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Extra neutral gauge bosons and Higgs bosons in an effective low-er@dff), X SU(2),xU(1)y
X U(1)y, model, which is a subgroup &, are studiedSU(2), is a subgroup o8 U(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 ordinaB/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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[. INTRODUCTION gauge bosons by electroweak precision data. In Réf-
14], such constraints were derived in t184J(2), XU(1)y

The mass of the Higgs boson of the standard m¢&®) X U(1)y. model. The lower mass limits were generally sev-
is still undetermined, although there are recent reports indieral hundreds of GeV and were competitive with experimen-
cating the observation of signals at the CEBRNe~ collider  tal bounds from direct searches. A good summaryZof
LEP [1-3]. The requirement that the vacuum is stable andsearches can be found in REi5] and references therein.
the perturbation is valid up to a large scdfer example, The paper is organized as follows. In the next section, the
grand unification scajecan bound the magsy of Higgs  model will be described briefly, and a specific Higgs field
bosoris) [4]. Extra Higgs bosons and gauge bosons will ap-assignment to breakSU(2), X U(1)yXSU(2);XU(1)y
pear naturally in many extensions of the SM. Generally thanto U(1)., will be introduced. Section IIl deals with the
masses of extra gauge bosons remain unpredicted and mayextra neutral gauge bosons. The mixing among neutral gauge
may not be of the order of the electroweak scale. The closebosons will be discussed. In Sec. 1V, electroweak precision
ness of the observed/ andZ boson properties with the pre- experiments, includingZ-pole experimentsm,, measure-
dictions of the SM do not yield any direct information about ments and low-energy neutral currgENC) experiments
the masses of extra gauge bosons, but seems to imply thaill be presented, with special attention being paid to a pro-
the mixings of W or Z with extra gauge bosons should be posed measurement of the weak charge of the proton at Jef-
very small. ferson Lab. In Sec. V, constraints on the masses of extra

Eg models have been studied wid€l§]. The maximal neutral gauge bosons and mixings will be found. In Sec. VI,
subgroup decomposition ofEg containing QCD as bounds on and relationships of masses of Higgs bosons ap-
an explicit factor is SU(3)cXSU(3) XSU(3)g, pearing in the supersymmetric version of the model will be
from which an effective low energy model derived. Section VIl contains our conclusions. Mass-squared
SU(2)  XSU(2),xU(1)yxU(1)y, can arise[6]. SU(2), matrices of neutral gauge bosons and Higgs bosons in the
commutes with the electric charge operator and the corremodel are given in the Appendixes.
sponding gauge bosons are neutral. The most extensive
works on the phenomenology of this model focused on the Il. THE MODEL
production of thew,’s in hadron-hadrone*e™, andep col- )
liders [7,8]. The t-channel production of exotic fermions in  There are many phenomenologically acceptable low en-
the model has recently been considered in IR@F. In this ~ €rdy models which can arise frof:

paper we will study the gauge boson and Higgs boson sec- .
tors of the model, and bounds on the masses and mixings of (8 Be=SUR)cX SUR2) X U(L)yxXU(L),,

extra neutral gauge bosons and Higgs bosons will be found.

In Ref.[10], a direct search for extra gauge bosons was (b) Ee—SO(10)xU(1),—SUB) XU (1),
reported and lower mass limits of approximately 500—700 XU(1)y,
GeV were set, depending on t#é couplings. The discovery
potential and diagnostic abilities of proposed future colliders () Eg—SU(3)cXSU(2) XSU(2)gxU(1),
for new neutral or charged gauge bosons were summarized
in Ref.[11]. Even though there is as yet no direct experimen- XU(Dr,
tal evidence of extra gauge bosons, stringent indirect con-

straints can be put on the mixings and the masses of extra (¢') Be—SUB3)cXSU2) X SU2) XU (1)y

XU(1)yr, 1)
*Email address: sxnie@physics.wm.edu where there is only one extra Z, generally callgg, in
"Email address: sher@physics.wm.edu model(a). U(1), andU(1), can be combined inttl(1), as
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Z'(6)=2,c0s6—Z,sin 6 in model(b), reducing it to the ef- TABLE I. The quantum numbers of fermions 27 of E; at the
fective rank-5 modelSU(3)cX SU(2), X U(1)yxU(1),,  SU@)XSU2)XU(1)yXU(1)y level.
which is most often considered in the literature. In particular,

U(1), corresponds tog=arcsin/3/8. Model (c) and (¢) State  Ta Ta Y Y Qem=TatYR2

come from the subgroupU(3)-XSU(3)  XSU(3)g. The u 1/2 0 1/3 2/3 2/3
27-dimensional fundamental representation Bf has the d —1/2 0 1/3 2/3 ~1/3
branching rule ue 0 0 —4/13  2/3 -2/3
_ d° 0 1/2 213 —13 1/3
27=(3%3,1)+(3%1,3)+(153,3), h 0 0  -23 -4 -1/3
‘*q'—’ ‘—{—’ ‘—T—’ h® 0 -12 213 -13 1/3

) e —-1/2 1/2 -1 —-1/3 -1

and the particles of the first family are assigned as e’ 0 0 2 2/3 1
E™ —-1/2 —-1/2 -1 —-1/3 -1

u EC » N E® 1/2 0 1 —4/3 1

c c c c v 1/2 1/2 -1 -1/3 0

df+(u® d° h9+ Nc ec .6 e 0 12 0 5/3 0

h e v & N 2 -12 -1  -13 0

c — —
whereSU(3), operates vertically an8 U(3)g operates hori- N 3/2 _ ;)/2 (1) 5%3 %

zontally. (Different symbols for these particles may be used
in the literature).

