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1 Introduction

The existence of the gauge bosons associated with SU(3)C � SU(2)W � U(1)Y , together

with their measured properties, comprise some of the most profound information obtained

in high-energy experiments. Other gauge bosons may exist and interact with observed

matter provided they are suÆciently heavy or weakly coupled to have escaped detection

[1]. New electrically neutral and color-singlet gauge bosons, usually called Z 0 bosons, are of

special interest. They may appear as low-energy manifestations of grand uni�ed and string

theories [2], theories of dynamical electroweak symmetry breaking [3], and other theories

for physics beyond the standard model. From a more phenomenological perspective, they

have been hypothesized as explanations for possible discrepancies between experimental

results and standard model predictions (for two such examples, see [4, 5]).

The extensive literature on Z 0 bosons often deals with either Z 0 couplings arising from

particular models, or with model-independent parametrizations of the Z 0 couplings [6].

In this paper, we investigate an important intermediate situation, in which the properties

of the Z 0 boson are constrained by generic conditions on four-dimensional �eld theories

that involve extensions of the standard model gauge symmetry. This approach leads to a

variety of interesting possibilities for Z 0 bosons that have not been examined previously.

We start (in Section 2) by analyzing the most general gauge symmetry that leads

to an additional color-singlet and electrically neutral gauge boson. We observe that the

full gauge group may be taken to be SU(3)C � SU(2)W � U(1)Y � U(1)z where U(1)Y

is the usual hypercharge group and U(1)z is an additional spontaneously broken gauge

symmetry. Furthermore, the kinetic mixing between the U(1)z and U(1)Y gauge �elds

may, without loss of generality, be taken to vanish at any particular scale. This provides a

helpful simpli�cation in the analysis of the e�ective theory, and distinguishes our approach

from those of [7] and [8], where either an \o�-diagonal" gauge coupling or a kinetic mixing

term are introduced.

The properties of the Z 0 boson depend only on the scale of the U(1)z breaking, the

U(1)z gauge coupling, and the U(1)z charges of the various �elds. In Section 3, we consider

the possible values of these charges. We restrict attention to the case in which the only

fermions charged under SU(3)C�SU(2)W�U(1)Y are the three generations of quarks and

leptons. We also take the U(1)z charges to be generation independent in order to avoid

the constraints from avor-changing neutral current processes. Anomaly cancellation in

the e�ective theory then restricts the U(1)z charges of the standard-model fermions to
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depend on at most two free parameters. The standard-model Yukawa couplings determine

the U(1)z charge of the Higgs doublet in terms of these two parameters. We also include

a number of right-handed neutrinos, which are singlets under SU(3)C �SU(2)W �U(1)Y ,

and derive the relations among their charges that allow the masses required for neutrino

oscillations.

In general, there is mass mixing between the U(1)z and U(1)Y �elds, and this is the

origin of the Z-pole physics to be considered here. The tree-level mixing vanishes only in

the case that the U(1)z charges are proportional to B�L, because the U(1)z charge of the
Higgs doublet then vanishes. There will also be U(1)z -U(1)Y kinetic mixing generated at

the one-loop level and above, with its renormalization group scale dependence. As noted

above, however, it may be diagonalized away at any particular scale.

In Section 4.1, we consider the bounds from direct searches at the Tevatron and LEP

on the Z 0 mass and coupling. This is particularly interesting if the U(1)z charges are

proportional to the B � L number, so that there is no tree-level mass mixing between

the Z and Z 0 bosons. When the U(1)z charges are not of the B � L type, the indirect

bounds imposed mainly by the Z-pole data are stronger. In Sections 4.2 and 4.3, we

compute the electroweak oblique and vertex corrections, respectively, at tree level in the

e�ective theory, and determine the current experimental bounds on the Z 0 parameters.

In Section 5, we summarize our results, and comment on their implications.

2 Symmetry breaking pattern

A new electrically neutral, color-singlet gauge boson Z 0 may arise from various extensions

of the standard model gauge group, including products of a larger number of semi-simple

groups, as well as embeddings of some or all of SU(3)C � SU(2)W � U(1)Y into a larger

group. Any such extended gauge group must have an SU(3)C �SU(2)W �U(1)1�U(1)2

subgroup whose generators are associated with the gluon octet, theW� bosons, and three

SU(3)C � U(1)em singlets: the photon, the Z boson, and a Z 0 boson.

There could be more Z 0 bosons as well as heavy charged gauge bosons. The former

would require additional U(1) groups, and would lead to a more complicated mixing

pattern. We assume that any additional Z 0 bosons are suÆciently heavy or weakly coupled

that they can be integrated out of the e�ective theory. Additional charged gauge bosons

would contribute to the mixing of the Z 0 and Z only through loops, but they could mix

at the tree-level with the W , shifting its mass and contributing to the T parameter, thus
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a�ecting the precision constraints on the mass and coupling of the Z 0. We assume that

they, too, are weakly coupled or heavy enough to be integrated out.

The gauge symmetry must be spontaneously broken to SU(3)C � U(1)em. We take

the Higgs sector to consist of a complex doublet �eld H and a complex scalar �eld '

[a singlet under SU(3)C � SU(2)W ], both of which acquire VEV's. For the purpose of

studying the tree-level properties of the Z 0, each of these �elds may be taken to describe

either linear or nonlinear realizations of the (spontaneously broken) symmetry. A more

elaborate symmetry breaking sector could be adopted, for example with more doublet or

singlet scalars, but, as in the case of additional charged or colored gauge bosons, there

would be no impact at tree level on the properties of the Z 0.

We choose a basis for the U(1)1 � U(1)2 gauge �elds of the e�ective theory in which

the kinetic terms are diagonal and canonically normalized. Because kinetic mixing is

induced at the one loop level and higher, the diagonalization required to do this is scale

dependent. For our purposes, however, since the gauge coupling is assumed to be small

and we are not concerned with energy scales above a few TeV, the scale dependence is

unimportant.

The usual hypercharge gauge group is not in general identi�ed with either U(1)1 or

U(1)2. Upon performing a certain SO(2) transformation on the two gauge �elds we can

always choose the charge of ' under one of the resulting U(1)'s to be zero. By rescaling

this U(1) coupling, we de�ne the corresponding H charge to be +1. We label this group

by U(1)Y because shortly we will note that the measured electric charges imply that this is

precisely the standard model hypercharge gauge symmetry. The other linear combination

of gauge bosons is labelled by U(1)z . The symmetry breaking pattern requires ' to be

charged under U(1)z , and we choose its charge to be +1 by rescaling the U(1)z gauge

coupling.

