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Z-Z8 mass hierarchy in a supersymmetric model with a secludedU„1…8-breaking sector
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We consider theZ8/Z mass hierarchy in a supersymmetric model in which theU(1)8is broken in a secluded
sector coupled to the ordinary sector only by gauge and possibly soft terms. A large mass hierarchy can be
achieved while maintaining the normal sparticle spectra if there is a direction in which the tree level potential
becomes flat when a particular Yukawa coupling vanishes. We describe the conditions needed for the desired
breaking pattern, to avoid unwanted global symmetries, and for an acceptable effectivem parameter. The
electroweak breaking is dominated byA terms rather than scalar masses, leading to tanb.1. The spectrum of
the symmetry breaking sector is displayed. There is significant mixing between the MSSM particles and new
standard model singlets, for both the Higgs scalars and the neutralinos. A larger Yukawa coupling for the
effectivem parameter is allowed than in the NMSSM because of theU(1)8contribution to the running from a
high scale. The upper bound on the tree-level mass of the lightestCP even Higgs doublet mass is aboutc
3174 GeV, wherec is of order unity, but the actual mass eigenvalues are generally smaller because of singlet
mixing.
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I. INTRODUCTION

The possibility of an extraU(1)8gauge symmetry is wel
motivated in superstring constructions@1# and grand unified
theories @2#, and also in models of dynamical symmet
breaking@3#. In supersymmetric models, an extraU(1)8can
provide an elegant solution to them problem@4,5#, with an
effectivem parameter generated by the vacuum expecta
value ~VEV! of the standard model~SM! singlet field S
which breaks theU(1)8symmetry. This is somewhat simila
to the effectivem parameter in the next to minimal supe
symmetric standard model~NMSSM! @6#. However, with a
U(1)8the extra discrete symmetries and their associated
mological problems typically associated with the NMSS
are absent. A closely related feature is that the minimal
persymmetric standard model~MSSM! upper bound ofMZ

on the tree-level mass of the corresponding lightest MS
Higgs scalar is relaxed, both in models with aU(1)8and in
the NMSSM, because of the Yukawa termhSH1H2 in the
superpotential and theU(1)8 D term @7#. More generally, for
specificU(1)8charge assignments for the ordinary and e
otic fields one can simultaneously ensure the absenc
anomalies, that all fields of the TeV-scale effective theory
chiral, avoiding a generalizedm problem, and the absence o
dimension-4 proton decay operators@8#.

In superstring-motivated models it is often the case t
electroweak andU(1)8breaking are both driven by so
supersymmetry-breaking parameters, so one typically
pects theZ8 mass or masses to be of the same order as
0556-2821/2002/66~1!/015002~12!/$20.00 66 0150
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electroweak scale,1 i.e., less than a TeV or so@1#, so that such
particles, if they exist, should be easily observed and th
couplings studied at future colliders or at the Fermilab Te
tron @10#. The typical expectation is that theZ8 mass should
be comparable toMW andMZ . However, there are stringen
limits from direct searches during run I at the Tevatron@11#
and from indirect precision tests at theZ pole, at the CERN
e1e2 collider LEP 2, and from weak neutral current expe
ments@12#. The constraints depend on the particularZ8 cou-
plings, but in typical models one requiresMZ8.(500
2800) GeV and theZ-Z8 mixing angleaZ-Z8 to be smaller
than a few31023. ~There are actually hints of deviation
from the standard model in the NuTeV experiment@13# and
in atomic parity violation@14#, which could possibly be early
signs of aZ8 @15#.! The nonobservation to date of aZ8
reduces the attractiveness of such scenarios, but does
exclude them. It has been shown in a number of examp
@16# that there are small but not overly tuned corners
parameter space which can yield acceptableZ8 parameters.
The most common situation is that the soft-supersymme
breaking parameters with dimensions of mass, and there
the VEV of the fieldS which breaks theU(1)8, are large
compared to the electroweak scale, e.g., ofO(TeV). The
values of the Higgs doublet VEVs, and thereforeMW,Z , are
relatively small by accidental cancellations. Since the SUS

1One way to avoid this conclusion is for theU(1)8breaking to
occur along a direction which isF andD flat at the renormalizable
tree level@9#.
©2002 The American Physical Society02-1
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breaking scale is large in such scenarios, they typically l
to nonstandard sparticle spectra, with heavier squarks
sleptons than for most of the MSSM parameter space, b
richer spectra of Higgses, neutralinos, and usually charg
@17#. Another possibility@16# is that the electroweak an
U(1)8breaking are driven byA terms that are relatively larg
compared to the typical soft scalar mass scale. This can
to a smallaZ-Z8 and also a smallZ8 mass. The latter might
be acceptable if theZ8 has strongly suppressed couplings
leptons ~perhaps after taking kinetic mixing@18# into ac-
count!.

In this paper we consider another possibility, in which
of the dimensional SUSY-breaking parameters are at or
low the electroweak scale, as is the VEV of the field whi
generates the effectivem term. Thus, the squark and slepto
spectra can mimic those of the MSSM. The electrowe
breaking is actually driven by electroweak scaleA terms,
with the Higgs doublet and singlet masses smaller. A la
Z8 mass can be generated by the VEVs of additional
singlet fields that are charged under theU(1)8. If these fields
are only weakly coupled to the SM fields, i.e., b
U(1)8interactions and possibly soft SUSY-breaking term
then the scale of VEVs in this sector is only weakly linked
the electroweak scale. In particular, we consider the situa
in which there is an almostF andD flat direction involving
these secluded fields, with the flatness lifted by a sm
Yukawa coupling. For a sufficiently small value for th
Yukawa coupling, theZ8 mass can be arbitrarily large. Th
class of models considered is related to the intermed
scale models considered in@9#, except that in the latter cas
the flatness was lifted by higher dimensional operators
radiative corrections.

