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INTRODUCTION

It these talka I will report an some recent work {1] with Pierre Binélruy on cffective ficld
thenriea obtained from superstrings. The physics motivation is the gauge hierarchy problem,
which | will first review. | will then review the theoretical framework in which we are working,
namely efleclive supergravity theories obtained from the Fy x Ey heterotic string.

A certain class of Lhese theories is characterized by an invariance, at the classical level,
under ® group of global, nonlinear transformations anong the fields of the effective theory. We
have shown (1) that this symmetry can protect the scalars and gauginos of the ohserved gauge
group from acquiring massea when supersymmetry {SUSY) is broken in & “hidden” sectar of
the theory, that couples to our world with interactions of gravitational strength only.

This symemnetry group includea chiral transformations on fermion fields, as well as seale
tnmfotmnhom, and is therefore broken at the quantum level by the well known chiral and
f fies. These liea, in collusion with nonperturbative effecta in the strongly
coupled gauge interactions of the hidden sector, provide the seed of SUSY breaking in the ob-
scrvable sector. We find [1) that a very mild hierarchy between the Planck scale and the scale
(i.e., the gravitino mass) of SUSY breaking in the hidden sector is sufficient to generate an
ptably large (foc ph fogy) hierarchy in the observed sector. 1 will first give a quali-
tative description of these resulls, and then a more technical explanation of the construction of
the effective Jow energy field theory using the underlying classic~] aymmetries and their anomn.
aly structure. Finally, | wilt comment on more recent developments and their implications for
our analysis.

THE STANDARD MODEL AND BEYOND

The aim of theoretical physics is to provide an und ding of obecrved ph in
the context of particle physics, what is obecrved ia the Standard Mode!, namely the SU/(3), x
SU(2)y x U(1) gauge theory of the strong and electrowenk interactions. The electroweak
SU(2)¢ x 1(1) theory a characterized by s sp breakd to the /(1) of QED via
an a9 yet unknown Higgs mechanism, giving rise to weak vector boson masses of the order of
100 GeV. The strong SU(3). gauge theory is characterized by asymptotic freedom and infrared
! , entaiting of particles that carry the strong color charge, as well as
chiral symmetry breaking via a nonperturbatively induced quark cond=nsate

< gnqL > +hec. #0 n
that breaks the symmetry under chi- Jforinations:
@ eq. qn =g 2)

A mechanism similar to (1) plays a central role in 2he scenarios for SUSY breaking that 1 will
describe.

‘The Standard Model is further cherartmized by the apectium of matter fermions that

conple 1o one another via the gauge forces. These are three “families™ or “generations”™ of quarks



and leptons, with identical properties from ane generation Lo the next, except for widely different
manscs and Mavor changing wesk couplings vin which the heavier fermions cascade decay to the
lightest onea.

The Siandard Madel describes observed physica well—-in fact so well that we are left
with no clue as to how o proceed from here. Expected to fie beyond the Standard Model are
answers Lo the many questions that the theory leaves unresolved. | will brielly enumerate these,

What is the origin of slectroweak symmetry breaking? This is the moat imme-
diate question facing us, because we know [2] that some indication of the answer, that is, sonre
if ion uf the (el y of ite) “Higgn sector” mnul show up at hard collision
energies of a few TeV or lese, within reach of ly pl d, if not existing, collider facil-
itiea. A closely relaled isue in the infamous gauge hierarchy problemn, which will be a central
theme of these talks.

What is the origin of CP vialation, and what d: ines fermion masa hierarchies
and weak flavor mixing? These questions are connected to the overall isue of elecirawesk
aymmetry breaking; in the Standard Model the sssociated parameters are all deteninined by
the Higgs Yukawa couplings (o fermions—that is, by a large number of arhitrary constants. The

detlying physica rel to these ions may be only at energies considerably
higher than a TeV, possibly out of reach of any foresceable accelerator facility. B-physica will
play an important role in addressing these issues, at the very least in pinning down accurately
the of the Kab hi-Maak matrix. Continued searchea for neutrino masees
and/or neutrino (and charged lepton) Aavor mixing, and for & nonvanishing neutron dipole
moment may either turn up clues or severely conatrain the viable possibilities.

What ia the origin of the particle spectrum itself, and, for that matter, of the gauge
group? LEP has now provided  convincing case for the most standard of standard models,
namely the three-generation one. New physice that might shed light on these questions surely
liea well beyond a TeV. Rare decay searches that provide limits on lepton ﬂuvnr dmngmg o
plings {relevant to & gauged family symmetry} and on flavor-changing axion
to & global family symmetry) can probe such ideas up to scales of 10°s (o 100 TeV.

\

Is the cbserved gauge group unifled by a Iarger, simple group, i.c., a GUT? If oo,
the messured couplings of the observed group tell ue that the scale of the relevant physics is
10*® GeV or more, so we must rely only on indirect probes such as proton decay and ueutrino
masses and oocillations. A very important low encrgy indicator is the precise value of the weak
mixing angle, sin0,,.

