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Abstract

The N = 1, d = 4 supergravity theories derived as the low-energy limit of four-dimensional superstrings are discussed, focusing on the prop-
erties of their effective potentials. Gauge symmetry breaking is possible along several flat directions. A class of superpotential modifications
is introduced, which describes supersymmetry breaking with vanishing cosmological constant and Str M? = 0 at any minimum of the tree
level potential. Under more restrictive assumptions, there are minima with broken supersymmetry at which also Str f(M?) = 0 for any

function f, so that the whole one-loop cosmological constant vanishes. This result is interpreted in terms of a new discrete boson-fermion
symmetry, relating particles whose helicities differ by 3/2, e.g. the graviton and the ‘dilatino’.
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It was already emphasized in the previous talks '2) that, even if the
heterotic string provides the framework for a mathematically consis-
tent quantum theory unifying gravity with the other particle interac-
tions, there are many ways of constructing acceptable string models
in four space-time dimensions: Calabi-Yau compactifications, covari-
ant lattice constructions, orbifolds, fermionic constructions, etc.. In
particular, d = 4 string vacua with N = 1 space-time supersymmetry
seem a desirable starting point to tackle the problems of the cosmolog-
ical constant and of the gauge hierarchy, and in contrast with vacua
with N > 1 extended supersymmetry they allow for the existence of
chiral fermions. To describe physics at energies E << Mpianck, One
can then consider the corresponding effective theories, which are par-
ticular versions of N = 1, d = 4 supergravity with gauge and matter
fields ). At present, only for a restricted class of string models the re-
sulting low-energy theory has been fully worked out (barring possible
string-loop and non-perturbative effects): the simplest examples 45},
to be considered in the following, are N = 1, d = 4 heterotic super-
strings which can be constructed in terms of free world-sheet fermions
with periodic-antiperiodic boundary conditions 2). This has to be con-
trasted with the case of Calabi-Yau manifolds and orbifolds, where one
has only some approximate results 7).

For the string models under consideration, the building blocks of the
corresponding N = 1, d = 4 supergravities are the following;:

o The gravitational supermuitiplet, whose physical degrees of free-
dom are the spin-2 graviton g, and the spin-% gravitino y*.

o The vector supermultiplets, whose physical degrees of freedoin are
the spin-1 gauge bosons A% and the spin-1 gauginos A°.

o The chiral supermultiplets (&', '), whose physical degrees of free-
dom are complex spin-0 and two-components spin-% fields. Some
of them are always present in any model of this kind and can be ob-
tained by a Z; x Zj projection from the corresponding theory with
N = 4 supersymmetry (‘untwisted’ sector). One, the ‘dilaton’ su-
permultiplet (S, 5), is singlet under the gauge group, and its spin-0

-

component contains the degrees of freedom of the dilaton and of
the antisymmetric tensor. 'The other supermultiplets (y*, §') of the
untwisted sector transfori under real representations of the gauge
group. In addition, if certain conditions are met ?), there can be
additional matter supermultiplets (2%, 2%), transforming in chiral
representations of the gauge group (‘twisted’ sector): their origin
is a purely string phenomenon, connected with the requirement of
modular invariance.

Neglecting higher-derivative terms, which are not relevant for the
present considerations, the effective theory is completely determined
by two functions, the gauge kinetic function f,,(®') and the Kihler
potential G(®',®;): fup is an analytic function of the scalar fields,
transforming as a symmetric product of adjoint representations of the
gauge group; G is a real scalar function of the scalar fields and their
conjugates, and is conventionally written as the sum of a ‘kinetic’ and
a ‘superpotential’ part

G(¥, &) = J(P', &) + log|g(®'))*. (1)

All the different terms in the supergravity lagrangian (kinetic terms,
masses, interactions) can be written3) in terms of f, and G.

