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A systematic study is made of theories in which supergravity is spontaneously broken in a
“hidden” sector of superfields that interact with ordinary matter only through supergravity.
General rules are given for calculating the low-energy effective potential in such theories.
This potential is given as the sum of ordinary supersymmetric terms involving a low-energy
effective superpotential whose mass terms arise from integrating out the heavy particles as-
sociated with grand unification, plus supersymmetry-breaking terms that depend on the de-
tails of the hidden sector and the Kihler potential only through the values of four small
complex mass parameters. The result is not the same as would be obtained by ignoring
grand unification and inserting small mass parameters into the superpotential from the be-
ginning. The general results are applied to a class of models with a pair of Higgs doublets.

I. INTRODUCTION

It was widely hoped that supersymmetry would
turn out to be spontaneously broken at energies no
higher than a few hundred GeV, both in order to

help in understanding gauge hierarchies and also to

allow some chance of confirming supersymmetry ex-
perimentally. Unhappily, it has proved difficult to
construct satisfactory theories along these lines.! We
are led to the conclusion that supersymmetry if
valid at all is spontaneously broken at energies very
much greater than those of SU(2)XU(1) breaking.
But then if any vestige of supersymmetry is to sur-
vive at ordinary energies to help establish a gauge
hierarchy, the source of supersymmetry breaking
must somehow be partly isolated from ordinary par-
ticles and interactions.?

Recently attention has been drawn to a class of in-
teresting models of this sort.>~!3 In these models,
unextended (N =1) supersymmetry is broken by
very large scalar-field vacuum expectation values
(VEV’s) of order 10!° GeV, but the scalars that have
these large VEV’s form a “hidden sector,” that does
not interact directly with the ordinary fields (quarks,
leptons, gauge and Higgs bosons, and their super-
partners) of the “observable sector.” That is, the su-
perpotential of the theory breaks up into a sum of
two terms'* 13

froraL$,8)=f($)+F(S) ,
where S¢ and S* are the left-chiral superfields of the
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observable and hidden sectors, respectively. With a
minimal kinetic term and no other interactions, the
potential of the scalar (nonauxiliary) components
297" of §9,5" would take the form
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and the spontaneous breakdown of supersymmetry
in the hidden sector could have no effect on the ob-
servable sector. In the models of Refs. 3—12 the
news that supersymmetry is broken by the z° h VEV’s
is carried over to the observable superfields by gravi-
ty and its superpartners, which interact with both
sectors.

In the papers of Ref. 3, a thorough study is
presented of a model with a specific linear hidden-
sector superpotential f, and a specific grand-unified
observable sector. Their results exhibit some re-
markable features; in particular, the VEV’s of the
light Higgs scalars are of order of the gravitino mass
mg, and do not depend in any way on the grand-
unified mass scale Mgy, but do depend on coupling
parameters of heavy fields whose masses are of or-
der Mgy. However, because the model studied was
so specific, and the results were expressed in terms
of values for scalar VEV’s, it was difficult to see
how the decoupling of heavy from light degrees of

2359 ©1983 The American Physical Society



2360 LAWRENCE HALL, JOE LYKKEN, AND STEVEN WEINBERG 27

freedom works in these models, and it was difficult
to know what aspects of the results would apply in
general.'®
The papers of Refs. 4 and 6 dealt with models
that were in various respects more general. Refer-
ence 4 considered the same linear superpotential for
the hidden sector, but put no restrictions on the
form of the superpotential for the observable sector.
Reference 6 considered a general superpotential for
the hidden sector, and restricted the form of the ob-
servable sector only by requiring that its superpoten-
tial be purely trilinear. However, neither of these
groups considered grand-unified models, in which
the observable-sector superpotential involves mass
scales Mgy >>m,. As shown by the work of Ref. 3
(and more generally in Sec. III below), the existence
of a class of superheavy particles which have to be
“integrated out” to construct the low-energy effec-
tive potential changes the way that the
supersymmetry-breaking corrections appear in this
effective potential, in a manner that (except for
purely trilinear superpotentials like that of Ref. 6)
cannot be simulated by inserting mass terms in an
observable-sector superpotential involving only light
fields.
It seemed to us that it would be useful to present
a study of this class of models, with general super-
potentials for both the hidden and observable sec-
tors, and with full attention to the complications
|

V(z,Z2)=exp |87G

a
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This is for a quadratic d function (i.e., a flat Kahler
metric); we will return to the general case later, in
Sec. IV. The gauge auxiliary scalar Dy in (2.2) takes
the usual form

Dk = 2 (tk )“bz“'zb N (2.3)
a,b

where #; is the Hermitian matrix representing the
kth gauge generator, including coupling-constant
factors. We assume that there are no Fayet-
Iliopoulos terms, and that the hidden-sector fields
are neutral with regard to all gauge symmetries, but
it would be easy to include the effects of additional

9@—? +87Gzf(2)+F(2)]
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caused by the presence of heavy particles with
masses of order Mgy >>mg. Our assumptions are
spelled out in Sec. II, and in Sec. III we present our
main result, a general formula [Eq. (3.11)] for the
effective superpotential of the light scalars. In this
formula the unknown properties of the hidden sec-
tor enter in the values of just two comparable mass
parameters, m, and mg, one of them the gravitino
mass, and all aspects of the full grand-unified theory
enter only in the parameters of an effective superpo-
tential. Section IV generalizes this result to a large
class of Kihler metrics, and shows that this intro-
duces just two more unknown mass parameters, mg’
and m,;". In Sec. V we show how our results can be
used to derive phenomenologically interesting pre-
dictions, even without having to make any specific
assumptions about the grand-unified theory or the
hidden sector.

II. ASSUMPTIONS

We assume a total superpotential of the form!*!3

FrotaL(8:8)=£(8)+£(S) . (2.1)

Here f(S) and f(S) are the superpotentials for the
chiral superfields $¢ and S of the observed and hid-
den sectors, respectively. The potential for the sca-
lar field components z% and Z* is then!’
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gauge fields that interact only with the hidden sec-
tor.

Our assumptions regarding the observable and
hidden superpotentials are as follows.