Are the observed gauge interactions unifled with gravity? If so, the relevant
physics lies at the Planck encrgy scale of about 2 x 10'® GeV, and we don't even know what
we might look for as a low energy probe.

“Is there a Theory of Everything?” is a more fashionalle way Lo phrase the last
question. If the answer is positive, the T.O.E. will of course answer all of the above. In spite
of nieager theoretical progreas in making contact with ohserved physics, superstring: theory (1]

2



in atill the prime candidate for & T.O.E. T will deacribe one posaibility as to how the gauge
hicrarchy mny cmerge in this context.

THE GAUGE HIERARCHY PROBLEM

“T'he gauge hierarchy problem may be simply expreased in the context of the Standard
Model by writing the renormalized Higgs mass my; as

A I's
mjy = E(T:V)’ = mjy(tree) + E;;A’ P 3)

Iere g is the weak gauge coupling constant, and X is the rennrmalized coupling constant for
scalar self-couplings. ‘The right hand side of (3) representa the ciassical value plus the sum of
quantum correctiona, which are quadratically divergent, as indicated by the appearance of the
cut-off A. If perturbation theory makes senisc. A can be no larger than 1 {or at feast 47). Then
the first eguality auggests my < (.35-1.2) TeV, and so we need A < (8-30} TeV. Of course,
purety within the context of the renormalizable atandard model, there is not really a gauge
hierarchy problem. The infinite quadratic divergences can be abworbed into a redefinition of
the Higgs mass, whose value is simply fixed by measurement. However if the underlying theory
includes Higgs couplinga to heavier particles, such a5 GUT veclor bosons, quantum corree-
tions will include terms with A in (3) replaced by the masses of these particles. Gravitational
couplings of matter imply the presence of at least one lasge mass scale: the Planck scale.

There are three standard “solutions™ to the gauge hierarchy probiem, which T hriclly
recall. 1 will list them in what I view an increasing order of plausibility; many people would
disagree with my ardering.

Compositeness. In this scenario, the standard model is an eflective theory, some or alt
of whose “elementary” particles are bound states of yat more elementary ohjects. The theory
makes sense up to momentum scales of order of the inverse radius of compositeness r,, a0

A=A ~r]! ()

in (3). If quarks and leplons are compasite, those with common cnnstituents should couple to
one another via lour-fermion interactions with an effective Fermi constant (7 ~ 4xr?. Existing
experiments suggest r. < {TeV)™}; recent results from “Fristan {4] give more stringent linits,
with A, > 5 T'eV in one channel.

Technicolor. In this case only the Higgn seclor is composite. The theory [5] mimics the
cbacrved properties of QUD. New asymptotically free gange interactions are assumed, whirh
hreak the electroweak symnietry via a technifermion condensate

< >a(ful = (}7':\')’. o

Nere f,r is the strength of 1he conpling ta the asial cureent of he tochnipion =7, analgons to

the pion decay constant, £, This sumber is fixed a0 200 e 4, so as to cored by reponduce the
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obaerved W, Z masses. The scale at which the effective “low energy” theory censes to be valid
ia determined by the scale Argen at which the technigange interactions become strong:

A = Argep ~ [T ~ 250 GeV. (6)

As yet, no one has succeeded in constructing an experimentally viahle, nor a grand unifiahle,
model that incorporates this idea.

Supersymmetry. In this case (6] the quantum corrections on the right hand side of
(3) are d d by Alations b boson and fermion loopa, which are complete if SUSY
ia unbroken. Since cbeervation tells us that SUSY ia cerlainly broken, the effective cut-off is
provided by the fermion-boson maes splitting:

A = Asusy = [Myemion — Micom}- (Y}

1t is possible to conatruct viable SUSY extensions of the standard model, but the scale param-
eter (7) is simply put in by hand, so we have not really solved the gauge hierarchy problem in
this way.

Before proceeding to a T.O.E., 1 wish to emphasize that one cannot evade the gauge
hierarchy problem by & gly int ing scalar sector, i.e., by letting A 3 1 in (3). In this
case the scalar eector, described classically by the Standard Model Higge potential

Litgp = %I(H +v) + 93+ 20t0” — V%, v =250GeV, ®8)

bzcomes a system of ly i ing Gold bosons [7]. At energies E « my, the
physical Higgs field H lo not excited, und v, 9", ¢° which are in fact the longitudinally
polarized components Wi, Wy, 2t of the weak vector bosons, interact in exactly the same
way a3 the pions x*,x~,x° of low energy QCD, with the icplacement f, ~ 125 MeV —
v = 250 GeV. These interactions should be observable [8], with sufficiently high energy and
luminily, such na planned for the S5C, as an excess of W and Z pairs with invariant masses
of & TeV or more. Their interactions are described by an effective lagrangian £,y whoee low
energy form is dictated by the global ay try of the p ial (8), analogous to the chiral
symmetey of QCD. Including quantuin corvections,

PP
Car e oy 4 G- B )
+ higher derivative terma + resonance effects. 9
Just as the quadratic divergence in (3) can be abmorbed into the definition of the p|;yuical Higgs

mass, the one in (9) can be absorbed into the definition of the physical (ie., rencrmalized)
vacuum expectation value vy = 250 GeV:

1 ol
= 5 A% .
Copy an P’n(ﬂ., + - |V’RP) f
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However ance the theoty is embedided in a larger theory (as it should be, sinice a pure scalar
field theory ia apparently nol nelf-consistent} including Inrge mas scales, one atill has Lo invoke
s physical origin for the cut-off, A < 3 T'eV, to understand the “small” ohacrved value of vg.
Technicolor in facl provides an explicit example of a theory with the effective lagrangian (9),
and with the cut-off {6). The resonances in {9} are in Lhia casc prediciable, roughly by scaling
observed resonance masses in QCD by the factor v/f,.