To illustrate the structure of the low-energy theory, let us consider
a toy example®?), corresponding to string models with no massless
states in the twisted sector and gauge group H = SO(mg) x SO(m, -
2) x SO(m3 — 2) x SO(mg — 2) [mg = 2+ 4k, mg + m = 0 (mod.8),
mo+my # 8,16 (I = 1,2,3), mo + my + ma + my = 44]. Their
entire massless spectrum and interactions can be obtained from the
underlying N = 4 model based on the gauge group G = SO(38) x
U(1)3. Exploiting the fact that in N = 4 supergravity the lagrangian
is completely determined by the gauge group, one can easily derive )
the functions fup and G of the corresponding N = 1 theory. The fu

function has the universal form 6745

fub = 6ub5) (2)
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and the scalar fields parametrize the Kahler manifold

_SU(L) & 50(2,n4)
M="Tay * 11 S0(2) x SO(n4)’ (3)

A=1

The first submanifold is associated to the S field, while the remaining

three submanifolds are parametrized by the n4 = mo(ma—2)+(mp—
2)(mc - 2) + 1 [(ABC) = P(123)] fields

y“z(y},,yi‘) (la=1,...,n4; 14 =2,...,n4). 4)

The y} (4 = 1,2,3) are singlets under the gauge group I!,‘ while the

v'4 (A =1,2,3; 04 = 2,...,n4) transform as elements of the coset
SO(38)/H. In a convenient parametrization, the kinetic function for
the scalar fields is

J=Jo+ 31 Ja,
JA = —logYA,

Jo=—log(S+ 3),

. o 5
Y,1=(l—y"‘y.~A+14|y"y‘|2): )

where bars denote complex conjugation and repeated indices are
summed, and the superpotential is given by

9= Gsusy = ci)igiay;lyizyia’ (6)
with the coefficients c;,;,;, proportional to the structure constants of
50(38).

Once the Kahler potential G is known, one can examine the struc-

ture of the classical potential, given by the well-known supergravity
formula?

V= Cg(gig.'-l Jgj - 3) + VD—terms, (7)

where we follow the standard notation G; = 8G/0%*, G' = 8G/04;,
etc.. In terms of a generic superpotential g, one obtains, after some

algebra 89
3
V = VO + Z(V,{ + V,{') + Vl)—lermn g (8)
A=1 ’
Vo = €lg—(S+3sl, (9)

Vi = eVa(lgial* - lv'2gi, — o), (10)

2

, (11)
3 5; T4 i ’

elo [Z A YAJ_A_ _] . (12)

One important thing to note is that, apart from Vf{, all the addenda
contributing to V are manifestly positive semi-definite. If we now take
g = Gsusy, the remarkable homogeneity properties of the superpotential
(6), y“g.',, -9 =0(A=1,2,3), imply that all minima of the potential
have zero vacuum energy and correspond to < g;, > =0 (=<g> =0).
Since the gravitino mass is given by the general formula

m' = (e = |£I|2
3/2~< >_<(S+§)ﬂ§1=|YA>, 19

this in turn implies that supersymmetry is unbroken. However, there
is the possibility of gauge symmetry breaking along the many flat di-
rections: for instance, purely real directions along which at least one
of the SO(m) factors of the gauge group remains unbroken.

On the way towards the formulation of realistic string models, one
has to face a very severe problem, the obvious experimental fact that
supersymmetry is broken in Nature. The ultimate goal would be to
find a four-dimensional string model with broken supersymmetry, van-
ishing (or acceptably small) cosmological constant and the possibility
of a stable hierarchy mwy << Mpigck- Several suggestions for the
breaking of supersyminetry have been made, but there are not yet
completely satisfactory results. In string models with supersymme-
try broken at the Planck scale V-2, the flat background is in general
unstable, and a huge cosmological constant is generated at one loop.
Attempts to break supersymmetry perturbatively on strings with a

vit = ¢

¥i, [g.-A - %’ﬂaA(yj‘ng - g)]

VD—terms

small gravitino mass have been frustrated by the appearance of a se-
10) " An alternative possibility is offered by non-
perturbative effects like gaugino "™ or gravitino '?) condensation. 1n

ries of no-go theorems



all these scenarios one would like to find some new syminetry, differ-
ent from supersymmetry [see, e.g., ref.'3}, protecting the cosmological
constant and the gauge hierarchy.

Given the present lack of knowledge, we adopt here a more modest
approach. We assume as a working hypothesis that in the effective the-
ory supersymmetry breaking is spontaneous (the pairing of bosonic and
fermionic degrees of freedom is preserved by the integration over the
massive modes) and parametrized, with respect to the case of unbro-
ken supersymmetry, by a superpotential modification, with no changes
in the geometrical structure (Kahler metric) of the theory. This is the
case, for example, in the effective theory 1) of string models where
supersymmetry is spontaneously broken by a coordinate-dependent
compactification !®). The requirement of vanishing vacuum energy at
the minima allows only superpotential modifications which preserve the
positivity of the scalar potential, and this severely restricts the possi-
ble choices. In the following we shall consider the following ansatz8)-°)
(inspired by the ‘gaugings’ of N = 4 supergravity '6), which might have
a superstring generalization)

