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Dynamical relaxation of the CP phases in next-to-minimal supersymmetry
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After promoting the phases of the soft masses to dynamical fields corresponding to Goldstone bosons of
spontaneously broken global symmetries in the supersymmetry breaking sector, the next-to-minimal supersym-
metric model is found to solve them problem and the strongCP problem simultaneously with an invisible
axion. The domain wall problem persists in the form of axionic domain formation. Relaxation dynamics of the
physicalCP-violating phases is determined only by short-distance physics and their relaxation values are not
necessarily close to theCP-conserving points. Having observable supersymmetricCP violation and avoiding
the axionic domain walls both require nonminimal flavor structures.

PACS number~s!: 12.60.Jv, 11.30.Er, 12.60.Fr, 14.80.Mz
n
m

e

-
th

rk

a
-

ll

s
m

lly
s

in

tri
x

t
t

e
e
e

th
-

hy
s
e

eak
tric
e
m
e

e
le
ms

vi-
re-
of
all
e

to
on

e-
eby
ari-
era-

ses
CD
the

he
eir

nd
er.
I. INTRODUCTION

The present bounds on the electric dipole mome
~EDM! of the particles generate serious hierarchy proble
concerning the amount ofCP violation. To be specific, let us
consider the neutron EDM@1#. It is well known that the
QCD vacuum angle (uQCD) induces a neutron EDM which
is approximately ten orders of magnitude larger than the
isting bound. This is the source of the so-called strongCP
problem, that is,uuQCDu&10210 instead of the expected or
der of unity. This naturalness problem is nicely solved by
celebrated Peccei-Quinn mechanism@2# which promotes
uQCD to a dynamical variable via the phases of the qua
@2–4# or additional color triplets@5#, and then relax it to zero
thanks to the instanton-induced effective potential.

In the realm of supersymmetry in particular the minim
supersymmetric standard model~MSSM!, there arises the su
persymmetric~SUSY! CP problem in addition to the strong
CP problem. Indeed, the soft-breaking parameters as we
the m parameter can have nonvanishing phases@6#, leading
to a neutron EDM exceeding the bounds by three order
magnitude, except for certain portions of the SUSY para
eter space where different sparticle contributions cancel@7#.
However, it is clear that even if SUSY contributions partia
cancel, to agree with the experiment, this is by no mean
complete solution of the problem because the strongCP
problem is still there.

A simultaneous solution to both strongCP and SUSY
CP problems has been shown to exist@8# if there are spon-
taneously broken global symmetries in the SUSY-break
sector. Here all soft masses as well as them parameter pos-
sess dynamical phases which realize the global symme
in the SUSY-breaking sector nonlinearly. In effect, the rela
ation mechanism proposed in@8# involves promoting the
phases of the soft masses to dynamical variables so tha~i!
the phases in the quark and gluino mass matrices relax
QCD vacuum angle, and~ii ! all phases appearing in th
vacuum energy relax toCP-conserving points due to th
radiative stability of the vacuum energy. While the form
solves the strongCP problem the latter solves the SUSYCP
problem. Therefore, the end result of this mechanism is
there is no source ofCP violation beyond the Kobayashi
Maskawa~CKM! phase.
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However, the MSSM suffers from a serious hierarc
problem: them puzzle. Namely, the Higgsino bilinear mas
parameter,m which follows from the superpotential, can b
anywhere between the weak scale and the Planck scale@9#.
In fact, the relaxation mechanism in@8# treats them param-
eter as a soft mass which is already stabilized at the w
scale. In this context, the next-to-minimal supersymme
SM ~NMSSM! @10# is the most economic extension of th
MSSM in which them parameter is induced by the vacuu
expectation value~VEV! of an additional gauge singlet. On
notes that the NMSSM not only solves them problem but
also offers a rich phenomenology for colliders@11# and dark
matter@12#.

