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We consider an arbitrary supersymmetric U~1! gauge factor at the TeV scale, under which the two Higgs
superfieldsH1,2 of the standard model are nontrivial. We assume that there is a singlet superfieldS such that
H1H2S is an allowed term in the superpotential. We discuss first the generic consequences of this hypothesis
on the structure of the two-doublet Higgs sector at the electroweak energy scale, as well asZ-Z8 mixing and
the neutralino sector. We then assume the existence of a grand unified symmetry and universal soft
supersymmetry-breaking terms at that scale. We further assume that the additional U~1! is broken radiatively
via a superpotential term of the formhhcS, whereh andhc are exotic color-triplet fields which appear in E6

models. We show that the U~1!-breaking scale and the parameter tanb[v2 /v1 are then both predicted as
functions of theH1H2S coupling.@S0556-2821~97!06323-6#

PACS number~s!: 12.60.Cn, 12.10.Dm, 12.60.Jv

I. INTRODUCTION

If supersymmetry is broken at the TeV energy scale and
the standard SU(3)C3SU(2)L3U(1)Y gauge symmetry is
not extended, then supersymmetry protects the theory from
nondecoupling contributions of physics above a TeV@1#, and
we get the minimal supersymmetric standard model~MSSM!
@2#. However, if the gauge symmetry is extended also at the
TeV energy scale and it breaks down to that of the standard
model together with the supersymmetry, there will be in gen-
eral new important phenomenological consequences, not
only at the TeV scale, which is of course obvious, but also at
the 100 GeV scale, which may not be as obvious@3–5#. In
fact, as will be shown in this paper, the parameters of the two
scales may also be related if the universality of soft
supersymmetry-breaking terms is assumed.

A particularly interesting extension of the MSSM is the
inclusion of an extra U~1! factor at the TeV energy scale.
The motivation for this could be theoretical. If the standard
model is embedded in a larger symmetry group of rank
greater than 4, such as SO~10! ~rank 5! or E6 ~rank 6!, then
an extra U~1! gauge factor is very possible. This is especially
true for the supersymmetric E6 model @6,7# based on the
E83E8 heterotic string. Specifically, if only flux loops are
invoked@8# to break E6 down to SU(3)C3SU(2)L3U(1)Y ,
then a specific extra U~1! @conventionally known as U(1)h#
is obtained. Remarkably,U(1)h is also phenomenologically
implicated @9# by the experimentalRb[G(Z→b b̄)/G(Z
→hadrons) excess. Another possible clue is the totality of
neutrino-oscillation experiments~solar, atmospheric, and
laboratory! which suggest that there are at least four neutri-
nos. This has been shown@10# to have a natural explanation
in terms of the E6 superstring model with a specific U~1!
called U(1)N .

In Sec. II, we consider a generic extra supersymmetric
U~1! gauge factor at the TeV energy scale with two doublet
superfieldsH1,2 and a singlet superfieldS such thatH1H2S is
an allowed term in the superpotential.@Note that ifS has a
nonzero charge under the aditional U~1!, as is the case if the

scalar component ofS is to acquire a nonzero vacuum ex-
pectation value~VEV! so as to break this U~1!, then above
this breaking scale, nomH1H2 superpotential term exists.
This is a possible resolution of the so-calledm problem in
the MSSM where the magnitude of this term is unspecified.#
We then derive its nondecoupling effects on the two-doublet
Higgs sector at the 100 GeV scale. Although these have been
discussed previously@3–5# in specific models, we present
here the most general analysis. We show that the upper
bound on the mass of the lighter of the two neutral scalar
bosons exceeds that of the MSSM and increases as a function
of the U~1! gauge coupling. Our results are summarized in
Fig. 1 which includes previous upper bounds as specific iso-
lated points.

In Sec. III, we specialize to a class of U(1)a models de-
rivable from E6, of which the U(1)h and U(1)N models are
special cases. This material is not new, but rather to establish
notation and to facilitate the discussion of new results in
subsequent sections. We also make contact with Sec. II here
in Eqs.~26!–~29!.

In Sec. IV, we discuss how the newZ8 mixes with the
standardZ in the general case, and formulate the effects in
terms of the oblique parameterse1,2,3 or S,T,U in the U(1)a
models. We also discuss the generic neutralino sector.
Analogous discussions were given previously only for the
U(1)N model @5#.

In Sec. V, we present our main results. We show how
supersymmetric scalar masses are affected by the extraD
terms from U(1)a . Combining this with the results of Secs.
II and III, and assuming universal soft supersymmetry-
breaking terms at the grand-unification scale, we show that
there is a relationship between the U(1)a vacuum expecta-
tion value~which we require to be in the TeV range! and the
well-known parameter tanb[v2 /v1 used in the MSSM. This
is achieved by the simple observation that the parametersm1

2,
m2

2, and m12
2 of the two-doublet Higgs potential must be

matched with their derived values from the renormalization-
group evolution of the appropriate quantities at the grand-
unification energy scale, as given by Eqs.~64!–~69!.
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Finally, in Sec. VI, we have some concluding remarks.

