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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
suchZ' boson may be described by a gauge theory in which the Abelian gauge groups are the usual hyper-
charge along with anothé&i(1) component in a kinetic-diagonal basis. Assuming that the observed quarks and
leptons have generation-independehtl) charges, and that no new fermions couple to the standard model
gauge bosons, we find that th&i(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 theZ’ mass and couplings imposed by direct production Zmmble measurements. For generic
charge assignments and a gauge coupling of electromagnetic strength, the strongest lower bourdl on the
mass comes frord-pole measurements, and is of the order of 1 TeV. If the béW) charges are proportional
to B—L, however, there is no tree-level mixing between thandZ’, and the best bounds come from the
absence of direct production at CERN LEP Il and the Fermilab Tevatron. I {i¢ gauge coupling is one or
two orders of magnitude below the electromagnetic one, these bounds are satisfied for most valu@s of the
mass.
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[. INTRODUCTION trically neutral gauge boson. We observe that the full gauge
group may be taken to b&SU(3)cXSU(2)ywXU(1)y
The existence of the gauge bosons associated witkkU(1),, whereU(1)y is the usual hypercharge group and
SU(3)cXSU(2)wxU(1)y, together with their measured U(1), is an additional spontaneously broken gauge symme-
properties, comprises some of the most profound informatioitry. Furthermore, the kinetic mixing between tbg1), and
obtained in high-energy experiments. Other gauge bosord(1)y gauge fields may, without loss of generality, be taken
may exist and interact with observed matter provided theyo vanish at any particular scale. This provides a helpful
are sufficiently heavy or weakly coupled to have escapedimplification in the analysis of the effective theory, and dis-
detection [1]. New electrically neutral and color-singlet tinguishes our approach from those [af] and [8], where
gauge bosons, usually call@ bosons, are of special inter- either an “off-diagonal” gauge coupling or a kinetic mixing
est. They may appear as low-energy manifestations of granigrm are introduced.
unified and string theorief2], theories of dynamical elec- The properties of th&' boson depend only on the scale
troweak symmetry breaking], and other theories for phys- of the U(1), breaking, theU(1), gauge coupling, and the
ics beyond the standard model. From a more phenomendJ(1), charges of the various fields. In Sec. Il we consider
logical perspective, they have been hypothesized athe possible values of these charges. We restrict attention to
explanations for possible discrepancies between experimetie case in which the only fermions charged ung8él(3)c
tal results and standard model predictidfa two such ex- XSU(2),XU(1)y are the three generations of quarks and
amples, se¢4,5]). leptons. We also take th€ (1), charges to be generation
The extensive literature o’ bosons often deals with independent in order to avoid the constraints from flavor-
eitherZ' couplings arising from particular models, or with changing neutral current processes. Anomaly cancellation in
“model-independent” (unconstrained parametrizations of the effective theory then restricts tt#(1), charges of the
theZ’ couplings[6]. In this paper we investigate an impor- standard-model fermions to depend on at most two free pa-
tant intermediate situation, in which the properties of #ie  rameters. The standard-model Yukawa couplings determine
boson are constrained by generic conditions on fourthe U(1), charge of the Higgs doublet in terms of these two
dimensional effective field theories that involve extensiongparameters. We also include a number of right-handed neu-
of the standard model gauge symmetry. This approach leadgnos, which are singlets underSU(3)cXSU(2)w
to a variety of interesting possibilities fa2' bosons that XU(1)y, and derive the relations among their charges that
have not been examined previously. allow the masses required for neutrino oscillations.
We start(in Sec. I) by analyzing the most general gauge In general, there is mass mixing between thgl), and
symmetry that leads to an additional color-singlet and elecU(1)y fields, and this is the origin of th&-pole physics to
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be considered here. The tree-level mixing vanishes only imequired to do this is scale dependent. For our purposes,

the case that th&(1), charges are proportional ®—L, however, since the gauge coupling is assumed to be small

because thdJ(1), charge of the Higgs doublet then van- and we are not concerned with energy scales above a few

ishes. There will also b&J(1),-U(1)y kinetic mixing gen-  TeV, the scale dependence is unimportant.

erated at the one-loop level and above, with its renormaliza- The usual hypercharge gauge group is not in general iden-

tion group scale dependence. As noted above, however, iified with eitherU(1), or U(1),. Upon performing a cer-

may be diagonalized away at any particular scale. tain SO(2) transformation on the two gauge fields we can
In Sec. IV A, we consider the bounds from direct searchesalways choose the charge ¢f under one of the resulting

at the Fermilab Tevatron and CER&Ne™ collider LEP on  U(1)’s to bezero. By rescaling thi&J (1) coupling, we de-

the Z' mass and coupling. This is particularly interesting if fine the correspondingd charge to be+1. We label this

the U(1), charges are proportional to tiBe—L number, so  group byU(1)y because shortly we will note that the mea-

that there is no tree-level mass mixing betweenztandz’ sured electric charges imply that this is precisely the standard

bosons. When th&J(1), charges are not of thB—L type, = model hypercharge gauge symmetry. The other linear com-

the indirect bounds imposed mainly by tEepole data are bination of gauge bosons is labeled Uy1),. The symme-

stronger. In Secs. IVB and IV C, we compute the elec-try breaking pattern requireg to be charged unded(1),,

troweak oblique and vertex corrections, respectively, at treand we choose its charge to bel by rescaling théJ(1),

level in the effective theory, and determine the current exgauge coupling.

perimental bounds on th&' parameters. In Sec. Vwe sum- The mass terms for the three electrically neutral

marize our results, and comment on their implications. SU(2)wx U(1)yxU(1), gauge bosons\®#, B¢ and B,
arise from the kinetic terms for the scalar fields upon replac-
Il. SYMMETRY BREAKING PATTERN ing H and ¢ by their vacuum expectation valu€¢eVvs):
A new electrically neutral, color-singlet gauge bosoh 2

may arise from various extensions of the standard model —H(gvv3/‘—gYB¢—zHgZBf)(gM—gYBYﬂ—zHgZBZM)

gauge group, including products of a larger number of semi-

simple groups, as well as embeddings of some or all of 2

SU(3)cXSU(2)wXU(1)y into a larger group. Any such +§¢g§B§‘B

extended gauge group must have 8tJ(3)cXSU(2)y

X U(1);xU(1), subgroup whose generators are associated )

with the gluon octet, theNV* bosons, and thre§U(3).  Where z, is the U(1), charge ofH, gy and g, are the

