 

The issue of supersymmetry breaking is one of the stumbling blocks for tlie construction 
of a realistic string model with definite predictive pmver. Little progress has been made 
in this direction in the last years. In a recent paper[l], we suggested a possible way out, 
connected with the presence of duality symmetry in string models. Very crudely speaking, 
in the simple model that we studied, the spontaneous breaking of local supersymmetry 
provides a gravitino mass only a few orders of magnitude smaller than the Planck scale lVIpl ; 

but global supersymmetry remains unbroken, being protected by a symmetry connected 
with duality: thus all matter fields remain massless at this level. Fortunately, at the 
quantum level, the anomalous behaviour of this symmetry provides for a breaking of global 
supersymmetry and yields nonzero contributions for the masses of the matter fields; the 
nonperturbative nature of this breaking generates a large hierarchy between the scales of 
local and global supersymmetry, thus paving the way for a possible explanation of the 
hierarchy j\lIw /J..IP1 observed in nature. 

In this paper and the following[2](respectively numbered I and II), we intend to give a 
detailed account of our results. This paper will focus on the identification of the symmetry 
that protects global supersymmetry together with its anomalous behaviour which provides 
a source of breaking. Paper II deals mainly with the derivation of the effective theory 
relevant for low energy phenomenology. 

The mechanism that we use for breaking local supersymmetry is based on the conden
sation of gauginos in a hidden sector, such as the one which appears in superstring models 
compactified on a Calabi-Yau manifold or an orbifold[3] (it can be used in a similar way 
in 4-dimensional string models ).In Section 2, we recall some earlier results which indicate 
that this does not break supersymmetry globally and we identify the symmetry responsible 
for it. Preparing the ground for the next Section, Section 3 is a brief summary of what we 
need to know on the coupling of matter to supergravity, in particular in connection with 
Kahler invariance '\vhich plays a central role in our analysis. Indeed in Section 4, we corne 
to the heart of the matter and describe gaugino condensation in the language of effective 
Lagrangians. This allows us to include the anomalous contributions which provide the 
germ for global supersymmetry breaking. Finally, Section 5 studies the connection of our 
symmetry with the much studied duality symmetry of string theories, introduces Paper II 
and concludes. 
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2 The role of SL(2, R) i~ protecting global supersymmetry. 

We first recall some earlier results[4] that seemed to indicate that, at least in a certain 
class of superstring models, although gaugino condensation in a hidden sector breaks local 
supersymmetry, it does not break global supersymmetry in the observable sector of quarks 
and leptons. vVe will then identify the symmetry responsible for this property. 

In this section, we consider a simple compactification[5] of ten-dimensional supergravity 
that respects the qualitative features of Calabi-Yau compactification[6]. vVe will return to 
more realistic models but this particular one provides us with a symmetry structure that 
is common to a broad class of models. And, as we have already stressed, our proofs will 
be based mainly on symmetry arguments. 

Besides the supergravity multiplet we find two types of "structural" chiral supermulti
plets in 4 dimensions: 

- a dilaton-type superfield S with scalar component s, whose vacuum expectation value 
(vev) provides the ratio between the Planck scale A1PI and the string scale Ms = 0 ' -

1/ 2 : 

AIPI _ R 1/2 
!vIs -< es> . (2.1 ) 

- a modulus-type superfield T with scalar component t, whose vev yields the radius R 
of the compact manifold in string units: 

(2.2) 

This superstring model is a grand tUlified model based on gauge group G @ H C 
E6 @ E~, with G and H products of simple groups. At the compactification scale, the 
gauge couplings of all groups are equal: lvIcomp is the grand unification scale 

J\lPI 
.~lGUT = A1comp = R 1/2· < esRet> 

(2.3) 

The common value 9 of the gauge coupling is actually expressed in terms of the vev of 
Res: 

1 
- =< Res>. g2 

(2.4) 

In the gauge nonsinglet sector, there is a sector of fields which are charged under G C E6 
and singlet under E~. vVe call it observable because it is there that one finds the usual 
gauge fields, quarks and leptons. This observable sector consists of gauge supermultiplets 
and matter supermultiplets which we denote by <pi. The simple model that we consider is 
not realistic in particular in the sense that there is only one family of quarks and leptons: 
the index i rtUls over the components of only one 27 of E6 , possibly not all of them if 
G =J E6 (we take 1 ::; i ::; N). 

There is finally a sector which consists only of the gauge supermultiplets of H C E~. 
These fields interact only gravitationally with all the others and thus form a hidden sector. 

As for any four-dimensional model coupled to N = 1 supergravity, t hp couplings in the 
Lagrangian are fi..'<:ed by 3 functions[7], the IGihler potential K, the Stllwrpotential TV and 
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t he normalisation of t.he gauge kinetic terms .f'i3. They read respectively: 

LV 

-In( 5 + S) - 3ln( T + t c--\<I>\l), \<I>\l = L <I>i<I>', 
i=l 

(one can check that (2A) fo11O\vs from the last equation). 
For example. the scalar pot.ent.ial reads: 

where 

E!\'[(l{-l )ab(Tl~, + n-Ka )( n-b + l~- /\.-b) - 3\1V\2] 

E\I[Q,,(Q-l )"bQij - 3] + D-t.erms, 

(2.5) 

(2.G) 

( 2.7) 

(2.S) 

Q = A- + In \ H"\,l . ( 2. a ) 
aud H~, = mr/ 8<I>", ll~, ml-; 8<I>ii .... (<I>0 = 5, T, <I>i). The grotUld stat.e is reached at 
< <I>i >= 0 and since then F = 0 for any vahie of 5 and T, t.hese two fields correspond to 
fiat directions of the scalar pot.ential. 

At this POillt. the theory is locally supersymmetric and the gravitino mass IH;3/1 gin'll 
by 

2 \I 
1H3 / 2 = e (2.10) 

YCluishc>s at the ground stat.e « <I>i > = 0). One needs to break supersynunet.ry to lift 
the clegf'neracy associated \vith $ and t and to determine the basic scales of the theory 
(2.1 )-(2.3). 

As we go down ill energy from ilJe,m,p' = ~IJGUT' we reach a scale Ac where the gauge 
iuteraction in the hidden sector becomes strong: 

(2.11) 

where ho is the coefficient of the one-loop beta function for the H gauge coupling (pdg / dp = 
-hu!l). At this scale, \ve expect that the hidden sector gauginos will form condensates[S]C 
which will break spontaneously local supersynunet.ry. This however generates a large 
cosmological const.ant and a potential for $ monotonically decreasing to zero at $ - +:)0 
(where supersymllletry is restored). 

