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Extra neutral gauge bosons and Higgs bosons in anE6-based model
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Extra neutral gauge bosons and Higgs bosons in an effective low-energySU(2)L3SU(2)I3U(1)Y

3U(1)Y8 model, which is a subgroup ofE6, are studied.SU(2)I is a subgroup ofSU(3)R and commutes with
the electric charge operator, so the three corresponding gauge bosons are neutral. Electroweak precision
experiments are used to put constraints on masses of the extra neutral gauge bosons and on the mixings
between them and the ordinaryZ boson, including constraints arising from a proposed measurement of the
weak charge of the proton at Jefferson Lab. Bounds on and relationships of masses of Higgs bosons in the
supersymmetric version of the model are also discussed.
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I. INTRODUCTION

The mass of the Higgs boson of the standard model~SM!
is still undetermined, although there are recent reports in
cating the observation of signals at the CERNe1e2 collider
LEP @1–3#. The requirement that the vacuum is stable a
the perturbation is valid up to a large scale~for example,
grand unification scale! can bound the mass~es! of Higgs
boson~s! @4#. Extra Higgs bosons and gauge bosons will a
pear naturally in many extensions of the SM. Generally
masses of extra gauge bosons remain unpredicted and m
may not be of the order of the electroweak scale. The clo
ness of the observedW andZ boson properties with the pre
dictions of the SM do not yield any direct information abo
the masses of extra gauge bosons, but seems to imply
the mixings ofW or Z with extra gauge bosons should b
very small.

E6 models have been studied widely@5#. The maximal
subgroup decomposition ofE6 containing QCD as
an explicit factor is SU(3)C3SU(3)L3SU(3)R ,
from which an effective low energy mode
SU(2)L3SU(2)I3U(1)Y3U(1)Y8 can arise@6#. SU(2)I
commutes with the electric charge operator and the co
sponding gauge bosons are neutral. The most exten
works on the phenomenology of this model focused on
production of theWI ’s in hadron-hadron,e1e2, andep col-
liders @7,8#. The t-channel production of exotic fermions i
the model has recently been considered in Ref.@9#. In this
paper we will study the gauge boson and Higgs boson
tors of the model, and bounds on the masses and mixing
extra neutral gauge bosons and Higgs bosons will be fou

In Ref. @10#, a direct search for extra gauge bosons w
reported and lower mass limits of approximately 500–7
GeV were set, depending on theZ8 couplings. The discovery
potential and diagnostic abilities of proposed future collid
for new neutral or charged gauge bosons were summar
in Ref. @11#. Even though there is as yet no direct experime
tal evidence of extra gauge bosons, stringent indirect c
straints can be put on the mixings and the masses of e
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gauge bosons by electroweak precision data. In Refs.@12–
14#, such constraints were derived in theSU(2)L3U(1)Y
3U(1)Y8 model. The lower mass limits were generally se
eral hundreds of GeV and were competitive with experim
tal bounds from direct searches. A good summary ofZ8
searches can be found in Ref.@15# and references therein.

The paper is organized as follows. In the next section,
model will be described briefly, and a specific Higgs fie
assignment to breakSU(2)L3U(1)Y3SU(2)I3U(1)Y8
into U(1)em will be introduced. Section III deals with the
extra neutral gauge bosons. The mixing among neutral ga
bosons will be discussed. In Sec. IV, electroweak precis
experiments, includingZ-pole experiments,mW measure-
ments and low-energy neutral current~LENC! experiments
will be presented, with special attention being paid to a p
posed measurement of the weak charge of the proton at
ferson Lab. In Sec. V, constraints on the masses of e
neutral gauge bosons and mixings will be found. In Sec.
bounds on and relationships of masses of Higgs bosons
pearing in the supersymmetric version of the model will
derived. Section VII contains our conclusions. Mass-squa
matrices of neutral gauge bosons and Higgs bosons in
model are given in the Appendixes.

II. THE MODEL

There are many phenomenologically acceptable low
ergy models which can arise fromE6:

~a! E6→SU~3!C3SU~2!L3U~1!Y3U~1!h ,

~b! E6→SO~10!3U~1!c→SU~5!3U~1!x

3U~1!c ,

~c! E6→SU~3!C3SU~2!L3SU~2!R3U~1!L

3U~1!R ,

~c8! E6→SU~3!C3SU~2!L3SU~2! I3U~1!Y

3U~1!Y8 , ~1!

where there is only one extra Z, generally calledZh , in
model~a!. U(1)c andU(1)x can be combined intoU(1)u as
©2001 The American Physical Society15-1
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Z8(u)5Zccosu2Zxsinu in model ~b!, reducing it to the ef-
fective rank-5 modelSU(3)C3SU(2)L3U(1)Y3U(1)u ,
which is most often considered in the literature. In particu
U(1)h corresponds tou5arcsinA3/8. Model ~c! and (c8)
come from the subgroupSU(3)C3SU(3)L3SU(3)R . The
27-dimensional fundamental representation ofE6 has the
branching rule

~2!

and the particles of the first family are assigned as

S u

d

h
D 1 ~uc dc hc! 1S Ec n N

Nc e E

ec nc Sc
D , ~3!

whereSU(3)L operates vertically andSU(3)R operates hori-
zontally. ~Different symbols for these particles may be us
in the literature.!

