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CP violation in supersymmetric U„1…8 models
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The supersymmetricCP problem is studied within superstring-motivated extensions of the minimal super-
symmetric standard model~MSSM! with an additionalU(1)8 gauge symmetry broken at the TeV scale. This
class of models offers an attractive solution to them problem of the MSSM, in whichU(1)8 gauge invariance
forbids the barem term, but an effectivem parameter is generated by the vacuum expectation value of a
standard model singletS which has a superpotential coupling of the formSHuHd to the electroweak Higgs
doublets. The effectivem parameter is thus dynamically determined as a function of the soft supersymmetry
breaking parameters, and can be complex if the soft parameters have nontrivialCP-violating phases. We
examine the phenomenological constraints on the reparametrization invariant phase combinations within this
framework, and find that the supersymmetricCP problem can be greatly alleviated in models in which the
phase of theSU(2) gaugino mass parameter is aligned with the soft trilinear scalar mass parameter associated
with the SHuHd coupling. We also study how the phases filter into the Higgs sector, including only the
dominant top quark and top squark loops. We find that while the Higgs sector conservesCP at the renormal-
izable level to all orders of perturbation theory,CP violation can enter at the nonrenormalizable level at
one-loop order. In the majority of the parameter space, the lightest Higgs boson remains essentiallyCP even
but the heavier Higgs bosons can exhibit largeCP-violating mixings, similar to theCP-violating MSSM with
largem parameter.
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I. INTRODUCTION

While phenomenological models with low energy sup
symmetry~SUSY! are arguably the best candidates for ph
ics beyond the standard model~SM!, they typically include a
large number of parameters associated with the soft su
symmetry breaking sector. For example, the minimal sup
symmetric standard model~MSSM!, which has two Higgs
doublets and conservedR parity, contains 105 new param
eters@1#, including the bilinear Higgs superpotential param
eterm and the soft SUSY breaking parameters~this counting
does not include the gravitino mass and coupling!. The pa-
rameter count generically increases if such SUSY models
extended beyond the minimal gauge structure and par
content of the MSSM, unless symmetry relations exist in
theory which relate subsets of parameters. Many of th
new parameters are phases, which both provide new sou
of CP violation and modify the amplitudes forCP-
conserving processes. Even if certain sectors of the the
exhibit no CP violation at tree level~e.g., if the relevant
phases can be eliminated by global phase rotations!, the
phases can leak into such sectors of the theory at the
level and have an impact on collider phenomenology a
cosmology.

In contrast with the SM, in which the only source ofCP
violation is present in the Cabibbo-Kobayashi-Maska
~CKM! matrix and thus is intimately tied to flavor physic
CP-violating phases within SUSY models can occur in bo
flavor-conserving and flavor-changing couplings. The pha
of the flavor-conserving couplings~which have no analogue
in the SM! are of particular interest because they can h
0556-2821/2004/69~1!/015008~17!/$22.50 69 0150
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significant phenomenological implications which can
studied without knowledge of the origin of intergeneration
mixing. In the MSSM, these phases are given by repara
etrization invariant combinations of the phases of t
gaugino mass parametersMa(a51,2,3), the trilinear cou-
plings Af , them parameter, and the Higgs bilinear couplin
b[mB. However, not all of these phases are physical; a
utilizing the U(1)PQ and U(1)R global symmetries of the
MSSM, the reparametrization invariant phase combinati
are u f5fm1fAf

2fb and ua5fm1fMa
2fb ~in self-

evident notation!.
Such phases have traditionally been assumed to be s

due to what is known as the supersymmetricCP problem:
the experimental upper limits on the electric dipole mome
~EDMs! of the electron, neutron, and certain atoms individ
ally constrain the phases to be less thanO(1022) for spar-
ticle masses consistent with naturalness@2–4#. However, re-
cent studies have shown that EDM bounds can be satis
without requiring all reparametrization invariant phase co
binations to be small, if either~i! certain cancellations exis
between different EDM contributions@5–9#, or ~ii ! the spar-
ticles of the first and second families have multi-TeV mas
@10#.1 Even within each of these scenarios, the particula

1The EDM bounds are more difficult to satisfy in both of the
scenarios when tanb ~the ratio of electroweak Higgs vacuum ex
pectation values! is large. Not only are cancellations in the one-loo
EDMs more difficult to achieve, but certain two-loop contributio
are then enhanced@11,12# which do not decouple when the sferm
ons are heavy. In part for this reason, we will restrict our attent
in this paper to the small tanb regime.
©2004 The American Physical Society08-1
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strong constraints arising from the atomic EDMs@13# lead to
a general upper bound of&O(1023) on the reparametriza
tion invariant phase present in the chargino sector (u2 in our
notation!, while the other phases are comparatively unc
strained @8#. These constraints will be discussed in det
later in the paper; for now, it is worth noting that this ‘‘CP
hierarchy problem’’ is an intriguing issue to be address
within models of the soft parameters which includeCP
violation.2

Of course, if the reparametrization invariant phases
sizeable, they can have important phenomenological co
quences. Within the MSSM, one of the examples in wh
these phases can have a significant impact is the Higgs
tor. As is well known, the MSSM Higgs sector conservesCP
at tree level. However, radiative corrections involving t
SM fields and their superpartners, with the dominant effe
typically due to top quark and top squark loops, have a s
stantial impact on Higgs masses and mixings. For exam
the one-loop radiative corrections substantially elevate
tree-level theoretical upper bound ofMZ on the mass of the
lightest Higgs boson@16#; these results have been improv
by utilizing complete one-loop on-shell renormalization@17#,
renormalization group methods@18#, diagrammatic methods
with leading order QCD corrections@19#, two-loop on-shell
renormalization@20#, and complete two-loop effective poten
tial @21#. If the radiative corrections include a nontrivial d
pendence on phases, the Higgs potential violatesCP explic-
itly at one-loop. The Higgs mass eigenstates then no lon
have definiteCP properties, which leads to important impl
cations for Higgs production and decay@22–25#.

The MSSM offers a minimal framework for stabilizin
the Higgs sector against quadratic divergences. Howeve
is well known that the MSSM has a hierarchy problem w
respect to the scale of the superpotentialm parameter@26#,
which has a natural scale ofO(MGUT), and the electroweak
scale. An elegant framework in which to address thism
problem’’ is to generate them parameter via the vacuum
expectation value~VEV! of a SM singletS. One simple
possibility3 @28# is to invoke an additional nonanomalou
U(1)8 gauge symmetry broken at the TeV scale, as expe
in many string models. For suitableU(1)8 charges, the bare
m parameter is forbidden but the operatorhsSHu•Hd is al-
lowed, such that an effectivem term is generated afterS
develops a VEV of order the electroweak/TeV scale@assum-
ing the Yukawa couplinghs;O(1), as iswell-motivated

2However, there are unavoidable theoretical uncertainties invo
in the determination of the hadronic EDMs and the atomic ED
~see e.g.@14,15# for discussions!. These uncertainties are particu
larly problematic for the mercury EDM, which yields the stronge
constraints on the SUSY phases. For this reason, there are disa
ments in the literature over how to include this bound. Here we t
a conservative approach by including the Hg EDM constraint.

3The m parameter can also be generated in models with no a
tional gauge groups, i.e. the next-to-minimal supersymmetric s
dard model~NMSSM!. However, NMSSM models generically pos
sess discrete vacua and the tensions of the walls separating the
too large to be cosmologically admissable@27#.
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within semirealistic superstring models#. This framework is
of particular interest because such extraU(1) groups are
often present in plausible extensions of the MSSM, and
fact are ubiquitous within many classes of four-dimensio
superstring models. Additional nonanomalousU(1) gauge
groups are present in virtually all known 4D string mode
with semirealistic features, such as gauge structure wh
includesSU(3)c3SU(2)L3U(1)Y ~or a viable GUT exten-
sion! and particle content which includes the MSSM field4

Within this class of models, the electroweak andU(1)8
symmetry breaking is driven by the soft SUSY breaking p
rameters, and hence theZ8 mass is expected to be of order
few TeV or less. Such aZ8 should be easily observable a
either present or forthcoming colliders. The nonobservat
to date of aZ8 puts stringent limits on theZ8 mass and
mixing with the ordinaryZ both from direct searches at th
Tevatron@38# and indirect tests from precision electrowe
measurements@39#. Although limits depend on the details o
the Z8 couplings, typicallyMZ8.500–800 GeV and theZ
2Z8 mixing angleaZ2Z8&O(1023).5 These models have
been analyzed at tree level in@41–43#, where it was found
that there are corners of parameter space in which an acc
able Z2Z8 hierarchy can be achieved. Further studies o
different class of string-motivatedU(1)8 models can be
found in @44#.

As the phase of them parameter filters into the amplitude
for many physical observables in the MSSM~and plays an
important role in the Higgs sector at one-loop!, it is worth-
while to analyze models which solve them problem in the
presence of explicitCP violation. In this paper, we thus
study the supersymmetricCP problem inU(1)8 models, fo-
cusing on the radiative corrections to the Higgs sector of
U(1)8 model of@41# in the case that the soft supersymme
breaking parameters have generalCP-violating phases~ra-
diative corrections in theCP-conserving case have bee
studied in@47#!. We begin by classifying the reparametriz
tion invariant phase combinations and comment on the p
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ree-
e
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are

4For example, many examples of such semirealistic models h
been constructed within perturbative heterotic string theory~see e.g.
@29# for an overview!. An interesting class of constructions is the s
of free fermionic models@30–32#, in which a number of extra
U(1)’s arealways present at the string scale. Whether or not al
theseU(1)s persist to the TeV scale depends on the details of
vacuum restabilization procedure. Although there are cases
which only the MSSM gauge structure remains at low energy@33#,
typically one or more extraU(1)s persists to the electroweak sca
@34,35#. Additional U(1)s also are generic in supersymmetr
braneworld models derived from type II string orientifolds@36#
~due at least in part to theU(N) gauge groups associated with
stacks of D branes!. Phenomenological analyses also indicate t
typically extra U(1)s arepresent in the low energy theory an
broken at the electroweak/TeV scale@37#.