X U(1)em singlets: the photon, the boson, and &' boson.  U(1)y<U(1), gauge couplings, andy and v, are the
There could be mor&’ bosons as well as heavy charged VEVS of H and¢. The properties oV~ are not affected by

gauge bosons. The former would require additiogll) the additionalu(1), sothatg is the usualSU(2)y gauge

groups, and would lead to a more complicated mixing patcoupling andv,~246 GeV.

tern. We assume that any additiorid! bosons are suffi- ~ The ensuing mass-square matrix B¢, W**, and B

ciently heavy or weakly coupled that they can be integrate¢an be written as follows:

out of the effective theory. Additional charged gauge bosons

(2.1

Zu

would contribute to the mixing of th2" andZ only through gzvﬁ

loops, but they could mix at the tree level with t#é shift- MP=———

ing its mass and contributing to tAeparameter, thus affect- 4 cos

ing the precision constraints on the mass and coupling of the 0 0 0

Z'. We assume that they, too, are weakly coupled or heavy

enough to be integrated out. xu'| 0 1 —Zut,cosby | U,
The gauge symmetry must be spontaneously broken to 0 —zyt,cosb, (r+zﬁ)t§cos’-0w

SU(3)cXU(1)em- We take the Higgs sector to consist of a
complex doublet fieldH and a complex scalar fielgp [a
singlet underSU(3):xXSU(2)y], both of which acquire _ .
VEV's. For the purpose of studying the tree-level propertiesvheret,=g,/g, tan6,=gy/g, r=vi/vi;. The matrix
of theZ’, each of these fields may be taken to describe either

(2.2

linear or nonlinear realizations of tiispontaneously broken cosf,, sing, O

symmetry. A more elaborate .symmetry breaking sc_actor could U=| —sin6, cosd, O 2.3

be adopted, for example, with more doublet or singlet sca-

lars, but, as in the case of additional charged or colored 0 0 1

gauge bosons, there would be no impact at tree level on the

properties of thez’. relates the neutral gauge bosons to the physical states in the

We choose a basis for thg(1);xU(1), gauge fields of casezy=0.
the effective theory in which the kinetic terms are diagonal In general, the relation between the neutral gauge bosons
and canonically normalized. Because kinetic mixing is in-(B%,W3*,B%) and the corresponding mass eigenstates can
duced at the one loop level and higher, the diagonalizatiotve found by diagonalizing\t 2:
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B¢ cos, —siné,cosé’ siné,,sin g’ TABLE |. Fermion and scalar gauge charges.
W3 | =| sing, cosé,cosd’  —cosh,sing’ SUB)e  SUR)w  U(1)y u(1),
M H ! ! .
BY 0 sing cosé q 3 2 13 Z
AR Uk 3 1 4/3 z,
d 3 1 -2/3 224~z
2 'R q u
x| 28, @4 0 1 2 -1 -3z,
z'+ er 1 1 -2 =224~ 2,
, vk, k=1,...n 1 1 0 z
whereZ andZ’" now denote mass eigenstates and the anglg, 1 > i1 7tz
— wl4< ¢’ < /4 satisfies ™
@ 1 1 0 1
2z,t,c0s6,
tan 20’ = iz X (2.5

Z4,24,24,2 ,Z¢, for the standard model fermiorfassuming

a generation-independent charge assignimeand z,, k
TheZ eigenstate, of madd ,, corresponds to the observéd =1, ... n, for the right-handed neutrinos. In this section we
boson, while theZ’ eigenstate, of mashl,, , is the heavy first impose the gauge and the mixed gravitatiddél),
neutral gauge boson not yet discovered. The photon is masanomaly cancellation conditions to restrict thesg1),

less, while theZ andZ’ masses are given by charges, and then study the additional constraints on charges
required for the existence of fermion masses.

(r+z3)t2cog6,,—1

1/2
zut,cos6,,

sin 20’ ) A. Anomaly cancellation

(2.6) The [SU(2)w]?U(1), and [SU(3)c]?U(1), anomalies
cancel if and only if

guy

Mzz2:=3 cosb,,

1
E[(r+za)t§co§ew+1]1

One can check thal’ is heavier than the observedwhen
(r+2z%)t?cog6,>1. In the case wherer - z3)t2cos6,<1, 2= —32y; 24=224—2,. (3.9
Eqg. (2.5 gives z,/sin20'<0, so thatM,, <M. This is
phenomenologically allowed provided ti& is sufficiently ~ The[U(1)y]?U(1), anomaly cancellation then implies
weakly coupled(see Secs. IV B and IV C Note thatM ,
—0 in the limitr —0. Ze=—224— 2z, (3.2

In the mass-eigenstate basis, Eg.4) implies that the
piece of the covariant derivative that contains the photorand the U(1),[U(1),]*> anomaly automatically cancels.
field may be written as Equationg3.1) and(3.2) together lead to the conclusion that
only two independent real parameterg,andz,, describe
the allowedU (1), charges of the quarks ad{1)y-charged
leptons. Equivalently, thé& (1), charges may be expressed
as a linear combination of and B—L: (z,—2,) Y+ (4z,
where T® is the weak-isospin operator antlis the charge —z,)(B—L) [9]. This general labelling is with respect to our
operator corresponding to thé(1)y gauge interaction. Re- chosen basis in which there is no kinetic mixing between the
quiring that matter couples to the photon in the usual wayU(1) gauge fields. The gauge charges of all the fermions and
we are led to the conclusion thgssin 6, is the electromag- scalars are listed in Table I.
netic coupling and thaY is the usual hypercharge operator.  Additional restrictions on th&J(1), charges are imposed

The mass and couplings of tt& are described by the by the mixed gravitationald(1), and [U(1),]* anomaly
following parameters: the gauge coupligg, the VEVuv,,, cancellation conditions. Using Eq$3.1) and (3.2), these
the U(1), charge of the Higgszy, and the fermion charges conditions may be written as follows:
underU(1), (subject to the constraints discussed in the next
section. Note that a kinetic mixing parameter introduced as 1
in [8], or an off-diagonal gauge coupling introduced af7ih 3 > z=—4z4+72,, 33
would be redundant in the framework employed here.