The mass terms for the three electrically-neutral SU(2)W � U(1)Y � U(1)z gauge

bosons, W 3�, B�
Y and B�

z , arise from the kinetic terms for the scalar �elds upon replacing

H and ' by their VEVs:

v2H
8

�
gW 3� � gYB

�
Y � zHgzB

�
z

� �
gW 3

� � gYBY � � zHgzBz�

�
+
v2'
8
g2zB

�
zBz� ; (2.1)

where zH is the U(1)z charge of H, gY and gz are the U(1)Y � U(1)z gauge couplings,

and vH and v' are the VEVs of H and '. The properties of W� are not a�ected by the

additional U(1), so that g is the usual SU(2)W gauge coupling and vH � 246 GeV.
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The ensuing mass-square matrix for B�
Y , W

3�, and B�
z can be written as follows:

M2 =
g2v2H

4 cos2 �w
Uy

0
B@ 0 0 0

0 1 �zHtz cos �w
0 �zHtz cos �w (r + z2H) t

2
z cos

2 �w

1
CAU ; (2.2)

where tz � gz=g, tan �w = gY =g, r = v2'=v
2
H . The matrix

U =

0
B@ cos �w sin �w 0
� sin �w cos �w 0

0 0 1

1
CA (2.3)

relates the neutral gauge bosons to the physical states in the case zH = 0.

In general, the relation between the neutral gauge bosons (B�
Y ;W

3�; B�
z ) and the

corresponding mass eigenstates can be found by diagonalizing M2:0
BB@

B�
Y

W 3�

B�
z

1
CCA =

0
BB@

cos �w � sin �w cos �0 sin �w sin �0

sin �w cos �w cos �0 � cos �w sin �0

0 sin �0 cos �0

1
CCA
0
BB@

A�

Z�

Z 0�

1
CCA ; (2.4)

where Z and Z 0 now denote mass eigenstates and the angle ��=4 � �0 � �=4 satis�es

tan 2�0 =
2zHtz cos �w

(r + z2H)t
2
z cos

2 �w � 1
: (2.5)

The Z eigenstate, of mass MZ , corresponds to the observed Z boson, while the Z 0 eigen-

state, of mass MZ0 , is the heavy neutral gauge boson not yet discovered. The photon is

massless, while the Z and Z 0 masses are given by

MZ;Z0 =
gvH

2 cos �w

"
1

2

�
(r + z2H)t

2
z cos

2 �w + 1
�
� zHtz cos �w

sin 2�0

#1=2
: (2.6)

One can check that Z 0 is heavier than the observed Z when (r + z2H)t
2
zcos

2 �w > 1. In

the case where (r + z2H)t
2
z cos

2�w < 1, Eq. (2.5) gives zH= sin 2�0 < 0, so that MZ0 < MZ .

This is phenomenologically allowed provided the Z 0 is suÆciently weakly coupled (see

Sections 4.2 and 4.3). Note that MZ0 ! 0 in the limit r ! 0.

In the mass-eigenstate basis, Eq. (2.4) implies that the piece of the covariant derivative

that contains the photon �eld may be written as

� ig sin �w

�
T 3 +

Y

2

�
A� ; (2.7)

where T 3 is the weak-isospin operator and Y is the charge operator corresponding to the

U(1)Y gauge interaction. Requiring that matter couples to the photon in the usual way,
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we are led to the conclusion that g sin �w is the electromagnetic coupling and that Y is

the usual hypercharge operator.

The mass and couplings of the Z 0 are described by the following parameters: the

gauge coupling gz, the VEV v', the U(1)z charge of the Higgs, zH, and the fermion

charges under U(1)z (subject to the constraints discussed in the next Section). Note

that a kinetic mixing parameter introduced as in [8], or an o�-diagonal gauge coupling

introduced as in [7], would be redundant in the framework employed here.

3 U(1)z charges

We assume that the only fermions charged under SU(3)C �SU(2)W �U(1)Y �U(1)z are

three generations of quarks, qiL; u
i
R; d

i
R, and leptons, liL; e

i
R, i = 1; 2; 3, and a number n

of right-handed neutrinos, �kR, k = 1; :::; n, which are singlets under SU(3)C � SU(2)W ,

and are electrically neutral. We label the U(1)z charges as follows: zq; zu; zd; zl; ze, for the

standard model fermions (assuming a generation-independent charge assignment), and

zk, k = 1; :::; n, for the right-handed neutrinos. In this section we �rst impose the gauge

and the mixed gravitational-U(1)z anomaly cancellation conditions to restrict these U(1)z

charges, and then study the additional constraints on charges required for the existence

of fermion masses.

3.1 Anomaly cancellation

The [SU(2)W ]2U(1)z and [SU(3)C ]2U(1)z anomalies cancel if and only if

zl = �3zq ; zd = 2zq � zu : (3.1)

The [U(1)Y ]2U(1)z anomaly cancellation then implies

ze = �2zq � zu ; (3.2)

and the U(1)Y [U(1)z]2 anomaly automatically cancels. Eqs. (3.1) and (3.2) together lead

to the conclusion that only two independent real parameters, zq and zu, describe the

allowed U(1)z charges of the quarks and U(1)Y -charged leptons. Equivalently, the U(1)z

charges may be expressed as a linear combination of Y and B � L: (zu � zq)Y + (4zq �
zu)(B � L) [9]. This general labelling is with respect to our chosen basis in which there

is no kinetic mixing between the U(1) gauge �elds. The gauge charges of all the fermions

and scalars are listed in Table 1.
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SU(3)C SU(2)W U(1)Y U(1)z

qiL 3 2 1=3 zq

uiR 3 1 4=3 zu

diR 3 1 �2=3 2zq � zu

liL 1 2 �1 �3zq
eiR 1 1 �2 �2zq � zu

�kR , k = 1; :::; n 1 1 0 zk

H 1 2 +1 �zq + zu

' 1 1 0 1

Table 1: Fermion and scalar gauge charges.

Additional restrictions on the U(1)z charges are imposed by the mixed gravitational-

U(1)z and [U(1)z]3 anomaly cancellation conditions. Using Eqs. (3.1) and (3.2), these

conditions may be written as follows:

1

3

nX
k=1

zk = �4zq + zu ; (3.3)

 
nX
k=1

zk

!3
= 9

nX
k=1

z3k : (3.4)

Furthermore, the observed atmospheric and solar neutrino oscillations require that at

least two active neutrinos are massive, and that there is avor mixing, imposing further

restrictions on the U(1)z charges. We address these issues in sections 3.2 and 3.3.