We choose theU(1)8charges so that off-diagonal so
supersymmetry-breaking mass-square terms can avoid
wanted global symmetries, and show that there are only th
such models up to charge conjugation. We describe two
these in detail, paying special attention to avoiding unphy
cal minima and runaway directions. Within our assumpt
of no special adjustment of parameters to achieve a mode
hierarchy in the ordinary sector, we find that the Yuka
coupling associated with the effectivem parameter must be
relatively large, i.e., ofO(0.520.8). The upper end of this
range would lead to a Landau pole in the NMSSM if o
required the theory to be valid up to a large unification sc
@19#, but is acceptable in theU(1)8model due to the new
contributions to the renormalization group equations.~It
would be acceptable in either case if one did not requir
canonical desert, as in models with large extra dimensio!
This scenario typically generates tanb;1, where tanb is
the usual ratio of Higgs doublet VEVs; that the VEV ofS is
comparable to that of the doublets; and that the upper bo
on the lightestCP even Higgs doublet tree-level mass is
order 170 GeV. However, the actual mass eigenvalues
reduced by mixing withSU(2) singlets. For these model
we display the spectra associated with the symmetry bre
ing, i.e., the gauge bosons, Higgses, neutralinos, and ch
nos. There is significant mixing between the standard mo
particles and SM singlets in the Higgs and neutralino sect
We do not attempt to embed the models in a full theory
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speculate on the small Yukawa couplings needed either
the largeZ8 mass or for fermions other than thet quark. In
Sec. II we discuss the general features of this class of m
els. In Sec. III we calculate the spectra for typicalU(1)8
charges and parameter values. Our conclusions are give
Sec. IV. Details of the minimization and Higgs mass-squ
matrices for one model are given in Appendix A, and t
eigenvectors for the symmetry-breaking sector are displa
for one model in Appendix B.

II. THE CHIRAL SUPERSYMMETRIC SU„3…CÃSU„2…
ÃU„1…ÃU„1…8 MODEL

We consider the supersymmetricSU(3)C3SU(2)
3U(1)3U(1)8 model with 2 Higgs doublets (H1 andH2)
and 4 Higgs singlets (S, S1 , S2, andS3). The superpotentia
is2

W5hSH1H21lS1S2S3 , ~1!

where the Yukawa couplingsh andl are, respectively, asso
ciated with the effectivem term and with the runaway direc
tion. The correspondingF-term scalar potential is

VF5h2~ uH1u2uH2u21uSu2uH1u21uSu2uH2u2!1l2~ uS1u2uS2u2

1uS2u2uS3u21uS3u2uS1u2!. ~2!

The D-term scalar potential is

VD5
G2

8
~ uH2u22uH1u2!21

1

2
gZ8

2 S QSuSu21QH1
uH1u2

1QH2
uH2u21(

i 51

3

QSi
uSi u2D 2

, ~3!

where G25g1
21g2

2; g1 ,g2, and gZ8 are the coupling con-
stants forU(1),SU(2) and U(1)8; and Qf is the U(1)8
charge of the fieldf.

In addition, we introduce the supersymmetry-breaki
soft terms

Vso f t
(a) 5mH1

2 uH1u21mH2

2 uH2u21mS
2uSu2

1(
i 51

3

mSi

2 uSi u22~AhhSH1H21AllS1S2S31H.c.!.

~4!

There are six neutral complex scalar fields and~in the
general case! four phase symmetries of the scalar potenti

2One might consider a model with 3 singlets; for example, o
can identifyS with S1. The problem is that theF term of S is then
hH1H21lS2S3. Depending on the soft parameters, there will eith
be a runaway direction for the scalar potential that is unboun
from below, an unphysical minimum with one of the Higgs doub
VEVs vanishing, or a minimum in which the VEVs ofH1

0, H2
0, S,

S2 andS3 are typically of the same order, preventing aZ-Z8 mass
hierarchy.
2-2
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Two of these are theU(1) and U(1)8gauge symmetries
implying two unwanted global symmetries. These will ge
erally be spontaneously broken, implying two massl
Goldstone bosons. One of these has largeH1

0 and H2
0 com-

ponents and is clearly excluded by experiment. The sec
consists mainly of theSi fields, which couple to ordinary
matter only byU(1)8. These are most likely also exclude
though a detailed investigation is beyond the scope of
paper. We therefore consider special choices for
U(1)8charges which allow additional~off-diagonal! scalar
mass-square terms which explicitly break the global symm
tries.

For the models considered, one can takeAh andAl to be
positive and the extra mass terms added to break the gl
symmetries to be negative by an appropriate redefinition
the scalar fields, without loss of generality. Then all of t
VEVs can be taken to be real and positive at the minima.
define

^H1
0&[v1 , ^H2

0&[v2 , tanb5
v2

v1
, ~5!

and

^S&[s, ^Si&[si . ~6!

Note that we have defined these VEVs without pulling ou
factor of 1/A2, so the observed value of the electrowe
scale isAv1

21v2
2.174 GeV. We also introduce

D[QSs21QH1
v1

21QH2
v2

21(
i 51

3

QSi
si

2 . ~7!

The expressions for the chargino, neutralino, andZ-Z8
mass matrices are independent of the forms of
supersymmetry-breaking soft terms. TheZ-Z8 mass matrix is
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MZ2Z85S MZ
2 MZZ8

2

MZZ8
2 MZ8

2 D , ~8!

where

MZ
25

G2

2
~v1

21v2
2!,

~9!

MZ8
2

52gZ8
2 S QS

2s21QH1

2 v1
21QH2

2 v2
21(

i 51

3

QSi

2 si
2D ,

MZZ8
2

5gZ8G~QH1
v1

22QH2
v2

2!. ~10!