A. Observable sector

It is assumed that there is a set of scalar field
VEV’s, z§, for which, in the absence of the hidden
sector, supersymmetry would be unbroken and
spacetime would be flat:

df(2)/3z°=0, at z =z, , (2.4)
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D=0, atz=z;, (2.5)
f(z9)=0. (2.6)

[Of course, we can always make f(z) vanish at the
2z defined by (2.4) and (2.5) by shifting a constant
term from f(z) to f(Z).] The tree-approximation
scalar spectrum in the absence of the hidden sector
then consists of a complex scalar of mass M for
each eigenvalue M? of the Hermitian matrix

M= foufbe 2.7)

with subscripts denoting differentiation with respect
to z%, z%, etc., at z =z:

3%f (2)
fas 92%92% |z=z,
3%f(2)
S8 , etc. ’
Fabe 02°92%3z° |z=2, e

plus a real scalar with mass u for each nonzero
eigenvalue u? of the vector-boson mass® matrix:

12 =28 {trst1)20) =2((54:20) (8120)) . 2.8)

[The second version of this formula follows from
the first and Eq. (2.5).] The gauge symmetries of
f(z) [plus (2.4)] imply that

szc(th())bZZMzab(th())b=0 . (2.9
b b

These are the “Goldstone” eigenvectors of M2, for
which the corresponding scalars are eliminated by
the Higgs mechanism. We assume for reasons of
naturalness that f(z) depends on only a single
grand-unified mass scale Mgy (presumably
Mgy ~10"7 GeV), so that aside from coupling-
constant factors, we have z§~Mgy, fap~Mgu,
fabe ~ 1, and the eigenvalues of M?%,, and u?; are ei-
ther of order Msy? or zero.!* We adopt a basis in
which these matrices are diagonal, with the zero and
nonzero eigenvalues of u?; labeled «,A,... and
K,L..., respectively (one nonzero eigenvalue for
each linearly independent Goldstone vector #.zg),
and the Goldstone, zero non-Goldstone, and nonzero

eigenvalues of M?,, labeled K,L,...; a,B,...; and
A,B,. .., respectively. That is
ke =8krpk’ (2.10)
pre =pta=0, (2.11)
M?* 3 =8,,M,*, 2.12)
Mg =M>g=M’,x =M*p =M’ =0,
(2.13)

with pg? and M,? nonzero and of order M’sy.

Correspondingly, the fields z¢ are classified as fol-
lows:

z% light complex scalars, corresponding to non-
Goldstone eigenvectors of M2, with eigenvalue zero
(Higgs bosons, s-quarks, s-leptons).

z4: superheavy complex scalars, corresponding to
nonzero eigenvalues of M?,,.

zK. superheavy real scalars, degenerate with su-
perheavy gauge bosons, corresponding to indepen-
dent Goldstone eigenvectors (txz)° of M?,,, one for
each nonzero eigenvalue of u%g;. (The zX are real
because the imaginary part of the coefficients of
1xz, are Goldstone bosons, eliminated by the Higgs
mechanism.)

Because z% and z“ are orthogonal to zX, we have

(tKZO)a=(tKZO)A=O . (2.14)

Also, because the zL correspond to nonzero eigen-
values ;2 of pu?, we have

(txzo)F=py 8k, nonsingular . (2.15)
Further, (2.9), (2.12), and (2.13) yield

fap=fas=Fax=fka =Sk =0, (2.16)

f4p nonsingular ~Mgy . (2.17)

We will not need to assume that f(z) is a cubic poly-
nomial, as it would be if we started with a renormal-
izable theory. Finally, our results will turn out to
depend critically on the assumption that the light
scalars do not get nonvanishing VEV’s from the
breakdown of the grand gauge group

z§=0. (2.18)

This is an automatic consequence of symmetries like
SU@B)xSU(2)xU(1) for Higgs bosons and scalar
quarks and leptons, but may require fine tuning for
light SU(3) X SU(2) X U(1)-neutral scalars. Also, it
is an automatic consequence of the supersymmetry
condition (2.5) that the scalar superpartners of the
superheavy gauge bosons have zero VEV8;

z8=0. (2.19)

Some of the z§ may also vanish, but they are gen-
erally of order Mgy .

B. Hidden sector

The superpotential f(Z) is assumed to be propor-
tional to a relatively small factor u3, but otherwise
to depend only on Z"* and on a mass scale of order
M PL= 1/ ‘/-G—:

f(@)=u*x function of VG . (2.20)

In the absence of the observable sector, the potential
would take the form
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We assume that there is at least a local minimum of V(Z) at a point Z, and that the additive constant in fcan

be adjusted so that V vanishes at this point

V(z)=03V(2)/3z"=0 at =%, . (2.22)

*y

V(Z)=exp 7

817G2|z~"|2]
h

Since V(Z) equals u®G times a function of zV'G, this condition yields a u-independent value of order
1/V'G = My for z .

The supergravitational coupling between the hidden and observable sectors will introduce what appears as
intrinsic supersymmetry-breaking terms in the effective Lagrangian of the observable sector. As we shall see
below, the magnitude of these terms is characterized by a mass parameter

mg=8wGf(Zy)exp |47G 3, |z | |exp |47G 3, |Z§|? | . (2.23)
4 h
l
It so happens that |m, | is the gravitino mass, but To render this calculation tractable, it is necessary
for us the important thing about m, is that it sets at every point to use a power-series expansion in m,.
the mass scale of particles like the W* and Z°. We We take the light fields z% to be of order m, and the
therefore assume that hidden fields z* to be of order Mp, because that is

where experience teaches us to look for the

|mg | <<Mgy and |mg | <<Mp =1/ VG minimum of V. The mass m, also enters as the

(2.24) “smallness” parameter in f. Apart from mg, the
) . ) only masses in the problem are Mgy (perhaps 107
and for orientation we may think of m, as roughly GeV) and Mp, =1.2X 10" GeV. These are not very

of order 100 GeV."

From now on we will use m, rather than p to
characterize the smallness of the hidden-sector su-
perpotential. That is, u in (2.20) is taken to be of or-
der (my/G)'” (or 107 GeV for my~100 GeV) so

different, so our expansion parameter will be taken
as mg /M, with Mgy and Mp;, regarded as roughly
of the same order of magnitude M. The expansion
for the heavy fields then takes the form

that f is of order mg /G, as required by (2.16). Of A=zd 2tz
course, we do not at present know why p should K K. K. K (3.3)
take this particular value, so for now m, is simply a zh=zo+zy+23+ 0,

parameter put in by hand. with zZ and zX of order M (mg/M)". To repeat, M

now stands for the grand-unification mass and/or

. RESULTS the Planck mass.

In order to characterize the breaking of supersym- The details of this calculation are presented in
metry in the observable sector in theories of the sort Appendix A. A crucial result is that the potential
described in Sec. II, it seems to us most useful to Vst turns out to be indipendent of Sthe light scalars
calculate the complete effective potential of the light z% not o;xlyZm orderssM and mg M, but also in or-
observable scalars z%, from which we can obtain ders mg"M"" and mg°M. 1t is therefore possible to
whatever information we want about scalar VEV’s choose a z%independent value of the hidden fields
and masses. We do this by “integrating out” the z * where th(? potential Ve to this order is stationary
heavy scalars z* and z¥, expressing them as func- in Z, and adjust an additive constant in the superpo-
tions of z* and z# by imposing the condition that tential f to make the potential vanish to this order.