SUSY, GUTS AND SUSY GUTS

There is no direct evidence for supersymmetry in nature. Ever more atringent limita
on eparticle masses are emerging (rom the LEP collaborations and from CDF. (The CDF
collaboration has previously reported squark and gaugino mass limits as high as about 100 GeV,

but these entail decay branching ratio jonu that are app ly not valid in the relevant
mass range [9].) Moreaver, results from Higgs searches at LEP are closing the window of allowed
in the minimsl SUSY ion of the Standard Model, with just two SU(2),

doubleu of scalar fields and their fermionic partners. However there is no particuiar reason -
especially within the context of a T.0.E.—to believe that a SUSY extemsion of the Standard
Mode! shautd be minimal. 11 one adds just one chiral suf ftiplet (i.e. a plex scalar and
a Weyt fermion) that is a singlet under the Standard Model gauge group, the paramiciers are
much less constrained, and one even koaes the prediction of the minimal SUSY model that the
lightest scalar is lighter than the Z.

There is alw no direct evidence for a Grand Unified Theoey. Limits on the Jifetime for
nuclon decay to mesons and keptons p bly rule out the minimal {10} SU(5) GUF (with
the caveat as Lo whether the value of the SU(3), fine structure constant ag—-or, equivalently,
Agep—is sufficiently well established). On the other hand, predictions in the cantext of SUSY
GUTs, or & T.O.E,, are highly model dependent.

Do we have indirect evidence for either of these idema? If the Standard Afelel gasge
interactions are unified at some scale, their values, as determined by Ui renornalization gronp
=quations, should all become equal at a ningle energy scale [11). Modulo assumptions about
massive gauge nonsinglet particles that can contribute to the R.G.E."s, coupling constant unifi.
zation can be checked by comparsing the measured value of 5in0,, with the predicted one, wilh
the fine structure canalants o and os as input. Here | will quote verbatim from Sirlin's talk
At Les Arca {12). He gave the value of sin?0,, At the 2 mass scale, in the nuxlified minineal
sbtraction scheme, averaged over the results of UA3, UAZ, CDF and LEP, as

sin*0gz(mz) = 6 2327 £ 0.00M2. (113]

I'he comparable valse, after appropriate ruliative rorrections {12), from the CHARM 1) rol
aboration is 0.232, with a sinilar (experiniental + theoreticat) ermoe. These results apparent Iy
12} iflee by a fow standard deviations from the Standard Model prediction, Ing are consistent



with the minimal SUSY prediction oblained by Marcinno’s estimate:

sin?0g7z(mz) = 0.23749%% — | (Af"":" ). (12)

Thuns an optimist might conclude that there is indirect evidence for & SUSY GU'T. Aside

frem modern refinements that should be included {12] in the estimate {12), this remlt could

be modified hy contributi from tandard ive particles, and the conclusions inay

be subject to the abo ioned caveat. H . the predictions for 3in?0,, are much less

sensitive to uncertaintiea (which are reflected in the quoted theoretical errors) in Agep than
are those for the proton lifetime.

T.0.E.: THE HETERODTIC STRING

According to the presently most popular hope for a fully unified theory, the Standard
Model ia an effective theory that is a low energy limnit of the heterotic string [13] theory. Starting
from a string theory in 10 dimensions with an Ey x E; gauge group, one ends up, at energies
sufficiently below the Planck scale, with a supersymmetric field theory in 4 dimensiona {14), with
a generally smaller gauge group M x §. M describes a “hidden sector”, that has interactions
with observed matter of only gravitational strength, and @ D SU(3). x SU(2) x U(L) is the
gauge group of observed matter. Part of Lthe gauge symmetry may be broken {(or additional
gauge sy ies may be g ted) by the 10 — 4 dimensional compactification process itsell,
and part of it may be hroken by the Hosotani mechanism (15}, in which gauge flux is trapped
around space-tubes in the compact manifold. There are now many more examples of effective
thenries (rom supersirings than one once thought could emerge. For illustrative purposes, 1 will
stick to the original “conventional” scenario, in which the “observed™ E, is broken to E, long
known to be the largest phenomenologically viable GUT, by the compactification process. Then
the observed sector is a supersymmetric Yang-Milla theory, with gauge bosons and gauginos
in the adjoint representation of ¢ C Ea, coupled to matter, i.e., to quarks, squarks, leptons,
sleptons, Higgs, Higgsinoe, ... .

