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Models with dynamical supersymmetry (SUSY) breaking have the potential to solve many of the natu-

ralness problems of hidden sector supergravity models. We review the argument that in a generic super-

gravity theory in which supersymmetry is dynamically broken in the hidden sector, only tiny Majorana
masses for gauginos are generated. This situation is similar to that of theories with continuous R sym-

metries, for which Hall and Randall have suggested that gluino masses could arise through mixings with

an octet of chiral fields. We note that, in hidden sector models, such mixing can only occur if the auxili-

ary D field of a U(1) gauge field has an expectation value. This in turn gives rise to a catastrophically
large Fayet-Iliopoulos term for ordinary hypercharge. To solve this problem it is necessary to unify hy-

percharge at least partially in a non-Abelian group. We consider, also, some general issues in models

with continuous or discrete R symmetries, noting that it may be necessary to include SU(2)-triplet fields,

and that these are subject to various constraints. In the course of these discussions, we consider a num-

ber of naturalness problems. We suggest that the so-called "p problem" is not a problem, and point out
that in models in which the axion decay constant is directly related to the SUSY-breaking scale, squarks,

sleptons, and Higgs particles generically acquire huge masses.

PACS number(s): 11.30.Pb, 14.80.Ly

I. INTRODUCTION

Hidden sector supergravity models provide a frame-
work in which to understand how various types of soft
supersymmetry-breaking couplings might arise at low en-
ergies. Unfortunately, none of the models which have
been constructed to date are at all compelling. None are
beautiful, and all suffer from serious naturalness prob-
lems. The most severe of these is the problem of the
cosmological constant. Others include too large flavor-
changing neutral currents and neutron electric dipole
moments, the existence of a large hierarchy, put in by
hand, and the need to omit from the Lagrangian
numerous couplings permitted by symmetries, involving
both visible sector and hidden sector particles.

About the cosmological constant, we will have nothing
new to say here. We will have to simply assume that this
problem is solved by some mechanism which does not too
drastically alter the low-energy structure of the theory.
One might hope to find conventional field-theoretic ex-
planations for the other questions. If this is the case,
these might have phenomenologically interesting conse-
quences, leading to predictions concerning the spectrum
of supersymmetric particles. About flavor-changing
currents and CP, for example, it has been noted elsewhere
[l] that this problem might be resolved if the gauginos
are the most massive supersymmetric particles. The
problems of obtaining a large hierarchy and of the omis-
sion of numerous couplings in the hidden sector might be
resolved if supersymmetry is dynamically broken [2—4].
The need to omit various visible sector couplings, on the
other hand, might be resolved by the recent suggestion of
Hall and Randall that one impose an R symmetry on the
theory [5].

Theories with dynamical supersymmetry breaking

(DSB) have been known for some time [2—4]. DSB has
the potential to explain large hierarchies, and the known
examples have the virtue that it is not necessary to omit
couplings allowed by symmetries. However, if one
proceeds in the most straightforward way to build models
based on these, one runs into difficulties. The most severe
of these concerns masses for gauginos, which turn out to
be extremely small. Of course, models with R sym-
metries also are in danger of yielding small (zero) gaugino
masses. In the latter case, Hall and Randall have pro-
posed that the problem can be solved by adding an octet
of chiral fields to the low-energy theory; these particles
combine with the gauginos to gain mass. This mecha-
nism is a potential solution to the problems of DSB as
well. We will see, however, that in either case this mech-
anism can operate only if the auxiliary D field of a U(l)
gauge field in the hidden sector acquires a large expecta-
tion value. This in turn raises the danger of a large
Fayet-Iliopoulos term for hypercharge [6]. One way
(possibly the only way) to forbid such a term is to unify
hypercharge in a non-Abelian group at some scale. We
will see that the natural scale for breaking this additional
symmetry is the hidden sector scale.

While DSB may resolve some questions of naturalness
in the hidden sector, it is still usually necessary to forbid
certain visible sector couplings. For example, in the
minimal supersymmetric standard model, one must for-
bid a large mass term in the superpotential for the two
Higgs doublets, but one must have a soft breaking mass
term involving both doublets. One can, as in the case of
the unwanted hidden sector couplings, simply suppose
that the unwanted superpotential terms are not present at
the tree level and then invoke nonrenormalization
theorems. Superstring theory suggests that such a possi-
bility might not be unreasonable. Hall and Randail [5]
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have recently considered an alternative possibility, noting
that continuous R symmetries can forbid such terms.