The values of the hidden scalars and the additive

dV /324 =3V /3zX=0 at z4=z4(z%7"), constant in f turn out to be just those that we would
K=K (zo 5h) (3.1) calculate according to Eq. (2.22) in th_e absence of

’ ’ ’ the observable sector, plus small corrections of order

Leaving the hidden fields for the moment as free my in Z* and of order m,”M in f. With z” and the
parameters, the effective potential of the light sca- constant term in f fixed in this way, the leading
lars is then terms in Vg are of order mg4. As long as we are

w h @ A @~k Koo b ~h not interested in higher terms (of order mg5 /M, etc.)
Verr(2%,2%)=V(2%2%(2%2"),z%(2%2"),Z") . (3.2) it is an adequate approximation then to neglect the
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corrections to Z” and to the constant term in f, and
simply take them to have the values given by (2.22),
which will be indicated with a subscript 0.

Our result for the O (mg4) terms in Vg can most
conveniently be expressed in terms of a low-energy
effective superpotential

feff=f(3)+f(2)+f(l)+f(0) . (3.4)

Here £ is proportional to the part of the original
superpotential that is trilinear in light scalars

f(S)E%Eol/z zfaﬁyzazﬁzy 3.5)
aBy :

while f?, £V and @ result from the first-order
shift in the heavy scalars

fA= %EOU2 S fapaz®2Pe? (3.6)
apA
f(l)E%E(l)/z S faunz®ziz? , (3.7)
adB
1
fO=3Eo'? 3 fupczizizf . (3.8)
ABC

Also E is the constant factor

Eo=exp |87G S, |24 |? |exp
y

=h
81TG§ 'Zo ,2 (3.9)

and z{ is the first-order shift in the heavy scalars
== f sz m, . (3.10)
B

Note that fp and z§ are both of order Mgy and in-
dependent of G, so z‘l‘ is of order mg, and otherwise
independent of both Mgy and Mp;, as well as of z%.
It turns out that zX=0, so only z{ appears in
(3.6)—(3.8).

Our main result is the formula for the O(mg4)
terms in the effective potential of the light scalars:

ot ||
Var=3 |25 | +2Relmg )
a

+4Re(mg f?)+2Re[(4mg —my ) *f V]
+|mg |23 lzalz-%-%Z(z*t,(z)Z-;-Vo .
a K

(3.11)
J

2

of et

9z%

=3

+1mg |23 122+ 5 3 (2dtezo) + Vo -
a K

Here my, is the gravitino mass (2.23), which we can
write as

mg =87GE,'*f, (3.12)

and my is a comparable mass parameter

mg =87GE,' "

>zh +87Gf, S, |zh 2]
h 0 h

of
oz h
(3.13)

while ¢, are the SU(3) X SU(2) X U(1) gauge genera-
tors, and ¥ is a constant of order m,*. (It is impor-
tant to note that f® and £V are, respectively, pro-
portional to m, and mgz, and do not involve myg.)
We can arrange to cancel the vacuum expectation
value of Vg, including ¥, and all radiative correc-
tions, by a shift in the hidden-sector superpotential f
by a constant term of order m,>. The first term in
(3.11) is just what we would expect in a globally su-
persymmetric theory with superpotential f ¢, while
the other terms explicitly break supersymmetry.

Several features of our result are worth special
mention:

(a) It is amazing how little we need to know in or-
der to calculate the effective potential. All the un-
known features of the hidden sector are embodied in
just two complex mass parameters m, and mg, of
comparable magnitude. Also, all aspects of the
grand unified theory have been boiled down to the
parameters in the effective superpotential. In partic-
ular, and somewhat surprisingly, there are no terms
in Vg of order mg"‘(GMGU")N, so to order m,* the
effective potential does not even depend on the
grand-unification mass scale M gy.

(b) Despite the fact that (3.11) does not depend on
My, the supernormalizable terms in the effective
potential that arise here from the shifts in the heavy
scalars z4 are very different from those that would
arise directly from linear and quadratic terms in the
original superpotential in a theory without heavy
scalars. In the latter case, the potential of the light
scalars to order mg4 would be (as in Ref. 4)

+2Re(m, )4 2Re[(my " —m3 ) f P ]+2Re[(my " —2mg )f V]

(3.14)
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[See Appendix C. Here f is simply the constant
E,'/? times the original superpotential, with any
terms of fourth or higher orders in the light fields
deleted, and f‘® is defined as in Egs. (3.5)—(3.8).]
Comparison of (3.14) with (3.11) shows that these
results are not the same, and cannot be brought into
the same form by any redefinition of the constants
mg and my.

(c) The bilinear and linear terms ' and f'! in
the potential (3.11), which distinguish our result
from (3.14), may be of importance in developing
realistic models.”> The appearance of such terms in
order mg"' in the effective superpotential is governed
in part by the mechanism that is responsible for
their nonappearance in order mg3M Gu or mgzM Gu?
in theories with a superheavy mass scale Mgy. As
indicated in Ref. 18, there are several possibilities
for this mechanism. If the breakdown of the
grand-unified gauge group leaves some scalars mass-
less and with zero VEV because of an unbroken
symmetry of the whole theory, then ! and f»
will not appear even in order mg4, and there will be
no difference between (3.11) and (3.14). If these sca-
lar masses and VEV’s vanish because of a fine tun-
ing of the theory then f'! and ' terms will in gen-
eral appear in order mg4, but they will be unstable to
tiny changes in the fine tuning. We wish to stress
that it is also possible for scalar masses and VEV’s
to vanish in the limit m,—0 automatically, but not
because of an unbroken symmetry of the whole
theory, and in this case we generally expect f'!) and
f? terms to arise naturally in order mg4. One way
that this can happen is for masses and VEV’s of the
light scalars to be kept zero in the limit m,—0 by
an R symmetry of the whole theory,!* which is
spontaneously broken in the hidden sector. The
news of R-invariance breaking would then be carried
to observable fields by supergravity. For instance,
suppose that the chiral superfields of the observable
sector comprise a set Y” with R =0 plus one X with
R =2. The observable-sector superpotential then
must take the form

[(X,Y)=Xg(Y) .

The conditions for a supersymmetric vacuum solu-
tion are then

g(y)=0, xdg(y)/dy™"=0 (all n)

with lower-case letters denoting scalar components
of superfields. It is natural to expect that there
should be a nonzero scalar field value yj at which
g(y) vanishes, but with dg(y)/dy"s£0 for at least
some y", and in this case there is a supersymmetric
vacuum solution with

y=yo; x=0.