The most common pattern of breaking tB&J(3)g factor
is to break the8 of SU(3)g into 2+ 1, so that (1°,d°) forms

andN’ are also neutral. Note that two N doublets are needed.
/R . L The reason can be seen in the limit where the model is bro-
an SU(2)g doublet withh® as aSU(2)g singlet. This gives  yan down to the SM at a scale much greater than the elec-

model (c), the familiar left-right symmetric mode[16]. troweak scale. A single N doublet can only bre@ki(2),
Model (c) can be reduced further to an effective rank-qu(l)Y, down to U1), leaving an extra unbroken (1)
model with U(1)y-,+r. Another possibility, resulting in '
model (¢), is to break the3 of the SU(3)g into 1+ 2 so that
(d¢,h°) forms anSU(2) doublet withu® as a singlet. In this
option, theSU(2) does not contribute to the electromagnetic

symmetry.
The multiplets can get vacuum expectation values in the
following way:

charge operator and it is call&diu(2), (I stands for Inet 0 v, U3
Then the vector gauge bosons corresponding t§2), are (Hp)= v ) (H)= 0 O)'
neutral. 2
Atthe SU(2) X SU(2),XU(1)yXU(1)y: level, a single _ N ,
generation of fermions can be represented as (N)=(nz ny), (N)=(n; ny). (6)
vy N u Since we are not considering the spontaned#&sviolation,
( _ _) , ) . (d® h%, the phase of the Higgs fields can be chosen such that all of
e B, d/, vacuum expectation values are real and positive. There ap-

pear to be seven vacuum expectation values in the model, but
E° . c c one of them can be set to zero by performing &d(2),
NI (v* S, he, e, up, (4) rotation. So there are only six physically relevant vacuum
L expectation values.

whereSU(2), () acts vertically(horizontally. The quantum
numbers of particles are listed in Table I. Il. EXTRA NEUTRAL GAUGE BOSONS AND MIXINGS

In Ref. [17] the Higgs structure necessary to break
In the SU(2) XU(1)yXSU(2),XU(1)y, model, the
SU(2) X SU(2), X U(1)yX U(1)y: down to U(1)em was neutral gauge fields include the ordinafycoming from

discussed. The Higgs multiplets are SU2), X U(1)y: W|1, le and W|3 for the SU(2), group

+ o and B for U(1)y,. [We will use linear combination¥V;”
H2 Hl v 1— :\ps2 . 1 2 .
Ho=| ol wH=| = _ | =(W'FiW?)/2 instead ofw! and W?; here + is just a
H3 H, e convention as they are neutrjahfter the spontaneous sym-

metry breaking mechanism described in the previous section,
N=(N, Nj), N'=(N; Nj), (5)  the mass-squared matrix for the neutral gauge bosons is a
symmetric 5<5 matrix, whose elements are listed in the
with SU(2)_ acting in the vertical direction an8U(2), act-  Appendixes.
ing in the horizational direction. The (W) quantum numbers It is apparent that there are mixings among the neutral
areY(H,)=1, Y(H)=—-1,Y(N)=Y(N')=0, andY'(H,) gauge bosons. It is impossible to diagonalize the matrix ana-
=4/3,Y'(H)=1/3,Y'(N)=Y'(N")=—5/3. The doublets N  Iytically. Numerical calculations must be needed to get the
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eigenstates and corresponding eigenvalues. ings of ordinaryZ boson with extra neutral gauge bosons
It is noted that the elements in the first réaolumn are  occur in this transformation. For small mixings, the elements

independent of the vacuum expectation valogsndn; (i of U, will have the following properties:

=1,2). Therefore when they are very large, the mixing

should be small. In this decoupling limit, the only observable

neutral gauge boson is the ordinatyand its mass should be

the exact value measured experimentally. The extra neutral (U2)11~1.0,
gauge bosons are not yet accessible experimentally, but their
existence will have effects in electroweak radiative correc-
tions. 2 o\ 12
In order to find mass eigenstates and mixing angles, the TR mz—mz,
mass-squared matri%{? can be split into two parts: (U2)ja R
7!
J
M?=Mi+ Mj
m> 0 0 O 0 (Up)j~0, j#k. (10)
2
mwf Mz Mg Mys
_| 0 my mé Mgy  Mas Therefore (Jz_)jl can be treated as effective mixing angles. .
9 The couplings between neutral gauge bosons and fermi-

o
3
N
3
R
o
3
=
T+

ons, which will give neutral current processes, are

0 mp miz my Mg — f .
Lnc= —fE {nga‘yM(T3i_QfaSInZHW)faZ,u

m, 0 O 0 O

+| Mgz O 0 0 0 () +0v: Y§ /2f_ay"faB,L+g|T;?f_a)’“faW|3,L}y 11
my 0 O 0 0O ’
ms 0O O 0 O