The rest of this paper is organized as follows. In the
next section, we will briefly review some features of mod-
els with dynamically broken supersymmetry. In Sec. III,
we will consider what happens when such models are
coupled to supergravity. We will recall the general argu-
rnents that Majorana masses for gauginos in such theories
must be small, and illustrate them with a one-loop calcu-
lation. This calculation is rather subtle; a conventional
treatment, such as has been applied to supergravity
theories in the past [7], gives a large mass. It turns out,
however, that the Feynman diagrams contributing to the
gaugino mass require careful regularization, and that in
the end these masses are small. We comment on the im-
plications of these results for more conventional theories.

In Sec. IV, we consider the effect of adding an octet to
a theory in which Majorana masses for gauginos are
small. We first consider the problems associated with D
terms, and possible solutions. We then consider models
with dynamical supersymmetry breaking in which either
gauge interactions or supergravity is the "messenger" of
supersymmetry breaking. It does not appear too difficult
to build realistic models of this type.

In Sec. V we consider some aspects of models in which
Majorana masses for gauginos are forbidden by continu-
ous or discrete R symmetries. We point out, first, that, in
supergravity theories, if one insists on canceling the
cosmological constant in the effective Lagrangian, only a
discrete Z2 R symmetry can survive to low energies. We
argue, however, that given our poor understanding of the
cosmological constant problem, and given all of the natu-
ralness problems of supersymmetric theories, such sym-
metries are still worthy of study. As noted by Hall and
Randall, in such theories, in addition to an octet of chiral
fields, it may be necessary to have still other fields to
avoid very light states in the neutralino sector. These au-
thors considered the possible addition of a gauge-singlet
superfield. We show that such a singlet is unnatural, in
the sense that in almost any conceivable scheme for su-
persymmetry breaking it has unacceptable properties.
We note that the corresponding problems do not arise for
SU(2)-triplet fields, and consider some aspects of such
models, including the spectrum and the question of the p
parameter. We find that such schemes typically predict
that there should be new particles with masses below Mz.

Our conclusions are presented in Sec. VI. Here we
comment on possible connections of axion physics and
supersymmetry. In particular, it is remarkable that both
of these require a scale of around 10" GeV, and a num-
ber of authors [8,9] have speculated on possible connec-
tions between them. We point out that generically, if the
Peccei-Quinn symmetry is broken by vacuum expectation
values (VEV's) in the hidden sector, squark, slepton and
Higgs-boson masses tend to be on the order of the inter-
mediate scale.

II. DYNAMICAL SUPERSYMMETRY BREAKING

Witten was perhaps the first to appreciate the possible
importance of dynamical supersymmetry breaking and to

clearly formulate the problem [10]. He stressed that
dynamical supersymmetry breaking was likely to give rise
to large hierarchies. Because of the nonrenormalization
theorems [11], supersymmetry, if unbroken at the tree
level, remains unbroken to any finite order in perturba-
tion theory. However, he pointed out that the proofs of
the nonrenormalization theorems are firmly based on per-
turbation theory. Thus one can hope to find effects small-
er than any power of the coupling constant which give
rise to supersymmetry breaking. Witten went on to
prove that many theories do not break supersymmetry
dynamically [12]. However, chiral gauge theories did not
yield to this analysis.

In a series of papers, it was in fact shown that super-
symmetry is sometimes dynamically broken in four di-
mensions [2—4]. First it was observed that nonperturba-
tive breakdown of the nonrenormalization theorems is
common —almost generic. The basic point is illustrated
by an SU(2) gauge theory with a single massless flavor,
i.e., containing two chiral doublets, Q and Q. At the clas-
sical level, this theory has a continuum of physically in-
equivalent vacuum states. Essentially these are the states
with Q =Q =(„). For nonzero v, the gauge symmetry is
completely broken, and the gauge bosons are massive.
The effective coupling in a given vacuum is g(v), since
the gauge-boson masses are of order v, and all momentum
integrals are cut off in the infrared at this scale. As the
theory is asymptotically free, by choosing v large enough
the theory may be made as weakly coupled as one wishes.
In each of these states there is one massless chiral field.
This field can be written in a gauge-invariant way as
4=QQ. Expanding the fields Q and Q in small fluctua-
tions about their vacuum expectation values, the term
linear in the fluctuations is the massless state. The prob-
lem, then, is to understand the properties of the effective
low-energy theory containing 4 only, and in particular to
determine whether this theory possesses a superpotential
for 4. Symmetry considerations restrict the superpoten-
tial to be of the form