3.2 Fermion mass constraints

The U(1)z charges of the fermions, satisfying the requirement of anomaly cancellation, al-

low all the standard model Yukawa interactions for the quarks and U(1)Y -charged leptons,

provided H has charge

zH = �zq + zu : (3.5)

We impose this condition, as indicated in Table 1, because otherwise only operators of

dimension higher than four could contribute to the quark masses, and it would be unlikely

that a suÆciently large top-quark mass could be generated.
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We next discuss the generation of neutrino masses, required to explain the current

neutrino oscillation data. This will impose further restrictions on the U(1)z charges

depending on the type of neutrino mass being generated and the number n of right-

handed neutrinos.

Majorana mass terms for the active neutrinos may be induced by the dimension-�ve

operator
1

M

�
lcLH

�
(lLH) + h:c: ; (3.6)

provided 4zq = zu so that U(1)z invariance is preserved. In the above operator the avor

indices are implicit, and M is some mass scale higher than the electroweak scale. More

generally, when 8zq � 2zu is an integer, Majorana neutrino masses can be induced by

a higher dimension version of the operator (3.6), obtained by including the appropriate

power of '=M or 'y=M required by U(1)z invariance. With M large enough, these

operators can lead naturally to viable neutrino masses.

If 8zq � 2zu is non-integer, then the neutrinos can have a mass spectrum compatible

with the atmospheric and solar neutrino oscillation data if and only if there are at least

two right-handed neutrinos present, and an appropriate Dirac mass operator is U(1)z

invariant. The dimension-four operator

l
i

L�
k
R
~H + h:c: ; (3.7)

where i = 1; 2; 3, is allowed providing zk = �4zq + zu. It may lead to a neutrino mass

pattern consistent with the current data, although a small coeÆcient is required. More

generally, Dirac neutrino masses are induced when zk + 4zq � zu is an integer, because

there are U(1)z-invariant operators obtained by multiplying the above Dirac mass terms

by the appropriate power of '=M or 'y=M . A larger absolute value for the zk + 4zq � zu

integer implies that the dimension of the operators leading to the Dirac neutrino masses

is higher, so that suÆciently small neutrino masses are generated with larger values for

the coeÆcients.

Finally, right-handed Majorana mass operators of the form

M1�2zk('y)2zk�ckR�
k
R + h:c: (3.8)

are allowed by the U(1)z invariance if zk is an integer or half-integer [for zk < 0, ('y)2zk is

replaced by '�2zk ]. If the ensuing right-handed neutrino masses are larger than the elec-

troweak scale, then they can lead to a seesaw mechanism providing that the corresponding

Dirac masses also exist. In addition, when a right-handed neutrino participates in both

7



Dirac and right-handed Majorana mass terms, U(1)z invariance require 2(4zq � zu) to be

an integer, so that left-handed Majorana mass terms are also U(1)z invariant.

Based on the above constraints, we now study the various possibilities for the fermion

charges depending on the number of right-handed neutrinos, n.

3.3 Fermion charge assignments

If n = 0, then the mixed gravitational-U(1)z anomaly cancellation [see Eq. (3.3)] demands

zu = 4zq. For the trivial case zq = 0, the only �eld charged under U(1)z is '. If

zq 6= 0, the U(1)z charges of the fermions and the Higgs doublet are proportional to their

hypercharges. We will refer to this U(1)z as the \Y -sequential" symmetry.1 In either

case, small neutrino masses may be generated by the operator of Eq. (3.6). For n = 1, it

follows from Eq. (3.4) that z1 = 0, and Eq. (3.3) again gives zu = 4zq, so that the U(1)z

is either trivial or Y -sequential. Small neutrino masses can be generated by the operators

of Eq. (3.6), as well as the seesaw combination of operators given in Eqs. (3.7) and (3.8).

For n = 2, the anomaly constraint Eq. (3.4) leads to the condition z1 = �z2. Eq. (3.3)
then gives zu = 4zq, as in the n = 0 and n = 1 cases, again leading to the trivial

or Y -sequential possibilities for the U(1)z-charges of the left-handed neutrinos and the

Higgs. For integer values of z1 = �z2, all the Dirac and Majorana masses are allowed as

explained in Section 3.2. For non-integer values of z1 = �z2, the left-handed Majorana

mass operators given in Eqs. (3.6) are allowed, but the Dirac masses are forbidden. A

�c1R�
2
R Majorana mass is also allowed, while the diagonal, right-handed Majorana mass

operators given in Eq. (3.8) are allowed only if z1;2 are half-integers. Viable neutrino

masses are always attainable.

The case n = 3 leads to a more general set of possibilities. The assignment z1 = 0 is

similar to the n = 2 case discussed above, so that it is suÆcient to assume that all three �R

charges are nonzero. A simple but non-trivial assignment satisfying the [U(1)z]3 anomaly

cancellation [see Eq. (3.4)] is z1 = z2 = z3 6= 0. The condition (3.3) implies z1 = �4zq+zu,
so that the Dirac mass operators Eq. (3.7) are U(1)z invariant. The left-handed Majorana

masses are then allowed only if z1 is an integer or half-integer. The right-handed Majorana

operators (3.8) are also allowed when z1 is an integer or half-integer, leading to an e�ective

seesaw mechanism for the neutrino masses.

1The Y -sequential Z 0 does not couple to the standard-model �elds with the same couplings as the Z.
The latter possibility has been referred to in the literature as \sequential" (e.g., see [16]), but we note
that such couplings are not attainable within the �eld theoretic framework employed here.
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Other nontrivial assignments for the zk's are also possible with n = 3. When z1 = z2,

the anomaly cancellation conditions, Eqs. (3.3) and especially (3.4), allow a single solution:

z1 = z2 = �(4=5)z3 = �16zq + 4zu 6= 0 (3.9)

Viable Dirac neutrino masses are then allowed when 3(4zq � zu) is an integer. Left-

handed Majorana masses are allowed when 2(4zq � zu) is an integer, and all types of

neutrino masses are allowed when 4zq � zu is an integer. For example, in the particular

case z1 = z2 = �4 and z3 = 5, which imposes 4zq � zu = 1, there are three left-handed

Majorana masses and two Dirac masses generated by dimension-7 operators, a third Dirac

mass is generated by operators of dimension 12, while right-handed Majorana masses are

generated by operators of dimension ranging from 4 to 13.