The most common pattern of breaking theSU(3)R factor
is to break the3 of SU(3)R into 211, so that (uc,dc) forms
an SU(2)R doublet withhc as aSU(2)R singlet. This gives
model ~c!, the familiar left-right symmetric model@16#.
Model ~c! can be reduced further to an effective rank
model with U(1)V5L1R . Another possibility, resulting in
model (c8), is to break the3 of theSU(3)R into 112 so that
(dc,hc) forms anSU(2) doublet withuc as a singlet. In this
option, theSU(2) does not contribute to the electromagne
charge operator and it is calledSU(2)I ~I stands for Inert!.
Then the vector gauge bosons corresponding toSU(2)I are
neutral.

At the SU(2)L3SU(2)I3U(1)Y3U(1)Y8 level, a single
generation of fermions can be represented as

S n N

e2 E2D
L

, S u

dD
L

, ~dc hc!L ,

S Ec

NcD
L

, ~nc Sc!L , hL , eL
c , uL

c , ~4!

whereSU(2)L(I ) acts vertically~horizontally!. The quantum
numbers of particles are listed in Table I.

In Ref. @17# the Higgs structure necessary to bre
SU(2)L3SU(2)I3U(1)Y3U(1)Y8 down to U(1)em was
discussed. The Higgs multiplets are

H2[S H2
1

H2
0 D , H[S H1

0 ñ

H1
2 ẽ2D ,

N[~N2 N1!, N8[~N28 N18!, ~5!

with SU(2)L acting in the vertical direction andSU(2)I act-
ing in the horizational direction. The U~1! quantum numbers
are Y(H2)51, Y(H)521, Y(N)5Y(N8)50, andY8(H2)
54/3,Y8(H)51/3,Y8(N)5Y8(N8)525/3. The doublets N
07301
r,

andN8 are also neutral. Note that two N doublets are need
The reason can be seen in the limit where the model is b
ken down to the SM at a scale much greater than the e
troweak scale. A single N doublet can only breakSU(2)I
3U(1)Y8 down to U~1!, leaving an extra unbroken U~1!
symmetry.

The multiplets can get vacuum expectation values in
following way:

^H2&5S 0

v2
D , ^H&5S v1 v3

0 0 D ,

^N&5~n2 n1!, ^N8&5~n28 n18!. ~6!

Since we are not considering the spontaneousCP violation,
the phase of the Higgs fields can be chosen such that a
vacuum expectation values are real and positive. There
pear to be seven vacuum expectation values in the model
one of them can be set to zero by performing anSU(2)I
rotation. So there are only six physically relevant vacuu
expectation values.

III. EXTRA NEUTRAL GAUGE BOSONS AND MIXINGS

In the SU(2)L3U(1)Y3SU(2)I3U(1)Y8 model, the
neutral gauge fields include the ordinaryZ coming from
SU(2)L3U(1)Y ; WI

1 , WI
2 and WI

3 for the SU(2)I group
and B for U(1)Y8 . @We will use linear combinationsWI

6

5(WI
17 iWI

2)/A2 instead ofWI
1 and WI

2 ; here6 is just a
convention as they are neutral.# After the spontaneous sym
metry breaking mechanism described in the previous sect
the mass-squared matrix for the neutral gauge bosons
symmetric 535 matrix, whose elements are listed in th
Appendixes.

It is apparent that there are mixings among the neu
gauge bosons. It is impossible to diagonalize the matrix a
lytically. Numerical calculations must be needed to get

TABLE I. The quantum numbers of fermions in27 of E6 at the
SU(2)L3SU(2)I3U(1)Y3U(1)Y8 level.

State T3L T3I Y Y8 Qem5T3L1Y/2

u 1/2 0 1/3 2/3 2/3
d 21/2 0 1/3 2/3 21/3
uc 0 0 24/3 2/3 22/3
dc 0 1/2 2/3 21/3 1/3
h 0 0 22/3 24/3 21/3
hc 0 21/2 2/3 21/3 1/3
e2 21/2 1/2 21 21/3 21
ec 0 0 2 2/3 1
E2 21/2 21/2 21 21/3 21
Ec 1/2 0 1 24/3 1
n 1/2 1/2 21 21/3 0
nc 0 1/2 0 5/3 0
N 1/2 21/2 21 21/3 0
Nc 21/2 0 1 24/3 0
Sc 0 21/2 0 5/3 0
5-2
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eigenstates and corresponding eigenvalues.
It is noted that the elements in the first row~column! are

independent of the vacuum expectation valuesni and ni8 ( i
51,2). Therefore when they are very large, the mixi
should be small. In this decoupling limit, the only observa
neutral gauge boson is the ordinaryZ and its mass should b
the exact value measured experimentally. The extra neu
gauge bosons are not yet accessible experimentally, but
existence will have effects in electroweak radiative corr
tions.

In order to find mass eigenstates and mixing angles,
mass-squared matrixM 2 can be split into two parts:

M 25M 1
21M 2

2

5S mZ
2 0 0 0 0

0 mW
I
3

2
m23 m24 m25

0 m23 mB
2 m34 m35

0 m24 m34 0 mW
I
6

2

0 m25 m35 mW
I
6

2
0

D
1S 0 m12 m13 m14 m15

m12 0 0 0 0

m13 0 0 0 0

m14 0 0 0 0

m15 0 0 0 0

D . ~7!

