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In grand unified theories based on extended (rank )4) gauge groups, the new gauge interactions re-

quire new ferrnions to ensure anomaly cancellation. We analyze the two kinds of new physics effects that
are naturally present in these models: (i) the effects of the new neutral gauge bosons; (ii) the effects of a
mixing of the known fermions with the new ones. Concentrating in particular on E6 and SO(10) models,
we perform a global analysis of the electroweak data to constrain simultaneously these two new physics
effects, and we pay particular attention to their reciprocal interplay. Our set of experimental results in-

cludes the data at the CERN e+e collider LEP on the Z decay widths and fermion asymmetries, low-

energy neutral-current experiments (atomic parity violation, v scattering), the F-boson mass M&, as
well as charged-current measurements such as the various tests of the universality of the F-lepton cou-

plings and the constraints on unitarity of the Cabibbo-Kobayashi-Maskawa matrix. We derive stringent
bounds on the ZO-Z, mixing ( ~ P~ S 0.02), on the fermion mixing parameters (sin'g; ~ 0.01 in most cases),
and on the mass of the new gauge boson (Mz & 170—350 GeV, depending on the model). In many ob-
servables the different sources of new physics induce comparable effects that can compensate each other.
We confront the results derived by considering only one effect at a time with the results of a joint
analysis, and we point out which of the existing bounds are relaxed and which ones remain unaffected.

PACS number(s): 13.10.+q, 12.10.Dm, 12.15.Cc, 14.80.Er

I. INTRODUCTION

Grand unified theories (GUT's) are an attractive exten-
sion of the standard model (SM), allowing us to under-
stand the relative values of the gauge couplings, the
quantization of the electric charge, as well as successfully
predicting some fermion mass ratios. Furthermore,
GUT's are a natural outcome of more fundamental
theories such as superstrings. As soon as one considers
unification groups beyond the "simplest" SU(5), two gen-
eral consequences result: (i) the low-energy gauge group
often contains extra U(1) factors; (ii) the fermionic sector
is enlarged, since the matter multiplets are in larger rep-
resentations [16 for SO(10), 27 for E6, etc.]. Moreover,
since with the fermion content of the SM no new
anomaly-free currents are possible beyond those of SU(5),
the presence of new fermions in any extended unified
gauge model is a necessary condition to ensure anomaly
cancellation.

In many models the masses of the new fermions arise
from the same vacuum expectation values (VEV's) that
give mass to the extra gauge bosons, and hence are ex-
pected to be not much larger than Mz itself. If new fer-
mions are present, there are good reasons to believe that
they will mix with the known states: for the neutral fer-
mions the mixings naturally arise in seesaw models,
which provide a nice explanation for the lightness of the
known neutrinos. For the charged fermions, a mixing

would provide a natural channel for the decay of the
heavy ones, avoiding cosmological consequences that
would be problematic if the heavy fermions were stable
[1,2]. Hence, in the presence of a light (100 GeV —1 TeV)
Z' boson, one also expects some light ( 8 1 TeV) fermions
mixed with the known ones, and the modifications on the
electroweak observables induced by the presence of both
these kinds of new states may well compete, so that it is
important to consider all these effects simultaneously.

From the phenomenological point of view much effort
has been devoted to constrain a Z' boson associated with
an extra U(l) surviving below the TeV scale, either via its
indirect efFects [3—6], or via the limits on direct produc-
tion [7], resulting in comparable bounds [8]. In addition
to the direct searches for new particles, strong bounds
have been also set on the mixings between the known fer-
mions and heavy new ones, which would affect the cou-
plings of the light states to the standard gauge bosons
[9—11]. While rather exhaustive analyses exist where ei-
ther only the modifications due to an extra neutral boson,
or only the mixing effects induced by the new ferrnions,
are considered, at present only a few steps have been
done in trying to take into account these two effects
simultaneously [12—14]. The aim of the present paper is
to study in detail the interrelation between these two pos-
sible sources of deviations from the SM predictions and,
through a global analysis of the present accurate data on
electroweak observables, to constrain these effects and to
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see to what extent the bounds on the Z' parameters (both
its mass and its mixing with the Z boson) could be
affected by the presence of fermion mixing effects and
vice versa.