—ig siné,, A, (2.7

Y
3
+ —
T2

n 3 n
lll. U(1), CHARGES (E zk) =9> Z. (3.4
k
We assume that the only fermions charged under

SU(3)CXiSUi(2)\iNX U(1)yxU(1), iareithrlee generations of Furthermore, the observed atmospheric and solar neutrino
quarks, g, ,Ug,dg, and leptons,|, ,eg, i=1,2,3, and a oscillations require that at least two active neutrinos are mass-

numbemn of right-handed neutrinos:,‘;{, k=1,...n, which ive, and that there is flavor mixing, imposing further restric-
are singlets undeBU(3)cXSU(2)y, and are electrically tions on theU(1), charges. We address these issues in Secs.
neutral. We label the U(1), charges as follows: 1B and IlIC.
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B. Fermion mass constraints electroweak scale, then they can lead to a seesaw mechanism
TheU(1), charges of the fermions, satisfying the require-prov'd'”g that the corresponding Dirac masses also exist. In

ment of anomaly cancellation, allow all the standard modefddition, when a right-handed neutrino participates in both
Yukawa interactions for the quarks att(1)y-charged lep- Dirac and right-handed Majorana mass tertigl), invari-

tons, providecH has charge ance require 2(#%,—z,) to be an integer, so that left-handed
Majorana mass terms are alsf1), invariant.
Z4=—24t2,. (3.5 Based on the above constraints, we now study the various

possibilities for the fermion charges depending on the num-
We impose this condition, as indicated in Table |, becausger of right-handed neutrinos,

otherwise only operators of dimension higher than four could
contribute to the quark masses, and it would be unlikely that
a sufficiently large top-quark mass could be generated.

We next discuss the generation of neutrino masses, re- If n=0, then the mixed gravitation&{1), anomaly can-
quired to explain the current neutrino oscillation data. Thiscellation [see Eq.(3.3] demandsz,=4z,. For the trivial
will impose further restrictions on th&(1), charges de- casez,=0, the only field charged undes(1), is ¢. If z,
pending on the type of neutrino mass being generated ang 0, theU (1), charges of the fermions and the Higgs dou-

C. Fermion charge assignments

the numbem of right-handed neutrinos. blet are proportional to their hypercharges. We will refer to
Majorana mass terms for the active neutrinos may be inthis U(1), as the “Y-sequential” symmetry.In either case,
duced by the dimension-five operator small neutrino masses may be generated by the operator of
Eq.(3.6). Forn=1, it follows from Eq.(3.4) thatz,=0, and
i(rcLH)“LH)JrH_C_, (3.6) E.q.. (3.3 again givc_aszu=4zq, SO t_hat theU(1), is either
M trivial or Y sequential. Small neutrino masses can be gener-

) i i ) ated by the operators of E3.6), as well as the seesaw
provided 4,=z, so thatU(1), invariance is preserved. In ~ompination of operators given in EG8.7) and (3.8).
the above operator the flavor indices are implicit, &hds For n=2, the anomaly constraint E¢3.4) leads to the
some mass scale higher than the electroweak scale. MOE%nditionzlé—Zz. Equation(3.3) then givesz,=4z,, as in
generally, when & —22z, is an integer, Majorana neutrin0 yhe n—g andn=1 cases, again leading to the trivial or
masses can be induced by a higher dimension version of thg soential possibilities for thel(1), charges of the left-
operator(3.6), obtained by including the appropriate power handed neutrinos and the Higgs boson. For integer values of

T . . . -
of ¢/M or ¢'/M required byU(1), invariance. WithM ~ ; _ _; "4l the Dirac and Majorana masses are allowed as
large enough, these operators can lead naturally to V'ablgxplained in Sec. II1B. For non-integer valuesgf= — z,,

heutrino masses. the left-handed Majorana mass operators given in E3j6)

If 8z,— 2z, is non-integer, then the neutrinos can have & re allowed, but the Dirac masses are forbidden:Av2

mass spectrum compatible with the atmospheric and sol laiorana mass is also allowed. while the diaconal. right-
neutrino oscillation data if and only if there are at least two ) . ' . 9 » 19
handed Majorana mass operators given in B are al-

right-handed neutrinos present, and an appropriate Dir . . ) ’
mass operator i§/(1), invariant. The dimension-four opera- alacct)rvg/e;:v\?:)g gttza{i’%:tr)(lae half-integers. Viable neutrino masses

tor The casen=3 leads to a more general set of possibilities.
T XA+ H The assignment;=0 is similar to then=2 case discussed
LVR .C., (3.7 1o -
above, so that it is sufficient to assume that all thege
wherei =1,2,3, is allowed providing,= —4z,+z,. It may charges are nonzero. A simple but non-trivial assignment sat-

lead to a neutrino mass pattern consistent with the currerisfying the[U(1),]*® anomaly cancellatiofisee Eq(3.4)] is
data, although a small coefficient is required. More generallyZ1=2,=23#0. The condition(3.3) implies z, = —4z,+7,,
Dirac neutrino masses are induced whgr4z,—z, is an SO that the Dirac mass operators 8.7) areU(1), invari-
integer, because there dd¢1),-invariant operators obtained ant. The left-handed Majorana masses are then allowed only
by multiplying the above Dirac mass terms by the appropriif Z1 is an integer or half-integer. The right-handed Majorana
ate power ofp/M or /M. A larger absolute value for the Operators(3.8) are also allowed wheum, is an integer or
z+4z4—z, integer implies that the dimension of the opera-half-integer, leading to an effective seesaw mechanism for
tors leading to the Dirac neutrino masses is higher, so thdhe neutrino masses.
sufficiently small neutrino masses are generated with larger Other nontrivial assignments for tig's are also possible
values for the coefficients. with n=3. Whenz;=2z,, the anomaly cancellation condi-
Finally, right-handed Majorana mass operators of thelions, Eqs(3.3) and especially3.4), allow a single solution:
form

M1~2%( 1) 22 ki + H.C. (3.9 The Y-sequentiaZ’ doesnot couple to the standard-model fields
with the same couplings as the The latter possibility has been
are allowed by theJ(1), invariance ifz, is an integer or referred to in the literature as “sequentidl.g., sed19]), but we
half-integer{for z,<0, (¢)?%* is replaced byp 2%]. If the  note that such couplings are not attainable within the field theoretic
ensuing right-handed neutrino masses are larger than thiieamework employed here.
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2,=2,= — (4/5)23= — 162+ 42,#0. (3.9  esting because th¥(1)s_. gauge boson does not mix at
tree level with the standard model neutral gauge bosons.
Viable Dirac neutrino masses are then allowed whenz3(4  Another simple example df (1), is U(1)g, in which the
—2z,) is an integer. Left-handed Majorana masses are al charges are proportional to the eigenvalues of thgen-
lowed when 2(4,—z,) is an integer, and all types of neu- €rator of the globaSU(2)r symmetry(which would be ex-
trino masses are allowed wherz4-z, is an integer. For act in the limit of equal up- and down-type fermion mass
examp|e' in the particu'ar CaSB_L: 22: —4 and 23:5, mat”ces. In the.notatlon Of Table I, th|S IS thE1=0 Cas-e.
which imposes #,—z,=1, there are three left-handed Ma- A much studied example &' arises from the left-right
jorana masses and two Dirac masses generated [fymmetric model after the breaking of th&U(2)r
dimension-7 operators, a third Dirac mass is generated bgauge group10]. The gauge group is given bU(3)c
operators of dimension 12, while right-handed MajoranaxSU(2)wxU(1)gXU(1)g-. . According to our arguments
masses are generated by operators of dimension rangifjesented in Sec. Il, the(1)g<U(1)g_ product group is
from 4 to 13. equivalent toU(1)yxU(1),, where theU(1), charges can
There are also solutions with all thregs different, even  be determined by comparing the covariant derivatives of the
when restricted to rational numbers. For example, the assigiwo product groups. The hypercharge gauge coupling im-
mentz, =3, z,= —17/6 andz;= —5/3, which imposes #, ~ Poses a relation between thi1)zxXU(1)-. gauge cou-
—z,=1/2, allows left-handed Majorana masses generated bplings,gr andgs-— ,
dimension-6 operators, no Dirac masses, and a single right-