First we can use a 535 unitary matrixU1 to diagonalize
M 1

2, andU1 can have the form

U15S 1 0

0 u1
D , ~8!

whereu1 is a 434 unitary matrix. This is to find mass eigen
states of extra neutral gauge bosons. There is no mixin
ordinary Z boson with extra neutral gauge bosons at t
stage. Then the total mass-squared matrix for the neu
gauge bosons under the new basis has the form

M 825M 18
21M 28

2

5S mZ
2 m128 m138 m148 m158

m128 mZ2

2

m138 mZ3

2

m148 mZ4

2

m158 mZ5

2

D . ~9!

M 82 can be principally diagonalized by another unitary m
trix U2; then we can get a unitary matrixU5U23U1 which
can be used to diagonalize the original matrixM 2. The mix-
07301
ral
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e
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ings of ordinaryZ boson with extra neutral gauge boso
occur in this transformation. For small mixings, the eleme
of U2 will have the following properties:

~U2!11;1.0,

~U2! j 1;S mZ
22mZ1

2

mZ
j8

2
2mZ

2D 1/2

,

~U2! jk;0, j Þk. ~10!

Therefore (U2) j 1 can be treated as effective mixing angle
The couplings between neutral gauge bosons and fe

ons, which will give neutral current processes, are

LNC52(
f ,a

$gZf̄ agm~T3L
f a 2Qf a

sin2uW! f aZm

1gY8Yf a
8 /2f̄ agm f aBm1gIT3I

f a f̄ agm f aWIm
3 %, ~11!

where the first term in the braces represents the SM neu
currents, the second and third terms represent additional
tral currents introduced by extra neutral gauge bosons,
gZ5gL /cosuW5gY /sinuW. The symbolf a denotes the lep-
tons or quarks with the chiralitya (a5L or R). The quan-
tum numbersT3L

f a , Qf a
, Yf a

8 andT3I
f a can be read from Table

I. The flavor-changing neutral currents caused byWI
6 in-

volve heavy fermions and will not be included here.
After the U1-transformation, the interaction Lagrangia

changes as

LNC52(
f ,a

H gZf̄ agm~T3L
f a 2Qf a

sin2uW! f aZm

1gY8Yf a
8 /2f̄ agm f a(

j Þ1
~U1!3 jZj m

1gIT3I
f a f̄ agm f a(

j Þ1
~U1!2 jZj mJ , ~12!

where the first term is unchanged because there is no mi
of ordinary Z boson with extra neutral gauge bosons. Co
sidering theU2-transformation, the final interaction Lagrang
ian is given as
5-3
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LNC52(
f ,a

H gZf̄ agm~T3L
f a 2Qf a

sin2uW! f aF ~U2!11Z1m1(
j Þ1

~U2!1 jZj m8 G
1gY8Yf a

8 /2f̄ agm f a(
j Þ1

~U1!3 jF ~U2! j 1Z1m1 (
kÞ1

~U2! jkZkm8 G
1gIT3I

f a f̄ agm f a(
j Þ1

~U1!2 jF ~U2! j 1Z1m1 (
kÞ1

~U2! jkZkm8 G J . ~13!
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The contributions from the term (U2)1 jZj m8 can be omitted in
our analysis because they are combinations of mixings
exchanges of extra neutral gauge bosons and should be
small.

Because of the mixings, the mass,mZ1
of the observedZ

boson is shifted from the SM predictionmZ :

Dm2[mZ1

2 2mZ
2<0. ~14!

The presence of this mass shift will affect the T-parame
@18# at tree level. From Ref.@14#, the T-parameter is ex
pressed in terms of the effective form factorsḡZ

2(0),ḡW
2 (0)

and the fine structure constanta as

aT[12
ḡW

2 ~0!

mW
2

mZ1

2

ḡZ
2~0!

5a~TSM1Tnew!, ~15!

whereTSM and the new physics contributionTnew are given
by

aTSM512
ḡW

2 ~0!

mW
2

mZ
2

ḡZ
2~0!

, ~16!

aTnew52
Dm2

mZ1

2
>0. ~17!

It is noted that the positiveness ofTnew is attributed to the
mixings which always lower the mass of the ordinaryZ bo-
son. The effects of Z-Z8 mixings can be described by th
effective mixing angles and the positiveTnew.

IV. ELECTROWEAK OBSERVABLES

The experimental data used to put indirect constraints
extra neutral gauge bosons are summarized in Table II.
data include theZ-pole experiments, theW boson mass mea
surement and LENC experiments. They are updated f
Refs. @19,20#. The family universality is assumed in ou
analysis.

In addition to the electroweak observables generally u
in the literature, we also consider the possible constraint a
ing from the weak charge of the proton, which is proposed
be measured at Jefferson Lab. In contrast to the weak ch
07301
d
ery

r

n
he

m

d
s-
o
ge

of a heavy atom, the weak charge of the proton is for
itously suppressed in the SM. Therefore it is very sensitive
the contributions from new physics. Additionally it is twic
as sensitive to new u-quark interactions as it is to n
d-quark physics. In the model considered here the rig
handed u-quark and d-quark have different isospin conte
under SU(2)I , so it is advantageous to consider the co
straints arising from the anticipated measurement. The th
retical prediction@14# for the weak charge of the proton ca
be derived:

QW
P 50.0720220.01362DS10.00954DT

12~2DC1u1DC1d!. ~18!