) ] ] ) ) where the first term in the braces represents the SM neutral
First we can use a 85 unitary matrixU, to diagonalize  crents, the second and third terms represent additional neu-

M3, andU; can have the form tral currents introduced by extra neutral gauge bosons, and
0z=9, /cosby=gv/sinb,. The symbolf , denotes the lep-
1 0 tons or quarks with the chirality (=L or R). The quan-
U= ( 0 U1>’ (8  tum numbers‘l';‘i, Qr,. Yi. andT;L( can be read from Table

I. The flavor-changing neutral currents caused\Wy in-
whereu, is a 4x 4 unitary matrix. This is to find mass eigen- volve heavy fermions and will not be included here.
states of extra neutral gauge bosons. There is no mixing of After the U;-transformation, the interaction Lagrangian
ordinary Z boson with extra neutral gauge bosons at thischanges as
stage. Then the total mass-squared matrix for the neutral
gauge bosons under the new basis has the form

M"2= M2+ MR Lnc=— 2 | Gzf o ¥(To = Qq sirPoy)f,Z,,

f,a
2
mz mp M My Mg L J2f,
+gY’Yfa/2fa7p'fa.E (Ul)e’jzj'“

2
my, Mz, 71
2
=| My mz : 9 fat
, R T ar a2 (UDaiZj,f, (12)

m14 mz4 J?ﬁ

2
Mis mz,

where the first term is unchanged because there is no mixing
M "2 can be principally diagonalized by another unitary ma-of ordinary Z boson with extra neutral gauge bosons. Con-
trix U,; then we can get a unitary matrix=U, XU, which  sidering theU,-transformation, the final interaction Lagrang-
can be used to diagonalize the original matkik?. The mix-  ian is given as
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Lnc= _fE [ng_aJ’M(T;C[_QfQSinzaw)fa[(Uz)llzm*‘ i;l (Uz)yZ{,

,a

Oy Y f2f 2

j#1

fag
+gIT3| fa'yﬂfaj#l

The contributions from the termJ;) 1J-ZJ-’# can be omitted in

(ul)gj[wz),-lzm gl (U kZi,

(Ul)Zj[(UZ)jlzl;L+ gl (U2) ik Ziu

PHYSICAL REVIEW D64 073015

] . (13

of a heavy atom, the weak charge of the proton is fortu-

our analysis because they are combinations of mixings aniously suppressed in the SM. Therefore it is very sensitive to
exchanges of extra neutral gauge bosons and should be velje contributions from new physics. Additionally it is twice

small.
Because of the mixings, the massz, of the observed

boson is shifted from the SM predictian, :

2

Am’=m; —m3=0. (14)

as sensitive to new u-quark interactions as it is to new
d-quark physics. In the model considered here the right-
handed u-quark and d-quark have different isospin contents
under SU(2),, so it is advantageous to consider the con-
straints arising from the anticipated measurement. The theo-
retical prediction[14] for the weak charge of the proton can
be derived:

The presence of this mass shift will affect the T-parameter

[18] at tree level. From Ref{14], the T-parameter is ex-

pressed in terms of the effective form fact@¥0),92,(0)
and the fine structure constaatas

QF=0.07202-0.01362A S+ 0.00954A T
+2(2AC1,+ACyy). (18)

TABLE II. Summary of precision electroweak measurements

E\ZN(O) mz, used in our analysis.
aT=1- =
my  92(0) Z-pole experiments
= a(Tsyt Thew), (15 m; (GeV) 91.1872+0.0021
_ o _ I'; (GeV) 2.4944+0.0024
whereTg), and the new physics contributidn,e,, are given o2 (nb) 41 544+ 0.037
by R 20.784-0.023
— ) AL 0.0170+0.0009
_._ 9w m; A, 0.1425+-0.0043
aTSM— —2 _2—, (16)
my  92(0) Ac 0.1511-0.0019
Ry 0.21642+0.00073
Am? R. 0.1674+0.0038
aTpew=———=0. (17) A28 0.0988+0.0020
z A% 0.0692+0.0037
, - _ _ AL 0.1495-0.0017
It is noted @hat the positiveness ®f,q IS attrlbutgd to the A, 0.911+0.025
mixings which always Iowz_ar_the mass of the ordanrjoo— A, 0.630+0.026
son. The effects of Z' mixings can be described by the
effective mixing angles and the positiVg,e,,- W-mass measurement
my (GeV) 80.394+0.042
IV. ELECTROWEAK OBSERVABLES LENC experiments
The experimental data used to put indirect constraints on AsLac 0.80+0.058
extra neutral gauge bosons are summarized in Table II. The Acern ~157+0.38
data include th&-pole experiments, th&/ boson mass mea- Asates —0.137£0.033
surement and LENC experiments. They are updated from Awmainz —0.94+0.19
. . . . . 13 _
Refs. [19,20. The family universality is assumed in our Qu(2£Cs) 72.06+0.44
analysis. Ken 0.3247£0.0040
In addition to the electroweak observables generally used Kcerr 0.5820+0.0049
in the literature, we also consider the possible constraint aris- g e —0.269+0.011
ing from the weak charge of the proton, which is proposed to gt‘ée 0.234+0.011