The mass eigenvalues are

MZ1 ,Z2

2 5
1

2
~MZ

21MZ8
2

7A~MZ
22MZ8

2
!214MZZ8

4
!,

~11!

and theZ-Z8 mixing angleaZ-Z8 is given by

aZ-Z85
1

2
arctanS 2MZZ8

2

MZ8
2

2MZ
2D , ~12!

which is constrained to be less than a few times 1023.
In the basis$B̃8,B̃,W̃3

0 ,H̃1
0 ,H̃2

0 ,S̃,S̃1 ,S̃2 ,S̃3%, the neu-
tralino mass matrix is

M x̃05S M x̃0~6,6! M x̃0~6,3!

M x̃0~6,3!T M x̃0~3,3!
D , ~13!

where
M x̃0~6,6!51
M18 0 0 GH1

GH2 GS

0 M1 0 2
1

A2
g1v1

1

A2
g1v2 0

0 0 M2
1

A2
g2v1 2

1

A2
g2v2 0

GH1 2
1

A2
g1v1

1

A2
g2v1 0 2hs 2hv2

GH2

1

A2
g1v2 2

1

A2
g2v2 2hs 0 2hv1

GS 0 0 2hv2 2hv1 0

2 , ~14!
2-3
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and

M x̃0~3,3!5S 0 2ls3 2ls2

2ls3 0 2ls1

2ls2 2ls1 0
D , ~15!

where Gf[A2gZ8Qf^f&; and M18 ,M1 ,M2 are gaugino
masses forU(1)8, U(1) andSU(2)L , respectively. The first
row of M x̃0(6,3) is given by (GS1

GS2
GS3

), while the other
entries are zero.

The chargino mass matrix is

M x̃65S M2 A2MW sinb

A2MW cosb m
D , ~16!

wherem[hs is the effectivem parameter.
If m is too small the lighter chargino mass will viola

observational bounds. However, the Yukawa couplingh ~at
the electroweak scale! cannot be too large if the theory is t
remain perturbative up to a large grand unification or str
scale. This constraint is somewhat less restrictive than
corresponding one in the NMSSM@19# because the new con
tributions from theU(1)8to the running ofh are negative.
We have found thath can be as large as 0.7–0.8, even
tanb;1. We will illustrate the results for the casesh50.5
andh50.75.

For l→0 the potential may be unbounded below~de-
pending on themSi

2 ) for largesi . In that case, for small bu

finite l the si will be large, as will theZ8 mass. We will
typically choosel to be aroundh/10. Though small,l is still
much larger than most of the Yukawa couplings associa
with the fermion masses.

For Ah comparable to the scale of the soft Higgs bos
masses, the potential has an unwanted global minimum
v15v250 ands;si . This can be avoided by choosingAh
to be relatively large, e.g., of the order of 5–10 larger th
the soft masses. In this case, the symmetry breaking is dr
more by theA terms than the soft masses, analogous to
largeA scenarios described in@16#. In the largeAh limit one
hass;v1;v2. For intermediateAh the ratio ofs/v i can be
increased to around 3/2, but not much more without int
ducing the unwanted minimum described above.

Therefore, the lower bound on the light chargino ma
from LEP gives a strong constraint on the models. This is
the range ;90–104.5 for center mass energyAs
5209 GeV, depending on the decay kinematics@20#. Let us
discuss the chargino masses in detail. They are@21#

mx̃
1
65

hC1

2
@A~M22m!212MW

2 ~11sin 2b!

2A~M21m!212MW
2 ~12sin 2b!#, ~17!

mx̃
2
65

1

2
@A~M22m!212MW

2 ~11sin 2b!

1A~M21m!212MW
2 ~12sin 2b!#, ~18!
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wherehC1561 is chosen so thatmx̃
1
6 is positive. Because

tanb.1.0, the light chargino mass is

mx̃
1
6.

hC1

2
~A~M22m!214MW

2 2uM21mu!. ~19!

If M2 andm have the same sign, i.e.,M2m.0, this is typi-
cally smaller than min$M2,m%. For example, forumu,uM2u
and uM2u@MW , one obtainsmx̃

1
6;m. For M2m,0 one

finds mx̃
1
6,Am21MW

2 . The limit is saturated if and only if

M252m, in which case the two chargino masses are eq
~for tanb51). Thus, forh,0.8 ands/v1.s/v2&3/2, the
upper bounds on the light chargino mass are around 120 G
and 170 GeV for the casesM2m.0 and,0, respectively,
with lower values for smallerh.

The charged Higgs boson mass is

MH6
2

5MW
2 1

2Ahhs

sin 2b
2h2~v1

21v2
2!, ~20!

whereMW
2 5(g2/2)(v1

21v2
2).

The upper bound on the tree-level mass of the lightestCP
even Higgs doublet scalar, i.e., before including mixing w
the SU(2) singlets and corresponding to the lightest sca
h0 in the MSSM, is@5#

mh0
2 <MZ

2cos22b1h2~v1
21v2

2!sin22b

12gZ8
2

~QH1
v1

21QH2
v2

2!2

~v1
21v2

2!
. ~21!

In the models considered here, tanb.1.0, so that

mh0&Ah21
1

2
gZ8

2
~QH1

1QH2
!23174 GeV, ~22!

which is much weaker than the corresponding limitmh0

,MZ in the MSSM. Of course, the actual Higgs mass eig
states involve mixing of the doublets withSU(2) singlets, so
that the tree-level mass eigenvalues are lower. Also,
must add potentially large loop corrections in both cases.

coefficient Ah21 1
2 gZ8

2 (QH1
1QH2

)2 is typically of order
unity.