TABLE II. Summary of precision electroweak measureme
used in our analysis.

Z-pole experiments

mZ ~GeV! 91.187260.0021
GZ ~GeV! 2.494460.0024
sh

0 ~nb! 41.54460.037
Rl 20.78460.023

AFB
0,l 0.017060.0009

At 0.142560.0043
Ae 0.151160.0019
Rb 0.2164260.00073
Rc 0.167460.0038

AFB
0,b 0.098860.0020

AFB
0,c 0.069260.0037

ALR
0 0.149560.0017

Ab 0.91160.025
Ac 0.63060.026

W-mass measurement
mW ~GeV! 80.39460.042

LENC experiments
ASLAC 0.8060.058
ACERN 21.5760.38
ABates 20.13760.033
AMainz 20.9460.19

QW(55
133Cs) 272.0660.44

KFH 0.324760.0040
KCCFR 0.582060.0049

gLL
nme 20.26960.011

gLR
nme 0.23460.011
5-4
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FIG. 1. The contour ofDx25x22xSM
2 51.0

for the lightest extra neutral gauge boson. T
constraint is obtained by use ofZ-pole experi-
ments andmW measurement. As a reference th
lower direct production limit from CDF@10# for
the sequentialZSM is also shown.
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V. CONSTRAINTS ON EXTRA NEUTRAL GAUGE BOSONS

Using the electroweak precision data, constraints on m
ing angles and masses of extra neutral gauge bosons ca
obtained from the standardx2 analysis. For simplicity,Snew
and Unew will be set zero because they are very sma
Through our analysis, we will use precisely determined
rametersmZ1

, Gf and ā(mZ1

2 ) as inputs. The Higgs mas

dependence of the results is ignored for simplicity. We set
top quark massmt5175 GeV and Higgs boson massmH
5100 GeV in our analysis. We first obtain the constrai
from Z-pole experiments andmW measurement only, an
then we combine the LENC experiments with them to
further constraints. Finally we will study the possible co
straints which would arise from measuring the weak cha
of the proton.

A. Constraints from Z-pole and mW data

From the previous analysis, it is found that theZ-pole
experiments are related to mixings and the T-parame
while mW is only relevant for the T-parameter. If we set a
mixing angles andTnew equal to zero, it will give the fit for
the SM. It serves as a reference because the SM fits
experiments very well. DefiningDx25x22xSM

2 , by requir-
ing acceptableDx2 we can get constraints on the mixing
and the masses of extra neutral gauge bosons. The resu
Dx251.0 is illustrated in Fig. 1. The lower mass limit for th
lightest extra gauge boson is about 400 GeV. It seems
the model allows for the existence of a comparatively lig
extra neutral gauge boson. But we will find in the followin
that this is not true when LENC experiments are includ
The mixing angles are found to be very small, namelyuuu
<0.003.

The sequentialZSM boson @21# is defined to have the
same couplings to fermions as the SMZ boson. Such a boso
is not expected in the context of gauge theories unless it
different couplings to exotic fermions than the ordinaryZ.
However, it serves as a useful reference case when com
ing constraints from various sources. The direct product
07301
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limit for the sequentialZSM boson from Ref.@10# is about
690 GeV. It is assumed that all exotic decay channels
forbidden, and the bound has to be relaxed by about 10
150 GeV when all exotic decays~including channels involv-
ing superparticles! are kinetically allowed. It is found that, a
this time, the lower mass limit for the lightest extra neut
gauge boson is much lower than the direct production li
for the sequentialZSM boson.

B. Constraints from Z-pole¿mW¿LENC data

The LENC experiments can get contributions from t
exchanges of extra neutral gauge bosons, which can be
proximated by contact interactions. The contact interacti
are inversely proportional to the masses of the extra ga
bosons exchanged in the processes. So the LENC ex
ments can put stringent constraints on the masses of e
neutral gauge bosons. The results of fittingZ-pole experi-
ments,mW measurement and LENC experiments are sho
in Fig. 2. The lower mass limits for the extra neutral gau
bosons are raised much higher than those without LE
experiments. The lower mass bound for the lightest ex
gauge boson is about 900 GeV. It is higher than the dir
production limit for the sequentialZSM boson.

In Ref. @13#, similar constraints on various possible ext
Z8 bosons were studied. In all cases the mixing angles
severely constrained (sinu,0.01), and the lower mass limi
are generally of the order of several hundred GeV, depend
on the specific models considered.