handed Majorana mass from a dimension-9 operator.nFor _ % (3.10
=4 there are many interesting solutions, suchzas 4z, Jo-L Vi-(gy/gr)?’ .

=23=224=1, 4z,—2,=—3, which allows three Dirac
masses generated by dimension-5 operators, left-handed Mand provides a lower bound for themg,gs_ >gy. The

jorana masses generated by dimension-11 operators, af{1), charges of the fermions are determir{ag to an over-
right-handed Majorana masses generated by operators of ditl normalization in terms ofgg:
mensions ranging from 5 to 11.

Two important conclusions may be drawn from this brief z, 92R
discussion. Firstly, the alloweld (1), charge assignments of Z—=4—3—2< 1,
the neutrinos permit an array of possible neutrino mass q 9y
terms, of both Dirac and Majorana types, that can naturally
accommodate the current neutrino oscillation data. Secondly, 9o (312
= - 1 1t1 Z T — — .
for n=3, the left-hand side of the anomaly conditit®3) q9z 3\/55\2(

can take on a variety of nonzero values, allowing the full,
two-parameter family ofU(1), charges for the standard

. ’ . Another well-known example of 2’ arises in grand uni-
model fermions, as listed in Table I. P 9

fied theories based on the symmetry breaking pattern
SQ(10)—SU(5)xU(1),. TheU(1), charges of the stan-
D. Some specific models dard model fermions are given by th¥&1), charges when

Before exploring the phenomenology of the ensutlg 2= ~Za- There are als@’ bosons studied in the literature
boson, we comment on certain restrictions of our two-Which arise fromU(1) gauge group that are non-anomalous
parameter family olJ(1), charges, corresponding to some Ny in the presence of exotic fermions. An example
specific models. This in turn leads to restrictions on the IS Provided by the grand unified theories based By
charges. It is worth recalling at this point that we haveS(10)XU(1),. SuchU(1) gauge groups are not included
adopted a gauge-field basis at the outset in which an allowed) the two-parameter family of (1), charges. .
dimension-4 kinetic mixing term between thé(1)’s has The various examples (!:J(l).Z groups discussed in Secs.
been rotated away, and into th1), charges. If one adopts !l € and 11D are summarized in Table II.
the effective-field-theory attitude that this mixing has arisen
from some underlying physics and is therefore unknown,lV. EXPERIMENTAL BOUNDS ON THE Z’' PARAMETERS
then there is n@ priori reason to assign any particular val-
ues to theU(1), 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 tz=92/9), the charges, andz, (with z, defined to be J,
the fundamental scale to that of our effective theory is small@nd gheZVEV% of the singlet fieldy (equivalently the ratio
then the values of the charges might obey certain simplé="v/vi)- For example, the mass of tie is given by Eq.

The properties of th&’ boson are described primarily in
terms of four parameters: its gauge couplgygequivalently

relations as in the following models. (2.6) in terms of z4t2 and rt2. Additional parameters,
Consider first the case in which th@(l)z is U(l)B*L' namely the number of right'handed neutrinos and tlzeir

namely, thez charges of the standard model fermions arecharges, are relevant only if the decay— vgvg is kine-

proportional to their baryon number minus their lepton num-matically open. We next analyze the bounds set on the four
ber. This corresponds to the restrictiag=2z,. As we will  parameters listed above by the current collider data and fits
discuss in Sec. IV A, this case is phenomenologically interto the electroweak observables. For the weak-coupling re-
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TABLE Il. Particular cases otl(1), symmetries.

U(1) type Label Charge assignment Numbervgf
“Trivial” U(1) 2,=24=0 any
“Y sequential” U(1)y z,=4z, any
“B—L" U(1)s_, z,=1, n=3
“Right-handed” U(1)g 24=0 n=3
“Left-right” [U(1)rXU(1)g_ J/U(1)y z,=24(4—305/9%) n=3
“SO(10)-GUT” u(1), z,= -1, n=3
gime (t,=<1) considered here, it is sufficient to restrict the
entire discussion to the tree level. f d(Vs)o(ete —Zg_ 1 —ptu")
2
A. Direct Z' production - lzBI’(ZB,L—>e+97)F(Zst—MLLJrMi)
Direct production provides the best bound on the new z’
parameters ity (= —zy+z,) is very small compared with,
andz,. This is because wher;=0, corresponding to pure 3m(z9,)?
B—L coupling, the tree-level mixing of thB% [Eq. (2.5] ~ EVT Y (4.2)
Z!

vanishes. The presence of tAé mass eigenstate then does
not affect the mass or couplings of tleeigenstate at tree )
level, and the constraints from precisi@mpole data on the Where the second line corresponds &g that decays
one-loop mixing of theZ with Z' are rather loose in the only into standard model fermlor(below thett threshold.
weak-coupling regimet{=<1). We label thez’ by Zz_, in  The numbemN(Zg_,) of u*u~ events due to the presence
this limit and consider the bounds from its direct production.of the Zg_, is then obtained by multiplying Eq4.2) with

The U(1)g_, charges of the fermions are given ly L/(2\mwSE), whereL is the integrated luminosity ay/s
=27,=24 and z=ze=z= — 37y, with k=1,2,3. Assuming =Mz *JE (for a review, se¢12]):
that theCP-even component of the scalar is heavier than
Mz//2, and that the right-handed neutrinos have Majorana ~_(29,)°L
masses abovéM,./2, we obtain the following branching N(Zg-)~1.8x10 Mo oE (4.3
fractions for theZg_, : Br(Zg_, —1717)~18/37, BrZg_, z
—hadrons}10/37, BrZg_,—invisible)=~9/37, for M,
<2m,. These are slightly reduced above thehreshold. If
the right-handed neutrinos have Majorana masses beloy:

Mz./2, then the branching fractions listed above become
9/23, 5/23 and 9/23, respectively.