‘The hidden sector is assumed to be ducnhed by a pure SUSY Yang-Mills theory, X C
Fy, which is At some energy scale A.,
below the coiapactification scale Agyr at which all the gauge couplings are equal, the hidden
gauge mulliplets become confined and chiral sy y in broken, as in QCD, by & fermion
condensate. In this caze the fermions are the gauginos of the hidden sector:

ymptotically free, and th

<M>pa~ A 0. (13)

The condensate (13) breaks SUSY [16], and by itaell would g a positi logical

constant. If this were the only source of SUSY breaking, and of a cosmological conatant, the
condensate would be forced dynamically to vanish, due to the condition Lhat the vacuin energy
be minimized.

Anather source of SUSY breaking is the {quantized) vacuum expectation value of an



antisymmetric tensor field e, that is present in 10 dimensional supergravity:
Hyun = Viliun, LM N =0,...,9,
/dV""< Himn >= 2 £0, Lm,n=4,....9 (14)

The ver (14} can arise if /I-Nux is trapped around a 3-dimensional space-hole in the compart
6-di ional ifold, in & manner analogous to the I i hanism for breaking the
gauge symmetry. When (13) and (14) are both present, A and Heyw couple in such a way
[17} that the overall contribution to the classical « logical constant ish There are
other potential sources of SUSY breaking, such as a gravitino condensate [1B], that might play
a similar role.

The particle spectrum of the effective four dimensional fleld theory includes
the gauge supermultiplets W* = ()*, Fy, ~ li;:,) (gauginos and gauge bosons) and chiral
supermultiplets = (. x*) that contain the matter fields ( &' = aquarks, sleptons, Higgs
particles, ..., x' = quarks, ...). In the "conventional” scenario these are all remnants of the
gauge supermultiplets in ten di i

A — Ay tym, p=0,....3, m=4,. .9 (15

Thus for each gauge boson Auy in ten di i there are p ially one gauge boson A,
and six scalars @ (and their superpartners) in four dimensions. However not all of these are
masnless. In the "conventional® picture (Eq — Eq in the observed sector) the masslens 4-vectors
are in the adjoint of Ey, vhile the masslesa scalara are in (27+27)'s that make up the difference:
{adjoint)g, — (adjoint)g,. In addition tiere are gauge singlet chiral supermultiplets associated
with the structure of the compact manifold. Two of these, S = (s,x*) and T = (1,17) are of
special interent. Their scriar components are (19)

sa=e>¢1 4+ 3iV2D,

t=c¢t - ivias+ % TP (16}

In (16) ¢ is the dilaton of ten-dimensiona! supergravity, /) and a are two axions that arc
of the antisy Aric tensor (14):

a ot <™ B, a.D o l....ré'!e"'""'. un

and o is the “breathing mode™ or “compacton™ whase vew determines the size of the compact
manifold with metric g = gi7e®. Thus the GUT. or compactification  scale, whicls is the

inverse of the radius 7 of comnpactification, i determined by the veo (in Planck mass inits)
Ay = 77 =< e™¥ >=< (ResRet)™ > . (18)

The total nuimber of gauge singlet chira) nulliplets, as well as the msnber of matter generations

(#27'a — #T7'8) i delenmined hy the detaited tegology of te compact manifoll
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The lagrangian of the effective four dimensionnal fleld theory, with ~mpertur
bative SUSY bicaking included [17] has, in a broad cinss of models, the following propertica at
the clasaical kevel, The gravitino mass g can be neuvanishing, sa that focal supcraynunetcy
is broken. The logical Lanl ishea, as do Lhe ohservable gaugino masses my, the

gauge nonsinglet scalar masses m,,, and “A-terma”, which are Lrilinear gatge nonsinglet scalar
self-couplings that, if present, would also break SUSY. Thun there is no manifestation of SUSY
breaking in the observable sector.

One loop correclions have been evaluated {20] in this effeclive (nonrenormalizable) the-
ory, which is cut off at the scale of gaugino condensation
e-toRes/2

A= e gy = (\/=.) (19)

‘The firat equality in (19) is juat the atandard R.G.E. result, where b is a group theory number
that determines the §-function of the hidden sector Yang-Mills theory. The second equality
follows from (18) and the relation (there are no free parameters in the T.O.E.!) between the
vev of 3 and the gauge coupling constant g at the GUT scale, where all gauge couplings are
equal:

g (Acur) =< (Res)™' > . (20)

The result found [20] is that the classical features described above are unchanged at the one
Joop level.

In fact, the class of 4-d theories idered p [21) & clamsical nonli
pact global symmetry. They are in fact nonlinear o-models, much like the effective pion thenry
of low energy QCD, where chiral SU(2) symmetry is realized vis nonlinear transformations
among the pion fields. The difference here is that the global symmetry group is the noncom-
pact group SU(1,1) x U(1)g, where U(1)n is the usunl R-sy y of
‘The group of transformations includes [1] a subset under which

peray ic

t =, (21)
where b is & finite, continuous, real parameter. The string scale Afy is related to the Planck
scale AMfp by

Mp =< (Res)} > Afs, ()

80 when the theory is expressed in string mass units, (21) corresponds to an inversion of the
radius of compartification (18):

R’ = Aghy =< ResRet > /M} =< Ret > /M2 — 6%/ R*. - (23)

For the special casc of integer b, thin is the well known “dualiny™ tranaformation, which leaves
the string spectrum invariant. We have recently shown [1] that this classical SU(1, 1) x (1)
symmetry is reaponsible for the cancellation of ohservable SUSY breaking effecta, as found [20]
by explicit calcutation.



