PHYSICAL REVIEW D 66, 015002 (2002

Z-Z' mass hierarchy in a supersymmetric model with a secluded)(1)’-breaking sector

Jens Erler
Department of Physics and Astronomy, University of Pennsylvania, Philadelphia, Pennsylvania 19104-6396
and Universidad Nacional AUtmma de Mgico, Instituto de Fsica, 01000 Mgico Distrito Federale, Mexico

Paul Langacker
Department of Physics and Astronomy, University of Pennsylvania, Philadelphia, Pennsylvania 19104-6396
and Department of Physics, University of Wisconsin, Madison, Wisconsin 53706

Tianjun Li
Department of Physics and Astronomy, University of Pennsylvania, Philadelphia, Pennsylvania 19104-6396
(Received 6 May 2002; published 9 July 2002

We consider th&'/Z mass hierarchy in a supersymmetric model in whichult§é)’is 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 effegtiaeameter. The
electroweak breaking is dominated Byterms rather than scalar masses, leading t@tad . 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
effective u parameter is allowed than in the NMSSM because ofuli#)’ contribution to the running from a
high scale. The upper bound on the tree-level mass of the ligBtBstven Higgs doublet mass is abaut
X174 GeV, where is of order unity, but the actual mass eigenvalues are generally smaller because of singlet
mixing.
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[. INTRODUCTION electroweak scalkj.e., less than a TeV or §d], so that such
particles, if they exist, should be easily observed and their
The possibility of an extré) (1)’ gauge symmetry is well couplings studied at future colliders or at the Fermilab Teva-
motivated in superstring constructiofts| and grand unified tron[10]. The typical expectation is that tf# mass should
theories[2], and also in models of dynamical symmetry be comparable td,, andM . However, there are stringent
breaking[3]. In supersymmetric models, an extg1)’can  limits from direct searqhes during run | at the Tevatfafm|
provide an elegant solution to the problem[4,5], with an aTd_from_lndlrect precision tests at téepole, at the CERN _
effective 1 parameter generated by the vacuum expectatiof € collider LEP 2, and from weak neutral current experi-
value (VEV) of the standard modelSM) singlet field S m_ents[12]. The constralnts depend on the partlcd[ércou—
which breaks théJ (1)’ symmetry. This is somewhat similar plings, but in typical Imo_d(_als one requirell,>(500
to the effectivew parameter in the next to minimal super- —800) GeV and the-Z" mixing angleay;: 10 be smaller

. . than a fewx 1073, (There are actually hints of deviations
symmetric standard modéNMSSM) [6]. However, with a . .
U(1)'the extra discrete symmetries and their associated Cofrom the standard model in the NuTeV experimgts] and

mological problems typically associated with the NMSSM?n atomic parity violatior{ 14], which could possibly be early

b A closely related f i< that the minimal signs of aZ’ [15].) The nonobservation to date of &
are absent. A closely related feature Is that the minima SWeduces the attractiveness of such scenarios, but does not

persymmetric standard modéSSM) upper bound oMz oy cjude them. It has been shown in a number of examples
on the tree-level mass of the corresponding lightest MSSM16) that there are small but not overly tuned corners of
Higgs scalar is relaxed, both in models withJgl)'and in  parameter space which can yield acceptableparameters.
the NMSSM, because of the Yukawa telm$HH, in the  The most common situation is that the soft-supersymmetry
superpotential and the (1)’ D term[7]. More generally, for  preaking parameters with dimensions of mass, and therefore
specificU(1)'charge assignments for the ordinary and ex-the VEV of the fieldS which breaks theéJ(1)’, are large
otic fields one can simultaneously ensure the absence ebmpared to the electroweak scale, e.g.,QifTeV). The
anomalies, that all fields of the TeV-scale effective theory are/alues of the Higgs doublet VEVs, and therefddg, ,, are
chiral, avoiding a generalized problem, and the absence of relatively small by accidental cancellations. Since the SUSY-
dimension-4 proton decay operat)&.

In superstring-motivated models it is often the case that——
electroweak andJU(1)’breaking are both driven by soft lone way to avoid this conclusion is for the(1)’breaking to
supersymmetry-breaking parameters, so one typically eXoccur along a direction which & andD flat at the renormalizable
pects theZ’ mass or masses to be of the same order as thigee level[9].
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breaking scale is large in such scenarios, they typically leadpeculate on the small Yukawa couplings needed either for
to nonstandard sparticle spectra, with heavier squarks arttie largeZ’ mass or for fermions other than theuark. In
sleptons than for most of the MSSM parameter space, but &ec. Il we discuss the general features of this class of mod-
richer spectra of Higgses, neutralinos, and usually charginogls. In Sec. Ill we calculate the spectra for typida(1)’
[17]. Another possibility[16] is that the electroweak and charges and parameter values. Our conclusions are given in
U(1)'breaking are driven by terms that are relatively large Sec. IV. Details of the minimization and Higgs mass-square
compared to the typical soft scalar mass scale. This can leddatrices for one model are given in Appendix A, and the
to a smalla,.,. and also a small’ mass. The latter might  eigenvectors for the symmetry-breaking sector are displayed
be acceptable if th&’ has strongly suppressed couplings tofor one model in Appendix B.
leptons (perhaps after taking kinetic mixinfl8] into ac-
couny. Il. THE CHIRAL SUPERSYMMETRIC SU(3)cXSU(2)