To overcome this difficulty. it was proposed[3] to introduce a companion supersynllllptry 
breaking mechanism which cancels t.he cosmological constant (at least at h"ee level). The 
usual mcthod is to give a nonzero vev to the compact part of the field strength of the 
antisynunetric tensor BUN preseilt in 10-dimensional supergravity[l1]. This field strength 
is defined ill 10 dimensions by (L. jJ,.S E {I··· 10} ) 

(2.12) 

"WI:' wish 1.0 st.rl:'ss hl:'l'e that. t.he sit.uation is that. of SUPI:'l'sY111111et.l'ic QC'D and not at all the Olll:' fnlllilicH' 
ill QeD. In part.icular. t.he one-instanton contribution which we will find below (Eq.( 2.1:3)) is tilt' leading 
0111:' in supersYllllllet.ric QeD. whereas it is drowned in the multi-inst.ant.on cont.ribut.ion in QeD. FOI' nicl:' 
l'l:'vil:'wS on till:' sllhjl:'ct.. see Ref.9.10. 
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and one sets 
(2.13) 

where l, m, n E {1, 2, 3} refer to 3 complex coordinates describing the 6-dimensional com
pact manifold and €Imn is the completely antisymmetric tensor (for more careful definitions 
see Ref.4). Note that Hlmn does not propagate in 4 dimensions. Also topological argu
ments similar to the ones that lead to the quantization of the charge of a Dirac monopole 
indicate that c obeys a quantization condition[12]. 

This all boils down to generating s (i.e. gauge coupling) and c-dependent terms in the 
superpotential: 

3. 

vV = c + he- 2bo + lV(<p). (2.14) 

The symmetry arguments which lead to (2.14) will be exposed in detail in Section 4 
to which we postpone a detailed study of the dynamics of gaugino condensation using 
an effective Lagrangian approach. For the time being, we will take (2.14) as defining the 
effective theory below the condensation scale Ac. 

The vacuum degeneracy associated with s is lifted by supersymmetry breaking. Indeed 
the potential reads for <pi = 0 (still necessary to minimize the potential) 

.) 1 8 + oS -~ 2 
V'(s,t,<p'=O = ( _)( i\3/c + h(1+3-

2b
)e 2bo / 

s+s t+t) 0 

which determines the vev of s: 

where 

.4n7r 
< 8 >= 80 = Xo + z-3-bo, n E Z 

c = -h(l + 3xo )e-3Xo/2bo. 
bo 

(2.15) 

(2.16) 

(2.17) 

At tree level, the t field remains undetermined. Also, at this order, the terms that one 
would expect from soft supersymmetry breaking in the observable sector (gaugino masses, 
scalar masses, A-terms) all vanish. 

The analysis of the one-loop contributions was undertaken in Refs. 13,14,4. The attitude 
eventually adopted in Ref A is that one should not only minimize the potential with respect 
to the fields sand t but also with respect to the parameters c and h. The reason behind this 
is the property of string theory that there is only one fundamental dimensionful parameter 
in a string model[15]' say the string scale Als. All other parameters are expressed in terms 
of this scale and vevs of scalar fields. Examples of this are provided by Eqs.(2.1)-(2.4). 
We will see in Section 4 that h can be similarly interpreted as the expectation value of a 
scalar (gauge singlet) operator, and c, proportional to < Hlmn >, is related to h through 
the tree-level relation (2.17). The physical interpretation of this property is that, a string 
theory being a totally constrained system (up to the string coupling at), all parameters 
( vevs) must adjust themselves so as to minimize the overall vacuum energy in the presence 
of all quantum corrections to the effective theory. 

Under these conditions, one finds that, for a certain range of parameters, the one
loop corrected potential has a stable, nontrivial (m3/2 #- 0) minimum; the vacuum energy 
vanishes and the vacuum is degenerate in one direction in the space of vevs (see Fig.1). 
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This last property is certainly very welcome since the parameter c obeys a quantization 
condition (the topological - global - arguments that lead to it are certainly ignored by 
the perturbative - local - approach that leads to Fig.l): we are left with a set of discrete 
vacua along the flat direction. 

All scales can be computed in terms of one, say the Planck scale, and c (reflecting 
the left-over degeneracy). In particular one finds [4] at most two orders of magnitude 
between iVI PI and m3/2 Ac which makes one happy not to find any soft' supersymmetry 
breaking term at tree level (terms appearing at this order would be of order m3/2). In 
fact, implementing the condition that the vacuum energy vanishes at one loop generalizes 
this result to the one-loop level: no gaugino mass, no scalar mass and no A-term are 
generated by one-loop radiative corrections. This surprising property can be interpreted 
as the difficulty in sending the information of local supersymmetry breaking in the hidden 
sector (m3/2 =J. 0) to the observable sector. 

The symmetry responsible for this was identified in Ref.I. In the simple model that 
we consider, the scalar field kinetic energy has SU(1, 1) ® SU(N + 1,1) symmetry which 
makes it a no-scale model[16]. A subgroup SU(I, 1) ~ SL(2, R) of this symmetry is in 
fact an exact symmetry of the full Lagrangian. Indeed, under 

S' -

T' -

q,i' -

we have (cfEqs.(2.5),(2.6)) 

with 

S, 
aT -'- ib 

ad - be = 1, 
ieT + d' 

q,i 

ieT + d' 

](' ]( + F+F, 

lV' fVe- F , 

F = 3ln(ieT + d), 

a,b,e,d E R, (2.18) 

(2.19) 

(2.20) 

(2.21) 

i.e. it can be interpreted as a Kahler transformation and is therefore an invariance of the 
full supersymmetric Lagrangian (cf. next section). 

Eq.(2.18) gives the transformation at the level of superfields. It must be complemented 
with the transformation law for the f) variables which, having a chiral weight 1, transform 
under the IGihler transformation (2.19) as (see Section 3): 

(2.22) 

This SL(2, R) transformation was identified earlier by Li, Peschanski and Savoy[17] as a 
symmetry present in a large class of models. vVe will study in Section 5 its connection 
with spacetime duality. 

We now proceed to give plausibility arguments as to why this symmetry is responsible 
for the cancellation of soft supersymmetry breaking terms in the observable sector. vVe 
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first note that, in order to respect the transformation law (2.20), one has to transform the 
parameters c and h according to: 

I C 
C = (i cT + d)3 , 

h' = h 
(icT+d)3 

(2.23) 

Here we interpret c and h as constant superfields; the theory ,is defined by XC = FC = Xh = 
Fh = o. Then invariance under (2.23) means that the theory expressed in terms of the 
primed fields, and defined by XCI = Fcl = Xhl = Fhl = 0, is equivalent to the original theory. 
Eq.(2.23) corresponds to the correct transformation properties of the fields whose vevs are 
respectively c and h (see Section 4). It is also consistent with the attitude advocated 
above: one should allow c and h to vary in order to let the whole system relax to the 
ground state which minimizes the overall energy. 