By a linear transformation we can choose the Y”
fields so that dg(y)/dy” is nonzero at y, for only
one of the scalars, say y!. That is

[0g (»)/3y'lo=M ,
[0g (y)/3y©]p=0,

with a running over values of » > 1, and M nonzero
and of order Mgy. The y® are the light scalars
whose masses vanish for my—0. With suitable ad-
ditional symmetries, it can also be natural for their
VEV’s y§ to vanish, while y,! is nonzero and of or-
der Mgy. The matrix f,p of second derivatives of
the superpotential with respect to heavy scalars then
has elements

(9%f /3x03x )g=(3f /3y '3y )y=0,

(3%f /3y 'ax)y=M .

Equation (3.10) then gives the shift in the heavy sca-
lars x and y! as

xX|= —M'lyol'mg =0(mg),
1 ! =0,
and (3.4)—(3.8) give the effective low-energy super-

potential as

9%g (»)

a,,B .
ayaayﬂ

0

1
fest=7Eo"*x1 3,
af

This means that we can encounter bilinear mass
terms in the low-energy effective superpotential
without fine tuning. In a realistic model the y“
would be the Higgs doublets; we would also have to
add quark and lepton superfields with R =+1 and
perhaps additional light singlets with R =2.

(d) The only mass scale appearing in (3.11) is m,
(recall that z{ and mg are of order mg) so apart
from coupling-constant factors, all light scalar
masses and VEV’s will be of order m,. It is for this
reason that we have considered the potential for z*
values of order mg, and have taken m, to be of or-
der my.

(e) It was crucial in the calculation of V¢ that the
terms of order my*M? and m,>M turned out to be
independent of light scalars, and could therefore be
eliminated by an adjustment of the additive constant
in the hidden-sector superpotential. The third-order
terms are larger than those of order mg4 by a factor
Mgy /my =10, so even very tiny z%dependent
corrections to these terms could completely invali-
date our results for V. Our calculation here shows
that there are no z%-dependent corrections of higher
order in GMgy? to the mg2 and mg3 terms in the
tree approximation, but it is necessary also to check
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both ordinary and gravitational radiative corrections
to at least fifth order in @ and GMgy2. We have not
done this, but in Appendix B we analyze what prop-
erties of a general potential are needed in order that
the leading terms that depend on light scalars should
be of fourth order in a perturbation. We anticipate
that the no-renormalization theorems of supersym-
metry can be used to show that the terms in the po-
tential due to radiative corrections actually have
these properties in theories with a natural hierar-
chy.?!

Even accepting that there are no z%dependent ra-
diative corrections to V4 of order mg2 and m, 3
there certainly are such corrections in order mg4. If
we were to use Vs to carry out calculations of

quantities measured at energies of order myg, these
|

9fTor ad
V=exp(87Gd) | 3, (g~ | =5 +87G——
plom NEMg M BZN + 8 aZNfTOT
—247G | fror | * | + gauge terms ,

where Z” here runs over all chiral scalars z% 7%, and
M 3%d
=7, (4.2)
8V =3z NazM

where d, the Kahler potential, is a function of both
ZN and ZV°, while fror =1 +f is still a function of
Z¥ alone. Equation (4.1) reduces to (2.2) in the spe-
cial case

d=%|Z”|2. 4.3)

It does not seem reasonable to expect that the
Kihler potential will oblige us by taking a form as
simple as (4.3). For one thing, this is not what we
find if we start with a renormalizable theory of
chiral superfields and then turn on supergravity; the
Weyl rescaling that is necessary in this case yields

3

4==%G

In [1— 837G 5 1 2v2] . 4.4)
3 N

(This is the case = —3+87G 3, | Z |2 in the nota-
tion of Cremmer et al.'’) Another argument against
(4.3) arises from the presence of gravitational radia-
tive corrections, which could not be expected to
preserve a simple formula like (4.3).

On the other hand, if we do not limit the form of
the Kahler potential in any way, we can derive hard-
ly any conclusions from (4.1). We may in the end be
driven to such a pessimistic conclusion, but for the
present it seems reasonable at least to explore the

radiative  corrections would be of order
aln(Mgy/mg), and so could not be considered
small. Instead we must interpret our results as giv-
ing the effective potential for energies of order
Mgy, and use (3.11) as the input to a
renormalization-group calculation that would in-
tegrate the equations for the parameters in Vi
down to energies of order m,, and only then use the
results as our low-energy effective potential.>”> !0

IV. GENERAL KAHLER POTENTIALS

Up to now, our results have been based on Eq.
(2.2) for the potential, corresponding to a flat
Kéhler metric. In general, the potential would be
given by a formula!’

*

dfror od
387G
azM +om aZMfTOT

4.1)

[

possibility that d belongs to a class of functions that
is wide enough to be plausible and yet narrow
enough to allow us to draw interesting conclusions.

We shall assume here that the Kahler potential
takes the form

87Gd(Z,Z*)=P

87G Y |ZV|? |, (4.5)
N

where P(u) is a power series with coefficients of or-
der unity. This includes (4.3) and (4.4) as special
cases. Also, it is reasonable to expect that gravita-
tional radiation corrections will at least approxi-
mately respect the form of (4.5), because in the ab-
sence of a superpotential these corrections possess a
U(n) symmetry among the  chiral superfields?? that
would require the Kahler potential to take the form
(4.5). We would expect any violations of this U(n)
symmetry in d(u) due to gravitational radiative
corrections to be suppressed by whatever small fac-
tors (mg/Mpy, or Yukawa couplings) appear in the
superpotential.
From (4.5), we obtain the Kdhler metric

g =P'(u)8¥ +87GP"(u)ZN'ZM (4.6)
where
u=8rGY |ZV|?. 4.7)
N

This has inverse



2366 LAWRENCE HALL, JOE LYKKEN, AND STEVEN WEINBERG 27

(g WM =P Y)Y +87GQ(w)ZN¥'ZM, (4.8 Q(u)=—P"(u)/[PHu)+uP' (w)P"(u)]. (4.9)
where Using (4.8) in (4.1) yields
|
of : of ’
Y =eP® _lu)Z‘ o +87GP(W)ZN fror | +Q(w) |3 ZY aT‘}vT+ uP'(u)fror
N
—247G | fror |2 |+ gauge terms . (4.10)
For a superpotential of the form (2.1), Eq. (4.10) takes the form
2
V=eP®| P ~Yu)S ;f +87GP"(u)z*"(f +f) +P’-1(u 2 +87rGP ZR(f +F)
a h
3 2
+0(u) Ez 2"" f o HuP'(u) (f+f)| —247G | f+f|* |+ gauge terms , (4.11)
a
where now
u=87G (4.12)