In this paper we consider another possibility, in which all XU(1)XU(1)" MODEL
of the dimensional SUSY-breaking parameters are at or be-
low the electroweak scale, as is the VEV of the field which
generates the effectiye term. Thus, the squark and slepton
spectra can mimic those of the MSSM. The electrowea
breaking is actually driven by electroweak sc#leterms,
with the Higgs doublet and singlet masses smaller. A large W=hSH,H,+15,5,S, 0
Z' mass can be generated by the VEVs of additional SM '
singlet fields that are charged under thel)'. If these fields  where the Yukawa couplingsand\ are, respectively, asso-
are only weakly coupled to the SM fields, i.e., by ciated with the effective. term and with the runaway direc-

U(1)'interactions and possibly soft SUSY-breaking termstion. The corresponding-term scalar potential is
then the scale of VEVs in this sector is only weakly linked to

the electroweak scale. In particular, we consider the situatiolVe=h?(|H|?|H,|2+|S|?|H |2+ |S|2|H,|?) + N2(|S,|2]S,|?

in which there is an almogt andD flat direction involving

these secluded fields, with the flatness lifted by a small 1Sl *[Sal* + 1S5S4/ 2)

Yukawa coupling. For a sufficiently small value for this

Yukawa coupling, theZ’ mass can be arbitrarily large. The

class of models considered is related to the intermediate 2 1

scale models considered [i)], except that in the latter case VD=?(|HZ|2—|H1|2)2+ Eg;(

the flatness was lifted by higher dimensional operators or

radiative corrections. 3 2
We choose theU(l_)’charges so that off-diagonal ;oft +QH2|H2|2+_2 Qs||3|2) , 3

supersymmetry-breaking mass-square terms can avoid un- i=1

wanted global symmetries, and show that there are only three s 2 o _

such models up to charge conjugation. We describe two ohere G°=g1+95; 91.09,, and gz, are the coupling con-

these in detail, paying special attention to avoiding unphysistants forU(1),SU(2) andU(1)’; and Q is the U(1)’

cal minima and runaway directions. Within our assumptioncharge of the fields.

of no special adjustment of parameters to achieve a moderate In addition, we introduce the supersymmetry-breaking

hierarchy in the ordinary sector, we find that the Yukawasoft terms

coupling associated with the effectiye parameter must be

relatively large, i.e., 0f0(0.5-0.8). The upper end of this (S%)ft: mﬁ1|H1|2+mﬁ2|H2|2+m§|S|2

range would lead to a Landau pole in the NMSSM if one 3

required the theory to be valid up to a large unification scale 21ql2_

[19], but is acceptable in theJ(1)'model due to the new +i21 MSISI™= (A SHHL T ANSS, S H.C.).

contributions to the renormalization group equatiofis. @

would be acceptable in either case if one did not require a

canonical desert, as in models with large extra dimensions. There are six neutral complex scalar fields dird the

This scenario typically generates t@r-1, where ta8 is  general casefour phase symmetries of the scalar potential.
the usual ratio of Higgs doublet VEVs; that the VEV ®fs

comparable to that of the doublets; and that the upper bound———

on the lightesCP even Higgs doublet tree-lev_el mass is of 20One might consider a model with 3 singlets; for example, one
order 170 GeV. However, the r?lctual mass eigenvalues aig, igentifySwith S,. The problem is that thE term of Sis then
reduced by mixing withSU(2) singlets. For these models, nH,H,+\S,S,. Depending on the soft parameters, there will either
we display the spectra associated with the symmetry brealge a runaway direction for the scalar potential that is unbounded

ing, i.e., the gauge bosons, Higgses, neutralinos, and chargtom below, an unphysical minimum with one of the Higgs doublet
nos. There is significant mixing between the standard modeygvs vanishing, or a minimum in which the VEVs &f}, HY, S

particles and SM singlets in the Higgs and neutralino sectorss, andS; are typically of the same order, preventing &’ mass
We do not attempt to embed the models in a full theory orhierarchy.

We consider the supersymmetriSU(3)cXSU(2)
XU(1)XU(1)" model with 2 Higgs doubletsH; andH,)
K’ind 4 Higgs singletsy, S;, Sy, andS;). The superpotential

2
IS

The D-term scalar potential is

QqlSI*+Qp,[H4l?
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Two of these are théJ(1) and U(1)'gauge symmetries, M§ Miz/
implying two unwanted global symmetries. These will gen- Mz zi={ > |, (8)
erally be spontaneously broken, implying two massless M7z Mz,
Goldstone bosons. One of these has ldfdeand H com-
ponents and is clearly excluded by experiment. The seconyhere
consists mainly of the5 fields, which couple to ordinary
matter only byU(1)’. These are most likely also excluded, G2
though a detailed investigation is beyond the scope of this M§=7(v§+u§),
paper. We therefore consider special choices for the
U(1)’charges which allow additiongbff-diagona) scalar 9)
mass-square terms which explicitly break the global symme- 3
tries. 2 _ 52 22,2 2,2 2 2.2
M?Z, =295, S+ + + st |,

For the models considered, one can takeandA, to be 2/=207/| Qs+ Qi+ Qiva 2’1 Qss
positive and the extra mass terms added to break the global
symmetries to be negative by an appropriate redefinition of
the scalar fields, without loss of generality. Then all of the Miz,=gz,G(QHlv§—QH2v§). (10
VEVs can be taken to be real and positive at the minima. We
define The mass eigenvalues are

