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We study theoretical and experimental constraints on electroweak theories including a new color-singlet and
electrically neutral gauge boson. We first note that the electric charges of the observed fermions imply that any
suchZ8 boson may be described by a gauge theory in which the Abelian gauge groups are the usual hyper-
charge along with anotherU(1) component in a kinetic-diagonal basis. Assuming that the observed quarks and
leptons have generation-independentU(1) charges, and that no new fermions couple to the standard model
gauge bosons, we find that theirU(1) charges form a two-parameter family consistent with anomaly cancel-
lation and viable fermion masses, provided there are at least three right-handed neutrinos. We then derive
bounds on theZ8 mass and couplings imposed by direct production andZ-pole measurements. For generic
charge assignments and a gauge coupling of electromagnetic strength, the strongest lower bound on theZ8
mass comes fromZ-pole measurements, and is of the order of 1 TeV. If the newU(1) charges are proportional
to B2L, however, there is no tree-level mixing between theZ and Z8, and the best bounds come from the
absence of direct production at CERN LEP II and the Fermilab Tevatron. If theU(1) gauge coupling is one or
two orders of magnitude below the electromagnetic one, these bounds are satisfied for most values of theZ8
mass.
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I. INTRODUCTION

The existence of the gauge bosons associated
SU(3)C3SU(2)W3U(1)Y , together with their measure
properties, comprises some of the most profound informa
obtained in high-energy experiments. Other gauge bos
may exist and interact with observed matter provided th
are sufficiently heavy or weakly coupled to have esca
detection @1#. New electrically neutral and color-single
gauge bosons, usually calledZ8 bosons, are of special inte
est. They may appear as low-energy manifestations of gr
unified and string theories@2#, theories of dynamical elec
troweak symmetry breaking@3#, and other theories for phys
ics beyond the standard model. From a more phenome
logical perspective, they have been hypothesized
explanations for possible discrepancies between experim
tal results and standard model predictions~for two such ex-
amples, see@4,5#!.

The extensive literature onZ8 bosons often deals with
either Z8 couplings arising from particular models, or wit
‘‘model-independent’’ ~unconstrained! parametrizations of
the Z8 couplings@6#. In this paper we investigate an impo
tant intermediate situation, in which the properties of theZ8
boson are constrained by generic conditions on fo
dimensional effective field theories that involve extensio
of the standard model gauge symmetry. This approach le
to a variety of interesting possibilities forZ8 bosons that
have not been examined previously.

We start~in Sec. II! by analyzing the most general gaug
symmetry that leads to an additional color-singlet and e
0556-2821/2003/68~3!/035012~12!/$20.00 68 0350
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trically neutral gauge boson. We observe that the full gau
group may be taken to beSU(3)C3SU(2)W3U(1)Y
3U(1)z , whereU(1)Y is the usual hypercharge group an
U(1)z is an additional spontaneously broken gauge symm
try. Furthermore, the kinetic mixing between theU(1)z and
U(1)Y gauge fields may, without loss of generality, be tak
to vanish at any particular scale. This provides a help
simplification in the analysis of the effective theory, and d
tinguishes our approach from those of@7# and @8#, where
either an ‘‘off-diagonal’’ gauge coupling or a kinetic mixin
term are introduced.

The properties of theZ8 boson depend only on the sca
of the U(1)z breaking, theU(1)z gauge coupling, and the
U(1)z charges of the various fields. In Sec. III we consid
the possible values of these charges. We restrict attentio
the case in which the only fermions charged underSU(3)C
3SU(2)W3U(1)Y are the three generations of quarks a
leptons. We also take theU(1)z charges to be generatio
independent in order to avoid the constraints from flav
changing neutral current processes. Anomaly cancellatio
the effective theory then restricts theU(1)z charges of the
standard-model fermions to depend on at most two free
rameters. The standard-model Yukawa couplings determ
theU(1)z charge of the Higgs doublet in terms of these tw
parameters. We also include a number of right-handed n
trinos, which are singlets underSU(3)C3SU(2)W
3U(1)Y , and derive the relations among their charges t
allow the masses required for neutrino oscillations.

In general, there is mass mixing between theU(1)z and
U(1)Y fields, and this is the origin of theZ-pole physics to
©2003 The American Physical Society12-1
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be considered here. The tree-level mixing vanishes only
the case that theU(1)z charges are proportional toB2L,
because theU(1)z charge of the Higgs doublet then va
ishes. There will also beU(1)z-U(1)Y kinetic mixing gen-
erated at the one-loop level and above, with its renormal
tion group scale dependence. As noted above, howeve
may be diagonalized away at any particular scale.

In Sec. IV A, we consider the bounds from direct searc
at the Fermilab Tevatron and CERNe2e1 collider LEP on
the Z8 mass and coupling. This is particularly interesting
the U(1)z charges are proportional to theB2L number, so
that there is no tree-level mass mixing between theZ andZ8
bosons. When theU(1)z charges are not of theB2L type,
the indirect bounds imposed mainly by theZ-pole data are
stronger. In Secs. IV B and IV C, we compute the ele
troweak oblique and vertex corrections, respectively, at
level in the effective theory, and determine the current
perimental bounds on theZ8 parameters. In Sec. V we sum
marize our results, and comment on their implications.

II. SYMMETRY BREAKING PATTERN

A new electrically neutral, color-singlet gauge bosonZ8
may arise from various extensions of the standard mo
gauge group, including products of a larger number of se
simple groups, as well as embeddings of some or all
SU(3)C3SU(2)W3U(1)Y into a larger group. Any such
extended gauge group must have anSU(3)C3SU(2)W
3U(1)13U(1)2 subgroup whose generators are associa
with the gluon octet, theW6 bosons, and threeSU(3)C
3U(1)em singlets: the photon, theZ boson, and aZ8 boson.

There could be moreZ8 bosons as well as heavy charg
gauge bosons. The former would require additionalU(1)
groups, and would lead to a more complicated mixing p
tern. We assume that any additionalZ8 bosons are suffi-
ciently heavy or weakly coupled that they can be integra
out of the effective theory. Additional charged gauge bos
would contribute to the mixing of theZ8 andZ only through
loops, but they could mix at the tree level with theW, shift-
ing its mass and contributing to theT parameter, thus affect
ing the precision constraints on the mass and coupling of
Z8. We assume that they, too, are weakly coupled or he
enough to be integrated out.

The gauge symmetry must be spontaneously broken
SU(3)C3U(1)em. We take the Higgs sector to consist of
complex doublet fieldH and a complex scalar fieldw @a
singlet underSU(3)C3SU(2)W], both of which acquire
VEV’s. For the purpose of studying the tree-level propert
of theZ8, each of these fields may be taken to describe ei
linear or nonlinear realizations of the~spontaneously broken!
symmetry. A more elaborate symmetry breaking sector co
be adopted, for example, with more doublet or singlet s
lars, but, as in the case of additional charged or colo
gauge bosons, there would be no impact at tree level on
properties of theZ8.