It is still necessary to have two off-diagonal dimension
soft supersymmetry breaking terms involvingS, S1 , S2 and
S3 to break the two unwanted globalU(1) symmetries. We
cannot chooseuQS1

uÞuQS2
uÞuQS3

u because then at most on

term, SSi or SSi
† , would be allowed. The only possibilitie

areQS1
5QS2

52 1
2 QS3

andQS1
52QS2

, QS3
50. Any VEV

of S3 in the second case would not be linked toU(1)8 break-
ing; we will not consider this possibility further. In the firs
case, there are two possibilities for theU(1)8 charge ofS:
QS56QS1

and QS56QS3
, which will be discussed as
2-4



ta

-

e

ic
rr
l
ce
n

el I

. To

ac-
ino
ed
ur

ter
eory

l

red

l

ns

y
s

he

c
n

t a he

Z-Z8 MASS HIERARCHY IN A SUPERSYMMETRIC . . . PHYSICAL REVIEW D 66, 015002 ~2002!
model I and model II, respectively.3

Further details of the Higgs boson masses and eigens
are given in the Appendixes.

III. SPECIFIC MODELS

A. Model I

In model I, we choose theU(1)8 charges for the Higgs
fields as

QS52QS1
52QS2

5
1

2
QS3

,

~23!
QH1

1QH2
1QS50.

The dimension-2 supersymmetry-breaking soft terms

Vso f t
(I ) 5~mSS1

2 SS11mSS2

2 SS21mS1S2

2 S1
†S21H.c.! ~24!

are allowed by theU(1)8, so in general

Vso f t5Vso f t
(a) 1Vso f t

(I ) , ~25!

whereVso f t
(a) is defined in Eq.~4!. However, only two of these

are needed to break the globalU(1) symmetries, so for sim
plicity we will set4 mS1S2

2 50.

To avoid directions of the potential that are not bound
from below, we require

mS
21mS1

2 12mSS1

2 .0,

~26!
mS

21mS2

2 12mSS2

2 .0.

The first condition corresponds to the direction in whichs
5s1 with the other VEVs vanishing, for which the quart
and cubic terms in the potential are flat. The second co
sponds tos5s2. The minimization conditions for the neutra
scalar potential with non-zero VEVs, and the mass matri
for the CP odd and even Higgs bosons are given in Appe
dix A.

3These charges allow additional superpotential termsS1
2S3 and

S2
2S3. Their presence would have little effect on our conclusio

other than changing the relative sizes of thesi , so they will be
ignored for simplicity. They could also be explicitly eliminated b
discrete symmetries for the dimension-4 operators, or by string
lection rules if there is an underlying string theory. Similarly, t
U(1)8symmetry would allow additional termsSS1,2 ~model I! or
SS3 ~model II! in the superpotential. These again would not affe
our conclusions if present, and in any case bilinear terms are
expected in~conformal! string theory.

4Keeping a nonzeromS1S2

2 would yield a spectrum similar to

model II. In the most general case one would have to allowmS1S2

2 to
be complex valued~and thereforeCP violating! because there
would not be enough freedom of field redefinitions to ensure tha
three terms are real and negative.
01500
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B. Model II

In model II, we choose theU(1)8 charges

QS1
5QS2

5
1

2
QS52

1

2
QS3

,

~27!
QH1

1QH2
1QS50,

allowing the dimension-2 supersymmetry terms

Vso f t
(II ) 5~mSS3

2 SS31mS1S2

2 S1
†S21H.c.!, ~28!

so that

Vso f t5Vso f t
(a) 1Vso f t

(II ) . ~29!

To avoid unbounded from below directions, we require

mS
212mS1

2 .0, mS
212mS2

2 .0, ~30!

corresponding to the directions withs15A2s and s25A2s
~and the other VEVs zero!, respectively. The minimization
conditions and mass matrices are similar to those in mod
up to obvious changes, so they will not be repeated.

C. Numerical results for some particle spectra

In this section we present the numerical results for theZ8
boson mass; theZ-Z8 mixing angleaZ-Z8 ; and the chargino,
neutralino, and Higgs boson masses for the two models
generate the mass hierarchy between theZ and Z8, we
choosel5h/10. We illustrate for two values ofh, i.e., 0.5
and 0.75. Both are theoretically and phenomenologically
ceptable. However, the larger value allows larger charg
and neutralino masses, but is close to the upper limit allow
if the theory is to remain perturbative to a large scale. In o
conventions,m.0, while the gaugino massesMi can be
positive or negative. We choose two examples, i.e.,M15
2100 GeV, M252200 GeV andM1852600 GeV; and
M15200 GeV, M25400 GeV andM185600 GeV. These
choices can yield relatively large masses for the ligh
charginos. We also choose the standard grand unified th
~GUT! valuegZ85A5/3g1 ~it is A5/3g1 that unifies withg2
and g3 in the simple GUT models!. This is for illustration
only; we do not insist on conventional grand unification.5 As
described above, we choose large values forAh ~and also
chooseAl;Ah). Otherwise, the minimum of the potentia
would be forv15v250 ands;si . @Even for largeAh there
is such a local minimum. However, there is also the desi
SU(2)-breaking minimum closer to the origin.# The terms
linear in s in Vso f t

(I ,II ) and theAh term prevent unphysica
minima such ass5v150, s5v250, or only one of the
three vanishing.

,

e-

t
ot

ll

5Many unification models would suggestM18;M1. The only ef-
fect of a smallerM18 would be small changes in the spectrum of t
neutralinos in the secluded sector.
2-5
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TABLE I. v1 , v2 , s, s1 , s2 , s3; the Z andZ8 masses; andaZ-Z8 in models I and II. The masses and VEVs are in GeV.