The LEPII experiments provide direct bounds on aty
that couples toe*e™ and is light enough to be produced.
Given that theZg | has larger couplings to the leptons than
to the quarks, these direct-production bounds would appe
to be particularly stringent. We estimate the bound on the
gauge coupling g, above which aZg_, of a certain mass Ao

An additional contribution taN(Zg_) comes from the in-
terference of the amplltudes fefe —»Zg_ —utp and
—y*,Z*—u" u”. However, this contribution is of

order (1/4-sirf6,)MI',L/M3, at 's=M,, and can be ne-
glected in what follows.

The background is mainly due te‘e —y*,Z*
—utu”, with the number of events fok, >100 GeV
é(yell approximated by

2

tarf'6,, ( 1—4sir?0w)2]
+ .

would have been detected by the LEPII experiments. Ng= 3s +(1—M§/s)2 8 sirf'6,,
For the rough estimate @g, sought here, it is sufficient
to analyze the cleanest decay modg, |, —u' u~ . The (4.4
width of theZg_| resonance in this channel is At the 95% confidence level, i.eN(Zg_,)<1.96/Ng,
(Zlgz) 1/4
— ~ ’ .
N(Zg L —p u )= 187 Mz . (4.7) 2,0,< 1.3 ( SE) 12~ 14 1+L§5) . (45
(1—M3/s)?

For smallzg,, the resonance is narrow and hard to discover.

LEPII has run at several center-of-mass energies, and tHEhe most stringent bound is set by the run &b
bound onz,g, is stringent only for values di1,, very close = =188.6 GeV, where the combined four LEP experiments
to these center-of-mass energies. To derive this stringericcumulated the largest integrated luminosity~0.7
bound we takéM ;. = \/s. When the width is smaller than the fo~1x K. The factorK <1 takes into account the reduction
energy spread of the beandE~103\s, the integrated in the effective luminosity at/s due to initial state radiation
Zg_ production cross section is given bia] (typically K~0.5). ForM,, =188.6 GeV,
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5|1 SE |12 o(e'e —yZg |)Br(Zg L —p u")
-3 22 ok
2,9,<0.7x 10 (K) (O.lGeV) 4.6 o
e .4 48
~—Inl =|(20)°——5— :
747\ m2 192 s2(s—M2))

Given that the energy spre@ft/E at LEP is about 103, the

upper bound on th& (1), gauge coupling could in prin- In the rangeM ;< Js<2M, LEPII has run at the following
ciple be set at two or three orders of magnitude below theenter-of-mass — energies:\/s~130,136,161,172,183 GeV
electromagnetic gauge coupling for the particular value of17]. The corresponding integrated luminosities are about
M, where LEP is most sensitive to a narrow resonance. 18,3,10,10 and 55 pbf, respectively. We expect that large
practice, however, the searches for narrow resonances at LEIPS in the sensitivity to a narrow resonance in this range
have been performed by comparing the number of signa®XISt. o )

versus background events in energy bins which are much For exemplification we consider &, boson of mass
larger than the energy spread of the beam. The OPALground 140 GeV. We first estimate the limit imposed by the
DELPHI and L3 Collaborations searched for narrow resofun at ys=~161 GeV. The numbeiN(Zg-) of w'u”
nances ire*e” —u " at/s~188.6 GeV, and set an up- €vents due to the presence of $§_L is obtained by_mul_—
per bound on the coupling to leptons. Specifically, they havdiPlying Eq. (4.8) with the combined integrated luminosity
considered theR-parity violating couplingsh 13;= \ 3, Of @ accumulated by the four LEP experiments, roughly 40’pb
tau-sneutrino te"e” andut u” [13—-15. Although this is _ 2

a scalar, its impact on theltLotgl cr[oss seaction car?be compared N(Zg-1)~3x10%(29,)" 4.9
to that of a gauge boson. The OPAL analysis explicilly in-The small effect due to the interference of tAg | and
cluded only the total cross section measurement so that it cap 7* amplitudes can again be ignored.

be applied to spin-1 bosons, and therefore the limitgg The background in this case is mainly due éde”
can be translated into a limit ong,. The main difference _, ,x, 7%, .+, = The number ofu* .~ background
between the effects of the sneutrino andZige _ on the total  eyents in an energy bin of sizeE, at the reduced center-of-

cross section is that the branching ratio of the sneutrino deg, 55 energy of/s’' =140 GeV, is given approximately by
cay into u*u~ considered in Ref[13], Br(v—putu™)

~N\33 M7 /(167 GeV), is much smaller than BEg | 2a°LAE 0.125 | s 52+M§,
¥ iDlVi - Ng~ 1+ n—|——5—

—uu). Muluplxlng tTe ?xperlmental b?run_dzglzljo.OZ B 3M,, (1—M§/M§,)2 mg sz(s—M;)

by a factor [Br(v—u " u )/Br(Zg_—p" p)]7"'~9.6

X 1072, we find z9,<1.9x10 % at the 95% confidence AE

level (C.L.) This is fairly close to the result of our rough m6.4><<5 GeV)' (4.10

computation, Eq(4.6), given that the OPAL analysis corre-
sponds to\7SE=2.5 GeV and a luminosity smaller by a At the 95% confidence level we find
factor of four.
For aZg_, resonance located away frogis the bound on 4
the couplings is less stringent. To derive the bound in the 79,<1.2x 10—2(5 Gev) : (4.1)
case whereM,,<+/s we need to take into account initial
state radiation. For our purpose it is sufficient to include theSumming all the events for the runs at/s
emission of a single photon by an incomieg ore™ [16].  ~161,172,183,188.6 GeV, as well as those between 192 and
The cross section is given by 208 GeV where an integrated luminosity of about 1.7%b
has been accumulated by the four experiments, increases
bothN(Zz_,) andNg by a factor of 19.3, so that the upper

. @ s \sl'z 5 bound onz g, decreases only by a factor of two. Thus, for a
oe’e —yZg- )~ —In| — M—(Zlgz) Zg_ | resonance witthM,, ~140 GeV the upper bound on the
Me) Mz! U(1)g_. gauge coupling that could be set by a combined
1 (Ux—1)[1+(1—x)?] analysis of all LEP data is a factor of 50 below the electro-
J X 75 55 magnetic gauge coupling. This can again be compared with
¢ [s(1=x)=MZ J*+ M7 T'7, the OPAL limit on the R-parity violating couplings\ ;3;