In the model considered here, from the Appendix
mW

I
3

2
;mB

2 assuming thatgI5gL andgY85gY . It is apparent

that mW
I
6 is degenerate withmW

I
3 without mixing. Generally

the lightest extra neutral gauge boson mainly consists ofWI
3 ,

or ZI . It is noted that ZI corresponds to Z8(u5
2arcsinA5/8) and is orthogonal toZh . There is no mass
limit on ZI from electroweak precision data available in t
literature. From constraints onZc , Zx andZh @13#, it could
be inferred that the mass limit onZI would be about 430
GeV at 95% C.L. In Ref.@10# the lower mass limit of 565
5-5
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FIG. 2. The contour ofDx25x22xSM
2 51.0

for the lightest extra neutral gauge boson. T
constraint is obtained by use ofZ-pole experi-
ments,mW measurement and LENC experiment
As a reference the lower direct production lim
from CDF @10# for the sequentialZSM is also
shown.
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GeV for ZI was set by direct search for heavy neutral gau
bosons with the Collider Detector at Fermilab. Our ma
limit on the lightest extra neutral gauge boson is much hig
mainly due to more updateded data used in our analysis

It should be pointed out that an updated value
QW(Cs)5272.06(28)expt(34)theor has been reported@22#.
The experimental precision was improved and indicate
2.5s deviation from the prediction of the SM. The possibili
that the discrepancy is due to contributions from new phys
has been suggested. In Refs.@23,24# it was shown that the
contribution from the exchange of an extra U~1! boson could
explain the data withoutZ2Z8 mixing. Some models which
would give negative contibutions toQW(Cs), such asZSM
andZh , were excluded at 99% C.L. The existence ofZI with
a central value of about 760 GeV could explain the dev
tion.

Of course, a 2.5s discrepancy is insufficient to claim
discovery, so we have used the data to determine lower m
bounds and mixings of additional neutral gauge bosons
put much stronger constraints on the mass and mixing of
lightest extra neutral gauge boson than the old data.
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From Ref. @11# the typical bounds achievable on ext
neutral or charged gauge bosonsmZ8(W8) at the coming col-
liders such as the Fermilab Tevatron, CERN Large Had
Collider ~LHC!, 500 GeV Next Linear Collider NLC and 1
TeV NLC are approximately 1 TeV, 4 TeV, 1–3 TeV and 2–
TeV correspondingly. Therefore the extra neutral gau
bosons in the model could be studied well in the com
colliding experiments.

C. Constraints from Z-pole¿mW¿LENC data¿QW
P

In Ref. @25#, it is proposed to measure the weak charge
the proton,QW

P , with parity-violating ep scattering atQ2

50.03(GeV/c)2 at Jefferson Lab. A high statistical accurac
is expected to be achieved with the current facility. Spec
cally, DQW

P /QW
0P;4% or better is possible. Figure 3 illus

trates the constraints on the lightest extra neutral gauge
son including theQW

P assuming that the precision level
3%. It is found that the lower mass bound of the lighte
extra neutral gauge boson is almost the same as the
straint with the data ofZ-pole expreiments,mW and LENC
he

ent
i-
ct
t

FIG. 3. The contour ofDx25x22xSM
2 51.0

for the lightest extra neutral gauge boson with t
data of Z-pole experiments,mW measurement,
LENC experiments and proposed measurem
of the weak charge of the proton with the prec
sion level of 3%. As a reference the lower dire
production limit from the Collider Detector a
Fermilab ~CDF! @10# for the sequentialZSM is
also shown. The contour ofDx252.0 is also
shown~dotted line!.
5-6
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experiments. Should the weak charge of the proton be m
sured with a high precision level, it would yield competitiv
constraints on the model.

In Ref. @26#, the new physics sensitivity of a variety o
low energy parity-violating observables was analyzed. Ta
as an example, present and prospective mass limits o
additional gauge boson,Zx , were given. Were the preciso
of measuring the weak charge of the proton 10%(3%), the
lower bound would be 585 (1100) GeV. This is compatib
with our result.

VI. BOUNDS ON HIGGS BOSONS

There are a large number of Higgs bosons in the mode
scalar, 3 pseudoscalar and 4 charged Higgs bosons. In
eral, the scalar potential will have too many parameters
make any meaningful statement about masses of H
bosons. However, in the supersymmetric version of
model, the scalar potential is highly constrained.

The most general superpotential satisfying gauge inv
ance can be written as

W5lH2HN1l8H2HN8. ~19!

Here H2HN means« i j H2
i H a j«abNb; i,j are SU(2)L in-

dices anda,b are SU(2)I indices. The scalar potential i
given by

V5VF1VD1Vso f t , ~20!

where

VF5(
i

u]W/]f i u2 ~21!

is the F-term, the sum runs over all complex scalarf i ’s
appearing in the theory,

VD51/2(
a

U(
i

~gaf i
†Taf i !1jaU2

~22!

is the D-term, Ta represent generators of correspondi
gauge groups andga coupling constants. Thej terms only
exist if a labels a U~1! generator, and in our consideratio
they are set to zero for simplicity.

Vso f t5mH
2 Tr~H †H !1mH2

2 H2
†H21mN

2 N†N1mN8
2 N8†N8

2lA~H2HN1H.c.!2l8A8~H2HN81H.c.!

2m3
2~N†N81H.c.! ~23!

are soft supersymmetry breaking terms. The soft supers
metry breaking parameters will be considered completely
bitrary; therefore we only study the tree-level potential. T
radiative corrections to the potential will not significant
affect the results because the primary effects of the radia
corrections are to change the effective soft supersymm
breaking terms. The exception is due to top quark contri
tion, proportional tomtop

4 , and it will increase some mas
limits by up to 20 GeV.
07301
a-

n
an

6
en-
to
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e

i-

-
r-
e

e
ry
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The complete potential has nine parameters:l,l8, the
coefficients of the two trilinear termsA and A8, the four
mass-squared parametersmH

2 , mH2

2 , mN
2 andmN8

2 , andm3
2 .