(2.1)

Here A is the scale of this SU(2) theory, and again, this
expression should be understood by expanding 4 in small
fluctuations about a particular ground state. It is
straightforward to show that a single instanton generates
the various component interactions implied by this super-
potential. This analysis immediately generalizes to
theories with gauge group SU(N) and N —1 flavors.
Adding small mass terms, one finds that all of these re-
sults are consistent with Witten's analysis of dynamical

supersymmetry breaking. Minimizing the full superpo-
tential yields N gauge-inequivalent ground states, in

agreement with Witten's computation of the index. By
other methods, one can show that a superpotential is gen-
erated in many other theories.

While these examples illustrate that the nonrenorrnali-
zation theorerns do indeed break down nonperturbative-
ly, they do not lead to a particularly interesting phenome-
nology. Without mass terms, the potential for the field 4
falls rapidly to zero for large 4. Thus the model has at
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best a cosmological interpretation. The basic problem is
that for large expectation values of the fields, the theories
become more weakly coupled and any potential which is
generated nonperturbatively must tend to zero. Adding
mass terms to the theory eliminates the "flat directions"
which exist classically in the potential, but in this case
the full theory has supersymmetric ground states. A gen-
eral criterion for obtaining supersymmetry breaking with
a good ground state was suggested in Ref. [3]. Suppose a
theory has, classically, no flat directions in its potential.
At the same time suppose that the theory possesses a con-
tinuous global symmetry which is broken in the true vac-
uum. In such circumstances supersymmetry is almost
certainly broken. For, if it were not, the Goldstone bo-
sons of the broken symmetry would have scalar partners
which would have no potential. However, in this case
their expectation values would not be fixed and there
would be flat directions, contradicting the original as-
sumption.

This argument is heuristic, and one can imagine a
variety of loopholes. However, a number of models were
studied in Ref. [4] satisfying these criteria, and shown to
break supersymmetry. The simplest is a theory with
gauge group SU(3)XSU(2), with chiral fields Q, U, D,
and L, transforming as (3,2), two (3, 1)'s and (1,2), respec-
tively under the group. In addition to the gauge interac-
tions, to eliminate the flat directions is necessary to in-
clude a superpotential

W=AQQL . (2.2)

If A, is small, one can first determine the superpotential
generated by instantons [as in Eq. (2.1)], and then treat
the tree-level superpotential [Eq. (2.2)] as a small correc-
tion. Minimizing the resulting potential, one finds that
supersymmetry is broken. If the scale of the SU(3}, A3, is
larger than that of SU(2), Az, one finds that, at the
minimum,

a 0 0 U

0 b 0 ' Q D

(2.3)

where a =1.286A3/A, ', b =1.249A3/A, ', and the vacu-
um energy is F. =3.593K, ' ~ /A3.

Other models can be analyzed along similar lines.
Another example of interest is an SU(5) theory with a sin-
gle 5 and 10. In this theory, there is no classical superpo-
tential which one can write. Even so, the theory has no
fiat directions. Using 't Hooft anomaly conditions one
can argue that the nonanomalous global symmetry of the
model must be broken, and that as a result supersym-
metry (SUSY) is broken.

III. COUPLING TO SUPERGRAVITY

We would like to consider a theory of this type as a
candidate for the hidden sector of a supergravity model. '

As a concrete example, we take the SU(3) X SU(2) model
described in the previous section; however, our con-
siderations below generalize almost trivially to other
theories. We assume that, apart from some possible su-
perheavy [O(M&) or O(MGUT)] fields, no other fields
transform under the SU(3)XSU(2) gauge symmetry of
the hidden sector [these groups should not be confused
with the SU(3)XSU(2)XU(1) symmetry in the visible
sector; they represent addi tionol gauge interactions].
Thus, taking the characteristic scale of the hidden sector,
M;„„ to be M;„,—10" GeV, the dynamics described in
the previous section are unaffected: supersymmetry is
broken in this sector at a scale of order M;„,; various
fields acquire expectation values and masses of order
M;„„and there are some (pseudo} Goldstone fields with
decay constants of this order.