(4.7 =N\3,<0.07 for a tau-sneutrino mass of 140 GeV, which is
based on an analysis of data up\fs=189 GeV[13]. Mul-
tiplying by a factor of [Br(v—u®u)/Br(Zg_,

wherex is the ratio of the photon energy to the beam energy— n " 1. )]¥? we find 7,9,<2.0x10 2 at the 95% confi-
and e<1 is an infrared cutoff required to avoid the soft dence level.

photon singularity(since theZg | resonance studied here is  The conclusion so far is that the experimentally allowed
very narrow and below/s, the Zg_, production is not sen- region in thez g, versusM, plane has a complicated shape,
sitive to the infrared cutoff For a total widthI';, much  with the upper bound or,g, varying between 10? and
smaller thanM . , the above equation yields 103 for M;=M, <210 GeV. We do not expect that a
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more refined analysis, including other decay modes, othenigher masses, however, the Tevatron bounds become more
observables, and numerical simulations, would change thistringent than the LEP bounds. We estimatd,,
conclusion. We recommend that the LEP collaborations ana=480 GeV forg,z,=e.

lyze their data in search of a narro#/ resonance, either

discovering a signal or deriving a precise exclusion region in B. Weak-isospin breaking

the zg,-M 5, plane.

For 10 Ge\xM; =M the situation does not change
qualitatively, but for lighteZg_, bosons more stringent lim-
its onz,g, can be placed using measurements of rare mes
decays and various other ddte8]. We will not discuss fur-

We next return to the general case in which the Higgs
U(1), charge,zy, is non-negligible and consider bounds
0%rising from data at th& pole. Tree-level mass mixing now

leads to modifications to both the mass and couplings of the

er e caseof a very ey coupi . boson, | W begn Wi e mass s, expressing he rsult i
When theZg_, boson is heavier than the highest LEP P ' 9

center-of-mass energy of 209 GeV, the sensitivity of the LEF¥i\g}§: ttf;eerrtz 'ngOnlc()'nt?é'g_lren\'/)é'ln%O?]?rti\gﬁﬁgntshfglggﬁuge
experiments to a narroig_, resonance decreases signifi- '

cantly. We first estimate the lower bound bh,, for a g,z pa[ﬁ:n eTterS- f ffective th .

equal to the electromagnetic couplings=0.3, by adapting e T parameter for our effective theory Is

the bounds set by the ALEPH and DELPHI Collaborations Inew
on variousZ’ gauge boson$19,14. Given that theZg_, aT=— Z; , (4.13
boson couples with the same strength to left- and right- M7

handed fermions, there are no corrections to the forward- ] .
backward asymmetries. The large leptonic branching fractiodvhere a is the fine structure constant evaluated at e
imply that the best LEPII limits orZs_, come from the Mass, and135"=M2—g?7/(4 cos4,) is the contribution
measurement ofo(ete"—Zg_,—u"u",7 7). The of new physics to the self-energy of tie The new, tree-
analyses in Refg19,14 focusing on thez'=Z,, associated level physics here arises only from mass mixing and is there-
with the U(1),, subgroup ofEg in grand unified theories are fore scale independentAt tree level theW mass is unaf-
well suited for application to ouZg_, because both bosons fected by the addition ofU(1),, and so makes no
do not induce forward-backward asymmetri€Bhis is true  contribution to theT parametey. Using the expression for
in the case of th&,, given that its squared couplings to all M? given in Eq.(2.6), we have
quarks and leptons are equalsing the normalization for . L t ,
the U(1), coupling prescribed in Ref19], in the case of a 20,2 Z1,C0SOy
U(l)B,wae find Mz, =300 GeV forg,z~e. For a cou- 1+aT 5[1_(r+ZH)tZCO§0‘N]+ sin 26’
pling to fermions weaker than the electromagnetic one, this (4.14
limit is relaxed.

We now turn to the limits in thé/; versusg,z, set by the  where 6’ is given by Eq.(2.5).
CDF and DO experiments using data obtained in the Run | at The dependence dfonr and g’ can be reexpressed as a
the Tevatron. The data are analyzed such that an exclusiatependence orh/l%/M; and zyt, by making use of Egs.
plot in the o(pp—2Z')XBr(Z' —u*u=,e*e”) versusM;, (2.5 and(2.6). The result is
plane is obtainei20,21]. The theoretical curve in this plane

in the case of th&g_| may be derived by comparing again aT 1 M%

with the case ofZ,,, analyzed in Refs[22,23. Assuming 1+aT 2 1_M_2

that theZ,, may decay only into standard model fermions we z'

find Br(Zg,,e,u*,u* ,ete™)=1/12, which is smaller than the M2 2 M2
same quantity for th&@g_, by a factor of 37/144. Multiply- = \/ 1— _Z) —4zﬁt§cos’-0w—zl,
ing this quantity by the squared ratio of tig_, andZ, ; M;

couplings to quarks we obtain

(4.15

where one takes the uppéower) sign if M5 is less(greatey
than Mz, . Notice thatT now depends on only two new
(4.1 parameters: the mass of tdé boson and the magnitude of
' the coupling strength of th&’ boson to the Higgs. The
We derive bounds on th&;_, mass and couplings by com- reality of T (the positive semi-definiteness of the quantity in
paring the theoretical curve given in Fig(aB of Ref.[23],  the square rogtfollows from Eq.(2.6). Examination of Eq.
shifted by the above ratio, with the 95% C.L. upper limit set(4.15 leads one to conclude thdtis greater(lessey than
by the CDF CollaboratioriFig. 3 of Ref.[20]). For M,/ in zero forM; lesser(greatey thanM, .
the range that is kinematically accessible at LEP, the Experiment demands thafT<<1. This is assured, for ex-
bound ong,z set by LEP[see Eq.4.11] makeso(pp—  ample, ifM2/M3,<1 or if zZ4t2<1. More generally, we plot
Zg_ | )XBr(Zg_ —u"u",ete”) about three orders of in Fig. 1 the allowed region in thez(t,,M/) parameter
magnitude smaller than the limit set at the Tevatron. Foispace due to current constraints ©nThe horizontal axis

2

o(pp—Zg_ ) XBH(Zg_ —p*p",ete") 16(gzz|
e

O'(pE—>Z¢,)XBI’(Zl//—>,u,+,u7,e+ei) 37
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FIG. 1. Bounds at the 95% confidence level in tagt{, M)
plane, whereyt,=z,9,/g is the ratio of thdJ (1), coupling of the
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at tree level. From this expression, it can be seen that through
most of the region of Fig. 1 allowed by the experimental
constraints o, 6'<1.