We choose a basis for theU(1)13U(1)2 gauge fields of
the effective theory in which the kinetic terms are diago
and canonically normalized. Because kinetic mixing is
duced at the one loop level and higher, the diagonaliza
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required to do this is scale dependent. For our purpo
however, since the gauge coupling is assumed to be s
and we are not concerned with energy scales above a
TeV, the scale dependence is unimportant.

The usual hypercharge gauge group is not in general id
tified with eitherU(1)1 or U(1)2. Upon performing a cer-
tain SO(2) transformation on the two gauge fields we c
always choose the charge ofw under one of the resulting
U(1)’s to bezero. By rescaling thisU(1) coupling, we de-
fine the correspondingH charge to be11. We label this
group byU(1)Y because shortly we will note that the me
sured electric charges imply that this is precisely the stand
model hypercharge gauge symmetry. The other linear c
bination of gauge bosons is labeled byU(1)z . The symme-
try breaking pattern requiresw to be charged underU(1)z ,
and we choose its charge to be11 by rescaling theU(1)z
gauge coupling.

The mass terms for the three electrically neut
SU(2)W3U(1)Y3U(1)z gauge bosons,W3m, BY

m and Bz
m ,

arise from the kinetic terms for the scalar fields upon repl
ing H andw by their vacuum expectation values~VEVs!:

vH
2

8
~gW3m2gYBY

m2zHgzBz
m!~gWm

3 2gYBYm2zHgzBzm!

1
vw

2

8
gz

2Bz
mBzm , ~2.1!

where zH is the U(1)z charge of H, gY and gz are the
U(1)Y3U(1)z gauge couplings, andvH and vw are the
VEVs of H andw. The properties ofW6 are not affected by
the additionalU(1), so that g is the usualSU(2)W gauge
coupling andvH'246 GeV.

The ensuing mass-square matrix forBY
m , W3m, and Bz

m

can be written as follows:

M 25
g2vH

2

4 cos2uw

3U†S 0 0 0

0 1 2zHtzcosuw

0 2zHtzcosuw ~r 1zH
2 !tz

2cos2uw

D U,

~2.2!

wheretz[gz /g, tanuw5gY /g, r 5vw
2/vH

2 . The matrix

U5S cosuw sinuw 0

2sinuw cosuw 0

0 0 1
D ~2.3!

relates the neutral gauge bosons to the physical states in
casezH50.

In general, the relation between the neutral gauge bos
(BY

m ,W3m,Bz
m) and the corresponding mass eigenstates

be found by diagonalizingM 2:
2-2
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S BY
m

W3m

Bz
m
D 5S cosuw 2sinuwcosu8 sinuwsinu8

sinuw cosuwcosu8 2cosuwsinu8

0 sinu8 cosu8
D

3S Am

Zm

Z8m
D , ~2.4!

whereZ andZ8 now denote mass eigenstates and the an
2p/4<u8<p/4 satisfies

tan 2u85
2zHtzcosuw

~r 1zH
2 !tz

2cos2uw21
. ~2.5!

TheZ eigenstate, of massMZ , corresponds to the observedZ
boson, while theZ8 eigenstate, of massMZ8 , is the heavy
neutral gauge boson not yet discovered. The photon is m
less, while theZ andZ8 masses are given by

MZ,Z85
gvH

2 cosuw
F1

2
@~r 1zH

2 !tz
2cos2uw11#7

zHtzcosuw

sin 2u8
G 1/2

.

~2.6!

One can check thatZ8 is heavier than the observedZ when
(r 1zH

2 )tz
2cos2uw.1. In the case where (r 1zH

2 )tz
2cos2uw,1,

Eq. ~2.5! gives zH /sin 2u8,0, so thatMZ8,MZ . This is
phenomenologically allowed provided theZ8 is sufficiently
weakly coupled~see Secs. IV B and IV C!. Note thatMZ8→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 pho
field may be written as

2 ig sinuwS T31
Y

2 DAm, ~2.7!

whereT3 is the weak-isospin operator andY is the charge
operator corresponding to theU(1)Y gauge interaction. Re
quiring that matter couples to the photon in the usual w
we are led to the conclusion thatg sinuw is the electromag-
netic coupling and thatY is the usual hypercharge operato

The mass and couplings of theZ8 are described by the
following parameters: the gauge couplinggz , the VEV vw ,
the U(1)z charge of the Higgs,zH , and the fermion charge
underU(1)z ~subject to the constraints discussed in the n
section!. Note that a kinetic mixing parameter introduced
in @8#, or an off-diagonal gauge coupling introduced as in@7#,
would be redundant in the framework employed here.

III. U„1…z CHARGES

We assume that the only fermions charged un
SU(3)C3SU(2)W3U(1)Y3U(1)z are three generations o
quarks, qL

i ,uR
i ,dR

i , and leptons,l L
i ,eR

i , i 51,2,3, and a
numbern of right-handed neutrinos,nR

k , k51, . . . ,n, which
are singlets underSU(3)C3SU(2)W , and are electrically
neutral. We label the U(1)z charges as follows
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zq ,zu ,zd ,zl ,ze , for the standard model fermions~assuming
a generation-independent charge assignment!, and zk , k
51, . . . ,n, for the right-handed neutrinos. In this section w
first impose the gauge and the mixed gravitational-U(1)z
anomaly cancellation conditions to restrict theseU(1)z
charges, and then study the additional constraints on cha
required for the existence of fermion masses.

A. Anomaly cancellation

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

zl523zq ; zd52zq2zu . ~3.1!

The @U(1)Y#2U(1)z anomaly cancellation then implies

ze522zq2zu , ~3.2!

and the U(1)Y@U(1)z#
2 anomaly automatically cancels

Equations~3.1! and~3.2! together lead to the conclusion th
only two independent real parameters,zq and zu , describe
the allowedU(1)z charges of the quarks andU(1)Y-charged
leptons. Equivalently, theU(1)z charges may be expresse
as a linear combination ofY and B2L: (zu2zq)Y1(4zq
2zu)(B2L) @9#. This general labelling is with respect to ou
chosen basis in which there is no kinetic mixing between
U(1) gauge fields. The gauge charges of all the fermions
scalars are listed in Table I.

Additional restrictions on theU(1)z charges are impose
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 (
k51

n

zk524zq1zu , ~3.3!

S (
k51

n

zkD 3

59(
k51

n

zk
3 . ~3.4!

Furthermore, the observed atmospheric and solar neut
oscillations require that at least two active neutrinos are m
ive, and that there is flavor mixing, imposing further restr
tions on theU(1)z charges. We address these issues in S
III B and III C.

TABLE I. Fermion and scalar gauge charges.