The analysis of scalar masses is similar to the case of
more conventional hidden sector supergravity models.
The problem comes when one attempts to compute gau-
gino masses. There is a simple argument that any Ma-
jorana masses for gauginos in such theories must be ex-
tremely small. In discussing physics at scales above
pl 3/2 it should be possible to integrate out Planck (and
GUT) scale physics, obtaining a (locally) supersymmetric
effective Lagrangian. The usual supergravity Lagrangian
is specified by three functions. Only the function f (P; ),
which describes the coupling of the chiral fields to the
gauge multiplets, is relevant to the question of gaugino
mass through a term in the Lagrangian:

X-fd'ef(y)W W,

where f is a holomorphic function of the scalar fields.
On the other hand, in all of the models of dynamical su-
persymmetry breaking presently known, all of the hidden
sector fields Z; carry charges under the various gauge
symmetries. Thus f is necessarily at least quadratic (and
in fact is generally cubic) in fields. Thus one expects its
coefficient to be suppressed by at least two powers of Mz.
If this is the case, local supersymmetry implies that gau-
gino masses will be extremely small (of order eV or small-
er).

However, if one simply computes the gaugino masses
in these models using the naive Feynman rules, one seems
to find much larger answers. For example, suppose that,
in addition to a hidden sector of the type we have de-
scribed in the previous section, the model possesses a
heavy color octet 0 of chiral fields of mass M. Then at
one loop there is a diagram contributing to the gluino
mass, quite similar to the types of diagrams considered in
Ref. [7]. In particular, there is a (nonvanishing) term in
the Lagrangian of the form m3/2MO, where 0 is the sca-
1ar component of the octet. Then the diagram of Fig. 1

gives a nonzero mass for the gluino of order

(3.1)

'As explained in Ref. [4], breaking SUSY at low energies tends
to give unwanted axions and Goldstone bosons. Notice, in particular, that this expression is independent
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FIG. 1. One-loop diagram contributing to gaugino masses.

of the mass of the octet. If correct, this would be a
wonderful result, since it would give rise to a gluino mass
of order 100 GeV or so. Not surprisingly, in view of our
general argument, this result is not supersymmetric.

The problem with this calculation is most easily illus-
trated with a well-studied model, the "Polonyi model. "
This theory contains a hidden sector consisting of only
one singlet chiral field Z with a superpotential

&=M;„,(Z+P) . (3.2)

Assuming that the Kahlar potential is simply quadratic
in Z, the minimum of the potential occurs for

Z=(&3 —1)M, (3.3)

~he~e M =M~/&8m. ; in these equations, in order that
the cosmological constant vanish at the minimum of the
potential, P=(2 —&3)M. Because Z is a gauge singlet,
there should be no problem obtaining a gaugino mass in
this model, since any f which is, say, a polynomial in Z
will yield mg m3/2 Indeed, if one now adds to this
model the heavy octet 0 above, one generates a gluino
mass at one loop [7];proceeding as before, the diagram of
Fig. 1 yields

m = (2—&3)e' " mm& — — e m 3'
4m

(3.4)

with m 3&2 -M2„, /M~. Again we find a mass of the order
of 100 GeV.

Now we would expect that at energy scales below the
mass of the heavy octet, M0, the system would still be de-
scribed by a locally supersymmetric effective Lagrangian,
including the usual light fields and the hidden sector
fields. In particular, the gluino mass could be understood
as arising from the function f of this theory, through the
term in the supergravity Lagrangian

—G/2GI(G —1 )kf e ga)tp

In the above, f "&k is the derivative off *& with respect to
Z, and the existence of a gluino mass implies that f is a
function of Z. If this is the case, on the other hand, we
expect to find couplings of Z to F„and EE through the
terms