5A potentially more stringent limit on theZ8 mass arises from
cosmology if theU(1)8 gauge symmetry forbids the standa
implementation of the seesaw mechanism for neutrino masse
such scenarios, the right-handed neutrinos may be light, and B
constraints then require model-dependent limits that in some c
are as strong asMZ8*4 TeV @40#.
8-2



DM
ve
g

in
th

al
-
rn
W
th
ic

-
gl
t

e

w

ct

th
e
d

ec-

ent
nd

lings
m
ur
res-
ill
the

-
f

s of
rily
ily

de

on-
of

igh

of
-

o-
th
d
g

ed

s

r,
,
sym-
ey
The
and

CP VIOLATION IN SUPERSYMMETRIC U(1)8 MODELS PHYSICAL REVIEW D69, 015008 ~2004!
nomenological constraints on these phases from E
bounds. We then turn to the Higgs sector, which conser
CP at tree level. As in the MSSM, phases enter the Hig
potential at one-loop, with the dominant contributions aris
from the top squark mass-squared matrix. The VEV’s of
electroweak Higgs doubletsHu,d and singletS are then de-
termined by minimizing the loop-corrected Higgs potenti
Within this framework, an effectivem parameter of the cor
rect magnitude is generated which also has a phase gove
by the phases of the soft SUSY breaking parameters.
study the pattern of Higgs masses and mixings including
EDM andZ8 constraints, and discuss the phenomenolog
implications for Higgs searches.

II. THE SUSY CP PROBLEM IN U„1…8 MODELS

We study the class ofU(1)8 models of@41#, in which the
gauge group is extended to

G5SU~3!c3SU~2!L3U~1!Y3U~1!8, ~1!

with gauge couplingsg3 ,g2 ,gY ,gY8 , respectively. The mat
ter content includes the MSSM superfields and a SM sin
S, which are all generically assumed to be charged under
additional U(1)8 gauge symmetry. Explicitly, the particl
content is L̂ i;(1,2,21/2,QL), Êi

c;(1,1,1,QE), Q̂i

;(3,2,1/6,QQ), Û i
c;(3̄,1,22/3,QU), D̂ i

c;(3̄,1,1/3,QD),

Ĥd;(1,2,21/2,Qd), Ĥu;(1,2,1/2,Qu), Ŝ;(1,1,0,QS), in
which i is the family index.6

The superpotential includes a Yukawa coupling of the t
electroweak Higgs doubletsHu,d to the singletS, as well as a
top quark Yukawa coupling,

W5hsŜĤu•Ĥd1htÛ3
cQ̂3•Ĥu . ~2!

Gauge invariance ofW underU(1)8 requires thatQu1Qd
1QS50 and QQ3

1QU3
1Qu50. This choice of charges

not only forbids the ‘‘bare’’m parameter but also a Ka¨hler
potential coupling of the formHuHd1H.c. required for the
Giudice-Masiero mechanism@49# ~the Kähler potential is
otherwise assumed to be of canonical form!.7

Other than these constraints, we prefer to leave theU(1)8
charges unspecified because our aim is not to constru
specific model. In an explicitU(1)8 model, there will be
additional constraints on theU(1)8 charges, most notably
from anomaly cancellation. Indeed, the constraints on
charges from anomaly cancellation and gauge invarianc
the full superpotential~Yukawa couplings for the quarks an
leptons as well as the trilinear effectivem term! generically

6Note that if theU(1)8 charges are family nonuniversal they pr
vide a tree-level source of FCNC. Phenomenological bounds
dictate that the charges of the first and second families shoul
identical to avoid overproduction of FCNC without fine-tunin
@48#.

7We do not consider kinetic mixing in the analysis@50#. However,
even if kinetic mixing is absent at tree level it will be generat
through 1-loop RG running if TrQYQ18Þ0 @50#.
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require the presence of exotic matter in the low energy sp
trum. For example, one can constructE(6)-motivated
anomaly-freeU(1)8 models@42#, which have additional vec-
torlike exotic quarks. In general, the exotic matter cont
and couplings~e.g. additional superpotential couplings a
soft supersymmetry breaking terms! are highly model-
dependent. Of course, such additional states and coup
can significantly alter the low energy phenomenology fro
that described in this minimal setup. In keeping with o
model-independent approach, we will not address the p
ence of exotic matter explicitly in this paper, but we w
comment throughout on how its presence may impact
general analysis in specific models.

The form of Eq. ~2! is motivated by string models in
which a given Higgs doublet only hasO(1) Yukawa cou-
plings to a single~third! family. We will consider the small
^Hu&/^Hd&[tanb regime only8 such that the Yukawa cou
plings of theb andt can be safely neglected. The origin o
the Yukawa couplings of the first and second generation
quarks and leptons is not addressed. As we are prima
interested in the third family, we shall suppress the fam
index in what follows.

The soft supersymmetry breaking parameters inclu
gaugino massesMa(a51,18,2,3), trilinear couplingsAs and
At , and soft mass-squared parametersma

2 :9

2Lso f t5S (
a

Malala1AshsSHu•Hd

1AthtŨ
cQ̃•Hu1H.c.D

1mu
2uHuu21md

2uHdu21ms
2uSu21MQ̃

2 uQ̃u2

1MŨ
2 uŨu21MD̃

2 uD̃u21MẼ
2 uẼu21ML̃

2uL̃u2. ~3!

These soft SUSY breaking parameters are generically n
universal at low energies. We do not address the origin
these low energy parameters via RG evolution from h
energy boundary conditions in this paper.

The gaugino massesMa and soft trilinear couplingsAs,t
of Eq. ~3! can be complex; if so, they can provide sources
CP violation ~without loss of generality, the Yukawa cou
plings hs,t can be assumed to be real!. However, not all of

us
be

8Here low values of tanb such as tanb51 are allowed~this
region is excluded in the MSSM!. The reason is that the Higg
bosons are generically heavier inU(1)8 models~as in the NMSSM
and other models with extended Higgs sectors!, and even at tree
level the lightest Higgs boson can easily escape LEP bounds.

9In explicit anomaly-freeU(1)8 gauge models with exotic matte
there will be additional couplings in Eq.~3!. In the general case
these couplings are complex, and hence the details of the super
metric CP problem will be altered depending on the model: th
will affect the counting of the phases, etc. discussed below.
discussion below applies if the additional soft parameters
Yukawa couplings are real.
8-3
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D. A. DEMIR AND L. L. EVERETT PHYSICAL REVIEW D 69, 015008 ~2004!
these phases are physical, just as the case in the MSSM
us first consider the MSSM. The reparametrization invari
combinations of phases in the MSSM are easily determi
by forming invariants with respect to the globalU(1)PQ and
U(1)R symmetries present in the limit that the soft breaki
parameters and them term are set to zero@51#; for reference,
theU(1)R,PQ charge assignments are presented in Table
convenient basis of the resulting reparametrization invar
phases thus isu f5fm1fAf

2fb and ua5fm1fMa
2fb ,

which enter the mass matrices of the sfermions and
gauginos/Higgsinos, respectively. An analysis of the MSS
tree level Higgs sector also suggests it is useful to exp
U(1)PQ to setfb50 (fb is then dropped from the invari
ants above!, in which case the Higgs VEVs are real.

Performing the same exercise in theU(1)8 framework,
one immediately notices that theU(1)PQ symmetry of the
MSSM is embedded within theU(1)8 gauge symmetry.
However, a nontrivialU(1)R symmetry remains; theU(1)R
charges of the superfields and the associated spurion ch
of the soft parameters are presented in Table II. The repar
etrization invariant phase combinations are thereforeu f f 8
5fAf

2fAf 8Þ f
, ua f5fMa

2fAf
, anduab5fMa

2fMbÞa
, of

which only two are linearly independent~e.g. uab5ua f
2ub f). We will see that~in analogy to the MSSM! the tree-
level Higgs sector suggests it is convenient to measure
phases with respect to the phase ofAs . @In fact, one can go
further and exploit theU(1)R symmetry to setfAs

50, al-
though we prefer not to do that in this paper.# A basis of
reparametrization invariant phase combinations can then
chosen as

u f s5fAf
2fAs

uas5fMa
2fAs

. ~4!

To see this more explicitly and to lay the foundation f
our analysis of the Higgs sector including one-loop radiat
corrections, let us now review the tree-level Higgs poten
analyzed in@41#. Gauge symmetry breaking is driven by th
VEVs of the electroweak Higgs doubletsHu , Hd

TABLE I. The U(1)R,PQ charge assignments for the MSS
fields and spurions.

Field Q̂ Ûc D̂c Ĥu Ĥd
la Ma m b Af ma

2

U(1)R 1 1 1 0 0 1 22 2 0 22 0
U(1)PQ 0 0 0 1 1 0 0 22 22 0 0

TABLE II. The U(1)R charge assignments for the fields a

spurions in theU(1)8 framework. Note thatŜ ~whose VEV induces
an effectivem parameter! has nonzeroR charge.