In this work we will discuss dynamical relaxation of th
CP phases in the NMSSM in order to check if it is possib
to have a simultaneous solution to the hierarchy proble
concerning the strongCP, SUSY CP and them parameter.
It will be seen that the generalization of them parameter to a
local operator modifies the infrared and ultraviolet sensiti
ties of the vacuum energy whereby offering a different
laxation mechanism. In particular, the radiative stability
the vacuum energy will no longer be sufficient to relax
CP-violating phases toCP-conserving points. In fact, ther
will be remnant physical phases that can contribute
CP-violating quantities such as EDMs or neutral mes
mixings.

In Sec. II we identify the possible sources of explicitCP
violation in the tree level NMSSM Lagrangian. We then d
termine the symmetries of the superpotential, and ther
show the need for promoting the phases to dynamical v
ables. Here we also list all possible phase-dependent op
tors which can contribute to the vacuum energy.

In Sec. III we analyze the dynamical relaxation proces
for the phases. First we discuss the relaxation of the Q
vacuum angle. Next we estimate radiative corrections to
vacuum energy, and show that the SUSYCP-violating
phases no longer relax to theCP-conserving points.

In Sec. IV we discuss the MSSM limit and show that t
differences between the two models follow mainly from th
global symmetries and assumptions about them parameter.

In Sec. V we summarize the main results of the work a
compare them with those of the MSSM in a tabular mann
©2000 The American Physical Society03-1
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We discuss also the implications of the results for ot
CP-violation phenomena.

II. CP-VIOLATING PHASES IN THE NMSSM

The superpotential of the NMSSM is given by

Ŵ5hsŜĤu•Ĥd1
1

3
ksŜ

31huQ̂•ĤuÛc

1hdQ̂•ĤdD̂c1heL̂•ĤdÊc, ~1!

where the Yukawa couplingshs , . . . ,he are non-Hermitian
matrices in the flavor space. The Lagrangian of the mo
consists of several complex parameters

2L{~hsks* S* 2Hu•Hd1H.c.!1S 1

2
mll̃l̃

1AsSHu•Hd1
1

3
AkS

31AuQ•HuUc

1AdQ•HdDc1AeL•HdEc1H.c.D , ~2!

where the first term is theF-term contribution, and the res
are all soft SUSY-breaking ones. In general the gaug
massesml as well as the triscalar couplingsAs, . . . ,e are all
complex quantities. The Higgs sector of the theory has th
parameters,hsks* , As andAk which can violateCP. After all
phase redefinitions of the Higgs fields there remains one
dependent phase, say Arg$hsks* %, which violatesCP explic-
itly. This can be seen from the fact that the mass-eigens
scalars are mixtures of differentCP eigenstates@13#. This
tree levelCP violation is a property of the NMSSM. Fo
comparison, one notes that in the MSSM there is no s
effect because possible phase ofm12

2 appearing in
m12

2 Hu•Hd can be rotated away after a phase redefinition
the Higgs doublets. Therefore, the only way for generat
CP violation in the MSSM comes by the radiative corre
tions @6#.

The NMSSM superpotential~1! possesses a global con
tinuousR-symmetry,U(1)R .1 In fact, this would be a sym-
metry of the whole Lagrangian were it not for the fini
gaugino masses (ml) and A terms. Therefore, the soft
breaking terms break theU(1)R symmetry down to itsZ3
subgroup which causes the formation of domain walls@14#.
With finite soft masses the only way of keepingU(1)R sym-
metry unbroken is to let them have dynamical phases tra
forming as

~ml ,As ,Ak ,Au ,Ad ,Ae!→e2 iRŴa~ml ,As ,Ak ,Au ,Ad ,Ae!,

~3!

1Under anR-rotation u variable has chargeRu5Rl5RŴ/2. If a
chiral superfield has chargeRx then the charges of its scalar an
fermionic components are, respectively,Rx andRx2Ru .
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wherea is theU(1)R rotation angle, andRŴ is the charge of
the superpotential~1! @15#. Therefore all of the gaugino
masses and triscalar couplings are now spurions with cha
compensating those of the fields, and the theory has a un
global symmetryU(1)R . The same operation of promotin
the soft phases to dynamical variables in the MSSM, ho
ever, results in two global symmetries: anR-symmetry and a
Peccei-Quinn symmetry@8#.