There are also solutions with all three zk's di�erent, even when restricted to rational

numbers. For example, the assignment z1 = 3, z2 = �17=6 and z3 = �5=3, which
imposes 4zq � zu = 1=2, allows left-handed Majorana masses generated by dimension-6

operators, no Dirac masses, and a single right-handed Majorana mass from a dimension-9

operator. For n � 4 there are many interesting solutions, such as z1 = 4; z2 = z3 =

2; z4 = 1, 4zq � zu = �3, which allows three Dirac masses generated by dimension-5

operators, left-handed Majorana masses generated by dimension-11 operators, and right-

handed Majorana masses generated by operators of dimensions ranging from 5 to 11.

Two important conclusions may be drawn from this brief discussion. Firstly, the

allowed U(1)z charge assignments of the neutrinos permit an array of possible neutrino

mass terms, of both Dirac and Majorana type, that can naturally accommodate the

current neutrino oscillation data. Secondly, for n � 3, the left-hand side of the anomaly

condition (3.3) can take on a variety of nonzero values, allowing the full, two-parameter

family of U(1)z charges for the standard model fermions, as listed in Table 1.

3.4 Some speci�c models

Before exploring the phenomenology of the ensuing Z 0 boson, we comment on certain

restrictions of our two-parameter family of U(1)z charges, corresponding to some speci�c

models. This in turn leads to restrictions on the �R charges. It is worth recalling at

this point that we have adopted a gauge-�eld basis at the outset in which an allowed,

dimension-4 kinetic mixing term between the U(1)'s has been rotated away, and into the

U(1)z charges. If one adopts the e�ective-�eld-theory attitude that this mixing has arisen

from some underlying physics and is therefore unknown, then there is no a-priori reason to
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assign any particular values to the U(1)z charges. On the other hand, if they arise from

some fundamental theory with small kinetic mixing, and if the renormalization group

running of the mixing from the fundamental scale to that of our e�ective theory is small,

then the values of the charges might obey certain simple relations as in the following

models.

Consider �rst the case in which the U(1)z is U(1)B�L, namely the z charges of the

standard model fermions are proportional to their baryon number minus their lepton

number. This corresponds to the restriction zu = zq. As we will discuss in Section 4.1,

this case is phenomenologically interesting because the U(1)B�L gauge boson does not

mix at tree level with the standard model neutral gauge bosons.

Another simple example of U(1)z is U(1)R, in which the z charges are proportional

to the eigenvalues of the T 3 generator of the global SU(2)R symmetry (which would be

exact in the limit of equal up- and down-type fermion mass matrices). In the notation of

Table 1, this is the zq = 0 case.

A much studied example of Z 0 arises from the left-right symmetric model after the

breaking of the SU(2)R gauge group [10]. The gauge group is given by SU(3)C�SU(2)W�
U(1)R�U(1)B�L. According to our arguments presented in Section 2, the U(1)R�U(1)B�L
product group is equivalent to U(1)Y �U(1)z, where the U(1)z charges can be determined

by comparing the covariant derivatives of the two product groups. The hypercharge gauge

coupling imposes a relation between the U(1)R�U(1)B�L gauge couplings, gR and gB�L:

gB�L =
gYq

1 � (gY =gR)
2
; (3.10)

and provides a lower bound for them, gR; gB�L > gY . The U(1)z charges of the fermions

are determined (up to an overall normalization) in terms of gR:

zu
zq

= 4� 3
g2R
g2Y

< 1 ;

zqgz =
g2Y

3
q
g2R � g2Y

: (3.11)

Another well-known example of a Z 0 arises in grand uni�ed theories based on the

symmetry breaking pattern SO(10) ! SU(5)�U(1)�. The U(1)� charges of the standard
model fermions are given by the U(1)z charges when zu = �zq. There are also Z 0 bosons

studied in the literature which arise from U(1) gauge group that are non-anomalous only

in the presence of exotic fermions. An example is provided by the grand uni�ed theories

10



U(1) type label charge assignment number of �R

\Trivial" U(1)0 zu = zq = 0 any

\Y -sequential" U(1)0Y zu = 4zq any

\B � L" U(1)B�L zu = zq n � 3

\Right-handed" U(1)R zq = 0 n � 3

\Left-right" [U(1)R � U(1)B�L]=U(1)Y zu = zq(4� 3g2R=g
2
Y ) n � 3

\SO(10)-GUT" U(1)� zu = �zq n � 3

Table 2: Particular cases of U(1)z symmetries.

based on E6 ! SO(10) � U(1) . Such U(1) gauge groups are not included in the two-

parameter family of U(1)z charges.

The various examples of U(1)z groups discussed in sections 3.3 and 3.4 are summarized

in Table 2.

4 Experimental Bounds on the Z 0 Parameters

The properties of the Z 0 boson are described primarily in terms of four parameters: its

gauge coupling gz (equivalently tz � gz=g), the charges zq and zu (with z' de�ned to

be 1), and the VEV v' of the singlet �eld ' (equivalently the ratio r = v2'=v
2
H). For

example, the mass of the Z 0 is given by Eq. (2.6) in terms of z2Ht
2
z and rt2z. Additional

parameters, namely the number of right-handed neutrinos and their z charges, are relevant

only if the decay Z 0 ! �R��R is kinematically open. We next analyze the bounds set on

the four parameters listed above by the current collider data and �ts to the electroweak

observables. For the weak-coupling regime (tz �< 1) considered here, it is suÆcient to

restrict the entire discussion to the tree level.

4.1 Direct Z 0 production

Direct production provides the best bound on the new parameters if zH(= �zq + zu) is

very small compared with zq and zu. This is because when zH = 0, corresponding to pure

B � L coupling, the tree-level mixing of the B�
z (Eq. 2.5) vanishes. The presence of the

Z 0 mass eigenstate then does not a�ect the mass or couplings of the Z eigenstate at tree
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level, and the constraints from precision Z-pole data on the one-loop mixing of the Z

with Z 0 are rather loose in the weak-coupling regime (tz �< 1). We label the Z 0 by ZB�L

in this limit and consider the bounds from its direct production.

The U(1)B�L charges of the fermions are given by zq = zu = zd and zl = ze = zk =

�3zq, with k = 1; 2; 3. Assuming that the CP-even component of the ' scalar is heavier

than MZ0=2, and that the right-handed neutrinos have Majorana masses above MZ0=2,

we obtain the following branching fractions for the ZB�L: Br(ZB�L ! l+l�) � 18=37,

Br(ZB�L ! hadrons) � 10=37, Br(ZB�L ! invisible) � 9=37, for MZ0 < 2mt. These

are slightly reduced above the t�t threshold. If the right-handed neutrinos have Majorana

masses below MZ0=2, then the branching fractions listed above become 9/23, 5/23 and

9/23, respectively.