II. TREE-LEVEL NONDECOUPLING
AT THE 100 GeV SCALE

As the U~1! gauge factor is broken together with the su-
persymmetry at the TeV scale, the resulting heavy scalar
particles have nondecoupling contributions to the interac-
tions of the light scalar particles@1#. Consequently, the two-
doublet Higgs structure is of a more general form than that of
the minimal supersymmetric standard model. Previous spe-
cific examples have been given@3–5#. Here we present the
most general analysis. We denote the scalar components of

H1, H2, and S as F̃1, F2, and x, respectively. Under
SU(3)C3SU(2)L3U(1)Y3U(1)X , we then have

F̃15S f̄1
0

2f1
2D ;S 1,2,2

1

2
;2aD , ~1!

F25S f2
1

f2
0 D;S 1,2,

1

2
;211aD , ~2!

x5x0;~1,1,0;1!, ~3!

where each last entry is the arbitrary assignment of that sca-
lar multiplet under the extra U(1)X with couplinggx , assum-
ing of course that the superpotential has the termf H1H2S.
The corresponding scalar potential contains thus

VF5 f 2@~F1
†F2!~F2

†F1!1~F1
†F11F2

†F2! x̄ x#, ~4!

and, from the gauge interactions,

VD5
1

8
g2

2@~F1
†F1!21~F2

†F2!212~F1
†F1!~F2

†F2!

24~F1
†F2!~F2

†F1!#1
1

8
g1

2@2F1
†F11F2

†F2#2

1
1

2
gx

2@2aF1
†F12~12a!F2

†F21 x̄ x#2. ~5!

Let ^x&5u; then, A2Rex is a physical scalar boson with
m252gx

2u2, and the (F1
†F1)A2Rex coupling is A2u( f 2

2gx
2a). Hence the effective (F1

†F1)2 coupling l1 is given
by

l15
1

4
~g1

21g2
2!1gx

2a22
2~ f 22gx

2a!2

2gx
2

5
1

4
~g1

21g2
2!12a f22

f 4

gx
2 . ~6!

Similarly,

l25
1

4
~g1

21g2
2!12~12a! f 22

f 4

gx
2 , ~7!

l352
1

4
g1

21
1

4
g2

21 f 22
f 4

gx
2 , ~8!

l452
1

2
g2

21 f 2, ~9!

where the two-doublet Higgs potential has the generic form

FIG. 1. The upper bound on the lighter Higgs boson massmh as a function ofgX
2 for various values ofa. In all cases, we find the allowed

value of f 5 f 0 that maximizesmh . In the top curve, we find the pairf 5 f 0 anda5a0 that maximizesmh whereas the value ofa is held fixed
as labeled for the other curves. The points corresponding to theh, N, and exotic left-right models, described in Sec. III, are marked by
arrows.
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V5m1
2F1

†F11m2
2F2

†F21m12
2 ~F1

†F21F2
†F1!

1
1

2
l1~F1

†F1!21
1

2
l2~F2

†F2!21l3~F1
†F1!~F2

†F2!

1l4~F1
†F2!~F2

†F1!. ~10!

From Eqs.~6!–~9!, it is clear that the MSSM is recovered in
the limit f 50. @Note thatm12

2 Þ0 only after U~1! symmetry
breaking and it would be proportional tof if universal soft
supersymmetry breaking is assumed.# Let ^f1,2

0 &[v1,2,
tanb[v2 /v1, and v2[v1

21v2
2; then, thisV has an upper

bound on the lighter of the two neutral scalar bosons given
by

~mh
2!max52v2@l1cos4b1l2sin4b12~l31l4!sin2bcos2b#

1e, ~11!

where we have added the radiative correction@11# due to the
t quark and its supersymmetric scalar partners, i.e.,

e5
3g2

2mt
4

8p2MW
2 lnS 11

m̃2

mt
2D . ~12!

We note also that the soft supersymmetry-breaking term
f AfF1

†F2x1H.c. ~from which we obtainm12
2 5 f Afu) also

contributes tol4 and generates some additional quartic sca-
lar couplings. However, we assume here thatf Af /gx

2u is
small, because we are mainly interested in the case where the
electroweak Higgs sector has two relatively light doublets
and not just one light doublet. Using Eqs.~6!–~9!, we obtain

~mh
2!max5MZ

2cos22b1e1
f 2

A2GF
FA2

f 2

gx
2G , ~13!

where

A5
3

2
1~2a21!cos2b2

1

2
cos22b. ~14!