be measured at Jefferson Lab. In contrast to the weak charge
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2000 —— —— ——
1500 | 1
FIG. 1. The contour ofA %= x?— x3y=1.0
> for the lightest extra neutral gauge boson. The
¢ 1000 | ] constraint is obtained by use @upole experi-
€ ments andmy, measurement. As a reference the
lower direct production limit from CDF10] for
the sequentiakg), is also shown.
500 .
0 1 1 1
-0.01 -0.005 0 0.005 0.01
)
V. CONSTRAINTS ON EXTRA NEUTRAL GAUGE BOSONS limit for the sequentialZg), boson from Ref[10] is about

Using the electroweak precision data, constraints on mix—690 GeV. It is assumed that all exotic decay channels are

ing angles and masses of extra neutral gauge bosons can fé’éb'dden' and the bou_nd has t_o be r_elaxed by ab_out 100 to

obtained from the standangf analysis. For simplicityS, e, _150 GeV Whe_n all eXOt_'C d_eca;(mcludlng channels involv-

and U, will be set zero because they are very small.ing superparticlgsare kinetically allowed. It is found that, at

Through our analysis, we will use precisely determined pa:[his time, the lower mass limit for the lightest extra neutral

rametersm, , G; and E(m% ) as inputs. The Higgs mass gauge boson is much lower than the direct production limit
1’ 1 ’

for the sequentiaZg)y, boson.
dependence of the results is ignored for simplicity. We set the a SM

top quark massn,=175 GeV and Higgs boson mass;,
=100 GeV in our analysis. We first obtain the constraints
from Z-pole experiments andh, measurement only, and The LENC experiments can get contributions from the
then we combine the LENC experiments with them to getexchanges of extra neutral gauge bosons, which can be ap-
further constraints. Finally we will study the possible con-proximated by contact interactions. The contact interactions
straints which would arise from measuring the weak chargare inversely proportional to the masses of the extra gauge
of the proton. bosons exchanged in the processes. So the LENC experi-
ments can put stringent constraints on the masses of extra
neutral gauge bosons. The results of fittidgpole experi-
ments,my, measurement and LENC experiments are shown
From the previous analysis, it is found that tAepole in Fig. 2. The lower mass limits for the extra neutral gauge
experiments are related to mixings and the T-parametehosons are raised much higher than those without LENC
while my, is only relevant for the T-parameter. If we set all experiments. The lower mass bound for the lightest extra
mixing angles and’ ., €qual to zero, it will give the fit for gauge boson is about 900 GeV. It is higher than the direct
the SM. It serves as a reference because the SM fits thgroduction limit for the sequentialg), boson.
experiments very well. Definind x?= x?— x4y, by requir- In Ref.[13], similar constraints on various possible extra
ing acceptableA x> we can get constraints on the mixings Z' bosons were studied. In all cases the mixing angles are
and the masses of extra neutral gauge bosons. The result f8gverely constrained (s#<0.01), and the lower mass limit
Ax?=1.0is illustrated in Fig. 1. The lower mass limit for the are generally of the order of several hundred GeV, depending
lightest extra gauge boson is about 400 GeV. It seems tha&n the specific models considered.
the model allows for the existence of a comparatively light In the model considered here, from the Appendixes,
extra neutral gauge boson. But we will find in the following m\2N3~ m3 assuming thag), =g, andgy,=gy. It is apparent

that this is not true when LENC experiments are included,[ha{m . is degenerate withns without mixing. Generall
The mixing angles are found to be very small, namiely Wi 9 Wi 9. y

<0.003. the lightest extra neutral gauge boson mainly consisW-f
The sequentiaZg,, boson[21] is defined to have the or Z;. It is noted that Z, corresponds toZ'(6=
same couplings to fermions as the $\boson. Such a boson —arcsin/5/8) and is orthogonal t&,. There is no mass
is not expected in the context of gauge theories unless it hdinit on Z, from electroweak precision data available in the
different couplings to exotic fermions than the ordinay literature. From constraints af,, Z, andZ, [13], it could
However, it serves as a useful reference case when compdre inferred that the mass limit ofi would be about 430
ing constraints from various sources. The direct productiorGeV at 95% C.L. In Ref[10] the lower mass limit of 565

B. Constraints from Z-pole+m,,+LENC data

A. Constraints from Z-pole and m,, data
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2000 — T . .
1500 |- .
FIG. 2. The contour ofA %= x?>— x3y=1.0
< for the lightest extra neutral gauge boson. The
& 1000 | ] constraint is obtained by use @pole experi-
= ments,my, measurement and LENC experiments.
As a reference the lower direct production limit
from CDF [10] for the sequentialgy is also
500 J shown.
0 i 1 1
-0.01 -0.005 0 0.005 0.01