222+ 3 |22
a h

We follow the same procedure as in Sec. III, integrating out the heavy scalars by setting them at values where
V is stationary with respect to them. Again, we find that terms of order m, 2M? and mg 3M are independent of
light scalars, and can be made to be stationary with respect to the hidden-sector scalars and vanish by adjusting
the value of the hidden-sector scalars and the additive constant in f. By a lengthy calculation just like that of
Appendix A, the terms of order mg“ are found to take the form

2
Of et
0z%

Veff= 2
a

+mg 1?3 |z% |24V, + gauge terms .
a

Here f¢ is an effective superpotential and £, f%),
and f‘V are its trilinear, bilinear, and linear parts,
given by Eqgs. (A20) or (3.4)—(3.8), but with E; re-
placed with e® at z°=0, z%=% 3. (An additional
factor 1/P’ would appear here, but we absorb it into
the normalization of z? in order to avoid P’ factors
in the kinematic and gauge parts of the Lagrangian.)
The first-order shift z{ in the heavy scalars is given
here by

z{=—mg" 2 f gzl (4.14)

so that f® and f'V are proportional to mg"’, and
(mg” )2, respectively. The constants mg, my, my,
and m," are given by complicated formulas in terms
of the hidden-sector superpotentlal and P and

its derivatives at z°=0, 2"=Z", but they are all of

+2Re(m, ")+ 4Re(my f@)+2Re[(4mg —m; ") f V]

(4.13)

1

the same order of magnitude, roughly that of the
gravitino mass. The only substantial difference be-
tween these results and those of Sec. III is that the
properties of the hidden sector are now represented
by four independent mass parameters mg, mgy, my
and mg", rather than just m, and m, .

V. APPLICATIONS

We now take up some examples. Much of this
analysis is already present in the articles of Refs.
'3—11; we go into it here in order to illustrate the use
of our results when the mass scale in the low-energy
effective superpotential arises from a more funda-
mental theory involving superheavy particles about
which nothing is explicitly known.

Consider an SU(2) XU(1) low-energy effective
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gauge theory with a pair of doublet Higgs left-chiral
superfields:

H=(H°H-), H=H*H"). (5.1)

Additional chiral superfields will be added later.
The most general effective superpotential is

fer=mg(HTeH') (5.2)

where € is the usual antisymmetric 2 X 2 matrix, and
Mg is a coefficient of the order of the gravitino
mass, given by (3.6) and (4.14) as

III Py/2
Mg=—7m 0 Ef 4820 foum - (5.3)

We know almost nothing about m,” , which depends
on the hidden-sector superpotential and the Kahler
potential, or about the quantities appearing in the
sums over heavy scalars, which depend on the
underlying grand-unified model. Never mind—all
these uncertainties appear here only in the value of a
single unknown complex constant 7i,, which will
have to be taken from experiment.

From (5.2) and (4.13), we obtain the effective po-
tential

Vee= (| g | *+ | mg' | NH 50+ 5% ")

+4Re(mg mg % e")

+582F T+ R

+182 =1 ) (5.4)
We here use script letters for the (first) scalar com-
ponents of left-chiral superfields; t denotes the elec-
troweak isospin generator, and g and g’ are the usual
gauge-coupling constants.

This cannot yield a satisfactory picture of

SU(2) X U(1) breaking. For charge-conservmg sca-
lar VEV’s, both the gauge and #°°# ° terms in (5.4)

are minimized on the surface of constant
[{(#°) |24 | (#°) |? along the direction

(F0)=—e'(F°)" (5.5)
with phase a chosen to minimize the #°°% " term

a=Arg(mgig) . (5.6)

Along this direction, the effective potential is a qua-
dratic

Ver=2(| g |2+ | mg'|>=2|mg | | g |)|5°|%.
(5.7

We see that SU(2) X U(1) is unbroken if
| Aig |2+ |mg'|*>> 2| mg | | g | (5.8)

and otherwise it can be broken only at a scale very
much greater than mg,, where nonperturbative ef-
fects may halt the decrease of V. It is easy to
show that this undesired conclusion obtains also
when we add quark and lepton superfluids, or in-
clude arbitrary numbers of Higgs doublet super-
fields.

In Refs. 5, 7, and 10 it is noted that the symmetry
between #°° and 77 that is responsible for the un-
satisfactory features of this model is actually broken
by the different Yukawa couplings of # and 7" to
quarks and leptons, which enter in the
renormalization-group equations used to integrate
the parameters in Vg down from grand-unification
energies to ordinary energies. However, as they
point out, this solves the problem only if there exist
some extraordinarily heavy quarks or leptons, with
masses above about 100 GeV.

An alternative possibility that has been explored
by most of the authors of Refs. 3—11 is to include in
the low-energy theory an SU(3)xSU(2)XU(1)-
neutral left-chiral superfield J which allows trilinear
terms JH eH' in the superpotential. Usually J is
identified as the “sliding singlet,” needed to keep the
Higgs doublets from getting very large masses like
its SU(5) partners. This runs into severe difficulties,
either through J mixing with the hidden sector or
through its scalar component picking up a large
VEYV, either of which would wreck the hierarchy of
mass scales. However, for us J is simply one more
chiral superfield that happens like H and H’ to
remain massless (and with zero VEV) in the break-
down of some grand-unified symmetry, for reasons
into which we do not here inquire.??

With J included, the most general effective super-
potential is

for= g (HTeH") + ({7 T + T

+AMHTeH T +MJ3 . (5.9)

We would here have to regard m ~g(") as three mass

parameters of the order of the gravitino mass, which
are given by formulas like (5.3), but which for prac-
tical purposes must be regarded as unknown. The
constants A and A’ are to be taken directly from the
trilinear terms in the superpotential of the grand-
unified theory, but for our present purposes are also
just unknown dimensionless coupling constants.
The effective potential for (5.9) is
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Var= |\ +A7 | X e+ o0 T+ | (PP +
+2Re[m, (A#Tex' F+1' )]
+4Re[mg
+mg' || F |2+ e+ )

2 743N M Ter) |2

él)% ' 41 ~(3)f2)]+2Re[(4mg_mg )*( ~(2) 2/]

A s TP g o e e 510

For charge-conserving scalar VEV’s, the minimum
of (5.10) is again in the direction (5.5) (but with dif-
ferent phase a). It is well known that (5.10) has an
SU(2) X U(1)-breaking minimum along this direction
with (9#°°)5£0 for a variety of special cases. For
instance, if all terms in (5.9) are absent except
AMHTeH')J, then (5.10) has an absolute minimum
along the direction (5.5) with (#°°)s£0, provided
that

|mg | >3|mg’

We will not specialize by choosing any specific
values for the parameters in (5.9), but will just as-
sume that they fall in the range where SU(2) X U(1)
is broken, and consider those consequences of (5.10)
that do not depend on the values of the parameters
in this range.