If A.0, then the MSSM bound can be exceeded. However,
f 2 is still constrained from the requirement thatV be
bounded from below. We note here that althoughVF of Eq.
~4! andVD of Eq. ~5! are non-negative for any value off , V
of Eq. ~10! is not automatically bounded from below. This
simply means that iff is too large, the minimum of the
original potential only breaks the extra U~1! but not the elec-
troweak gauge symmetry. Givengx and a, we can vary
cos 2b and f to find the largest numerical value ofmh . We
show in Fig. 1 this upper bound onmh as a function ofgx

2 for
several specific values ofa. The valuea0 is chosen in the top
curve to maximizemh for a given value ofgx

2 . This upper
bound increases asgx

2 increases. However, it is reasonable to
assume thatgx cannot be too large. In fact, in the specific
models to be discussed in the next section,gx

2,0.16. As
shown in Fig. 1, even forgx

250.5, the upper bound is only
about 190 GeV.

It should be mentioned that an upper bound onmh has
been previously obtained@12# assuming that there is no extra
U~1! at the supersymmetry-breaking scale. However, the

same proof also goes through with an extra U~1!. We im-
prove on Ref.@12# in this case by computing exactly how the
off-diagonal nondecoupling terms affect the upper bound on
mh , resulting in Fig. 1 as shown. Iff Af /gx

2u is not small as
we have assumed, then the reduction toV of Eq. ~10! is not
valid @13#.

III. U „1… GAUGE FACTOR FROM E „6…

As already mentioned in the Introduction, an extra super-
symmetric U~1! gauge factor at the TeV scale is a very vi-
able possibility from the spontaneous breakdown of E6.
Consider the following sequential reduction:

E6→SO~10!@3U~1!c#, ~15!

SO~10!→SU~5!@3U~1!x#, ~16!

SU~5!→SU~3!C3SU~2!L@3U~1!Y#. ~17!

At each step, a U~1! gauge factor may or may not appear,
depending on the details of the symmetry breaking. Assum-
ing that a single extra U~1! survives down to the TeV energy
scale, then it is generally given by a linear combination of
U(1)c and U(1)x which we will call U(1)a .

Under the maximal subgroup SU(3)C3SU(3)L
3SU(3)R , the fundamental representation of E6 is given by

275~3,3,1!1~3* ,1,3* !1~1,3* ,3!. ~18!

Under the subgroup SU(5)3U(1)c3U(1)x , we then have

275~10;1,21!@~u,d!,uc,ec#1~5* ;1,3!@dc,~ne ,e!#

1~1;1,25!@N#1~5;22,2!@h,~Ec,NE
c !#

1~5* ;22,22!@hc,~nE ,E!#1~1;4,0!@S#, ~19!

where the U~1! charges refer to 2A6Qc and 2A10Qx . Note
that the known quarks and leptons are contained in
(10;1,21) and (5* ;1,3), and the two Higgs scalar doublets
are represented by (nE ,E) and (Ec,NE

c ). Let

Qa5Qccosa2Qxsina; ~20!

then, theh model@7,9# is obtained with tana5A3/5 and we
have

275~10;2!1~5* ;21!1~1;5!1~5;24!1~5* ;21!

1~1;5!, ~21!

where 2A15Qh is denoted. TheN model @10# is obtained
with tana521/A15, resulting in

275~10;1!1~5* ;2!1~1;0!1~5;22!1~5* ;23!1~1;5!,
~22!

where 2A10QN is denoted. This model is so called because
the superfieldN has QN50. It allows S to be a naturally
light singlet neutrino and is ideally suited to explain the to-
tality of all neutrino-oscillation experiments, i.e., solar@14#,
atmospheric@15#, and laboratory@16#. It is also a natural
consequence of an alternative SO~10! decomposition@17# of
E6, i.e.,
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165@~u,d!,uc,ec;hc,~nE ,E!;S#, ~23!

105@h,~Ec,NE
c !;dc,~ne ,e!#, ~24!

15@N#, ~25!

which differs from the conventional assignment by how the
SU~5! multiplets are embedded.

Identifying F̃1, F2, andx with the scalar components of
(nE ,E), (Ec,NE

c ), andS of which we can choose one copy
of each via a discrete symmetry@10# to be the ones with
VEV’s, we see that the general anaylsis of the previous sec-
tion is applicable for this class of U~1!-extended models.@Of
course, more than one copy of (nE ,E), (Ec,NE

c ), or S could
have VEV’s, but that would lead to a much less constrained
scenario.# Assuming that U(1)a is normalized in the same
way as U(1)Y , we find it to be a very good approximation
@5# to havega

25(5/3)g1
2 . We then obtain, for theh model,

gx
25

25

36
g1

2 , a5
1

5
, ~26!

and, for theN model,

gx
25

25

24
g1

2 , a5
3

5
, ~27!

whereas, in the exotic left-right model@3,17#,

gx
25

~g1
21g2

2!~12sin2uW!2

4~122 sin2uW!
, a5tan2uW . ~28!

These three specific points have been singled out in Fig. 1.
Furthermore, when we take the squark masses to be about 1
TeV we find the largest numerical value ofmh in the U(1)a
models to be about 142 GeV, as compared to 128 GeV in the
MSSM, and it is achieved with

tana52
2A3/5cos2b

32cos22b
, ~29!

which is possible in theh model, i.e., a5A3/5 and
cos2b521.