GeV for Z, was set by direct search for heavy neutral gauge From Ref.[11] the typical bounds achievable on extra
bosons with the Collider Detector at Fermilab. Our masseutral or charged gauge bosang, /), at the coming col-
limit on the lightest extra neutral gauge boson is much highefiders such as the Fermilab Tevatron, CERN Large Hadron
mainly due to more updateded data used in our analysis. Collider (LHC), 500 GeV Next Linear Collider NLC and 1

It should be pointed out that an updated value forTev NLC are approximately 1 TeV, 4 TeV, 1-3 TeV and 2—6
Qw(Cs)= —72.06(28)p(34)meor has been reported22].  Tev correspondingly. Therefore the extra neutral gauge
The experimental precision was improved and indicated osons in the model could be studied well in the coming
2.5¢ deviation from the prediction of the SM. The possibility colliding experiments.
that the discrepancy is due to contributions from new physics

has peer_l suggested. In Ref23,24] it was shown that the C. Constraints from Z-pole+my+LENC data+Q%,
contribution from the exchange of an extr@glyboson could o

explain the data withol —Z' mixing. Some models which In Ref.[25], it is proposed to measure the weak charge of
would give negative contibutions 1@,,(Cs), such aZs,,  the proton,Qy, with parity-violating ep scattering atQ
andz, , were excluded at 99% C.L. The existenc&Zpfvith ~ =0. 03(GeVk)* at Jefferson Lab. A high statistical accuracy
a Centra| value of about 760 GeV could exp|a|n the dev|aJS expected to be achieved with the current faC|I|ty SpeC|f|-
tion. cally, AQ}/QX'~4% or better is possible. Figure 3 illus-

Of course, a 2.& discrepancy is insufficient to claim a trates the constraints on the lightest extra neutral gauge bo-
discovery, so we have used the data to determine lower massn including theQW assuming that the precision level is
bounds and mixings of additional neutral gauge bosons. 18%. It is found that the lower mass bound of the lightest
put much stronger constraints on the mass and mixing of thextra neutral gauge boson is almost the same as the con-
lightest extra neutral gauge boson than the old data. straint with the data oZ-pole expreimentsm,, and LENC

2000 — T

1500 | FIG. 3. The contour ofA y?= x?— x3y=1.0

for the lightest extra neutral gauge boson with the
data of Z-pole experimentsm,, measurement,
LENC experiments and proposed measurement
1 of the weak charge of the proton with the preci-
sion level of 3%. As a reference the lower direct
production limit from the Collider Detector at
Fermilab (CDF) [10] for the sequentialgy, is

500 | ] also shown. The contour ohy?=2.0 is also
shown(dotted ling.

1000

m (GeV)

0
-0.01 -0.005 0 0.005 0.01
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experiments. Should the weak charge of the proton be mea- The complete potential has nine parametersi’, the
sured with a high precision level, it would yield competitive coefficients of the two trilinear termé and A’, the four

constraints on the model. mass-squared parametens,, m; , my and m&,, andm3.

In Ref. [26],'the'nevx./ physics sensitivity of a variety of Six of them can be transferred to vacuum expectation values,
low energy parity-violating observables was analyzed. Take?hus three undetermined parameters remain, which we take

as an example, present and pros_pective mass Iimits_ oN 88 bex, N’ andms3. All the parameters are chosen to be real,

additional gauge bosoiz, , were given. Were the precison therefore the scalar potential ®P invariant.

I(::wn;?%itrrl:(]jgv:giI\(;v%iiaKSCSTSa[?LiOO(;)thgep\;Ot'(r)I:isli%g,g/(c)))rﬁt:\?ible It is straightforward but tedious to work out the mass-
' P squared matrices for various Higgs bosons, which are given

with our result. in the Appendixes. The mass-squared matrices for the neutral
scalars and pseudoscalars are7/ matrices. The two matri-
V1. BOUNDS ON HIGGS BOSONS ces are decoupled from each other because the scalar poten-

There are a large number of Higgs bosons in the model: gal is CP invariant. The former must have one zero eigen-
scalar, 3 pseudoscalar and 4 charged Higgs bosons. In ge¥@lué and the latter must have four zero eigenvalues,
eral, the scalar potential will have too many parameters t&orresponding to the five Goldstone bosons eaten by the five
make any meaningful statement about masses of Higgdassive neutral vector gauge bostie zero eigenvalue of
bosons. However, in the supersymmetric version of thdhe scalar mass-squared matrix corresponds to the freedom to

model, the scalar potential is highly constrained. perform anS U(2)| rotation in order to set one of neutral
The most general superpotential satisfying gauge invarivacuum expectation values to zgrghe mass-squared ma-
ance can be written as trices for charged Higgs scalars ar& 3 matrices. The posi-
tive states and negative states decouple, and they share the
W=AH,HN+\"H,HN". (19 same mass-squared matrix. There is one zero eigenvalue for

o each of them in order to produce masses for two charged

Here H,HN meanss;jHyH “e ,zNP; ij are SU(2), in-  vector bosons 0BU(2), . As we must resort to numerical
dices ande, 8 are SU(2), indices. The scalar potential is techniques to find the eigenvalues of the Higgs bosons, the
given by presence of the required number of zero eigenvalues pro-
vides an excellent check on our numerical calculation. As