We then make use of the fact that the full tree level Lagrangian derived from (2.14) is 
invariant under the transformation (2.18,2.23). In particular, if we place ourselves at the 
ground state for s, all field-dependent masses can be expressed in terms of the SL(2, R) 
invariant mass parameter d 

Ihl 
m = (T + T _ 1<P12)3/21vJp

/, 
(2.24) 

and of SL(2, R) invariant redefinitions of the <pi fields: ~i. 
vVhen going to higher orders, the only source of noninvariance arises from the cut-off 

dependence (giving rise for example at one loop to the trace anomaly; more about this 
in Section 4). The nature of the cut-off is very special in string models for two specific 
reasons: i) the cut-off is finite, ii) in its field theoretic version, it is field dependent as any 
other mass scale. For instance, two typical cut-offs are given by 

AaUT [(S + S)(T + T -1<p12)P/2' 

(2.25) 

(note that < AauT >= l\1auT given in (2.3)) and transform under SL(2, R) according to: 

A' = A licT + dl. (2.26) 

Since we are mainly concerned with quantities which are zero (through supersymmetry) 
before gauginos condense, the relevant cut-off for our purpose will be Ac. The full quantum 
potential then reads formally at one loop 

(2.27) 

which we can rewrite[4] using the explicit forms (2.24) and (2.25) 

4 Ai Ihl 
VI = m f((,<p), (= 1<p12 • t+t-

(2.28) 

dWe use here the expression of c in terms of h obtained at tree level, Eq.(2.17). 
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Minimizing with respect to Ihl (see the comments above and Section 4) and t yields, apart 
from the trivial minimum corresponding t~ m = 0, the following conditions: 

f« (>,< ~i » = 0 = ~~((,< ~i »1 . 
., (=«> 

(2.29) 

Hence in the case where the potential remains bounded from below, one has the following 
interesting property: there is a fiat direction, i.e. the potential VI remains zero in the 
direction e 

Ihl =< ( > (t + t _11>1 2
). (2.30) 

This remarkable property implies that global supersymmetry remains unbroken in this 
direction. Indeed, letting J.vIp / go to infinity in the final result, we conclude from the 
fact that V = 0 that this fiat direction remains globally supersymmetric and that no soft 
supersymmetry breaking term can thus be generated. Let us stress here that we could 
not have reached this conclusion if we had put !vIpl to infinity before computing radiative 
corrections, i.e. if we had started with renormalisable terms only: there might be finite 
terms resulting from the compensations between the 1/ Mp/ factors of the nonrenormalis
able terms and the cut-off or the vevs that scale with M p /; these would be lost if we had 
truncated from the beginning. 

The same conclusions could presumably be reached to all orders by following the same 
line of reasoning. \Ve only sketch the proof here. Suppose that we have proved to the!?th 
order that there exists a fiat direction of the type (2.30): Ihl =< (>(n) (t + t _11>12) (the 
(n) superscript refers to the fact that < ( > has been determined to the nth order). Then 
no soft supersymmetry breaking masses or couplings are generated to this order in this 
direction. We conclude that, at the (n + 1 )th level, the potential along this direction can 
still be formally written as in (2.27): f 

(2.31) 

Following the same argument that led to (2.30), we conclude that there exists a fiat di
rection for the potential: Ihl =< ( > (n+l) (t + t - 11>12), where the (n + 1)th correction 
to < ( > i.e. « ( >(n+l) - < ( >(n) is determined precisely by Vn+1 • No soft super
symmetry breaking term is therefore generated to this (n + 1 )th order and hence to any 
order. 

One should note here that it is the 5L(2, R) symmetry that allowed us to express all the 
masses in terms of the invariant mass m (Eq.(2.24)) and which led us to this conclusion. In 
this respect, it is interesting to note that, apart from wave function renormalisation terms, 
the full quantum Lagrangian remains invariant under 5L(2, 'R). The proof was given in 
Ref.1 but we recall it for the sake of completeness. It actually goes along the same lines 

e As has been emphasized in Ref.4, one should note however that the two conditions (2.29) amount to 
one fine tuning among the parameters describing the potential, more specifically among the parameters that 
characterize the uncertainties in the regularization of divergences. 

J At this given (n + 1 )th order, we use the expression of c in terms of h obtained at the nth order. This 
takes care of the c dependence. 
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as the preceding one. Define the nonderivative part LND of the full quantum Lagrangian 

Ltot: 
(2.32) 

which can be written formally 

(2.33) 

Under SL(2, R), 

(2.34) 

Hence 8£1 cannot contribute to S-matrix elements that do not involve derivative couplings. 
This is in agreement with the left-over global supersymmetry which allows wave function 
renormalisation only. 

vVe have established the preceding results more rigorously by deriving vVard identi
ties that will be give!! elsewhere. The proof makes use of an additional global compact 
U(l)R invariance (R-parity) and is similar to the proof of nonrenormalisation theorems for 
tenormalizable theories with global supersymmetry. 

3 A refresher on the coupling of matter to supergravity in 
connection with Kahler invariance. 

In order to prepare the ground for the next Section, we describe here the superspace 
formalism which lies behind the coupling of matter to supergravity. The corresponding 
Lagrangian was derived by Cremmer et aI.[18] in terms of the component fields. The 
structure of the corresponding superspace was identified in Ref.19 and is explained in 
more details in Ref.20. 

As is well known, this coupling is described by the Kahler potential K( q), ~ ).9 Corre
spondingly, Kahler invariance: 

(3.1) 

plays a central role in unravelling the superfield structure. A superfield "'( of chiral U (1) 
weight w( "'() transforms under a Kahler transformation: 

i F-F "'(' = "'(exp [-2wb )ImF] = "'(exp[-wb) 4 ]. (3.2) 

To implement this at the superfield level, one defines a superspace derivative which is 
covariant with respect to Kahler transformations: 

(3.3) 

9 For simplicity, in this Section, ct> refers to lill chiral supermultiplets in the theory. 
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where (Q' = Q', a) 

(3.4) 

and VQ. is the usual superspace derivative. \Vith the help of this derivative, it is now easy 
to define component fields with a definite chiral U(l) \veight. For instance, in the case of 
a chiral superfield X of weight w: 

(3.5) 

the fermionic field defined as 

(3.6) 

has weight w - 1 and transforms accordingly under a Kahler transformation (cf (3.2)). 
Other chiral U(l) weights are w(~~) = 1,w(A") = 1 respectively for a gravitino and a 
gaugino field. 
In this formalism, the superfield Lagrangian takes a simple form. It consists of 3 terms: 