Field Q̂ Ûc D̂c Ĥu Ĥd Ŝ la Ma Af ma
2

U(1)R 1 1 1 0 0 2 1 22 22 0
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Hu5S Hu
1

Hu
0 D , Hd5S Hd

0

Hd
2D , ~5!

and the singletS. The tree level Higgs potential is a sum of
terms, D terms, and soft supersymmetry breaking terms:

Vtree5VF1VD1Vso f t , ~6!

in which

VF5uhsu2@ uHu•Hdu21uSu2~ uHuu21uHdu2!#, ~7!

VD5
G2

8
~ uHuu22uHdu2!2

1
g2

2

2
~ uHuu2uHdu22uHu•Hdu2!1

gY8
2

2
~QuuHuu2

1QduHdu21QSuSu2!2, ~8!

Vso f t5mu
2uHuu21md

2uHdu21ms
2uSu2

1~AshsSHu•Hd1H.c.!, ~9!

whereG25g2
21gY

2 andgY5A3/5g1 , g1 is the GUT normal-
ized hypercharge coupling.

At the minimum of the potential, the Higgs fields a
expanded10 as follows:

^Hu&5
1

A2
S A2Hu

1

vu1fu1 iwu
D ,

^Hd&5
1

A2
S vd1fd1 iwd

A2Hd
2 D ,

^S&5
1

A2
eiu~vs1fs1 iws!, ~10!

in which v2[vu
21vd

25(246 GeV)2. In the above, a phas
shift eiu has been attached tôS&. Since gauge invariance
dictates that only the phase of the combinationSHu•Hd en-
ters the potential, we can assume that the VEVs ofHu,d are
real and attach a phase only toS without loss of generality

10As discussed in@41#, gauge rotations can be used to set^Hu
1&

50. However,^Hd
2&50 is not automatic and imposes constrain

on the parameter space of the model:^Hd
2&50 implies that the

physical charged Higgs boson is nontachyonic (MH6
2

.0).
8-4
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CP VIOLATION IN SUPERSYMMETRIC U(1)8 MODELS PHYSICAL REVIEW D69, 015008 ~2004!
@this choice is also consistent with our assignment ofU(1)R
charges in Table II#. The effectivem parameter is generate
by the singlet VEV^S&,

me f f[
hsvs

A2
eiu. ~11!

The only complex parameter which enters the Higgs pot
tial at tree level isAs . However, the global phases of th
Higgs fields~more precisely, of the combinationSHu•Hd)
can always be chosen to absorb the phasefAs

of As by

performing aU(1)R rotation on the fields, such thatAs and
the VEV’s can all be taken to be real without loss of gen
ality @41#. To state this another way, the minimization con
tions with respect to theCP odd directionsw1,2,s all lead to
the condition

sin~u1fAs
!50, ~12!

such thatu52fAs
at tree level. With this condition, the

Higgs sector isCP conserving. The Higgs mass eigensta
thus have definiteCP quantum numbers, with threeCP even
Higgs bosonsHi 51,2,3 and oneCP odd Higgs bosonA0, as
well as a charged Higgs pairH6. Expressions for their
masses at tree level and a discussion of the associated H
phenomenology can be found in@41#.

Although the Higgs sector conservesCP at tree level
whether or not the soft SUSY breaking parameters are c
plex, this is generically not true for other sectors of t
theory and care must be taken in the phenomenolog
analysis~e.g. for the EDM bounds! if there are nontrivial
CP-violating phases in the soft terms even if the Higgs sec
is only analyzed at tree level. Clearly, this is due to the f
that the phases which enter the mass matrices of the sfer
and the gaugino/Higgsino sectors involve the phase of
singlet VEV u ~i.e., the phase of the effectivem parameter
me f f) as well as the phases of theA terms and the gaugino
masses. For example, the reparametrization invariant p
combination which enters the chargino mass matrix wit
this class ofU(1)8 models is

ux̃65u1fM2
5fM2

2fAs
1 . . . 5u2 s1 . . . , ~13!

in which the terms represented by (1 . . . ) arehigher-loop
contributions. As previously mentioned, this phase
strongly constrained by EDM experimental bounds~although
the precise constraints can depend in detail on the other
rameters of the model!. More generally, the statement o
~flavor-independent! SUSYCP violation within U(1)8 mod-
els is that if any of the phasesu f s anduas defined in Eq.~4!
are nonzero, they can lead toCP-violating effects which may
be in conflict with experiment and must be checked. This
in direct analogy to the statement of flavor-independ
SUSYCP violation in the MSSM. However, asm is dynami-
cally generated withinU(1)8 models, its phasefm is now a
function of the phases of the other soft breaking parame
rather than an independent quantity.
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Returning now to the question ofCP violation in the
Higgs sector, Eq.~12! suggests that it is natural to consid
the combination of phases

ū[u1fAs
~14!

as the parameter which governsCP violation in the Higgs

sector. Note thatū is a reparametrization invariant quantit

while u is not (u5 ū in the basis in whichfAs
50). While

ū50 at tree level, it acquires a nonzero value at one-loo
the sfermion and gaugino/Higgsino mass matrices have n
trivial phases. This calculation is outlined in the next secti

III. HIGGS SECTOR CP VIOLATION

Previously we discussed the SUSYCP problem within
U(1)8 models, and reviewed the tree level Higgs sector~the
patterns of gauge symmetry breaking which led to an acc
ableZ2Z8 hierarchy were analyzed at tree level in@41#!. In
what follows, we will compute the dominant one-loop radi
tive corrections to the Higgs sector of this class ofZ8 models
within a general framework including nontrivialCP violation
~radiative corrections in theCP-conserving case were prev
ously presented in@47#!.

A. Radiative corrections to the Higgs potential

The effective potential approach provides an elegant w
of determining the true vacuum state of a spontaneously
ken gauge theory. The potential has the form

V5Vtree1DV1 . . . , ~15!

whereVtree is defined in Eq.~6!, and the one-loop contribu
tion DV has the Coleman-Weinberg form

DV5
1

64p2 H StrM 4~Hu ,Hd ,S!

3S ln
M 2~Hu ,Hd ,S!

Q2
2

3

2D J ~16!

in the mass-independent renormalization schemeDR.11 In
the above, Str[(J(21)2J11(2J11) is the usual supertrace
Q is the renormalization scale, andM represents the Higgs

11See Martin’s paper in@21# for a detailed discussion of the regu
larization and renormalization scheme dependence of the effec
potential.
8-5
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field-dependent mass matrices of the particles and spart
of the theory.12

Within the MSSM, the dominant terms in the small tanb
regime are due to top quark and scalar top quark loops; in
large tanb regime, loops involving the bottom quark an
scalar bottom quark as well as chargino loops become
portant. Within theU(1)8 framework and neglecting highly
model-dependent exotic matter couplings, the main contr
tions in the small tanb limit include the aforementioned to
quark and top squark loops. There are also potentially
nificant Higgs/Higgsino self-loops arising from the presen
of the effectivem term and its associated soft supersymme
breaking term. However, such scalar self-loops clearly w
not have appreciable contributions to theCP-violating mix-
ings of the Higgs bosons, although they can have large c
tributions to the mixings of theCP-even Higgs bosons. Sinc
our focus is theCP-violating mixings, we neglect these loop
in this analysis. We also do not include loops involving t
charginos and neutralinos, for which the contributions to
CP-violating mixings are typically suppressed by gauge c
plings as well as EDM constraints~see@45,46# for the analy-
sis in the MSSM case!. We will comment more on such
contributions later in the paper. Finally, we mention here t
the exotic particles typically expected inU(1)8 models due
to anomaly cancellation may generically haveCP-violating
couplings which can have an important impact on theCP
violation in the Higgs sector. As these couplings are hig
model-dependent, we do not include them in this analy
but their presence would certainly need to be accounted
within any specific model framework.

For these reasons, here we will include only the domin
terms due to top quark and scalar top quark loops:

DV5
6

64p2 H (
k51,2

~mt̃ k

2
!2F lnS mt̃ k

2

Q2 D 2
3

2G
22~mt

2!2F lnS mt
2

Q2D 2
3

2G J ~17!

in which the masses depend explicitly on the Higgs fi
components~note thatDV naturally vanishes in the limit o

12While the complete effective potential is scale invariant, it
scale dependent when truncated to any finite loop order in pe
bation theory due to the renormalization of the parameters and
Higgs wave functions. In the MSSM, most of the scale-depend
terms can be collected in the pseudoscalar mass, which itself ca
regarded as a free parameter of the theory. The remai
Q2-dependence arises from the D term contributions generate
wave-function renormalization, such that in the limit in whichg2

5gY50 all of the scale dependence can be absorbed into the p
doscalar mass. For theU(1)8 models, the scale dependence can
absorbed into the pseudoscalar mass only if the D term contr
tions vanishand the superpotential parameterhs50, because the
potential also includes quartic Higgs couplings which arise from
terms. These properties are manifest in the Higgs mass-square
trix presented below.
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exact SUSY!. The top quark mass-squared is given bymt
2

5ht
2uHuu2, and the top squark masses-squared are obta

by diagonalizing the mass-squared matrix

M̃25S MLL
2 MLR

2

MLR
2 † MRR

2 D ~18!

via the unitary matrixSt as St
†M̃2St5diag(mt̃ 1

2 ,mt̃ 2

2 ). The

entries ofM̃2 are given by

MLL
2 5MQ̃

2
1ht

2uHuu2

2
1

4 S g2
22

gY
2

3 D ~ uHuu22uHdu2!1gY8
2 QQ~QuuHuu2

1QduHdu21QsuSu2! ~19!