—&Ref g~gP"P+ & t Imf F~gP"P

the coupling of the imaginary part of Z to FF at one loop
arising from this term. But this calculation is identical to
the famous calculation of the chiral anomaly, and is sub-
ject to the same ambiguities. For example, it is well
known that if one uses, say, a Pauli-Villars regulator, the
FF coupling vanishes in this case. Indeed, the result of
this computation, as in the case of the gaugino mass
above, is independent of the mass of the particle running
in the loop, and so is canceled by the regulator diagram.
Clearly supersymmetry requires that one use the same
sort of regulator for all of the diagrams. But we have
seen that the gluino mass is independent of the mass of
the heavy particle running in the loop, so adding the
Pauli-Villars term will give zero. Correspondingly, alter-
native choices of (supersymmetric) regulators will give
different results for the gluino mass. However, in the
case of the hidden sector with DSB, it is clear from our
original symmetry arguments that any gauge and super-
symmetric regulator will give zero for the gaugino mass.

Thus simply using a theory with dynamical supersym-
metry breaking as a conventional hidden sector model
yields unacceptable results. In the following section, we
consider an alternative approach.

IV. MODELS UVITH OCTETS

Majorana masses for gauginos are also forbidden in
theories with an exact R symmetry at low energies. Fol-
lowing Hall and Randall, it is natural to attempt to build
models with light color-octet chiral fields, and to allow
them to mix with the gluinos. In this section, we will
consider some general issues in models of this kind (with
either DSB and/or exact R symmetries).

As stressed by these authors, a mass term mixing the
gluino and the octet fermions is one of the allowed soft
breaking terms of supersymmetry. It is interesting to
ask, on the other hand, how such a term might arise in
the framework of hidden sector models. Consider, first,
the case of hidden sector models with global supersym-
metry. (It is convenient to consider this case because it is
easy to write down globally supersymmetric effective ac-
tions. ) In such theories, above the scale of weak interac-
tions (the scale of supersymmetry breaking in the visible
sector of the theory), it is possible to describe the theory
by a supersymmetric effective action [6]. Then supersym-
metry breaking is the statement that, below the breaking
scale, the auxiliary (F) component of some chiral
superfield(s), Z, is nonvanishing, as well, possibly, as the
auxiliary (D) components of some gauge fields. In such
theories, masses for the scalar components of observable
fields (denoted by P) arise through operators of the type
Jd OZ ZP P; replacing Z (Fz ) by its expectation value

irnrnediately yields scalar masses. On the other hand,
terms which mix the fermionic components of the octet 0

However, at one loop, using the Lagrangian of Ref. [13],
these couplings vanish.

To see this, consider the coupling of the pseudoscalar
part of Z to the octet fermions. This coupling is propro-
tional to t)„ZOy"(1—y, )O. One can attempt to compute

2We are assuming, here, that the Lagrangian given in Ref. [13]
is the most general one consistent with local supersymmetry, up
to terms with two derivatives.
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with the gluinos can only arise provided the theory con-
tains a U(1) gauge field V whose auxiliary component D
has an expectation value. Then the desired mixing can
arise through the operator

tional light fields in order to obtain an acceptable phe-
nomenology.

U. MODELS WITH CONTINUOUS R SYMMETRIES

Jd OW 8"0'. (4.1)

Of course, this U(1) cannot be ordinary hypercharge.
But the large VEV of D raises the specter of a large
Fayet-Iliopoulos term for D . The dimension-four opera-
tor Jd 8 W "W gives a Fayet-Iliopoulos term of order
(D). Such a coupling implies a large negative mass
squared for scalars carrying hypercharge (of order M;„, ),
and potentially leads to an enormous breaking of hyper-
charge. One possible way to avoid this problem is to uni-

fy hypercharge into a non-Abelian group, broken only at
some scale well below Mz. For example, many authors,
motivated by string theory, have considered the possibili-
ty that down to some scale there is an unbroken
SU(3), X SU(3)L X SU(3)„symmetry. In such a case, the
Fayet-Iliopoulos term could be highly suppressed. In
fact, one can even avoid the problem if hypercharge is a
sum of a U(1) generator and a non-Abelian generator. In
such a case, it can be natural for some scalar field to gain
a large VEV, breaking some of the gauge symmetry and
leaving ordinary hypercharge.

These considerations can be immediately extended to
the case of local supersymmetry. If one examines the La-
grangian of Ref. [13], one can see that there is only one
term which gives rise to a Dirac mass term mixing gaugi-
nos and matter fields, and this is only nonvanishing if
there is an expectation value for D.

