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The supersymmetri€P problem is studied within superstring-motivated extensions of the minimal super-
symmetric standard modé@/SSM) with an additionalU(1)’ gauge symmetry broken at the TeV scale. This
class of models offers an attractive solution to theroblem of the MSSM, in whiclJ (1)’ gauge invariance
forbids the barew term, but an effectiveu parameter is generated by the vacuum expectation value of a
standard model single$ which has a superpotential coupling of the foB# H to the electroweak Higgs
doublets. The effectivee parameter is thus dynamically determined as a function of the soft supersymmetry
breaking parameters, and can be complex if the soft parameters have no@fwablating phases. We
examine the phenomenological constraints on the reparametrization invariant phase combinations within this
framework, and find that the supersymmet@® 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 SH,H4 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 con€#hashe renormal-
izable level to all orders of perturbation theo@P violation can enter at the nonrenormalizable level at
one-loop order. In the majority of the parameter space, the lightest Higgs boson remains es&&Rtaign
but the heavier Higgs bosons can exhibit la€fe violating mixings, similar to thecP-violating MSSM with
large u parameter.
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[. INTRODUCTION significant phenomenological implications which can be
studied without knowledge of the origin of intergenerational
While phenomenological models with low energy super-mixing. In the MSSM, these phases are given by reparam-
ics beyond the standard mod&M), they typically include a 9@ugino mass parameteks,(a=1,2,3), the trilinear cou-
large number of parameters associated with the soft supeP—“_”gSAf' the . parameter, and the Higgs bilinear (_:ouphng
symmetry breaking sector. For example, the minimal super?=#B-. However, not all of these phases are physical, after
symmetric standard modéMSSM), which has two Higgs utilizing the U(1)pq and U(1)g global symmetries of the
doublets and conserveRl parity, contains 105 new param- MSSM, the reparametrization invariant phase combinations
eters[1], including the bilinear Higgs superpotential param-ar(.a 0= ¢M+.¢Af_ ép and Oa=¢,+ by, ~ ¢y (in self-
eteru and the soft SUSY breaking parametétss counting ~ €vident notation .
does not include the gravitino mass and couplifihe pa- Such pha;es have traditionally been assu_med to be small
rameter count generically increases if such SUSY models al ue to what is known as ;he supersymm_etDE problem:
extended beyond the minimal gauge structure and particl e experimental upper limits on the electr!c dipole moments
content of the MSSM, unless symmetry relations exist in th ”DMS) otf the tehlectrr?n, nel:trct))n, land c;ertmggto;ns individu-
theory which relate subsets of parameters. Many of thesg'Y constrain th€ phases 1o be 1ess 1@f10 ) for spar-

new parameters are phases, which both provide new sourcggle masses consistent with naturalng@s4]. However, re-
of CP violation and modify the amplitudes folCP- cent studies have shown that EDM bounds can be satisfied

conserving processes. Even if certain sectors of the theo .ithO.Ut requiring all repargmgtrization invariant phase com-
exhibit no CP violation at tree levelie.g., if the relevant inations to be small, if eitheli) certain cancellations exist
phases can be eliminated by global pr’1ase rotatiothe between different EDM contributio$-9], or (ii) the spar-
phases can leak into such sectors of the theory at the lo icles of the first and second families have multi-TeV masses
level and have an impact on collider phenomenology an 0].* Even within each of these scenarios, the particularly
cosmology.

_ In contrast with the SM, in which the only source 6P The EDM bounds are more difficult to satisfy in both of these
violation is present in the Cabibbo-Kobayashi-Maskawascenarios when taf (the ratio of electroweak Higgs vacuum ex-
(CKM) matrix and thus is intimately tied to flavor physics, pectation valuesss large. Not only are cancellations in the one-loop
CP-violating phases within SUSY models can occur in bothEpms more difficult to achieve, but certain two-loop contributions
flavor-conserving and flavor-changing couplings. The phasesgre then enhancdd1,12 which do not decouple when the sfermi-
of the flavor-conserving couplingsvhich have no analogue ons are heavy. In part for this reason, we will restrict our attention
in the SM are of particular interest because they can haven this paper to the small tg8 regime.
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strong constraints arising from the atomic EDM$)] lead to ~ within semirealistic superstring modglshis framework is

a general upper bound e£O(10 3) on the reparametriza- of particular interest because such extigl) groups are
tion invariant phase present in the chargino secégrif our ~ often present in plausible extensions of the MSSM, and in
notation, while the other phases are comparatively unconfact are ubiquitous within many classes of four-dimensional
strained[8]. These constraints will be discussed in detailSuperstring models. Additional nonanomalou¢l) gauge
later in the paper; for now, it is worth noting that thi€P ~ groups are present in virtually all known 4D string models
hierarchy problem” is an intriguing issue to be addressegVith semirealistic features, such as gauge structure which

within models of the soft parameters which inclu@®  includesSU(3)cx SU(2), X U(1)y (or a viable GUT exten-
violation2 sion) and particle content which includes the MSSM fields.

Of course, if the reparametrization invariant phases are Within this class of models, the electroweak dddl1)’
sizeable, they can have important phenomenological cons€YMMetry breaking is driven by the soft SUSY breaking pa-

quences. Within the MSSM, one of the examples in whichiameters, and hence tZé mass is expected to be of order a

these phases can have a significant impact is the Higgs sefcew TeVor less. Such &" should be easily observable at

tor. As is well known, the MSSM Higgs sector consera either present or forthcoming colliders. The nonobservation

at tree level. However, radiative corrections involvin theto date of aZ’ puts stringent limits on th&’ mass and
j ' 9 mixing with the ordinaryZ both from direct searches at the

%’evatron[38] and indirect tests from precision electroweak

WP'C?‘"V."“E to top quark and top squarI.< I.OODS’ have a su measurementss9]. Although limits depend on the details of
stantial impact on Higgs masses and mixings. For examplethe 7' couplings, typicallyM ,,>500-800 GeV and th&
the one-loop radiative corrections substantially elevate the I z

. =Z' mixing anglea,_,<0(10 %).° These models have
e e e o gD nahzed a e lvel 143, where  was ound
by utilizing complete oné-loop on-shell renormalizat[ar] that there are corners of parameter space in which an accept-
2 . . ' ableZ—2Z’ hierarchy can be achieved. Further studies of a
renormalization group method48], diagrammatic methods different class of string-motivated)(1)’ models can be
with leading order QCD correctiorj49], two-loop on-shell 9

renormalizatior20], and complete two-loop effective poten- found in[44] ' : .
tial [21]. If the radiative corrections include a nontrivial de- As the phase of tha parameter filters into the amplitudes

pendence on phases, the Higgs potential viol@@sxplic- for many physical observables in the MSSlihd plays an

itly at one-loop. The Higgs mass eigenstates then no longémportant role in the Higgs sector at one-lgpf is worth-

have definiteCP properties, which leads to important impli- While to analyze r_n_odels .Wh'(.:h solve t?e problem in the
cations for Higgs production and decg2—25 presence of explicitCP violation. In this paper, we thus

The MSSM offers a minimal framework for stabilizing study the supersy_mmetr(ﬁP prqblem inU(l)_' models, fo-
the Higgs sector against quadratic divergences. However, using on the radlat!ve corrections to the Higgs sector of the
is well known that the MSSM has a hierarchy problem with (1),. model off41] in the case that th_e so_ft supersymmetry
respect to the scale of the superpotentiabarametef26], breaking parameters have gene@-violating phasegra-

. diative corrections in theCP-conserving case have been
which has a natural scale @f(Mgy7), and the electroweak D : e ;
scale. An elegant framework in which to address this * studied in[47]). We begin by classifying the reparametriza-

Y . tion invariant phase combinations and comment on the phe-
problem” is to generate the. parameter via the vacuum

expectation valugVEV) of a SM singletS One simple
ossibility’ [28] is to invoke an additional nonanomalous
B(l)’ a)j [e s] mmetrv broken at the TeV scale. as expecte “For example, many examples of such semirealistic models have
in mang st?'n )r/‘nodelsy For suitablé(1)’ char esl the bgre l()jeen constructed within perturbative heterotic string théseg e.g.