MRR
2 5MŨ

2
1ht

2uHuu22
1

3
gY

2~ uHuu22uHdu2!

1gY8
2 QU~QuuHuu21QduHdu21QsuSu2! ~20!

MLR
2 5ht~At* Hu

0* 2hsSHd
0!, ~21!

in which we have emphasized the fact that the LR en
depends only on the neutral components of the Higgs fie
As the top squark LR mixing can be complex, the te
hthsAtSHu

0Hd
01H.c. present inuMLR

2 u2 can provide a source
of CP violation in the Higgs sector. From the discussion
the previous section, we can infer that this source is
phaseu ts[fAt

2fAs
.

The vacuum state is characterized by the vanishing of
tadpoles and positivity of the resulting Higgs boson mass
Recalling the expressions for the Higgs fields in Eq.~10!, the
vanishing of tadpoles forV along theCP even directions
fu,d,s enables the soft massesmu,d,s

2 to be expressed in term
of the other parameters of the potential:

mu
25M0

2cos2b2luvu
2

2
1

2
~ludvd

21lusvs
2!2

1

vu
S ]DV

]fu
D

0

~22!

md
25M0

2sin2b2ldvd
2

2
1

2
~ludvu

21ldsvs
2!2

1

vd
S ]DV

]fd
D

0

~23!

ms
25M0

2cot2a2lsvs
2

2
1

2
~lusvu

21ldsvd
2!2

1

vs
S ]DV

]fs
D

0

, ~24!

in which the subscript 0 indicates that the derivatives ofDV
are to be evaluated atf i50 andw i50. Here the variousl
coefficients represent the quartic couplings in the potenti
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lu,d5
1

8
G21

1

2
Qu,d

2 gY8
2 , ls5

1

2
Qs

2gY8
2 ,

lud52
1

4
G21QuQdgY8

2
1hs

2 ,

lus,ds5QsQu,dgY8
2

1hs
2 . ~25!

The Higgs soft masses~22! are written in terms of two angle
parameters:~i! tanb, which measures the hierarchy of th
Higgs doublet VEVs, and~ii ! cota[(vsinb cosb)/vs, which
is an indication of the splitting between theU(1)8 and elec-
troweak breaking scales. For convenience, we have also
troduced the mass parameter

M0
25

hsuAsuvscosū

A2 sinb cosb
, ~26!

which corresponds to the mass parameter of theCP odd
Higgs boson of the MSSM after using the definition of t
effectivem parameter in Eq.~11!.

While the vanishing of the tadpoles along theCP odd
directionswu,d,s led to Eq.~12! at tree level, once the loop
corrections are included they lead to the following con
tions:

M0
2sinb cosb tanū5

1

vd
S ]DV

]wu
D

0

~27!

M0
2sinb cosb tanū5

1

vu
S ]DV

]wd
D

0

~28!

M0
2cota tanū5

1

vs
S ]DV

]ws
D

0

, ~29!

demonstrating explicitly that the phaseū5u1fAs
associ-

ated with the phaseu of the singlet VEV is a radiatively
induced quantity. Indeed, the derivatives ofDV with respect
to wu,d,s are nonvanishing provided that there is a nontriv
phase difference betweenAt andAs ~i.e., if u tsÞ0). In fact,
Eqs.~27!–~29! all lead to the same relation forū,

sinū52bht

uAtu
uAsu

sinu tsF~Q2,mt̃ 1

2 ,mt̃ 2

2
! ~30!

in which bht
53ht

2/(32p2) is the beta function for the top
quark Yukawa coupling, and the loop function

F~Q2,mt̃ 1

2 ,mt̃ 2

2
!5221 lnS mt̃ 1

2
mt̃ 2

2

Q4 D
1

mt̃ 1

2
1mt̃ 2

2

mt̃ 1

2
2mt̃ 2

2 lnS mt̃ 1

2

mt̃ 2

2 D ~31!
01500
in-
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depends explicitly on the renormalization scale. In the abo
u ts5fAt

1u5fAt
2fAs

up to one loop accuracy determine

by Eq. ~30!.13

B. The Higgs mass calculation

We now turn to the Higgs mass calculation at one-loop
the presence ofCP violation in the top squark LR mixing.
The mass-squared matrix of the Higgs scalars is

M i j
2 5S ]2

]F i]F j
VD

0

, ~33!

subject to the minimization constraints Eqs.~22!–~24! and
~30!. In the above,F i5(f i ,w i). Clearly, two linearly inde-
pendent combinations of the pseudoscalar componentswu,d,s

are the Goldstone bosonsGZ and GZ8 , which are eaten by
the Z andZ8 gauge bosons when they acquire their mass
These two modes are given by

GZ52sinbwu1cosbwd ,

GZ85cosb cosawu1sinb cosawd2sina ws , ~34!

and hence the orthogonal combination

A5cosb sinawu1sinb sinawd1cosaws ~35!

is the physical pseudoscalar Higgs boson in theCP-
conserving limit. In the decoupling limit,vs@v, sina→1
and cosa→0, in which caseGZ andA reduce to their MSSM
expressions. In the basis of scalarsB5$fu ,fd ,fs ,A%, the
Higgs mass-squared matrixM 2 takes the form

13Chargino and neutralino loops can also contribute toū. Their
contributions are of the form@45,46#

sin ū;
ga

2

16p2

ume f fuuMau

mSUSY
2

sinuasf, ~32!

in which f denotes an appropriate loop function@for the chargino
case it would beF(Q2,mx

1
6

2 ,mx
2
6

2 ) @45##. Such contributions are in

general subleading to Eq.~30! not only from the gauge coupling
suppression, but also because theuas are subject to EDM con-
straints ~see Sec. IV B!. Note that these contributions arise fro
gaugino-Higgsino mixing; the purelyhs-dependent terms (;m4) do
not contribute toCP violation.
8-7



S Muu
2 1MA

2cos2b Mud
2 2MA

2sinb cosb Mus
2 2MA

2cota cosb MuA
2 sinu ts

Mud
2 2MA

2sinb cosb Mdd
2 1MA

2sin2b Mds
2 2MA

2cotasinb MdA
2 sinu ts

Mus
2 2MA

2cota cosb Mds
2 2MA

2cota sinb Mss
2 1MA

2cot2a MsA
2 sinu tsD , ~36!

le
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MuA
2 sinu ts MdA

2 sinu ts MsA
2 sinu ts M P

2

in which our notation explicitly demonstrates that all of the entriesM iA
2 ( i 5u,d,s) identically vanish in theCP-conserving

limit u ts→f0. In the above,

MA
25M0

2S 11bht

uAtu
uAsu

cosu ts

cosū
FD , ~37!

which depends explicitly on the renormalization scale, and

M P
2 5

MA
2

sin2a
14bht

mt
2ume f fu2uAtu2

~mt̃ 1

2
2mt̃ 2

2
!2

sin2u ts

sin2a sin2b
G ~38!

is the one-loop pseudoscalar mass in theCP-conserving limit. The loop functionG is independent of the renormalization sca
and has the functional form

G~mt̃ 1

2 ,mt̃ 2

2
!522

mt̃ 1

2
1mt̃ 2

2

mt̃ 1

2
2mt̃ 2

2 lnS mt̃ 1

2

mt̃ 2

2 D . ~39!

We now turn to the mass parametersMi j
2 ( i , j 5u,d,s) which appear inM 2. These entries may be represented as

Mi j
2 5v iv jH l̄ i j 1

3

~4p!2 F ~r i m̃j
21m̃i

2r j !

mt̃ 1

2
1mt̃ 2

2 ~22G!1S r ir j1z iz j1d idd js

ht
2hs

2

4 DF

1S r ir j1
m̃i

2m̃j
2

~mt̃ 1

2
2mt̃ 2

2
!2D G2d iud juht

4lnH mt
4

Q4J G J , ~40!
an ibu-

in which l̄ i j 5l i j for iÞ j , l̄ i j 52l i for i 5 j . For notational
purposes we have also introduced the dimensionless qu
ties

ru5ht
22lu , rd5~hs

22lud!/2, rs5~hs
22lus!/2

~41!

as well as the dimensionful ones,

m̃u
25zud1ht

2uAtu~ uAtu2ume f fucotb cosu ts! ~42!

m̃d
25zdd1ht

2ume f fu~ ume f fu2uAtutanb cosu ts!
~43!

m̃s
25zsd1

vd
2

vs
2

ht
2ume f fu~ ume f fu2uAtutanb cosu ts!,

~44!
01500
ti-
with d5MQ̃

2
2MŨ

2
1zuvu

21zdvd
21zsvs

2 . The new dimen-
sionless couplings appearing here are pure D term contr
tions

zu52
1

8 S g2
22

5

3
gY

2 D1
1

2
~QQ2QU!QugY8

2 ~45!

zd5
1

8 S g2
22

5

3
gY

2 D1
1

2
~QQ2QU!QdgY8

2 ~46!

zs52~zu1zd!. ~47!

Finally, the scalar-pseudoscalar mixing entriesMiA
2 ( i

5u,d,s), which exist only if there are sources ofCP viola-
tion in the Lagrangian~as has been made explicit inM 2 by
factoring out sinuts), are given by
8-8



2 vv i ume f fuuAtu mt̃ 1

2
2mt̃ 2

2
m̃i

2 mt̃ 1

2
2mt̃ 2

2
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MiA52bht sina mt̃ 1

2
2mt̃ 2

2 F 2r i
mt̃ 1

2
1mt̃ 2

2 1S mt̃ 1

2
2mt̃ 2

2 2r i
mt̃ 1

2
1mt̃ 2

2 D GG , ~48!
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and are scale independent. These results agree with the
level computations of@41#. After identifying Eq. ~11! with
the ume f fu parameter of the MSSM, the doublet sector of t
mass-squared matrix agrees with that of the MSSM@22#.
Finally, the results also agree with those of@47# in the CP-
conserving limit (sinuts50).