V=Ve+Vp+Vsort, (20) another check, we found that there exists a relationship
where TIM3=TrM2+TrM 2o, (24)
3
— 2
VF_zi |WI 9 ¢bi| (2D whereM2 is the neutral-vector mass-squared math# is

. 2
the neutral-scalar mass-squared matrix, &cb represents
is the F-term, the sum runs over all complex scafgis 3

i the pseudoscalar mass-squared matrix. This is a very general
appearing in the theory, b d Y9

relation. It holds in any supersymmetric model based on an
2 extended gauge group in which there are no gauge-singlet
Vp=1/20, | > (Qadhi T2hi) + &5 (220  fields. Interestingly, in this model, the trace of the neutral-
a | i vector mass-squared matrix must include thg fields,
which are the neutral nondiagonal bosons of &E(2),
group.
For every set of values of, ' and m3, we searched
numerically for the minimum of the scalar potential. We
choose\ and\’ to be as large as 1 amd; to be as large as

is the D-term,T? represent generators of corresponding
gauge groups and, coupling constants. Thé terms only
exist if a labels a W1) generator, and in our consideration
they are set to zero for simplicity.

Vo= M2 Tr(H TH) +mZ HIH,+ m2NTN+mZ, N/ TN’ 1000 GeV. If the value ok or A" is too large, it will blow up
2 at the unification scale by the renormalization group analysis
~MA(H,HN+H.c)—\' A’ (H,HN’ +H.c) as in the SM. Adjusting the various vacuum expectation val-
) ues until the eigenvalues of the Higgs-boson mass matrices
—m3(N'N’"+H.c) (23)  are positive or zero, we read off the value of the smallest

) nonzero eigenvalue of the neutral scalar mass-squared ma-
are soft supersymmetry breaking terms. The soft supersymyix Then we vary the values of, A’ and m to find the

metry breaking parameters will be considered completely arpgest possible value of this smallest nonzero eigenvalue.
bitrary; therefore we only study the tree-level potential. The\ws find that its value is about 150 GeV.

radiative corrections to the potential will not significantly
affect the results because the primary effects of the radiative
corrections are to change the effective soft supersymmetry
breaking terms. The exception is due to top quark contribu- We have considered the effective low-ener§(2),
tion, proportional tomfop, and it will increase some mass XU(1)yXSU(2),XU(1)y, model, which can arise from
limits by up to 20 GeV. the Eg unification model. TheSU(2), is a subgroup of

VII. CONCLUSIONS
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SU(3)g and commutes with the electric charge operator, so 1 ) y
the three corresponding gauge bosons are neutral. The gauge M3~ 1_2\/gL+ngY’(_Ul+4U2_U3)1
boson and Higgs boson sectors of the model are studied.

The extra neutral gauge bosons generally mix with each 1
other and also with the ordina® boson. The electroweak mq,= mlSZZ\/g?L+ngg|Ulvg,
precision data including-pole experimentsm,, measure-
ment and LENC experiments are used to put constraints on
masses of extra gauge bosons and the mixings with ordinary m
Z bosons. The possible constraint from the weak charge of
the proton, which is proposed to be measured at Jefferson 1
Lab, is also considered. It is found that the mixings are very . T—024+02=5(n2=n2+n’/2—n’2
small, namely 6| <0.003. The lower mass limit for the light- Mas= 010y L mvitvs=sinimnz+n=nzt)l,
est extra neutral gauge boson is found to be about 900 GeV,
which is somewhat higher than bounds in the literature ~ M24=M2s= 0,
mainly due to more updated data used in our analysis. 1

The scalar potential is highly constrained in the supersym- 2 — = o2 11,24 16,24 12+ 25(n2+ n2+nj2+n}?)],
metric version of the model. An upper bound of about 150 36
GeV to the mass of the lighte€ P-even Higgs scalar is
found.

2

1
_ 2,2 2 2 2 2 2
w3 Zg,(vl+u3+nl+n2+n1 +n5%),

1
Mgy=M3s=—~=0,0y/[ —v1v3+5(NN+niN3) 1,
12\/5 12
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APPENDIX B: VARIOUS HIGGS BOSON MASS-SQUARED