The LEPII experiments provide direct bounds on any Z 0 that couples to e+e� and is

light enough to be produced. Given that the ZB�L has larger couplings to the leptons than

to the quarks, these direct-production bounds would appear to be particularly stringent.

We estimate the bound on the gauge coupling zlgz above which a ZB�L of a certain mass

would have been detected by the LEPII experiments.

For the rough estimate of zlgz sought here, it is suÆcient to analyze the cleanest decay

mode, ZB�L ! �+��. The width of the ZB�L resonance in this channel is

�(ZB�L ! �+��) � (zlgz)2

48�
MZ0 : (4.1)

For small zlgz, the resonance is narrow and hard to discover. LEPII has run at several

center-of-mass energies, and the bound on zlgz is stringent only for values ofMZ0 very close

to these center-of-mass energies. To derive this stringent bound we takeMZ0 =
p
s. When

the width is smaller than the energy spread of the beam, ÆE � 10�3
p
s, the integrated

ZB�L production cross section is given by [11]Z
d(
p
s)�(e+e� ! ZB�L ! �+��) � 6�2

M2
Z0

Br(ZB�L ! e+e�)�(ZB�L ! �+��)

� 3�(zlgz)
2

148MZ0

; (4.2)

where the second line corresponds to a ZB�L that decays only into standard model

fermions (below the t�t threshold). The number N(ZB�L) of �+�� events due to the

presence of the ZB�L is then obtained by multiplying Eq. (4.2) with L=(2
p
�ÆE), where

L is the integrated luminosity at
p
s =MZ0 � ÆE (for a review, see [12]):

N(ZB�L) � 1:8� 10�2
(zlgz)

2 L

MZ0ÆE
: (4.3)
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An additional contribution to N(ZB�L) comes from the interference of the amplitudes for

e+e� ! ZB�L ! �+�� and e+e� ! �; Z� ! �+��. However, this contribution is of

order (1=4 � sin2�w)2MZ�ZL=M4
Z0 at

p
s =MZ0 , and can be neglected in what follows.

The background is mainly due to e+e� ! �; Z� ! �+��, with the number of events

for MZ0 > 100 GeV well approximated by

NB � 4��2

3s
L

2
41 + tan4�w

(1�M2
Z=s)

2

 
1 +

1 � 4 sin2�w
8 sin4�w

!2 35 : (4.4)

At the 95% con�dence level, i.e., N(ZB�L) < 1:96
p
NB,

zlgz < 1:3� (ÆE)1=2L�1=4

 
1 +

0:125

(1�M2
Z=s)

2

!1=4
: (4.5)

The most stringent bound is set by the run at
p
s = 188:6 GeV, where the combined four

LEP experiments accumulated the largest integrated luminosity, L � 0:7fb�1 �K. The

factor K < 1 takes into account the reduction in the e�ective luminosity at
p
s due to

initial state radiation (typically K � 0:5). For MZ0 = 188:6 GeV,

zlgz < 0:7� 10�3
�
0:5

K

�1=4 ÆE

0:1 GeV

!1=2
: (4.6)

Given that the energy spread ÆE=E at LEP is about 10�3, the upper bound on the

U(1)B�L gauge coupling is two or three orders of magnitude below the electromagnetic

gauge coupling for the particular value of MZ0 where LEP is most sensitive to a narrow

resonance.

For a ZB�L resonance located away from
p
s the bound on the couplings is less strin-

gent. To derive the bound in the case where MZ0 <
p
s we need to take into account

initial state radiation. For our purpose it is suÆcient to include the emission of a single

photon by an incoming e+ or e� [13]. The cross section is given by

�
�
e+e� ! ZB�L

�
� �

4�
ln

 
s

m2
e

!
s�Z0

MZ0

(zlgz)
2

Z 1

�
dx

(1=x� 1) [1 + (1� x)2]

[s(1� x)�M2
Z0]

2 +M2
Z0�2Z0

;

(4.7)

where x is the ratio of the photon energy to the beam energy, and � � 1 is an infrared

cuto� required to avoid the soft photon singularity (since the ZB�L resonance studied

here is very narrow and below
p
s, the ZB�L production is not sensitive to the infrared

cuto�). For a total width �Z0 much smaller than MZ0 , the above equation yields

�
�
e+e� ! ZB�L

�
Br
�
ZB�L ! �+��

�
� 3�

74
ln

 
s

m2
e

!
(zlgz)

2 s2 +M4
Z0

s2 (s�M2
Z0)

: (4.8)
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In the range MZ <
p
s < 2MZ , LEPII has run at the following center-of-mass energies:p

s � 130; 136; 161; 172; 183 GeV [14]. The corresponding integrated luminosities are

about 3; 3; 10; 10 and 55 pb�1, respectively. We expect that large gaps in the sensitivity

to a narrow resonance in this range exist.

For exempli�cation we consider a ZB�L boson of mass around 140 GeV. We �rst

estimate the limit imposed by the run at
p
s � 161 GeV. The number N(ZB�L) of

�+�� events due to the presence of the ZB�L is obtained by multiplying Eq. (4.8) with

the combined integrated luminosity accumulated by the four LEP experiments, roughly

40 pb�1:

N(ZB�L) � 3 � 104 (zlgz)
2
: (4.9)

The small e�ect due to the interference of the ZB�L and �; Z� amplitudes can again be

ignored.

The background in this case is mainly due to e+e� ! �; Z� ! �+��. The number

of �+�� background events in an energy bin of size �E, at the reduced center-of-mass

energy of
p
s0 = 140 GeV, is given approximately by

NB � 2�3L�E

3MZ0

 
1 +

0:125

(1�M2
Z=M

2
Z0)2

!
ln

 
s

m2
e

!
s2 +M4

Z0

s2 (s�M2
Z0)

� 6:4�
�

�E

5 GeV

�
: (4.10)

At the 95% con�dence-level we �nd

zlgz < 1:2 � 10�2
�

�E

5 GeV

�1=4
: (4.11)

Summing all the events for the runs at
p
s � 161; 172; 183; 188:6 GeV, as well as those

between 192 and 208 GeV where an integrated luminosity of about 1:7fb�1 has been

accumulated by the four experiments, increases both N(ZB�L) and NB by a factor of

19.3, so that the upper bound on zlgz decreases only by a factor of two. Thus, for a ZB�L

resonance with MZ0 � 140 GeV the upper bound on the U(1)B�L gauge coupling is a

factor of 50 below the electromagnetic gauge coupling.