C. 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

! L]
ZM

(4.18

wheref ranges over the chiral fields , d| , ug, dg, v,
el , ek, andv&. The couplings; andc; are given by

2 - cosf’ —sind’
“(cs,ci)| .
- (¢1.¢t) sing’  cosé’

Higgs doublet to the weak coupling. Electromagnetic strength cor-

responds ta@yt,=0.48. The limitz4t,— 0 represents either an ex-
tremely weakly coupled new boson, or a model withB—L. The
disallowed region due to the bound on theparameter forMy

=115 GeV is shaded light gray. The dotted line shows the shift in

the bound forMy=300 GeV. Here we have usetdl=-0.02
+0.13(+0.09), where the central value corresponds N,
=115 GeV and the shiftin parenthesggo M ;=300 GeV[1].

corresponds to the strength of thecoupling of the Higgs,
z40,, ranging from extremely weak up to roughly twice
electromagnetic strength. Bounds are symmetric abqtit
=0; bounds for negative values gfit, are not shown. The
region allowed by Eq(2.6),

Mz >M (zyt,Cp+ 1+ Z3t5C3)

1_|ZH|tsz
7< - 1 1. !<
M MZ\/1+|ZH|tZCW for Mz, <My,

for Mz, >Mg,

(4.19

ci=T3—qssirto,

(4.19

cf =2;t,€086,,/2,

whereY; and z; are the hypercharge ard(1), charge of
fermionf (see Table)l, while Tf3 andgq; are its weak isospin
and electric charge, which satisty=T?+Yf/2. Since the
couplings of theZ to matter are known so precisely, the
constraintd’ <1 must hold.

In the standard model, electroweak physics is conve-
niently described in terms of the electromagnetic coupling,
the Fermi constant, and the physi@mass(in addition to
the particle masses and CKM matrix eleméntollowing
this convention[24], we focus onZ; from Eq. (4.18 and
reexpress it in terms of these parameters by way of defining
a new, physical weak angl,, such that

G ma(Mz)

V2 2 sirtgycofo,M2’

(4.20

is outside the darkly shaded area. The region allowed by

current constraints off, explained in the figure caption, is wherea(M;) is the fine-structure constant defined at the
outside the lightly shaded area. Several features are worthyasy (M) ~1=128.92+0.03]. For our effective theory at
of note. The lower limit orM ;. is approximately 0.9 TeVat  tree level, the relation betwedt), and 6y, is given by

the 95% confidence levelwith z,g, of electromagnetic
strength ¢,9,=e€, zyt,=sing,~0.48), while the bound
weakens significantly for smalleyyt,. TheZ’ can actually
be lighter than the, but this requires very small values for
zyt,. We note that varyingi from 115 to 300 GeV leads
to roughly a 15% shift in the bound fdvl,, for a given

Sir? 6y,cos 6y, =sirf6,,cos 0, (1+aT).  (4.2))

Keeping terms to first order in'T and to orderg’?, the
interaction of theZz with matter may now be written as

Zut,.
Finally, we observe that a simple relation exists among e e 1 1 T_ g2
the mixing angled’ [given by Eq.(2.5], Mz/, andT: 27 sin Gy, cosbyy FolaT=0m)
(M x 2 Ty (grt 890 1Z,, (4.22
aT=sirtg’ W—l . (4.17) f
z

where terms of ordenT 8g; and 6’2 8g; are discarded.
Note that if the Higgs doublet is uncharged undéi ), (and  Hereeis the electromagnetic gauge coupling, ardnd 5g;
soT=0), thend’ =0 and theZ has no anomalous couplings are given by
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FIG. 2. Bounds from precision measurements of the tatal

width at the 95% confidence level plotted as contours in theelectromagnetic

(zut; M) plane, forzyt,=+45,%3. In each case the allowed

region is to the left of the line. Included in gray are bounds ffbm
for My=115 GeV.

9r =T —qssin by,

Sin? 6y,cos by, 6’

60i=0q:aT +z;t,c0SOy —=.
=4 cog Oy, — sirf by, e W2

(4.23

In the limit M,<M, the term of orderd’? is suppressed
relative to the others, but in general, and particularly Z6r
very light compared t, it can happen thad’2~aT [see
Eq. (4.17)].

Using Egs.(4.22 and (4.23, any measurable quantity
depending on theZ-pole coupling to matter may be ex-
pressed(at tree level in terms of M,/M5, and two cou-
plings which we take to be,t, andz,t,. Having expressed
L7 in terms of the physical weak angk,,, the prediction

PHYSICAL REVIEW 68, 035012 (2003

I,=T3"[1+(0.55%— 1.2%,7,)t?M2/M>,

+O(M3IM3)], (4.24)
whereT'S™ is the current standard model value for the total
width. For z, large relative toz, [the U(1)g limit], Eq.
(4.24) implies that the bound oM, grows linearly with
zyt,, with a slope of roughly 2 TeV per unityt,. In the
limit where z,, is large relative tay (thez<B—L limit) the
bound grows as/zyt,. These features are reflected in Fig. 2.
We note that forz,t,<1 there is an allowed region of pa-
rameter space witM,, <M.

Figure 2 shows that the bounds froliy depend on the
magnitude of the coupling,t,, as well as its sign relative to
z4t, which we have taken to be positive. Fit, andzt, of
strength, i.e.,zyt,=sing,, z4t,=
*sin6,/3, the T-parameter bound i, >0.9 TeV, while
the I'; bound is significantly weaker i#,t, andz,t, are of
the same sign. If they are of opposite sign the bound ffgm
is stronger than that fror, with M, >1.2 TeV. For suffi-
ciently smallzyt, theI'; bound is always stronger than the
T-parameter boundand both vanish at tree level in the
zyt,—0 limit).

We have also examined bounds coming from the left-right
asymmetry of the electrondA,. 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 to E4124) can be de-
rived for Ag,

A= ASM[ 1+ (2423 + 6022 tZM M3, + O(MEIM 3 )].
(4.2

We find that the bounds frol, are complementary to those
from I',: the former are comparable with the latter for op-

for the new theory will be the radiatively corrected standardyosite signs of,t, [this fact is suggested by Eqg.24) and
model prediction, plus a small shift due to new physics that 25]. Forzt, andz,t, of electromagnetic strength, and of

depends on the parametédvly. , zt,, andzgt,.

the same sign, one finds that the bound frédmis Mz,

A precise bound in th&' parameter space can be ob- ~ 1 g Tev at the 95% confidence level.

tained by performing a global fit to all the electroweak data.