SU(3)C SU(2)W U(1)Y U(1)z

qL
i 3 2 1/3 zq

uR
i 3 1 4/3 zu

dR
i 3 1 22/3 2zq2zu

l L
i 1 2 21 23zq

eR
i 1 1 22 22zq2zu

nR
k , k51, . . . ,n 1 1 0 zk

H 1 2 11 2zq1zu

w 1 1 0 1
2-3
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B. Fermion mass constraints

TheU(1)z charges of the fermions, satisfying the requir
ment of anomaly cancellation, allow all the standard mo
Yukawa interactions for the quarks andU(1)Y-charged lep-
tons, providedH has charge

zH52zq1zu . ~3.5!

We impose this condition, as indicated in Table I, beca
otherwise only operators of dimension higher than four co
contribute to the quark masses, and it would be unlikely t
a sufficiently large top-quark mass could be generated.

We next discuss the generation of neutrino masses,
quired to explain the current neutrino oscillation data. T
will impose further restrictions on theU(1)z charges de-
pending on the type of neutrino mass being generated
the numbern of right-handed neutrinos.

Majorana mass terms for the active neutrinos may be
duced by the dimension-five operator

1

M
~ l c

LH !~ l LH !1H.c., ~3.6!

provided 4zq5zu so thatU(1)z invariance is preserved. In
the above operator the flavor indices are implicit, andM is
some mass scale higher than the electroweak scale. M
generally, when 8zq22zu is an integer, Majorana neutrin
masses can be induced by a higher dimension version o
operator~3.6!, obtained by including the appropriate pow
of w/M or w†/M required byU(1)z invariance. WithM
large enough, these operators can lead naturally to vi
neutrino masses.

If 8zq22zu is non-integer, then the neutrinos can have
mass spectrum compatible with the atmospheric and s
neutrino oscillation data if and only if there are at least t
right-handed neutrinos present, and an appropriate D
mass operator isU(1)z invariant. The dimension-four opera
tor

l̄ L
i nR

k H̃1H.c., ~3.7!

wherei 51,2,3, is allowed providingzk524zq1zu . It may
lead to a neutrino mass pattern consistent with the cur
data, although a small coefficient is required. More genera
Dirac neutrino masses are induced whenzk14zq2zu is an
integer, because there areU(1)z-invariant operators obtaine
by multiplying the above Dirac mass terms by the approp
ate power ofw/M or w†/M . A larger absolute value for the
zk14zq2zu integer implies that the dimension of the oper
tors leading to the Dirac neutrino masses is higher, so
sufficiently small neutrino masses are generated with la
values for the coefficients.

Finally, right-handed Majorana mass operators of
form

M122zk~w†!2zknc
R
k nR

k 1H.c. ~3.8!

are allowed by theU(1)z invariance ifzk is an integer or
half-integer@for zk,0, (w†)2zk is replaced byw22zk]. If the
ensuing right-handed neutrino masses are larger than
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electroweak scale, then they can lead to a seesaw mecha
providing that the corresponding Dirac masses also exist
addition, when a right-handed neutrino participates in b
Dirac and right-handed Majorana mass terms,U(1)z invari-
ance require 2(4zq2zu) to be an integer, so that left-hande
Majorana mass terms are alsoU(1)z invariant.

Based on the above constraints, we now study the var
possibilities for the fermion charges depending on the nu
ber of right-handed neutrinos,n.

C. Fermion charge assignments

If n50, then the mixed gravitational-U(1)z anomaly can-
cellation @see Eq.~3.3!# demandszu54zq . For the trivial
casezq50, the only field charged underU(1)z is w. If zq
Þ0, theU(1)z charges of the fermions and the Higgs do
blet are proportional to their hypercharges. We will refer
this U(1)z as the ‘‘Y-sequential’’ symmetry.1 In either case,
small neutrino masses may be generated by the operato
Eq. ~3.6!. Forn51, it follows from Eq.~3.4! thatz150, and
Eq. ~3.3! again giveszu54zq , so that theU(1)z is either
trivial or Y sequential. Small neutrino masses can be ge
ated by the operators of Eq.~3.6!, as well as the seesaw
combination of operators given in Eqs.~3.7! and ~3.8!.

For n52, the anomaly constraint Eq.~3.4! leads to the
conditionz152z2. Equation~3.3! then giveszu54zq , as in
the n50 and n51 cases, again leading to the trivial o
Y-sequential possibilities for theU(1)z charges of the left-
handed neutrinos and the Higgs boson. For integer value
z152z2, all the Dirac and Majorana masses are allowed
explained in Sec. III B. For non-integer values ofz152z2,
the left-handed Majorana mass operators given in Eqs.~3.6!
are allowed, but the Dirac masses are forbidden. Anc

R
1nR

2

Majorana mass is also allowed, while the diagonal, rig
handed Majorana mass operators given in Eq.~3.8! are al-
lowed only if z1,2 are half-integers. Viable neutrino mass
are always attainable.

The casen53 leads to a more general set of possibilitie
The assignmentz150 is similar to then52 case discussed
above, so that it is sufficient to assume that all threenR
charges are nonzero. A simple but non-trivial assignment
isfying the @U(1)z#

3 anomaly cancellation@see Eq.~3.4!# is
z15z25z3Þ0. The condition~3.3! implies z1524zq1zu ,
so that the Dirac mass operators Eq.~3.7! areU(1)z invari-
ant. The left-handed Majorana masses are then allowed
if z1 is an integer or half-integer. The right-handed Majora
operators~3.8! are also allowed whenz1 is an integer or
half-integer, leading to an effective seesaw mechanism
the neutrino masses.

Other nontrivial assignments for thezk’s are also possible
with n53. Whenz15z2, the anomaly cancellation cond
tions, Eqs.~3.3! and especially~3.4!, allow a single solution:

1TheY-sequentialZ8 doesnot couple to the standard-model field
with the same couplings as theZ. The latter possibility has been
referred to in the literature as ‘‘sequential’’~e.g., see@19#!, but we
note that such couplings are not attainable within the field theor
framework employed here.
2-4
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z15z252~4/5!z35216zq14zuÞ0. ~3.9!

Viable Dirac neutrino masses are then allowed when 3(zq
2zu) is an integer. Left-handed Majorana masses are
lowed when 2(4zq2zu) is an integer, and all types of neu
trino masses are allowed when 4zq2zu is an integer. For
example, in the particular casez15z2524 and z355,
which imposes 4zq2zu51, there are three left-handed Ma
jorana masses and two Dirac masses generated
dimension-7 operators, a third Dirac mass is generated
operators of dimension 12, while right-handed Majora
masses are generated by operators of dimension ran
from 4 to 13.

There are also solutions with all threezk’s different, even
when restricted to rational numbers. For example, the ass
mentz153, z25217/6 andz3525/3, which imposes 4zq
2zu51/2, allows left-handed Majorana masses generate
dimension-6 operators, no Dirac masses, and a single r
handed Majorana mass from a dimension-9 operator. Fon
>4 there are many interesting solutions, such asz154,z2
5z352,z451, 4zq2zu523, which allows three Dirac
masses generated by dimension-5 operators, left-handed
jorana masses generated by dimension-11 operators,
right-handed Majorana masses generated by operators o
mensions ranging from 5 to 11.