: y st g S ul ges, . [29] for an overview. An interesting class of constructions is the set

u parameter is forbidden but the operaleSH,-H, is al-

. ; of free fermionic modeld{30-32, in which a number of extra
lowed, such that an effective. term is generated afte$ U(1)’s arealways present at the string scale. Whether or not all of

develops a VEV of order the electroweak/TeV sdalssum- i esel(1)s persist to the TeV scale depends on the details of the
ing the Yukawa couplinghs~0O(1), as iswell-motivated  yacuum restabilization procedure. Although there are cases in
which only the MSSM gauge structure remains at low en¢&gy,
typically one or more extré) (1)s persists to the electroweak scale
2However, there are unavoidable theoretical uncertainties involvef34,35. Additional U(1)s also are generic in supersymmetric
in the determination of the hadronic EDMs and the atomic EDMsbraneworld models derived from type Il string orientifolfi36]
(see e.g[14,15 for discussions These uncertainties are particu- (due at least in part to thg(N) gauge groups associated with a
larly problematic for the mercury EDM, which yields the strongest stacks of D brangs Phenomenological analyses also indicate that
constraints on the SUSY phases. For this reason, there are disagreagpically extraU(1)s arepresent in the low energy theory and
ments in the literature over how to include this bound. Here we takéroken at the electroweak/TeV scqi7].

a conservative approach by including the Hg EDM constraint. °A potentially more stringent limit on th&' mass arises from
3The u parameter can also be generated in models with no addieosmology if theU(1)’ gauge symmetry forbids the standard
tional gauge groups, i.e. the next-to-minimal supersymmetric stanimplementation of the seesaw mechanism for neutrino masses. In
dard mode(NMSSM). However, NMSSM models generically pos- such scenarios, the right-handed neutrinos may be light, and BBN
sess discrete vacua and the tensions of the walls separating them anstraints then require model-dependent limits that in some cases

too large to be cosmologically admissab®y]. are as strong akl, =4 TeV [40].
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nomenological constraints on these phases from EDMequire the presence of exotic matter in the low energy spec-
bounds. We then turn to the Higgs sector, which conservesum. For example, one can construgi(6)-motivated

CP at tree level. As in the MSSM, phases enter the Higgsaanomaly-fredJ (1)’ models[42], which have additional vec-
potential at one-loop, with the dominant contributions arisingtorlike exotic quarks. In general, the exotic matter content
from the top squark mass-squared matrix. The VEV'’s of theand couplings(e.g. additional superpotential couplings and
electroweak Higgs doubletd, 4 and singletS are then de- soft supersymmetry breaking termsre highly model-
termined by minimizing the loop-corrected Higgs potential.dependent. Of course, such additional states and couplings
Within this framework, an effectivee parameter of the cor- can significantly alter the low energy phenomenology from
rect magnitude is generated which also has a phase governdgtht described in this minimal setup. In keeping with our
by the phases of the soft SUSY breaking parameters. Wmodel-independent approach, we will not address the pres-
study the pattern of Higgs masses and mixings including thence of exotic matter explicitly in this paper, but we will
EDM andZ’ constraints, and discuss the phenomenologicatcomment throughout on how its presence may impact the

implications for Higgs searches. general analysis in specific models.
The form of Eq.(2) is motivated by string models in
Il. THE SUSY CP PROBLEM IN U(1)’ MODELS which a given Higgs doublet only had(1) Yukawa cou-

) _ ) plings to a singlethird) family. We will consider the small
We study the class df(1)" models of{41], in which the (4 )/(H,)=tang regime only such that the Yukawa cou-
gauge group is extended to plings of theb and 7 can be safely neglected. The origin of
_ , the Yukawa couplings of the first and second generations of
G=SU3)X SU2)L x U(L)yx U(1)', @) quarks and leptons is not addressed. As we are primarily

. . . _interested in the third family, we shall suppress the family
with gauge couplings3,9-,9y .9y’ , respectively. The mat itndex in what follows.

ter content includes the MSSM superfields and a SM single The soft supersymmetry breakin arameters include
S which are all generically assumed to be charged under the persy Y 9 p

additionaIU(lz’ gauge symmetry. AEpricitIy, the par}icle g\aug;:g Sn:)?tsrsneiz(_zq:ug’rtazl’o?ra:::lel?aeggcoummgg\s and
content is [;~(1,2-1/2Q,), E°~(1,1,1Qf), & v

~(3,2,1/6Qq), Uf~(3,1,-2/3Qy), Df~(3,1,1/3Qp),
Ag~(1.2-12Qq), H,~(1,2,1/2Q,), 5~(1,1,0Q), in ~Lsott= Ea: MakakatAshsSH,-Hq
which i is the family index®

The superpotential includes a Yukawa coupling of the two
electroweak Higgs doublets,, 4 to the singletS, as well as a
top quark Yukawa coupling,

+AhUQ-H,+H.c.

o o + e Hy| 24 m3 Hl 24+ m2| S+ M3 Q|2
W=hsSH-Hg+hU5Q3-H,. (2
+ME|T2+MEIDI2+ MEEP+MELIZ (3
Gauge invariance oV underU (1)’ requires thaQ,+ Qq
+Qs=0 and Qq,+Qu,+Qyu=0. This choice of charges

not only forbids the “bare”w parameter but also a K&r  These soft SUSY breaking parameters are generically non-
potential coupling of the forntd Hy+H.c. required for the  universal at low energies. We do not address the origin of
Giudice-Masiero mechanisif49] (the Kehler potential is  these low energy parameters via RG evolution from high
otherwise assumed to be of canonical fafm energy boundary conditions in this paper.

Other than these constraints, we prefer to leavetfie)’ The gaugino massed, and soft trilinear coupling#\ ;
charges unspecified because our aim is not to construct ¢f Eq. (3) can be complex; if so, they can provide sources of
specific model. In an expliciy(1)" model, there will be CP violation (without loss of generality, the Yukawa cou-
additional constraints on th&(1)’ charges, most notably plings hs, can be assumed to be reaHowever, not all of
from anomaly cancellation. Indeed, the constraints on the
charges from anomaly cancellation and gauge invariance of———

the full superpotentialYukawa couplings for the quarks and  8yere jow values of tap such as tag=1 are allowedthis
leptons as well as the trilinear effectiye term) generically  region is excluded in the MSSMThe reason is that the Higgs
bosons are generically heavierli{1)’ models(as in the NMSSM
and other models with extended Higgs sectoesmd even at tree
SNote that if theU(1)’ charges are family nonuniversal they pro- level the lightest Higgs boson can easily escape LEP bounds.
vide a tree-level source of FCNC. Phenomenological bounds thus®In explicit anomaly-fredJ (1)" gauge models with exotic matter,
dictate that the charges of the first and second families should bénere will be additional couplings in Ed3). In the general case,
identical to avoid overproduction of FCNC without fine-tuning these couplings are complex, and hence the details of the supersym-
[48]. metric CP problem will be altered depending on the model: they
"We do not consider kinetic mixing in the analyfi]. However,  will affect the counting of the phases, etc. discussed below. The
even if kinetic mixing is absent at tree level it will be generateddiscussion below applies if the additional soft parameters and
through 1-loop RG running if TQyQ;.#0 [50]. Yukawa couplings are real.
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TABLE I. The U(1)gpq charge assignments for the MSSM H* Hg
fields and spurions. H,= lg o Hg=| (5)
Hu Hd
Field DS A, Ay \a Ma b A m

o 0
Ul)yr 1 1 1 0 0 1 -2 2 0 -2 0 and the singles The tree level Higgs potential is a sum of F
Uljpo 0 0 0 1 1 0 0 -2 -2 0 0 terms, D terms, and soft supersymmetry breaking terms:

Viree=VE+Vpt Vot (6)
these phases are physical, just as the case in the MSSM. Let
us first consider the MSSM. The reparametrization invariant
combinations of phases in the MSSM are easily determinelf’
by forming invariants with respect to the gloda(1)p and
U(1)r symmetries present in the limit that the soft breaking Ve=|hg/?[|Hy-Hgl2+[SI2(|H?+ |H4 D1, (7)
parameters and the term are set to zerb1]; for reference,
theU(1)g po charge assignments are presented in Table I. A
convenient basis of the resulting reparametrization invariant

which

. 2
phases thus i9;=¢,+ ¢Af—¢b and 6= ¢, + ¢Ma— by, VD=G—(|H |2_|Hd|2)2
which enter the mass matrices of the sfermions and the 8 !
gauginos/Higgsinos, respectively. An analysis of the MSSM o 92
tree level Higgs sector also suggests it is useful to exploit F 22 0H I H - HA2) + 2 H |2
U(1)pq to setep=0 (o is then dropped from the invari- 2 ([Hu[FIHdl*=[Hy-Hdl) 2 (QulHy|

ants abovg in which case the Higgs VEVs are real.