In theories with dynamical supersymmetry breaking,
having obtained a sufficiently large gluino mass, we have
more or less phenomenologically acceptable models. One
still must check the neutralino sector. If the superpoten-
tial contains a term mHH, with m -m3/2 the only light
neutralino is the photino. We will argue later that a term
of this size will arise automatically in many cir-
cumstances. The photino may gain a small mass from
loops of light fields, but it may be necessary to add addi-

This does not occur in the SU(3) X SU(2) model discussed ear-

lier. There we can gauge a U(1). However, it is necessary to in-

clude an additional field to cancel anomalies. It turns out that

the sign of the charge of this field is such that its expectation
value gives a vanishing expectation value for D. We know of no

reason for this to be true in general, however.
4As an example, one can consider a set of fields with the quan-

tum numbers of a 27 of E6, and suppose that the unbroken

group is SU(2)L XSU(2)„XU(1) XU(1). Suppose that, apart
from the Fayet-Iliopoulos term for the U(1), all fields have posi-

tive soft-breaking mass terms, of order m 3/2 except for the two

SU(3) X SU(2) XU(1) singlets, which have negative mass-

squared terms. Then it is easy to check that there is a local
minimum of the potential at which the surviving gauge syrnme-

try is SU(3) X SU(2) X U(1).

Our remarks in the previous section apply to models
with dynamical supersymmetry breaking and to theories
with unbroken continuous R symmetries. In both types
of models, the desired mixing arises if an auxiliary D field

has a nonzero VEV, and one must insist on at least a par-
tial unification of hypercharge in a non-Abelian group to
avoid Fayet-Iliopoulos terms. In this section, we consid-
er some further issues associated with R symmetries.
Such theories have previously been carefully considered
by Hall and Randall [5]. These authors assumed that the
symmetry was continuous. The Higgs fields were as-
signed R =0, while quark and lepton superfields were as-
signed R = l. In order to obtain a gluino mass, they re-
quired that their models contain a color octet chiral field
with 8 =0; they then noted that A, 'go, where go is the
fermionic component of 0, is one of the allowed soft
breaking terms. Hall and Randall also observed that if
one does not add additional fields, the model possesses, at
tree level, a massless photino and a massless Higgsino.
At tree level, one can suppress the coupling of the mass-

less Higgsino to the Z; however one predicts too light a
Higgs boson. As a result, these authors considered
theories with an additional singlet field. We will argue
shortly that in almost any scenario for supersymmetry
breaking this is likely to lead to difBculties; instead one
needs to add SU(2)-triplet fields. Hall and Randall have
recently pointed out that once one-loop corrections are
accounted for it may not be necessary to include addi-
tional fields at all. The point is that the large radiative
corrections to the Higgs-boson mass due to top-quark
loops which have been discovered recently [14] can avoid
the light-Higgs-boson problem, provided the top quark is
heavy enough [15]. Of course, dynamical supersymmetry
breaking could operate in the framework of such models
as well.

We would like to explore some aspects of models of
this type. First, there are some questions of "philoso-
phy" and naturalness which must be addressed. For
most particle theorists, continuous global symmetries are
anathema, and this might be viewed as an objection to
the work of Ref. [5]. However, in order to implement the
program of these authors, it is not necessary that the R
symmetry be continuous; it can in fact be discrete.
Discrete R symmetries have a different status. For exam-

ple, they arise frequently in string theory, where they are
usually (possibly always) discrete gauge symmetries. For
suitable Z,z, a discrete Zz R symmetry has consequences
very similar to that of a continuous R symmetry.

For both discrete or continuous R symmetries, howev-

er, there is a puzzle. Supersymmetry, if it exists, is a local
symmetry. Thus the underlying theory must be a super-
gravity theory. In an X =1 supergravity theory, super-
symmetry breaking with vanishing energy at the
minimum of the potential requires that the superpotential
have a nonzero expectation value. But such an expecta-
tion value necessarily breaks any R invariance (apart
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fd48 ZtH, H2 . (5.l)

Replacing the chiral field Z by its vacuum expectation
value Z= 8 (F) gives p=(F)/M —rn~ Anumb. er
of authors have noted that these couplings can arise in
loops. In supergravity theories, they generically arise at
tree level. For example, in an SU(5) theory in which a 24
couples to Higgs bosons in the superpotential, in such a
way that the Higgs-boson mass vanishes as m3/2 +0 su-
persymmetry breaking shifts the 24 VEV by an amount
of order m3/2 giving rise to p-m3/2 Thus, in a generic
theory, the "p problem" does not appear to be a problem.