Two important conclusions may be drawn from this br
discussion. Firstly, the allowedU(1)z charge assignments o
the neutrinos permit an array of possible neutrino m
terms, of both Dirac and Majorana types, that can natur
accommodate the current neutrino oscillation data. Secon
for n>3, the left-hand side of the anomaly condition~3.3!
can take on a variety of nonzero values, allowing the f
two-parameter family ofU(1)z charges for the standar
model fermions, as listed in Table I.

D. Some specific models

Before exploring the phenomenology of the ensuingZ8
boson, we comment on certain restrictions of our tw
parameter family ofU(1)z charges, corresponding to som
specific models. This in turn leads to restrictions on thenR
charges. It is worth recalling at this point that we ha
adopted a gauge-field basis at the outset in which an allow
dimension-4 kinetic mixing term between theU(1)’s has
been rotated away, and into theU(1)z charges. If one adopt
the effective-field-theory attitude that this mixing has aris
from some underlying physics and is therefore unknow
then there is noa priori reason to assign any particular va
ues to theU(1)z charges. On the other hand, if they ari
from some fundamental theory with small kinetic mixin
and if the renormalization group running of the mixing fro
the fundamental scale to that of our effective theory is sm
then the values of the charges might obey certain sim
relations as in the following models.

Consider first the case in which theU(1)z is U(1)B2L ,
namely, thez charges of the standard model fermions a
proportional to their baryon number minus their lepton nu
ber. This corresponds to the restrictionzu5zq . As we will
discuss in Sec. IV A, this case is phenomenologically int
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esting because theU(1)B2L gauge boson does not mix a
tree level with the standard model neutral gauge bosons

Another simple example ofU(1)z is U(1)R , in which the
z charges are proportional to the eigenvalues of theT3 gen-
erator of the globalSU(2)R symmetry~which would be ex-
act in the limit of equal up- and down-type fermion ma
matrices!. In the notation of Table I, this is thezq50 case.

A much studied example ofZ8 arises from the left-right
symmetric model after the breaking of theSU(2)R
gauge group@10#. The gauge group is given bySU(3)C
3SU(2)W3U(1)R3U(1)B2L . According to our arguments
presented in Sec. II, theU(1)R3U(1)B2L product group is
equivalent toU(1)Y3U(1)z , where theU(1)z charges can
be determined by comparing the covariant derivatives of
two product groups. The hypercharge gauge coupling
poses a relation between theU(1)R3U(1)B2L gauge cou-
plings,gR andgB2L ,

gB2L5
gY

A12~gY /gR!2
, ~3.10!

and provides a lower bound for them,gR ,gB2L.gY . The
U(1)z charges of the fermions are determined~up to an over-
all normalization! in terms ofgR :

zu

zq
5423

gR
2

gY
2
,1,

zqgz5
gY

2

3AgR
22gY

2
. ~3.11!

Another well-known example of aZ8 arises in grand uni-
fied theories based on the symmetry breaking patt
SO(10)→SU(5)3U(1)x . The U(1)x charges of the stan
dard model fermions are given by theU(1)z charges when
zu52zq . There are alsoZ8 bosons studied in the literatur
which arise fromU(1) gauge group that are non-anomalo
only in the presence of exotic fermions. An examp
is provided by the grand unified theories based onE6→
SO(10)3U(1)c . SuchU(1) gauge groups are not include
in the two-parameter family ofU(1)z charges.

The various examples ofU(1)z groups discussed in Sec
III C and III D are summarized in Table II.

IV. EXPERIMENTAL BOUNDS ON THE Z8 PARAMETERS

The properties of theZ8 boson are described primarily i
terms of four parameters: its gauge couplinggz ~equivalently
tz[gz /g), the chargeszq andzu ~with zw defined to be 1!,
and the VEVvw of the singlet fieldw ~equivalently the ratio
r 5vw

2/vH
2 ). For example, the mass of theZ8 is given by Eq.

~2.6! in terms of zH
2 tz

2 and rt z
2 . Additional parameters

namely the number of right-handed neutrinos and thez
charges, are relevant only if the decayZ8→nRn̄R is kine-
matically open. We next analyze the bounds set on the f
parameters listed above by the current collider data and
to the electroweak observables. For the weak-coupling
2-5
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TABLE II. Particular cases ofU(1)z symmetries.

U(1) type Label Charge assignment Number ofnR

‘‘Trivial’’ U(1)0 zu5zq50 any
‘‘ Y sequential’’ U(1)Y8 zu54zq any
‘‘ B2L ’’ U(1)B2L zu5zq n>3
‘‘Right-handed’’ U(1)R zq50 n>3
‘‘Left-right’’ @U(1)R3U(1)B2L#/U(1)Y zu5zq(423gR

2/gY
2) n>3

‘‘ SO(10)-GUT’’ U(1)x zu52zq n>3
e

ew

es

n

n

lo
m

d.
an
e

th

t

e
t

e
e

e

nts

n

gime (tz&1) considered here, it is sufficient to restrict th
entire discussion to the tree level.

A. Direct Z8 production

Direct production provides the best bound on the n
parameters ifzH(52zq1zu) is very small compared withzq
andzu . This is because whenzH50, corresponding to pure
B2L coupling, the tree-level mixing of theBz

m @Eq. ~2.5!#
vanishes. The presence of theZ8 mass eigenstate then do
not affect the mass or couplings of theZ eigenstate at tree
level, and the constraints from precisionZ-pole data on the
one-loop mixing of theZ with Z8 are rather loose in the
weak-coupling regime (tz&1). We label theZ8 by ZB2L in
this limit and consider the bounds from its direct productio

The U(1)B2L charges of the fermions are given byzq
5zu5zd and zl5ze5zk523zq , with k51,2,3. Assuming
that theCP-even component of thew scalar is heavier than
MZ8/2, and that the right-handed neutrinos have Majora
masses aboveMZ8/2, we obtain the following branching
fractions for theZB2L : Br(ZB2L→ l 1l 2)'18/37, Br(ZB2L
→hadrons)'10/37, Br(ZB2L→ invisible)'9/37, for MZ8
,2mt . These are slightly reduced above thet t̄ threshold. If
the right-handed neutrinos have Majorana masses be
MZ8/2, then the branching fractions listed above beco
9/23, 5/23 and 9/23, respectively.

The LEPII experiments provide direct bounds on anyZ8
that couples toe1e2 and is light enough to be produce
Given that theZB2L has larger couplings to the leptons th
to the quarks, these direct-production bounds would app
to be particularly stringent. We estimate the bound on
gauge couplingzlgz above which aZB2L of a certain mass
would have been detected by the LEPII experiments.

For the rough estimate ofzlgz sought here, it is sufficien
to analyze the cleanest decay mode,ZB2L→m1m2. The
width of theZB2L resonance in this channel is

G~ZB2L→m1m2!'
~zlgz!

2

48p
MZ8 . ~4.1!