2 2\2
Performing the same exercise in thE1)’ framework, +QqlHa|*+QslSI9)%, ®
one immediately notices that tHe(1)po Symmetry of the
MSSM is embengd within théJ (1) gauge.symmetry. Vsoft:m5|Hu|2+m§|Hd|2+m§|s|2
However, a nontriviald (1)g symmetry remains; theJ(1)g
charges of the superfields and the associated spurion charges +(AshsSH,-Hy+H.c), 9

of the soft parameters are presented in Table II. The reparam-
etrization invariant phase combinations are therefére .
= bn—bn . Bai— by — s ANAOar= g — by, OF whereG?=g5+ g2 andgy=\3/5g;, g, is the GUT normal-
f £+ a f a b#a ized hypercharge coupling.
At the minimum of the potential, the Higgs fields are

aﬁxpandeﬂa0 as follows:

which only two are linearly independenie.g. 6,,= 0.¢
— 6p1). We will see that(in analogy to the MSSMthe tree-
level Higgs sector suggests it is convenient to measure
phases with respect to the phasefqf [In fact, one can go

further and exploit theJ (1) symmetry to set,bAszo, al- 1 \/EHJ
though we prefer not to do that in this pagek basis of (Hy)= E vyt dutioy)
reparametrization invariant phase combinations can then be
chosen as
(Hy)= 1 (vatdatieq
Ors= da,— Pa, Y2\ ey )
Oas= Pm_— Pa (4) 1
S S)=—=e"(vst pstioy), 10
To see this more explicitly and to lay the foundation for (S 2 (Wst dsties) (0

our analysis of the Higgs sector including one-loop radiative
corrections, let us now review the tree-level Higgs potential ) o 2. 2
analyzed i41]. Gauge symmetry breaking is driven by the IN Which v?=v{+vG=(246 GeV}. In the above, a phase

VEVs of the electroweak Higgs doubleit,, Hyg shift e'? has been attached {&). Since gauge invariance
dictates that only the phase of the combinat®id,-H4 en-

ters the potential, we can assume that the VEVSIgf; are

TABLE Il. The U(1)gr charge assignments for the fields and - .
(L g 9 1e1as real and attach a phase only $owithout loss of generality

spurions in thdJ (1)’ framework. Note tha$ (whose VEV induces
an effectiveu parameterhas nonzerdr charge.

Field & 0° B A 0 S N M. A m? 10as discussed if41], gauge rotations can be used to &dt’)

u d ¢ =0. However,(Hy)=0 is not automatic and imposes constraints
Ul 1 1 1 0 0O 2 1 -2 —2 0 on the parameter space of the modgt, )=0 implies that the
physical charged Higgs boson is nontachyomtf'(t>0).
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[this choice is also consistent with our assignment¢1)g Returning now to the question d@P violation in the
charges in Table |l The effectiveu parameter is generated Higgs sector, Eq(12) suggests that it is natural to consider
by the singlet VEV(S), the combination of phases
hsvs i —_
Metf= 2 e’ (12) 0= 0+ pa, (14

The only complex parameter which enters the Higgs poten- _ S _

tial at tree level isA;. However, the global phases of the as the parameter which gover@ violation in the Higgs
Higgs fields(more precisely, of the combinaticBH,-Hy)  sector. Note that is a reparametrization invariant quantity,
can always be chosen to absorb the phdge of As by \hile ¢ is not (9= ¢ in the basis in whichp, =0). While
performing aU(1)g rotation on the fields, such tha and — °

the VEV’s can all be taken to be real without loss of gener-b;]zofat trge Ievgl, It acgm/re_s anonzero value_at orrl]e—loop i
ality [41]. To state this another way, the minimization condi- ("€ Sférmion and gaugino/Higgsino mass matrices have non-

tions with respect to th€P odd directionse; ,. all lead to trivial phases. This calculation is outlined in the next section.
Y]
the condition

Sin(6+ ¢ ) =0, (12) lll. HIGGS SECTOR CP VIOLATION

Previously we discussed the SUSYP problem within
such that6P=—¢>AS at tree level. With this condition, the U(1)’ models, and reviewed the tree level Higgs settioe
Higgs sector iSCP conserving. The Higgs mass eigenstatespatterns of gauge symmetry breaking which led to an accept-
thus have definit€P quantum numbers, with thr&&@P even  ableZ—Z’ hierarchy were analyzed at tree level[#1]). In
Higgs bosondH;_1 , 3 and oneCP odd Higgs boso’, as  what follows, we will compute the dominant one-loop radia-
well as a charged Higgs paid“. Expressions for their tive corrections to the Higgs sector of this clasZ6fmodels
masses at tree level and a discussion of the associated Hig@hin a general framework including nontrivi&lP violation

phenomenology can be found [iA1]. (radiative corrections in thEP-conserving case were previ-
Although the Higgs sector conservé&xP at tree level ously presented if47)).

whether or not the soft SUSY breaking parameters are com-
plex, this is generically not true for other sectors of the
theory and care must be taken in the phenomenological A. Radiative corrections to the Higgs potential

analysis(e.g. for the EDM boundsif there are nontrivial The effective potential approach provides an elegant wa
CP-violating phases in the soft terms even if the Higgs sector P PP P 9 y

is only analyzed at tree level. Clearly, this is due to the facizf determining the true vacuum state of a spontaneously bro-

that the phases which enter the mass matrices of the sfermi §N gauge theory. The potential has the form

and the gaugino/Higgsino sectors involve the phase of the V=Veet AV+ ..., (15)
singlet VEV 4 (i.e., the phase of the effectiye parameter

metr) as well as the phases of tieterms and the gaugino

masses. For example, the reparametrization invariant pha;}ﬁqerevtree is defined in Eq(6), and the one-loop contribu-
combination which enters the chargino mass matrix withingon Av has the Coleman-Weinberg form

this class ofu(1)’ models is

== 0+ ¢M2:¢M2—¢AS+ =05t ..., (13

AV= ! 2[Str/\/t“(Hu,Hd,S)
in which the terms represented by- (. . .) arehigher-loop 64m
contributions. As previously mentioned, this phase is
strongly constrained by EDM experimental bourtdihough X
the precise constraints can depend in detail on the other pa-
rameters of the model More generally, the statement of
(flavor-independentSUSY CP violation within U(1)’ mod- L
els is that if any of the phase# and 6, defined in Eq(4)  in the mass-independent renormalization schde* In
are nonzero, they can lead @-violating effects which may the above, Ste>,(—1)?'*1(2J+1) is the usual supertrace,
be in conflict with experiment and must be checked. This isQ is the renormalization scale, andl represents the Higgs
in direct analogy to the statement of flavor-independent
SUSY CP violation in the MSSM. However, gg is dynami-
cally generated withitJ(1)" models, its phase,, is now a Hsee Martin's paper ifi21] for a detailed discussion of the regu-
function of the phases of the other soft breaking parametengrization and renormalization scheme dependence of the effective
rather than an independent quantity. potential.

> - (16)

MZ2(H, ,Hg,9) 3)]
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field-dependent mass matrices of the particles and sparticlescact SUSY. The top quark mass-squared is given roy

of the theory:? =h2|H,|?, and the top squark masses-squared are obtained
Within the MSSM, the dominant terms in the small fan by diagonalizing the mass-squared matrix

regime are due to top quark and scalar top quark loops; in the

large tanB regime, loops involving the bottom quark and 3

scalar bottom quark as well as chargino loops become im- M2=

portant. Within theU (1)’ framework and neglecting highly

model-dependent exotic matter couplings, the main contribu- _ _ _ _ s 5

tions in the small tag limit include the aforementioned top Via the unitary matrixS; as SIMZSt:d|ag(m¥l Mg ). The

quark and top squark loops. There are also potentially Sigéntries ofiv1 2

nificant Higgs/Higgsino self-loops arising from the presence

of the effectiveu term and its associated soft supersymmetry

breaking term. However, such scalar self-loops clearly will

not have appreciable contributions to t@8@-violating mix- 1 92

ings of the Higgs bosons, although they can have large con- -l 95— —Y) (IHul?=[Hg®) + 9% Qo(QuH,|?

tributions to the mixings of th€P-even Higgs bosons. Since 3

(18

MEL Mg
Mir" Mge

are given by

2
MEL:M6+ht2|Hu|2

4

our focus is theCP-violating mixings, we neglect these loops +QqlHdl*+Q4[S%) (19)
in this analysis. We also do not include loops involving the

charginos and neutralinos, for which the contributions to the 1

CP-violating mixings are typically suppressed by gauge cou- MZg= M%+ h?|H,|?— §gf((| Hyl2=|H4l?

plings as well as EDM constrainfsee[45,46 for the analy-

sis in the MSSM cage We will comment more on such 2 2 2 2
contributions later in the paper. Finally, we mention here that * 0y Qu(QulHul*+ QalHdl "+ Q<[SI%) 20
the exotic particles typically expected (1)’ models due ) .l 10% o
to anomaly cancellation may generically ha@€-violating Mir=h(ArH;" —hSHy),
couplings which can have an important impact on @R _ )
violation in the Higgs sector. As these couplings are highlyin which we have emphasized the fact that the LR entry
model-dependent, we do not include them in this analysisiepends only on the neutral components of the Higgs fields.
but their presence would certainly need to be accounted fof\s the top squark LR mixing can be complex, the term