The conclusion so far is that the experimentally allowed region in the zlgz versus

MZ0 plane has a complicated shape, with the upper bound on zlgz varying between 10�2

and 10�3 for MZ �< MZ0 �< 210 GeV. We do not expect that a more re�ned analysis,

including other decay modes, other observables, and numerical simulations, would change

this conclusion. We recommend that the LEP collaborations analyze their data in search
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of a narrow Z 0 resonance, either discovering a signal or deriving a precise exclusion region

in the zlgz �MZ0 plane.

For 10 GeV �< MZ0 �< MZ the situation does not change qualitatively, but for lighter

ZB�L bosons more stringent limits on zlgz can be placed using measurements of rare meson

decays and various other data [15]. We will not discuss further the case of a very weakly

coupled ZB�L boson.

When the ZB�L boson is heavier than the highest LEP center-of-mass energy of 209

GeV, the sensitivity of the LEP experiments to a narrow ZB�L resonance decreases signif-

icantly. We �rst estimate the lower bound on MZ0 for a gzzl equal to the electromagnetic

coupling, e � 0:3, by adapting the bounds set by the Aleph Collaboration on various Z 0

gauge bosons [16]. Given that the ZB�L boson couples with the same strength to left-

and right-handed fermions, there are no corrections to the forward-backward asymmetries.

The large leptonic branching fraction imply that the best LEPII limits on ZB�L come from

the measurement of �(e+e� ! ZB�L ! �+��; �+��). The analysis in Ref. [16] focusing

on the Z 0 � Z associated with the U(1) subgroup of E6 in grand uni�ed theories is well

suited for application to our ZB�L because both bosons do not induce forward-backward

asymmetries. (This is true in the case of the Z given that its squared-couplings to all

quarks and leptons are equal.) Using the normalization for the U(1) coupling prescribed

in Ref. [16], in the case of U(1)B�L we �nd MZ0 �> 300 GeV for gzzl � e. For a coupling

to fermions weaker than the electromagnetic one, this limit is relaxed.

We now turn to the limits in the M 0
Z versus gzzl set by the CDF and D0 experiments

using data obtained in the Run I at the Tevatron. The data is analyzed such that an

exclusion plot in the �(p�p ! Z 0) � Br(Z 0 ! �+��; e+e�) versus M 0
Z plane is obtained

[17, 18]. The theoretical curve in this plane in the case of the ZB�L may be derived by

comparing again with the case of Z , analyzed in Ref. [19, 20]. Assuming that the Z 

may decay only into standard model fermions we �nd Br(Z ! �+��; e+e�) = 1=12,

which is smaller than the same quantity for the ZB�L by a factor of 37/144. Multiplying

this quantity by the squared ratio of the ZB�L and Z couplings to quarks we obtain

�(p�p! ZB�L)�Br(ZB�L ! �+��; e+e�)

�(p�p! Z )�Br(Z ! �+��; e+e�)
=

16

37

�
gzzl
e

�2
: (4.12)

We derive bounds on the ZB�L mass and couplings by comparing the theoretical curve

given in Fig. 3.a of Ref. [20], shifted by the above ratio, with the 95% C.L. upper limit set

by the CDF Collaboration (Fig. 3 of Ref. [17]). ForMZ0 in the range that is kinematically

accessible at LEP, the bound on gzzl set by LEP [see Eq.(4.11)] makes �(p�p! ZB�L) �
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Br(ZB�L ! �+��; e+e�) about three orders of magnitude smaller than the limit set at

the Tevatron. For higher masses, however, the Tevatron bounds become more stringent

than the LEP bounds. We estimate MZ0 > 480 GeV for gzzl = e.

4.2 Weak-isospin breaking

We next return to the general case in which the Higgs U(1)z charge, zH, is non-negligible

and consider bounds arising from data at the Z pole. Tree-level mass mixing now leads

to modi�cations to both the mass and couplings of the Z. We begin with the mass

shift, expressing the result in terms of the T parameter. Having chosen to use a basis

in which there is no kinetic mixing between the U(1) gauge �elds, there are no tree-level

contributions to the S or U parameters.

The T parameter for our e�ective theory is

�T = ��
new
ZZ

M2
Z

; (4.13)

where � is the �ne structure constant evaluated at the Z mass, and �new
ZZ = M2

Z �
g2v2H=(4 cos

2 �w) is the contribution of new physics to the self-energy of the Z. The new,

tree-level physics here arises only frommass mixing and is therefore scale independent. (At

tree level theW mass is una�ected by the addition of U(1)z, and so makes no contribution

to the T parameter.) Using the expression for M2
Z given in Eq. (2.6), we have

�T

1 + �T
=

1

2

h
1� (r + z2H)t

2
z cos

2�w
i
+
zHtz cos �w
sin 2�0

; (4.14)

where �0 is given by Eq. (2.5).

The dependence of T on r and �0 can be re-expressed as a dependence on M2
Z=M

2
Z0

and zHtz by making use of Eqs. (2.5) and (2.6). The result is

�T

1 + �T
=

1

2

2
641� M2

Z

M2
Z0

�
vuut 1 � M2

Z

M2
Z0

!2
� 4z2Ht

2
z cos

2 �w
M2

Z

M2
Z0

3
75 ; (4.15)

where one takes the upper (lower) sign if MZ is less (greater) than MZ0 . Notice that T

now depends on only two new parameters: the mass of the Z 0 boson and the magnitude

of the coupling strength of the Z 0 boson to the Higgs. The reality of T (the positive

semi-de�niteness of the quantity in the square root) follows from Eq. (2.6). Examination

of Eq. (4.15) leads one to conclude that T is greater (lesser) than zero for MZ lesser

(greater) than MZ0 .

16



Experiment demands that �T � 1. This is assured, for example, if M2
Z=M

2
Z0 � 1

or if z2Ht
2
z � 1. More generally, we plot in Fig. 1 the allowed region in the (zHtz;MZ0)

parameter space due to current constraints on T . The horizontal axis corresponds to

the strength of the z coupling of the Higgs, zHgz, ranging from extremely weak up to

roughly twice electromagnetic strength. Bounds are symmetric about zHtz = 0; bounds

for negative values of zHtz are not shown. The region allowed by Eq. (2.6),

MZ0 > MZ

�
zHtzcw +

q
1 + z2Ht

2
zc
2
w

�
; for MZ0 > MZ ;

MZ0 < MZ

vuut1� jzHjtzcw
1 + jzHjtzcw ; for MZ0 < MZ ; (4.16)

is outside the darkly shaded area. The region allowed by current constraints on T , ex-

plained in the �gure caption, is outside the lightly shaded area. Several features are

worthy of note. The lower limit on MZ0 is approximately 0:9 TeV (at the 95% con�dence

level) with zHgz of electromagnetic strength (zHgz = e, zHtz = sin �w � 0:48), while the

bound weakens signi�cantly for smaller zHtz. The Z 0 can actually be lighter than the Z,

but this requires very small values for zHtz. We note that varying MH from 115 to 300

GeV leads to roughly a 15% shift in the bound for MZ0 for a given zHtz.