Let us first discuss the tree level vacuum energy. Af
introducing the dynamical phases~3! the NMSSM vacuum
manifold is described by the Higgs fields,S, Hu andHd , and
dynamical phases ofAs andAk . Therefore, a direct minimi-
zation of the vacuum energy gives the relations

Arg@SHu•Hd#5Arg@As* #, Arg@S3#5Arg@Ak* #,

Arg@AsAk* #5us2uk , ~4!

whereus5Arg@hs#,uk5Arg@ks#, and the Higgs fields here
are replaced by their vacuum expectation values~VEV!.
These relations fix the phases of the Higgs fields in terms
As andAk phases such that the relative phase betweenAs and
Ak equals the phase content of theF-term contribution in Eq.
~2!. Similar relations are also found in the MSSM
Arg@m12

2 #52Arg@Hu•Hd# after minimizing the vacuum en
ergy @8,6#.

Any physical quantity with a nontrivial phase content
restricted to depend onlyU(1)R-invariant combinations of
the mass parameters. Since the Higgs fields eventually
quire VEV’s they can also be included in the list of phas
dependent invariants. Depicted in Table I are sets of pha
dependent invariants having mass dimensiond52 ~first
column! andd54 ~second column!. The phase of each com
bination is listed in the third column in terms of the indepe
dent phases

fs~x!5Arg@mlAs* #, fk~x!5Arg@mlAk* #,

f f~x!5Arg@mlAf* #, ~5!

which will prove useful in comparing the results with tho
of the MSSM. In Table I,uHu25$uSu2,uHuu2,uHdu2% stands

TABLE I. Phase-dependent,R-invariant,d52 andd54 opera-
tors and their phases.

Nonmarginal
operators
(d52)

Marginal operators
(d54) Phase content

AsAk* AsS
3, AsAk* uHu2 fs2fk

AfAs* AfSHu•Hd , AfAs* uHu2 f f2fs

AfAk* AfS
3, AfAk* uHu2 f f2fk

mlAs* mlSHu•Hd , mlAs* uHu2 fs

mlAk* mlS3, mlAk* uHu2 fk

mlAf* mlAf* uHu2 f f

mlAfAk* As* fk1fs2f f

mlAf* AkAs* f f1fs2fk

mlAf* Ak* As fk1f f2fs
3-2
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DYNAMICAL RELAXATION OF THE CP PHASES IN . . . PHYSICAL REVIEW D62 075003
for the quadratics of the Higgs fields. These phase-depen
operators are all determined by theR-invariance arguments
However, their contribution to the vacuum energy depe
on the diagrammatics, and this will be done in the next s
tion. The radiative stability of the vacuum with respect to t
phases will realize the relaxation process.

III. DYNAMICAL RELAXATION OF THE CP PHASES

It is clear from the superpotential~1! that the fermion
superfields cannot be assignedR-charges likeRQ52RU or
RQ52RD or RL52RE ; therefore,U(1)R has to have a
quantum mechanical anomaly with respect to both QCD
QED. ThenU(1)R is a nonlinearly-realized global symmetr
of the Lagrangian, and the phase fields above are nothing
the Goldstone bosons of some spontaneously broken gl
symmetries in the SUSY-breaking sector. The QCD anom
of U(1)R shifts the QCD vacuum angle asuQCD→uQCD
1GR(x). SinceGR(x) is a Goldstone boson it would have
strictly flat potential were not it for the instanton effects
the QCD vacuum which develops a potential such t
^GR(x)&52uQCD whereby solving the strongCP problem
@2,3,5,4#. The resulting massive pseudoscalar is theR-axion,
aR , having massmR;mp f p /MSUSY and decay constantf R
;MSUSY. These axion parameters are in the invisibleaxion
window @16# as long asMSUSY refers to an intermediate
scale. In fact, theR-axion here is both a Kim-Shifman
Vainshtein-Zakharov~KSVZ! axion ~through the gluino
phase! and Dine-Fischler-Srednicki-Zhitnitskii~DFSZ! axion
~through the phases of the Higgs doublets!. Needless to say
exactly the same kind of relaxation effect occurs also in
MSSM with the associatedR-symmetry@8#.