As previously stated, there are threeCP even and oneCP
odd Higgs boson in theCP-conserving limit. The mass of th
CP odd Higgs bosonA is given in Eq.~38!, while the masses
of the CP even scalars arise from the diagonalization of
upper 333 subblock of Eq.~36!. The masses and mixing
then differ from their tree level values by the inclusion
radiative effects. In this limit, the only source ofCP violation
is the CKM matrix and one easily evades constraints fr
the absence of permanent EDMs for leptons and hadr
The lightest Higgs boson has a larger mass thanMZ even at
tree level, and the radiative effects modify it sizeably@47#.
Once the radiative corrections are included a direct comp
son with experimental results is possible. In principle, o
can constrain certain portions of the parameter space u
the post-LEP indications for a light scalar with ma
*114 GeV.

In the presence ofCP violation, there are four scala
bosons with no definiteCP quantum number. This result
from the mixing between theCP even scalarsfu,d,s with the
CP odd scalarA via the entriesMiA

2 sinuts in Eq. ~36!. The
main impact of theCP breaking Higgs mixings on the col
lider phenomenology comes via the generation of novel c
plings for Higgs bosons which eventually modify the eve
rates and asymmetries. In particular, a given Higgs boson
couple to both scalar and pseudoscalar fermion densities
pending on the strength ofCP violation @22#. Moreover, the
coupling of the lightest Higgs boson toZ bosons can be
significantly suppressed, avoiding the existing bounds fr
the LEP data@24,25#. TheCP-violating entries ofM 2 grow
with ume f fAtu as in the MSSM. The mass-squared matrix
diagonalized by a 434 orthonormal matrixR

R•Mh
2
•R T5diag•~MH1

2 ,MH2

2 ,MH3

2 ,MH4

2 !. ~49!

To avoid discontinuities in the eigenvalues it is convenien
adopt an ordering:MH1

,MH2
,MH3

,MH4
. The mass

eigenstatesHi can then be expressed as

Hi5Riufu1Ridfd1Risfs1RiAA ~50!

in which e.g.uR iAu2 is a measure of theCP odd composition
of Hi . The elements ofR determine the couplings of Higg
bosons to the MSSM fermions, scalars, and gauge boso
01500
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C. Comparison with MSSM

Before turning to the numerical analysis, it is instructi
to compare the origin of Higgs sectorCP violation in the
U(1)8 models to that within the MSSM. Let us first consid
the case of the MSSM, in which the Higgs sector consists
the two electroweak Higgs doubletsHu,d . It is useful to start
with the most general renormalizable Higgs potential fo
two Higgs doublet model~2HDM!, which must be built out
of the gauge invariant combinationsuHuu2, uHdu2, and Hu
•Hd as follows:

Vren
2HDM5mu

2uHuu21md
2uHdu21~m3

2Hu•Hd1H.c.!1l1uHuu4

1l2uHdu41l3uHuu2uHdu21l4uHu•Hdu2

1@l5~Hu•Hd!22~l6uHdu21l7uHuu2!Hu•Hd

1H.c.#, ~51!

in which m3
2, l5,6,7 can be complex. In a general 2HDM, th

Higgs sector exhibitsCP violation if any two of these cou-
plings have nontrivial relative phases. SpontaneousCP vio-
lation can also occur for certain ranges of the parame
@52#. However, at tree level the MSSM is a special 2HDM
with m3

25Bm[b, mu,d
2 5mHu,d

2 , and

l15l25G2/4;l35~g2
22gY

2 !/4;

l452g2
2/2;l55l65l750. ~52!

As previously discussed, there is only one complex coupl
Bm in the MSSM Higgs potential at tree level, and hence
phase can always be eliminated by a suitable PQ rotatio
the Higgs fields. Although the Higgs sector isCP-conserving
at tree level,CPviolation occurs at the loop level ifu f and/or
ua are nonzero, with the dominant contribution involvingu t .
If u tÞ0, a relative phaseu between the VEVs ofHu andHd
is generated@22#.

Essentially, while theU(1)PQ symmetry of the MSSM
forbids nonzero values ofl5,6,7 at tree level, these coupling
are generated by radiative corrections becauseU(1)PQ is
softly broken by theBm term. For example, the effectivel5
coupling which is generated at one-loop is approximately

l5;
ht

2

16p2mSUSY
4 ~mAt!

2; ~53!
8-9
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see@22# for the explicit expressions.14

Within the U(1)8 models, the tree level Higgs potenti
does not allow for explicit or spontaneousCP violation.
However, it is possible to make a stronger statement: un
the MSSM, the Higgs potential in this class ofU(1)8 models
does not allow forCP violation at the renormalizable level a
any order in perturbation theory. To see this more clea
consider the most general renormalizable Higgs potentia
Hu , Hd , andS. The potential can be expressed as a funct
of the gauge-invariant quantitiesuHuu2, uHdu2, uHd•Huu2,
andSHu•Hd :

Vren5mu
2uHuu21md

2uHdu21mS
2uSu2

1~m12SHu•Hd1H.c.!1luuHuu41lduHdu41lsuSu4

1luduHuu2uHdu21lusuHuu2uSu2

1ldsuHdu2uSu21l̃uduHu•Hdu2. ~54!

At tree level, the dimensionful parametersmu,d
2 5mHu,d

2 and

m125hsAs , and the dimensionless couplings have all be
listed before exceptl̃ud5 1

2 g2
22hs

2 . Therefore, even in the
most general renormalizable Higgs potential there is o
one coupling which can be complex (m12); this is because
the gauge-invariant operatorSHu•Hd is already dimension 3
Hence, the global phases of the Higgs fields~more precisely
of the combinationSHuHd) can always be chosen such th
the phase ofm12 is absorbed. Note that this statement, wh
true for the tree-level potential of Eq.~6!, does not depend in
any way on perturbation theory.15

As the Higgs potential conservesCP to all orders at the
renormalizable level,CP violation can enter the theory onl
through loop-induced nonrenormalizable operators. The fo
of Eq. ~17! demonstrates that the one-loop contributions
the Higgs potential include an infinite series of terms invo
ing powers of the Higgs fields. While these terms inclu
contributions to the potential at the renormalizable lev
they also include a tower of nonrenormalizable terms, s
as

Vnr5 . . . 1S l

mSUSY
2 ~SHu•Hd!21H.c.D 1 . . . , ~55!

in which mSUSYdenotes a typical sfermion mass. ByU(1)R
invariance, the couplingl of the (SHu•Hd)2 term is propor-
tional to l;At

2/(16p2mSUSY
2 ). Such a term is generated b

the one-loop diagram formed from the Lagrangian inter

14Note that spontaneousCP violation ~SCPV! requires m3
2

,l5vuvd . As l5 is loop suppressed in the MSSM, SCPV wou
require a very smallm3

2, leading to an unacceptably light pseud
scalar Higgs mass@52#.

15Note that the structure of the potential is very different in t
case of the NMSSM, in which theS is a total gauge singlet. As
gauge invariance then does not restrict the possibleScouplings, the
Higgs sector generically violatesCP at tree level@53#.
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tions hsht* SHd
0ũL* ũL

c* 1H.c. ~from F terms! and the soft

SUSY breaking interaction htAtũLũL
c1H.c. For ^S&

@^Hu,d&, Eq. ~55! effectively leads to the coupling16

l5
e f f

mSUSY
2 ~Hu•Hd!2, ~56!

with

l5
e f f;

~At^S&!2

16p2mSUSY
2

. ~57!

In general, one can expand the one-loop potential in pow
of the phase-sensitive gauge-invariant operatorSHu•Hd :

dV5 . . . 2bht
hsF~Q2,mt̃ 1

2 ,mt̃ 2

2
!AtSHu•Hd

1bht
ht

2hs
2G~mt̃ 1

2 ,mt̃ 2

2
!

At
2

~mt̃ 1

2
2mt̃ 2

2
!2

~SHu•Hd!2

1H.c.1 . . . , ~58!

in which we have presented only the phase-sensitive cor
tions up to quadratic order~this expansion can of course b
continued to higher orders with no difficulty at all!. The first
term renormalizes thehsAsSHu•Hd operator in the tree leve
potential, while the second term is a new higher-dimensio
operator. Both terms violateCP through the phase ofAt^S&
~recall this phase is irremovable ifAt and As have a non-
trivial relative phaseu ts). The effective theory at scales be
low ^S& is equivalent to the MSSM~with m andBm param-
eters related to the other soft parameters of the model!. One
concludes from Eq.~58! that the size of theCP violation in
the Higgs sector depends on the extent to which theU(1)8
breaking scale is split from the electroweak scale. Below
scale^S&, the coefficients of theCP-violating effective op-
erators in Eq. ~51! grow with uAtuvs ~or equivalently
uAtuume f fu), in agreement with theCP-violating M (u,d,s)A

2 en-
tries of the Higgs mass-squared matrix.

IV. PHENOMENOLOGICAL IMPLICATIONS

In this section we discuss the existing constraints
U(1)8 models as well as their phenomenological implic
tions with explicitCP violation.