IV. Z-Z8 AND NEUTRALINO SECTORS

The part of the Lagrangian containing the interaction of
F1,2 and x with the vector gauge bosonsAi( i 51,2,3), B,
andZ8 belonging to the gauge factors SU(2)L , U(1)Y , and
U(1)X , respectively, is given by

L5US ]m2
ig2

2
t iAi

m1
ig1

2
Bm1 igxaZ8mD F̃1U2

1US ]m2
ig2

2
t iAi

m2
ig1

2
Bm1 igx~12a!Z8mDF2U2

1u~]m2 igxZ8m!xu2, ~30!

wheret i are the usual 232 Pauli matrices. With the defini-
tion Z[(g2A32g1B)/gZ , where gZ[Ag1

21g2
2, the mass-

squared matrix spanningZ andZ8 is given by

MZ,Z8
2

5F ~1/2!gZ
2~v1

21v2
2! gZgx@2av1

21~12a!v2
2#

gZgx@2av1
21~12a!v2

2# 2gx
2@u21a2v1

21~12a!2v2
2#

G . ~31!

Let the mass eigenstates of theZ-Z8 system be

Z15Zcosu1Z8sinu, Z252Zsinu1Z8cosu; ~32!

then, the experimentally observed neutral gauge boson is
identified in this model asZ1, with the mass given by

MZ1

2 [MZ
2.

1

2
gZ

2v2F12~sin2b2a!2
v2

u2G ~33!

and

u.2
gZ

2gx
~sin2b2a!

v2

u2 . ~34!

Note thatZ2 has essentially the same mass as the physical
scalar bosonA2Rex discussed earlier.

So far, our discussion of theZ-Z8 sector is completely
general. However, in order to make contact with experiment,
we have to specify howZ8 interacts with the known quarks
and leptons. In the class of U(1)a models from E6, all such
couplings are determined. In particular, we have

gx5A2

3
gacosa, a5

1

2S 12A3

5
tana D . ~35!

Using the leptonic widths and forward-backward asymme-
tries ofZ1 decay, the deviations from the standard model are
conveniently parametrized@18#:

e15Fsin4b2
1

4S 12A3

5
tana D 2Gv2

u2 .aemT, ~36!
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e25
1

4
~32A15tana!Fsin2b2

1

2S 12A3

5
tana D Gv2

u2.2
aemU

4 sin2uW
, ~37!

e35
1

4F123A3

5
tana1

1

2sin2uW
S 11A3

5
tana D G

3Fsin2b2
1

2S 12A3

5
tana D Gv2

u2 .
aemS

4 sin2uW
. ~38!

Since the experimental errors on these quantities are fractions of a percent,u; TeV is allowed.
In the MSSM, there are four neutralinos~two gauge fermions and two Higgs fermions! which mix in a well-known 434

mass matrix@19#. Here we have six neutralinos: the gauginos of U(1)Y and the third component of SU(2)L , the Higgsinos of
f̄1

0 andf2
0, the U(1)X gaugino, and thex Higgsino. The corresponding mass matrix is then given by

MN53
M1 0 2g1v1 /A2 g1v2 /A2 0 0

0 M2 g2v1 /A2 2g2v2 /A2 0 0

2g1v1 /A2 g2v1 /A2 0 f u 2gxav1A2 f v2

g1v2 /A2 2g2v2 /A2 f u 0 2gx~12a!v2A2 f v1

0 0 2gxav1A2 2gx~12a!v2A2 Mx gxuA2

0 0 f v2 f v1 gxuA2 0

4 , ~39!

where M1,x,2 are allowed U~1! and SU~2! gauge-invariant
Majorana mass terms which break the supersymmetry softly.
Note that without the last two rows and columns, the above
matrix does reduce to that of the MSSM iff u is identified
with 2m. However, them parameter in the MSSM is uncon-
strained, whereas heref u is bounded andf itself appears in
the Higgs potential.

Since gxu should be of order TeV, the neutralino mass
matrixMN reduces to either a 434 or 232 matrix, depend-
ing on whetherf is much less thangx or not. In the former
case, it reduces to that of the MSSM but with the stipulation
that them parameter must be small, i.e., of order 100 GeV.
This means that the two gauginos mix significantly with the
two Higgsinos and the lightest supersymmetric particle
~LSP! is likely to have non-negligible components from all
four states. In the latter case, the effective 232 mass matrix
becomes

MN8 5FM11g1
2v1v2 / f u 2g1g2v1v2 / f u

2g1g2v1v2 / f u M21g2
2v1v2 / f u

G . ~40!

Sincev1v2 /u is small, the mass eigenstates ofMN8 are ap-

proximately the gauginosB̃ and W̃3, with massesM1 and
M2, respectively. In supergravity models with uniform
gaugino masses at the grand unified theory~GUT! breaking
scale,

M15
5g1

2

3g2
2 M2.0.5M2 ; ~41!

hence,B̃ would be the LSP, which makes it a good candidate
for cold dark matter.