ANOMALIES AS THE SEED OF ODSERVABLE SYMMETRY BREAKING

Under the classical SU(1,1) x U(1)p symmetry of the effective low encrgy theory, the
fermiona undergo chiral phase transformations:

Jo—=efo. fa—efn, (24)

80 At the quantum level Lhe symmetey is broken hy the chiral anomaly. In addition, SU(1,1) x
U(1)n includen the scale transformation £ — at, under which the cut-off for the theory fwhich
at encrgies above the scale of hidden gaugino candenration is just Agyr, Eq.(18)] scales as

Ayr o< (Ret)™' > 077 AL,,r, (25)

so the symmetry is further broken at the quantum level by the conformal ancinaly.

The dominant effect of these anomalies arises from the highest masn scale at which
nonperturbative effects come into play, In the context of the eflective 4-d fiehl Lheory, these are
iated with i t and gaugi d ion in the hidden Yang-Mills nector. Just as
one can conslruct low energy effective Lagrangians {or pacudoscalas memons that are ¢§ bownd
states using the symmetries of QCD and the chiral and conform~ anomaly, one can use (1)
SU(1,1) x U(1) and its anomalies, together with supersymmetry [22], to constrict an effective
lagrangian for the tightest hidden sector chirzl multiplet, denoted # = (h,y"), which is a
bound state, with mase my, of the hidden gauge supermultiplet. Retaining koop corrections
from these additional degroes of freedom, whose couplings explicitly include the anomalons
symmetry breaking, one finds (1] that gaugino masses are generated in the observable sector
that are of order

1
my ~ mmcmhﬁr. (26)

The factos (4x)~* appears in (26) because the effect arises first at two-loop order in the effertive
theory, the factor mg is the necessary signal of SUSY breaking, the factor mj; is the signal of
SU(I l) x U(1) breaking, and A2 is the elfective cut-off. This last factor arises rsentialty for

| the coupling ponsitile for itting the know-ledige of symmetry
breaking to the observable sector are nonrenormalizable interactions with dimensionful coupling
constants proportional to mp?

Solving {20] the minimization conditions for the effective throry at the one-loop levet
yiclds, for vacua with hroken supersymmetry, the values

mg;:%m"’:gﬁf'z(l()' m")\'/';:_c N

where the parameter ¢ is proportional to the vev (1) of Hiaen. The quantization combition

{11) aml dimensional analysia suggest [20] ¢ > 107 if ¢ £ 0, or

iy < W0 Pmp > 270V ()]



Once gauginos arquire masses, gauge nonsinglel scalara (in particular the Niggs pasticles) will
acquire massca m,, ~ £my at the next loop order in the renormalizalle gauge interactions.

‘The superstring context used here is not Lthe most gencral one, hut there in a hroad
clnma of mottels with similar fcatures, ao Uhese reaulls suggest that there is hope, afler all, of
extracting meaningful physice from Lhe superstring T.O.E.. | now tumn to a more technical
deacription of the results described above.

THE STRUCTURE OF THE SUPERGRAVITY LAGRANGIAN

When exprezsed in Planck mass units, so Lhiat the Einstein curvalure Lerm reads Cg =
1,/GR (which can alwaya be achieved by a Weyl transformation), the classical Ingrangian for a

general asupergeayity theory in four dimensions is determined [23,24] by three functions of the
chiral superficlda:

*=¢S5T,.... {29}
These are ’

i) A gauge field normaiization function f(#) = J(3)!. In the superfield formulation [25]
the Yang-Mills part of the lagrangian is given by

1 1 -
Cou = [FOAMWINE + .= ~{RefQ)FLF +Inf(AFLEZ) + . ()
HereQina fex t fermionic variable in sup z — £,0,0, and we have
indicated some of the terms lhll appear afler O i ton when Lhe superficids are ded

in tesrmn of their component fields. The first Lerm in this expansion implies that lhe gauge
coupling conatant, is determined by the vev < Ref(p) >= g%,

ii) The Kihler potential K(#,8) = K(#,8)!, which determines, for example, chiral
mulliplel kinelic energy terms:

Cxn¥) = KaB'P b4, Ku= ool )
iii) The auperpotential W(#) = WS, which determines the Yukawa eouplings and
the scalar polential:
o = [£OKWS) 4 he. = ~eOI0UG VG5~ 3) 4 -, (@)
where on the right hand side | have introduced the generalized Kahles potential
G=K+ipwp . 33)

of Cremmer iL et al. (24]. In fact, the Lheory defined above is classically invariant [24,25] under
a Kahler transformation that redefines both the Kahler potentia!l and the supery ial i
terma of a holomorphic function F(#) = F(d)t:

K-2K=K+F+F, WaW=eFw, (34)

[



provided one also transforms the fermions by a chiral rotation; for example

W2 s e Wbl ge  golnFiage (35)

‘This last transforination is anomalous at the quantum level, a point that will be important in
the discussion below. One can fix the “iAhler gauge” by a apecific choice of the function F. In
particular, choosing F = — In W casta the lagrangian in a form (24] that depends on only two
functions of the scalar fiells, f and G.