Finally, we observe that a simple relation exists among the mixing angle �0 (given by

Eq. (2.5)), MZ0, and T :

�T = sin2 �0
 
M2

Z0

M2
Z

� 1

!
: (4.17)

Note that if the Higgs doublet is uncharged under U(1)z (and so T = 0), then �0 = 0

and the Z has no anomalous couplings at tree level. From this expression, it can be seen

that through most of the region of Fig. 1 allowed by the experimental constraints on T ,

�0 � 1.

4.3 Anomalous Z couplings

We next analyze the tree-level couplings of the neutral gauge bosons to matter. In terms

of the mass eigenstates, the interaction takes the form

LZ;Z0 =
g

cos �w

X
f

f �
�
cf ; c

0
f

�  cos �0 � sin �0

sin �0 cos �0

! 
Z�
Z 0
�

!
f ; (4.18)

where f ranges over the chiral �elds uiL, d
i
L, u

i
R, d

i
R, �

i
L, e

i
L, e

i
R, and �kR. The couplings cf

and c0f are given by

cf = T 3
f � qf sin

2 �w
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Figure 1: Bounds at the 95% con�dence level in the (zHtz;MZ0) plane, where zHtz =
zHgz=g is the ratio of the U(1)z -coupling of the Higgs doublet to the weak coupling.
Electromagnetic strength corresponds to zHtz ' 0:48. The limit zHtz ! 0 represents
either an extremely weakly coupled new boson, or a model with z / B�L. The disallowed
region due to the bound on the T parameter for MH = 115 GeV is shaded light gray.
The dotted line shows the shift in the bound for MH = 300 GeV. Here we have used
T = �0:02�0:13(+0:09), where the central value corresponds to MH = 115 GeV and the
shift (in parentheses) to MH = 300 GeV [1].

c0f = zf tz cos �w=2; (4.19)

where Yf and zf are the hypercharge and U(1)z charge of fermion f (see Table 1), while

T 3
f and qf are its weak isospin and electric charge, which satisfy qf = T 3

f + Yf=2. Since

the couplings of the Z to matter are known so precisely, the constraint �0 � 1 must hold.

In the standard model, electroweak physics is conveniently described in terms of the

electromagnetic coupling, the Fermi constant, and the physical Z mass (in addition to

the particle masses and CKM matrix elements). Following this convention, we focus on

LZ from Eq. (4.18) and reexpress it in terms of these parameters by way of de�ning a

new, physical weak angle �W such that

GFp
2
� ��(MZ)

2 sin2 �W cos2 �WM2
Z

; (4.20)

where �(MZ) is the �ne-structure constant de�ned at the Z mass [�(MZ)�1 = 128:92 �
0:03]. For our e�ective theory at tree level, the relation between �w and �W is given by

sin2 �W cos2 �W = sin2 �w cos
2 �w(1 + �T ) : (4.21)
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Keeping terms to �rst order in �T and to order �02, the interaction of the Z with

matter may now be written as

LZ =
e

sin �W cos �W

�
1 +

1

2
(�T � �02)

�X
f

�f�(gf + Ægf)fZ� ; (4.22)

where terms of order �T Ægf and �02 Ægf are discarded. Here e is the electromagnetic gauge

coupling, and gf and Ægf are given by

gf = T 3
f � qf sin

2 �W

Ægf = qf�T
sin2 �W cos2 �W
cos2 �W � sin2 �W

+ zftz cos �W
�0

2
: (4.23)

In the limit MZ � MZ0 the term of order �02 is suppressed relative to the others, but in

general, and particularly for Z 0 very light compared to Z, it can happen that �02 � �T

[see Eq. (4.17)].

Using Eqs. (4.22) and (4.23), any measurable quantity depending on the Z-pole cou-

pling to matter may be expressed (at tree-level) in terms of MZ=MZ0 and two couplings

which we take to be zqtz and zHtz. Having expressed LZ in terms of the physical weak

angle �W , the prediction for the new theory will be the radiatively-corrected standard

model prediction, plus a small shift due to new physics that depends on the parameters

MZ0, zHtz, and zqtz.

A precise bound in the Z 0 parameter space can be obtained by performing a global

�t to all the electroweak data. However, in order to understand the dependence of the

observables on the Z 0 parameters, we restrict attention here to two well-measured, repre-

sentative Z-pole observables, in addition to the T parameter: the total decay width of the

Z boson, �Z , and the left-right asymmetry of the electron. We expect that the bounds

derived this way will not be substantially di�erent than those set by a global �t.

The current experimental value of �Z , 2:4952� 0:0023 GeV, is in excellent agreement

with the standard model prediction of 2:4966 � 0:0016 GeV [1]. The change in the Z

couplings due to the presence of the Z 0 boson leads to a shift in �Z , resulting in the

bound shown in Fig. 2. Since we are interested in comparing bounds on the parameters

MZ0, zqtz, and zHtz to those from the T parameter, we show bounds for a given value of

zqtz as contours in the (zHtz;MZ0) plane. To understand the qualitative features of Fig. 2,

it is helpful to consider the limit M 0
Z � MZ, which is reliable over much of the vertical

range, in which case �Z takes the simple form

�Z = �SMZ
h
1 + (0:55z2H � 1:29zHzq)t

2
zM

2
Z=M

2
Z0 +O

�
M4

Z=M
4
Z0

�i
; (4.24)
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Figure 2: Bounds from precision measurements of the total Z width at the 95% con�dence
level plotted as contours in the (zHtz;MZ0) plane, for zqtz = � 1

10
;�1

2
. In each case the

allowed region is to the left of the line. Included in gray are bounds from T for MH = 115
GeV.

where �SMZ is the current standard model value for the total width. For zH large relative

to zq (the U(1)R limit), Eq. (4.24) implies that the bound on MZ0 grows linearly with

zHtz, with a slope of roughly 2 TeV per unit zHtz. In the limit where zq is large relative

to zH (the z / B � L limit) the bound grows as
p
zHtz. These features are reected in

Fig. 2. We note that for zHtz � 1 there is an allowed region of parameter space with

MZ0 < MZ .