In summary,M,>O(1) TeV in models withz,t, and

However, in order to understand the dependence of the Ot%‘qtz of electromagnetic strength.

servables on th&’' parameters, we restrict attention here to

two well-measured, representati¥epole observables, in ad-
dition to the T parameter: the total decay width of tize

boson,I';, and the left-right asymmetry of the electron. We

V. CONCLUSIONS

Our study of new color-singlet and electrically neutral

expect that the bounds derived this way will not be substangauge bosons shows that there remain many possibilities to
tially different than those set by a global fit. explore even in the simplest extensions of the standard
The current experimental value ofl’;, 2.4952 model. We have first demonstrated that t18(3)c
+0.0023 GeV, is in excellent agreement with the standardk SU(2),,xXU(1),XU(1), gauge group is consistent with
model prediction of 2.49660.0016 GeM1]. The change in the measured electric charges of the observed fermions only
the Z couplings due to the presence of tieboson leads to if it is equivalent to the SU(3)cXSU(2)ywXU(1)y
a shift inI"z, resulting in the bound shown in Fig. 2. Since X U(1), gauge group, wher&(1)y is the standard model
we are interested in comparing bounds on the parametetg/percharge, and (1), is a new gauge group in a kinetically
Mz, z4t,, andzyt, to those from the parameter, we show diagonal basis. Symmetry breaking is described, without loss
bounds for a given value of4t, as contours in the of generality for the purposes of this paper, by the usual
(zxt,,Mz/) plane. To understand the qualitative features ofdoublet Higgs along with a single complex scalar, whose
Fig. 2, it is helpful to consider the limi1,>M_,, whichis  U(1), charge is+ 1.
reliable over much of the vertical range, in which cdse We have then concentrated on the case wherdJitie),
takes the simple form symmetry is non-anomalous, thé(1), charges of the ob-
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served fermions are generation independent, and any nemass limit set by searches at CDF is around 480 GeV. We
fermions are singlets und&U(3)-xXSU(2)xU(1)y. We reiterate though that the gauge coupling is a free parameter
allow for an arbitrary number of right-handed neutrinosthat could be substantially smaller than the electromagnetic
charged undetJ(1),. As long as there are at least three gauge coupling. If that is the case, then the Tevatron mass
right-handed neutrinos, a continuous familyldf1),-charge  limits no longer apply, and the best bounds foZg | of
assignments is consistent with both anomaly cancellation an@ass below 200 GeV are set at LEP. With the exception of a
the existence of fermion masses. THé1), charges of the fe_w narrow mass intervals aro_und.the_: center-of-mass ener-
observed fermions depend on two parameters, chosen to €S Where the integrated Iumal)nosuy is largeZg. cou-

the chargeg, andz, of the left-handed quark doublets and P''"9 t0 leptons as large as 10 would suffice to hide the

: : from the LEP experiments.
right-handed up-type quarks. Thi1), charge of the Higgs narrow resonance ) .
doublet has to be given gy, =z,~z, in order to allow the For generic charge assignments with# 0, the strongest

existence of the top Yukawa coupling. Although tHé1), bounds on th&’ parameters come from precision measure-

h f the right-h tri t uniauely detefents at theZ pole. The presence of the n&xV in general
charges ot the rg anded neutrinos are not uniquely de Ellrrr:duces at the tree-level both a shift in tAenass(expressed

mined, the anomaly cancellation conditions allow only a lim-. i f theT i d a shift in it i ;
ited set of charge assignments. Moreover, each of these righI 1 terms of theT parameterand a shi In 1S coupiings from
e standard model values. FoZa coupling to fermions of

handed neutrino charge assignments implies a different set of ~. . .

higher-dimensional operators that could generate the ne ypical electromagnetic strengthl, we estimate the lower

trino masses. As a by-product, it is possible to obtain viabl ound on the mas#;, Of, the Z_ to be roughly in the

neutrino mass matrices even when all the higher-dimensionzg'g_l'2 TeV range. As the” coupling to th_e nggs doublet

operators have coefficients of order unity. Weakens, the Iqwe.r. bound csz from the indirect,Z-pole
Studies drops significantlisee Fig. 2

Some fermion charge assignments correspond to rel hasize th h i ¢ v the “tip of
tively simple relations betweer, andz,. Among them are We emp :’;15|zet atwe have studied so far only the *tip 0
dhe iceberg.” There are many avenues for research related to

several of the popular models in the literature, as well a ! . ! .
other simple charge assignments that, to the best of olrew gauge bosons. It would be interesting to investigate sys-

knowledge, have not been analyzed before. In fact, in a geﬁ_emat_ically the possible charge assignments_ and limits on
eral effective field theory arising from unspecified underly-COUPIiNgs when th&J (1), charges are generation dependent

ing dynamics, and involving renormalization-group running_(various examples of this type h_ave.b(.een analyze(_j recently
from the fundamental scale to that of the effective theory,In Ref. [25)). Furthgrmore,_our simplifying assumption that
there may be no good reason to choose a particular relatidff€'€ aré no “exotic” fermions charged under the standard
among the charges. On the other hand, if the gauge couplifg}®d€e! group could be dropped. Given that the scale of new
is sufficiently small, then the renormalization-group running ySICS 1S expected to be at the Te,V Scale’,one could also
may be ignored. Furthermore, various theoretical developconsider an anomaloud(1),. Experimental limits on the
ments within the last few years have demonstrated that thB2rameter space associated with the gauge bosons in each of
range of possibilities for physics at a fundamental scale id"€Se generalizations need to be derived. In fact, only few

very wide, and hence it is reasonable to consider charge ad€dicated searches for light narrow resonances have been
signments that are different than those arising from tradiP€rformed, and therefore there is a possibility that the signal
tional grand unified theories. for a new gauge boson already exists in the current data.

An example that is both simple and instructive is based on
the SU(3)c X SU(2)w X U(1)yxU(1)g_, gauge group. As
we discussed in Sec. IV A, in this case there is no tree-level We would like to thank Sekhar Chivukula, Stephen Mar-
mixing between theZ and Z'=Zz_, bosons, becauss; tin, Rabi Mohapatra, Maurizio Piai and German Valencia for
=0. The best limits on the mass and coupling of &g | helpful comments. This work was supported in part by grant
boson is then set by the searches for di&cproduction in  DE-FG02-92ER-4074. Fermilab is operated by University
experiments at the Tevatron and LEPII. FaZ@ | coupling  Research Association, Inc., under contract DE-AC02-
to quarks and leptons of electromagnetic strength, the lower6CH03000.
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