(a) a supergravity-chiral matter kinetic term 

(3.7) 

where E is the (super )determinant of the supervierbein, £ is the chiral density multiplet of 
U(l) weight zero and R a chiral superfield of U(l) weight 2. In (3.7), there is an implicit 
dependence on the chiral and antichiral superfields <I>i, ~ through the dependence of the 
spinorial derivatives of E on ]((<I>, <I». Indeed,(3.7) yields in particular the kinetic terms 
for all the components of the (anti)chiral supermultiplets[19,20]: 

I - i - --
-L = -g,r.DJ1.</>iDJ1.~k - ,?g,r.(Xk(jIlDIlX' + X'O'IJ.DIlXk) + g,kF'Pk +... (3.8) e _ 

where g,k is the Kahler metric 82 ](1 8<I>i8~k and the component fields are defined through 
the superspace derivatives introduced earlier: 

</>i = <I>i I, Fi = _~'D2<I>i I 
4 ' 

p k = _~'D2~k I . 
-t 

(3.9) 

(b) a term describing the coupling of Yang-Mills fields to ::iupergravity through a single 
function f(ab)( <I» holomorphic in the chiral superfields: 

LYM - 8~2 J d48~f(ab)(<I»w,,(a)TVlb) + h.c. 

- 4~2 J d20£f(ab)(<I»w,,(a)wlb) + h.c. (3.10) 

(c) a potential term describing the nonderivative interactions of the chiral matter 
through a single holomorphic function, the superpotential VV( <I»: 

Lpot - ~ J d48 ~ eK
/

2vV( <I» + h.c. 

_ !d20£eK
/ 2 n?,(<I» + h.c. (3.11) 
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Using the transformation laws (3.1) and (3.2) for R (w(R) = 2), one checks that in order 
for Lpot to be invariant under a IGihler transformation, IV( <p) has to transform according 
to[21] (f d4 ()E is invariant; likewise cf2e has weight (-2)) 

lV'(<p) = lV(<p)e- F (3.12) 

This is possible only if IV (<p) is a monomial fonction of the <P fields as in the case of 
interest to us (cubic). One should note that the transformation (3.12) respects the holo
morphicity of the superpotential: in other words, Kahler transformations on the <P fields 
are holomorphic, as it should for fields parametrizing a Kahler manifold. On the other 
hand, eK /21V ( <p) has a definite chiral U (1) weight (i.e. satisfies (3.2) with w = 2) and thus 
satisfies the chiral superfield constraint: 

o = V Cx ( eK /
2W) _ (D Cx + 2A.Cx)eK / 2lV 

_ (~VCxJ( + 2ACx)eK / 2 lV + eK / 2 i>CxW 
2 

_ eK / 2DCx lV, 

(3.13) 

where we have used (3.4). vVe see that (3.13) expresses only the fact that W is chiral in 
the usual superspace sense. 

Using a specific Kahler transformation (F = In(vV)), one immediately checks that the 
Lagrangian depends on the single function 9 = J( + In IlVI 2 (apart from J(ab)): 

Lpot = J d 2e£e9/
2 + h.c. (3.14) 

We will not use this formulation here however because Kahler invariance is no longer 
manifest, since the "gauge" is then fixed by the particular choice made for F. Also 
the comparison with couplings obtained from string scattering amplitudes is much more 
straightforward in our original formulation (which is sometimes called for this reason the 
string basis, to be distinguished from the supergravity basis in (3.14) used by Cremmer 
et aI.[18]). One should pay attention to the fact that ,when going from one basis to the 
other, nonholomorphic factors appear, such as (tv /W)w/4 (take (3.2) with F = In lV). 

It is important to stress that, apart from this minor modification, the component 
field Lagrangian obtained from (3.7),(3.10) and (3.11) coincides with the Lagrangian of 
Cremmer et al.[18], without any further redefinition of the component fields[19,20]. The 
component fields defined in (3.9) are therefore identical to the ones used in Ref.18 and the 
superfield formalism discussed here ~ the one which corresponds to the usual component 
field Lagrangian (although, from a global supersymmetry point of view, it looks rather 
unfamiliar ). 

4 Effective Lagrangian describing gaugino condensation. 

vVe have seen in Section 2 that the SL(2, R) invariance of the Lagrangian acts as a cus
todial symmetry which prevents the information of local supersymtnetry breaking in the 
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hidden sector (m3/2 =1= 0) from being transferred to the observable sector: global super
symmetry remains unbroken. If this was the end of the story, it would be disappointing 
since no realistic model could be built on such a statement. Luckily enough however, this 
symmetry turns out to have an anomaly which provides the source of noninvariance that 
we are looking for; This allows the subsequent breaking of global supersymmetry in the 
observable sector. "Our purpose in this section is to make these statements quantitative 
and to write the effectiYe theory below the scale of gaugino condensation, including the 
contribution of the anomaly, i.e. including the terms breaking the SL(2, R) symmetry and 
leading to supersymmetry breaking in the observable sector. In order to do so, we will 
use an effective Lagrangian approach which will allow us to implement the effects of the 
anomalous behaviour-of SL(2, R). In fact, we will adapt the method used by Veneziano 
and Yankielowicz[22] in the case of supersymmetric QeD to the case of matter coupled to 
N = 1 supergravity as described in the last Section. 

vVe restrict our attention to the gravitational (including the Sand T fields) and hidden 
gauge sectors. The Lagrangian is giyen by Eqs.(3.7)(3.1O): h 

C Co + C?M 

Co - -3 J d2e E R + h.c. ( 4.1) 

Cf,M - ~ J d2e E SlV~lV: + h.c. 

The Sand T fields appear also implicit ely through the dependence of the IGihler po
tential: 

J( = -In(S + S) - 31n(T + T). 

vVe first consider two classical invariances of the Lagrangian[22]: 
(i) global chiral U(l)R 

( 4.2) 

This invariance is simply obtained by considering a purely imaginary Kahler transfor
mation F = 3i;3. From the discussion of the preceding Section, it is obviously an invariance 
of the Lagrangian C in Eq.( 4.1). One obtains immediately the following transformation 
laws: 

(i) 8' li e- 2 iJe , 
e-¥iJlVQ(x 8) a , , f;V:'(x, 8') 

R'(x, 8') 

S'~.1:, 8') = Sex, 8) 

_ e-3i;3R(x, 8), 

E'(x, 8') = E(x, 8). 