V. SUPERSYMMETRIC SCALAR MASSES

The spontaneous breaking of the additional U~1! gauge
factor at the TeV scale is not possible without also breaking
the supersymmetry@10#. As a reasonable and predictive pro-
cedure, we will adopt the common hypothesis that soft
supersymmetry-breaking operators appear at the GUT scale
as the result of a hidden sector which is linked to the observ-
able sector only through gravity. Hence these terms will be
assumed to be universal, i.e., of the same magnitude for all
fields.

Consider now the masses of the supersymmetric scalar
partners of the quarks and leptons:

mB
25m0

21mR
21mF

21mD
2 , ~42!

wherem0 is a universal soft supersymmetry-breaking mass
at the GUT scale,mR

2 is a correction generated by the
renormalization-group equations running from the GUT
scale down to the TeV scale,mF is the explicit mass of the
fermion partner, andmD

2 is a term induced by gauge symme-
try breaking with rank reduction and can be expressed in
terms of the gauge-boson masses. In the MSSM,mD

2 is of
order MZ

2 and does not changemB significantly. In the
U(1)a-extended model,mD

2 is of orderMZ8
2 and will affect

mB in a nontrivial way. For example, in the case of ordinary
quarks and leptons,

DmD
2 ~10;1,21!5

1

8
MZ8

2 S 11A3

5
tana D , ~43!

DmD
2 ~5* ;1,3!5

1

8
MZ8

2 S 123A3

5
tana D . ~44!
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This would have important consequences on the experimen-
tal search of supersymmetric particles. In fact, ifmF is not
too large, it is possible for the exotic scalars~which may be
interpreted as leptoquarks depending on their Yukawa cou-
plings! to be lighter than the usual scalar quarks and leptons.
We have already discussed this issue in Ref.@20#.

Assuming Eq.~42!, we first consider the spontaneous
breaking of U(1)a , i.e., ^x&5u, which requiresmx

2 to be
negative. This may be achieved by considering the superpo-
tential

W5 f H1H2S1 f 8hhcS1l tH2Q3tc ~45!

~where we have omitted the rest of the MSSM Yukawa cou-
plings!, together with the trilinear soft supersymmetry-
breaking terms

Vsoft5 f AfF1
†F2x1 f 8Af 8 h̃ h̃cx1l tAtF2Q̃3 t̃ c, ~46!

along with the soft supersymmetry-breaking scalar masses.
Starting with a wide range of given values ofm0, the uni-
versal gaugino massm1/2, and the universal trilinear massive
parameterA0 at the GUT scale, we find thatmx

2 does indeed
turn negative near the TeV energy scale for many typical
values off and f 8. An example of this is given in Fig. 2. The
evolution ofmx

2 is mostly driven byf 8, but f also contributes
primarily through its direct effect onAf 8. From the negative
value of mx

2 at the TeV scale, we then obtain the predicted
mass ofZ8, i.e.,MZ85(22mx

2)1/2, which is also the mass of
the physical scalar bosonA2Rex. However, as we will dis-
cuss shortly, the mass of theZ8 so obtained must also be
consistent with the desired electroweak symmetry-breaking
conditions.

We assume that the top quark’s pole mass is 175 GeV and
that, at 1 TeV,as50.1, which corresponds toas(MZ)'0.12.
We will also assume that at the TeV scale and above, the
particle content of the model is that of three complete27’s of

FIG. 2. ~a! The parameterf at 1 TeV as a function of
f G5 f (MG) for models with an extra U~1! originating from E6. In
descending order, the curves representf G8 5 f 8(MG)50.5, 1.0, 2.0,
and 3.0.~b! The massMZ8 as a function off G with the same values
mg̃5250 GeV, A05650 GeV, andm05650 GeV for different
curves with the values off G8 as in ~a!.

FIG. 3. The maximum value off 5 f max for which the Higgs potential is bounded from below as a function ofa, defined in Eq.~20!.
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E6 and some additional field content so as to achieve gauge-
coupling unification. The additional field content could be
near the unification scale and hence provide threshold cor-
rections that allow the gauge couplings to unify, perhaps
even at the string compactification scale. Another possibility
is to add an anomaly-free pair of SU(2)L doublet fields so as
to mimic gauge coupling unification in the MSSM. Such an
example is discussed for thea5N model of Ref.@8#. This
model has the same unification scale as is possible in the
MSSM. In calculating the gauge-couplingb functions, we
will in fact assume the field content of that model, but the
choice of additional matter fields or threshold corrections to
bring about gauge-coupling unification has no significant ef-
fect on our calculation. The fact that such models have three
complete27’s has the noteworthy implication that the gauge
coupling at the unification scale is approximately the strong
coupling. The reason is that with three copies ofh and hc,
the b function for as is zero in one loop above the TeV
scale. Similarly, the gluino mass also does not evolve in this
approximation.

Defining

D[8p2
d

dlnm
~47!

~where m is the scale!, the relevant renormalization-group
equations are

Dlnl t
252(

i
ci

~ t !gi
216l t

21 f 2, ~48!