Model h v1 v2 s s1 s2 s3 Z Z8 aZ-Z8

I 0.5 121 125 187 1270 1260 1260 91 2030 3.831023

I 0.75 121 125 187 1270 1260 1260 91 2030 3.831023

II 0.5 122 124 175 1300 1300 1290 91 2100 4.731023

II 0.75 122 124 178 1310 1310 1300 91 2110 4.731023

TABLE II. The chargino and neutralino masses in GeV for models I and II.

Model h Mi x̃1
6 x̃2

6 x̃1
0 x̃2

0 x̃3
0 x̃4

0 x̃5
0 x̃6

0 x̃7
0 x̃8

0 x̃9
0

I 0.5 ,0 114 220 52 63 107 122 126 145 221 1790 23

I 0.5 .0 74 420 52 61 63 126 145 213 420 1710 238

I 0.75 ,0 158 218 78 94 106 165 189 218 219 1800 23

I 0.75 .0 118 423 78 94 100 189 217 218 423 1700 23

II 0.5 ,0 108 221 54 65 107 116 130 141 222 1860 23

II 0.5 .0 68 419 54 56 65 130 141 212 420 1780 245

II 0.75 ,0 152 218 80 98 106 158 196 213 219 1890 23

II 0.75 .0 111 422 80 94 98 196 213 216 423 1780 24

TABLE III. The charged,CP even, andCP odd Higgs boson masses in GeV at the tree level for models I and II.

Model h H6 H1
0 H2

0 H3
0 H4

0 H5
0 H6

0 A1
0 A2

0 A3
0 A4

0

I 0.5 152 52 88 92 112 158 2030 5.0 43 157 174

I 0.75 211 78 131 139 168 215 2030 7.6 65 236 261

II 0.5 146 59 92 93 108 152 2100 22 38 158 168

II 0.75 203 86 139 140 162 207 2120 34 58 239 255

TABLE IV. The eigenvectors for the charginos in model I.

h Mi U11 U12 U21 U22 V11 V12 V21 V22

0.5 ,0 0.237 0.971 0.971 20.237 0.257 0.967 20.967 0.257

0.5 .0 20.236 0.972 0.972 0.236 0.240 20.971 0.971 0.240

0.75 ,0 0.197 0.980 0.980 20.197 0.238 0.971 20.971 0.238

0.75 .0 20.270 0.963 0.963 0.270 0.275 20.962 0.962 0.275
015002-6
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TABLE V. The eigenvectors for the neutralinos in model I withh50.5 andMi,0.

Fields x̃1
0 x̃2

0 x̃3
0 x̃4

0 x̃5
0 x̃6

0 x̃7
0 x̃8

0 x̃9
0

B̃8 0.0 0.0 0.001 0.002 0.0 0.001 20.003 20.647 0.762

B̃ 20.004 0.0 0.978 0.188 0.0 20.007 20.093 0.002 20.001

W̃3
0 0.005 0.0 0.137 20.237 0.0 20.010 0.962 20.003 0.002

H̃1
0 20.356 0.0 0.116 20.675 0.0 0.610 20.174 20.030 20.025

H̃2
0 20.368 0.0 20.108 0.668 0.0 0.604 0.188 0.062 0.05

S̃ 0.856 0.001 0.005 0.015 0.0 0.513 0.004 20.045 20.039

S̃1
0.028 20.707 0.005 20.033 0.577 0.003 20.009 0.310 0.264

S̃2
0.027 0.707 0.005 20.033 0.577 0.003 20.009 0.309 0.263

S̃3
20.055 20.001 20.011 0.066 0.578 20.005 0.017 20.618 20.525
as
ep

e

nd
ce
ss
for

m

The input parameters with dimensions or mass of m
squared are chosen in arbitrary units. After finding an acc
able minimum they are rescaled so thatAv1

21v2
2

.174 GeV. For model I, we chooseAh5Al51.0,mH1

2

5mH2

2 5mS
2520.010,mS1

2 5mS2

2 50.031,mS3

2 520.010,mSS1

2

5mSS2

2 520.010,QH1
51,QH2

522,QS52QS1
52QS2

51,

andQS3
52.

For h50.5 andl50.05 the VEVs at the minimum ar
v150.928,v250.953,s51.43,s159.67,s259.65, and s3
59.63. For h50.75 andl50.075 they arev150.616,v2
50.636,s50.953,s156.44,s256.42, ands356.41. The res-
caled VEVs and the correspondingZ8 mass andZ-Z8 mixing
angle are listed in Table I.

For model II we choose

Ah5Al51.0, mH1

2 5mH2

2 520.010, mS
2520.020,
01500
s
t-

mS1

2 5mS2

2 50.011, mS3

2 520.010,

mSS3

2 5mS1S2

2 520.015, QH1
51, QH2

523,

QS52, QS1
5QS2

51, QS3
522.

The VEVs arev150.955, v250.965, s51.37,s1510.1, s2
510.1, s3510.1 for h50.5 andl50.05; andv150.632,
v250.638, s50.919, s156.76, s256.75, s356.73 for h
50.75 andl50.075.

The rescaled VEVsv1 , v2 , s, s1 , s2 , s3, the mixing
aZ-Z8 , and the particle spectra are given in Tables I, II, a
III. It is seen that the two models yield similar spectra, sin
each isAh dominated. The composition of the physical ma
eigenstates in terms of the weak eigenstates are given
model I in Appendix B. The spectra are quite different fro
2

TABLE VI. Same as Table V, exceptMi.0.