1
v —
<H2>EU1, <Hg>EU2, tan,3=v—2, (5) MilyZZIE(M%—FM;r“‘\/(Mi_Mgr)2+4Mgzr)y
1
1y
and iy o
and theZ-Z' mixing angleay.;/ is given by
(S)=s, (S)=s;. (6) L M2
zz'
Note that we have defined these VEVs without pulling out a az.z zzarctar( M2 —m2) (12)
factor of 1A/2, so the observed value of the electroweak z z
scale is\vitv;=174 GeV. We also introduce which is constrained to be less than a few times310
In the basis{B’,B,W3,H?,H3,55,,5,,S;}, the neu-
3 tralino mass matrix is
A=Qss™+ QuuitQupi+ 2 Qs (7)
M70(6,6)  M730(6,3)

The expressions for the chargino, neutralino, ahkd’ X°= M=0(6,3)T M=0(3,3)]’ (13
mass matrices are independent of the forms of the A A
supersymmetry-breaking soft terms. Th&' mass matrix is  where

M 0 0 FH1 IﬂHZ I's
0 M 0 ! 1 0
— —=0v —J01v
1 \/591 1 \/591 2
0 0 M ! ! 0
2 ——=0gov ——=0gy
\/592 1 \/592 2
M70(6,6) = , (14
1 1
FH — —04v —0-v 0 —hs —hv
1 \/591 1 \/592 1 2
1 1
FH —_ v — —=0-»v - hS 0 - hU
2 \/591 2 \/Egz 2 1
FS O 0 - hvz - hU 1 0
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and where 7c1= =1 is chosen so tham;(lr is positive. Because
0 “Ass —\s, tanB=1.0, the light chargino mass is
Mz0(3,3)=| —AS3 0 —\Sy |, (15)
X 7c1
~\s; —As; O M=~ (V(Mo— w)*+4MG— Mo+ ul). (19

where I' y= \/EgZ,Qd,((p); and M{,M;,M, are gaugino
masses folJ(1)’, U(1) andSU(2), , respectively. The first
row of M50(6,3) is given by I“Sll“szl“sg), while the other
entries are zero.

If M, and x have the same sign, i.eM,u>0, this is typi-
cally smaller than mifM,,u}. For example, folu|<|M,|
and |M,|>My,, one obtainsm;(lrfv,u. For M,u<0 one

The chargino mass matrix is finds m;l:<\/,u2+ MW2 . The limit is saturated if and only if
M,=— u, in which case the two chargino masses are equal
M, \/wa sing (for tanB=1). Thus, forh<0.8 ands/v,=slv,=<3/2, the
M7= , 16 i i
X \/EMW cosB 9 (16) upper bounds on the light chargino mass are around 120 GeV

and 170 GeV for the casdd,u>0 and <0, respectively,
with lower values for smalleh.

whereu=hs is the effectiven parameter. The charged Higgs boson mass is

If w is too small the lighter chargino mass will violate
observational bounds. However, the Yukawa couplingat
the electroweak scgleannot be too large if the theory is to
remain perturbative up to a large grand unification or string
scale. This constraint is somewhat less restrictive than the
corresponding one in the NMSSM9] because the new con- 2 _ (2 2, 2
tributions from theU(1)'to the running ofh are negative. whereMi,=(g%/2)(vy + v).
We have found thah can be as large as 0.7-0.8, even for
tanB~1. We will illustrate the results for the cashs=0.5
andh=0.75.

For A—0 the potential may be unbounded beldde-
pending on themé) for larges; . In that case, for small but ) 5 0 2 o
finite X the s; will be large, as will theZ’ mass. We will Myo=MZcoS2+ h*(vi+uv3)sin’2p
typically choose\ to be aroundh/10. Though small) is still (Qu U§+ Qu vg)z
much larger than most of the Yukawa couplings associated +Zg§, = 2
with the fermion masses.

For A, comparable to the scale of the soft Higgs boson
masses, the potential has an unwanted global minimum gf, the models considered here, 8#1.0, so that
v1=v,=0 ands~s;. This can be avoided by choosiry, ' '
to be relatively large, e.g., of the order of 5-10 larger than
the soft masses. In this case, the symmetry breaking is driven
more by theA terms than the soft masses, analogous to the
large A scenarios described [46]. In the largeA,, limit one

hass~v;~wv,. For intermediate, the ratio ofs/v; can be  \hich is much weaker than the corresponding limito
increased to around 3/2, but not much more without intr0-<MZ in the MSSM. Of course, the actual Higgs mass eigen-

dUCiEg tr;e unvx;]antled mintimurg desclr]ib(alq sbo‘r’]e' _ states involve mixing of the doublets wiBIU(2) singlets, so
Therefore, the lower bound on the light chargino massy,a¢ he tree-level mass eigenvalues are lower. Also, one

from LEP gives a strong constraint on the models. This is iny, ¢ a4 potentially large loop corrections in both cases. The

the range ~90-104.5 for center mass energy's . . .
=209 GgeV, depending on the decay kinemafg]. L(gc{s coefficient \/h2+%g§’(QH1+QHz)2 is typically of order

discuss the chargino masses in detail. They[2ig unity. _ _ _
It is still necessary to have two off-diagonal dimension-2