APPENDIX A: MASS- ARED MATRIX FOR NEUTRAL
SSSQU © v MATRICES

GAUGE BOSONS

The mass-squared matrix for neutral gauge bosons is a The Higgs boson mass-squared matrix is obtained from

symmetric 5<5 matrix: 92V
= . (B1)
2 1 2 2 2 2 2 ad)l(ﬁl minimum
mz= Z(QL"'QY)(Ul""Uz"’Ua)a (AL)
1. Scalar Higgs boson mass-squared matrix
_ 2, 2 2_ .2 The mass-squared matrix for scalar Higgs bosons is a
M= —\ O + —v3), X X
12= Z V9L 9y (vi—vs) 7X 7 symmetric matrixS. Let
VZ=pi+4v5+v-5(ni+n3+ni?+ns?), (B2)
rn’\2 2 12\, 2 1 2 2 2 1 2 2 1 2,2 2 2 1 2,2 2 2
Sll=()\n1+7\ nl) +(}\ +\ )U2+§ gL+gY+g|+§gY' Ul+ ZgL(U1_02+U3)+ Zgy(vl_U2+U3)
1 1
+707wi+o3+ni-ni+n?—ni?)+ 2ogl Vi m, (B3)

— 2 12 1 2 2 4 2 P AT AT
Si,=2(N"+\ )vlvz_i gL+gY—§gy, vvatNANg+N'A'Ng,

_ rA [ 1 2 2 2 1 2 1 2 [
Siz=—(Ang+ ANy (Any+ X nz)+§ gL+gY+gl+§gyr vzt §9|(n1n2+n1”2),

1 5,
S1=—Avg(An+A'np)+ ng(v1n2+v3nl)— Te9vvin2,
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rat rl 1 2 S 2
Sis5=2 v(ANgtA nl)—)\vg()\n2+)\ n2)+ Eg,(vgnz—vlnl)—1—89\(,v1n1+)\sz,
’ rAl 1 2 ’ ’ 5 2 '
Sig= —Nvz(Ang+\ n1)+§g|(vln2+v3n1)_1_89Y'U1n21
’ rAt ' rA’ I 1 2 ’ ' S 2 ' N
Si7=Nvi(Ang+N"N)+N[(Ang+ N nDvi— (AN, +N'Nnj)vs]+ Egl(v3n2—v1n1)—EgY,vlnﬁ)\ A'v,,

16 1
GG g 0 v 30 0E-ud o)

1
822=()\n1+)\’n1)2+()\nz-l-)\’né)z—}—()\z—i—)\’z)(vi-}—v%)—i—E
1 1,
+ 79V i—v3+ud)+ 5oy, ViEmy
2 12 1 2 2 4 2 N
823:2(7\ +A )0203—5 gL+gY—§gy, 0203—)\An2—)\ A n,,
’ 10 2
824:2)\U2()\n2+)\,n2)_ggY,Uznz_)\Avg,
’ 10 2
525:2)\1)2()\n1+)\,n1)_EgY/Uznl'f‘)\AUl,
’ Pt 10 2 ’ NG
SZGZZA 02()\n2+)\ nz)_ggY,Uznz_)\ A U3,
! 10 2 !
SZ7=2}\,02()\n1+)\’n1)_ggY,l)znl'f‘)\’A’Ul,
,/22;2212221221222212222
Szz= (AN +N"Ny) "+ (A“+A )U2+§ 9L+9Y+g|+§gw U3+ZQL(01_02+U3)+ng(01_02+U3)
1 2,02, 2,2 2, 12 12 1, 2 2
+A—lg|(v1+03+n1—n2+n1 —ny°)+ %gY,V +mj,,
1At 1Al 1 2 S 2
83422()\n2+)\ nz))\l)3_()\nl+)\ nl))\vl-l- §g|(vln1_l)3n2)_1_89Y,U3n2_)\Al)2,
Al 1 2 5 2
Sz5= — (AN +A'ny)vy + §9|(Uln2+03n1)—1—89yr03”1:
rAl ’ rAt ' 1 2 ’ ’ 5 2 ’ PAT
Sz6=2(Any+N"Ny)Nvz—(Ang+N"np)Nv+ §9|(Uln1_v3n2)_Egyrvznz_h A'vy,
r A ’ 1 2 ’ ’ S 2 ’
Sg7=—(Any+A"ny)A Ul+§g|(01n2+03n1)_ngvanlv
2 1 2,02 2,2, .2 42, 2 S 5 2 2
n2+Zg|(v1—v3+n1+n2—n1 +n; )—%gy,v +my,

1 25
Siu=N(v3+v3)+ > 9i+ 39\2('

Sys= —\? Ll +nn+n’n’)+§2nn
45 U1U3 29|(U103 12NN, 189yr 1Ny,

’ 2 2 1 2 ’ ’ 25 2 ’ 2
Sis= A\ (v2+v3)+Eg,(n1n1+n2n2)+EgY,n2n2—m3,
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, 1 2 , ’ 25 2 ’
Si7=—A\'vvgt Egl(nlnz—nznl)Jr 189v/M2N1,

1 25 1 5
Sss=N(vi+ud)+ 5| gf+g gy |ni+ Zgf(vi—vi+ni+ni+ni®—n?) - 2ogy Viemy,

2 1 2 ’ ’ 25 2 ’
856:_)\ Ull)3+ §g|(n2n1_n1n2)+ 1_8gy/n1n2,
1.2 2 1 2 ’ ’ 25 2 ' 2
S57=A\ (v1+v2)+§g,(nlnl+n2n2)+ 1—89Y,n1n1—m3,
,21222r2/2225222
2"+ 791 (v1—v3H+ NI "+ N —Ny+ng) — 229y, Va+my,

1 25
Se= A *WE+vd)+ 5| of + 0l

__)\/2 +£2 + +rr+2_52//
567_ VU3 29|(U]_U3 niNo, nlnz) 189y/n1n21

1 5
2 2, 2 2 2 2 2 2 2 2 2
I’]:’L +Zg|(v3—v1+n1 +I"Ié +n1—n2)—%gY,V +IIIN,.