(21)

within any specific model framework. hthsAtS_HSHg"" H.c. present ifMZg|? can provide a source
For these reasons, here we will include only the dominan@f CP violation in the Higgs sector. From the discussion of
terms due to top quark and scalar top quark loops: the previous section, we can infer that this source is the
phasetis= pa — Pa_.
6 m? The vacuum state is characterized by the vanishing of all
2 | 3 o . :
V= 2 (M) In| — | — = tadpoles and positivity of the resulting Higgs boson masses.
64m? (kSl2 Q? 2 Recalling the expressions for the Higgs fields in Bd), the

vanishing of tadpoles foW along theCP even directions

} ¢y.q4.s €nables the soft massmﬁvdyS to be expressed in terms

—2(mf)? (17)  of the other parameters of the potential:

m?| 3
|n&—§

in which the masses depend explicitly on the Higgs field

mi=Mjco€B—\ 2

componentgnote thatAV naturally vanishes in the limit of 1 5 ,. 1 [0AV
— 5 NywgtAys) — — (22)
2 vyl ddy/,
12while the complete effective potential is scale invariant, it is ) ) 2
- i . m5=MZsirt8—\qv
scale dependent when truncated to any finite loop order in pertur d 0 dld
bation theory due to the renormalization of the parameters and the 1 1 [ 9AV
Higgs wave functions. In the MSSM, most of the scale-dependent —Z(\ d02+ A UZ)_ _(_) (23)
terms can be collected in the pseudoscalar mass, which itself can be AN 5% g\ Iy 0
regarded as a free parameter of the theory. The remaining
Q2-dependence arises from the D term contributions generated by m2=M2coa— \.v2
; At ; PP ; s~ Vo d—AgUs
wave-function renormalization, such that in the limit in whigh
=gy=0 all of the scale dependence can be absorbed into the pseu- 1 5 5 1 [ 9AV
doscalar mass. For tHé(1)’ models, the scale dependence can be - E(Ausvu-H\dsv 9 — 9 ) (24
absorbed into the pseudoscalar mass only if the D term contribu- Us s’o

tions vanishand the superpotential parameteg=0, because the . ) o o
potential also includes quartic Higgs couplings which arise from Fin which the subscript O indicates that the derivatives\bf

terms. These properties are manifest in the Higgs mass-squared n@&fe to be evaluated @t =0 and¢;=0. Here the various
trix presented below. coefficients represent the quartic couplings in the potential
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1,1, 5 1,5, depends explicitly on the renormalization scale. In the above,
MNa=gC ™+ 5Quady As=5Q50y/, Ois= pa,+ 0= — $a_Up to one loop accuracy determined
by Eq. (30).*3

1 2
Nyg=— ZG2+Qqung+ hg )
B. The Higgs mass calculation

_ 2 2

Muss=QsQualy 1. @9 We now turn to the Higgs mass calculation at one-loop in
The Higgs soft mass&&2) are written in terms of two angle the presence oEP violation in the top squark LR mixing.
parameters(i) tang, which measures the hierarchy of the The mass-squared matrix of the Higgs scalars is
Higgs doublet VEVs, andi) cota=(vsin B cosp)/vg, which
is an indication of the splitting between thH1)’ and elec- 2
troweak breaking scales. For convenience, we have also in- Mi= (MV) : (33
troduced the mass parameter o

, hdAdvcosd _ o :
Mo=—7=————— (26)  subject to the minimization constraints Eq82)—(24) and

V2 sing cosp (30). In the above®;= (¢, ;). Clearly, two linearly inde-

which corresponds to the mass parameter of @eodd Pendent combinations of the pseudoscalar compongnis

Higgs boson of the MSSM after using the definition of the @€ the Goldstone bosoi®; and Gz, which are eaten by

effective u parameter in Eq(11). theZ andZ’ gauge bosons when they acquire their masses.
While the vanishing of the tadpoles along ti#® odd  These two modes are given by

directions¢, 4 5 led to Eq.(12) at tree level, once the loop

corrections are included they lead to the following condi-

tions: Gz=—sinB¢,+CcosBey,
M2sin 3 cos tand- 1(&Av) o
sinB cosBtanf=—
’ Vol 9Pu /g Gz =cos i —si
21 =C0SB COSa ¢+ SiNnB CoOSapy—Sina ¢, (39
— 1 /[0AV
24 _
Mgsin /s cosf tan = v_u( deq )0 (28)  and hence the orthogonal combination
— 1/(0AV _ , o
Mgcotatan0=v—( T ) ’ (29) A=cosBsinag,+sinBsinagy+Ccosapg (35
S S 0

demonstrating explicitly that the phage= 9+ ¢a, associ- is the physical pseudoscalar Higgs boson in G-

ated with the phas# of the singlet VEV is a radiatively Cconserving limit. In the decoupling limiys>v, sina—1

induced quantity. Indeed, the derivatives/o¥ with respect —and cosx—0, in which casés; andA reduce to their MSSM
to ¢, 4. are nonvanishing provided that there is a nontrivialexpressions. In the basis of scal#is{¢,,¢q,¢s.A}, the

phase difference betwee andA; (i.e., if 6,#0). Infact, Higgs mass-squared matrix > takes the form

Egs.(27)—(29) all lead to the same relation far,

A

sinf=— By, 1— sin Bts}—(inm% mt2 ) (30) 13Chargino and neutralino loops can also contributedtoTheir
A 12 contributions are of the forrf45,46
in which Bht:3ht2/(32772) is the beta function for the top — & e My
; . sin 9~ —— ————sin 4,4, (32
quark Yukawa coupling, and the loop function 1677 miyey
m% m% in which f denotes an appropriate loop functiffior the chargino
.7-'(Q2,m;2 m% y=—2+In 2 case it would be7-‘(Q2,m)2(¢ ,mii) [45]]. Such contributions are in
1 2
v general subleading to Eq30) not only from the gauge coupling
2 2 2 suppression, but also because g are subject to EDM con-
m: +m: m: - N .
ty t, ty straints (see Sec. IV B Note that these contributions arise from
T 22 In| — (3D gaugino-Higgsino mixing; the purely,-dependent terms~ u%) do
m: —m: m: . S
th t not contribute toCP violation.
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M2,+Mico€B  M2,—MaisinBcosB M2.—MicotacosB M2 ,sinb
M2,—MasingcosB  M3+M3sirPB  M3.—Macotasin  M3,sin by
, (36)
M2.—M3icotacosB  M3.—Maicotasing  MZ+Micofa  MZ,sinb
2 i 2 i 2 i 2
M{aSINn O Mg aSin 6s M§aSin g Mp

in which our notation explicitly demonstrates that all of the entme{§A (i=u,d,s) identically vanish in theCP-conserving
limit 6;s— ¢q. In the above,

|A| cosfs
M2=M2| 1+ B —— ——F |, (37)
Ao 'Bht|As| cosd
which depends explicitly on the renormalization scale, and
M2Z— M2 milperi?|Al?  sinf 39
- =4
P sifa (mé —m )? sirPasirp

is the one-loop pseudoscalar mass in@ieconserving limit. The loop functiog is independent of the renormalization scale
and has the functional form

2 2 2

m +m: nm:

2 2 t ty t
gm: M )=2— ——In| —|. (39

t, 2 2 2

1 2 m —ny m;

ty ty ty

— 3 [(pimi+mip)) nZ
Mi=vivj{ N+ 2 ————(2-0)+ Pin+§i§j+5id5jsTs F
2| e
mym? o | me
it~ 55 |9 biuduheIny — 1 | ¢ (40
(mg —mg) Q

in which \jj=N\;; for i #j, \;;=2\; for i =j. For notational ~ with 5=Mé—M§+guuﬁ+ L3+ w2, The new dimen-
purposes we have also introduced the dimensionless quangionless couplings appearing here are pure D term contribu-

ties tions
=h{— =(hZ=N\y)/2, ps=(hZ=\y9)/
pu=hi=Nu, pa=(hs—=Nua)/2, ps=(hg—Nys)/2 1 ) 5 ) 1 5
(41) fu:_g(gz_ §gY +§(QQ_QU)ngyr (45)
as well as the dimensionful ones,
~ — 1 2 S 2 1 2 46
2= o+ hZIAJ(IAl~|uerdcotB costy) (42 {a=g| 927 30%/*3(Q7QuQuy (46
M3= £q0+ | ter (| esd —|Adtans cosoys) (o= —(LutLy). (47)
(43
v2 Finally, the scalar-pseudoscalar mixing entridd? (i
~ d — . . . - _
m2= {5+ _th2|lue”|(|ﬂeff| —|AJtang cosbyy), u,d,s), which exist only if there are sources GP viola

tion in the Lagrangiartas has been made explicit it ? by
(44)  factoring out sirg,y), are given by

Us
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2 2 2 2

m: —m: =2 me —m:
M2 —23 vui | pet | A 2p 4 t2+ m; p ty ts G 49)
2 =28 — : — b 1
A ts'nam%—m% Imf2+m% m{Z_ﬁ}{z |n]%+n]%
1 2 1 2 1 2 1 2
|
and are scale independent. These results agree with the tree C. Comparison with MSSM

level computations of41]. After identifying Eq.(11) with Before turning to the numerical analysis, it is instructive
the| ey parameter of the MSSM, the doublet sector of they, compare the origin of Higgs sect@P violation in the
mass-squared matrix agrees with that of the MSEM. (1) models to that within the MSSM. Let us first consider
Finally, the results also agree with those[d7] in the CP- 15 case of the MSSM, in which the Higgs sector consists of
conserving limit (sirgs=0). the two electroweak Higgs doubléts, 4. It is useful to start

As previously stated, there are thi€® even and on€P ity the most general renormalizable Higgs potential for a

odd Higgs_ boson in th_é:P—_cons_erving limit. T_he mass of the .4 Higgs doublet model2HDM), which must be built out
CP odd Higgs bosor is given in Eq.(38), while the masses of the gauge invariant combinationsl,|2, |Hg4l2, and H,,
of the CP even scalars arise from the diagonalization of the, Hq as follows:

upper 3x3 subblock of Eq(36). The masses and mixings
then differ from their tree level values by the inclusion of
radiative effects. In this limit, the only source GP violation V2HDM = m2|H |24 m3|Hgl 2+ (M3H - Hg+ H.c) + X g [H|*
is the CKM matrix and one easily evades constraints from

the absence of permanent EDMs for leptons and hadrons. +No[Hgl*+ N3 Hyl?Hel >+ NalHy- Hl?