Ne1 . . : soft supersymmetry breaking terms involviggs, , Sz and
m}fZT[\/(Mz—M) +2My(1+sin2B) S; to break the two unwanted globll(1) symmetries. We
cannot choosfQs | #|Qs,| # |Qs,| because then at most one
—V(Mp+ p)3+2MG(1-sin28)], (17 term,SS or SS, would be allowed. The only possibilities
areQs =Qs,= —3Qs, andQs = —Qs,, Qs,=0. Any VEV
of S5 in the second case would not be linkedt¢1)’ break-
ing; we will not consider this possibility further. In the first
5 5 i case, there are two possibilities for th€1)’ charge ofS
+V(Ma+p)?+2M§(1-sin2p)], (18 Qs=*Qs, and Qs=*Qs, which will be discussed as

2A4hs
sin 2B

MZ.=M3+ —h?(v2+02), (20)

The upper bound on the tree-level mass of the ligh@d3t
even Higgs doublet scalar, i.e., before including mixing with
the SU(2) singlets and corresponding to the lightest scalar
h® in the MSSM, is[5]

21
(v2+v3) @)

1
Mpo= \/h2+ Eg;(QHl+ Qu,)2X174 GeV, (22)

1
M= =5 [V(Ma— )+ 2M{(1+5sin 28)
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model | and model II, respectivefy. B. Model II
Further details of the Higgs boson masses and eigenstates |, model 1. we choose the)(1)' charges
are given in the Appendixes. ’
1

1
IIl. SPECIFIC MODELS Qs,=Qs,=5Qs=~ 5Qs;

A. Model | (27)
_ Qu,+Qu,tQs=0,
In model I, we choose th&(1)’ charges for the Higgs

fields as allowing the dimension-2 supersymmetry terms

1
Qs=~Qs,= ~Qs,= 5Qs, V= (M3s,SS+mg s, S{S,+H.c), (29

(23 so that
Qu, T Qn,+Qs=0.
. . . Vsoft: Vgé(l))ft"_ Vgcl)%t ' (29)
The dimension-2 supersymmetry-breaking soft terms
| , , ot To avoid unbounded from below directions, we require
V1= (MEg SS+misSS+mi s SiS,+H.c) (24 . .
mg+ 2msl>0, mg+ 2m32>0, (30
are allowed by théJ(1)’, so in general
corresponding to the directions with =+/2s ands,=/2s
Veor= V& + VI (25)  (and the other VEVs zejprespectively. The minimization
conditions and mass matrices are similar to those in model |
whereV@ is defined in Eq(4). However, only two of these up to obvious changes, so they will not be repeated.

soft
are needed to break the glob#({1) symmetries, so for sim-

plicity we will set* mé 52=0. C. Numerical results for some particle spectra
1
To avoid directions of the potential that are not bounded |n, this section we present the numerical results forzhe
from below, we require boson mass; th&-Z' mixing anglea_, ; and the chargino,
S 5 neutralino, and Higgs boson masses for the two models. To
ms+ms +2mgg >0, generate the mass hierarchy between fheand Z', we
(26) ~ choosex =h/10. We iIIustra}te for two values df, i.e.Z 0.5
ma+ m§2+ 2m§%>0. and 0.75. Both are theoretically and phenomenologically ac-

ceptable. However, the larger value allows larger chargino
, . . . and neutralino masses, but is close to the upper limit allowed
The first condition corresponds to the direction in Wh&h ¢ the theory is to remain perturbative to a large scale. In our
=s,; with the other VEVs vanishing, for which the quartic conventions,>0, while the gaugino massed, can be
and cubic terms in the potential are flat. The second COMe&5sitive or negative. We choose two examplels, i, =
sponds tas=s,. The minimization conditions for the neutral —100 GeV. M.=—200 GeV andM’=—600 GeV: and
scalar potential with non-zero VEVs, and the mass matriceﬁ/I 2 ! i

for the CP odd and even Higgs bosons are given in Appen- hl.:200 GeV,_ I\/lldz=4|OQ GIeVI andvi; =600 ?ev'hTh?Si
dix A. choices can yield relatively large masses for the lighter

charginos. We also choose the standard grand unified theory
(GUT) valuegyz = +/5/3g; (it is v5/3g; that unifies withg,
and g; in the simple GUT modejs This is for illustration

These charges allow additional erpotential teB{S; and L g .
S ges atow " Superp ! only; we do not insist on conventional grand unificatfohs

S%Se,. Their presence would have little effect on our conclusions,d ibed ab h | | Aor(and al
other than changing the relative sizes of #e so they will be €SCribea above, we Choose large valuesAgriand also

ignored for simplicity. They could also be explicitly eliminated by chooseA, ~Ay). Otherwise, the minimum of the potential
discrete symmetries for the dimension-4 operators, or by string sevould be forv;=v,=0 ands~s;. [Even for largeA, there
lection rules if there is an underlying string theory. Similarly, the iS such a local minimum. However, there is also the desired
U(1)’symmetry would allow additional termSS , (model ) or ~ SU(2)-breaking minimum closer to the originThe terms
SS, (model 1) in the superpotential. These again would not affectlinear in s in V(i) and theA, term prevent unphysical
our conclusions if present, and in any case bilinear terms are naninima such ass=v,=0, s=v,=0, or only one of the
expected in(conforma) string theory. three vanishing.