Ilere 1 will describe a prototype {19] supergravity model from superstrings, with non-
perturbative SUSY breaking included [7). The functions (30) ~ (32} are given in terms of the
superficlds (20) by

/=5, (36a)

K=-In(S+5)-am(T+T-19), 9= }:0' (365)
al

W) = cpn@' @ +c+ hem252, (36¢)

The last two terms in the superputential W are parameterizations of nonperturbative SUSY
breaking eflects (17]. The parameter ¢ is proportional to lhe vev of the antisymmetric tensor
field strength {14), and the last term rep the gaugino cond {13). The form of this

term can be understood in te.~w of the atandard R.G.E. result (19), together with the relation
{20), implied by (30) and (36a).

The structure of the condenaate tesm in W is further justified by symmctry considera:
tions [17,26}. For c = A = 0, the theory ia formally invariant under the Kihler transformation
(34) with

F=ia, KK, WeW, ) —c9) arel {37)

Thia symmetry, which is just the “R-sy y" of renormalizable SUSY moxdels, is broken
at the quantum level (which cannot be ignored for the strongly interacting hidden Yang-Mills
sector) due Lo the chiral anomaly; under (37)

50 = - 2 (FFha ()

However, because of the coupling (36a), (30) of the Yang-Mills supermultiplet to the S-
supermultiplet, the variation (38) can be cancelled by a shift in S:

§ 85— [Rit))

The caombined transformations (37) and (39} are an exact (neglecting the e-tern and quantum
correclions in the observed gange sector) invariance of the theory; thin is rellcted by the
transformation property

W(S) = ¢ M) e W (S) (1

n



of the supcrpotential for S in (36<).

The general features of the theary defined by (36), first obtained by Witlen {19] for
the case of a simple torus compactification, are common to a broad clasa of more realislic
models (27). Tliese poseess the the clamical properlics described above, namely the vanishing
of the cosmological constant and of observable SUSY bireaking breaking < =cta even when local
supersymmetry in broken (mg # 0). As discussed above, these features are unthanged at the
oue loop level [20).

CLASSICAL SYMMETRIES OF THE THEORY

The clasms of 4-d theork idered p {21) & classical nonlinear global symmetry
under the noncompact group SU(1,1) or SL(2, R):
aT=ib o . W _
T=T=gva ¥-¥=mFy $—5=5
ad—b =1, a,bcdreal (41)

For ¢ = h = 0, Eqa.(4i) in fact represent a Kihler transformation (34), with

F = 31n(icT + d), (42)

under which the full lagrangian is invariant pmvided the fermion fields undergo a chira) trans-
formation (35). The group of translormuations (41) includes the subset (21), witha = d =
0, bc = —1. In addition, the theory is invariant [21] under R-symmetry, Eq.{37).

When we allow ¢} # 0, the §(1,1) symmetry can be formally maintained by allowing
theme parameters to translorm like & superpotential, Eq.(34):

crd=¢Fc, kb =eFh. 49

This makes sense when one recalls that ¢ and # are actually the vevs of underlying dynamical
variables; therefore their values will relax to those that minimize the total vacuum energy
density, and the relevant symmeiries are those of the full parameter space. This was precisely
the attitude taken in [20], where it was found that observable SUSY breaking vanishes ut the
averall ground state of the one-loop corrected =ffective theory. Moreover it can be seen (1] that
{43) corresponds to the correct transformations of the fields in (13) and (14)

CONSTRUCTIOR OF THE EFFECTIVE COMPOSITE LAGRANGIAN

The noncompact symmetry (41} and the R-aymmetry (37) are broken st the quantum

level by the chiral anomaly [see (37), (38)] and also by the T 1 Yy, as indi din

(25) [c =5 =0, ad = 1 in (41)]. More generally, under a Kahler transformation (34),(35) we
have

Abyr =497 < eRP 5> NFPA2 . 44)
Then under SU(1,1) x U(1)a
21 N
8= %’(ReF(l)F:,F:“ +ImFOFLF™) + .. = -2;" j.{’ef'('r)w;w: +he, (15)

12



where (1) is the function defining the Kahler transformation (41) or (37).