The lightest Higgs boson has a larger mass even at

tree Igvel, andgt?]e radiative effectg modify iﬂ?zneaW]. F[Ns(Hu-Ha)? = (e[ Hal >+ A IHu ) Hy- Hy
Once the radiative corrections are included a direct compari- +H.c], (51)

son with experimental results is possible. In principle, one

can constrain certain portions of the parameter space using

the post-LEP indications for a light scalar with massin which m%, N5 .7 can be complex. In a general 2HDM, the
=114 GeV. Higgs sector exhibit€P violation if any two of these cou-

In the presence ofCP violation, there are four scalar plings have nontrivial relative phases. Spontane@Bsvio-
bosons with no definiteCP quantum number. This results |ation can also occur for certain ranges of the parameters
from the mixing between th€P even scalarg, 4 s with the  [52]. However, at tree level the MSSM is a special 2HDM,
CP odd scalarA via the entriesM7,sin 6 in Eq. (36). The  with m2=Bx=b, m2 ,=m? , and
main impact of theCP breaking Higgs mixings on the col- ' v
lider phenomenology comes via the generation of novel cou-
plings for Higgs bosons which eventually modify the event A=Np,=G%4;\3=(g3—g2)/4;
rates and asymmetries. In particular, a given Higgs boson can
couple to both scalar and pseudoscalar fermion densities de-
pending on the strength &P violation [22]. Moreover, the Na=— 022 Ns=Ng=A7=0 (52)
coupling of the lightest Higgs boson 6 bosons can be 4 Zens T Rem AT
significantly suppressed, avoiding the existing bounds from

the LEP datd24,25. The CP-violating entries ofM? grow  As previously discussed, there is only one complex coupling
with | persA as in the MSSM. The mass-squared matrix isg ,, in the MSSM Higgs potential at tree level, and hence its

diagonalized by a #4 orthonormal matrixk phase can always be eliminated by a suitable PQ rotation of
the Higgs fields. Although the Higgs sectorG&-conserving
R-M2.RT=diag (M2 ,M% M2 M2 ) (49) at tree levelCP violation occurs at the loop level #; and/or
h g 1V, M, M)

0, are nonzero, with the dominant contribution involviég
If 6,#0, a relative phasé between the VEVs o, andH

To avoid discontinuities in the eigenvalues it is convenient tdS generated22].

adopt an ordering:MHl<MH2<MH3<MH4. The mass E.ssentlally, while theU(1)pg symmetry of the MSSM

eigenstates!; can then be expressed as forbids nonzero values_ 01_‘5,617 at tree_ level, these coupl_lngs
are generated by radiative corrections becau$é)pq is

softly broken by theBu term. For example, the effective;

Hi=RiuduT Rigdgt Rispst RiaA (500  coupling which is generated at one-loop is approximately
in which e.g| R ;|? is a measure of th€P odd composition h2
of H;. The elements oR determine the couplings of Higgs A5~ 2—t4(,uAt)2; (53
bosons to the MSSM fermions, scalars, and gauge bosons. 167 msysy
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Se?/E/%[i]' fotrhtth eleJ,”Cit fol)re?ﬁio?]é' evel L ential tions hsh* SHUFut* + H.c. (from F term$ and the soft
fthin the U(1)" models, the tree level Higgs potential ¢\ \qy e auing  interaction hATL T + H.e. For (S)

does not allow for explicit or spontaneo@P violation. : .
However, it is possible to make a stronger statement: unlik?<Huvd>’ Eq. (55) effectively leads to the coupling

the MSSM, the Higgs potential in this classldf1)’ models \eff
does not allow folICP violation at the renormalizable level at 5 (H.-H.?2 56
! : . =—(Hy-Hg)?, (56)
any order in perturbation theory. To see this more clearly, MSysy
consider the most general renormalizable Higgs potential for
H,, Hy, andS The potential can be expressed as a functiorwith
of the gauge-invariant quantitid$d |?, [Hg|?, [Hg-Hul?, A2
andSH,-Hy: aeffo (A(S) (57)
Vien=MmZ|H |2+ m3|Hg4|2+m3 S|2 In general, one can expand the one-loop potential in powers

of the phase-sensitive gauge-invariant oper&bi,- Hy :
+ (MSHy-Hg+H.c) + N[ Hy 4+ N g|Hgl*+ 1 g4

+)\ud|Hu|2|Hd|2+7\uslHu|2|S|2

2 2
oy < , oV= ---_Bhths]:(Qzamfl,mfz)AtSHu'Hd
+NagHal “[SI“+ N ual Hu- Hal % (54) ,
A
2 2 {
At tree level, the dimensionful parametarg ;,=mZ  and +Bnhh2G(m; My ) ————(SH,-Hg)?
,d Hu,d 1 2 (rn;t. _m_t. )
my,=hiAg, and the dimensionless couplings have all been 1 2
listed before excepk q=3g5—hZ. Therefore, even in the +H.cH ..., (58)

most general renormalizable Higgs potential there is only

one coupling which can be compler(,); this is because in which we have presented only the phase-sensitive correc-

the gauge-invariant operatBiH,- H is already dimension 3. tions up to quadratic ordethis expansion can of course be

Hence, the global phases of the Higgs fieldwre precisely —continued to higher orders with no difficulty at)aThe first

of the combinatiorSH,H4) can always be chosen such that term renormalizes the,A;SH, - Hy operator in the tree level

the phase ofn,, is absorbed. Note that this statement, whilepotential, while the second term is a new higher-dimensional

true for the tree-level potential of E¢6), does not depend in  operator. Both terms violat€P through the phase o&(S)

any way on perturbation theoty. (recall this phase is irremovable &; and A; have a non-
As the Higgs potential conservé&P to all orders at the trivial relative phasef;;). The effective theory at scales be-

renormalizable levelCP violation can enter the theory only low (S) is equivalent to the MSSMwith x andBu param-

through loop-induced nonrenormalizable operators. The forneters related to the other soft parameters of the mo@ele

of Eq. (17) demonstrates that the one-loop contributions toconcludes from Eq(58) that the size of the&€P violation in

the Higgs potential include an infinite series of terms involv-the Higgs sector depends on the extent to whichul&)’

ing powers of the Higgs fields. While these terms includebreaking scale is split from the electroweak scale. Below the

contributions to the potential at the renormalizable levelscale(S), the coefficients of th&€P-violating effective op-

they also include a tower of nonrenormalizable terms, suclerators in Eq.(51) grow with |AJjvs (or equivalently

as |Al|pesdl), in agreement with th€P-violating M(Zu,d,s)A en-

tries of the Higgs mass-squared matrix.

Vor=...+| ——(SH;-Hg)*+H.c.|+ ..., (55

m IV. PHENOMENOLOGICAL IMPLICATIONS
SUSY
In this section we discuss the existing constraints on

in which msysydenotes a typical sfermion mass. BY1)r  U(1)’ models as well as their phenomenological implica-
invariance, the coupling of the (SH,-Hgy)? term is propor-  tions with explicit CP violation.

tional to A ~A?/(167°m3,,sy). Such a term is generated by

the one-loop diagram formed from the Lagrangian interac- A. Constraints from Z-Z' mixing

In the previous section, we computed the radiatively cor-

YNote that spontaneou€P violation (SCPV) requires m% rected Higgs b950” mass-squared ma8i§). If the 8'9?“' .
<Agv,v4. AS \s is loop suppressed in the MSSM, SCPV would values of the Higgs boson mass-squared are all positive defi-
require a very smalinZ, leading to an unacceptably light pseudo- Nite, the parameter space under concern corresponds to a
scalar Higgs masg52). minimum of the potential. The parameter space is of course