The soft breaking Lagrangian~2! consists of four inde-
pendent phases Arg@As#, Arg@Ak#, Arg@Af # and Arg@ml#.
Clearly one combination of these four fundamental phase
spent in relaxing the QCD vacuum angle. However, the
maining three phasesfs(x), fk(x) and f f(x) cannot be
determined through the QCD effects. Therefore, one m
check the long-distance~electroweak interactions! and short-
distance~interactions around Planck scale! contributions to
find their relaxation points.

Relaxation of the effective QCD vacuum angle occurs
its instanton-induced potential. Similar to this, we now lo
for the possibility of inducing potentials for the phases of t

FIG. 1. Sample diagrams generating some of themarginal op-
erators in Table I. The dot on the gaugino line shows the gaug
mass insertion.
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operators in Table I. To do this we compute the coefficie
of these operators. The operators with mass dimension
~the second column in Table I! aremarginal operators, that
is, their contribution to the vacuum energy is alwa
weighted by dimensionless coefficients. On the other ha
operators with dimension two~first column of Table I! are
nonmarginal operators in the sense that their coefficien
should have always mass dimension two. The divergence
themarginaloperators could be at mostlogarithmicwhereas
those of thenonmarginalones arequadratic.

We first calculate the contributions of themarginalopera-
tors to the vacuum energy. Depicted in Fig. 1 is a set
sample diagrams that generate some of the operators in
second column of Table I. Here~a!, ~b!, ~c! and~d! generate,
respectively,hshf* AfSHu•Hd , hsmlSHu•Hd , hsmlAs* uSu2

andhfmlAf* uHuu2. All the remaining dimension-four opera
tors can be generated using similar diagrams. For exam
the diagram~e! in Fig. 1 generateshtkshs* mlAf* Ak* As . One
notices that evaluation of each diagram in Fig. 1 produce
marginal operator belonging to Table I; however, each co
tribution is conveyed by a by a nondynamical phase ass
ated with the Yukawa couplings. Letting the loop momen
vary from m3/2 to M Pl , on dimensional grounds, themar-
ginal operators contribute to the vacuum energy as

~DV! long5m3/2
4 logS M Pl

2

m3/2
2 D $ca cos~fs2f f1us2u f !

1cb,c cos~fs1us!1cd cos~f f1u f !

1ce cos~f f1fk2fs1u f1uk2us!1•••%,

~6!

where the subscriptlong emphasizes that this potential
sensitive to long-distance (m3/2

21) physics; its dependence o
short-distance (M Pl

21) physics is only logarithmic. In this ex
pression the dimensionless parametersca , . . . ,ce are, re-

o

FIG. 2. Diagrams generating thenonmarginaloperators in Table
I. The dot on the gaugino line represents the gaugino mass in
tion.
3-3
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spectively, the weights of the diagrams~a!, . . . ,~e! in Fig. 1,
and the ellipses stands for contributions of the diagrams
generate other marginal operators listed in Table I. Here
weight factorsci consist of the Yukawa and gauge couplin
as well as the loop suppression factors.

After estimating the contributions ofmarginal operators,
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we now compute those of thenonmarginaloperators in the
first column of Table I. Depicted in Fig. 2 are the loop di
grams@~a!, . . . ,~f!# generating the relevant operators in row
(1, . . . ,6) ofTable I, respectively. On dimensional ground
the nonmarginaloperators contribute to the vacuum ener
as follows:
~DV!short5
M Pl

2 m3/2
2

~4p!6 S cf cos~f f1u f1d f !1 c̄s cos~fs1us1ds!1 c̄sk cos~fk2fs1uk2us1dsk!