Fields x̃1
0 x̃2

0 x̃3
0 x̃4

0 x̃5
0 x̃6

0 x̃7
0 x̃8

0 x̃9
0

B̃8 0.0 0.0 0.0 0.0 0.001 0.002 20.004 0.659 0.752

B̃ 0.036 0.290 0.001 0.0 20.001 0.955 20.048 20.001 20.001

W̃3
0 20.028 20.217 20.001 0.0 0.001 0.116 0.969 0.002 0.00

H̃1
0 20.279 0.697 0.002 0.0 0.608 20.192 0.170 20.029 0.026

H̃2
0 20.440 20.605 20.002 0.0 0.606 0.192 20.172 0.059 20.054

S̃ 0.849 20.111 0.0 0.0 0.513 0.002 20.001 20.046 0.039

S̃1
0.032 0.031 20.707 0.577 0.003 20.009 0.008 0.306 20.268

S̃2
0.031 0.026 0.707 0.577 0.003 20.009 0.008 0.305 20.268

S̃3
20.062 20.057 20.001 0.578 20.005 0.018 20.016 20.610 0.535
2-7
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TABLE VII. Same as Table V, excepth50.75.

Fields x̃1
0 x̃2

0 x̃3
0 x̃4

0 x̃5
0 x̃6

0 x̃7
0 x̃8

0 x̃9
0

B̃8 0.001 0.0 0.001 20.002 0.0 20.003 20.003 0.662 0.750

B̃ 20.005 0.0 0.984 20.065 0.0 20.052 20.159 20.002 20.001

W̃3
0 0.006 0.0 0.117 0.734 0.0 0.635 0.211 0.003 0.00

H̃1
0 20.352 0.0 0.098 0.279 0.0 20.564 0.685 20.029 0.026

H̃2
0 20.372 0.0 20.096 0.517 0.0 20.353 20.674 0.059 20.054

S̃ 0.856 0.001 0.003 0.334 0.0 20.389 20.020 20.046 0.039

S̃1
0.029 20.707 0.005 20.005 0.576 20.008 0.032 0.305 20.270

S̃2
0.027 0.707 0.005 20.005 0.577 20.008 0.033 0.304 20.269

S̃3
20.056 20.001 20.010 0.009 0.578 0.015 20.065 20.608 0.537
o
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ed
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the MSSM. The most important feature is that the VEVs
the secluded sector fields (S1 ,S2, and S3) are much larger
than those of the ordinary sector (Hi andS), without any fine
tuning of parameters. This leads to a rather heavyZ8, a small
aZ-Z8 (az-z8 would have been zero or extremely small, d
pending on the soft mass squares, if we had chosenQH1

5QH2
), and little mixing between the ordinary and seclud

sectors. The largeAh needed to ensure the correct vacuu
implies tanb;1 ands/v i&3/2, leading to significant mixing
between the doublet and singlet Higgs fields, and also
tween the corresponding neutralinos.

The upper limit on the lightestCP even Higgs doublet
particle is considerably relaxed compared to the MSSM
even the NMSSM. However, the actual mass eigenvalues
reduced by mixing with theSU(2) singlet. For example, in
model I with h50.5, the lightest scalar,H1

0, and H4
0 are

roughly equal admixtures of singlet~S! and doublets;H5
0 is
01500
f

-

e-

d
re

almost pure doublet; while the two light statesH2,3
0 and the

very heavyH6
0 consist almost entirely of the secluded field

Similarly, theCP odd statesA2
0 and A4

0 are ordinary-sector
doublet-singlet mixtures, while the very lightA1

0 and the
heavierA3

0 consist mainly of theSi . ~The small values for
the A1

0 mass reflect the fact that the off-diagonal sca
masses added to break the two global symmetries were
sen to be small compared toAh andAl , and, in the case o
model I, that the terms involves!s1,2.! The lightestCP
even Higgs has tree-level mass;52 GeV for model I with
h50.5. It is not clear whether this is consistent with expe
ment. In the first place, the masses may increase significa
due to radiative corrections analogous to those of the MSS
However, the actual values depend on parameters assoc
with the sfermion sector of the model, which we are n
considering here. Also, the state involves a large admixt
of the SU(2) singlet, so the usual SM and MSSM limits d
2

TABLE VIII. Same as Table V, excepth50.75 andMi.0.

Fields x̃1
0 x̃2

0 x̃3
0 x̃4

0 x̃5
0 x̃6

0 x̃7
0 x̃8

0 x̃9
0

B̃8 0.001 0.0 0.0 0.0 0.002 0.001 20.004 0.662 0.750

B̃ 0.029 20.001 0.388 0.0 0.920 20.001 20.055 20.001 20.001

W̃3
0 20.020 0.001 20.236 0.0 0.157 0.001 0.959 0.002 0.00

H̃1
0 20.310 20.002 0.655 0.0 20.254 0.609 0.195 20.029 0.026

H̃2
0 20.411 0.001 20.596 0.0 0.253 0.606 20.197 0.059 20.054

S̃ 0.853 0.001 20.073 0.0 0.005 0.512 20.002 20.046 0.039

S̃1
0.030 20.707 0.027 0.576 20.012 0.003 0.009 0.305 20.270

S̃2
0.029 0.707 0.030 0.577 20.012 0.003 0.009 0.304 20.269

S̃3
20.060 20.001 20.057 0.578 0.024 20.005 20.019 20.608 0.537
2-8
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TABLE IX. The eigenvectors for theCP even Higgs bosons in model I withh50.5.

Fields H1
0 H2

0 H3
0 H4

0 H5
0 H6

0

H1
0r 0.487 0.028 0.0 0.506 0.710 0.039

H2
0r 0.512 0.029 0.0 0.492 20.699 20.080

S0r 20.704 0.001 0.0 0.707 20.024 0.060

S1
0r 20.043 0.576 20.707 20.008 0.034 20.407

S2
0r 20.042 0.576 0.708 20.007 0.034 20.406

S3
0r 0.037 0.579 0.0 20.036 20.068 0.811

TABLE X. Same as Table IX, excepth50.75.