Note that the structure of the potential is very different in the
case of the NMSSM, in which th8 is a total gauge singlet. As
gauge invariance then does not restrict the posSigleuplings, the 18Note that SCPV is also not viable in this potential, for the same
Higgs sector generically violate3P at tree leve[53]. reason as in the MSSM.
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also constrained by the fact that direct collider searches have (i) Light Z' Scenario Clearly, theU(1)" symmetry can
yielded lower bounds on the sparticle and Higgs massese broken along with the SM gauge symmetries at the elec-
Within U(1)" models, further constraints arise from the non-troweak scalé! In this casevs~v, tang~ V|Qql/|Q.], and

observation to date of &', both from direct searchd$8]

and indirect precision tests fro pole, LEP Il and neutral

M. is of orderM; (the precise factor depends on the size of
dy/|Q4). However, the collider constraints on such a light

weak current dat428,39. The strongest constraints arise Z' are severe within typical models, and hence it can be

from the mixing mass term between thand theZ’ induced
by electroweak breaking,

M2 A?
Mz_z= A2 Mi, , (59
in which
M3=G%?%/4 (60)
M2, =05 (Qfvi+ Qivd+Qiv? (61)
A2=%9Y/G<qu3—odv§>. (62)

Current data requird ?< Mi, M3, because th&—2Z' mix-
ing angle

L t 247 63
az,zl—zarca m ( )

must not exceed a fewl10 2 in typical models.

accommodated in the spectrum only if it is sufficiently lep-
tophobic. Note that within this framework, leptophobic
U(1)’ couplings lead to a generic difficulty related to lepton
mass generation: aQHd#O, if the electron mass is induced

via the Yukawa couplingn.L,H4ES, the leptons necessarily
have nonvanishingJ(1)" charges. The electron maé&snd
perhaps all light fermion massethen must be generated via
nonrenormalizable interactions which guarantee the neutral-

ity of L, andES under theU(1)'. In practice, this would
need to be investigated within specific modéis.

(i) Heavy Z Scenarioln this scenario, th&J (1)’ break-
ing is radiative(driven by the running ofmn to negative
values in the infraredand occurs at a hierarchically larger
scale than the electroweak scale. However, gauge invariance
does not allow for théJ(1)’ and electroweak breakings to
decouple completelgelsQHu d9é0). The electroweak scale is

then achieved by a cancellation among the soft masses,
which are typically of O(Myz/), with a fine-tuning
O(Mgz, IMy). As discussed if41], excessive fine tuning is
avoided if My, in units of the heavy scale is roughly
bounded by the ratio of the charges, s/ Qq|,|Qs/Qql 1.
There are several advantages of the heavgcenario. First,
theZ—Z' mixing can be kept small enough with less fine-
tuning of theA? in Eq. (59); in particular,Q,=Qyq is no
longer a requirement. In addition, the collider constraints are
less severe foZ' bosons with TeV-scale masses in typical

Let us review the implications of this constraint, which models; for example, leptophobic couplings are not generi-

was studied i128,41. One can see from E@63) that unless
Mz >M,, the Z—Z' mixing angle is naturally ofO(1).

Therefore, a smallv; 5, requires a cancellation in the mix-

ing termA? for a given value of tag. For models in which

cally a phenomenological necessity.

B. Constraints from dipole moments
Let us now turn to dipole moment constraints. Recall in

M., ~O(M5), this cancellation must be nearly exact; this SUSY theories dipole moments of the fundamental fermions

can be slightly alleviated if th&' mass is near its natural
upper limit of a few TeV. Hence, t&® must be tuned around

Qq4/Q, with a precision determined by the size®f . In
our analysis, we will eliminate tagf from Eq. (63) for a
given value ofa,_ 7/ :

2
7Qu—az-z/| —1+ 772(Q§+Q§_Z>
tar’ 8= ST, (64)
S
7Qutaz_z| —1+ 772(Q5+Q§ 2)
in which »=2gy,/G, and we used tan(@ )

~2ay_ . Having fixed tarB in this way, a multitude of

17As shown in[41], at tree level a lighZ’ boson with a vanishing
Z—27' mixing (for Q,=Qq) naturally arises whefA| is the domi-
nant soft mass in the Higgs potential. Such trilinear coupling in-
duced minima can also accommodate a hea\yposon. This can
happen in models in which there are several additional singlets in a
secluded sector coupled to the Higgs figit|sy andSvia the gauge
or gravitational interactionp44]. Furthermore, these large trilinear
coupling scenario$with light Z' bosons also have interesting im-
plications for baryogenesis, due to the first order phase transition at
tree level. If the phase transition remains first order after radiative
corrections are included, thehh may be sufficient to generate the
baryon asymmetry. The electroweak phase transitiod’imodels
with a secluded sector is strongly first ordenith a heavy enough
Z' without any fine-tuning and electroweak baryogenesis in such
models can be viable in a greater region of parameter space than in
the minimal mode[54].

Bowever, the kinetic mixing between the hypercharge &nhd

parameters remain which can be varied continuously as longauge bosons can be used to decouple leptons Fomhough all

as all collider constraints are satisfied.[#1], two phenom-
enologically viable scenarios were identified:

leptons, with nonzerdJ(1)' charges, acquire their masses from
their Yukawa coupling$50].
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2
9y, Qf m|M,|
16m2 M7

Di(Z')~ [1Ae!(?rs= 9

7 e TN Yag _Rflﬂeff|ei(61,5+;)]’ (65)

J ) in units of the electromagnetic or strong coupling. In the

L above Rf=(tan,8)‘2'?, M3 characterizes the typical sfer-
£ ’ £ mion mass, and recall that the reparametrization invariant
phases are defined in E@l). Clearly, the(chromojelectric
and (chromojmagnetic dipole moments are generated, re-

(chromojelectric and(chromojmagnetic dipole moments of the spectively, by IMiD¢] and R¢D¢]. The expression above is

fermion f. The photon §) or gluon (g) are to be attached in all &N @pproximate estimatealid in the limit thatM7>M,) of
possible ways. the exact amplitude; a more precise treatment would take

into account the mixing of all six neutral fermions. The am-
plitude (65) is similar to theB-ino exchange contribution in

the MSSM.
are generated by gaugino/Higgsino exchanges accompanied Within the aforementioned light’

by sfermi £ th ite The dinol A scenario, for phenom-
y stermions of the appropniate Tiavor. The dipoe momen enologically viable model®(Z') vanishes because the lep-
under concern maye.g. the electric and chromoelectric di-

ole moments of the quarker may not(e.g. the anomalous ton couplings to th&Z’ are necessarily leptophobic. There-
P . d ay 9. fore, for instance, the electron EDM is completely decoupled
magnetic moment of mugmrrequire explicit sources oEP

iolati from the presence of an electroweak sdadlel)’ symmetry.
violation. _ o This conclusion extends to other leptons for family universal
In the MSSM, dipole moments can provide important 7+, 4els. This may also be relevant for the hadronic dipole
constraints on the parameter space. For example, the anomdpments depending on whether or not eboson is ha-
lous magnetic moment of the muon is in principle an impor-grophobic (assuming it is detected in present and/or forth-
tant observable either for discovering SUSY indirectly Of coming colliders. As |uer| <M7 within the light Z' sce-
constraining SUSY parameter space; however, at present thrio, the dipole moments of both the up-type and down-type
theoretical uncertainties present in certain nonperturbatiVesrmions are largely controlled by the correspondigpa-
SM contributions lead to difficulties in carrying out this pro- rameters. In contrast, the(1)’ charges are not necessarily
cedure using recent dataee e.g[55] for a review of the  suppressed for any fermion flavor in the hea/yscenario
basic physics anfb6] for the most recent experimental re- gnq thus theD;(Z') contribution to dipole moments can
sults. At present, the most stringent constraints arise fromyompete with the MSSM amplitudes. In this scenario,
electric dipole moment@EDMSs). As is well known, the ex- | itesl~M5 =M, and hence both terms I}Jf(i’) are im-
perimental upper bounds on the EDMs of the electron, neu- © o - —.
ortant. The dipole moments become sensitiv@ta+ 6 if

tron, and certain atoms impose particularly severe constrain .
e A; parameters are sufficiently small compared Q.
on the parameter space of general SUSY models. In contras 5

to the SM, in which EDMs are generated only at three-loop As the dipole moments generically scale ag/M7,
order (as the only source o€P violation is in the CKM  [which is clear from the form of Eq(65], when My
matrix), the sources of expliciEP violation in SUSY theo- ~O(M7) the EDMs typically exceed the existing bounds by
ries include phases in flavor-conserving couplings which, if2 to 3 orders of magnitude if the phases &¢l). As dis-
present, lead to nonvanishing one-loop contributions to th&ussed briefly in the Introduction, one possibility for satisfy-
EDMs which can exceed the experimental bounds. As thes®9 the experimental bounds while retaini@1) phases is
phases generically filter into the Higgs sector, it is important© raiseMs to multi-TeV values, which in effect requires the

to include the parameter space constraints provided by thefermions of first and second generations to be ult_raheavy
EDM bounds. [2,4]. Another way of suppressing the EDMs is to invoke

accidental cancellations between different contributions, i.e.,
to find regions of parameter space in which the SUSY am-