1cf s cos~fs2f f1us2u f1 d̄ f s!1
cf k

~4p!2
cos~fk2f f1uk2u f1d f k!1

ck

~4p!2
cos~fk1uk1dk!D , ~7!
,
he
a

the
ing
In
ce

rs

en-
ns
le.

cou-
ol-

q.
If
re-

ce-
still

re-
he
where the subscriptshort stresses that this contribution
highly sensitive to short-distance physics due to its quadr
dependence onM Pl . In this expression,c̄i stands for the
weight of thei th diagram in Fig. 2, andd̄ i its possible phase
shift beyond the ones coming from the Yukawa couplin
One notices thatc̄i here does not include the loop factor
they are functions of only Yukawa and gauge couplings. T
additional phase shiftsd̄ i represent possible sources ofCP
violation at short distances. IfCP is spontaneously broke
together with supersymmetry they can be taken at theCP
conserving points. This is the case in the supergravity s
narios@17# so that we will take it for granted by setting alld̄ i
to zero@8#.

So far we have assumed all Yukawa couplings to h
arbitrary nondynamical phases. However, it is possible
rotate the quark fields such that the phases ofhu andhd are
transferred to charged current vertices via the Cabib
Kobayashi-Maskawa~CKM! matrix. In the SM the CKM
matrix is the only source ofCP violation, and its size is
characterized by the Jarlskog invariant J
5Im@VudVtd* VtdVub* #. Contribution of this parameter to th
vacuum energy is ofO(a/4p)2J which is much smaller than
the supersymmetric ones. Indeed, the Higgs sector Yuk
couplings (hs and hk) have important differences fromhu
andhd concerning the loop structures in Figs. 1 and 2.

The vacuum energy with radiative corrections takes
form

V~f f ,fs ,fk!5Vtree1~DV!short~f f ,fs ,fk!

1~DV! long~f f ,fs ,fk!, ~8!

which has to be minimized with respect tofk(x), f f(x) and
fs(x). It is worth noting that there is no particular operat
in Table I which has only long-distance sensitivity, that
all of the dynamical phases appear in both Eqs.~6! and ~7!.
One further notes thatVshort has a large weight factor due t
its quadraticM Pl dependence. Therefore, all extremizati
equations for Eq.~8! are saturated by the short-distance co
tribution,
ic

.

e

e-

e
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-

a

e

,

-

^f f&5^fk&1uk5^fs&1us1p ~9!

after assuming that allci are of similar order of magnitude
which is reasonable. It is worthy of note that none of t
phases develops a VEV in close proximity of
CP-conserving point:^f f&,^fk&,^fs&Þ0,p. It is mainly
here that there is an important difference between
NMSSM and the MSSM: The latter has all phases relax
the CP-conserving points whereas the former does not.
the next section we will discuss the reason for this differen
by considering the MSSM limit of the NMSSM.

The physical Goldstone bosons Gf ,k,s(x)
[MSUSY(f f ,k,s(x)2^f f ,k,s&), are massive pseudoscala
with masses

mk,s, f
2 ;M Pl

2 m3/2
2 /MSUSY

2 . ~10!

Therefore, particular short-distance sensitivity of the pot
tials of f f ,k,s(x) require the pseudo-Goldstone boso
Gf ,k,s(x) to have masses right at the intermediate sca
These pseudo-Goldstone bosons have only derivative
plings to the visible matter so that they are invisible to c
lider experiments.