Dlnf 252(
i

ci
~ f !gi

213l t
214 f 213 f 82, ~49!

Dlnf 8252(
i

ci
~ f 8!gi

213 f 215 f 82 ~50!

for the Yukawa couplings,

DAt5(
i

ci
~ t !gi

2Mi16l t
2At1 f 2Af , ~51!

FIG. 4. ~a! tanb as a function ofa for f 50.345 andmg̃5200
GeV, A05650 GeV, andm05650 GeV.~b! MZ8 ~solid line!, uuu
~short-dashed line!, and f 8uuu ~long-dashed line! as a function ofa
for the same values of input parameters as in~a!.

FIG. 5. ~a! tanb as a function ofa for f 50.345 andmg̃5300
GeV, A05950 GeV, andm05650 GeV.~b! MZ8 ~solid line!, uuu
~short-dashed line!, and f 8uuu ~long-dashed line! as a function ofa
for the same values of input parameters as in~a!.

56 7161GENERIC CONSEQUENCES OF A SUPERSYMMETRIC . . .



DAf5(
i

ci
~ f !gi

2Mi13l t
2At14 f 2Af13 f 82Af 8, ~52!

DAf 85(
i

ci
~ f 8!gi

2Mi13 f 2Af15 f 82Af 8 ~53!

for the trilinear scalar parametersAi , and

DmS
252(

i
ci

~S!gi
212 f 2Xf13 f 82Xf 8, ~54!

Dmh
252(

i
ci

~h!gi
21 f 82Xf 8, ~55!

Dmhc
2

52(
i

ci
~hc!gi

21 f 82Xf 8, ~56!

DmF1

2 52(
i

ci
~F1!gi

21 f 2Xf , ~57!

DmF2

2 52(
i

ci
~F2!gi

213l2
2Xt1 f 2Xf , ~58!

DmQ3

2 52(
i

ci
~Q3!gi

21l2
2Xt , ~59!

Dmtc
2

52(
i

ci
~ tc!gi

21l2
2Xt , ~60!

where we have defined

Xt[mQ3

2 1mtc
2

1mF2

2 1At
2 , ~61!

Xf[mS
21mF1

2 1mF2

2 1Af
2 , ~62!

Xf 8[mS
21mh

21mhc
2

1Af 8
2 , ~63!

and the coefficientsci
(field) have the obvious values. Further,

the gaugino massMi scales the same asa i . These equations
are modified in an obvious manner if tanb is large enough
thatlb andlt cannot be ignored or if there is more than one

FIG. 6. ~a! tanb as a function off for a5h andmg̃5250 GeV,
A05650 GeV, andm05650 GeV.~b! MZ8 ~solid line!, uuu ~short-
dashed line!, and f 8uuu ~long-dashed line! as a function off for the
same values of input parameters as in~a!.

FIG. 7. ~a! tanb as a function ofA0 for a5h and f 50.345,
mg̃5250 GeV, andm05650 GeV.~b! MZ8 ~solid line!, uuu ~short-
dashed line!, and f 8uuu ~long-dashed line! as a function ofA0 for
the same values of input parameters as in~a!.
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sizable coupling serving the purpose off 8, which is certainly
possible since we have three copies ofh and hc in these
models.

A very important outcome of Eq.~42! is that the U(1)a
and electroweak symmetry breakings are related. To see this,
go back to the two-doublet Higgs potentialV of Eq. ~10!.
Using Eqs.~6!–~9! and Eq.~35!, we can express the param-
etersm12

2 , m1
2 , andm2

2 in terms of the mass of the pseudo-
scalar bosonmA , and tanb:

m12
2 52mA

2sinbcosb, ~64!

m1
25mA

2sin2b2
1

2
MZ

2cos2b2
2 f 2

gZ
2

MZ
2

3F2 sin2b1S 12A3

5
tana D cos2b2

3 f 2

2 cos2aga
2 G ,

~65!

m2
25mA

2cos2b1
1

2
MZ

2cos2b2
2 f 2

gZ
2

MZ
2

3F2cos2b1S 11A3

5
tana D sin2b2

3 f 2

2 cos2aga
2 G .

~66!

On the other hand, using Eq.~42!, we have

m12
2 5 f Afu, ~67!

m1
25m0

21mR1
2 1 f 2u22

1

4S 12A3

5
tana D MZ8

2 , ~68!

m2
25m0

21mR2
2 1 f 2u22

1

4S 11A3

5
tana D MZ8

2 , ~69!

wheremR1
2 andmR2

2 differ in that l t ~the Yukawa coupling
of F2 to the t quark! contributes to the latter but not to the
former. Both depend onm0, m1/2, A0, and the various gauge
couplingsgi , as well asf and f 8. Matching Eqs.~64!–~66!

FIG. 8. ~a! tanb as a function ofm0 for a5h and f 50.345,
mg̃5250 GeV, andA05650 GeV.~b! MZ8 ~solid line!, uuu ~short-
dashed line!, and f 8uuu ~long-dashed line! as a function ofm0 for
the same values of input parameters as in~a!.