Six of them can be transferred to vacuum expectation valu
thus three undetermined parameters remain, which we
to bel, l8 andm3

2. All the parameters are chosen to be re
therefore the scalar potential isCP invariant.

It is straightforward but tedious to work out the mas
squared matrices for various Higgs bosons, which are gi
in the Appendixes. The mass-squared matrices for the ne
scalars and pseudoscalars are 737 matrices. The two matri-
ces are decoupled from each other because the scalar p
tial is CP invariant. The former must have one zero eige
value and the latter must have four zero eigenvalu
corresponding to the five Goldstone bosons eaten by the
massive neutral vector gauge bosons@the zero eigenvalue o
the scalar mass-squared matrix corresponds to the freedo
perform anSU(2)I rotation in order to set one of neutra
vacuum expectation values to zero#. The mass-squared ma
trices for charged Higgs scalars are 333 matrices. The posi-
tive states and negative states decouple, and they shar
same mass-squared matrix. There is one zero eigenvalu
each of them in order to produce masses for two char
vector bosons ofSU(2)L . As we must resort to numerica
techniques to find the eigenvalues of the Higgs bosons,
presence of the required number of zero eigenvalues
vides an excellent check on our numerical calculation.
another check, we found that there exists a relationship

TrMf
2 5TrMZ

21TrMH
3
0

2
, ~24!

whereMZ
2 is the neutral-vector mass-squared matrix,Mf

2 is
the neutral-scalar mass-squared matrix, andMH

3
0

2
represents

the pseudoscalar mass-squared matrix. This is a very gen
relation. It holds in any supersymmetric model based on
extended gauge group in which there are no gauge-sin
fields. Interestingly, in this model, the trace of the neutr
vector mass-squared matrix must include theWI fields,
which are the neutral nondiagonal bosons of theSU(2)I
group.

For every set of values ofl, l8 and m3
2, we searched

numerically for the minimum of the scalar potential. W
choosel andl8 to be as large as 1 andm3 to be as large as
1000 GeV. If the value ofl or l8 is too large, it will blow up
at the unification scale by the renormalization group analy
as in the SM. Adjusting the various vacuum expectation v
ues until the eigenvalues of the Higgs-boson mass matr
are positive or zero, we read off the value of the small
nonzero eigenvalue of the neutral scalar mass-squared
trix. Then we vary the values ofl, l8 and m3

2 to find the
largest possible value of this smallest nonzero eigenva
We find that its value is about 150 GeV.

VII. CONCLUSIONS

We have considered the effective low-energySU(2)L
3U(1)Y3SU(2)I3U(1)Y8 model, which can arise from
the E6 unification model. TheSU(2)I is a subgroup of
5-7



s
a
.

ac
k

o
na

rs
er
-
e

ur

m
5

a
Je
c

is m

s a

SHUQUAN NIE AND MARC SHER PHYSICAL REVIEW D64 073015
SU(3)R and commutes with the electric charge operator,
the three corresponding gauge bosons are neutral. The g
boson and Higgs boson sectors of the model are studied

The extra neutral gauge bosons generally mix with e
other and also with the ordinaryZ boson. The electrowea
precision data includingZ-pole experiments,mW measure-
ment and LENC experiments are used to put constraints
masses of extra gauge bosons and the mixings with ordi
Z bosons. The possible constraint from the weak charge
the proton, which is proposed to be measured at Jeffe
Lab, is also considered. It is found that the mixings are v
small, namelyuuu<0.003. The lower mass limit for the light
est extra neutral gauge boson is found to be about 900 G
which is somewhat higher than bounds in the literat
mainly due to more updated data used in our analysis.

The scalar potential is highly constrained in the supersy
metric version of the model. An upper bound of about 1
GeV to the mass of the lightestCP-even Higgs scalar is
found.
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APPENDIX A: MASS-SQUARED MATRIX FOR NEUTRAL
GAUGE BOSONS

The mass-squared matrix for neutral gauge bosons
symmetric 535 matrix:

mZ
25

1

4
~gL

21gY
2 !~v1

21v2
21v3

2!, ~A1!

m125
1

4
AgL

21gY
2gI~v1

22v3
2!,
07301
o
uge

h

n
ry
of
on
y

V,
e

-
0

l
f-

i-

a

m135
1

12
AgL

21gY
2gY8~2v1

214v2
22v3

2!,

m145m155
1

4
AgL

21gY
2gIv1v3 ,

mW
I
3

2
5

1

4
gI

2~v1
21v3

21n1
21n2

21n18
21n28

2!,

m235
1

12
gIgY8@2v1

21v3
225~n1

22n2
21n18

22n28
2!#,

m245m2550,

mB
25

1

36
gY8

2
@v1

2116v2
21v3

2125~n1
21n2

21n18
21n28

2!#,

m345m355
1

12A2
gIgY8@2v1v315~n1n21n18n28!#,

m445m5550,

mW
I
6

2
5

1

4
gI

2~v1
21v3

21n1
21n2

21n18
21n28

2!.