During the entire analysis the triscalar couplings in E
~2! are written without Yukawa couplings, for convention.
required, one can separate the Yukawa couplings by the
placement,As→hsAs , Ak→ksAk and Af→hfAf . Then the
VEV’s in Eq. ~9! give

^Arg@mlAf* #&5^Arg@mlAk* #&5^Arg@mlAs* #&1p,
~11!

which are independent of the Yukawa phases. This repla
ment separates dynamical and nondynamical phases, and
VEV’s of the phases do not relax to aCP-conserving points.
From this relation it follows that if any of these phases
laxes to aCP-conserving point by some reason so do t
remaining two.
3-4
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IV. THE MSSM LIMIT

To clarify the meaning of theCP-violating relaxation
points in Eq.~9! or Eq. ~11! it may be convenient to discus
the MSSM limit both algebraically and diagrammaticall
The main difference between the MSSM and NMSSM f
lows from their symmetries and structures of the superpo
tials. With purely triscalar nature of the soft terms in Eq.~2!,
the scalar potentials of all pseudo-Goldstone bosons turn
to be controlled by the short-distance physics, in particu
there is no phase-dependent invariant that receives a po
tial only from the long-distance physics. This is not the ca
in the MSSM as one of the phases receives a potential
from the long-distance effects@8# so that its relaxation dy-
namics is different than those of the remaining two. In t
conventions leading to Eq.~11!, the MSSM limit is realized
by the replacements

hsS→m, hsAsS→m12
2 , ks→0, ~12!

where nowm andm12
2 are no longer dynamical fields, instea

they are background spurions that can appear only as m
insertions in the loop diagrams. It may be convenient to d
cuss the modifications in the topologies of the diagrams
Fig. 2 under the replacements~12!. It is clear that diagrams
~a!, ~c!, and~e! vanish due to vanishingks . However, as Fig.
3 shows explicitly, the three-loop diagrams~b! and ~d! in
Fig. 2 go over to two-loop diagrams~b̄!, ~d̄! whereas the
diagram~f! remains unaffected. A simple observation on F
3 shows that~b̄!, ~d̄! and ~f̄! generate, respectively, th
phases Arg@mAfm12*

2#[fs2f f , Arg@mlmm12*
2#[fs and

Arg@mlAf* #[f f . It should be emphasized that these pha
are precisely the ones appearing in the MSSM@8#.

As is clear from the modifications in the topologies of t
diagrams in Fig. 2 and Fig. 3, types of the divergences of
diagrams are modified. Indeed, unlike~b! and ~d! of Fig. 2,
now ~b̄! and ~d̄! are only logarithmically divergent. This is,
in fact, what is implied by the spurion character of the sing
field in the MSSM limit. It is this effect that generates th
marginal operatorsmAfm12*

2 andmlmm12*
2 which are only

logarithmically divergent. On the other hand, the MSS
limit does not alter the logarithmic structure of Eq.~6! apart
from certain modifications in individual diagrams. Therefo
summing up the contributions of all diagrams, the radiat
corrections to the vacuum energy takes the form

FIG. 3. The diagrams~b̄!, ~d̄! and ~f̄! show, respectively, the
form of the diagrams~b!, ~d! and ~f! of Fig. 2 in the MSSM limit.
Here the dot, triangle and square correspond to the insertions o
mass parameters,ml , m12

2 andm, respectively.
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~DV!MSSM5m3/2
4 logS M Pl

2

m3/2
2 D @cs cos~fs1ds!

1cs f cos~fs2f f1ds f!#

1m3/2
2 M Pl

2 cf cos~f f1d f !. ~13!

In this expression the weight factors and the phase sh
have the same meaning as in Eqs.~6! and ~7!, and the loop
suppression factors are not factored out. Taking again
phase shifts atCP-conserving points in both short- and long
distance contributions, one finds that^f f&50 or p to an
accuracyO(m3/2

2 /M Pl
2 ). Then, necessarilŷ fs&50 or p.

Therefore,^f f& (^fs&) is determined solely by the shor
distance~long-distance! dynamics. Moreover, both phase
relax to CP-conserving points. As a result, in the MSS
limit ~12! the phases in Eqs.~9! and ~11! go over the usual
MSSM relaxation pattern leavingfk completely undeter-
mined.