“Keeping a nonzercm§182 would yield a spectrum similar to
model Il. In the most general case one would have to aﬂ@{\éz to
be complex valuedand thereforeCP violating) because there  °Many unification models would suggest;~M . The only ef-
would not be enough freedom of field redefinitions to ensure that alfect of a smalleM ] would be small changes in the spectrum of the
three terms are real and negative. neutralinos in the secluded sector.
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TABLE I. vy, vy, S, S1, Sy, Sg; theZ andZ’' masses; and, ;. in models | and Il. The masses and VEVs are in GeV.

Model h v vy S S S, S3 z Z' az.z

| 0.5 121 125 187 1270 1260 1260 91 2030 B3
| 0.75 121 125 187 1270 1260 1260 91 2030 BRI 3
1 0.5 122 124 175 1300 1300 1290 91 2100 4103
1 0.75 122 124 178 1310 1310 1300 91 2110 4103

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

Model h I CH < S S < X4 X5 X X7 X6 X5
| 05 <0 114 220 52 63 107 122 126 145 221 1790 2320
| 05 >0 74 420 52 61 63 126 145 213 420 1710 2380

| 0.75 <0 158 218 78 94 106 165 189 218 219 1800 2310

| 0.75 >0 118 423 78 94 100 189 217 218 423 1700 2390

Il 0.5 <0 108 221 54 65 107 116 130 141 222 1860 2390

Il 0.5 >0 68 419 54 56 65 130 141 212 420 1780 2450

Il 0.75 <0 152 218 80 98 106 158 196 213 219 1890 2390

Il 0.75 >0 111 422 80 94 98 196 213 216 423 1780 2480

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

Model h H* HY HY HI HY H HY A9 A A A

[ 0.5 152 52 88 92 112 158 2030 5.0 43 157 174
[ 0.75 211 78 131 139 168 215 2030 7.6 65 236 261
I 0.5 146 59 92 93 108 152 2100 22 38 158 168
I 0.75 203 86 139 140 162 207 2120 34 58 239 255

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

h M; Un U Uz Uz Vi Viz Va1 Va2

0.5 <0 0.237 0.971 0.971 —0.237 0.257 0.967 —0.967 0.257
0.5 >0 —0.236 0.972 0.972 0.236 0.240 -0.971 0.971 0.240
0.75 <0 0.197 0.980 0.980 —0.197 0.238 0.971 -0.971 0.238
0.75 >0 —0.270 0.963 0.963 0.270 0.275 —0.962 0.962 0.275
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TABLE V. The eigenvectors for the neutralinos in model | witk-0.5 andM;<0.

Fields P% X5 p% X3 X X8 p% X5 X5

B’ 0.0 0.0 0.001 0.002 0.0 0.001 —0.003 —0.647 0.762
B —0.004 0.0 0.978 0.188 0.0 —0.007 —0.093 0.002 —0.001
\7\/2 0.005 0.0 0.137 —0.237 0.0 —0.010 0.962 —0.003 0.002
ﬁg —0.356 0.0 0.116 —0.675 0.0 0.610 —-0.174 —0.030 —0.025
ﬁg —0.368 0.0 —0.108 0.668 0.0 0.604 0.188 0.062 0.051
3 0.856 0.001 0.005 0.015 0.0 0.513 0.004 —0.045 —0.039
~51 0.028 —0.707 0.005 —0.033 0.577 0.003 —0.009 0.310 0.264
tc,z 0.027 0.707 0.005 —0.033 0.577 0.003 —0.009 0.309 0.263
”53 —0.055 —0.001 —0.011 0.066 0.578 —0.005 0.017 —0.618 —0.525

The input parameters with dimensions or mass of mass mglz mgz: 0.011, mé: —0.010,

squared are chosen in arbitrary units. After finding an accept-

able minimum they are rescaled so thalvlz+v22
=174 GeV. For model I, we choosé,=A,=1.0mf;

S S S 2 _ 2 2 _ 2
—mgz—ms— 0-010msl—m32—0-031m33— 0.010msg
=mss,=—0.010Qy, =1Qn,= —2Qs=~Qs, =~ Qs,=1,

andQ53=2.

m§%=m§132=—0.015, Qn,=1, Qu,=-3,

Qs=2, Qsleszzla Q53: —-2.

The VEVs arev;=0.955,0,=0.965,s=1.375;,=10.1, s,

For h=0.5 and\=0.05 the VEVs at the minimum are =10.1, s,=10.1 for h=0.5 and\=0.05; andv;=0.632,

v,=0.928y,=0.953s=1.435,=9.675,=9.65,
=9.63. Forh=0.75 and\=0.075 they arev;=0.616p,
=0.6365=0.953s,=6.445,=6.42, ands;=6.41. The res-
caled VEVs and the correspondidg mass and-Z' mixing
angle are listed in Table I.

For model Il we choose

Ap=A=10, m§ =mf =-0.010, mg=-0.020,

and s;  ,=0.638,s=0.919, 5,=6.76, 5,=6.75, 53=6.73 for h
=0.75 and\ =0.075.

The rescaled VEV® 4, vs, S, S1, Sp, Sz, the mixing
az.z+, and the particle spectra are given in Tables |, I, and
lll. It is seen that the two models yield similar spectra, since
each isA;, dominated. The composition of the physical mass
eigenstates in terms of the weak eigenstates are given for
model | in Appendix B. The spectra are quite different from

TABLE VI. Same as Table V, except;>0.