For smallzlgz , the resonance is narrow and hard to discov
LEPII has run at several center-of-mass energies, and
bound onzlgz is stringent only for values ofMZ8 very close
to these center-of-mass energies. To derive this string
bound we takeMZ85As. When the width is smaller than th
energy spread of the beam,dE'1023As, the integrated
ZB2L production cross section is given by@11#
03501
.
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E d~As!s~e1e2→ZB2L→m1m2!

'
6p2

MZ8
2 Br~ZB2L→e1e2!G~ZB2L→m1m2!

'
3p~zlgz!

2

148MZ8

, ~4.2!

where the second line corresponds to aZB2L that decays
only into standard model fermions~below thet t̄ threshold!.
The numberN(ZB2L) of m1m2 events due to the presenc
of the ZB2L is then obtained by multiplying Eq.~4.2! with
L/(2ApdE), where L is the integrated luminosity atAs
5MZ86dE ~for a review, see@12#!:

N~ZB2L!'1.831022
~zlgz!

2L

MZ8dE
. ~4.3!

An additional contribution toN(ZB2L) comes from the in-
terference of the amplitudes fore1e2→ZB2L→m1m2 and
e1e2→g* ,Z* →m1m2. However, this contribution is of
order (1/42sin2uw)2MZGZL/MZ8

4 at As5MZ8 , and can be ne-
glected in what follows.

The background is mainly due toe1e2→g* ,Z*
→m1m2, with the number of events forMZ8.100 GeV
well approximated by

NB'
4pa2

3s
LF11

tan4uw

~12MZ
2/s!2 S 11

124 sin2uw

8 sin4uw
D 2G .

~4.4!

At the 95% confidence level, i.e.,N(ZB2L),1.96ANB,

zlgz,1.33~dE!1/2L21/4S 11
0.125

~12MZ
2/s!2D 1/4

. ~4.5!

The most stringent bound is set by the run atAs
5188.6 GeV, where the combined four LEP experime
accumulated the largest integrated luminosity,L'0.7
fb213K. The factorK,1 takes into account the reductio
in the effective luminosity atAs due to initial state radiation
~typically K'0.5). ForMZ85188.6 GeV,
2-6



-
th
o

.
L
n
uc
A
so
-
av

ar
in
c

d

h
-
a

th
l

th

g
ft
is

out
e
nge

he

y

-

and

ases
r
a

e
ed
ro-

ith

is

ed
e,

a

NONEXOTIC NEUTRAL GAUGE BOSONS PHYSICAL REVIEW D68, 035012 ~2003!
zlgz,0.731023S 0.5

K D 1/4S dE

0.1 GeVD
1/2

. ~4.6!

Given that the energy spreaddE/E at LEP is about 1023, the
upper bound on theU(1)B2L gauge coupling could in prin
ciple be set at two or three orders of magnitude below
electromagnetic gauge coupling for the particular value
MZ8 where LEP is most sensitive to a narrow resonance
practice, however, the searches for narrow resonances at
have been performed by comparing the number of sig
versus background events in energy bins which are m
larger than the energy spread of the beam. The OP
DELPHI and L3 Collaborations searched for narrow re
nances ine1e2→m1m2 at As'188.6 GeV, and set an up
per bound on the coupling to leptons. Specifically, they h
considered theR-parity violating couplingsl1315l232 of a
tau-sneutrino toe1e2 andm1m2 @13–15#. Although this is
a scalar, its impact on the total cross section can be comp
to that of a gauge boson. The OPAL analysis explicitly
cluded only the total cross section measurement so that it
be applied to spin-1 bosons, and therefore the limit onl232
can be translated into a limit onzlgz . The main difference
between the effects of the sneutrino and theZB2L on the total
cross section is that the branching ratio of the sneutrino
cay into m1m2 considered in Ref.@13#, Br(ñ→m1m2)
'l232

2 M ñ /(16p GeV), is much smaller than Br(ZB2L

→m1m2). Multiplying the experimental boundl232,0.02
by a factor @Br( ñ→m1m2)/Br(ZB2L→m1m2)#1/2'9.6
31022, we find zlgz,1.931023 at the 95% confidence
level ~C.L.! This is fairly close to the result of our roug
computation, Eq.~4.6!, given that the OPAL analysis corre
sponds toApdE52.5 GeV and a luminosity smaller by
factor of four.

For aZB2L resonance located away fromAs the bound on
the couplings is less stringent. To derive the bound in
case whereMZ8,As we need to take into account initia
state radiation. For our purpose it is sufficient to include
emission of a single photon by an incominge1 or e2 @16#.
The cross section is given by

s~e1e2→gZB2L!'
a

4p
lnS s

me
2D sGZ8

MZ8

~zlgz!
2

3E
e

1

dx
~1/x21!@11~12x!2#

@s~12x!2MZ8
2

#21MZ8
2 GZ8

2 ,

~4.7!

wherex is the ratio of the photon energy to the beam ener
and e!1 is an infrared cutoff required to avoid the so
photon singularity~since theZB2L resonance studied here
very narrow and belowAs, theZB2L production is not sen-
sitive to the infrared cutoff!. For a total widthGZ8 much
smaller thanMZ8 , the above equation yields
03501
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s~e1e2→gZB2L!Br~ZB2L→m1m2!

'
3a

74
lnS s

me
2D ~zlgz!

2
s21MZ8

4

s2~s2MZ8
2

!
. ~4.8!

In the rangeMZ,As,2MZ , LEPII has run at the following
center-of-mass energies:As'130,136,161,172,183 GeV
@17#. The corresponding integrated luminosities are ab
3,3,10,10 and 55 pb21, respectively. We expect that larg
gaps in the sensitivity to a narrow resonance in this ra
exist.

For exemplification we consider aZB2L boson of mass
around 140 GeV. We first estimate the limit imposed by t
run at As'161 GeV. The numberN(ZB2L) of m1m2

events due to the presence of theZB2L is obtained by mul-
tiplying Eq. ~4.8! with the combined integrated luminosit
accumulated by the four LEP experiments, roughly 40 pb21:

N~ZB2L!'33104~zlgz!
2. ~4.9!

The small effect due to the interference of theZB2L and
g* ,Z* amplitudes can again be ignored.

The background in this case is mainly due toe1e2

→g* g,Z* g→m1m2g. The number ofm1m2 background
events in an energy bin of sizeDE, at the reduced center-of
mass energy ofAs85140 GeV, is given approximately by

NB'
2a3LDE

3MZ8
S 11

0.125

~12MZ
2/MZ8

2
!2D lnS s

me
2D s21MZ8

4

s2~s2MZ8
2

!

'6.43S DE

5 GeVD . ~4.10!

At the 95% confidence level we find

zlgz,1.231022S DE

5 GeVD
1/4

. ~4.11!

