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The problem of strong CP violation in theories with low-energy supersymmetry is studied. Spe-
cial emphasis is given to theories with spontaneous CP violation. It is found that supersymmetric
versions of the Nelson models only receive contributions to e of order (rng /MGUT) or at the three-
loop level. The resulting e is of order 10 "or less. This improves on the nonsupersyrnmetric Nel-
son models where e arises at the one-loop level. Constraints on the mechanism for spontaneously
breaking CP invariance in supersymrnetric models are found.

I. INTRODUCTION

There are good theoretical reasons to suspect that
physics down to "low energies" (i.e., down to the Fermi
scale) may be described by a supersymmetric theory. It
therefore becomes important to ask in the case of a par-
ticular model or mechanism whether it survives "super-
symmetrization" or, more generally, whether supersym-
metry has something new to say on any central issue of
the standard-model phenomenology. The question we
wish to address here is whether various ideas for solving
the strong CP problem are compatible with supersym-
metry.

Theories with low-energy supersymmetry have much
richer possibilities for CP violation. Indeed, in addition
to the two sources of weak and strong CP violation of the
standard model, 5„M and 8, respectively, where KM
denotes Kobayashi and Maskawa, four more CP-violating
phases are present. Two of them can really be reabsorbed
by legitimate redefinitions of the fields, so that we are ac-
tually left with two genuine new CP-violating phases to
deal with. Even al1owing for the so-far simplest way of
breaking local supersymmetry (the Polonyi superpoten-
tial) still one extra phase survives in the low-energy lim-
it. '

There are two main approaches to the strong CP prob-
lem which have been implemented in realistic "presuper-
symmetric" models: the Peccei-Quinn (PQ) (axion) idea,
and the idea of spontaneous CP violation (SBCP). We
wish to analyze the impact of the above-mentioned new
sources of CP violation on these two main frames of reso-
lution of the strong CP puzzle.

The PQ strategy makes 8 very small, 8&&10, so
that its contribution to the electric dipole moment of the
neutron, d„', is negligible. The contributions to d„' arising
from 5KM have been shown to be small as well. In the su-
persyrnmetric case, however, this is not the whole story.
As we shall see below the two new CP-violating phases
lead to a value of d„' which can exceed the present experi-
mental bound by something between 2 and 3 orders of
magnitude if these phases are maximal and the masses of

the supersymmetric particles that are exchanged in the
one-loop contributions to d„' are not much larger than,
say, 100 GeV (Ref. 1). This means that (i) the new phase
must be somewhat small, less than 10 to 10, or (ii)
the supersymmetric masses that enter in the determina-
tion of d„' (i.e., gluino and squark masses) are rather
larger, —1 TeV, or (iii) some extra symmetry must be
present to ensure that no new phases are present in the
supersymmetric case (or, at least, that they are small).

If one intends to follow the SBCP way, one then needs
to ensure that 6&10 . The presence of CP as an exact
symmetry at the beginning implies a vanishing 8QCD at
the tree level. One must then keep track of all the other
phases to make sure that they sneak in to contribute to e
only at a sufficiently high order in perturbation theory.
%'e shall see that the class of models discovered by Nel-
son not only survive supersymmetrization, but actually
give a smaller 6 in their supersymmetric versions.
Indeed, we have found no contributions to 6 at less than
the three-loop level in such models (except for some of
order ms/MoUT, where mg is the scale of low-energy su-

persymmetry breaking, i.e., typically ms -Mii, ). Howev-
er, if the Nelson idea is to be implemented in supersym-
metry (SUSY), it is necessary that certain constraints be
satisfied by the sector that does the spontaneous CP
breaking. We shall also see that another class of SBCP
models —those with approximately real quark mass
matrices —are less compatible with SUSY and that 8
ends being uncomfortably close to, or even in excess of,
the present bound.

We give now some more detailed justification of the
above statements. Throughout this paper we will assume
that the world is described by an %=1 supergravity
model in which local supersymmetry is broken in a hid-
den sector of the Polonyi type. This is in many ways the
most economical method of supersymmetrizing a given
model, but we expect our results to have a more general
validity. It is well known that the N = 1 supergravity La-
grangian depends only upon two unknown functions, G
and f, of the scalar fields. We shall choose G to be such
that the kinetic terms of the scalars are canonical. This
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occurs if the second derivative of 6 with respect to the
scalars z, and zj' is 6"'J =5'J. . This assumption (which is
sometimes referred to as the condition of "minimality" in
N =1 supergravity theories) ™pliesstrong restrictions
on the scalar sector of the soft-breaking terms of the
remnant N = 1 global supersymmetry at low energy. In
particular, there are only two new parameters which de-
pend on the details of the local supersymmetry breaking,
i.e., on the specific form of the hidden sector. We can
identify them with a mass parameter mg which sets the
scale of the low-energy supersymmetry breaking, and a
dimensionless parameter A which is -1 and enters the
expressions of the trilinear and bilinear scalar terms. In
this sector a third dimensionful parameter p is present; p
appears in the bilinear pH'H term of the superpotential,
where H' and H denote the superfields whose scalar corn-
ponents are the two Higgs doublets which, in particular,
provide the fermionic masses. These three parameters
p, mg, and A, are in principle complex. The fourth extra
phase that we have previously mentioned appears in the
gluino mass. This parameter is determined by the second
derivative of the function f and the first and second
derivatives of g. The situation in which f is such that no
tree-level gluino mass arises is phenomenologically dis-
favored. Indeed, radiatively induced gluino masses in the
context of the minimal supersymmetrization of the stan-
dard model (i.e., without adding extra superheavy fields)
are not suScient to respect the present lower bounds
given by the UA 1 Collaboration. Thus, as we shall ex-
plain further in Appendix A, we consider the gluino mass
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FIG. 1. A contribution to the quark electric dipole moment
that can arise in supersymmetric models. q is a scalar quark
and g a gluino.

m 3 to be an additional genuine complex parameter in our
low-energy Lagrangian. In this same appendix we detail
the counting of the phases after all the freedoms in
regefining the fields are used and in the context of the
simplest (albeit, ad hoc) mechanism to break supersym-
metry, i.e., using a Polonyi superpotential of the hidden
sector.