Fields X1 X2 X3 X Xs X X7 X X

B’ 0.0 0.0 0.0 0.0 0.001 0.002 —0.004 0.659 0.752
B 0.036 0.290 0.001 0.0 —0.001 0.955 —0.048 —0.001 —0.001
W3 —0.028 -0.217 —0.001 0.0 0.001 0.116 0.969 0.002 0.002
HY —0.279 0.697 0.002 0.0 0.608 —0.192 0.170 —0.029 0.026
H9 —0.440 —0.605 —0.002 0.0 0.606 0.192 -0.172 0.059 —0.054
S 0.849 —0.111 0.0 0.0 0.513 0.002 —0.001 —0.046 0.039
S, 0.032 0.031 —0.707 0.577 0.003 —0.009 0.008 0.306 —0.268
5, 0.031 0.026 0.707 0.577 0.003 —0.009 0.008 0.305 —0.268
5, —0.062 —0.057 —0.001 0.578 —0.005 0.018 —0.016 —0.610 0.535
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TABLE VII. Same as Table V, except=0.75.

Fields X1 X2 X3 X X X X7 X X

B’ 0.001 0.0 0.001 —0.002 0.0 —0.003 —0.003 0.662 0.750

B —0.005 0.0 0.984 —0.065 0.0 —0.052 —0.159 —0.002 —0.001
W3 0.006 0.0 0.117 0.734 0.0 0.635 0.211 0.003 0.002
HY —0.352 0.0 0.098 0.279 0.0 —0.564 0.685 —0.029 0.026
H9 —0.372 0.0 —0.096 0.517 0.0 —0.353 —0.674 0.059 —0.054

S 0.856 0.001 0.003 0.334 0.0 —0.389 —0.020 —0.046 0.039

5, 0.029 —0.707 0.005 —0.005 0.576 —0.008 0.032 0.305 —0.270
5, 0.027 0.707 0.005 —0.005 0.577 —0.008 0.033 0.304 —0.269
5, —0.056 —0.001 —0.010 0.009 0.578 0.015 —0.065 —0.608 0.537

the MSSM. The most important feature is that the VEVs ofalmost pure doublet; while the two light staﬂelgj3 and the
the secluded sector fieldS{(,S,, andS;) are much larger very heavyH? consist almost entirely of the secluded fields.
than those of the ordinary sectdt(andS), without any fine  gimjjarly, the CP odd statesAd and A are ordinary-sector
tuning of parameters. This leads to a rather heayyya small doublet-singlet mixtures, while the very ligt® and the

O‘Z'Za_(az'z' Wﬁ““ P;tave been zero or_fextrerr?e(ljy shmall, de'heavierAg consist mainly of theS,. (The small values for
pending on t_ N so. .mass squares, v§/e ad chaggn the A) mass reflect the fact that the off-diagonal scalar
=Qu,), and little mixing between the ordinary and secludedmasses added to break the two global symmetries were cho-
sectors. The largé\, needed to ensure the correct vacuumsen to be small compared £y, andA, , and, in the case of
implies tand~ 1 ands/v;=3/2, leading to significant mixing model I, that the terms involve<s, ,.) The lightestCP
between the doublet and singlet Higgs fields, and also besven Higgs has tree-level masss2 GeV for model | with
tween the corresponding neutralinos. h=0.5. It is not clear whether this is consistent with experi-
The upper limit on the lightes€P even Higgs doublet ment. In the first place, the masses may increase significantly
particle is considerably relaxed compared to the MSSM andue to radiative corrections analogous to those of the MSSM.
even the NMSSM. However, the actual mass eigenvalues atgowever, the actual values depend on parameters associated
reduced by mixing with th&U(2) singlet. For example, in with the sfermion sector of the model, which we are not
model | with h=0.5, the lightest scalaiti}, and H are  considering here. Also, the state involves a large admixture
roughly equal admixtures of singlé®) and doubletng is  of theSU(2) singlet, so the usual SM and MSSM limits do

TABLE VIIl. Same as Table V, except=0.75 andM;>0.

Fields X1 X2 X3 X Xs X X7 X X

B’ 0.001 0.0 0.0 0.0 0.002 0.001 —0.004 0.662 0.750
B 0.029 —0.001 0.388 0.0 0.920 —0.001 —0.055 —0.001 —0.001
W3 —0.020 0.001 —0.236 0.0 0.157 0.001 0.959 0.002 0.002
HY —0.310 —0.002 0.655 0.0 —0.254 0.609 0.195 —0.029 0.026
H9 -0.411 0.001 —0.596 0.0 0.253 0.606 —0.197 0.059 —0.054
S 0.853 0.001 —0.073 0.0 0.005 0.512 —0.002 —0.046 0.039
S, 0.030 —0.707 0.027 0.576 —0.012 0.003 0.009 0.305 —0.270
5, 0.029 0.707 0.030 0.577 —0.012 0.003 0.009 0.304 —0.269
5, —0.060 —0.001 —0.057 0.578 0.024 —0.005 —0.019 —0.608 0.537
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TABLE IX. The eigenvectors for th€ P even Higgs bosons in model | witin=0.5.