A. Constraints from Z-Z8 mixing

In the previous section, we computed the radiatively c
rected Higgs boson mass-squared matrix~36!. If the eigen-
values of the Higgs boson mass-squared are all positive d
nite, the parameter space under concern corresponds
minimum of the potential. The parameter space is of cou

16Note that SCPV is also not viable in this potential, for the sa
reason as in the MSSM.
8-10
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also constrained by the fact that direct collider searches h
yielded lower bounds on the sparticle and Higgs mas
Within U(1)8 models, further constraints arise from the no
observation to date of aZ8, both from direct searches@38#
and indirect precision tests fromZ pole, LEP II and neutral
weak current data@28,39#. The strongest constraints aris
from the mixing mass term between theZ and theZ8 induced
by electroweak breaking,

MZ2Z85S MZ
2 D2

D2 MZ8
2 D , ~59!

in which

MZ
25G2v2/4 ~60!

MZ8
2

5gY8
2

~Qu
2vu

21Qd
2vd

21Qs
2vs

2! ~61!

D25
1

2
gY8G~Quvu

22Qdvd
2!. ~62!

Current data requireD2!MZ8
2 ,MZ

2 , because theZ2Z8 mix-
ing angle

aZ2Z85
1

2
arctanS 2D2

MZ8
2

2MZ
2D ~63!

must not exceed a few31023 in typical models.
Let us review the implications of this constraint, whic

was studied in@28,41#. One can see from Eq.~63! that unless
MZ8@MZ , the Z2Z8 mixing angle is naturally ofO(1).
Therefore, a smallaZ2Z8 requires a cancellation in the mix
ing termD2 for a given value of tanb. For models in which
MZ8;O(MZ), this cancellation must be nearly exact; th
can be slightly alleviated if theZ8 mass is near its natura
upper limit of a few TeV. Hence, tan2b must be tuned around
Qd /Qu with a precision determined by the size ofaZ2Z8 . In
our analysis, we will eliminate tanb from Eq. ~63! for a
given value ofaZ2Z8 :

tan2b5

hQd2aZ2Z8F211h2S Qd
21Qs

2
vs

2

v2D G
hQu1aZ2Z8F211h2S Qu

21Qs
2

vs
2

v2D G
, ~64!

in which h52gY8 /G, and we used tan(2aZ2Z8)
'2aZ2Z8 . Having fixed tanb in this way, a multitude of
parameters remain which can be varied continuously as
as all collider constraints are satisfied. In@41#, two phenom-
enologically viable scenarios were identified:
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~i! Light Z8 Scenario. Clearly, theU(1)8 symmetry can
be broken along with the SM gauge symmetries at the e
troweak scale.17 In this casevs;v, tanb;AuQdu/uQuu, and
MZ8 is of orderMZ ~the precise factor depends on the size
gY8uQsu). However, the collider constraints on such a lig
Z8 are severe within typical models, and hence it can
accommodated in the spectrum only if it is sufficiently le
tophobic. Note that within this framework, leptophob
U(1)8 couplings lead to a generic difficulty related to lepto
mass generation: asQHd

Þ0, if the electron mass is induce

via the Yukawa couplingheL̂1ĤdÊ1
c , the leptons necessaril

have nonvanishingU(1)8 charges. The electron mass~and
perhaps all light fermion masses! then must be generated vi
nonrenormalizable interactions which guarantee the neu
ity of L̂1 and Ê1

c under theU(1)8. In practice, this would
need to be investigated within specific models.18

~ii ! Heavy Z8 Scenario.In this scenario, theU(1)8 break-
ing is radiative~driven by the running ofmS

2 to negative
values in the infrared! and occurs at a hierarchically large
scale than the electroweak scale. However, gauge invaria
does not allow for theU(1)8 and electroweak breakings t
decouple completely~asQHu,d

Þ0). The electroweak scale i
then achieved by a cancellation among the soft mas
which are typically of O(MZ8), with a fine-tuning
O(MZ8 /MZ). As discussed in@41#, excessive fine tuning is
avoided if MZ8 in units of the heavy scale is roughl
bounded by the ratio of the charges, min@ uQs /Qdu,uQs /Qdu#.
There are several advantages of the heavyZ8 scenario. First,
the Z2Z8 mixing can be kept small enough with less fin
tuning of theD2 in Eq. ~59!; in particular, Qu5Qd is no
longer a requirement. In addition, the collider constraints
less severe forZ8 bosons with TeV-scale masses in typic
models; for example, leptophobic couplings are not gen
cally a phenomenological necessity.

B. Constraints from dipole moments

Let us now turn to dipole moment constraints. Recall
SUSY theories dipole moments of the fundamental fermio

17As shown in@41#, at tree level a lightZ8 boson with a vanishing
Z2Z8 mixing ~for Qu5Qd) naturally arises whenuAsu is the domi-
nant soft mass in the Higgs potential. Such trilinear coupling
duced minima can also accommodate a heavyZ8 boson. This can
happen in models in which there are several additional singlets
secluded sector coupled to the Higgs fieldsHu,d andSvia the gauge
or gravitational interactions@44#. Furthermore, these large trilinea
coupling scenarios~with light Z8 bosons! also have interesting im-
plications for baryogenesis, due to the first order phase transitio
tree level. If the phase transition remains first order after radia

corrections are included, thenū may be sufficient to generate th
baryon asymmetry. The electroweak phase transition inZ8 models
with a secluded sector is strongly first order~with a heavy enough
Z8 without any fine-tuning!, and electroweak baryogenesis in su
models can be viable in a greater region of parameter space th
the minimal model@54#.

18However, the kinetic mixing between the hypercharge andZ8
gauge bosons can be used to decouple leptons fromZ8 though all
leptons, with nonzeroU(1)8 charges, acquire their masses fro
their Yukawa couplings@50#.
8-11
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D. A. DEMIR AND L. L. EVERETT PHYSICAL REVIEW D 69, 015008 ~2004!
are generated by gaugino/Higgsino exchanges accompa
by sfermions of the appropriate flavor. The dipole mom
under concern may~e.g. the electric and chromoelectric d
pole moments of the quarks! or may not~e.g. the anomalous
magnetic moment of muon! require explicit sources ofCP
violation.

In the MSSM, dipole moments can provide importa
constraints on the parameter space. For example, the an
lous magnetic moment of the muon is in principle an imp
tant observable either for discovering SUSY indirectly
constraining SUSY parameter space; however, at presen
theoretical uncertainties present in certain nonperturba
SM contributions lead to difficulties in carrying out this pr
cedure using recent data~see e.g.@55# for a review of the
basic physics and@56# for the most recent experimental re
sults!. At present, the most stringent constraints arise fr
electric dipole moments~EDMs!. As is well known, the ex-
perimental upper bounds on the EDMs of the electron, n
tron, and certain atoms impose particularly severe constra
on the parameter space of general SUSY models. In con
to the SM, in which EDMs are generated only at three-lo
order ~as the only source ofCP violation is in the CKM
matrix!, the sources of explicitCP violation in SUSY theo-
ries include phases in flavor-conserving couplings which
present, lead to nonvanishing one-loop contributions to
EDMs which can exceed the experimental bounds. As th
phases generically filter into the Higgs sector, it is import
to include the parameter space constraints provided by
EDM bounds.

Let us consider the dipole moments which arise with
this class ofU(1)8 models. Here we will neglect any pos
sible ~but highly model-dependent! contributions involving
exotic matter, although this issue should be examined wi
specific models on a case-by-case basis. After replacing
m parameter of the MSSM byme f f in Eq. ~11!, all one-loop
dipole moments are found to be identical to their MSS
counterparts except for an additional contribution genera

by theZ̃8– f̃ diagram in Fig. 1. HereZ̃8 is theU(1)8 gaugino
with mass M18 . This diagram generates the opera

D f f̃ LsmnFmn f R , in which

FIG. 1. The Z̃8-sfermion diagram which contributes to th
~chromo-!electric and~chromo-!magnetic dipole moments of th
fermion f. The photon (g) or gluon ~g! are to be attached in al
possible ways.
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D f~ Z̃8!;
gY8

2 Qf
2

16p2

mf uM18u

M f̃
4 @ uAf uei (u18s2u f s)

2Rf ume f fuei (u18s1 ū)#, ~65!

in units of the electromagnetic or strong coupling. In t

above Rf5(tanb)22I f
3
, M f̃ characterizes the typical sfer

mion mass, and recall that the reparametrization invar
phases are defined in Eq.~4!. Clearly, the~chromo-!electric
and ~chromo-!magnetic dipole moments are generated,
spectively, by Im@D f # and Re@D f #. The expression above i
an approximate estimate~valid in the limit thatM f̃@M18) of
the exact amplitude; a more precise treatment would t
into account the mixing of all six neutral fermions. The am
plitude ~65! is similar to theB-ino exchange contribution in
the MSSM.

Within the aforementioned lightZ8 scenario, for phenom-
enologically viable modelsDe(Z̃8) vanishes because the lep
ton couplings to theZ8 are necessarily leptophobic. Ther
fore, for instance, the electron EDM is completely decoup
from the presence of an electroweak scaleU(1)8 symmetry.
This conclusion extends to other leptons for family univer
Z8 models. This may also be relevant for the hadronic dip
moments depending on whether or not theZ8 boson is ha-
drophobic~assuming it is detected in present and/or for
coming colliders!. As ume f fu!M f̃ within the light Z8 sce-
nario, the dipole moments of both the up-type and down-ty
fermions are largely controlled by the correspondingAf pa-
rameters. In contrast, theU(1)8 charges are not necessari
suppressed for any fermion flavor in the heavyZ8 scenario
and thus theD f(Z̃8) contribution to dipole moments ca
compete with the MSSM amplitudes. In this scenar
ume f fu;MZ8@MZ , and hence both terms inD f(Z̃8) are im-
portant. The dipole moments become sensitive tou18s1 ū if
the Af parameters are sufficiently small compared toume f fu.