The analysis of Appendix A shows that even imposing
a PQ symmetry one is not protected from too large CP
violations in strong interactions. Indeed, even though the
effect of e on d„' is made innocuous in this way, the pres-
ence of two (or one in the minimal Polonyi scheme} extra
phases in the low-energy supersymmetric Lagrangian
generate a nonvanishing imaginary part in the diagram of
Fig. 1, where gluinos and squarks are exchanged in the
one-loop contribution to d„. This contribution has been
calculated by several sets of authors
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where m& is a down-squark mass. ' We have explicitly
written as A —1 the coeScient of the bilinear soft-
breaking term m pHH' (see, however, Ref. g for the case
when superheavy fields are present ). To avoid a too
large d„', either arg(Am&) and arg[(A —1)m&] must be
810 to 10 or the gluino (or squark) mass must be as
high as —1 TeV. In conclusion, the presence of the PQ
symmetry certainly alleviates the strong CP problem to a
large extent. The phases are required to be only
—10 —10 instead of + 10 . Some additional sym-
metry or constraint may possibly eliminate even this less
severe problem.

As we have previously said, the situation remains quite
delicate also if spontaneous CP violation is invoked. In
this case, eQQD and argy vanish at the tree level. Using
the Polonyi superpotential, A turns out to be real at the
tree level, too. Finally m and m 3 can be kept real (at the
tree level) if certain conditions to be spelled out in Ap-
pendix B on the functions g and f are met. The point is
now that, after the spontaneous breaking of CP [presum-
ably at the grand-unified-theory (GUT) scale' ] and the
subsequent breaking of SU(2) &(U(1) the quark-mass ma-
trix must have a real determinant. In Secs. II and III we
consider the supersymrnetrization of the Nelson and real

quark mass matrix approaches to this problem, respec-
tively. We shall see that the process of supersymmetriza-
tion of these two classes of models presents nontrivial im-
plications for the strong CP problem. In particular we
shall show that the supersymmetric Nelson-type models
are even safer than their original presupersymmetry ver-
sions. Another important-to-e implication of the pres-
ence of supersymmetry (SUSY) is that the superfield
whose scalar component breaks CP through its vacuum
expectation value (VEV) must be a singlet of the GUT
group (the proof is given in Appendix C}. Finally, in Sec.
IV we summarize our results and state our conclusions.

II. NELSON MODELS AND SUPERSYMMETRY

A. Brief review

Having CP be a symmetry of the Lagrangian (including
the FF term) only ensures that BQCD —0 in the basis in
which the Yukawa coupling matrices are real. When CP
is broken spontaneously by phases of the expectation
values of Higgs fields one would generally expect that the
tree-level mass matrices of the quarks M&

' would be
complex. To ensure that eQFD ( =argdetM& ') vanishes
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therefore requires something further. By imposing addi-
tional symmetries one can arrange that M&

' is complex
while detM& ' is real. To do this with only the usual fam-

ilies of light quarks and leptons is somewhat awkward
and leads to difficulties. As Nelson showed, a great
simplification is possible if superheavy fermions exist.

Let us suppose a gauge group G under which the
quarks and leptons transform as F+C+C. F consists of
the usual family representations and C and C are some
complex set of representations and the conjugate set. For
example, in SO(10) with three light families F would con-
sist of three 16's and C+ C could consist of, say, 16+16.
In order that BQFD —0 it is enough to satisfy three condi-
tions" (in addition to the CP invariance of L) (1) .There
should be no tree-level Yukawa couplings of F to C, C to
C, or C to C. (2) The tree-level masses of (FF}and CC
should be CP conserving. (3) There should be CP
violating phases at the tree level in the FC masses. Can-
dition (1) can follow from gauge invariance, discrete sym-
rnetries, family symmetries, or global symmetries. Condi-
tion (2) can follow from a sufficiently economical Higgs
content. For instance, if there is only a single SU(2) dou-
blet of Higgs bosons which gives rise to the FF masses,
the FF masses will have no CP-violating phases. (Any
phase can be absorbed by an anomaly-free global hyper-
charge rotation. ) The quark mass matrix that results has
a form

m 0 0 F
L„ =(F C C) 0 0 M C (2)

0 M 0

It is easy to see that detM& ——(detm)(detM) =real. The
entries in 0 and M are supposed to be very large —in a
unified model typically they are GUT scale. Then upon
diagonalizing the superheavy part of M& one is left with
the same set of light families as if the fermions C+C did
not exist (decoupling). But the light eigenstates are actu-
ally mixtures (with angles of order 0/M} of the F and C
fermions, and the light mass matrix will consequently
have CP-violating phases in it coming from the phases in
Q. At low energies then the only remnant of the C+C
fermions is the fact that the Yukawa couplings of the
effective theory are complex. The model is indistinguish-
able from the KM model at low energies.

B. Breaking CP spontaneously in Nelson models

After the spontaneous breaking of CP invariance, a
tree-level contribution to e can potentially arise from
three different sources: (i) a relative phase between the
vacuum expectation values of the (at least) two Higgs
doublets which are needed in the supersymmetric version
of a Nelson model to provide the fermionic masses; (ii) a
complex value of the gluino mass; and (iii} complex
masses of some colored Higgsinos.