(ii) global dilatations 
One has the following transformations under global dilatations: 

(ii) 

f;V:' (x', 8') 
R'(x', 8') 

S'{x',8') = Sex, 8) 

8' = er
/

2 8, 
3 

- e-Ff;V:(x, 8), 
e-rR(x, 8), 

E'(x', e') = E(x, 8). 

hExcept otherwise stated we set l\IPI = 1 in this section. 
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The Yang-J\Jills action obtained from LYM is invariant under these transformations but 
the total action is not because of the presence of Lo; as is \vell-known, nonrenormalizable 
terms break scale invariance. 

vVe now turn to the full quantum Yang-Mills Lagrangian which we write 

LYM = L?M + L~,\I[' (4.5) 

In this expression, £~M represents the sum over all hidde~ sector gauge multiplet loops 
generated by the renormalizable couplings contained in £?M (the S supermultiplet does not 
propagate in this approximation). At the quantum level, both symmetries are anomalous. 
Indeed, under (i) 

8L~M = /3 bo J d2e £vV:W: + h.c. = -~boF F + . . . (4.6) 
2 ~ 

and under (ii) 

8S$.\[ = J cfx 8£$,"1 = ~bo J d4 x J d2e.£vV:vV: + h.c. = -~bo J d4 xF2 +... (4.7) 

where bo is the coefficient of the one-loop beta function for the hidden sector gauge group: 
p8gj8p = -bog3

. 

Now because of the coupling of S to vV:lIV: in (4.1), one can define generalized chiral 
U(l) transformations under which S varies and which are nonanomalous: 

( i') e' -.:liTe _ e 2 -, 

lV:'(x, e') 
S'(x,e') 

£'(x, e') 

3; 
e-TT vV:(x, e), 

- S(x, e) + 2boir 

£(x, e). 

Similarly for the global dilatations, one defines: 

( ii') 

lVt ( x', e') 
S'(x', e') 
£'(x', 8') 

e' = et
/

2e, 
- e-%tvV:(x, e), 

S(x, 8) + 2tbo, 

- £(x, e). 

( 4.8) 

( 4.9) 

This last invariance is broken by Lo, because of the transformation law of the S-dependent 
Kahler potential. 

Also, vVeyl anomalies such as (4.7) usually arise because infinite quantum corrections 
must be regulated by introducing a cut-off A or by specifyiug a renormalisation scale p. 
In the theories that we consider, this scale is AauT which is itself a dynamical variable. 
Hence one can restore scale invariance by defining the following transformation: 

(ii") x' =eUx e' = eu
/

2e, 
lV:'(x', e') 

3 

- e-2UWCI'(x e) a , , 

S'(x', e') - S(x, e), 
T'(x',e') - e2UT(x, e), 
£'(x', e') - £(x, e). ( 4.10) 
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) 

The transformation of the T field is chosen in order that ACUT (to be precise, we 
consider here the scalar component of the superfield defined in Eq.(2.25)) transforms with 
a vVeyl weight unity: 

A~UT(X') = e-UAcuT(X). ( 4.11) 

It fo11O\vs for the E:ahler potential (4.2): 

J{'(x',8') = K(x,8) - 6u. ( 4.12) 

Hence this generalized transformation amounts to a Kahler transformation with F = -3u. 
One should note however that, since one also transforms the x variable in (4.10), the 
superpotential need not be transformed, as can be seen from the general form of the 
potential term (3.11) and: 

( 4.13) 

Now that we have studied the invariances of the underlying Yang-Mills theory, we 
come to describe the effective theory below the sC<;Lle of condensation. Indeed, we want to 
construct an effective Lagrangian in terms of a composite chiral superfield which reproduces 
the behavior of the original Lagrangian (4.1) under the different symmetries. A natural 
candidate for this chiral superfield would be the gaugino condensate: 

U = ~TVQWll 4 a Q. 
( 4.14) 

However, this field does not have the right Kahler transformation properties to be present 
as such in a superpotential. Indeed, from our discussion of last section, one sees that U 
transforms as a chiral superfield of ,veight w = 2, that is, using Eq.(3.2): 

U' = U exp[(P - F)j2]. (4.15) 

On the other hand, we saw that the chiral superfields which are present in the superpoten
tial should transform holomorphically under a Kahler transformation (they parametrize a 
Kahler manifold) and U cannot thus appear as such in the superpotential. Obviously (see 
Section 3) the field H which appears in the superpotential is related to U by 

( 4.16) 

where we have chosen a canonical dimension one for H. Indeed, under a Kahler transfor
mation, H transforms holomorphically: 

H' = He- F/ 3 

and it is a chiral field in the usual sense: 

0= 'DQU - (DQ + 2AQ)U = (~DQ J{ + 2AQ)U + eK /
2Dix(f(S)H3

) 

_ 3eK / 2 f(S)H 2Dix H. 
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The function 1(5), which represents an effective gauge coupling dependence, will soon be 
determined. 

vVe have seen earlier that the interactions of a chiral superfield are described by 

Cpot = J d28 £e K
/

2 TV + h.c. 

and corresponding to the decomposition (4.5) of Cn .l , we have 

Now writing U Eq.(4.16) explicitly in (4.1) (using (4.14», one sees that: 

l-Vc = S f( S)H3
, 

(4.19) 

( 4.20) 

( 4.21) 

We thus check that -VVcdepends precisely on the field H whose Kahler transformation is 
holomorphic (indeed lVc' = TVc e-F as it should, cf Eq.(3.12». 

The classical s~perpotential l-Vc reproduces the classical invariances of the underlying 
Yang-Mills theory if 

(i) 

(ii) 

H'(x,8') - e- i
(3 H(x, 8) , J{'(x,8') = K(x, 8) 

H'(x', 8') - e- r H(x,8) , J{'(x', 8') = K(x,8) 

( 4.22) 

( 4.23) 

As for the full potential lV, it reproduces the quantum properties of CYM in (4.6),(4.7) if 

(i) 

(ii) 

e3i(3lVQ' + 2i/3boS-1 W C , 

e3r r:VQ' + 2rboS- 1W C • 

( 4.24) 

( 4.25) 

The two extra terms (proportional to TVC
) are the remnants in the effective theory of 

the chiral and trace anomalies in the underlying gauge theory. The solution of these two 
equations is 

( 4.26) 

l.e. 

(
HeS /(2bO») 

W=2bof(S)H
3

ln peS) , ( 4.27) 

where I1(S) is a S-dependent scale to be determined. 
In fact, f(S) and /-1-(S) are determined by considering the generalized chiral U(l) trans

formations (i'). Under these transformations, 

( i') ( 4.28) 

whereas the full quantum Lagrangian is invariant (the symmetry is nonanomalous): 

( i') ( 4.29) 

How does the H field transform under (i')? In principle, since (i') basically amounts to 
a Kahler transformation F = 3ir, one would expect to transform H, which appears in the 
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'. 
superpotential, accordingly: H' = H e- ir

. However, it is (i), not (i'), which corresponds to 
a Kahler transformation. In the case of (i'), S transforms (S' = S + 2boi T) and one has to be 
careful with the transformation law for H since this field of the effective theory incorporates 
some gauge coupling dependence (the gauge coupling is S dependent, Eq.(2.4)). In fact, 
we will see later that H is invariant under (i'): 

( i') H'=H. 