Charged scalars: Inspection of (5.10) shows that
the mass matrix of the charge-1 scalar boson has di-
agonal elements

(= |M*| 9~ )=(F*"|M*|\ ")
=2 (mp?+4A%) (5.11)
with
A22= |+ A ) |2+ |my 2> 0. (5.12)

By the Goldstone theorem or direct calculation, we
then also have

(X~ |M* 2+ )Y =(F'+" M|\ ~)
=+(mp*+A%ei® . (5.13)
|

I
The eigenvalues are then O, corresponding to the

Goldstone boson eliminated by the Higgs mecha-

nism, together with

m 2=my?4+AL. (5.14)

Thus there is a physical charged Higgs boson
heavier than the W.

Neutral scalars: There are six real scalar fields
here, of which one real field is eliminated by the
Higgs mechanism, leaving five real physical neutral
scalars. The complete mass spectrum is quite com-
pllcated but one of the masses is easily calculated by
using the symmetry of (5.10) with # ~=%"*=0
under the interchange of #°° and #°. By a U(1)
gauge transformation we can always choose the
phase of (#°°) to be (m+a)/2, so that (5.5) gives
20 and % equal VEV’s, thus preserving this sym-
metry. The scalars of definite mass can therefore be
classified as even or odd under the symmetry
# %70 four real scalars are even, and two are
odd. The Goldstone boson eliminated by the Higgs
mechanism is odd (because #°° and #°° have oppo-
site t; and weak hypercharge) so there is just one
physical odd neutral scalar, which does not mix with
any of the other neutral scalars. Its mass is easily
calculated to be

mo,odd2=mzz+A2 . (515)
This scalar is heavier than the Z° and by the same
amount (counting squared masses) as the charged
Higgs boson is heavier than the W.

S-quarks and s-leptons: In order to account for
the quark and lepton masses, we must add terms in
the superpotential of the form

(my /() QLeH] ) U} +(my/{#°)QLeH )D} +(m,/{#°) L] eH, )E} , (5.16)

where Q; ={U;,D;} and L; ={N;,E;} are left-chiral quark and lepton doublets; Ug, Dg, and Eg are left-
chiral antiquark and antilepton singlets; and we assume one generation for notational simplicity. With vanish-
ing VEV’s for the scalar counterparts of the quarks and leptons® (s-quarks and s-leptons) there is no change in
our previous discussion of Higgs and singlet masses and VEV’s. Setting the neutral scalars equal to their
VEV’s, the terms in the effective potential that are quadratic in the s-quarks and s-leptons are

mA | 2L P+ | Zr | D +mi(|DL |2+ |Dr | D +mX (|&L|*+|&r 1D

+2Ref{[my —

e AN A M N * My UL Uy +ma DDy +m. 8L B ])

+1mg |2 Uy |*+ | %r |+ | DL | *+ |Dr |2+ | &L |24+ | Er |2+ | AL 24 [A4R]D . 517D
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The up—s-quark masses are then
m’qs= |mg' |2 +m,’
+m, | mg—e' (A" +A(£F))| (5.18)

and likewise for the down s-quarks and s-electrons,
while the s-neutrinos have mass

m 2= |my |2 . (5.19)

We note that for small quark and lepton masses, the
s-quarks and s-leptons are nearly degenerate, and in
any case the average mass’> of each s-quark or s-
lepton pair exceeds the corresponding quark or lep-
ton mass® by the same amount, an amount Jess than
the difference A% of #°* and W* masses’.

Most of these results [except perhaps for Eq.
(5.18)] have been obtained before in more specific
models.>~!' Our derivation here serves to em-
phasize that these results apply independently of the
parameters of the low-energy superpotential or the
details of the grand unified theory or even the de-
tails of the Kahler potential.
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APPENDIX A: CALCULATION OF
THE EFFECTIVE POTENTIAL

Under the assumptions and in the notation of Sec.
11, the potential is

V(zZ)=exp |87G | 3 |2%|24+ 3 |z#|?
a h
X ZIFa12+2IEIZ—24WGIf+fIZ]
a h
+3 3 D2, (A1)
k
with
— af 7\,a*
Fa=F+81TG(f+f)Z s (A2)
i |
FA’;-'

S fapd®+ 8WGZS‘~} +
B

—+

T Ebanb¢“¢b+4sza“ S facdPdC+87G1°f
a BC

+ > faabe$°8°6°+ +87G2E" S, fupe6°0°° + 4G $** Bchac¢8¢c
abe abe

F, E%Jrsﬂc (f +PE", (A3)
Z

D= Y228} (A4)
a,b

where f and f are the superpotentials of the observ-
able and hidden sectors; z¢ and z* are the complex
scalar fields on which they, respectively, depend;
and #;, are the gauge generator matrices. The scalar

indices a,b,... run over values A4,B,... labeling
complex superheavy chiral scalars; a,f3,. .. labeling
complex light scalars; and K,L,. .. labeling real sca-

lars that would be degenerate with the superheavy
gauge bosons in the limit f—0. Also, the gauge in-
dices k,l,... run over values K,L,... labeling su-
perheavy gauge bosons, and values «,A,. .. labeling
gauge bosons [of SU(3)xSU(2)XxU(1)] that do not
get masses from the breakdown of the grand-unified
gauge group. These different index values are dis-
tinguished by the conditions

fap=faa=Fax=Fra=fx1 =0, (A5)

f4p nonsingular , (A6)
(txz)*=(tgzo)*=0, (A7)
(txzo)* =g nonsingular , (A8)
2§=z§=0, (A9)

where z; is the stationary point of f(z). Recall also
that f,.... denotes the partial derivative of f(z)
with respect to z%,2%,z¢,. . . atz=z,.

We will write the observable scalar fields as
29— ZS + ¢a

and take ¢° to be like f of order mg. We are in-
terested in calculating the potential to fourth order
in my.