Fields H1
0 H2

0 H3
0 H4

0 H5
0 H6

0

H1
0r 0.479 0.028 20.001 0.507 20.715 0.039

H2
0r 0.519 0.029 0.0 0.492 0.694 20.081

S0r 20.704 0.001 0.0 0.707 0.033 0.060

S1
0r 20.043 0.576 20.706 20.008 20.034 20.407

S2
0r 20.042 0.576 0.708 20.007 20.034 20.406

S3
0r 0.038 0.579 20.001 20.036 0.067 0.811

TABLE XI. The eigenvectors for theCP odd Higgs bosons in model I withh50.5. G1,2
0 are mixtures of

the unphysical states absorbed by theZ andZ8.

Fields G1
0 G2

0 A1
0 A2

0 A3
0 A4

0

H1
0i 20.665 0.212 0.0 20.322 20.013 0.639

H2
0i 0.670 20.256 0.0 20.314 20.013 0.623

S0i 0.020 0.057 0.0 0.891 20.001 0.451

S1
0i 20.135 20.386 0.707 0.023 0.576 0.010

S2
0i 20.135 20.384 20.707 0.023 0.578 0.010

S3
0i 0.269 0.768 0.001 20.059 0.578 0.008

TABLE XII. Same as Table XI, except forh50.75.

Fields G1
0 G2

0 A1
0 A2

0 A3
0 A4

0

H1
0i 20.696 20.013 0.0 20.322 20.013 0.641

H2
0i 0.718 20.026 0.0 20.312 20.013 0.622

S0i 0.001 0.060 0.0 0.891 0.0 0.44

S1
0i 20.004 20.409 0.708 0.023 0.576 0.01

S2
0i 20.004 20.407 20.707 0.023 0.578 0.010

S3
0i 0.008 0.814 0.002 20.059 0.578 0.008
015002-9
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not apply directly, and will require a detailed study of th
collider implications of such mixings that is beyond th
scope of this paper. Of course, the mass could be incre
somewhat for different choices of the soft parameters.

The chargino masses are consistent with the experime
limits except for the cases withh50.5 and M2.0. The
lighter chargino is dominantly Higgsino for our choices
M2, because of the relatively low effectivem parameter.

In the first row of Table II, the lightest neutralinox̃1
0 is

mainly singlinoS̃, with a nontrivial admixture of Higgsino
This is somewhat similar to the model in@22#, in which the
light singlino was advocated as a dark matter candidate.x̃6

0 is

also a mixture, whilex̃4
0, x̃3

0, and x̃7
0 are mainly Higgsino,

B-ino, and W-ino, respectively. The actual composition
these ordinary sector states is affected by the low effec
m, but also depends significantly on the choice of gaug
mass inputs.x̃2

0 andx̃5
0 are mainly secluded sector singlino

while the two heavy statesx̃8
0 and x̃9

0 are admixtures ofB̃8

and singlino (S̃i). ~The Z8, H6
0, x̃8

0 and x̃9
0 form an approxi-

mate massive vector supermultiplet. The splittings of
neutralinos are mainly due toM18 , which is the only
supersymmetry-breaking parameter that is significant on
mass scale.!

The soft masses for squarks and sleptons are indepen
of the symmetry-breaking sector. However, if they are c
sen to be of the same order asAh ~i.e., larger than the sof
masses of the doublet and singlet Higgs fields! then they
would typically be in the 100–300 GeV range.

Clearly, the spectrum of the symmetry-breaking secto
very rich, and will differ significantly from that of the
MSSM because of the significant doublet-singlet mixing
detailed study of the collider signatures and limits and
implications for cold dark matter is beyond the scope of t
paper. However, there will generically be a number of p
ticles associated with the symmetry-breaking sector that
on the margin of being excluded or discovered. A furth
study would be very interesting.

IV. DISCUSSION AND CONCLUSION

Many theories beyond the standard model predict the
istence of additionalU(1)8gauge symmetries broken ne
the electroweak scale. Although such models have the d
able feature of yielding a simple solution to them problem,
they suffer from the need to make theZ8 sufficiently heavy,
typically at least 500–800 GeV. Previous models have of
assumed that this is accomplished by having a typical
supersymmetry-breaking scale~and corresponding sfermio
masses! of a TeV or so, with the electroweak scale smal
by cancellations. In this paper we present a different mec
nism, in which the largeU(1)8-breaking scale is associate
with an almost flat direction of the quartic terms of the sca
potential. In the limit that a certain Yukawa coupling goes
zero, this could correspond to a runaway, unbounded f
below direction. The flatness is lifted by small but nonze
values, allowing a largeZ8/Z mass hierarchy and a small~or
almost zero for some charge assignments! Z-Z8 mixing
angle.
01500
ed

tal

e
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We have presented examples of such models involving
ordinary sector of symmetry-breaking fields, which includ
two Higgs doublets and anSU(2) singletS which generates
an effectivem parameter; and a secluded sector involvi
threeSU(2) singlet fieldsSi ,i 51,2,3, which acquire large
VEVs. The two sectors are only weakly coupled b
U(1)8interactions and soft scalar mass terms. The ordin
sector is somewhat similar to the NMSSM, but involves p
rameter choices very different from those usually studied
the NMSSM context.~These include the absence of a cub
term in S in the superpotential, a larger allowed value forh,
and a largeAh .) We carried out a detailed study of suc
issues as unwanted global minima and runaway directio
unwanted global symmetries, the upper limit from perturb
tive unification on the Yukawa coupling associated with t
effective m parameter, and the need to have sufficien
heavy charginos. Acceptable parameter ranges were fo
characterized by the electroweak symmetry breaking
driven more by a largeA term than by the soft scalar mas
squares, leading to tanb;1; a VEV of S comparable to the
electroweak scale; a fairly small effectivem parameter~typi-
cally 80–140 GeV!; and a much largerU(1)8-breaking scale
generated by the VEVs of theSi .