If one supersymmetrizes the Nelson model one must
introduce at least two Higgs-doublet superfields, conven-
tionally denoted H and H'. If (H ) and (H')* have a
relative phase o. it will show up in the FF term in viola-
tion of condition {2). Then, arg(detM&)=argdetM
=nFa, where nF is the number of light families. The rel-

ative phase of (H }and (H') ' is controlled by the pHH'
term at the level of the superpotential (p may be an expli-
cit mass parameter or may arise from the VEV of some
Higgs field) and by the soft SUSY-breaking term ( A —1)
m pHH' at the level of the soft-breaking terms. The
original presence of CP invariance implies that p is real
(at the tree level} if it is an explicit mass parameter. If it
arises from some VEV it may still be real at the tree level
if that VEV is sufficiently insulated from the sector that
breaks CP spontaneously. What is critical then is that A

and m be real at the tree level and the radiative correc-
tions not give a large phase to ( A —1) m pHH'.
SuScient conditions for A and mg to be real at the tree
level are discussed in Appendix B. They are simple and
easy to satisfy. If we have a Polonyi hidden sector,
f (z)=ma (az+P), then the parameter A is real at the
tree level. As for the reality of mg particular care must
be taken when superheavy fields are present (as indeed
they must be in any viable scheme of spontaneous CP
breaking). There are two conditions that one must satisfy
as shown in Appendix B. Condition I is that

P s=P +0m K f(z =0, (z")0)=real, (3)

where f(z,z ") is the superpotential of the ordinary (z )

and superheavy fields (z "}in the observable sector. Note
that Po is real since CP is a symmetry of the unbroken La-
grangian. So that condition I amounts to f (z =0,
(z")0)=real. The second condition relates to a certain
contribution to m which is proportional to (z") which
can arise in some cases [see Eq. (B4) in Appendix B].
This contribution can be rendered harmless by condition
II which is that there is no superfield that couples to HH'
and also mixes with S. (The field that couples F to C.)
This guarantees that the phase of (S) is not transmitted
tom .

We turn now to the second cause of concern for large
contributions to e at the tree level in the Nelson models:
a possibly complex gluino mass. To guarantee the reality
of rn3 requires a condition that is given in Eq. (B16) of
Appendix B. We stress that this condition is not difficult
to implement in a SUSY Nelson scheme. Indeed in Eq.
(B17) a very simple way to do this is given.

The final potential difficulty that we must face at the
tree level is that there may be complex masses for the
colored Higgsinos. We have already taken care of the
colored fermionic components of F, C, and C when dis-
cussing M&. We focus on the Higgs supermultiplet(s)
that couples F to C, which we call S. Of course S must
contain some SU(3), X U(1), -singlet component(s) whose
VEV's contribute to the quark masses. These VEV's are
complex according to assumption (3) above; indeed it is
this complexity that gives rise to the e parameter in the
kaon system. In Appendix C we show that if S contains
colored fermion components it is difficult {ifnot impossi-
ble) to prevent them from having complex mass at the
tree level. This means that S must be a singlet under any
group that contains SU(3), . This is a very important con-
straint on model building, but not a severe one. It only
says that C must contain some of the same representa-
tions as F (so that F )& C contains a singlet). This is some-
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thing that would appear attractive anyway on the
grounds of simplicity and economy. (Moreover in certain
kinds of models the extra real fermion representations do
include the F representations and their conjugates, e.g. ,
Kaluza-Klein and some superstring theories. )

For the same reasons, it also appears likely that, in
general, the sector which breaks CP spontaneously must
consist of gauge-singlet superfields (Appendix C considers
the problem only for S fields which couple directly to F
and C through the FCS coupling term).

C. An example of a SUSY Nelson model

For notational simplicity we will discuss an SO(10) ex-
ample since a whole family is then contained in a single
irreducible representation. As will be seen, our results
are largely independently of the choice of group since
Nelson models all reduce to the KM model in the low-
energy limit.

Let F consist of three spinor (16) representations of
SO(10}. C (C) will consist of some number of 16 (16)
representations. The SU(2}L &(U(1) breaking is done by a
field h =10. This contains both the H and H' Higgs dou-
blets. Some set of SO(10} singlets, denoted S;, break CP
spontaneously. And the hidden sector is just the Polonyi
model. Other Higgs superfields may be required to give a
realistic pattern of gauge symmetry breaking, to give split
Higgs multiplets, and so forth. We will call them X. The
superpotential of the ordinary sector is given by

f =g f j(F;F )h+gg;"(F;C )Sk

+XM"(C, C )+phh +fcpx(S, )

IJ

+f~;,(h, X) . (4)

fcpx is responsible for CP breaking. It must satisfy

fcpx( (S ) ) =real (see Appendix B). We have deliberate-
ly left out certain terms that SO(10) allows us. We do not
have CCS terms as they would give phases in CC terms
violating condition (2). We do not have CCh, CCh, or
FCh terms as they would violate condition (1). Finally,
we do not allow hhS terms in f~;, since they would
make p,z complex at the tree level and lead to phases in
the FF terms in violation of condition. (2). (It would also
tend to make p,tr-(S) -MGU~ and destroy the hierar-
chy unless there were a cancellation. }

It should be noted that it is as a consequence of S being
a singlet and therefore F and C containing the same rep-
resentations that SO(10) allows all of these dangerous
terms. For, since h must couple to FF, it must also be al-
lowed by SO(10) to couple to FC and CC. In order to for-
bid these terms, then, one must invoke some other sym-
metry such as a family, global, or discrete symmetry, or a
gauge symmetry not unified with color, under which S is
allowed to be nonsinglet. Of course, it is possible just to
leave out the unwanted terms since the nonrenorrnaliza-
tion theorerns will guarantee that this is technically natu-
ral, but that is unsatisfying from an explanatory point of
view. It is also possible that some topological or other
reasons explain their absence.