APPENDIX B: VARIOUS HIGGS BOSON MASS-SQUARED
MATRICES

The Higgs boson mass-squared matrix is obtained fro

Mi j
2 5

]2V

]f if j
U

minimum

. ~B1!

1. Scalar Higgs boson mass-squared matrix

The mass-squared matrix for scalar Higgs bosons i
737 symmetric matrix,S. Let
V2[v1
214v2

21v3
225~n1

21n2
21n18

21n28
2!, ~B2!

S115~ln11l8n18!21~l21l82!v2
21

1

2 S gL
21gY

21gI
21

1

9
gY8

2 D v1
21

1

4
gL

2~v1
22v2

21v3
2!1

1

4
gY

2~v1
22v2

21v3
2!

1
1

4
gI

2~v1
21v3

21n2
22n1

21n28
22n18

2!1
1

36
gY8

2 V21mH
2 , ~B3!

S1252~l21l82!v1v22
1

2 S gL
21gY

22
4

9
gY8

2 D v1v21lAn11l8A8n18 ,

S1352~ln11l8n18!~ln21l8n28!1
1

2 S gL
21gY

21gI
21

1

9
gY8

2 D v1v31
1

2
gI

2~n1n21n18n28!,

S1452lv3~ln11l8n18!1
1

2
gI

2~v1n21v3n1!2
5

18
gY8

2 v1n2 ,
5-8
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S1552lv1~ln11l8n18!2lv3~ln21l8n28!1
1

2
gI

2~v3n22v1n1!2
5

18
gY8

2 v1n11lAv2 ,

S1652l8v3~ln11l8n18!1
1

2
gI

2~v1n281v3n18!2
5

18
gY8

2 v1n28 ,

S175l8v1~ln11l8n18!1l8@~ln11l8n18!v12~ln21l8n28!v3#1
1

2
gI

2~v3n282v1n18!2
5

18
gY8

2 v1n181l8A8v2 ,

S225~ln11l8n18!21~ln21l8n28!21~l21l82!~v1
21v3

2!1
1

2 S gL
21gY

21
16

9
gY8

2 D v2
22

1

4
gL

2~v1
22v2

21v3
2!

1
1

4
gY

2~v1
22v2

21v3
2!1

1

9
gY8

2 V21mH2

2 ,

S2352~l21l82!v2v32
1

2 S gL
21gY

22
4

9
gY8

2 D v2v32lAn22l8A8n28 ,

S2452lv2~ln21l8n28!2
10

9
gY8

2 v2n22lAv3 ,

S2552lv2~ln11l8n18!2
10

9
gY8

2 v2n11lAv1 ,

S2652l8v2~ln21l8n28!2
10

9
gY8

2 v2n282l8A8v3 ,

S2752l8v2~ln11l8n18!2
10

9
gY8

2 v2n181l8A8v1 ,

S335~ln21l8n28!21~l21l82!v2
21

1

2 S gL
21gY

21gI
21

1

9
gY8

2 D v3
21

1

4
gL

2~v1
22v2

21v3
2!1

1

4
gY

2~v1
22v2

21v3
2!

1
1

4
gI

2~v1
21v3

21n1
22n2

21n18
22n28

2!1
1

36
gY8

2 V21mH
2 ,

S3452~ln21l8n28!lv32~ln11l8n18!lv11
1

2
gI

2~v1n12v3n2!2
5

18
gY8

2 v3n22lAv2 ,

S3552~ln21l8n28!lv11
1

2
gI

2~v1n21v3n1!2
5

18
gY8

2 v3n1 ,

S3652~ln21l8n28!l8v32~ln11l8n18!l8v11
1

2
gI

2~v1n182v3n28!2
5

18
gY8

2 v3n282l8A8v2 ,

S3752~ln21l8n28!l8v11
1

2
gI

2~v1n281v3n18!2
5

18
gY8

2 v3n18 ,

S445l2~v2
21v3

2!1
1

2 S gI
21

25

9
gY8

2 Dn2
21

1

4
gI

2~v1
22v3

21n1
21n2

22n18
21n28

2!2
5

36
gY8

2 V21mN
2 ,

S4552l2v1v31
1

2
gI

2~v1v31n1n21n18n28!1
25

18
gY8

2 n1n2 ,

S465ll8~v2
21v3

2!1
1

2
gI

2~n1n181n2n28!1
25

18
gY8

2 n2n282m3
2 ,
073015-9



SHUQUAN NIE AND MARC SHER PHYSICAL REVIEW D64 073015
S4752ll8v1v31
1

2
gI

2~n1n282n2n18!1
25

18
gY8

2 n2n18 ,

S555l2~v1
21v2

2!1
1

2 S gI
21

25

9
gY8

2 Dn1
21

1

4
gI

2~v3
22v1

21n1
21n2

21n18
22n28

2!2
5

36
gY8

2 V21mN
2 ,

S5652l2v1v31
1

2
gI

2~n2n182n1n28!1
25

18
gY8

2 n1n28 ,

S575ll8~v1
21v2

2!1
1

2
gI

2~n1n181n2n28!1
25

18
gY8

2 n1n182m3
2 ,

S665l82~v2
21v3

2!1
1

2 S gI
21

25

9
gY8

2 Dn28
21

1

4
gI

2~v1
22v3

21n18
21n28

22n1
21n2

2!2
5

36
gY8

2 V21mN8
2 ,

S6752l82v1v31
1

2
gI

2~v1v31n1n21n18n28!1
25

18
gY8

2 n18n28 ,

S775l82~v1
21v2

2!1
1

2 S gI
21

25

9
gY8

2 Dn18
21

1

4
gI

2~v3
22v1

21n18
21n28

21n1
22n2

2!2
5

36
gY8

2 V21mN8
2 .
o

2. Pseudocalar Higgs boson mass-squared matrix

The mass-squared matrix for pseudoscalar Higgs bos
is also a 737 symmetric matrix,P:

P115~ln11l8n18!21~l21l82!v2
21

1

4
gL

2~v1
22v2

21v3
2!

1
1

4
gY

2~v1
22v2

21v3
2!

1
1

4
gI

2~v1
21v3

21n2
22n1

21n28
22n18

2!

1
1

36
gY8

2 V21mH
2 , ~B4!

P125lAn11l8A8n18 ,

P1352~ln11l8n18!~ln21l8n28!1
1

2
gI

2~n1n21n18n28!,

P145lv3~ln11l8n18!2
1

2
gI

2v3n1 ,

P1552lv3~ln21l8n28!1
1

2
gI

2v3n21lAv2 ,

P165l8v3~ln11l8n18!2
1

2
gI

2v3n18 ,

P1752l8v3~ln21l8n28!1
1

2
gI

2v3n281l8A8v2 ,
07301
ns
P225~ln11l8n18!21~ln21l8n28!21~l21l82!~v1

2

1v3
2!2

1

4
gL

2~v1
22v2

21v3
2!1

1

4
gY

2~v1
22v2

21v3
2!

1
1

9
gY8

2 V21mH2

2 ,

P2352lAn22l8A8n28 ,

P245lAv3 ,

P2552lAv1 ,

P265l8A8v3 ,

P2752l8A8v1 ,

P335~ln21l8n28!21~l21l82!v2
21

1

4
gL

2~v1
22v2

21v3
2!

1
1

4
gY

2~v1
22v2

21v3
2!

1
1

4
gI

2~v1
21v3

21n1
22n2

21n18
22n28

2!

1
1

36
gY8

2 V21mH
2 ,

P3452~ln11l8n18!lv11
1

2
gI

2v1n12lAv2 ,
5-10
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P355~ln21l8n28!lv12
1

2
gI

2v1n2 ,

P3652~ln11l8n18!l8v11
1

2
gI

2v1n182l8A8v2 ,

P375~ln21l8n28!l8v12
1

2
gI

2v1n28 ,

P445l2~v2
21v3

2!1
1

4
gI

2~v1
22v3

21n1
21n2

22n18
21n28

2!

2
5

36
gY8

2 V21mN
2 ,

P4552l2v1v31
1

2
gI

2~v1v31n18n28!,

P465ll8~v2
21v3

2!1
1

2
gI

2n1n182m3
2 ,

P4752ll8v1v32
1

2
gI

2n1n28 ,

P555l2~v1
21v2

2!1
1

4
gI

2~v3
22v1

21n1
21n2

21n18
22n28

2!

2
5

36
gY8

2 V21mN
2 ,

P5652l2v1v32
1

2
gI

2n2n18 ,

P575ll8~v1
21v2

2!1
1

2
gI

2n2n282m3
2 ,

P665l82~v2
21v3

2!1
1

4
gI

2~v1
22v3

21n18
21n28

22n1
21n2

2!

2
5

36
gY8

2 V21mN8
2 ,

P6752l82v1v31
1

2
gI

2~v1v31n1n2!,
07301
P775l82~v1
21v2

2!1
1

4
gI

2~v3
22v1

21n18
21n28

21n1
22n2

2!

2
5

36
gY8

2 V21mN8
2 .

3. Charged Higgs boson mass-squared matrix

The mass-squared matrix for charged Higgs bosons
333 symmetric matrix,C:

C115~ln11l8n18!21
1

4
gL

2~v1
22v2

21v3
2!1

1

4
gI

2~v1
21v3

21n2
2

2n1
21n28

22n18
2!1

1

4
gY

2~v1
22v2

21v3
2!1

1

36
gY8

2 V2

1mH
2 ,

C125~l21l82!v1v22
1

2
gL

2v1v21lAn11l8A8n18 ,

C1352~ln11l8n18!~ln21l8n28!1
1

2
gL

2v1v3

1
1

2
gI

2~v1v3n1n21n18n28!,

C225~ln11l8n18!21~ln21l8n28!21
1

4
gL

2~v1
21v2

21v3
2!

2
1

4
gY

2~v1
22v2

21v3
2!1

1

9
gY8

2 V21mH2

2 ,

C235~l21l82!v2v32
1

2
gL

2v2v32lAn22l8A8n28 ,

C335~ln21l8n28!21
1

4
gL

2~2v1
21v2

21v3
2!1

1

4
gI

2~v1
21v3

2

1n1
22n2

21n18
22n28

2!1
1

4
gY

2~v1
22v2

21v3
2!1

1

36
gY8

2 V2

1mH
2 . ~B5!
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