It is, in fact, theks→0 limit that washes out any informa
tion about the fate offk . Obviously, forks[0, the NMSSM
superpotential~1! possesses an additionalU(1)PQ symme-
try, and therefore,̂fk& is nothing but the phase lifted by thi
global symmetry. Therefore, relaxation of the physicalCP
violating phases away from theCP-conserving points in Eq.
~9! or Eq. ~11! follows from the fact that thisU(1)PQ sym-
metry is broken by a dimensionless parameterks carrying no
information about the SUSY breaking sector.

V. CONCLUSIONS AND DISCUSSIONS

In Table II we list the main results of the work in com
parison with the MSSM predictions@8#. Here the upper
block refers to the nondynamical phases whereas the lo
block is for the same models with dynamical phases. As
table shows, all three NMSSM pseudo-Goldstone bos
have masses aroundMSUSY so that they are too heavy t
appear in the existing colliders. On the other hand in
MSSM one of the pseudo-Goldstone bosons fall below
TeV scale.

Having finite SUSYCP violation with vanishing QCD
vacuum angle is an important property of NMSSM not fou
in the MSSM. Indeed, with finiteuQCD , it does not matter if
one cancels the SUSY contributions to EDM’s@7#, because
the QCD contribution anyhow exceeds the bound by sev
orders of magnitude. Therefore, it is in the NMSSM that o
can safely take SUSY and CKM phases as the mere sou
of CP violation, that is, EDM’s of the electron and neutro
as well aseK and eK8 /eK can all be calculated without wor
rying about the effects of the nonperturbative strong inter
tions. It is a question of the SUSY parameter space if
calculated values for these observables agree with the ex
ment.

It may be useful to recall here the relevance of the fla
structure. Given the CLEO determination of BR(B→K* g)
then there is no possibility that the SUSYCP violation can
saturate the observedCP violation with minimal flavor
structure@18#. Though having finite SUSYCP violation is
necessary it is by no means sufficient; one has to look
flavor structures beyond the usual Yukawa hierarchies.

he
3-5
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TABLE II. MSSM vs NMSSM without~upper block! and with ~lower block! dynamical phases. Unlike
the MSSM, the NMSSM provides sources for SUSYCP violation, solves them problem, and has all its
physical Goldstone bosons with massesO(MSUSY). Moreover, both models solve the strongCP problem at
the expense of developing axionic domain walls.

MSSM NMSSM

m problem yes no
domain walls no yes

strongCP problem yes yes
sources for SUSYCP violation yes yes

global symmetries Z3

m problem yes no
axionic domain walls yes yes
strongCP problem no no

sources for SUSYCP violation no yes
no. of pseudo-Goldstone bosons 2 3

and their masses ;m3/2
2 /MSUSYandMSUSY all have;MSUSY

global symmetries U(1)PQ3U(1)R U(1)R
ll
l
d
o
y
e

e
ly
al
-
in

ne
of

ical

ts of
io
of
It is a rather general statement@19# that all Peccei-Quinn
type solutions to the strongCP problem suffer from the
axionic domain walls, which are disastrous cosmologica
@14,20#. Although axionic wall formation is an additiona
problem for the MSSM, it exists in the NMSSM with an
without the dynamical phases so that phase relaxation d
not generate a new difficulty in this model. One of the wa
of avoiding the axionic wall formation is to embed th
R-symmetry into the center of a grand unified theory~GUT!
group @21#. However, in non-GUT gauge structures lik
MSSM and NMSSM this method does not work. The on
remaining way out of this difficulty is to choose nonminim
flavor structures@22# such that domain wall number is re
duced to unity. It is in this sense that the question of hav
07500
y

es
s

g

observable SUSYCP violation and avoiding the domain
walls might be answered by a common flavor structure. O
further notes that the quadratic short-distance sensitivity
the NMSSM vacuum energy arises also in the dynam
flavor matrices@23#, Yukawa couplings@24#, and determina-
tions of the SUSY-breaking scale@25#.
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