A simple example of a discrete symmetry that gives the
desired structure is Z3 with F~F, H~H, C~zC,
C~z* C, S~zS where z—:e ' . The CP-breaking su-

perpotential can be chosen to be fcpx(S) =a Y(S +M ),
where the singlet field Y~ Y under Z3. Then

2

CPXdf
dY

=a ~S +M

This forces S=—M, —zM, or —z*M. The last two
minima are CP violating. (As always with spontaneous
CP violation the Universe would have a domain structure
which would necessitate an infiationary cosmology. ) We
have chosen to use a "nonrenormalizable" fcpx since this
is the simplest example we have found using discrete
syrnrnetry.

D. Contributions to e in supersymmetric Nelson models

1. Radiative eorreetion to p

The multiplet h is really a "split multiplet, " so the term
pHH' should be written (p2HH'+p~H, H, ), where H, H'
are the light doublets and H„H, . are their superheavy,
colored partners. p3 is of order the GUT scale. If p2 ac-
quires a phase through radiative corrections, that will
give a relative phase to (H) and (H')' which in turn
will show up in the FF terms in the quark mass matrix.
As noted above p2 can be real at tree level because of CP.
But we must check whether radiative corrections give it
an unacceptably large phase. (Henceforth p will refer to
either p2 or p3.)

Let us define for the purposes of our analysis a global
transformation K which acts on the fields as follows.
K(F)=K(C)= —,', K(C)= ——,', K(h)= —1, and K(S)=0.
Then the terms pHH' violate K by 2 units, and (H ) and
( H' ) each violate it by 1 unit. It is easy to see that radi-
ative corrections to the p2(HH') term must be propor-
tional either to HH'[p

~

(H)
~

(H')
~

"] or to
HH'[(H)'(H')*J(H)

~ ~

(H')
~

"]. The latter will
not contribute to 8 since its expectation value does not
depend on the relative phase of (H) and (H')*. We
thus need only worry about terms proportional to p.
Such diagrams will have at least two loops. An example
is shown in Fig. 2. Let us diagonalize the superheavy
quark masses, and for the light quarks go to a basis where
the 8'—couplings are diagonal but the H, H' couplings
are not; that is, the "weak basis. " Then M& has the
block-diagonal form

ML

where ML is in the weak basis and M& is diagonal. Let
us write the couplings of the H and H' as

g, fD;J.(Q, D~ )H'+g, fU,J(Q, U)H. The product of.
the Yukawa couplings and mass insertions on the quark
(squark) line in Fig. 2 will have the form
Tr[g, (hU)g2(hD)g3(hU) . ], where hU: fUfU, —
hD =fDfD, and the g; are fun—ctions (which are not neces-
sarily simple monomials since there are infrared loga-
rithms). Clearly Tr[g, (h U )g2(hD ) ] is real since g, and g2
are Herrnitian. However
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2. Radiative corrections to the gluino mass, m 3

H
I

H
Similar arguments to the above tell us that the lowest-

order contributions to the gluino mass involving only H
or H' exchange come at three loops as in Fig. 4. These
give contributions roughly of order

FIG. 2. A radiative correction to the phase of the p parame-
ter in a supersymmetric Nelson model will have at least two
loops since they must have p insertions.

(g3) mDmU
2 4 4

5 -m f(masses) .
4(2n ) m

This gives, with m —100 GeV,

Tr[g, (h U }g2(hD )g3(h U )g4(hD }]

can be complex. Since, for such contributions, there are
four transitions from U of D or D to U (s)quarks, there
must be four charged lines coming off the (s)quarks line.
This implies that the diagram is at least three loops.
(This argument is similar in spirit to one found in Ref.
11.) In fact, we believe that the lowest-order graphs are
at four loops as shown in Fig. 3, the reason being that one
must have an odd numer of p, insertions to violate K by 2
units. This gives (crudely)

4 4p p
582 s s f

4(2m ) m ms ms

If we take m to be roughly 100 GeV then even with
mD =mb and m U

=m, we would have 58 & 10 ' . Actu-
ally 56 will be much smaller than this since the CP-
violating part of the diagram will depend on the lighter
quark masses, so that

56 «10
There are also diagrams with virtual (s}leptons and the
superheavy color triplets H, and H, . These diagrams are
proportional to p3, which is superheavy, rather than p2',
however, as they also vanish in the limit of unbroken
SUSY they are proportional to mg-pz. Thus, they
should not give a contribution much larger than the ones
we have considered. There will also be multiloop dia-
grams involving the exchange of virtual (superheavy) S
fields. These will be at least three loops and be propor-
tional to the Yukawa couplings of the S bosons, which
are unknown but could be arbitrarily small. These con-
tributions are also therefore negligible.

5e & 1O-'g'. (10)

The g"„can be arbitrarily small (almost). [This does not
affect, necessarily, the size of the Kobayashi-Maskawa
(KM) angles in the low-energy effective theory since these
arise from the mixing of the C, C, and F fermions. This
mixing goes as g (S ) /M where M is a typical CC mass. g
can be small as long as M/(S ) is correspondingly small. ]
If g &10 ' then

56 & lo-" .