The question of motivation aside, models with R sym-
metry are quite interesting. Singlets, however, are likely
to lead to diSculty in this context. The problem is that
the dimension four term in the effective Lagrangian

J,=fd4eZ'S (5.2)

from Z2 symmetries). In simple models, this breaking of
R invariance tends to be large, and, for example, large
Majorana mass terms for gauginos are generated. Still,
given our lack of understanding of the cosmological con-
stant problem, the possibility of an unbroken R-
invariance seems worthy of investigation.

On the other hand, we would like to reconsider the
motivations for considering R-symmetric theories given
in Ref. [5]. These authors argue that such symmetries
would improve the "naturalness" properties of supersym-
metric theories. For example, they would forbid a term
in the superpotential of the form pH&H2, where H;
denote the two Higgs doublets. This argument is not par-
ticularly compelling. From string theory, for example,
we know that it is plausible to have massless Higgs dou-
blets at tree level and to any finite order in perturbation
theory. The question, then, is how large is p once one
takes into account supersymmetry breaking. The situa-
tion is most easily described in global supersymmetry.
There, if the hidden sector contains some fields Z,. with
nonvanishing F components, F-M;„,-m~M, then p is
generated by operators of the form

problem may be somewhat ameliorated. The point is,
again, that the Z s are all charged under the hidden sec-
tor gauge symmetries, so it is necessary to go to higher
dimension operators in order to find these p terms. Ex-
plicit checks show that at one loop such terms are indeed
generated only with suitably small coeScients. Thus in
this framework, models with singlets may make sense.
However, it is of some interest to explore the case of
models with triplets as well. This is a rather straightfor-
ward extension of the work of Ref. [5], which we now de-
scribe.

In the case of triplets, there are a number of phenome-
nological concerns. One has to ensure that the triplet ex-
pectation values are small enough that the p parameter is
not significantly affected. Also, one must make sure that
there are no particles so light that their effects would al-
ready have been observed at the CERN e+e collider
LEP. For definiteness, we will focus on the case where
the R symmetry is continuous.

As usual, we assign all ordinary matter fields R charge
zero; in other words, the chiral fields associated with the
quarks and leptons are assigned R =1, while those associ-
ated with the Higgs boson are assigned R charge zero.
Gauginos have R =+1. We want to add an octet and a
triplet field to the model. A moment's though indicates
that it is necessary to add at least two triplets to the mod-
el if one is to avoid massless particles. The problem is
that in the neutralino sector, with only one triplet (tak-
ing, for a moment, the triplet to have R =0) there are
two positively charged, left-handed fermions with
R = —1, while there is only one with R =+1; similar
problems arise in the other charge sectors. This problem
can be solved if we include two triplets in the model, one
with R =2, and one with R =0. These will be denoted
by f' and f", respectively. The additional terms allowed
in the superpotential are then

W, =Gf"8,A&8, +@i'"f".

The scalar potential generated by this superpotential is

~2+ 2
V= g g (H2 —H2 )2

2 1

gives rise, effectively, to a superpotential term

w, =&F)s. (5.3)
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(H2H2+ T2H2+ T2H2 )

Because F is generically so large, this term generally has
disastrous consequences; for example, it leads to expecta-
tion values for Higgs doublets on the order of the inter-
mediate scale. If one has, instead of singlets, some addi-
tional triplet fields, this problem does not arise. The cor-
responding "p" term, as for Higgs fields, is of order m~.

Actually, in models with dynamical supersymmetry
breaking, in contrast with the more general case, this

5The theories with dynamical supersymmetry breaking often
have an approximate R invariance in the low-energy theory,
even after canceling the cosmological constant, but this does not
help with the basic problems of naturalness.