9 = Gnew =w(S)F(y=vy;1y:;)+gausm (14)

where
F(yi,v3,3) = (1 + )1+ v})(1 + 1), (15)

and, for the time being, w(S) is an arbitrary analytic function of S.
More general superpotential modifications can be found in ref.8)9):14),
Using the modified superpotential of (14-15) and the general expres-
sion (8-12) for the scalar potential, it is a simple exercise to work out
the minimization conditions. Minima with broken supersymmetry cor-
respond to (wF) # 0, in which case one must also have

<Gsusyir > = 0 (iA =2,...,n4; A= 1)273), = (gsusy) = 0’

| (16)
<w — (S + —g)ws > = 0, < VD-—!erms > = Ov (17)

and ) :
<uA(l+oup)+ 5y > =0 (A=1,23).  (18)

6

Notice that there are infinite field configurations which satisfy (16-18),
each of which corresponds to a different value for the gravitino mass
(13): we have therefore a new realization of the so-called ‘no-scale’
models 7).

One major problem of all supergravity models, and in particular
of no-scale models, is the stability of the classical potential against
radiative corrections. To address this question, one can consider the
one-loop effective potential

Victoop = V
gkaStr [AM? 4 Alog (14 35) - Mtlog (1 4 £3)], (19)

where A is the cut-off of the effective theory, of the order of o/~1/2 o
being the string tension. In a general N = | supergravity, there are
quadratic divergences proportional to

Stri? = Y5 (1) (20 + )M} _

= 2¢°[Nror = 1 = G(G7'), " R,2M(G )76l + -,
where the dots stand for D-terin contributions and Npor is the total
number of chiral superfields. A very important geometrical quantity, -
which plays a crucial role '® in the evaluation of StrM?, is the Ricci
tensor of the scalar manifold, R, = (89/09™)(8/0®,,) log[detG,”]. It
must be stressed that R, involves the fourth derivatives of the function
G: this means that the simple knowledge of the quadratic part of the
kinetic function J is not enough to discuss the quadratic divergences
of the effective theory. Another important thing to note is that R,

(20)

.depends only on the kinetic function J and not on the superpotential

g. In the simple model under consideration, the Kahler manifold (3)
is a product of Einstein spaces, with

Ja _ Ja _ ] _ .
R, )% = RaG; ) = RaJ;* (A=0,1,2,3), (21)
Ro=2 and Rp=ny (A=123). (22)

Therefore StrAf? has a very simple expression in terms of the curva-
tures R4
StrM? =2(N -1 -4 vaalin)e’ + ...,
aq = GG NG, (A=0,1,2,3)

(23)

- L



If the D-terms are vanishing, as it is the case for the models we consider,
ao=Voe™?, apr=14Vi+Vihe? (4=1,23), (24)

so that at any minimum of the potential ag = 0,a4 =1 (4 = 1,2,3),
and thus StrM? = 0. It should be stressed that the vanishing of
StrM? at any classical minimum does not depend on the details of the
superpotential modification (14-15), but is guaranteed by the geometry
of the manifold M, by the positivity of the potential and by the fact
that the Goldstino ) does not have a component along the dilatino
direction, (Gs) =

To investigate further the structure of the effective potential (19),
one needs to evaluate StrM?2" for n > 1, which requires the explicit
computation of the fermion and boson mass matrices®. We restrict
ourselves here, for simplicity, to the gauge-symmetric minimum

<YyA>=0, <yf4>=0, (I24=2,...,n4 A=1,2,3). ~ (25)

One can easily check that at this minimum the non-singlet scalar fields
2 do not get any mass. However, supersymmetry is broken and the
goldstino is 7j = (Y3, #1)/V3. Moreover, one finds

StrM? = l2m2§m§/2 x<wss >, (26)

which vanishes for < wss >= 0, corresponding to mg = 0 and
m$, = m§, = mj,,. Thisis always the case for a linear w(S) = a+8S,
where a and f are complex parameters such that Re(a8) > 0. Indeed,
one can show that not only StrM4 = 0, but also Str f(M?) = 0 for any
function f. Therefore, the whole one-loop cosmological constant van-
ishes at the classical minimum (25). This result can be extended ') to
the gauge symmetry-breaking minima satisfying (16-18), with the only
difference that supersymmetric masses for scalar and vector supermul-
tiplets are generated from the superpotential couplings and from the
gauge couplings.