For heavy scalars, the leading term in F is of or-
der my (recall that f as well as 3f/0z° vanishes at
z=zy), so we need terms in F, up to order mg’3.
Grouping terms by order in m,, we have to third or-

der

(A10)

. (A11)
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On the other hand, for light scalars and scalars degenerate with superheavy gauge bosons the leading terms in
F, and Fy are of order mgz, so we need only keep these terms:

For=5 3 faas$?8®+87G*F A12)
ab

Fyy D frapd°d’+87GoX°F . (A13)
ab

Similarly, for the hidden sector the leading terms in Fj are of first order in myg, so here we need to keep terms
up to third order

'(::;Lh‘{‘Sﬂth.f %XS#GEh.Zfabc(éaﬁbb(ﬁc ) (A14)

abc

Fy~ + +

47Gz"* S f4pd9®
AB

Also, for superheavy gauge bosons there are terms in Dy of first and second order

D=2 3 pxr ¢F+(8'1x9) (A15)
L

while for light gauge bosons D, is entirely of second order in m,
D.=(4"14). (A16)
Finally, the leading term in f + f is of first order in myg, so we need to keep terms up to third order
= [ F 1
f+F =171+ [; S 6497 |+ |+ 3 fuet s

n ‘ (A17)

AB abc

Using these approximations in (A1), and discarding terms of fifth or sixth order in m,, we find for the terms
in V of order my,°M?, m,*M, and m,* the following expressions:

~|2 2
S fapd" 87625 f| +23 | Spxed” | (A18)
B K L

V,=NV+EY
A

Vy=167GRe | 328 ¢4 |V, +2ERe | S | S fapd®+87Gz5 f
A A B

X |3 3 faar$8®+47G28" S focd®dC+87GH*
ab BC

|

+87GE Re

2hiq,“"‘gﬂ'G|‘ZJ'[2f7]"‘EJrAlﬂlsAQSB
4B

; 0z

—247GERe |f* 3 f4p89®% | +2 3 (#'txd)ugs o”, (A19)
AB KL

2
Vi= |—1287°G? |Re 3, z5 ¢4 | +87G S, |¢°|2 |V, + 167G Re | 3 28 ¢4 |V,
A a A

2

+ES |73 faasd’d+47G28" S fcd®dC+8nGF""
A ab BC

+2E Re

2

S fapd®+ 87GzA"f
4 | B

abc AB abc

BTGZA"L S fuse 60+ ATGE" S, Find 0P+ - S £ 1o 670%6° ‘ . ]
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EY

a

2 2
+647°G’E § 12512 |5 3 fapd’d®
AB

7 3 faar$’$®+ 887G
ab

2’*% +87G | 7" Zf]
a9z

¢“¢”¢f]'—24wGE LS fudter|
AB

—487GERe | 3, fuc 6" 0°6F* |+ 3 zfxab¢“¢b+ 876457 ++ 2 16"tk |2+ 5 2 $led |2
abe K
(A20)
Here V is the potential of the hidden sector alone
2
h2 ~
V €Xp 87762 IZ I 2 +8,n_G~h‘f —247G|f’2] (A21)
and N and E are the exponential factors
N=exp |87G Y, |z§ | (A22)
4
E=Nexp [81rG S 742 ] : (A23)

Also, we remind the reader that sums over a,b,. .. run over the values 4,B,... and a,B,... and K,L,. .. .
We now express the heavy scalars ¢* and ¢* as functions of $*=2z* by imposing the conditions that ¥ be
stationary in heavy scalars. Expressing the heavy scalars in power series

L N R (A24)

¢K=2K 1K K (A25)
with

z; and z5\ o< (my )" (A26)

the stationarity conditions become

v, w,
O= || =|7x | (A27)
3¢ 3¢
v, 82V2 e | 9V3 62V2 L
o= |2 9V 1|9 : (A28)
Y% 1+§ a5ty |2 = a5k |, T T2 | agmagt |

and so on, the subscript indicating that ¢ and ¢X are set equal to z{ and z¥, while %=z is a free variable.
[In writing (A28), we use the fact that the only nonvanishing second derivatives of V), are those shown here.]
From (A27) and (A28), we find

zi =—817'szz , (A29)

’z’=—2f AB 877'G2f— scZ6E 1V2+22f3ab2121+477'G20 ZfCDzlzl

+ 877'sz

+3 |z [ —L 487G | 7" Zf] ——2477'sz{"\ , (A30)
h

and
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zf =0, (A31)
K s S u ez, (A32)
L

with z§ =z% We will not need the formulas for the higher-order terms in z4 and zX.
Now we can calculate the effective potential of the light scalars by inserting our results for z4 and zX in V.
To order mg4, this gives

V, v, oV, Vs |
Ve = ( Vz),+2 [8¢A Lz; +cc+2 a¢K XV + 2 8¢A 22 +cc+2 8¢K 23
v, v,
. (V4 .
+% a¢Aa¢B 22 a¢Ka¢L 2222+2 a¢A z3+cc+2 ¢K Z3+ 4/1
(A33)
Using (A27) and (A28), this simplifies to
%V, 3%,
Ver=(V2)1+(V3)+(V. — 23z} . A34
=V 1+ (V3)1+ (V) — 2 YL Z 22 a¥adt |, 2323 (A34)

First consider the effective potential to third order in my. Using (A29) and (A31) in (A18) and (A19), this is

NV +87GE Re Ez —+

Va4 (F)y = [1+16wGRe2za“zf
h

*
ZfABZfo .
AB

76 S, |2*)°- ]

(A35)

We note that (A35) is completely independent of light fields, so we can find a z -1ndependent value of the hid-
den fields " where (A35) is stationary in Z%, and we can adjust an additive constant in f to order mg so that
(A35) vanishes at this point. However, the remaining terms in (A34) are already of order mg ; and to this order
it is an adequate approximation to calculate these terms using the lowest-order values for z’ h and f(z") at the
stationary point. These are determined by the conditions that the second-order term NV in (A35) vanish and
be stationary, i.e., that

8~V’" =0 (A36)
0z

These conditions fix Z * to have the value denoted Z§ in Sec. II. From now on, we suppose that z* and the ad-
ditive constant in f have been determined in this way.
With (V, + V3); absent, the effective potential is given by (A35) as

3,
9¢*3¢”" |

Ver=Va)— S 42523 25k (A37)
AB 1

Setting ¢ =27 and ¢¥=z%X =0 in (A20) yields

Vah=Eo S, |5 aapz%28 +47Gz§" 22,21 +87G ozt

2
+Ey Y, | %faabzazb+87TGZa.fo |2
A a

2
+87GE, |87G S, |2"|2=3 | |5 3 fupztz?
h AB
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+167GE, Re S |

s ~haf’

87G'S, |74 ]7—3 ]fo\% zfabcz':z':z:}
h abe

+2

K

1 1 1
TEfKabZ'fh +3 IZIthl P+33 |zItx21 |2, (A38)
ab K

K

Also, (A30) and (A32) give

anZ 4,8% _ B 2
—_— z z z
% a¢Aa¢B 242 %fAB 2
=Ey Y |3 2anb2121+41TGZo ZfCDzlzl
A ab
A ~ 112
+8‘ITGZ {2 ~h af + 87TG§ |2012—'2 fO}’ ’ (A39)
h 0
3%V,

‘;‘% 8¢K8¢L 12222 22/1' KLZZZZ

=3 3 (ltgz, 2. (A40)