As the dipole moments generically scale asmf /M f̃
2 ,

@which is clear from the form of Eq.~65!#, when M f̃
;O(MZ) the EDMs typically exceed the existing bounds
2 to 3 orders of magnitude if the phases areO(1). As dis-
cussed briefly in the Introduction, one possibility for satisf
ing the experimental bounds while retainingO(1) phases is
to raiseM f̃ to multi-TeV values, which in effect requires th
sfermions of first and second generations to be ultrahe
@2,4#. Another way of suppressing the EDMs is to invok
accidental cancellations between different contributions,
to find regions of parameter space in which the SUSY a
plitudes interfere destructively. In the MSSM with low va
ues of tanb, this has been shown to occur with almost
constraint on any of the invariant phases exceptuux̃6u5ufm
1fM2

u&p/10 @4–8#. This strong constraint follows from

the fact thatgY!g2, and thus theSU(2) gauginos dominate
the EDMs. Within theU(1)8 framework, the EDM con-
straints can have varying implications depending on the s
of Eq. ~65!.

~i! If gY8;O(gY) or ~more generally! gY8!g2, the EDM
constraints on the parameter space are similar to that of
8-12
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MSSM except for a slight folding of the cancellation doma
due to the inclusion of Eq.~65!. Once again, the mos
strongly constrained phase isux̃6, with uux̃6u&p/10 in the
low tanb regime. As ux̃65u2s1 ū and ū is a loop-
suppressed angle~30!, the EDMs provide a constraint o
u2s : uu2su&p/10. Consequently, the dynamical solution
the m problem present in this class ofU(1)8 models also
solves the SUSYCP hierarchy problem in specific models o
the soft parameters in which~at least! the SU(2) gaugino
mass has the same phase as theAs parameter~thenu2s50 by
definition!.19

~ii ! If gY8*g2, the dipole moment amplitudeD f(Z̃8) be-
comes comparable to or larger than theSU(2) gaugino con-
tribution, and the cancellation domain found in the MSS
will be significantly folded. In this case, the EDMs will con
strain a combination of the phases in Eq.~65! andux̃6. Such
a scenario, however, can have tension with the standard
ture of gauge coupling unification at a high fundamen
scale~although in principle it could be considered as a p
sibility in generic low scale realizations!.

Until this point, we have only discussed one-loop EDM
It was pointed out a while ago@11# that in certain regions o
MSSM parameter space certain two-loop contributio
which exclusively depend on the third generation sfermio
can be non-negligible. These contributions, which are p
ticularly relevant if the one-loop EDMs are suppressed so
by ultraheavy first and second generation sfermion mas
involve the same phases which predominantly filter into
Higgs potential at one-loop~i.e. the phases present in the to
squark mass-squared matrix!. However, these two-loop
EDMs become sizeable only at large tanb. In this paper, we
have restricted our attention to small tanb values, which is a
well-motivated parameter regime~e.g., tanb51 is allowed
within this framework, in contrast to the MSSM!, and further
neglected the~subleading! gaugino/Higgsino loops in the
analysis of the Higgs sector. Hence, neither the one-loop
the two-loop contributions will provide significant paramet
space constraints in our numerical analysis.

C. Numerical estimates for Higgs sectorCP violation

In this section, we present sample numerical calculati
of the Higgs boson masses and mixings derived in Sec. II
taking into account the phenomenological constraints on
parameter space discussed in Secs. IV A and IV B.

In the absence ofCP violation, the scalar-pseudoscal
mixing terms of the Higgs mass-squared matrix~36! vanish
(sinū50), and hence Eq.~36! takes on a block diagona
form. The structure of Eq.~36! demonstrates that in this limi

19In this paper, we have not addressed the origin of the phase
the soft parameters in Eq.~3!, and hence we cannot make an
claims about how one solves the SUSYCP hierarchy problem
within this framework. However, it is worthwhile to note that mo
els of the soft parameters in which the gaugino masses andA terms
have the same phases are quite common within various class
four-dimensional string models~at least at tree level! under plau-
sible assumptions@57#.
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there is oneCP even scalar with mass}vs and aCP odd
scalar with mass proportional toAuAsuvs. In addition, there
is a light CP even scalar of mass;MZ and a heavierCP
even scalar with its mass controlled by a combination ov
andMA . However, in the presence of explicitCP violation,
the Higgs bosons cease to have definiteCP parities. Includ-
ing only the dominant loops involving the top squarks, t
strength ofCP violation in the Higgs sector is parametrize
by the reparametrization invariant phaseu ts , which induces

a nonvanishingū through the relation~30!. The induced

phase ū is a loop-induced and scale-dependent quan
which is particularly enhanced in parameter regions with
low MA .

As discussed in Sec. IV B, while the one-loop EDM co
straints strongly constrain the phaseu2s , this phase is not the
dominant source ofCP violation in the Higgs sector for
small values of tanb and hence this constraint does not r
strict the parameter space for our analysis. The domin
corrections to the Higgs potential arise from top quark a
top squark loops, and the dipole moments of the fermion
the first two generations feel such effects only at the tw
loop level. In fact, in the low tanb limit ~which is the do-
main in which our analysis of the Higgs potential is valid!,
such effects are completely negligible@11#. Therefore, the
EDM constraints do not have a direct impact on our analy
of CP violation in the Higgs sector~we simply assume tha
the dipole moment constraints have been saturated eithe
cancellations or by choosing the first and second genera
sfermion masses heavy enough; we could also simply
sume that all phases exceptu ts are small!. Of course, in a
more general analysis which includes the subdominant c
tributions from the charginos and neutralinos toCP violation
in the Higgs sector, the EDM constraints would more sign
cantly constrain the parameter space.

We now turn to the analysis of the parameter space,
cluding the nontrivial constraints arising fromZ2Z8 mixing.
The fundamental parameters relevant for the Higgs se
include$vs , As , At , MQ̃ , MŨ ,hs , Qu , Qd , gY8 , u ts%. We
fix a subset of these parameters as follows:~i! aZ2Z8
51023, which is well below the present bounds;~ii ! gY8

2

5(5/3)G2sin2uW, as inspired from one-step GUT breakin
~iii ! hs51/A2, as motivated by the RGE analysis of@41#;
~iv! Qu5Qd521, such that tanb remains close to unity@as
can be seen from Eq.~64!#; and finally ~v! MQ̃5MŨ . The
remaining parameters can be fixed on a case by case
depending on the range of values assumed forMZ8 . A few
notational comments are also in order. Although Eq.~36!
suggests thatMA can be chosen to be a fundamental para
eter and this is what is traditionally done in the MSSM, w
prefer to work instead withAs for consistency with previous
discussions in this paper as well as the tree level analysi
@41#. In addition, in our numerical results we fix the reno
malization scale to beQ5(2mt1MZ8)/2. This differs once
again from the MSSM, where the renormalization scale
chosen to beQ5mt in order to minimize the next-to-leadin
order corrections. Such higher order corrections are bey
the scope of this paper; our choice forQ can be regarded a

of

of
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some nominal value in between the electroweak andU(1)8
breaking scales.

We begin with an analysis of the lightZ8 scenario. For
purposes of definiteness, we setMQ̃52vs , vs5v/A2.mt ,
and uAsu5vs , in which caseMZ8.2MZ and ume f fu.MZ .
The SUSY phaseu ts influences both the Higgs masses a
their mixings, as shown in Fig. 2. In the left panel, the var
tion of the lightest Higgs mass withu ts is displayed for sev-
eral values ofuAtu/vs . For uAtu/vs51/2,1 and 2,MH1

grows

gradually withu ts , peaking atu ts5p. This behavior is easy
to understand: as the magnitude of the top squark LR mix
depends strongly onu ts , the variation ofMH1

with respect to

u ts simply displays the well-known fact that the lighte
Higgs mass depends strongly on the value of the top sq
mixing,

uMLR
2 uu ts5p

uMLR
2 uu ts50

5
uAtu1ume f fucotb

uAtu2ume f fucotb
, ~66!

which becomes large whenuAtu andume f fu are of comparable
size. The ratio~66! gets saturated with further increase
uAtu; however, in this caseuAtuume f fu also becomes large

which affects both theM P
2 and MiA

2 entries of the Higgs
mass-squared matrix. While the former shifts the peak va
of MH1

towards the point of maximalCP violation ~see the
dot-dashed curve in the figure!, the latter enhances the scala
pseudoscalar mixings. The generic strength of the sca
pseudoscalar mixings can be determined e.g. by working
the CP-odd composition ofH3 ~the would-be pseudoscala
Higgs boson!. The result is shown in the right panel of Fi
2. Clearly, theMiA

2 sinuts elements of the Higgs mass-squar
matrix are not large enough to enhance such mixi
(uR 3Au2 falls at most to 99.75% foruAtu54vs).