It would be of main importance to understand the previous result in
terms of some symmetry of the effective theory (and of the underlying
string theory). With this in mind, it is useful to take a closer look

at the particle spectrum at the minimum (25). Neglecting the gauge
non-singlet fields, which remain massless, the remaining fields can be
paired in the following spectrum multiplets

MultiPlet Mass
T
2) (S;¥7) m3/2
(3) (mvi=in") my, (27)
(4) (%) myg
(6) (":0") m3y);

where the entries in lines (2) and (3) combine to form a boson-fermion
multiplet containing transverse and longitudinal degrees of freedom of
the massive gravitino plus the S and 75 scalars. In (27), 77 and 7 are
two linear combinations of the singlets g} (4 = 1,2,3) orthogonal to
f), and 7, 1, n” the corresponding linear combinations of spin-0 fields.
Since all physical masses are either zero or equal to the gravitino mass,

.and the massive fermionic and bosonic degrees of freedom are equal in

number, then Str M?* = (n} — nP)m2?, = 0. Now it is clear that
the vanishing of all the supertraces is due to a fermion-boson mass
degeneracy in the spectrum. The spectrum classification (27) looks
like an exact N = 1 supersymmetry in flat space-time background,
however some of the spectrum multiplets in (27) are not multiplets
of N = 1 supersymmetry. The degrees of freedom in the graviton-
dilaton sector are classified by N = 1 supersymmetry in the multi-
plets {(g,, ¥7), (S, 5)}, by the spectrum symmetry in the multiplets
{(9,: 5), (S; ¥%)}, with masses m = 0 and m = g,y respectively. It
is important to note that the spectrum symmetry S connects states
whose spins differ by 3/2: it can thus be interpreted as the combina-
tion of a discrete supersymmetry transformation Q@ with a permutation
P of the physical degrees of freedom of g, and S. Such a symmetry
can be naturally formulated in a more ‘stringy’ language, recalling that
the spectrum of any superstring model is given as a direct product of
left- and right-moving oscillators. In the light-cone gauge, S and g,,,
appear in a symmetric form

(S, 9) & ln>elv>n (v =3,4). (28)
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The real and imaginary parts of the S field are associated with

(D, ®4) = (|3>LI13>r+ 14>L14>R, 13>L4>Rr — |4>L13>R),
(20)
while the two physical degrees of freedom of the graviton g,,, are asso-
ciated with

(9y,92) = (B>LPB>r - M4>L4>n, 3>L{4>Rr + [4>L]3>R).

(30)
We want to introduce an operator P that interchanges the degrees of
freedom {®p,®4} and {®,, ®2}. A natural solution, consistent with
Lorentz invariance, is a left-permutation P : |3>p [4>,. If Q is
the operator associated to a discrete supersymmetry transformation,
then the symmetry of the spectrum is simply generated by the opera-
tor S = QP. In the case of unbroken N = 1 supersymmetry, S, @ and
P are all symmetries of the spectrum. When supersymmetry is broken
as in the previous example, Q and P are both broken, but § survives
as an unbroken symmetry of the spectrum. It would be very interest-
ing to examine whether the symmetries P and S are just accidental
symmetries of the spectrum or they can be extended, in a Lorentz-
covariant formulation, to the interactions of the eflective theory and
perhaps to the full string theory: the particularly symmetric way in
which the graviton and the dilaton supermultiplets appear in the un-
derlying two-dimensional sigma model give encouraging signals, and
the problem is under scrutiny 22). Unfortunately, string models where
supersymmetry is spontaneously broken by a coordinate-dependent
compactification '®) give superpotential modifications ') which differ
from (14-15), but other possibility for spontaneous supersymmetry
breaking at the string level could exist. An indication in this sense

_is given by the existence of d = 4 one-loop partition functions with -

Atkin-Lehner symmetry and boson-fermion degeneracy at each mass
level 21,

All the results presented here can be extended 89 to more realistic
models containing a massless twisted sector (2, 2) with a net non-
zero number of chiral families. In that case the analysis is complicated
by the presence of additional superpotential terms of the form ‘yzz’ and

10

by the fact that the Kahler manifold for the scalar fields is no longer
symmetric and mixes non-trivially twisted and untwisted sectors %),
but with some more effort one reaches equivalent conclusions.

[ At "t
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