Summing all the events for the runs atAs
'161,172,183,188.6 GeV, as well as those between 192
208 GeV where an integrated luminosity of about 1.7 fb21

has been accumulated by the four experiments, incre
both N(ZB2L) andNB by a factor of 19.3, so that the uppe
bound onzlgz decreases only by a factor of two. Thus, for
ZB2L resonance withMZ8'140 GeV the upper bound on th
U(1)B2L gauge coupling that could be set by a combin
analysis of all LEP data is a factor of 50 below the elect
magnetic gauge coupling. This can again be compared w
the OPAL limit on theR-parity violating couplings,l131
5l232,0.07 for a tau-sneutrino mass of 140 GeV, which
based on an analysis of data up toAs5189 GeV@13#. Mul-
tiplying by a factor of @Br( ñ→m1m2)/Br(ZB2L
→m1m2)#1/2 we find zlgz,2.031022 at the 95% confi-
dence level.

The conclusion so far is that the experimentally allow
region in thezlgz versusMZ8 plane has a complicated shap
with the upper bound onzlgz varying between 1022 and
1023 for MZ&MZ8&210 GeV. We do not expect that
2-7
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more refined analysis, including other decay modes, o
observables, and numerical simulations, would change
conclusion. We recommend that the LEP collaborations a
lyze their data in search of a narrowZ8 resonance, eithe
discovering a signal or deriving a precise exclusion region
the zlgz-MZ8 plane.

For 10 GeV&MZ8&MZ the situation does not chang
qualitatively, but for lighterZB2L bosons more stringent lim
its on zlgz can be placed using measurements of rare me
decays and various other data@18#. We will not discuss fur-
ther the case of a very weakly coupledZB2L boson.

When theZB2L boson is heavier than the highest LE
center-of-mass energy of 209 GeV, the sensitivity of the L
experiments to a narrowZB2L resonance decreases signi
cantly. We first estimate the lower bound onMZ8 for a gzzl
equal to the electromagnetic coupling,e'0.3, by adapting
the bounds set by the ALEPH and DELPHI Collaboratio
on variousZ8 gauge bosons@19,14#. Given that theZB2L
boson couples with the same strength to left- and rig
handed fermions, there are no corrections to the forwa
backward asymmetries. The large leptonic branching frac
imply that the best LEPII limits onZB2L come from the
measurement of s(e1e2→ZB2L→m1m2,t1t2). The
analyses in Refs.@19,14# focusing on theZ8[Zc associated
with theU(1)c subgroup ofE6 in grand unified theories ar
well suited for application to ourZB2L because both boson
do not induce forward-backward asymmetries.~This is true
in the case of theZc given that its squared couplings to a
quarks and leptons are equal.! Using the normalization for
the U(1)c coupling prescribed in Ref.@19#, in the case of
U(1)B2L we find MZ8*300 GeV for gzzl'e. For a cou-
pling to fermions weaker than the electromagnetic one,
limit is relaxed.

We now turn to the limits in theMZ8 versusgzzl set by the
CDF and D0 experiments using data obtained in the Run
the Tevatron. The data are analyzed such that an exclu
plot in the s(pp̄→Z8)3Br(Z8→m1m2,e1e2) versusMZ8
plane is obtained@20,21#. The theoretical curve in this plan
in the case of theZB2L may be derived by comparing aga
with the case ofZc , analyzed in Refs.@22,23#. Assuming
that theZc may decay only into standard model fermions w
find Br(Zc→m1m2,e1e2)51/12, which is smaller than the
same quantity for theZB2L by a factor of 37/144. Multiply-
ing this quantity by the squared ratio of theZB2L and Zc
couplings to quarks we obtain

s~pp̄→ZB2L!3Br~ZB2L→m1m2,e1e2!

s~pp̄→Zc!3Br~Zc→m1m2,e1e2!
5

16

37S gzzl

e D 2

.

~4.12!

We derive bounds on theZB2L mass and couplings by com
paring the theoretical curve given in Fig. 3~a! of Ref. @23#,
shifted by the above ratio, with the 95% C.L. upper limit s
by the CDF Collaboration~Fig. 3 of Ref.@20#!. For MZ8 in
the range that is kinematically accessible at LEP,
bound ongzzl set by LEP@see Eq.~4.11!# makess(pp̄→
ZB2L)3Br(ZB2L→m1m2,e1e2) about three orders o
magnitude smaller than the limit set at the Tevatron. F
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higher masses, however, the Tevatron bounds become m
stringent than the LEP bounds. We estimateMZ8
.480 GeV forgzzl5e.

B. Weak-isospin breaking

We next return to the general case in which the Hig
U(1)z charge,zH , is non-negligible and consider bound
arising from data at theZ pole. Tree-level mass mixing now
leads to modifications to both the mass and couplings of
Z. We begin with the mass shift, expressing the result
terms of theT parameter. Having chosen to use a basis
which there is no kinetic mixing between theU(1) gauge
fields, there are no tree-level contributions to theS or U
parameters.

The T parameter for our effective theory is

aT52
PZZ

new

MZ
2

, ~4.13!

where a is the fine structure constant evaluated at theZ
mass, andPZZ

new5MZ
22g2vH

2 /(4 cos2uw) is the contribution
of new physics to the self-energy of theZ. The new, tree-
level physics here arises only from mass mixing and is the
fore scale independent.~At tree level theW mass is unaf-
fected by the addition ofU(1)z , and so makes no
contribution to theT parameter.! Using the expression fo
MZ

2 given in Eq.~2.6!, we have

aT

11aT
5

1

2
@12~r 1zH

2 !tz
2cos2uw#1

zHtzcosuw

sin 2u8
,

~4.14!

whereu8 is given by Eq.~2.5!.
The dependence ofT on r andu8 can be reexpressed as

dependence onMZ
2/MZ8

2 and zHtz by making use of Eqs.
~2.5! and ~2.6!. The result is

aT

11aT
5

1

2 F12
MZ

2

MZ8
2

7AS 12
MZ

2

MZ8
2 D 2

24zH
2 tz

2cos2uw

MZ
2

MZ8
2 G ,

~4.15!

where one takes the upper~lower! sign if MZ is less~greater!
than MZ8 . Notice thatT now depends on only two new
parameters: the mass of theZ8 boson and the magnitude o
the coupling strength of theZ8 boson to the Higgs. The
reality of T ~the positive semi-definiteness of the quantity
the square root! follows from Eq.~2.6!. Examination of Eq.
~4.15! leads one to conclude thatT is greater~lesser! than
zero forMZ lesser~greater! thanMZ8 .