PHYSICAL REVIEW D 66, 015002 (2002

Fields HY HY HY HS H2 HY
HY 0.487 0.028 0.0 0.506 0.710 0.039
HY 0.512 0.029 0.0 0.492 —0.699 —0.080
s -0.704 0.001 0.0 0.707 -0.024 0.060
sy —0.043 0.576 —0.707 —0.008 0.034 —0.407
sy —0.042 0.576 0.708 —0.007 0.034 —0.406
sy 0.037 0.579 0.0 —0.036 —0.068 0.811
TABLE X. Same as Table IX, excefpt=0.75.
Fields HY HY H3 HY H? HE
HY 0.479 0.028 —0.001 0.507 -0.715 0.039
HY 0.519 0.029 0.0 0.492 0.694 —0.081
Sl —0.704 0.001 0.0 0.707 0.033 0.060
S —0.043 0.576 -0.706 —0.008 -0.034 —0.407
sy —0.042 0.576 0.708 —0.007 —-0.034 —0.406
sy 0.038 0.579 —0.001 —0.036 0.067 0.811

TABLE XI. The eigenvectors for th€ P odd Higgs bosons in model | with=0.5. G‘l’y2 are mixtures of
the unphysical states absorbed by thandZ'.

Fields G? G AY Ad Ad A

HY —0.665 0.212 0.0 -0.322 -0.013 0.639

HY! 0.670 —0.256 0.0 -0.314 -0.013 0.623

S0 0.020 0.057 0.0 0.891 -0.001 0.451

S -0.135 —0.386 0.707 0.023 0.576 0.010

S -0.135 —0.384 -0.707 0.023 0.578 0.010

sy 0.269 0.768 0.001 —0.059 0.578 0.008
TABLE Xll. Same as Table XI, except fdi=0.75.

Fields GY G A A A A

HO —0.696 -0.013 0.0 -0.322 -0.013 0.641

HY 0.718 -0.026 0.0 -0.312 -0.013 0.622

so 0.001 0.060 0.0 0.891 0.0 0.449

S —0.004 —0.409 0.708 0.023 0.576 0.010

S —0.004 —-0.407 -0.707 0.023 0.578 0.010

sy 0.008 0.814 0.002 —0.059 0.578 0.008
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not apply directly, and will require a detailed study of the We have presented examples of such models involving an
collider implications of such mixings that is beyond the ordinary sector of symmetry-breaking fields, which includes
scope of this paper. Of course, the mass could be increase@o Higgs doublets and aBU(2) singletSwhich generates
somewhat for different choices of the soft parameters.  an effectivex parameter; and a secluded sector involving
The chargino masses are consistent with the experimentghree SU(2) singlet fieldsS; ,i=1,2,3, which acquire large
limits except for the cases with=0.5 andM,>0. The VEVs. The two sectors are only weakly coupled by
lighter chargino is dominantly Higgsino for our choices of U(1)’interactions and soft scalar mass terms. The ordinary
M., because of the relatively low effectiye parameter. sector is somewhat similar to the NMSSM, but involves pa-
In the first row of Table II, the lightest neutraling} is  rameter choices very different from those usually studied in
mainly singlino3, with a nontrivial admixture of Higgsino. e NMSSM context(These include the absence of a cubic

This is somewhat similar to the model j82], in which the term in Sin the superpotential, a larger allowed value lfpr

. L 0 and a largeA,,.) We carried out a detailed study of such
light singlino was advocated as a dark matter candidedés issues as unwanted global minima and runaway directions,

- 10 0 ~0 ; S : rar
also a mixture, whilex,, x3, andx7 are mainly Higgsino, ynwanted global symmetries, the upper limit from perturba-
B-ino, andW-ino, respectively. The actual composition of tive unification on the Yukawa coupling associated with the
these ordinary sector states is affected by the low effectiv@ffective 4 parameter, and the need to have sufficiently
w, but also depends significantly on the choice of gaugintheavy charginos. Acceptable parameter ranges were found,
mass inputs;(g andxg are mainly secluded sector singlinos, characterized by the electroweak symmetry breaking is
while the two heavy stateg) and y$ are admixtures oB’  driven more by a largé term than by the soft scalar mass
squares, leading to t@r~1; a VEV of S comparable to the

and singlino §). (TheZ’, HY, X3 and 3 form an approxi- DT : .
mate massive vector supermultiplet. The splittings of theelectroweak scale; a fairly small effectiyeparameteftypi-

neutralinos are mainly due td1;, which is the only cally 80140 GeY, and a much largetd (1)’ -breaking scale

. S enerated by the VEVs of thg .
supersymmetry-breaking parameter that is significant on thzﬂ The spectrum of the symmetry-breaking sector is very
mass scalg. . rich. There are a number of ligl@P even and odd Higgs
The soft masses for squarks and sleptons are independ 1o

of the svmmetrv-breakina sector. However. if they are cho-'elds and neutralinos, for example, which involve significant
y y 9 B ’ y mixing betweerSU(2) doublet and singlet fields. A detailed
sen to be of the same order Ag (i.e., larger than the soft

masses of the doublet and singlet Higgs figltsen they study of the implications for colliders and cosmology is be-

would typically be in the 100—300 GeV range yond the scope of this paper, but it is expected that a number

Clearly, the spectrum of the symmetry-breaking sector iSof the predicted states are close to being excluded or discov-

very rich, and will differ significantly from that of the ered.