The spectrum of the symmetry-breaking sector is v
rich. There are a number of lightCP even and odd Higgs
fields and neutralinos, for example, which involve significa
mixing betweenSU(2) doublet and singlet fields. A detaile
study of the implications for colliders and cosmology is b
yond the scope of this paper, but it is expected that a num
of the predicted states are close to being excluded or dis
ered.

We have also not attempted to embed the models in
full theory. This would be necessary to discuss the sferm
spectrum, the cancellation of anomalies, possible fla
changing effects@23#, and some aspects of the productio
and decay of the Higgs particles, charginos, and neutralin
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APPENDIX A

In this appendix we discuss the minimization conditio
and scalar mass matrices for model I. The conditions
model II are similar.

The potential minimization conditions for the neutral sc
lar fields with non-zero VEVs are

mH1

2 2Ahhsv2 /v11h2~v2
21s2!1

G2

4
~v1

22v2
2!

1gZ8
2 QH1

D50, ~A1!
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mH2

2 2Ahhsv1 /v21h2~v1
21s2!1

G2

4
~v2

22v1
2!

1gZ8
2 QH2

D50, ~A2!

mS
22Ahhv1v2 /s1mSS1

2 s1 /s1mSS2

2 s2 /s

1h2~v1
21v2

2!1gZ8
2 QSD50, ~A3!

mS1

2 2Alls2s3 /s11mSS1

2 s/s11l2~s2
21s3

2!

1gZ8
2 QS1

D50, ~A4!

mS2

2 2Alls1s3 /s21mSS2

2 s/s21l2~s1
21s3

2!

1gZ8
2 QS2

D50, ~A5!

mS3

2 2Alls1s2 /s31l2~s1
21s2

2!1gZ8
2 QS3

D50. ~A6!

The mass-square matrix for theCP odd neutral Higgs
particles in the basis $H1

0i[A2 Im(H1
0),H2

0i ,
S0i ,S1

0i ,S2
0i ,S3

0i% is

MA0
2

5S OA0 CA0

CA0
T SA0

D , ~A7!

where

OA05S Ahhsv2 /v1 Ahhs Ahhv2

Ahhs Ahhsv1 /v2 Ahhv1

Ahhv2 Ahhv1 bS
2
D , ~A8!

SA05S bS1

2
Alls3 Alls2

Alls3 bS2

2
Alls1

Alls2 Alls1 Alls1s2 /s3

D ,

~A9!

CA05S 0 0 0

0 0 0

2mSS1

2 2mSS2

2
0
D , ~A10!

and

bS
25~Ahhv1v22mSS1

2 s12mSS2

2 s2!/s, ~A11!

bS1

2 5Alls2s3 /s12mSS1

2 s/s1 , ~A12!

bS2

2 5Alls1s3 /s22mSS2

2 s/s2 . ~A13!

Similarly, in the basis $H1
0r[A2 Re(H1

0),H2
0r ,

S0r ,S1
0r ,S2

0r ,S3
0r%, the mass-square matrix for theCP even

neutral Higgs particles is
01500
MH0
2

5S OH0 CH0

CH0
T SH0

D , ~A14!

where

OH05S kH1

2 kH1 ,H2
kH1 ,S

kH1 ,H2
kH2

2 kH2 ,S

kH1 ,S kH2 ,S kS
2
D , ~A15!

SH05S kS1

2 kS1 ,S2
kS1 ,S3

kS1 ,S2
kS2

2 kS2 ,S3

kS1 ,S3
kS2 ,S3

kS3

2
D , ~A16!

CH05S kH1 ,S1
kH1 ,S2

kH1 ,S3

kH2 ,S1
kH2 ,S2

kH2 ,S3

kS,S1
1mS,S1

2 kS,S2
1mS,S2

2 kS,S3

D ,

~A17!

and

kHi

2 52S G2

4
1gZ8

2 QHi

2 D v i
21Ahhsv1v2 /v i

2 , ~A18!

kS
252gZ8

2 QS
2s21~Ahhv1v22mSS1

2 s12mSS2

2 s2!/s,

~A19!

kS1

2 52gZ8
2 QS1

2 s1
21Alls2s3 /s12mSS1

2 s/s1 ,

~A20!

kS2

2 52gZ8
2 QS2

2 s2
21Alls1s3 /s22mSS2

2 s/s2 ,

~A21!

kS3

2 52gZ8
2 QS3

2 s3
21Alls1s2 /s3 , ~A22!

kH1 ,H2
52S h22

G2

4
1gZ8

2 QH1
QH2D v1v22Ahhs,

~A23!

kHi ,S52~h21gZ8
2 QHi

QS!v is2ue i j uAhhv j ,
~A24!

kHi ,Sj
52gZ8

2 QHi
QSj

v isj , kS,Si
52gZ8

2 QSQSi
ssi ,

~A25!

kSi ,Sj
52~l21gZ8

2 QSi
QSj

!sisj2ue i jk uAllsk .
~A26!

The upper limit in Eq.~21! on the lightest doublet Higgs
boson mass is obtained from the limit on the smaller eig
value of the upper 232 sub-block ofOH0.
2-11
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APPENDIX B

The chargino mass terms are@21#

L52~c2!TM x̃6c11H.c., ~B1!

where (c1)T5(2 iW̃1,H̃2
1) and (c2)T5(2 iW̃2,H̃1

2) are
two component spinors, andM x̃6 is given in Eq.~16!. The
chargino mass eigenstates are defined by
s,

P.

se

F
;
ion

n-

;

01500
x̃ i
15Vi j c j

1, x̃ i
25Ui j c j

2 , ~B2!

whereU andV are unitary matrices. The eigenvectors for t
charginos, neutralinos, andCP even and odd Higgs boson
in model I with h50.5 andh50.75 are given in Tables
IV–XII.
ys.

.

ll,
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