FIG. 9. ~a! tanb as a function ofmg̃ for a5h and f 50.345,
A05650 GeV, andm05650 GeV.~b! MZ8 ~solid line!, uuu ~short-
dashed line!, and f 8uuu ~long-dashed line! as a function ofm0 for
the same values of input parameters as in~a!.
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with Eqs.~67!–~69! allows us to determineu and tanb for a
given set of parameters at the grand-unification scale.

We will now briefly discuss our method for findingu and
tanb for a given set of universal soft supersymmetry-
breaking parametersmg̃ , m0, andA0 at the GUT scale and
the Yukawa couplingf , when such a solution exists. First,
we guess a value for tanb so as to choose a value forl t . We
then form a table@MZ8,mR1

2 ,mR2
2 ,Af #( f 8) for many very

closely spaced values off 8 extending up to wheref 8(MG)
reaches its perturbative limit. By ‘‘closely spaced values of
f 8,’’ we mean that between two consecutive entries in the
table, none of the four parameters differs by more than 1%.
Second, we guess a value forMZ8 which lies within the
range in the table, so as to choosemR1

2 , mR2
2 , andAf from the

entry of the table which hasMZ8 closest to this value. Third,
we equate the right-hand sides of Eq.~65! 1 Eq. ~66! and
Eq. ~68! 1 Eq. ~69! to solve formA

2 as a linear function ofu2

and cos2b. Fourth, using the previous result formA
2 we

equate the right-hand sides of Eqs.~65!, ~66!, ~68!, and~69!
to solve foru2 as a function of cos2b of the form of a linear
function divided by another linear function. Fifth, using the
expressions from the previous two steps we equate the right-
hand sides of Eq.~64! with that of Eq.~67! and solve nu-
merically for cos2b, and hence tanb, by first searching for a
root close to the value corresponding to our original guess
for tanb. In doing this fifth step, one needs to choosef u.0
or f u,0 analogous tom.0 orm,0 in the MSSM, and then
check that the solution is consistent with
mA

252 f Afu/sinbcosb.0. In fact, taking all Yukawa cou-
plings and tanb to be positive as well as our convention for
the trilinear coupling parametersAi , solutions exist only for
u,0. Next, if a solution to these steps has been found, we
start the entire cycle over using the values for tanb andMZ8
just calculated as the new ‘‘guessed’’ values. This iteration is
continued until the predicted tanb andMZ8 become fixed to
a reasonable accuracy~we demand about 5% accuracy!. This
process can be speeded up by adding a sixth step to the cycle
which repeats the third through fifth steps until the prediction
for tanb and MZ8 become fixed for the table found in the
second step of the cycle.

Before we discuss our results, we remind the reader thatf
has a maximum possible value that comes from requiring
that the Higgs potential be bounded from below and which
depends on the additional U~1!. We plot this maximum value
f max as a function ofa @see Eq.~20!# in Fig. 3. In particular,
the h model requiresf to be less than about 0.35, whereas,
for a50, f could be as great as 0.46. Note that asuau ap-
proacesp/2, f max approaches 0. From Fig. 2~a!, one can see
that if f is small enough so thata5h is allowed, then
f (MG) will always be perturbatively small for a perturba-
tively valuedf 8. In our examples, we will only be interested
in values off ,0.35.

In Fig. 4, we show the predicted values of tanb andMZ8
as a function ofa for f 50.345 andmg̃5200 GeV,A05650
GeV, andm05650 GeV. In accordance with Fig. 3, we are
only interested in showinguau less than about 0.7. We have
also plotted the magnitudeuuu of the VEV of the singlet
Higgs bosonx and the massf 8uuu of the exotic fermion
h(hc). In Fig. 5, we show the similar situation forf 50.345
andmg̃5300 GeV,A05950 GeV, andm05950 GeV. These

two figures are quite similar except that the mass scale in
Fig. 5~b! has been pushed up relative to that shown in Fig.
4~b!. These choices of soft supersymmetry-breaking param-
eters are fairly typical in that generally we needm0 to be at
least twice as great asmg̃ to find a solution. Further, if we
want to have a solution for alla less than some value,A0

must be positive and of orderm0.
In Figs. 6–9, we illustrate the effects of varying the pa-

rametersf , mg̃ , A0, andm0 for a fixed value ofa5h. We
look at the solutions for tanb and MZ8 ~as well asuuu and
f 8uuu) when the four input parameters are varied one at a
time around the pointf 50.345 andmg̃5250 GeV,A05650
GeV, andm05650 GeV. Note from Fig. 6 that with decreas-
ing f , tanb and MZ8 both increase. We do not extendf
above 0.345 so as to avoid the upper bound coming from
Fig. 3. We find also that we cannot decreasef much below
0.32 for this example and still have a solution for the elec-
troweak breaking. To use smaller values off , one would
have to increase the scale of the soft supersymmetry-
breaking parameters. In Fig. 7, we look at the effect of vary-
ing A0. The range ofA0 examined is restricted because any
extension in either direction would require values ofMZ8
larger than can be reached via thef 8hhcS term with f 8
within the perturbative regime. In Fig. 8, we varym0. Note
that with increasingm0, the predicted tanb increases signifi-
cantly andMZ8 decreases. In this example, increasingm0