25
97+ 5 9v

1
s77=>\'2(v§+v§)+E

2. Pseudocalar Higgs boson mass-squared matrix P22=()\n1+)\'n1)2+()\n2+7\’n£)2+(>\2+)\'2)(vi
The mass-squared matrix for pseudoscalar Higgs bosons 1 1
is also a 77 symmetric matrixP: +vd)— ng(vi_vgﬂg) + Zgg(vi_vgﬂ,g)

1
Pii=(AN;+ N N2+ (AN2+ N2+ =g’ (v2—vi+v2 1
11=(ANy D+ ( U 49|_( 1~ vytv3) +§g$,V2+mﬁ2,

1
+ = 2,2 2+ 2
4gY(Ul U2 U3) P23:_)\An2_)\,A,né;

1
700 ok = ng-ng?) Poi=MAvs,
1 ) Pos=—NAv
2 2 25 1
+ 30y Vi mi, (B4)
P26:)\,A,U3’

P]_z: 7\An1+)\’A’ni,
P27: _)\’A,Ul,
1
P1s=—(Any+N'n))(An,+A"ny)+ Eglz(nln2+n1n§), .
Pag=(Anz+N'np) 2+ (N0 s+ gt (vi—vi+vd)

1
P14=)\U3()\n1+)\,ni)__g|2U3n1, 1
2 G 0i-03rod

— rA! 2 1
P15—_)\03()\n2+)\ n2)+ §g|1)3n2+)\AU2, + Zg|2(05+vé+n%_n§+ niz_nQZ)
N : L 2o, 2
P16:)\ 03()\n1+)\ nl _§g|21)3n1, +3—69er +mH'
’ 1 2 ’ ’ 1 2
P17:_)\,U3()\n2+)\,n2)+ §g|03n2+)\,AIU2, P34=—()\n1+)\’n1)7\v1+ §g|l)lnl_)\Al)2,
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rAT 1 2 12/..2 2 1 2, 2 2 12 12 2 2
Pas=(ANy+N'Ny)Avq— 59vana, Pr7=N"“(vit+vy)+ Zg|(v3—v1+n1 +ny°+ni—nj3)
1 S5 5 2 2
P36:_()\n1+)\,ni))\’vl+ ngvlni_)\,Alvz, _3_69Y’V +mN"

Pa7=(ANy+ A" Ny)\ vq— %g.zvlné, 3. Charged Higgs boson mass-squared matrix

The mass-squared matrix for charged Higgs bosons is a
1 3X 3 symmetric matrixC:
Pu=N2(v3+v3)+ ng(v%—v%-l— na+n3—n;2+n4?) L L
Cii=(A\ny+ )\’ni)2+zgf(v§— vg-i- v%) + ng(v§+ v%-i- n§

5
— —g5,V3+mZ,
36 2 1 2,2 2 2 1 2
—nf+ny2-ni?)+ ZQY(Ul_U2+Ua)+3_69er2
1
P45:—)\201U3+§g|2(U]_U3+ninz), _}_m%,
T ST N S SR 2. 2 1, ,
Ps= A\ (Uz+U3)+§g|n1n1_m3, Cio=(N“+N'"%vvs— szv1v2+)\Anl+7\’A’n1,

1
— ’ _ T2 ’ 1
Par= =M\ wava™ 50Nz, Cra=— (A4 N) AN+ X' )+ 5620105

1 1
—\2(,2 2 2, 2 2 2 2 12 12
Pss=\"(vi+va)+ 7 0i(vz—vitnit+ny+n;”—n; +§g,2(v1v3nln2+nin§),

1
Coo=(AN;+7'nj)2+(Any+N'np)2+ ng(v§+u§+ v3)
1

Pse= —\2003— =g2n,n;, 1 1
5 U10sT 501N - 79%0i-v3+ud)+ 5ol Vi mi,

P_)\)\,( 2+ 2+}2 I A2
57— vitv3) 2g,n2n2 ms, s 1, L
C23:()\ +A\ )02U3_ Egvavg,_)\Anz_)\ A n,,
1

Pee=\"2(03+03)+ 70F(vi—vi+ni?+ny?—ni+nf) 1 1
: Cag=(ANo+N'np)?+ 2 gf(—vi+vi+03)+ 707 (vi+03

2\ /2 2
— =0y, Ve+my,,
367" N 2_ .2 12__ 12 EZ 2_.2 2i22
+nyi—ny+ng n2)+4gv(01 Uz+03)+369yrv

1
P67:_)\/2vlv3+ ng(vlvﬁ—nlnz), +m72_{_ (B5)
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