Fig. 2 shows that the bounds from �Z depend on the magnitude of the coupling zqtz,

as well as its sign relative to zHtz which we have taken to be positive. For zHtz and zqtz

of electromagnetic strength, i.e., zHtz = sin �w, zqtz = � sin �w=3, the T -parameter bound

is MZ0 > 0:9 TeV, while the �Z-bound is signi�cantly weaker if zHtz and zqtz are of the

same sign. If they are of opposite sign the bound from �Z is stronger than that from T ,

with MZ0 > 1:2 TeV. For suÆciently small zHtz the �Z -bound is always stronger than the

T -parameter bound (and both vanish at tree level in the zHtz ! 0 limit).

We have also examined bounds coming from the left-right asymmetry of the electron,

Ae. The experimental value, from the angular distribution of the � polarization [1], is

0:1498 � 0:0048; the standard model predicts 0:1478 � 0:0012. An expression analogous
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to Eq. (4.24) can be derived for Ae,

Ae = ASMe
h
1 + (24z2H + 60zHzq)t

2
zM

2
Z=M

2
Z0 +O

�
M4

Z=M
4
Z0

�i
: (4.25)

We �nd that the bounds from Ae are complementary to those from �Z : the former are

comparable with the latter for opposite signs of zqtz (this fact is suggested by Eqs. (4.24)

and (4.25)). For zHtz and zqtz of electromagnetic strength, and of the same sign, one

�nds that the bound from Ae is MZ0 > 1:0 TeV at the 95% con�dence level.

In summary, MZ0 > O(1) TeV in models with zHtz and zqtz of electromagnetic

strength.

5 Conclusions

Our study of new color-singlet and electrically neutral gauge bosons shows that there

remain many possibilities to explore even in the simplest extensions of the standard model.

We have �rst demonstrated that the SU(3)C � SU(2)W � U(1)a � U(1)b gauge group

is consistent with the measured electric charges of the observed fermions only if it is

equivalent to the SU(3)C � SU(2)W � U(1)Y � U(1)z gauge group, where U(1)Y is the

standard model hypercharge, and U(1)z is a new gauge group in a kinetically-diagonal

basis. Symmetry breaking is described, without loss of generality for the purposes of this

paper, by the usual doublet Higgs along with a single complex scalar, whose U(1)z charge

is +1.

We have then concentrated on the case where the U(1)z symmetry is non-anomalous,

the U(1)z charges of the observed fermions are generation independent, and any new

fermions are singlets under SU(3)C�SU(2)W �U(1)Y . We allow for an arbitrary number

of right-handed neutrinos charged under U(1)z. As long as there are at least three right-

handed neutrinos, a continuous family of U(1)z-charge assignments is consistent with

both anomaly cancellation and the existence of fermion masses. The U(1)z -charges of

the observed fermions depend on two parameters, chosen to be the charges zq and zu of

the left-handed quark doublets and right-handed up-type quarks. The U(1)z charge of

the Higgs doublet has to be given by zH = zu � zq in order to allow the existence of

the top Yukawa coupling. Although the U(1)z charges of the right-handed neutrinos are

not uniquely determined, the anomaly cancellation conditions allow only a limited set of

charge assignments. Moreover, each of these right-handed neutrino charge assignments

implies a di�erent set of higher-dimensional operators that could generate the neutrino
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masses. As a byproduct, it is possible to obtain viable neutrino mass matrices even when

all the higher-dimensional operators have coeÆcients of order unity.

Some fermion charge assignments correspond to relatively simple relations between zq

and zu. Among them are several of the popular models in the literature, as well as other

simple charge assignments that, to the best of our knowledge, have not been analyzed

before. In fact, in a general e�ective �eld theory arising from unspeci�ed underlying

dynamics, and involving renormalization-group running from the fundamental scale to

that of the e�ective theory, there may be no good reason to choose a particular relation

among the charges. On the other hand, if the gauge coupling is suÆciently small, then

the renormalization-group running may be ignored. Furthermore, various theoretical de-

velopments within the last few years have demonstrated that the range of possibilities for

physics at a fundamental scale is very wide, and hence it is reasonable to consider charge

assignments that are di�erent than those arising from traditional grand uni�ed theories.

An example that is both simple and instructive is based on the SU(3)C � SU(2)W �
U(1)Y � U(1)B�L gauge group. As we discussed in Section 4.1, in this case there is no

tree-level mixing between the Z and Z 0 � ZB�L bosons, because zH = 0. The best limits

on the mass and coupling of the ZB�L boson is then set by the searches for direct Z 0

production in experiments at the Tevatron and LEPII. For a ZB�L coupling to quarks

and leptons of electromagnetic strength, the lower mass limit set by searches at CDF is

around 480 GeV. We reiterate though that the gauge coupling is a free parameter that

could be substantially smaller than the electromagnetic gauge coupling. If that is the case,

then the Tevatron mass limits no longer apply, and the best bounds for a ZB�L of mass

below 200 GeV are set at LEP. With the exception of a few narrow mass intervals around

the center-of-mass energies where the integrated luminosity is large, a ZB�L coupling

to leptons as large as 10�2 would suÆce to hide the narrow resonance from the LEP

experiments.

For generic charge assignments with zH 6= 0, the strongest bounds on the Z 0 parameters

come from precision measurements at the Z-pole. The presence of the new Z 0 in general

induces at the tree-level both a shift in the Z mass (expressed in terms of the T parameter)

and a shift in its couplings from the standard model values. For a Z 0 coupling to fermions

of typical electromagnetic strength, we estimate the lower bound on the mass MZ0 of the

Z 0 to be roughly in the 0:9 � 1:2 TeV range. As the Z 0 coupling to the Higgs doublet

weakens, the lower bound on MZ0 from the indirect, Z-pole studies drops signi�cantly

(see Fig. 2).
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We emphasize that we have studied so far only the \tip of the iceberg". There are

many avenues for research related to new gauge bosons. It would be interesting to inves-

tigate systematically the possible charge assignments and limits on couplings when the

U(1)z charges are generation dependent (various examples of this type have been analyzed

recently in Ref. [22]). Furthermore, our simplifying assumption that there are no \exotic"

fermions charged under the standard model group could be dropped. Given that the scale

of new physics is expected to be at the TeV scale, one could also consider an anomalous

U(1)z. Experimental limits on the parameter space associated with the gauge bosons in

each of these generalizations need to be derived. In fact, only few dedicated searches for

light narrow resonances have been performed, and therefore there is a possibility that the

signal for a new gauge boson already exists in the current data.
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