. . i I : . plitudes interfere destructively. In the MSSM with low val-
sible (but highly model-dependentontributions involving ues of targ, this has been shown to occur with almost no

exotic matter, although this issue should be examined withir, o000 any of the invariant phases exdept|=|¢
specific models on a case-by-case basis. After replacing thg bu.|= /10 [4—8]. This strong constraint follows frlém
2

n parameter of the MSSM by.¢; In EqQ. (11), all one-loop . .
dipole moments are found to be identical to their MSSMthe fég,\;hagvﬁhgz’ ta;]nduthlus, t?éSU(Z) glfu?r:noEgoMWMte
counterparts except for an additional contribution generatewe. s. vithin the (.) ramework, the con-

~ o~ o ~ ) Straints can have varying implications depending on the size
by theZ’—f diagram in Fig. 1. Her&' is theU (1)’ gaugino ¢ Eq. (65).
wit~h mass M,,. This diagram generates the operator (i) |f g,,~0O(gy) or (more generallygy:<g,, the EDM
D¢f o*"F ,,fr, in which constraints on the parameter space are similar to that of the

FIG. 1. TheZ’-sfermion diagram which contributes to the

Let us consider the dipole moments which arise within
this class ofU(1)’ models. Here we will neglect any pos-
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MSSM except for a slight folding of the cancellation domain there is oneCP even scalar with massv and aCP odd
due to the inclusion of Eq(65. Once again, the most scalar with mass proportional tgAJv,. In addition, there
strongly constrained phase dg+, with |¢;=[<7/10 in the s a light CP even scalar of mass' M and a heavieCP
low tang regime. As ¢ +==0,+6 and 6 is a loop- even scalar with its mass controlled by a combination of
suppressed anglg0), the EDMs provide a constraint on andM ,. However, in the presence of expli@P violation,
02s: |05 =m/10. Consequently, the dynamical solution to the Higgs bosons cease to have defiife parities. Includ-
the . problem present in this class &f(1)" models also ing only the dominant loops involving the top squarks, the
solves the SUSYCP hierarchy problem in specific models of strength ofCP violation in the Higgs sector is parametrized
the soft parameters in whictat least the SU(2) gaugino  py the reparametrization invariant phage, which induces
mass has the same phase astbparamete(then 6,=0 by a nonvanishing? through the relation(30). The induced

definition).*? = ) _
phase 6 is a loop-induced and scale-dependent quantity

(i) If gy,=g,, the dipole moment amplitud®(Z') be- T . : : .
comes comparable to or larger than ®(2) gaugino con- :/c\;fvuclcl is particularly enhanced in parameter regions with a
A.

tribution, and the cancellation domain found in the MSSM : . .
will be significantly folded. In this case, the EDMs will con- AS discussed in Sec._IV B, while the _one-Ioop_EDM con-
strain a combination of the phases in E86) and 67=. Such stramts strongly constram the_ pha_%g, this phase is not the
a scenario, however, can have tension with the standard pi€lominant source oCP violation in the Higgs sector for
ture of gauge coupling unification at a high fundamentaismall values of tag and hence this constraint does not re-
scale(although in principle it could be considered as a pos-trict the parameter space for our analysis. The dominant
sibility in generic low scale realizations corrections to the Higgs potential arise from top quark and
Until this point, we have only discussed one-loop EDMs.top squark loops, and the dipole moments of the fermions in
It was pointed out a while agid 1] that in certain regions of the first two generations feel such effects only at the two-
MSSM parameter space certain two-loop contributiondoop level. In fact, in the low ta@ limit (which is the do-
which exclusively depend on the third generation sfermionsnain in which our analysis of the Higgs potential is valid
can be non-negligible. These contributions, which are parsuch effects are completely negligiblé1]. Therefore, the
ticularly relevant if the one-loop EDMs are suppressed solelf{eDM constraints do not have a direct impact on our analysis
by ultraheavy first and second generation sfermion massegf CP violation in the Higgs sectofwe simply assume that
involve the same phases which predominantly filter into thghe dipole moment constraints have been saturated either via
Higgs potential at one-loofi.e. the phases present in the top cancellations or by choosing the first and second generation
squark mass-squared majrixHowever, these two-l00p sfermion masses heavy enough; we could also simply as-
EDMs become sizeable only at large fanin this paper, we g me that all phases excefit, are small. Of course, in a
have restricted our attention to small favalues, whichisa  qre general analysis which includes the subdominant con-
well-motivated parameter regimie.g., tan3=1 is allowed  ip tions from the charginos and neutralinosIB violation
within this framework, in contrast to the MSSMand further i, the Higgs sector, the EDM constraints would more signifi-
neglected the(subleading gaugino/Higgsino loops in the cantly constrain the parameter space.
analysis of the Higgs sector. Hence, neither the one-loop Nor \yie now turn to the analysis of the parameter space, in-
the two-loop contributions will provide significant parameterduding the nontrivial constraints arising fraf-Z' mixing.

space constraints in our numerical analysis. The fundamental parameters relevant for the Higgs sector
inCIUdE{Us, AS! Atv Mé’ MD 1hsv qu de Oy, gts}' We
C. Numerical estimates for Higgs sectolCP violation fix a subset of these parameters as followis: a; 7

In this section, we present sample numerical calculations™ 10 K which is well below the present boundsi) 95'_
of the Higgs boson masses and mixings derived in Sec. Ill B= (5/3)Gsir’dy, as inspired from one-step GUT breaking;
taking into account the phenomenological constraints on théii) hs=1/y2, as motivated by the RGE analysis [@f1];
parameter space discussed in Secs. IV A and IV B. (iv) Qu=Qq¢=—1, such that tap remains close to unitjas

In the absence o€P violation, the scalar-pseudoscalar can be seen from Eq64)]; and finally (v) Mg=Mg. The
mixing terms of the Higgs mass-squared mat8) vanish remaining parameters can be fixed on a case by case basis
(sin6=0), and hence Eq(36) takes on a block diagonal depending on the range of values assumedVgr. A few

form. The structure of E¢36) demonstrates that in this limit Netational comments are also in order. Although E2f)
suggests thatl , can be chosen to be a fundamental param-

eter and this is what is traditionally done in the MSSM, we

@refer to work instead witl\g for consistency with previous
the soft parameters in Eq3), and hence we cannot make any iscussions_i_n thi{s paper as wc_all as the tree Ie_vel analysis of
claims about how one solves the SUSIP hierarchy problem  [41]- In addition, in our numerical results we fix the renor-

within this framework. However, it is worthwhile to note that mod- Malization scale to b@=(2m+Mz/)/2. This differs once

els of the soft parameters in which the gaugino massesAaadns ~ again from the MSSM, where the renormalization scale is
have the same phases are quite common within various classes @f0sen to b&=m; in order to minimize the next-to-leading
four-dimensional string model&t least at tree levelunder plau- — order corrections. Such higher order corrections are beyond
sible assumptiong57]. the scope of this paper; our choice f@rcan be regarded as

91n this paper, we have not addressed the origin of the phases
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FIG. 2. The#,s dependence of the lightest Higgs mass and the ~FIG. 3. The 6;; dependence of the lightest Higgs massit
CP-odd composition ofHs in the light Z' scenario. The solid, ~Pane) and theCP-odd composition oH; in the heavyZ’ scenario.
dashed, dotted, and dot-dashed curves correspond to, respectiveilgre solid, dashed, dotted, and dot-dashed curves correspond, re-

|Allvs=1/2, 1, 2 and 4 with ;= v/ 2. spectively, to|Ag/vs=1/5, 1/2, 3/4 and 1 witvg=1 TeV.
some_nominal value in between the electroweak difd)’ ons, gauge bosons and other Higgs bosare typically
brevzil/kmt? spales.h vsis of the liaf” 0. F small due to the low value dfueyf-

e begin with an analysis of the liglt” scenario. For We now discuss the heavy’ scenario, settingug

purposes of d(_afinite_ness, we 9t =2v,, vs=v/\2=m,, —1 TeV, Mg="750 GeV, andA|=2Mg. Figure 3 depicts
fT_Ed |éﬂ;';5’hm :gh'(.:hﬂ caseMzrt)thhl\gﬁ a:q |eril =M. 4ihe variations of the lightest Higgs masft panej and the
the?r mixingg :: sﬁol\?vnuiﬁnlzcizs 5 Oln theelef;g[?z:ngafhsf\s/a?g-cP'Odd composition of the would-be Higgs scalar as a func-
. S . L ’ tion of 6,5 and|Ag|. In both figures, the solid, dashed, dotted,
tion of the lightest Higgs mass with is displayed for sev- and dott-sdashLdS|curves co?respond respectivelyAllf
eral values ofAl/vs. For|A/vs=1/2,1 and 2My, grows = 1/5, 1/2, 3/4 and 1. In contrast to the light scenario as
gradually with6,s, peaking atf,= . This behavior is easy oy, ip Iéig. 2, here we illustrate the dependencéfeh(or
1(210 undgrst?nd. ?S the rr][ﬁgmtuqi_of th“?/ltop S.?#ark LR tr?'xm%quivalentlyM A), as this parameter remains largely free in
epeh SS ro.ng Y Oks, the variation oM, wi respe.c 0 the heavyZ’ limit [41]. As the left panel of the figure shows,
bis simply displays the well-known fact that the lightest o mass of the lightest Higgs boson is typically larger than
Hl_ggs mass depends strongly on the value of the top squarilﬁat in the lightZ’ scenario. The lightest Higgs mass is also
mixing a steep function ofA4|, which becomes increasingly smaller
asM, increases due to decoupling. Note also that the depen-
(66)  dence ofMy on 6, in this scenario is similar to the case