Experiment demands thataT!1. This is assured, for ex
ample, ifMZ

2/MZ8
2

!1 or if zH
2 tz

2!1. More generally, we plot
in Fig. 1 the allowed region in the (zHtz ,MZ8) parameter
space due to current constraints onT. The horizontal axis
2-8
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corresponds to the strength of thez coupling of the Higgs,
zHgz , ranging from extremely weak up to roughly twic
electromagnetic strength. Bounds are symmetric aboutzHtz
50; bounds for negative values ofzHtz are not shown. The
region allowed by Eq.~2.6!,

MZ8.MZ~zHtzcw1A11zH
2 tz

2cw
2 ! for MZ8.MZ ,

MZ8,MZA12uzHutzcw

11uzHutzcw
for MZ8,MZ , ~4.16!

is outside the darkly shaded area. The region allowed
current constraints onT, explained in the figure caption, i
outside the lightly shaded area. Several features are wo
of note. The lower limit onMZ8 is approximately 0.9 TeV~at
the 95% confidence level! with zHgz of electromagnetic
strength (zHgz5e, zHtz5sinuw'0.48), while the bound
weakens significantly for smallerzHtz . The Z8 can actually
be lighter than theZ, but this requires very small values fo
zHtz . We note that varyingMH from 115 to 300 GeV leads
to roughly a 15% shift in the bound forMZ8 for a given
zHtz .

Finally, we observe that a simple relation exists amo
the mixing angleu8 @given by Eq.~2.5!#, MZ8 , andT:

aT5sin2u8S MZ8
2

MZ
2

21D . ~4.17!

Note that if the Higgs doublet is uncharged underU(1)z ~and
soT50), thenu850 and theZ has no anomalous coupling

FIG. 1. Bounds at the 95% confidence level in the (zHtz ,MZ8)
plane, wherezHtz5zHgz /g is the ratio of theU(1)z coupling of the
Higgs doublet to the weak coupling. Electromagnetic strength
responds tozHtz.0.48. The limitzHtz→0 represents either an ex
tremely weakly coupled new boson, or a model withz}B2L. The
disallowed region due to the bound on theT parameter forMH

5115 GeV is shaded light gray. The dotted line shows the shif
the bound for MH5300 GeV. Here we have usedT520.02
60.13(10.09), where the central value corresponds toMH

5115 GeV and the shift~in parentheses! to MH5300 GeV@1#.
03501
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at tree level. From this expression, it can be seen that thro
most of the region of Fig. 1 allowed by the experimen
constraints onT, u8!1.

C. AnomalousZ couplings

We next analyze the tree-level couplings of the neu
gauge bosons to matter. In terms of the mass eigenstates
interaction takes the form

LZ,Z85
g

cosuw
(

f
f̄ gm~cf ,cf8!S cosu8 2sinu8

sinu8 cosu8
D S Zm

Zm8
D f ,

~4.18!

where f ranges over the chiral fieldsuL
i , dL

i , uR
i , dR

i , nL
i ,

eL
i , eR

i , andnR
k . The couplingscf andcf8 are given by

cf5Tf
32qfsin2uw

cf85zf tzcosuw/2, ~4.19!

whereYf and zf are the hypercharge andU(1)z charge of
fermion f ~see Table I!, while Tf

3 andqf are its weak isospin
and electric charge, which satisfyqf5Tf

31Yf /2. Since the
couplings of theZ to matter are known so precisely, th
constraintu8!1 must hold.

In the standard model, electroweak physics is con
niently described in terms of the electromagnetic coupli
the Fermi constant, and the physicalZ mass~in addition to
the particle masses and CKM matrix elements!. Following
this convention@24#, we focus onLZ from Eq. ~4.18! and
reexpress it in terms of these parameters by way of defin
a new, physical weak angleuW such that

GF

A2
[

pa~MZ!

2 sin2uWcos2uWMZ
2

, ~4.20!

wherea(MZ) is the fine-structure constant defined at theZ
mass@a(MZ)215128.9260.03#. For our effective theory at
tree level, the relation betweenuw anduW is given by

sin2uWcos2uW5sin2uwcos2uw~11aT!. ~4.21!

Keeping terms to first order inaT and to orderu82, the
interaction of theZ with matter may now be written as

LZ5
e

sinuWcosuW
F11

1

2
~aT2u82!G

3(
f

f̄ gm~gf1dgf ! f Zm , ~4.22!

where terms of orderaT dgf and u82 dgf are discarded.
Heree is the electromagnetic gauge coupling, andgf anddgf
are given by

r-

n
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gf5Tf
32qfsin2uW

dgf5qfaT
sin2uWcos2uW

cos2uW2sin2uW

1zf tzcosuW

u8

2
. ~4.23!

In the limit MZ!MZ8 the term of orderu82 is suppressed
relative to the others, but in general, and particularly forZ8
very light compared toZ, it can happen thatu82;aT @see
Eq. ~4.17!#.

Using Eqs.~4.22! and ~4.23!, any measurable quantit
depending on theZ-pole coupling to matter may be ex
pressed~at tree level! in terms of MZ /MZ8 and two cou-
plings which we take to bezqtz andzHtz . Having expressed
LZ in terms of the physical weak angleuW , the prediction
for the new theory will be the radiatively corrected standa
model prediction, plus a small shift due to new physics t
depends on the parametersMZ8 , zHtz , andzqtz .

A precise bound in theZ8 parameter space can be o
tained by performing a global fit to all the electroweak da
However, in order to understand the dependence of the
servables on theZ8 parameters, we restrict attention here
two well-measured, representativeZ-pole observables, in ad
dition to the T parameter: the total decay width of theZ
boson,GZ , and the left-right asymmetry of the electron. W
expect that the bounds derived this way will not be subst
tially different than those set by a global fit.

The current experimental value ofGZ , 2.4952
60.0023 GeV, is in excellent agreement with the stand
model prediction of 2.496660.0016 GeV@1#. The change in
theZ couplings due to the presence of theZ8 boson leads to
a shift in GZ , resulting in the bound shown in Fig. 2. Sinc
we are interested in comparing bounds on the parame
MZ8 , zqtz , andzHtz to those from theT parameter, we show
bounds for a given value ofzqtz as contours in the
(zHtz ,MZ8) plane. To understand the qualitative features
Fig. 2, it is helpful to consider the limitMZ8@MZ , which is
reliable over much of the vertical range, in which caseGZ
takes the simple form

FIG. 2. Bounds from precision measurements of the totaZ
width at the 95% confidence level plotted as contours in
(zHtz ,MZ8) plane, for zqtz56

1
10,6 1

2 . In each case the allowe
region is to the left of the line. Included in gray are bounds fromT
for MH5115 GeV.
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GZ5GZ
SM@11~0.55zH

2 21.29zHzq!tz
2MZ

2/MZ8
2

1O~MZ
4/MZ8

4
!#, ~4.24!

whereGZ
SM is the current standard model value for the to

width. For zH large relative tozq @the U(1)R limit #, Eq.
~4.24! implies that the bound onMZ8 grows linearly with
zHtz , with a slope of roughly 2 TeV per unitzHtz . In the
limit where zq is large relative tozH ~the z}B2L limit ! the
bound grows asAzHtz. These features are reflected in Fig.
We note that forzHtz!1 there is an allowed region of pa
rameter space withMZ8,MZ .