3. Mass of colored fermions in Higgs supermultiplets

If these Higgs supermultiplets, which we denoted X in
Eq. (4), do not couple to S at the tree level, which may
easily be a consequence of the family, discrete, or global
syrnrnetry we imposed, then the colored fermions in these
supermultiplets will have real tree-level masses by CP.
The radiative corrections will involve (generally) loops
with superheavy virtual particles circulating in them. By

There are also loops involving the exchange of the su-
perheavy S fields. The two-loop diagratn of Fig. 5(a) is
real as can be seen as follows. Go to the basis in which
the whole quark mass matrix is diagonal, and where the
(mass) matrix of the S, is diagonal as well. Then we will
have Yukawa couplings as g"„(qs q L)Sk where g"„ is
complex. Then the diagram in Fig. 5(a) is proportional to

gk g"„g"„Ikwhich is real. The first complex diagram is
the three-loop diagram in Fig. 5(b) which goes roughly as

4
5m -ms(g3) f(masses),

4(2n )

where g stands for a typical g"„. We then have

u,
dL

H i& &+I

FIG. 3. The first contributions to argp for which the phases
do not cancel are at four loops.

FIG. 4. The first contributions to the phase of the gluino
mass in supersymmetric Nelson models arise at three loops.
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(a)

se&

energy effective theory is just the SUSY standard model
with complex Yukawa couplings, i.e., the supersymmetric
version of the KM model. These authors find that the
first complex contribution to the quark masses arises at
four loops and gives a 8 of order

. 2 -2
2 2

u2 m m& 2 ]3S ]$2S3ss = 10 . ( 12)
m4

In fact this may be the largest contribution to 8 in this
class of models. [The contribution in Eq. (10) could be
larger ifg & 10 .]

K. Conclusions about Nelson models

FIG. 5. Contributions to the phase of the gluino mass involv-

ing superheavy S fields.

the nonrenormalization theorems of supersymmetry these
will be suppressed by (ms/MoUr ) with respect to the su-

perheavy tree-level masses. Hence we can neglect the re-
sulting phases which will be && 10

4. Radiatively induced "forbidden" terms

We needed to forbid certain types of terms to get
8„„=0.We will consider the radiative corrections to
these in turn. (a) Radiatively induced FC terms, since
they break both SU(2)XU(1) and SUSY, are of order
(at n loops) (g'/16m')"G 'r"ms/M«r. (The Mo„'r
reflects the mass of particles running around the loops. }
The g are coupling constants appearing in those loops.
From Eq. (2) one sees that this contributes to detM& a
term of order

On the one hand, SUSY constrains Nelson-type models
to the extent that the Higgs fields that break CP and com-
municate that breaking to the quark fields must be sing-
lets under any group that contains SU(3), . This means
that some of the representations that appear in C must
appear in F (so that F&( C 0 1). However, these con-
straints are not onerous since simplicity and economy
might suggest this anyway. On the other hand, SUSY
greatly helps the Nelson models in that e only gets con-
tributions that are of order (m /MoU~) or that arise at
three loops or higher. This is to be compared to the
non-SUSY case where 8 receives contributions at one-
loop level. These one-loop contributions are of order
g /16m in the notation of Eq. (9), and constrain these g
to be ~ 10, which seems uncomfortably small. In the
SUSY version, by contrast, the first contribution depend-
ing on these couplings is the three-loop one given in Eqs.
(9) and (10), which only constrains g &10 '. Thus in
spite of a host of potentially worrisome new contributions
to 6 arising fro]n supersymmetry (complex contributions
to ]u, m3, and colored Higgsino masses) it appears that
the Nelson models actually give a smaller 8 in their
SUSY than in their non-SUSY versions.

m
(GF 'i m ') « &10

16m GUT GUT

times the tree-level value. Thus the corresponding
5e«10 ' . (b) The same reasoning and result apphes
to the CC and CC terms. (c) The complex radiative
corrections to the CC terms are proportional to SUSY
breaking. Thus compared to the 0(MoUr) tree-level
values they are suppressed by (g /16m )"ms /MoUr,
where again the g are couplings and the (16' )

' are
loop factors. So 56 «ms/MoUr & 10 ' . (d) Finally,
there are the radiative contributions to the FF terms. If
these involve virtual superheavy particles then the argu-
ment based on the nonrenormalization theorems again
will give a result of order mg/MGUT. However, in this
case there are also diagrams involving only light particles
which we will discuss next.

5. Radiative corrections to quark mass
in the low-energy effective theory

These effects are essentially the same as those con-
sidered by Dugan, Grinstein, and Hall, " since the low-

III. MODELS WITH REAL QUARK MASSES

Here the story is not quite as hopeful. There actually
exists a supersymmetric model of this type in the litera-
ture. ' The idea is that at the tree level the whole quark
mass matrix is real (not just its determinant). Thus
8„„=0.This requires that CP violation in the kaon sys-
tem be mediated by a new force. In Ref. 15 this was a su-
perweak force mediated by a light colored Higgs boson.
In Ref. 14 it was a milliweak force mediated by scalar
quarks. In the SUSY model of Ref. 14 it was found that
the gluino mass gets complex contributions at two loops
that tend to give a value for 8~ 10 . The true value
can be much smaller than this "naive" estimate because
various ratios of unknown parameters are involved.
However, the tendency does appear to be that 8 comes
out larger (and possibly too large) in the supersymmetric
versions of this kind of model than in the nonsupersym-
metric ones. Moreover, the communication of the CP
violation from the singlet fields that give rise to it to the
light fields needs to be more indirect in the SUSY models
of this type than in the SUSY Nelson models. For exam-
ple, in Ref. 14 the fields that get superlarge CP-breaking
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VEV's must couple to other superheavy gauge-singlet
superfields (that do not acquire VEV's) to give them com-
plex masses, and these in turn must couple to the squarks
to give them (after the superheavy fields are integrated
out) complex masses. Thus a kind of "middleman" field
is required.