Then (4.28) yields an equation for /(S') in terms of I(S) which is solved by: 

/(S) = )..e-3S/2bo 

where).. is a constant. Eq.( 4.29) yields in turn J.l( S) 

J.l( S) = J.le S
/

2bo 

with J.l another constant. The superpotential is then fully determined[23]: 

n,,-e _ )..Se-3S/2bo H3 

lVQ 2bo)..e-3S/2bo H 3 ln ( ~ e- S / 2bO ) 

lV = 2bo)..e-3S/2boH3In(~). 

( 4.30) 

( 4.31) 

( 4.32) 

( 4.33) 

Now, a transformation law such as (4.30) has no meaning as long as we have not determined 
the Kahler potential which fixes the normalisation of the H field i . In order to do so we will 
use precisely the SL(2, R) symmetry that was discussed at length in Section 2. Since H 
appears in the superpotential We as a cubic term (note that S does ll.2t transform underc . \ 
SL(2, R)), its transformation law is identical to the one for a q, field (Eq.(2.18)): 

H'= H 
icT +d 

vVe will only need here the infinitesimal form: 

8H = -icTH , 8T = -icT2. 

Correspondingly, the form of the Kahler potential is 

_ _ ( IHI2 -) 
J(= -In(S+S)-3In(T+T)+g T+T' S+S . 

( 4.34) 

( 4.35) 

( 4.36) 

Indeed, IHI2/(T + T) and S + S are invariant and U(l)nc amounts to a Kahler transfor
mation, as it should, 

J( ~ J( + F + F , F = 3icT. ( 4.37) 

i Alternatively we could define iI = H e- S /'2b o which transforms according to iI' = iI e- iT . The superpo
tential is obtained from (4.33) by replacing H by iI eS / 2bo . It is only the H or iI kinetic term i.e. the H, fI 
dependence of the Kahler potential, that determines whether we are dealing with the same model or not. 
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It is easy to obtain the variation of the potential term under (4.35). From the explicit 
form (4.33) of HT, we have 

( 4.38) 

or 
( 4.39) 

\Vriting t = p + iq, we see from (4.24,4.25) that this corresponds to transformations (i), (ii) 
with respectively f3 = ep, r = -eq. The fact that we recover the chiral anomaly term is 
expected since the IGihler transformation amounts to a chiral U(l). It is more surprising 
to find a trace anomaly term since we never performed a global dilatation. The origin may 
be found in the nonanomalous transformation (ii"), Eq.( 4.10): the trace anomaly can be 
cancelled by a shift on the cut-off scale. Indeed, in our case, 

,\' -cq 1\ 
1 GUT = e "GUT, ( 4.40) 

as can be seen from the explicit form of (2.25) and (4.35). Hence, following (4.10),(4.11), 
the corresponding term in (4.39) should be interpreted as the opposite of the trace anomaly 
arising from the global dilatation x' = ecqx (i.e. r = eq). 

Now, in the limit of vanishing superpotential (for example letting). go to zero), the 
full isometry group must be an invariance of the complete Lagrangian[20,21,24]. This 
fixes the H dependence of the function 9 since in our model the isometry group becomes 

SU(N+l,1) • 
SU(N+l)0U(1) . 

J( = -In(5 + B) - 31n(T + T - kIHI2), 

with k a function of 5 + B. 
(4.41) 

In order to determine this function, we need to consider the transformation (ii') which 
is the only one under which 5 + B varies (Eq.( 4.9)). It is well-known[25] that this is an 
invariance of the theory only up to terms of order g2 "" (5 + Btl. Hence we require for 
the effective theory: 

( 4.42) 

with H invariant under (ii') as in (4.30). This in turn imposes that 8K be itself of order 
g2. But 

[ 
1 31HI2 ok 1 

8J( = - S + S - T + T - k(5 + 5)IH12 0(5 + 5) 4tbo. ( 4.43) 

To leading order in 9 2 , the only reasonable solution is ok/o(5 + B) = 0, i.e. a mere 
normalisation constant in front of the IHI2 term in (4.41). 

We may now come back to the transformation law (4.30) for the H field. Had we 
started with a different transformation (say iI' = iI e- iT

), we would have obtained a dif
fe~ent form for the superpotential but also for the Kahler potential (in this case K = 
-In(S + B) - 31n(T + T - e(S+S)/2bo IHI2)). The two formulations are obviously equivalent: 
they correspond to a simple redefinition of the H field (cf. the last footnote). 
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It is important to check in the end that our results make good physical sense. Indeed, 
we are now going to see that they have a straightforward physical interpretation. Let us 
start with our determination of the function f( 5) in (4.31). Substituted in Eq.( 4.16), this 
yields: 

( 4.44) 

Thus writing !{ explicitly (Eq.(4.41)) and using then (2.3),(2.4) and (2.11), 

.i\13 _ 1 < U >"-'< Res PI e-3(s+s)/4bo >= _A3. 
(ResRetp/2 g2 c 

( 4.45) 

On the left-hand side we recognize what the authors of Ref. 10 call A 2-loop (the 1/ g2 factor 
is the contribution of the bosonic zero modes) and we can write Eq.( 4.45) simply as j 

( 4.46) 

\Ve are now able to interpret the argument of the logarithm which appears in the quantum 
piece of the effective superpotential ~VQ (Eq.4.33). Using Eq.(4.44), 

H e-S/2bo = 
/-1. 

which yields together with Eq.( 4.45) 

1 ( A3 ) 1/3 

/-1.)..1/3 g2 < Res> AI0J < Res Ret >3/2 

H < _e-s/ 2bo > 
/-1. 