GBT'H i H2+ (T +T' )+ + V„rt(H„H2)2&2

Because of the term linear in T', T' acquires a vacuum ex-
pectation value:

2B

In addition to the superpotential we can have an R-
invariant soft term in the Lagrangian of the form

= WT "X'
soft

where the A, 's are the fermionic partner of the gauge bo-
sons, i.e., the gauginos, and T' is the fermionic com-
ponent of the superfield T'.
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The p parameter

~w'
P

Mzcos Ow

is given at tree level by

g U [I(I+1)—(Y')/4]

P gu, (Y )/2

9000
900

900
900

1

10

Vi /V2

1

0.01

mI
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On the other hand, for a wide range of parameters, this
light state contains nearly equal admixtures of the two
Higgsinos H& and H2. Because these fields couple to the
Z with opposite signs, the coupling of this particle to the
Z is suppressed.

VI. CONCLUSIONS

where I is the weak isospin and Y is the hypercharge of
the scalar multiplet. The p parameter for our case, with a
triplet and two Higgs doublets, is given by

v1+v2+4t 4t'
p= =1+

V2+V2 V2+V2
] 2 1 2

Since the p parameter is known to equal 1 to within about
1%, the VEV of the triplet must be of the order of 12
GeV or less.

The fermion mass matrix, which is our principal con-
cern, divides into two charged matrices, each 2 X 2, and a
neutral 3 X 3 matrix. To avoid phenomenological
difficulties we require that the lightest eigenvalue of each
of the charged mass matrices is more than half the Z
mass. The lightest neutral should either have a mass
greater than about half the Z mass, or should couple
sufficiently weakly to the Z that it does not give too large
a contribution to the Z width. We have examined vari-
ous ranges of parameters, and found that it is possible to
satisfy all of these constraints. The constraint on the
charged masses is easy to satisfy. It is more difficult to
avoid light neutral particles. Indeed, study of the mass
matrix reveals that the lightest neutral is never more
massive than sin(8~)Mz' , this bound is saturated for
A, B &&Mw and G))g,g'. For example,

metrics. These have the potential to solve some of the
other naturalness problems of supersymmetric theories.
We have noted that in the context of supergravity, it is
difficult to understand both a vanishing cosmological
constant and the existence of 8 symmetries. Ignoring
this question, we have considered various aspects of these
theories, and have noted that it may be necessary to add
light triplets in the low-energy theory to obtain phenome-
nologically viable models. We have seen that models of
this type almost always yield new, relatively light fer-
mions with interesting properties.

It is perhaps of interest to comment on one other set of
naturalness issues as we close this paper. Cosmological
and astrophysical constraints suggest that the axion de-
cay constant is in the range 10"—10' GeV. Since this
scale is similar to the scale M;„„ it is natural to ask
whether these two scales might be related. Indeed, this
possibility was suggested some time ago by Kim [8], and
its possible cosmological significance has been considered
by Rajagopal, Turner, and Wilczek [9]. However, while
this coincidence is tantalizing, it is also problematic. In
the models considered by Kim, for example, the axion
couples to quarks with masses of order M;„,. The axion,
however, also couples (with dimensionless couplings) to
the "Goldstino" (the longitudinal component of the grav-
itino). As a result, in this model, there are diagrams at
three-loop order which involve only dimensionless cou-
plings and give mass to squarks. These masses are of or-
der

2 2
S

m — M;„, .
16m.

(6.1)

Here X describes the coupling of the axino multiplet to
the Goldstino multiplet. Unless A, is extremely small
(A, (10 or so), squarks will obtain unacceptably large
masses.

This problem appears quite general. In order to link
supersymmetry breaking directly with the axion, the ax-
ion multiplet must couple to the Goldstino multiplet. On
the other hand, in order to have the correct coupling to
FF, the axion must couple to fields carrying color. But
this means that the hidden sector is not really hidden;
while gauge fields may only couple to the hidden sector
through loops, these couplings are not suppressed by fac-
tors of 1/Mp. There is, of course, no problem in simply
introducing the axion multiplet separately, with no (di-
mensionless) couplings to the hidden sector. However, in
this case one needs some other way to understand the
coincidence of scales [16].

There are a number of lessons to be drawn from this
work. First, it does not seem so difficult to build models
in which supersymmetry is dynamically broken. The
price one pays is the introduction of light states beyond
those of the minimal supersymmetric standard model. In
addition, one requires that hypercharge be unified within
a larger group. Needless to say, it is not clear whether
such an approach will fit neatly into conventional grand
unification or string theory.

We have also commented on some ideas of Hall and
Randall for constructing theories with unbroken R sym-
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