IMErlg —0 A | et cot within the lightZ' scenario; once again, this is because the

_ radiative corrections to the lightest Higgs mass strongly de-
which becomes large wheA| and| uc | are of comparable pend on the value of the top squark mixing parameter.
size. The ratio(66) gets saturated with further increase of However, in contrast to the light’ scenario, the scalar-
A however, in this casgA||ueri also becomes large, pseudoscalé\r mixings in the heaMy,, limit are éizeable, as
which affects both theM3 and M, entries of the Higgs shown in the right panel of Fig. 3. This feature is expected
mass-squared matrix. While the former shifts the peak valugecause the strength of the Higgs se@®violation is gov-
of My, towards the point of maximaCP violation (see the  erned by the size of the singlet VEV, i.e. the effectixe
dot-dashed curve in the figurehe latter enhances the scalar- parameter, and in this scenafio.¢|~M; . In general, the
pseudoscalar mixings. The generic strength of the scalacp-violating mixings grow larger ad\, decreases, because
pseudoscalar mixings can be determined e.g. by working oyh this caseM?sin 6, can be comparable thl,, which fa-
the CP-odd composition oH; (the would-be pseudoscalar gjjitates scalar-pseudoscalar transitions. Fay=v/5, the
Higgs boson Tge result is shown in the right panel of Fig. cp.odd composition of the would-be pseudoscalar Higgs bo-
2. Clgarly, theM {,sin 6,s elements of the Higgs mass-sqqaredson falls down to 70% arouné,.~ =/6. However, adA|
matr|x2are not large enough to enhance such MIXING$ncreasegwhile keeping| wers and|A,| fixed), the diagonal
(IR 34| falls _at most to 99.75% fo|rAt|:4vS): . elements of Eq(36) also increase, with the result that the

The functlpnal dependence of Fhe heavier Higgs boso'&:P—violating effects become weaker. The large variations in
masses o, is opposite that oM Hy 1N that the masses tend 'R 3|2 depicted here are due to the mixings betwekgrand
to decrease a®;s ranges from 0 tom; e.g. when|A| W, For |AJ/vs=1/51/2,3/4 and 1 the two masses are
=4vs, (Mp, My, My)) fall from (245224,191) 1o  strongly degenerate, wittMy,,M\y,) starting at (476,477),
(234,206,182) GeV. In accord with the analytical expression722 726), (876,881), (1013,1007) and decreasing to
(30), # grows with|A,| until it arrives at the peak value of (417,418), (685,688), (846,851), (987,981) GeWawvar-
~30% for|A;| = 4v for maximalCP violation. For lowM 2, ies from O to7r. Note that the scalar-pseudoscalar conver-
minima, the scalar-pseudoscalar mixingghich govern the sions are more efficient when the two masses are highly de-
novel CP violating effects in the Higgs couplings to fermi- generate.

2
IMRlog=7 _ | Al +]|percotB
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For the values ofA|/v exhibited above, the Higgs sec- scenario is similar to that within the MSSM for a large
tor is within the decoupling regimeM,>2M),?’in which  parameter. Such effects have been studied?2ip,24,23,
the lightest Higgs boson resembles the SM Higgs boson, thehere it is known that Higgs sect@P violation can intro-
heaviest Higgs boson is singlet-dominated with a mass ofluce sizeable modifications in the couplings of the Higgs
orderM,, and the two intermediate mass Higgs bos@he  bosons to fermions and vector bosons, and strongly affect the
CP odd scalar and the second heaviéBteven scalar in the bounds inferred from theCP-conserving theory. Further-
absence ofCP violation) are strongly degenerate. The light- more, theCP purity of the Higgs bosongéssuming that the
est Higgs boson is essentialfP even (R;4|><0.1% for  collider searches establish their existencan be tested by
|A{l/vs=1/15) and hence is decoupled fro@P-violating  measuringCP violation in its decays into heavy quarks or
effects, although its mass depends stronglyan However,  vector boson$58].
there are phenomenologically interesting corners of param-
eter space with sufficiently small values |@é|/v in which
the lightest Higgs boson can have a significant mixing with
the would-be pseudoscalar. As the lightest Higgs mass is a
steep function ofA4|/vs, for a value ofM H, consistent with In this paper, we have discussed the nature and implica-

LEP bounds th&€P-odd composition oH; cannot be larger tions of explicit CP violating phases present in the soft
than 20%. It is important to keep in mind though that thebreaking Lagrangian within supersymmetric models with an
couplings of the lightest Higgs boson to gauge bosons angdditional U(1) gauge symmetry and an additional SM
fermions are modified when the lightest Higgs boson has gauge singleS. This class of models is worthy of further
significant mixing with the would-be pseudoscaléhe  Study notonly because such gauge extensions are ubiquitous
modifications grow with theCP-odd composition of the within _four-dlmen5|onal string modelg@nd ot_her plausible
lightest Higgs bosop such that the existing LEP bounds extensions of the MSSM but also they provide an elegant

- : ; oo framework in which to study the problem of the MSSM.
may not be applicablésee e.g[24,25 for discussions within . o ;
theyMSSM. e ® o : ISeussl Wi The solution, which is to forbid the bane term by U (1)’

gauge invariance and generate an effectiveparameter

Our results demonstrate that ti@P-violating effects in i e
the Higgs sector, or more precisely, the mixing between théhrough the VEV of the single§, is similar to that found

would-be scalars and pseudoscalars in @R conservin within the NMSSM (but without its generic cosmological
o . P . . 9 andcp problems. Our results can be summarized as fol-
limit, are generically highly suppressed in the ligtit mod-

) . . lows:
els but can be sizeable in the he&/yscenario, even though (i) All reparametrization invariant phases can be ex-

the masses can vary strqngly witﬂ;_g (V\_/hich is of COUrs€ a pressed as linear combinations 6f;= ¢ — ¢, and 0,4
CP-conserving effegt This behavior is exactly in accor- — by — dba, and hence a “natural” basis cf:an bé obtained b
dance with the general discussion of Sec. IlIC, in which we ' Ma "As - y
demonstrated that tH@P-violating terms in the Higgs poten- USINGU(1)r to setéy =0. . _

tial necessarily originate from nonrenormalizable terms (i) The Higgs sector IS manifestigP conserving attree
present at one-loofsuch terms are encoded within the full level (and at the renormalizable level to all orders in pertur-
Coleman-Weinberg potentjalThe strength of such terms in Pation theory. However, theCP-violating phases present in
e.g. the doublet sector then scale according to the ratio of tH&€ 0P squark mass-squared matrix filter into the Higgs sec-
singlet VEV vs=|u.:¢ to the scale of a typical soft mass. for at the nonrenormalizable level at one—Ioop.l Tae-
Hence, within the lighZ’ scenarid(in which the effectiveu violating effects are particularly enhanced wié(d)" sym-

. - metry is broken near the sparticle thresholds.
parameter is small CP-violating effects are suppressed, p
: : , . (iii) The spontaneous breakdown of tHé1)’ symmetry
while the large|uess| present in the heavyg’ scenario can

allow for spectacular effects &P violation near the weak scale stabilizes not only the modulug biut
W pectacuiar : viotation. .. also its phase. The phase pfitself is of course not a basis-
We close this section with a brief discussion of the impli-

. . iqdependent quantity; however, in the “natural” basis de-
cations for collider searches. In general, at least a subset ? d ab this phase(in this basis ari v at th
the Higgs masses within this class df1)’ models can be ined above, this phased(in this basi$ arises only at the

observable at forthcoming colliders. Within ligdt models, loop level and Is typically 1-109%, depending on the size of

all of the Higgs bosons remain light after including radiative.'vIA (the pseudoscalar Higgs boson mass indifeconserv-

: . limit).
corrections, but such models generically have very s@@&ll ing |
violating Higgs couplings. In contrast, largé models can (iv) The ahsence of permanent EDMs for leptons and had-

have largeCP-violating Higgs couplings. As the viable re- "ONS (even assuming either cancellations and/or heavy first

gions of space typically correspond to the decoupling limit in"’md sec_onq generation sfermlmrﬁrongly bounds thg rep-
which all of the Higgs bosons except the lightest Higgs bo_ararr7etr|zat|on invariant phase presenF in the chargino mass
son are heavy, detecting ti@P-violating effects within this  Matrix (¢, + éu,) = (60— ¢a_+ ¢w,), while the other SUSY
phases remain largely unconstrained. In specific models in
which the phase difference betwegat least theSU(2)]
25ee[22,23 for a more precise definition of the decoupling re- gaugino mass parameters afg is vanishingly small, this

gime in theCP-violating MSSM. “SUSY CP hierarchy problem” is resolved because the

V. SUMMARY
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