A new possibility for the real quark mass matrix mod-
els arises in SUSY, however. The field mediating the mil-
li or superweak force could be a light doublet superfield
such as H or H' except that it does not acquire a VEV (or
else M& would be complex at the tree level). If we call
this field X then one can invoke the nonrenormalization
theorems of supersymmetry to forbid the dangerous
(H'X) couplings that would give (X)&0. However,
such coupling will arise at one loop from diagrams such
as that in Fig. 6. Unfortunately, it would seem that these
contributions to 8 tend to be too large.

The upshot is that, while models with real quark mass
matrices can be (and have been) constructed in the con-
text of supersymmetry, supersymmetry is a complicating
factor that makes it much more difficult to keep 8 within
bounds.

IV. CONCLUSIONS

The presence of low-energy supersymmetry does not
give rise to any new approach to the old problem of large
CP violation in strong interactions. In fact one might say
that the problem becomes even more acute in the SUSY
context. In the standard model, once one gets rid of the
8 contribution to d„, the remaining contribution due to
the presence of the only CP-violating phase, 5„M, is negli-

gibly small. In SUSY apart from 8 and 5„M one has in

general two additional CP-violating phases and, thus, ad-
ditional care must be taken that they do not induce a too
large d„'. As for the 8 contribution itself, it is true that
in a theory with exact or spontaneously broken global
SUSY no infinite renormalization to 8 may arise due to
the nonrenormalization theorems. ' However, finite con-
tributions can still be large and, in any case, in the attrac-
tive X =1 supergravity models global SUSY is explicitly
broken at low energy through soft-breaking terms. Then
8 can undergo infinite renormalization since the gluino
mass receives logarithmically divergent contributions.
Given that there is no specific SUSY way to solve the
strong CP problem, it behooves us to reconsider the two
standard approaches, PQ symmetry and spontaneous CP
violation, in the SUSY context. Our conclusions can be
summarized as follows.

(i) PQ solution. 6 is made inoffensively small; howev-
er, the two additional SUSY CP-violating phases give rise
to a too large d„' unless they are +10 to 10 and/or
gluino and squark masses are rather high ( —1 TeV).
Even using the minimal Polonyi way of breaking local
SUSY one is left with an extra phase at low energy and so
the same problem is faced. This extra phase can be
avoided only if no tree-level gluino mass is present, but
this seems untenable in view of the recent experimental
lower bounds on gluino masses. Finally, we should re-
mind the reader of a well-known difficulty in implement-
ing the PQ mechanism: the scale of PQ symmetry break-
down should lie between 10 and 10' GeV for cosmologi-
cal and astrophysical reasons, ' a situation which results
in rather complicated SUSY GUT schemes.

(ii) SBCP solution. We have analyzed the SUSY ver-
sions of two SBCP classes of models, the Nelson and the
real quark-mass types of models. The presence of SUSY
leads to an improvement in particular in the former case.
Indeed the radiative contributions to 8 arise only at the
three-loop level, or are suppressed by m /MGUT factors.
Thus SUSY makes things easier with respect to the origi-
nal non-SUSY Nelson proposal without needing any par-
ticular additional complication. Indeed, it is true that in
the SUSY context there are additional potential dangers
of a tree-level contribution to 6 after CP is spontaneously
broken; we have, however, shown that these risks can be
relatively easily averted at least in the Polonyi realization
of the hidden sector.

In conclusion, we think that with or without SUSY the
strong CP problem remains open. The PQ alternative
does not benefit from the presence of low-energy SUSY
and, in fact, at least for sufficiently light (-100 GeV) su-
persymmetric masses the new SUSY phases must be rath-
er small (-10 —10 ). On the other hand, the SBCP
alternative, at least in its Nelson implementation, be-
comes, in the SUSY context, safer than in the original
non-SUSY version. Clearly the presence of extra sources
of CP violation in SUSY leads, as we have seen, to values
of d„' which may lie just around the corner of the present
experimental bounds. An increasing effort in this experi-
mental direction should be even more eagerly awaited to
the extent one believes in low-energy supersymmetry.
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APPENDIX A

We assume a superpotential of the form

F(z,z)=f (z')+ f(z), (A 1)

where z' is the ordinary sector superfields and z the hid-
den sector superfield. We take f to have the Polonyi
form

f(z ) =m ~ (lrz+P), (A2)

FIG. 6. A type of diagram that destabilizes the (X ) =0 vac-
uum needed in the real-quark-mass matrix models.

where z =8m/Mp&. Then the ordinary Higgs potential
will be
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V=exp a g/z'/ + /z
f

a

+D terms .

g (Bf/r) '+ ' "(f+f)('+ )Bf/& + ' '(f+f) ('—3 '( f+f ('
a

(A3)

Following Hall, Lykken, and Weinberg we assume that

df /Bz'=0, f (z')=0, D terms=O

at the minimum of V. Let us define h =~z then

(A4)

V=exp a g ~z'~ e' ' g +ir z'e[f +mir (h+p)] +
~

ma '+i4h'[f+mi~ (h+p)]
~

8
az'

—3~'
[ f +m ~-'(h +P)

[

' (A5)

The constant term in V, i,e., the cosmological constant, is

A e l~ i'mzir-2(
[ 1+

)
h (2+ph (2 3) h+p(2)

For this to vanish requires that

/1+ /h f'+Ph'/'=3/h+P/'.
The quadratic term in z' is

V2
—g/z'/ m e'"' (/I+ /h f

+ph'/ —2/h+p/ )=g[z'f m e "' /h+p/ = /mg/ g/z'/

(A6)

(A7)

(A8)

where

m ~2e lb I
/2 (A9)

V(h, P)= V =0.
p t;,p

(A14)

The cubic terms in z' are

V3=e '" ' g " z' m(h'+P")z Qf

Bz

But from the form of V we see that it is invariant under
the transformation p~e' p, h ~e' h. Thus at

p= pe' —=p and h =he': A it will also—be true that

+m(1+ ~h ~'+Ph')hf"
V(t P)= =0. (A15)

—3m(h ~+p~)f +H. c. (A 10)

If we denote the terms of order (z')" in f by f„, so that
f =f3+f2+f, then the coefficient of f3 in the low-
energy effective SUSY-breaking terms is

C3 ——e '
"

' mh '(1+
~

h
~

+p*h), (Al 1)

while that off2 is

Cz ——e '" ' m(h'
/

h
f

+P*
/

h
/

+P'), (A12}

C3 and C2 are proportional, respectively, to the conven-
tional parameters A and 8.