The functional dependence of the heavier Higgs bo
masses onu ts is opposite that ofMH1

in that the masses ten

to decrease asu ts ranges from 0 top; e.g. when uAtu
54vs , (MH4

,MH3
,MH2

) fall from (245,224,191) to

(234,206,182) GeV. In accord with the analytical express
~30!, ū grows with uAtu until it arrives at the peak value o
;30% foruAtu54vs for maximalCP violation. For lowMZ8
minima, the scalar-pseudoscalar mixings~which govern the
novel CP violating effects in the Higgs couplings to ferm

FIG. 2. Theu ts dependence of the lightest Higgs mass and
CP-odd composition ofH3 in the light Z8 scenario. The solid,
dashed, dotted, and dot-dashed curves correspond to, respec
uAtu/vs51/2, 1, 2 and 4 withvs5v/A2.
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ons, gauge bosons and other Higgs bosons! are typically
small due to the low value ofume f fu.

We now discuss the heavyZ8 scenario, settingvs

51 TeV, MQ̃5750 GeV, anduAtu52MQ̃ . Figure 3 depicts
the variations of the lightest Higgs mass~left panel! and the
CP-odd composition of the would-be Higgs scalar as a fu
tion of u ts anduAsu. In both figures, the solid, dashed, dotte
and dot-dashed curves correspond, respectively, touAsu/vs

51/5, 1/2, 3/4 and 1. In contrast to the lightZ8 scenario as
shown in Fig. 2, here we illustrate the dependence onuAsu ~or
equivalentlyMA), as this parameter remains largely free
the heavyZ8 limit @41#. As the left panel of the figure shows
the mass of the lightest Higgs boson is typically larger th
that in the lightZ8 scenario. The lightest Higgs mass is al
a steep function ofuAsu, which becomes increasingly smalle
asMA increases due to decoupling. Note also that the dep
dence ofMH1

on u ts in this scenario is similar to the cas

within the light Z8 scenario; once again, this is because
radiative corrections to the lightest Higgs mass strongly
pend on the value of the top squark mixing parameter.

However, in contrast to the lightZ8 scenario, the scalar
pseudoscalar mixings in the heavyMZ8 limit are sizeable, as
shown in the right panel of Fig. 3. This feature is expec
because the strength of the Higgs sectorCP violation is gov-
erned by the size of the singlet VEV, i.e. the effectivem
parameter, and in this scenarioume f fu;MZ8 . In general, the
CP-violating mixings grow larger asAs decreases, becaus
in this caseMiA

2 sinuts can be comparable toMA , which fa-
cilitates scalar-pseudoscalar transitions. ForuAsu5vs/5, the
CP-odd composition of the would-be pseudoscalar Higgs
son falls down to 70% aroundu ts;p/6. However, asuAsu
increases~while keepingume f fu and uAtu fixed!, the diagonal
elements of Eq.~36! also increase, with the result that th
CP-violating effects become weaker. The large variations
uR 3Au2 depicted here are due to the mixings betweenH3 and
H2. For uAsu/vs51/5,1/2,3/4 and 1 the two masses a
strongly degenerate, with (MH2

,MH3
) starting at (476,477),

(722,726), (876,881), (1013,1007) and decreasing
(417,418), (685,688), (846,851), (987,981) GeV asu ts var-
ies from 0 top. Note that the scalar-pseudoscalar conv
sions are more efficient when the two masses are highly
generate.

e

ely,

FIG. 3. The u ts dependence of the lightest Higgs mass~left
panel! and theCP-odd composition ofH3 in the heavyZ8 scenario.
Here solid, dashed, dotted, and dot-dashed curves correspon
spectively, touAsu/vs51/5, 1/2, 3/4 and 1 withvs51 TeV.
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CP VIOLATION IN SUPERSYMMETRIC U(1)8 MODELS PHYSICAL REVIEW D69, 015008 ~2004!
For the values ofuAsu/vs exhibited above, the Higgs sec
tor is within the decoupling regime (MA.2MZ),20 in which
the lightest Higgs boson resembles the SM Higgs boson,
heaviest Higgs boson is singlet-dominated with a mass
orderMZ8 , and the two intermediate mass Higgs bosons~the
CP odd scalar and the second heaviestCP even scalar in the
absence ofCP violation! are strongly degenerate. The ligh
est Higgs boson is essentiallyCP even (uR1Au2!0.1% for
uAsu/vs>1/15) and hence is decoupled fromCP-violating
effects, although its mass depends strongly onu ts . However,
there are phenomenologically interesting corners of par
eter space with sufficiently small values ofuAsu/vs in which
the lightest Higgs boson can have a significant mixing w
the would-be pseudoscalar. As the lightest Higgs mass
steep function ofuAsu/vs , for a value ofMH1

consistent with

LEP bounds theCP-odd composition ofH1 cannot be larger
than 20%. It is important to keep in mind though that t
couplings of the lightest Higgs boson to gauge bosons
fermions are modified when the lightest Higgs boson ha
significant mixing with the would-be pseudoscalar~the
modifications grow with theCP-odd composition of the
lightest Higgs boson!, such that the existing LEP bound
may not be applicable~see e.g.@24,25# for discussions within
the MSSM!.

Our results demonstrate that theCP-violating effects in
the Higgs sector, or more precisely, the mixing between
would-be scalars and pseudoscalars in theCP conserving
limit, are generically highly suppressed in the lightZ8 mod-
els but can be sizeable in the heavyZ8 scenario, even though
the masses can vary strongly withu ts ~which is of course a
CP-conserving effect!. This behavior is exactly in accor
dance with the general discussion of Sec. III C, in which
demonstrated that theCP-violating terms in the Higgs poten
tial necessarily originate from nonrenormalizable ter
present at one-loop~such terms are encoded within the fu
Coleman-Weinberg potential!. The strength of such terms i
e.g. the doublet sector then scale according to the ratio o
singlet VEV vs.ume f fu to the scale of a typical soft mas
Hence, within the lightZ8 scenario~in which the effectivem
parameter is small! CP-violating effects are suppresse
while the largeume f fu present in the heavyZ8 scenario can
allow for spectacular effects ofCP violation.

We close this section with a brief discussion of the imp
cations for collider searches. In general, at least a subs
the Higgs masses within this class ofU(1)8 models can be
observable at forthcoming colliders. Within lightZ8 models,
all of the Higgs bosons remain light after including radiati
corrections, but such models generically have very smallCP-
violating Higgs couplings. In contrast, largeZ8 models can
have largeCP-violating Higgs couplings. As the viable re
gions of space typically correspond to the decoupling limit
which all of the Higgs bosons except the lightest Higgs b
son are heavy, detecting theCP-violating effects within this

20See@22,23# for a more precise definition of the decoupling r
gime in theCP-violating MSSM.
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scenario is similar to that within the MSSM for a largem
parameter. Such effects have been studied in@22,24,25#,
where it is known that Higgs sectorCP violation can intro-
duce sizeable modifications in the couplings of the Hig
bosons to fermions and vector bosons, and strongly affec
bounds inferred from theCP-conserving theory. Further
more, theCP purity of the Higgs bosons~assuming that the
collider searches establish their existence! can be tested by
measuringCP violation in its decays into heavy quarks o
vector bosons@58#.

V. SUMMARY

In this paper, we have discussed the nature and impl
tions of explicit CP violating phases present in the so
breaking Lagrangian within supersymmetric models with
additional U(1) gauge symmetry and an additional S
gauge singletS. This class of models is worthy of furthe
study not only because such gauge extensions are ubiqu
within four-dimensional string models~and other plausible
extensions of the MSSM!, but also they provide an elegan
framework in which to study them problem of the MSSM.
The solution, which is to forbid the barem term by U(1)8
gauge invariance and generate an effectivem parameter
through the VEV of the singletS, is similar to that found
within the NMSSM ~but without its generic cosmologica
and CP problems!. Our results can be summarized as fo
lows:

~i! All reparametrization invariant phases can be e
pressed as linear combinations ofu f s[fAf

2fAs
and uas

[fMa
2fAs

, and hence a ‘‘natural’’ basis can be obtained

usingU(1)R to setfAs
50.

~ii ! The Higgs sector is manifestlyCP conserving at tree
level ~and at the renormalizable level to all orders in pert
bation theory!. However, theCP-violating phases present i
the top squark mass-squared matrix filter into the Higgs s
tor at the nonrenormalizable level at one-loop. TheCP-
violating effects are particularly enhanced whenU(1)8 sym-
metry is broken near the sparticle thresholds.

~iii ! The spontaneous breakdown of theU(1)8 symmetry
near the weak scale stabilizes not only the modulus ofm but
also its phase. The phase ofm itself is of course not a basis
independent quantity; however, in the ‘‘natural’’ basis d
fined above, this phase (ū in this basis! arises only at the
loop level and is typically 1–10 %, depending on the size
MA ~the pseudoscalar Higgs boson mass in theCP conserv-
ing limit!.

~iv! The absence of permanent EDMs for leptons and h
rons ~even assuming either cancellations and/or heavy
and second generation sfermions! strongly bounds the rep
arametrization invariant phase present in the chargino m
matrix (fm1fM2

)5( ū2fAs
1fM2

), while the other SUSY
phases remain largely unconstrained. In specific model
which the phase difference between@at least theSU(2)]
gaugino mass parameters andAs is vanishingly small, this
‘‘SUSY CP hierarchy problem’’ is resolved because th
8-15
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radiative phaseū is sufficiently small to be easily allowed b
EDM bounds.

~v! The CP-violating effects in the Higgs sector are qui
distinct for the two phenomenologically viable scenar
with acceptably smallZ2Z8 mixing, because these effec
are proportional to the size of the effectivem term. In sce-
narios with a lightZ8, CP-violating effects are suppresse
while heavyZ8 models can exhibit significantCP-violating
scalar-pseudoscalar mixings, with phenomenological im
cations similar to that of the MSSM with largem parameter.
.
.
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d
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