K
Part of (A39) cancels the first term in (A38), and (A40) cancels the next-to-last term in (A38), leaving us with

4 8#G2173l2~3]fo}
h

-

V.e=— 16mGE, Re [2 lz"a—fh
h 9z

0

abA A4 CcD A

LS faa il 447G S 24" S fepz 2P +87GF, S |24 |2 ]

th

2
—6477'2G22 ExdED ¥4 pown TS foaw?izt +87G2%"F,
h ab

2
+Ey Y,

a

8762|70|2—3]fo
h

2
+87GE, |87G S, |2*|2—3 | |+ S fupziz?
h AB

w0l

+ 16mGEy Re Py

% z

0

" 87G§|z"|2—3]foJ

2
T3 frazi2l| 433 |zt |2 (A41)
ab K

We note also that

frap= 3 fraszt =0 (A42)
A
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so the sum over a and b in the next-to-last term in (A41) runs only over heavy scalar indices 4 and B, and this
term is therefore independent of light scalars.
(Proof: From the gauge-invariance condition on the superpotential

3 L 1z
C aZ ¢
we have by differentiating twice and setting z =z

2 [fabc(th)c+fac(tK )Z +fbc(tK):]=0 .

Using (A7) and (A8) allows us to solve for fx,p:
Srao=— 217 ke [fact)§+Froe(tL)5] -

Le

Equation (AS) then yields
f KaB= 0

and

Skaa=— EI-L—IKLfAB(tL 54
LB

SO

zfxaAzl +87TGf220 (tL)e

which vanishes by (A7).)
It is very convenient to rewrite (A41) by introducing an effective superpotential

172
0
far=—p— S fane2iziz§ . (A43)
abe

The other z*-dependent quantities in (A41) can be written

7 S faamzizizt =30 204 f

abA
%Zfaabzaz?zll,_f(”+2f(2)+3f(3) ,

aba

9f et
b O eff
2 Zfaa Z1= az“ ’
where f™ is the term in f of nth order in light scalars. Equation (A41) thus takes the form
2
Of eft ). .
Ve = aze" +2Re{my f(”}+4Re{m;f(2)}+2Re{(4mg—mg)*f(”}+ |mg |23, |2%|2
a a

22 zz 2P(t,)5 +V0, (A44)

where mg, mg' , and ¥V are the constants

mg =87GE,'*f, , (A45)

mg =8wGE,'? , (A46)

X {%f

h 0z

+87Gf, 3 |z4)?
0 h
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2
Vo=—2Relm; "~ 3miim, 3, |24 2= 3 |24 |2 my —3mg |*+Eo 3
A A

1 A_B
‘;Zfa,wzlzl
a AB

2
—4EyRe(my —3mg)*f O +Eo 3, +vo (A47)

1 A_B
72fKA32121
K AB

where v is the part of (A35) that arises from any additive constant of order mg3 in . Equation (A44) is our
desired result, quoted in Sec. III as Eq. (3.11).

APPENDIX B: CONDITIONS FOR LIGHT SCALAR INDEPENDENCE IN LOW ORDERS

Consider a general potential ¥ (z), expressed as a power series in a small parameter e:

V(z)=Vo(2)+€V (2)+€Va(2)+ - - . (B1)
Suppose that the zeroth order potential has a minimum at z¢=z§;

a:‘z’iZ) =0 at z°=2{ . ‘ (B2)
Choose a basis in which a runs over values 4 and a, with

Voap="V04a=0, (B3)

Vo4p nonsingular , (B4)

where subscripts denote differentiation with respect to z%:

v _ aV,(z) B5)
nab--- = azaazb--~ _—

We write the scalars as

z°=z5+€¢” (B6)
and expand

V(z)=C +¢€ %Z Vousd o2+ 3 Vied*+€ ‘é‘ > Voabep° D0+ 5 S Viad“8® |+ 3 Vaud® | +0(e*) ,

AB a abc ab a
(B7)

where C is a z%independent constant. We “integrate out” the heavy scalars ¢4, by imposing the condition that
aV

20 =0 at ¢1=¢"(¢%) . (B8)
This has a power-series solution

¢=z{tezf+-- , (B9)
with

z;‘=—§B‘,V—‘0ABVw. (B10)

Inserting this back into (B7) yields

Ver(9)=C'+E 3 V140°+€ | ¢ 3 Voupy°0P8"+ 5 S Voupad 9Pz
a aBy apA

+% > VOaAB¢az‘i‘zll?+% S Viepd®dP+ > V1aa9°21 + 3 V2ad® | +0 ()
adB aB ad a B1)
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- with C’ a ¢*independent constant. The conditions
for the z*-dependent terms in Vg to vanish in or-
ders €? and €’ are therefore

Vie=0, (B12)
Voagy=0, (B13)
2 VOaﬂAZf =+ Vlaﬁ=0 y (B14)
A

73 Voutsziz2 + 3, Vieuzi +V1a=0. (B15)
AB

In the case of the super&rawty potential (Al),
we can regard f and > zhf/3f" as parameters of
order € (with z"* regarded as a fixed parameter).
With z5=0, we can easily verify that V4, Vougy»
and V,, all vanish, while the first two terms in
(B14) and (B15) cancel. This verifies again that Vg
is independent of z® in orders €* and €’.

APPENDIX C: THEORIES WITHOUT
SUPERHEAVY SCALARS

We suppose in this appendix that there are no su-
perheavy scalars, but that the superpotential f(z) in-
volves a light mass scale, of order m,. That is, the
scalar field labels a,b,... run only over values
a,B,... denoting light scalars, and the superpoten-
tial now has nonvanishing but small second deriva-
tives with respect to these scalars:

_¥Pf

. (C1)
az"azﬂ ~ Mg

faB_

To order mg4, Eq. (2.2) then gives

2

_s feff+8 GE!/%"F
a
_ 2
+3 B _L+g,,Gzhf +87GE " f ot
h
—247G | E'*f+fee | *+ 3, D, (2)
K

with z% and f taken as of order mg and

1
fer=E'?| 5 3 fapz°2?
ap

1
+3 Zfaﬂyz"zﬂzy ~mg3 .
aBy

(C3)

The quantities within the absolute value signs in
(C2) are purely of order mg in the first term, but of
order m, and mg in the second and third terms.
Discarding the terms in V of order mg6, we have
then to order mg

feff +]61TGE1/2RCf* zz f

za

+64°GE | F |2 3 | 2%
a

+1ewGEV2Re2[ f+81rGf|E"l feff
h

—487GE'?Ref*f s+ 3 D, . (C4)
K

To this order the minimization of ¥ with respect to
7* gives 7"=%"% where ¥ vanishes. Equation (C4) is
then the same as the result quoted in Eq. (3.14).
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