1 Ac 
/-1.)..1/3 iV/CUT' 

This last expression calls for some important comments: 

( 4.47) 

( 4.48) 

(i) the scale dependence is completely taken care of by the 5 and T dependence of the 
expression (note the importance of the presence of the factor eK /2 in (4.44) which takes 
its origin from IG.hler covariance): it thus appears clearly that /-1. is a mere normalization 
constant. We will see below to which physical quantity we can relate it. 
(ii) we recover in (4.48) the presence of the natural cutoff in the theory i.e. MCUT [4,26J; 
indeed it is clear that fVa integrates the quantum effects arising from fluctuations of scales 
/-1. in the region Ac ~ /-1. ~ lv/CUT; the importance of such a property was discussed at length 
in Ref.4. 
(iii) it is a welcome feature of (4.48) that all explicit 5 dependence has dropped out.k 

Indeed it is easy to show that 5-1 is the loop expansion parameter in the 4-dimensional 
theory; since the tree level Lagrangian expressed in string units is proportional to 5, there 
should be no explicit 5 dependence at the one-loop level. 

j A remark on normalizations: our gaugino fields are not properly normalized and we have < ).A > = 
< g2().A)N > where the N subscript refers to gauginos with normalized kinetic terms such as the ones used 
by the authors of Ref.IO. 

kWe wish to thank G.Veneziano for making this comment and for discussions that prompted us to look 
at this point more carefully. 
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All these arguments make us confident that the results (4.33) and (4.41) accurately 
describe the theory below the scale of condensation. \Ve can indeed summarize our results 
in a way which is self-explanatory. Using (4.33),(4.44) and (4.48), we can write: 

( 4.49) 

We recognize the renormalisation of the gauge coupling (2.4) from the scale MCUT down 
to Ac. 

Restoring the nonsinglet fields <I>i and the c contribution, the functions that determine 
the tree level 'potential become: 

J( - -In(S + S) -In(T + t -1<I>12 - IHI2) 

lV c + 2boAH3 (In ~) e-3S/2bo + lV(<I». ( 4.50) 

This potential consists of a sum of positive definite terms: 

v = Vs + ~~ + VH + D-terms, (4.51 r 
1 

with (cf. Eq.(2.8)) 

Vs - e
K Ie + 2bo,\h' (In ~) (1+ 2!o (s +8») e -"/2&, + W( <I» I' ( 4.52) 

V_I 1 laT'Vl
2 

1 3 (8 + s)(t + t - 1<I>12 - Ih1 2)2 o <I> 1 
( 4.53) 

fiH _ 1 1 lovVI 2 

3 (8 + s)(t + t - 1<I>12 - Ih1 2)2 oH I 

1 1 2 2 4 -3.d! I h 12 - 3 (8 + s)(t + t -1<I>12 -lhI2)2 4boA Ihl e 2bO 31n~ + 1 ( 4.54) 

The ground state for h, the scalar component of H, is reached for: 

(4.55) 

and replacing h by its vev in (4.52), which amounts to truncating the theory, one recovers 
the tree level Lagrangian used in Section 2, i.e. Eq.(2.15) with 

? 
- 3 h = --boAJ.l . 

3e 
( 4.56) 

We see that h is cubic in the vev of the H field. Its transformation law under SL(2, R) 
intuitively obtained in Section 2 (Eq.(2.23)) is thus consistent with the transformation law 
for the H field (Eq.(4.34)). 
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We take this opportunity to justify the transformation law for c in Eq.(2.23). In order 
to do so, we have to place ourselves in the underlying 10-dimensional theory since the field 
Hlmn whose 'Ve'V is c (Eq.(2.l3)) does not propagate in the 4-dimensional spacetime. It 
proves easier to work in string units i.e. 1\1s = 1 because the 10-dimensional Lagrangian 
then takes a very simple form[27]: 

~ 1'(10) _ A-.-3 (-~H HLMN + ) e J.., - <p 4 LAIN . .. . ( 4.57) 

where the dilaton </> is expressed in terms of the 4-dimensional fields sand t by: 

Ret 
</> = (Res )1/3 • ( 4.58) 

Since £(10) is necessarily invariant under SL(2, R) (this transformation appears only at the 
level of compactification), < H1mnH1mn >- Icl2 transforms as </>3 ex: (Ret? (s is invariant): 

( 4.59) 

in agreement with the transformation law (2.23). Note that one could have infered in a 
similar way the transformation law for h by looking at the quartic gaugino terms in the 
10-dimensional Lagrangian. 

Finally, we return to the ground state identification described in Section 2 and argue 
why we wrote a minimization condition for h, i.e. for p. It turns out that, in contrast 
to the case of supersymmetric QeD [22], the vev < F2 > of the hidden sector gauge fi~ld 
does not automatically vanish, but itself depends in a nontrivial way on the parameter p. 
Although F2 appears only as a nonpropagating auxiliary field in the effective composite 
theory, it is an independent degree of freedom of the underlying theory, and its vev should 
relax to a value that minimizes the total vacuum energy. This is what is taken care of 
when minimizing with respect to p, or alternatively h. 

To see this more explicitly, let us compute FU, the F-component of the U superfield, 
which reads (cf (3.9) and (3.3,3.4), ""'(U) = 2) 

F U 
_ _~('ba + Aa)(l\ + 2Aa)UI 

_ (h3 J(a Fa + 3h2 FH - ') 3
b 

h3 FSp.eK/2e-3S/2bo + fermion terms, 
~ 0 

with the index a running over the ~a = ~i,S, T,H superfields and (w(~a) = 0) 

Fa = _~i>2~al. 
4 

On the other hand using the definition of U (Eq.(4.14»,we have 

U 1 2 -F = -S( F - iF F) + ... 
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(4.61) 
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Hence < p2 >= -8 < FU > is given by (4.60). In this equation, the FH term vanishes 
at the h ground state: < pH >= 0 for any value of /1. This is the only contribution in 
supersymmetric QCD since the first term vanishes in the flat space limit. In our case, 
< F2 > depends on /1 through the < F S > term. Already at tree level, if Ie/hi ~ 1.2, the 
vacuum energy is positive definite; < V >0( I < F S > 12 is nonzero and depends on /1. In 
this case, we expect /1 (i.e. FJ.LvFJ.LV) to relax to a value such that Ie/hi ~ 1.2, so that the 
vacuum energy is minimized. Once this condition is satisfied, < F S > vanishes identically 
and one has to go to the next order. At the one loop level, the relation (4.60) is modified 
and we expect a corresponding shift in h, i.e. in < F2 >, so as to minimize the one-loop 
corrected vacuum energy. 

5 Connection with spacetime duality. Conclusions. 

vVe have restricted the preceding discussion to the study of a simple compactification 
model. But the central role played by the 5L(2, R) symmetry makes us think that our 
results can be generalized to a large class of models. The reason is that this symmetry is 
the continuous version of the spacet~me duality which is observed in an increasing number 
of string models[28]. In the simple case of one dimension compactified on a circle of radius 
R, duality is associated with the invariance of the string spectrum under the operation: 
R -+ vrc;; / R. In our case, it is described at the level of the effective field theory by the 

. discrete group 5L(2, Z), under which the fields transform as in Eq.(2.18), with a, b, c, dE 
Z[1,29]. The key point is to understand how the discretization of this symmetry emerges. 