Now we want V(h, p)=0 (i.e., A=O) at the minimum
BV(h, P)/Bh =0, where

l g &k —G/2G&G~ —liap= 4fa/ i k (A16)

where a,p are indices in the adjoint representation of the
gauge group. G is given by

G = ——,'gz;z'* —lnf/2 —lnf /2, (A17)

if we choose a "canonical" form of the Kahler metric

So for this value of p it also is true that A vanishes at the
minimum. Thus Pe' for any 8 is an equally good value
to tune p to. However, if we look at Eqs. (All) and (A12)
we see that Cz and C3 acquire phases e ' . Since C2 and

C3 get the same phase this is equivalent to m getting a
phase and the parameter A (and 8) remaining real.

We must also look into the phases of the gaugino mass.
The gaugino mass matrix is given by

V(h, P)=e~ ~ m ir (/1+ /h
/

+Ph G,
' =BG /Bz'*, G =—BG/Bzi .

—3 [ h+P['} . (A13)

This requires a tuning of the p parameter to take some
special value p. For p=p then there is an f such that

f is the full superpotential. f &
is an analytic function of

the z'. There are two cases to consider: m3 ——0 at the
tree level or m3&0 at the tree level. The first case can
arise if one chooses the "canonical" form f & 5&. ——
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Then f'&k =0. In that case, m3 comes from loops and

its phase is computable in terms of argA, argp, and
argms. (The phases of the quark masses and Yukawa
couplings cancel in these loops. ) Thus, we have only
three "new" phases to worry about: those of A, p and
m . But as discussed in the text two phases can be rotat-
ed away using R rotations and rotations of the H
superfield. This leaves one "new" phase. If the hidden
sector is Polonyi, then as we showed A is real. This
reduces the number of "new" phases to zero. Thus the
one-loop contribution to d involving the squarks and
gluino vanishes.

The more realistic case is that m3&0 are the tree level.
In this case f'&&0 [a,PCSU(3)] for some z". It would
seem that in general in a theory with explicit CP violation
not only would m3 be complex, but its phase would be
unrelated to the phase we found for mg above. In this
case one would expect there to be a one-loop contribution
to d involving the squarks and gluino. In order for this
contribution to be sufficiently small then one must either
fine-tune the CP-violating phases (by about 10 or 10 )

or one must have m3, etc. , be sufficiently large to make
the diagram small. In the next appendix we will deal
with the case of models with spontaneous CP violation.

breaking terms is the following. Suppose there is some
singlet field J that couples to (HH') in the superpotential.
Then in the soft term m (HH') there is a contribution to
m given by

5m~ =g fAJ (z ) fJjffj
A

(84)

g TA =g „+ir2zA*(f+f)
A A

(85)

These would appear to contribute cross terms of the form

g TA Zg „+i~'z"'f ~'z" f .a.r (86)

It would seem that the coefficients of the quadratic and
cubic soft terms which we denoted C2 and C3 would pick
up a contribution of

Here fjz&. (9——/BJBHBH')f and fAJ =(i) /Bz "BJ)f.
Since CP is spontaneously broken this can be complex.

There is a further apparent source of low-energy CP
violation which turns out not to be genuine. In Eq. (A3)
one sees the terms

APPENDIX B
C„= ~ +~'z"* ~'z"Bf

A
(87)

In models with spontaneous CP breaking the parame-
ters iM and P (of the Polonyi sector) start out to be real at
the tree level. However, CP is broken by the complex su-
perlarge VEV's of some Higgs fields. The question is
what effect this has on the CP properties of the low-
energy soft SUSY-breaking terms.

We take the superpotential to be as before
F(z', z }=fo(z')+ fo(Z). At the tree level all the param-
eters of F are CP conserving. Let us distinguish the fields
z' into z and z". The z have Fermi-scale VEV's that
can be neglected relative to Mp&, while the z" are the
Higgs bosons that have GUT-scale VEV's, which are
needed to break unified gauge symmetries and CP. In
general (fo(z, z"))„„=f0(0, (z"))&0. Moreover, if
(z") breaks CP one would expect typically that (fo)
would be complex. Let us shift

with

l (f~k —G/2G ~Gii —li
aP 4 aP i k (88)

6 = ——,'g z;z" lnf /2 f*/2— — (89)

However, the minimization of the potential V leads to the
conditions (8 /Bz~)(g AT A)=0 for all B. This implies
that (Bf/dz "+a z"'(f+1'))0=0 for all A. Since,
after shifting, (f ) =0, this makes the contributions 5C„
vanish.

There is one more genuine CP-violating effect in the
soft SUSY-breaking terms that we must worry about: the
phase of the gluino (and generally gaugino) mass. The
gaugino mass matrix is given by [see Eqs. (A16) and
(A 17)]

f(z}=f,(z)+(f, ) .

Then

(81)
for canonical Kahler metric.