MSSM because of the significant doublet-singlet mixing. A We have a!so not attempted to embeq the models mtp a
. : . - full theory. This would be necessary to discuss the sfermion
detailed study of the collider signatures and limits and the

implications for cold dark matter is beyond the scope of thisspectrum, the canceliation of anomalies, possible flavor
pager However, there will genericall)y be a numb(gr of par_changing effect423], and some aspects of the production
ticles associated with the symmetry-breaking sector that ar%nd decay of the Higgs particles, charginos, and neutralinos.
on the margin of being excluded or discovered. A further

study would be very interesting. ACKNOWLEDGMENTS
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able feature of yielding a simple solution to tpeproblem,
they suffer from the need to make tié sufficiently heavy,
typically at least 500—800 GeV. Previous models have often APPENDIX A
assumed that this is accomplished by having a typical soft

supersymmetry-breaking scalend corresponding sfermion . -
Persy y g al P 9 and scalar mass matrices for model |I. The conditions for
massesof a TeV or so, with the electroweak scale smallermoolel Il are similar

by car?cellat]ons. In this pap?r we pfese”t a dl|fferent '.“e"ha‘ The potential minimization conditions for the neutral sca-
nism, in which the largéJ(1)’-breaking scale is associated , ;

. So ; lar fields with non-zero VEVs are
with an almost flat direction of the quartic terms of the scalar
potential. In the limit that a certain Yukawa coupling goes to
zero, this could correspond to a runaway, unbounded from G2
below direction. The flafness is lifted by small but nonzero mal_Ahthz/vlJr h2(v2+s?)+ T(Ui_vg)
values, allowing a larg&'/Z mass hierarchy and a smétir
almost zero for some charge assignmgrd#sZ’ mixing
angle.

In this appendix we discuss the minimization conditions

+93,Qu,A=0, (A1)

015002-10



Z-Z' MASS HIERARCHY IN A SUPERSYMMETRC . . .

GZ
maz—Ahhwl/uz+h2(u§+52)+T(ug—vi)

+92,Qu,A=0, (A2)
ME—Aphv v, /S+Mggs; /s+mEss, /s
+h?(vi+0v3)+95,Qsa =0, (A3)
M3, — A\\S;S3/S1+ Mg 8/s; +\(s5+53)
+92,Qs,A=0, (A4)
Mg, — A\AS183/S,+ M3 g SIS+ N2(ST+S3)
+97,Qs,A=0, (A5)

Mg — A\NS1S, /S5 + N(ST+85) + 97:Qs,A=0. (A6)

The mass-square matrix for tr(éP_odd neutral Higgs
particles in  the  basis {H?=y2Im(H}),HY,
S

M2 _ OAO CAO (A7)
A"\ Cro Sno)’
where
Ahthzlvl AhhS Ahhvz
OA0= AhhS AthUl/UZ Ahhvl , (A8)
Ahh02 Ahhl)l ,8%
2
BSl A)\)\Sg A)\)\Sz
SAC): A)\)\Sg ,Bgz A)\)\S]_ ’
ANS, AWNS; A\NS;Sy/S3
(A9)
0 0 0
Cpo=| O 0 © (A10)
“Msg ~Msg, 0
and
B&=(Anhv1v,—M5gs1— Mg S))/s, (A11)
BE, =A\S;S3 /51— Mg s/sy, (A12)
ﬂézz ANS;S3/S,— mé%s/ S,. (A13)

Similarly, in the basis {HY=\2ReH?), HY,
S0, s 89, S3'), the mass-square matrix for tH@P even
neutral Higgs particles is

PHYSICAL REVIEW D 66, 015002 (2002

M2 OHO CHO
Clo Swo)’

Co= (A14)

where

KH, H, KH;.s

OHOZ KHl’HZ Ka KHZ,S ’ (Als)

2

2
KH,.s Ks

2
Ks,  Ks;s, Ks; .5
Ks,55 |,

2
Ks,

K8, (A16)

Ks,.8;

Syo=| Ks;.s,

Ks, .8

KH, s Kn, s, Kn, s,

Cho= KH,.s; KH,.s, KH,.,5
2 2
Kss, tMss Kss,TMgs  Kss,

(A17)

and

2

G
7 HOLQh [Pt Arhsuiwao?, (AL8)

Kﬁi=2

K3=205,Q%%+ (Aphv1v,— M3sS1—MagS)/s,

(A19)
K§1=29§,Q§lsi+A)\)\szs3lsl—m%sls/sl,
(A20)
K§2=Zg§,Qézs§+A)\)\sls3/sz—m§§s/sz, o
K5,=207,Q8 S5+ A\NS;S, /Ss, (A22)
Gz
Ky, H,= 2 h2_7+gerHlQH2 v~ Aphs,
(A23)
Ky, ,S=2(h2+g§/QHiQS)UiS_|Eij|Athj :
(A24)
Kh, ,Sj=29§/QHiQSjUiSj , Ks,si=29;QstiSS ,
(A25)
Ks ,Sj=2()\2+g§/QSIQSj)SiSj_|5ijk|A)\)\Sk-
(A26)

The upper limit in Eg.(21) on the lightest doublet Higgs

boson mass is obtained from the limit on the smaller eigen-

value of the upper 2 sub-block ofOo0.
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APPENDIX B
The chargino mass terms di2l]

L=—( ) M3=¢" +H.c, (B1)

where (")T=(—iW"*,H;) and (4")"=(—iW",H;) are
two component spinors, and;+ is given in Eq.(16). The
chargino mass eigenstates are defined by

PHYSICAL REVIEW D66, 015002 (2002

X =V xi =V, (B2)

whereU andV are unitary matrices. The eigenvectors for the
charginos, neutralinos, ardP even and odd Higgs bosons
in model | with h=0.5 andh=0.75 are given in Tables
IV=XILI.
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