beyond 1200 GeV would predict anMZ8 less than 500 GeV
and a tanb greater than 10. The lower limit of 500 GeV for
m0 used here is due to the same reason as just given for the
range ofA0 plotted in the previous figure. In Fig. 9, we show
the effect of varying the gluino mass which is also here the
GUT scale universal gaugino mass. With increasing gluino
mass, tanb decreases whileMZ8 increases. The upper limit
of 350 GeV used here for the gluino mass again corresponds
to about the size of that parameter for this example where
increasing it anymore would require values ofuuu larger than
can be reached perturbatively through the renormalization-
group equations. We find the general trends of Fig. 6–9 to be
typical of other choices of parameter values where consistent
solutions exist.

If m0 is demanded to be less than about 1 TeV, then in
general tanb,10, where theb andt Yukawa couplings are
small enough not to contribute significantly to the
renormalization-group equations. It is interesting to note that
in contrast to the MSSM, wherem1

22m2
252mR2

2 (l t)

52~mA
21mZ

2)cos2b, solutions with tanb,1 in principle are
possible here due to the TeV scaleD terms. However, to
have such a solution in practice withmt

(pole)'175 GeV
means havingl t(mt) greater than its fixed-point value of
about 1.22 withaG5as(1 TeV)'0.1 where the gauge cou-
plings run according to the additional exotic field content as
we have chosen.

If f Af /gx
2u, wheregx

25(2/3)g1
2cos2a is not small, then

Eqs. ~64!–~66! have additional contributions, but they are
always suppressed byv2/u2 relative to m12

2 5 f Afu, and
hence our numerical results on tanb and MZ8, etc., do not
change appreciably. The corrections are only important if the
masses and splittings of the two Higgs doublets are consid-
ered.
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VI. CONCLUSIONS

We have shown in this paper that there are many interest-
ing and important phenomenological consequences if we as-
sume the existence of a supersymmetric U~1! gauge factor at
the TeV energy scale. We assume that there is a Higgs su-
perfieldS which is a singlet under the standard gauge group
but which transforms nontrivially under this extra U~1! so
that it may break the latter spontaneously without breaking
the former. We assume also thatH1H2S is an allowed term
in the superpotential. We then analyze the most general form
of the Higgs potential and derive an upper limit on the lighter
of the two neutral scalar Higgs bosons of the two-doublet
Higgs sector as shown in Fig. 1. This generalizes the well-
known case of the minimal supersymmetric standard model.

We then specialize to the case where this extra U~1! is
derivable from a E6 model with the particle content given by
its fundamental27 representation. We discuss the effect on
Z-Z8 mixing and the oblique parameterse1,2,3, as well as the
extended neutralino mass matrix. We then work out in detail
the consequences for supersymmetric scalar masses. We note
that the mere existence of a spontaneously broken U~1!
gauge factor at the TeV scale implies new important correc-
tions to these masses through the so-calledD terms which
are now dominated byMZ8

2 instead of justMZ
2 in the MSSM.

This changes the entire supersymmetric scalar particle spec-
trum and should not be overlooked in future particle
searches.

Assuming universal soft supersymmetry-breaking terms
at the GUT scale, we match the electroweak breaking param-
eters with the corresponding ones from the U~1! breaking.
Specifically, the values ofm1

2, m2
2, and m12

2 in the well-

known two-doublet Higgs potential are constrained as shown
by Eqs.~64!–~69!. We then obtain consistent numerical so-
lutions to these constraints and demonstrate how the U~1!-
breaking scale and the parameter tanb[v2 /v1 are related
through theH1H2S coupling. Our results are presented in
Figs. 2–9.

During the final stage of completing this manuscript, we
became aware of Ref.@21#, which also discusses electroweak
symmetry breaking with an additional supersymmetric U~1!
gauge factor, but the emphasis there is on the casef 850.
The casef 8Þ0 is also discussed there, but the conclusion is
that whereas the breaking of the additional U~1! radiatively
via the term f 8hhcS, already noted in Ref.@7#, can be
achieved with universal soft supersymmetry-breaking terms
at the GUT scale, it does not work in the large trilinear
coupling scenario. Our approach is essentially orthogonal.
We concentrate on solutions where the U~1! scale is much
larger than the electroweak scale. With the two scales being
intimately related through the matching of Eqs.~64!–~66!
with Eqs. ~67!–~69!, it is in fact highly nontrivial to find
solutions which are consistent with this matching even with
an arbitraryf 8. We note also that our examples are models
with complete E6 particle content and, in our approximation,
the Yukawa couplingf is bounded as shown in Fig. 3. In the
more general case, the bound onf increases as the trilinear
coupling increases.
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