Now let us see what conditions are required to ensure
that the strong CP problem is solved in theories with
spontaneous CP violation. First, there is the effect that
P ff given by Eq. (83) as

(82)
P,ff=P, +m 'ff'( f, & (83)

where

P„—=P,+m -'~2(f, ) . (83)

This shift makes (f (z })=0 at the potential minimum
as assumed in Appendix A, so that the P of Appendix A
is what we call p, ff here. Thus if p, ff has a phase coming
from (fo ) it will show up in the soft term
( A —1)mg p(HH').

Another source of CP violation in the soft SUSY-

could be complex. As shown in Appendix A, and above,
this woulci lead to a phase in the coefficients C2 and C3.
(In fact it is effectively a phase in m .) This in turn would
give a phase in the soft term mgHH This would finally
show up as a relative phase of ( H ) and ( H' )* and hence
as a contribution to eQFD:argdetM&. CP guarantees
that Po and m 'ir in (83) are real. But when CP breaks
spontaneously it could be that (fo ) is complex. To solve
the strong CP problem in supersymmetric SBCP models
then we must ensure that
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(condition I) f (z =0, (z ")0) =real (B10) must require that

is satisfied (here z" are the superfields with superlarge
VEV's, while the z are those with VEV's of order mg).
It is easy to find superpotentials that satisfy condition I.
For example, consider a form given in Ref. 14:

(condition III) fP—~G'Se =real .

An easy way to do this is to require that

fi'i =o

(B16)

(B17)

f (z') =f„(z')+fcpx(P X) (Bl 1)

fcpx=X(4 +M )

Then
2 2

(B12)

where f„((z')0)=real and fcpx is the part of the super-
potential that spontaneously breaks CP, given by

[f33 stands for f &
with a,PE SU(3),].

Altogether, then, we have seen that there are three ad-
ditional constraints on the construction of supersym-
metric models with spontaneous CP violation that must
be satisfied if the strong CP problem is to be solved. And
we have also seen that these constraints are easily
satisfied in Nelson-type models.

APPENDIX C

= 14'+M'
I
'+4

I X4 I

' (B13)

This is minimized by (X)=0 and (P) =+iM The.

phase of ( P ) breaks CP but at its minimum

f ((P &, (X & ) =0=real . (B14)

In the case of the Nelson models the field P corresponds
to what we have called S in the text; and f„(z') contains
terms that involve S, namely, (FC)S Yukawa terms.
Since normally the quark and lepton superfields F and C
will not acquire VEV's, however, we have assumed that
f„((z') )=real.

The second source of trouble that we identified was the
terms shown in Eq. (B4). These would also lead to a rela-
tive phase between (H ) and (H')' and thus a contribu-
tion to argdetMQ:eQFD The second condition we
must impose is thus

(condition II) g f„&'(z")'fez ——real .
A

(B15)

In Nelson models this is also easily satisfied. The only
(z") that are complex in Nelson models are (S). We
already have forbidden HH'S terms in the construction
of Nelson models [see discussion after Eq. (4) of text].
That means J&S. Condition II is automatically satisfied
then as long as there is no other superfield J that couples
to HH' and also mixes with S. But there is no reason to
introduce such superfields.

Third, and finally, we must worry about the gluino
mass. The phase of this directly contributes to e. Using
Eq. (B9) we get Gk"= ——,'5'k. Moreover

Gs ——BGBS*= ——S — (FC )+1 — r)fcpx(S)
4 as

At the minimum this is ( Gs );„=——,
' ( S )

—((dfcpx/dS) /f ). This could be complex, and in

general is. The other terms such as GF and Gc which in-

volve s vanish at the minimum and so are not dangerous.
The dangerous term is then

M = f' G'—
To ensure that the gluino mass is real at the tree level we

We will show that in the SUSY versions of the Nelson
models the superfields S must be singlets under any sim-

ple group, G, containing SU(3)c as a subgroup. Let us

suppose S is not a singlet under G. Then it will contain
colored components. Moreover, since it is a superfield, it
will contain colored fermions. The basic problem is to
find a means by which to give the color-singlet, scalar
components in S complex VEV's without giving the
colored, fermionic components of S complex masses.

To see the problem let us try a particular example. Let
us consider a superpotential that contains among other
terms

fDa g(SS')+gg(i); )+MSS' . (Cl)

The superfields g; are G singlets whose role it is to break
CP spontaneously. g(i), ) is a function suitably designed
to do this. The field g is a G singlet whose role is to com-
municate the CP breaking to S. The term

1
Bf/Bg

1

in

the potential contains cross terms proportional to
SS'g(i);) . This introduces CP violation into the poten-
tial for S. (S' is just a superfield in the representation of
G conjugate to S needed to make a G-invariant term in

f.) The term MSS' is required to give inass to the
colored fermions in S. M may be a VEV of a scalar field
or it may be an explicit (real) mass parameter in f. Now,
note the problem, which is that VD 1'/BS'1
D 1a(S+MS1 . This contains a terin linear in g that
forces it to have a VEV. (Actually even if M =0 the soft,
SUSY-breaking term Amg [gg(rj; )] will be linear in g and
ensure that (g)&0.) Because of its coupling to i), , the
VEV of g will inevitably be complex. The result is that
the colored fermions in S get complex masses through the
agSS' term. We chose g to be G singlet. If we had
chosen g to be nonsinglet then (S) (which must be com-
plex to give CP violation in the kaon system) would have
led directly to complex masses for the colored fermions in

g through the same a ASS' term.
Through arguments of this sort it is possible to show

that, for any reasonably simple superpotential, if S is a 6
nonsinglet the colored fermions in S will acquire complex
masses. It may be possible to avoid this problem, but to
do so would probably require a complicated and artificial
form for the superpotential, which is certainly undesir-
able in a solution to a "naturalness problem. "
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