Figure 2 shows that the bounds fromGZ depend on the
magnitude of the couplingzqtz , as well as its sign relative to
zHtz which we have taken to be positive. ForzHtz andzqtz of
electromagnetic strength, i.e.,zHtz5sinuw , zqtz5
6sinuw/3, the T-parameter bound isMZ8.0.9 TeV, while
the GZ bound is significantly weaker ifzHtz andzqtz are of
the same sign. If they are of opposite sign the bound fromGZ
is stronger than that fromT, with MZ8.1.2 TeV. For suffi-
ciently smallzHtz the GZ bound is always stronger than th
T-parameter bound~and both vanish at tree level in th
zHtz→0 limit!.

We have also examined bounds coming from the left-ri
asymmetry of the electron,Ae . The experimental value
from the angular distribution of thet polarization @1#, is
0.149860.0048; the standard model predicts 0.14
60.0012. An expression analogous to Eq.~4.24! can be de-
rived for Ae ,

Ae5Ae
SM@11~24zH

2 160zHzq!tz
2MZ

2/MZ8
2

1O~MZ
4/MZ8

4
!#.

~4.25!

We find that the bounds fromAe are complementary to thos
from GZ : the former are comparable with the latter for o
posite signs ofzqtz @this fact is suggested by Eqs.~4.24! and
~4.25!#. For zHtz andzqtz of electromagnetic strength, and o
the same sign, one finds that the bound fromAe is MZ8
.1.0 TeV at the 95% confidence level.

In summary,MZ8.O(1) TeV in models withzHtz and
zqtz of electromagnetic strength.

V. CONCLUSIONS

Our study of new color-singlet and electrically neutr
gauge bosons shows that there remain many possibilitie
explore even in the simplest extensions of the stand
model. We have first demonstrated that theSU(3)C
3SU(2)W3U(1)a3U(1)b gauge group is consistent wit
the measured electric charges of the observed fermions
if it is equivalent to the SU(3)C3SU(2)W3U(1)Y
3U(1)z gauge group, whereU(1)Y is the standard mode
hypercharge, andU(1)z is a new gauge group in a kineticall
diagonal basis. Symmetry breaking is described, without l
of generality for the purposes of this paper, by the us
doublet Higgs along with a single complex scalar, who
U(1)z charge is11.

We have then concentrated on the case where theU(1)z
symmetry is non-anomalous, theU(1)z charges of the ob-

e
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NONEXOTIC NEUTRAL GAUGE BOSONS PHYSICAL REVIEW D68, 035012 ~2003!
served fermions are generation independent, and any
fermions are singlets underSU(3)C3SU(2)W3U(1)Y . We
allow for an arbitrary number of right-handed neutrin
charged underU(1)z . As long as there are at least thre
right-handed neutrinos, a continuous family ofU(1)z-charge
assignments is consistent with both anomaly cancellation
the existence of fermion masses. TheU(1)z charges of the
observed fermions depend on two parameters, chosen t
the chargeszq andzu of the left-handed quark doublets an
right-handed up-type quarks. TheU(1)z charge of the Higgs
doublet has to be given byzH5zu2zq in order to allow the
existence of the top Yukawa coupling. Although theU(1)z
charges of the right-handed neutrinos are not uniquely de
mined, the anomaly cancellation conditions allow only a li
ited set of charge assignments. Moreover, each of these r
handed neutrino charge assignments implies a different s
higher-dimensional operators that could generate the n
trino masses. As a by-product, it is possible to obtain via
neutrino mass matrices even when all the higher-dimensi
operators have coefficients of order unity.

Some fermion charge assignments correspond to r
tively simple relations betweenzq andzu . Among them are
several of the popular models in the literature, as well
other simple charge assignments that, to the best of
knowledge, have not been analyzed before. In fact, in a g
eral effective field theory arising from unspecified under
ing dynamics, and involving renormalization-group runni
from the fundamental scale to that of the effective theo
there may be no good reason to choose a particular rela
among the charges. On the other hand, if the gauge coup
is sufficiently small, then the renormalization-group runni
may be ignored. Furthermore, various theoretical deve
ments within the last few years have demonstrated that
range of possibilities for physics at a fundamental scale
very wide, and hence it is reasonable to consider charge
signments that are different than those arising from tra
tional grand unified theories.

An example that is both simple and instructive is based
the SU(3)C3SU(2)W3U(1)Y3U(1)B2L gauge group. As
we discussed in Sec. IV A, in this case there is no tree-le
mixing between theZ and Z8[ZB2L bosons, becausezH
50. The best limits on the mass and coupling of theZB2L
boson is then set by the searches for directZ8 production in
experiments at the Tevatron and LEPII. For aZB2L coupling
to quarks and leptons of electromagnetic strength, the lo
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mass limit set by searches at CDF is around 480 GeV.
reiterate though that the gauge coupling is a free param
that could be substantially smaller than the electromagn
gauge coupling. If that is the case, then the Tevatron m
limits no longer apply, and the best bounds for aZB2L of
mass below 200 GeV are set at LEP. With the exception o
few narrow mass intervals around the center-of-mass e
gies where the integrated luminosity is large, aZB2L cou-
pling to leptons as large as 1022 would suffice to hide the
narrow resonance from the LEP experiments.

For generic charge assignments withzHÞ0, the strongest
bounds on theZ8 parameters come from precision measu
ments at theZ pole. The presence of the newZ8 in general
induces at the tree-level both a shift in theZ mass~expressed
in terms of theT parameter! and a shift in its couplings from
the standard model values. For aZ8 coupling to fermions of
typical electromagnetic strength, we estimate the low
bound on the massMZ8 of the Z8 to be roughly in the
0.9–1.2 TeV range. As theZ8 coupling to the Higgs double
weakens, the lower bound onMZ8 from the indirect,Z-pole
studies drops significantly~see Fig. 2!.

We emphasize that we have studied so far only the ‘‘tip
the iceberg.’’ There are many avenues for research relate
new gauge bosons. It would be interesting to investigate s
tematically the possible charge assignments and limits
couplings when theU(1)z charges are generation depende
~various examples of this type have been analyzed rece
in Ref. @25#!. Furthermore, our simplifying assumption th
there are no ‘‘exotic’’ fermions charged under the stand
model group could be dropped. Given that the scale of n
physics is expected to be at the TeV scale, one could
consider an anomalousU(1)z . Experimental limits on the
parameter space associated with the gauge bosons in ea
these generalizations need to be derived. In fact, only
dedicated searches for light narrow resonances have
performed, and therefore there is a possibility that the sig
for a new gauge boson already exists in the current data

ACKNOWLEDGMENTS

We would like to thank Sekhar Chivukula, Stephen Ma
tin, Rabi Mohapatra, Maurizio Piai and German Valencia
helpful comments. This work was supported in part by gr
DE-FG02-92ER-4074. Fermilab is operated by Univers
Research Association, Inc., under contract DE-AC0
76CH03000.
s.

n-

-

@1# Particle Data Group, K. Hagiwaraet al., Phys. Rev. D66,
010001~2002!.

@2# For a review, see J.L. Hewett and T.G. Rizzo, Phys. Rep.183,
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