We first note that, in our formalism, the continuous 5L(2, R) ® U(l)R symmetry is 
apparently broken by anomalies to a continuous U(1)pQ symmetry: T -+ T + ir (in 
other words, there is no T dependence in the superpotential). However "this residual 
invariance under U(1)pQ is due to the fact that we have neglected the nonrenormalizable 
couplings of the hidden Yang-Mills supermultiplet in our parametrization of the effects of 
anomalies. For example, the coupling of the T field to the axial current through the Kahler 
connection[19]: 

3i 1 . - - . 
r J.L = "4 t + t _ 1¢12 [OJ.L(t - f) + <pIOJ1.tpl - tpIOJ.L'PI] 

will induce its coupling to FJ.LvFJ.LII via triangle diagrams of the type in Fig. 2, analogous to 
those responsible for pion decay to two photons in QCD. Thus we would expect corrections 
of the form 

(5.1) 

that is, a U(1)PQ noninvariant, T-dependent correction to the (necessarily holomorphic) 
gauge normalization function. This type of term was actually considered some time ago by 
Ibanez and Nilles[30], using arguments based upon the supersymmetrization of anomaly
cancelling terms (in their analysis, ~(T) = €T). Coming back to the interpretation of our 
results, this extra contribution should be added to the ones discussed in Section 4 and for 
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f'xCllllple Eq.( cl:AD) should read 

[ ( 2) ] f\/2" 1 ,\c 1 . 
< f H >= 2 + bo In U2 2 \2/:3 + < ~(T) > < [~ > . 

9 " (;(7 f.I / 

\Yp l't-'c()guizp whClt KClplunovsky[31] calls the threshold correction. i.e. the finite COlTPctioll 
tenus which arise at one loop due to the contribution of heavy modes. This threshold 
tonedioll has actucllly been recently computed in a class of orbifoldmodels[32] where 011e 
finds: 

whC'l'e II( T) is the Dedekind eta function. 
This allows us to understand how the discrete symmetry S L( 2. Z) emerges in our 

CIlwlysis. Indeed the full expression (5.2) amounts to adding the threshold correction to 
the effectiw snperpotential in the following way[34]: 

n-lloop = C + /\c-:3S/2boH3 [2bo ln (~) + ~(T)] + ll"(<p) 

C + 2bo/\e-:3S/2bo H:3ln [H II( T)2] + n-( <P). 
Jl 

As a lllodular function. the Dedekind functio1l transforms under (2.18) as: 

(GA) 

()nly for (/.ll.('.d E Z. Thus under 5L(2.2). the full effective superpotential transforllls 
as: 

( lFlIoop )' = (i c T ~ d r3 n -lIoop. ( ;j.G) 

Hnd the theory remains invariant. as it should (it has been recently proved that duality 
rPlllains a good symmetry to all orders of perturbation theory[33]). On the other hauel. 
5 L ( 2. R) rpmains broken by t he anomalous terms discussed in Sect ion cl:. 

The argulllent can actually be turned around to show that the only possible form for 
the t.hreshold correction is precisely (5.3 )[34]. The basic idea[35.29] is to study how t.he 
threshold correction ~(T) must transform under 5 L( 2. 'R) in order to make the full one
luop order correction invariant. This function ~(T) being holomorphic. one condmles 
from its transformation law that it must be expressed in tenus of a modular function. 
which restricts the inval'iance to the discrete 5 L( 2. Z). 

\Ve lllay now comment 011 the implications of these results on our analysis of Section 2. 
\Vhen 've solw for the vev of the H field. we obtain a result similar to Eq.( -tG5). except 
for an extra T dependence through a modular function. This means that in the truncated 
theory studied in Section 2. the fiat direction encountered is replaced hy a discretp set of 
groulld st.ates. This "quantization" of the line of minima should he put. ill 1>a1'<1111"1 with 
thf' other quantization condition in the problem. the one founel for c[12]. One lllay hope 
iudeed that this condition is also connected with duality (remember that, order by ol'd('l'. 
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the minimization of t.he potential yields a relation between c and h). 

Fiually. let us come hack to the issue of supersymmetry breaking. Our proof that 
uo :"oft s1tper:"ymmetry hreaking term is generated in t.he observable sector rests ou the 
coutiu1tOllS 5 L( 2. R.) symmetry. The anomalous terms discussed in Sectiou 4 hreak t.his 
('1tst.oclial synlluetry Rnd provide the t.heory with a seed for soft supersymmetry hreaking.1 
It was sho\\"u iu R ef.l t 11a t this is act. ually sufficient to generate gaugino niasses iu t.he 
oh:"ervahle :"E'ctOL in a mass range compat.ible with t.he large hierarchy observed in nat-me 
(JIll" j.IIJJ tl. Ddails of the computat.ion will be presented in Paper (II). Let us just :"tress 
here that the nnalysis goes in two steps. Starting from the effective Lagrangian clerin"d in 
Section 4. which describes the model (call it Ml) just below the condensatioll scale: 

(i) at low energies. the H superfield is heavy and one has to integrate over the cor
responding degrees of freedom.1Il One obtains an effective low energy model (M2 ) "Rlid 
at scales much below i\C' No soft supersynuuetry breaking terms are generated iu this 
way at tree le,;el hut. of course. there are some relics of the noninvariance present in the 
uourenorlllalisable tenns. 

(ii) nOUZ(,H> gaugino masses are obtained at the one loop level in this effective model 
M 2 . No scalRr mass or A-term are generated to this order (at least if one does not take into 
accouut tllf:' duality-restoring threshold correction term discussed above). The fact that. 
these gaugino masses are ohtained through anomalous terms and two steps of radiative 
COlTf:'ctious generates in the final ans\ver a large number of mass ratios. lvIore explicitly. 
we filld 

"IIpl 

( IGrr1 )2 
( 0.7) 

,yhere 111 H is the mass of the H supenllultiplet. The small hierarchy that one finds in the 
hrf:'akillg of soft supersymmetry (typically /113/2 '" .\c ,....., 10-2 JIpl ) is therefore dramatically 
euhauced and cau easily account for the 1G orders of magnitude encouutered in nature. The 
fact t.hat this hierarchy of scales is related to the manifestation of duality in the effeetiw 
fidd theory seems to us particularly encouraging. 
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.iust. what We:' did ill Section 2 t.o obt.ain t.he globally supersYl11metric theory studied there. 
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Figure captions. 

Fig.1: Form of the one-loop effective potential corresponding to Eqs.(2.5) and (2.14), 
as a function of c/7r and Ret[4]. 

Fig.2: Triangle diagrams inducing a coupling of bnT to FJ1.//FJ1.// (the fermions involved 
in the loop are the gauginos, the gravitino and XS). 
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