‘The transformation praperty (45) may be used {22,1] to eonstruct an effective lagrangian
for the composite multiplet U:
1
WD = U = APk Pem1%o, (46)
or equivalently the chiral multiplet /7, which is the lightest composite state, with mass my;, of
the (confined) hildden gauge sector. The Kihler transformation property of 1/

H—i'=efPY (47)
can be inferred from thooe of #* and W2. With this transformation property, the anomalica are
correctly reproduced (22,28,1] by the following effective p in) lagrangian for the comp

chiral field:
Gl = [ PO Pamre* 1Pt ) = [FOkPWILS)
= / £OISU + U n(4Ug* A2 )], (48)

which is also invariant [28] under the nonanomalous transformatiun (37) + (39). Aside from the
numerical parameters (or order unity) p and A, the logarithmic term in (48) is precisely what
in exp d from the i ibution {29]. Note that Agys is the physical cut-off for
the theory above the condensate scale, and that the gauge multiplcts W3 are normalized with
a factcr g=? =< Res > relative to the canonical normalization. In addition, the ground state

figuration is d ined by the mini with respect to H of the potential (48). This gives

A 3
<H>=hg=pe"B, <Mdopy=4<U>= ;';!A:. (49)

Again {49) corresponds exactly to the one-instanton contribution {29].
1t remains to specily the H-dependence of the Kahler potential. The syminetries of the
theory dictate 1] the form

{ = —In(S+ 5) - 3n(T +T - |9 - (H]). (50)

The effective classical theocy below the scale of condensation is determined by “inte-
grating oul” the [/-supermulliplet, that is, by the sum of tree diagrama with “light” particles
(m < A.) on external legs only. Tt turns out that theve are no such diagramn with H.exchange,
because vertices with a single // leg vanish at the i ground state, and one recovers exactly the
theory defined by (36), with the paramicter h in (36c) determined as

3 2
h= _ﬁx,.’e't (13}]

3
Retaining one-toop correctiona from the i degrees of freesdom, whose conplings explicitly in
clude the ! ynunetey breaking, one finds [1) that the effoctive Tow eneigy theory

1K)



defined in this way ia no longer totally SU(1, 1) invariant, althougl no ohservable SUSY break-
ing appears at the “classical” level of Lhis eflective theary. However, at the one-loop level of
this effective theory, gaugino masses are generaled in the observable seclor thal are of order
(26)—(28).

’lhe nunterical estimate in (28) is obtained using the results of [20), where the vacuum
confy was d ined at the mini of the of the poten.ial with respect Lo all pa-
rnmeu'ru, including ¢ and h of the effective supcrpotential (36). Wllh h now determined by
{51), minimization with reapect to the 3, h is equivalent 1o imization with respect
1o the p #. Thep of the # in fact veflects [1] an additional degree
of htednm of the untlerlym; theory, mmely the gauge field strength F... In the superfield
formul the perfield U(O) defined in (46) has (like all chiral superfields) three
components: the mmplex scalar u, the fermion xV and the auxiliary field £V, which has no
kinetic energy term and can therefore be elimi d by the one of motion as n function
of the other fields. Specifically

u=Ulowo = %(xﬂh)nw—.

Y= -%D-D,u|..., = —%(F,,P" —iFuF*) 4=

AeMPAg3aTAaIK, Fe 4 INTFH _ §:;—hr.’r“) +00), 2)

where D° ia the Kihler covariant spinorial derivative, and in the fast equality we have evaluated
the detivative in tetins of the components of the superfields #*(p*, x*, F~) using the functional
form (46) of U in tesms of these lllperﬁddl Although in the effective composite theory F,., does
not appear s8 an independ: | I variable, it is one in the uniderlying theory. Therefore
the vev < Fl.F™ > should mlu to a value that minimizes the vacuum energy. Variation of
this physical parameter is reflected in the variation of p-or of h, Eq.(51).

Defining the ground state as the minimum of the potential with reapect to al} parameters,
it was found [20] that most of the degeneracy of the classical vacuum is lifted by one-loop
correclions, but the vacuum energy vanishes at one kop il the potential is bounded from
below. M, o if there is a ivial SUSY breaking (i.e. mg # 0) vacuum there remaina
one degeneeate, zero-energy direction in parameter space. Along that direction the ratios of
physical scales are determined as indicated in (27). The degeneracy with respect Lo the overall
scale is lifted once a value for ¢ is chosen.

RESTORATION OF Si(2,Z) SYMMETRY

The results reported here may be madified by the inclusion of a T-depeadence in the
superpotential W(S, /1) defined by (4B): p — s(T). Such a modification is expecied, so as
to restore [30,31] the discrete subgroup SL(2, Z) {a,b,¢,d inlegers in (41} of SL(2, R), which
is known [32] to he an exact sy 'y of string perturbation theory, and atso to hreak the
residual Peceei-Quinn U(1) subgronp of SL(2,1), T' — 7' - ib, to its disceete form. Such a

L}



term Nis recently been found {33 as a loap correction te the function £, Eq.(36a), from e
hieavy string nuules:
[(2) =S - [(Z) =5+ A(T),

A(T) = AbInli'a"(T)), (53)
where 5(T') is the Dedekind function, and the constants A and g1’ depend on the topology of
the compact manifold. From the point of view of the four dimensional effective supergravity
theory, a term like Lhis is expected {1] by analogy with QCI), where the chiral anomaly induces

a pion coupling to (Fi’)qsn. inducing the decay » — 77, via the pion coupling to the axial
quark current:

L1130, 7GT g = Lupy 3 constant x /.(F»'P,.,)oc,,. (51)
Since T couples to a fevmionic axial current through the Kahler connection
r,= —i(B,z'K. —he), (55)

[thus azsuring Kihler invariance; of. Eqe. (34,35)) anomalous triangle diagrame will induce the
correapoiiding Wews-Zumino term:

CoT iy = L3 %/d’emr)w*-wn +he. = —%A(!)(F’ CiFE) the 4o (56)

‘This contribution modifies the superpotential (48) according to

Wogy — W(#) + ¢+ A2 (205 In(H{p) + A(T)]. (57)

The string loop calculation (33} of (53) gives A = 1 for a particular compactification, so

W,y = W(®) + ¢ + 2ode >/ 13 In{ Hy(T) 1"}, (5R)

The result (38) has been obtained {31] directly frem the reyuirement of covarinnee nmber
SL(2,2) of the eflective potential for the composite superficld {/.

An immediste consequence of the ahove madification is the that the continuous vacuim
degeneracy is reduced to a discrete deg y. If the p. ¢ quantizedl, the issue arises

as to whether buth quantizations conditions can be satisfied at the overall mininmm of the
effective (g corsected) | ial

A accond conscquence is related to the noninvariance of p(T') under the global leisenherg
transformations (1)
&8 =o', T+a,9, )

that Jeaven the Kihler poteatial (36b) invariant. ‘Together with the P'ereei Quinn fransformation

&1 = —ab, these form a sutgronp of SEENV 41, 1) which is an invarianee of the full lagranginn (for

(4]



A(T) = 0) in the abscnce of Lhe aupespotential W (@) and of gauge couplings in the observable
scclor. ‘This symmetry, if exact, assures [34] the vanishing of gauge nonsinglet scalar masses.
Since these masses are also prolected by SUSY, they are thereflore generated anly st one loop
order higher than that at with the other obeervahle SUSY breaking cffects (gaugino massca or
A-terms) first appear. This feature could be modified Tor A(T) £ 0.

Finally, the effective theory defined by (36a,5) and (58) is not positive definite (30,31).
1n fact, when considered over the full space of vevs, it is unbounded from below. However it ia
actually Liecomes unbounded only outside the region of paranteter space for which it ia expected
to be applicable. Moreover, other one loop eflects, auch as the renormalization of the Kahler
potential [35), should be included and could madily Lthis unwanted feature.

SUMMARY

To summarize, there ia a class of models from ings that are invariant, at the
claasical level, under a continuous global SL(2, R) ay ry. Global supersy y breaking
in the obeervable sector is generated at the quantum level by % y breaking,

which, if the contribution A(T) in (57) is neglected, results in a hievarchy with mpect to local
SUSY breaking of osder

Mitge/mg ~ 1072 — 10712, (60)
In this case the requi of ph logy can be satisfied with & relatively mild h h
foe local SUSY breaking:

Mg/ M ~ 107 — 1072, (61)

An alternative viewpoint is that
Mitgp/Ma ~1 = Ma/Mpiana ~ 10715, (62)

In fact, such a low gravitino mass could be in conflict with standard Big Bang cosmology, but
this can be avoided with & mug,/mg hierarchy of just a few orders of ‘magnitude. In this
picture one requires

mg =< XMW (2) > € Mpraa- (63)
At the classical leve) of the effective low energy theory defined by (36) one has
<W(z) >=<c+ he ™/ 5, (64a)
3 3
— (X JERPEL W, W
<Vo=(Mc+h(1+ 2&,)' [, (658)
0, sincs < V > is minimized by < V >=0, |d ~ A|, for realistic values of the gauge coupling

constant (20) and the GUT scale (18), mg ~ In:lgA!;,,1-/mlr:,.,..._|I cannot be small {ser, eg., the
estimate {28)}.

One way 10 evade thia problem is to replace the quantized ver (14) by an alternacive
secondd source of SUSY breaking (in addition to the hidden gaugino condensate). Suggestenl

16



mechanisms are the vev of some scalar {36] that bas heen integrated out of the offective low
cnergy theury, gravilina condensation [I8], and more than one hidden gaugino condensate

137,38,

Another approach is to appeal to quantum effects in string theory, wuch as world sheet
instantons (39,38], that can induce a T dependence in the eflective patential. In this case
there may be the possibilily of inducing SUSY breaking with juat a single gaugino condensate.
One auch example atudied [30,31] is the modification {53)—(58). Assuming Lhat the effective
potential is bounded in the direction Res — 0, Ferrara et al. [31] found a minimum with
¢ = 0 in the strong coupling regime, agyr > 1, and with negati ] . One
may worry in this case whether the unspecified mechanism that must be |nvnkcd to drive the
cosmological constant Lo zero might not affect the other parameters of the effective theory.

Thus no entirely satisfactory picture has yet emeiged with mpy € mprana. It will be
important to study whether the scenario {60} is still tenable when the correction (53)—-(58) is
included.
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