As experimental constraints, in addition to the 8'-
boson mass Mii and the low-energy neutral-current (NC)
data [neutrino scattering, atomic parity violation (APV),
polarized e-hadron scattering), we have used all the re-
cent data from the CERN e+e collider LEP on Z reso-
nance observables (Z partial decay widths, leptonic asym-
metries at +1 GeV around resonance, b forward-
backward asymmetry and the r polarization asymmetry).
Although the Z' couplings are universal, the fermion
mixings are clearly not, so that in the present analysis it
is necessary to rely on flavor-dependent measurements
rather than on the flavor averaged values as is usually
done in constraining Z' effects alone. Charged-current
(CC) measurements such as e-p-r universality and the
precise test of Cabibbo-Kobayashi-Maskawa (CKM) uni-
tarity are of primary importance to constrain fermion
mixings, and have been included in our analysis as well.

We have taken into account in the theoretical expres-
sions all the relevant QED, QCD, and electroweak radia-
tive corrections, which are crucial to reach the present
agreement between the SM predictions and the experi-
mental results. Electroweak higher-order effects depend
on the two still unknown parameters of the SM, the top-
quark and Higgs-boson masses. In particular, the large
dependence on m, allows to fit the top-quark mass in the
SM context, and, with our comprehensive set of observ-
ables, our fit gives m, =116+3~ GeV for a Higgs-boson
mass mB=100 GeV. In extended models, the presence
of new particles can also give rise to virtual effects that
would introduce a dependence on additional unknown
parameters (heavy masses, quantity and type of new fer-
mions). As we justify in Sec. III, these effects are either
very suppressed or already roughly parametrized in terms
of the two unknown masses m, and MH. In GUT's also
the scalar sector is generally enlarged. We will assume
that the Higgs bosons only appear in singlets or doublets
of weak isospin (as is the case, e.g., in superstring-
inspired E6 models), so that the custodial SU(2) symmetry
is preserved at the tree level.

In Sec. II we outline a formalism that allows to de-
scribe simultaneously the effects of new gauge bosons and
of new fermions mixed with the known ones. After a
general discussion, we concentrate on E6 theories, for
which a class of new neutral gauge bosons (Z, ), which
covers a wide range of possibilities, including as a partic-
ular case the SO(10) model, can be easily defined. These
models also involve a rich fermion content, being then
well suited to analyze the combined effects of new gauge
bosons and new fermions. In Sec. III we describe the
procedure that we have followed to confront the theoreti-
cal expressions with the experimental data, and we also
briefly discuss the effects of new higher-order corrections
from E6. All the experimental inputs that we have used,
as well as the theoretical expressions for the correspond-
ing observables, are also collected in this section. In Sec.
IV we present the bounds resulting from our global
analysis. We derive individual constraints on the Z pa-

rameters and on each single fermion-mixing angle, and
we confront these bounds with the corresponding results
of joint analyses where the two effects are simultaneously
present and cancellations among the different fermion
mixings are also allowed. We discuss the interplay
among all these different effects in the various observ-
ables, and their implications for deriving limits on the
different parameters. We identify the bounds that are
considerably relaxed by mutual cancellations and those
that are left unchanged. Finally, in Sec. V, we draw our
conclusions.

We will restrict our analysis to the case when the
group E6 breaks to the direct product of the SM gauge
group QsM=SU(2)L XU(1)„XSU(3)c and extra U(1)
factors defined through the chain:

Es~U(1)~XSO(10)

U(1)r X SU(5)

I

sM ' (2.1)

Then, since the new charges obey an orthogonality rela-
tion with the usual weak isospin and hypercharge, the
neutral current Lagrangian has the form

—XNc=eJt' 2„+gg J"Z „, (2.2)

where the Z are the neutral massive vector bosons cor-
responding to the standard Zo and to the additional
Abelian generators (m & 1). In the following we will as-
sume that either E6 breaks directly to rank 5, or that one
of the two new bosons is heavy enough so that its effects
on the low energy physics are negligible. Then, the addi-
tional Z& corresponds to some linear combination of the
gauge bosons associated with the U(1)& and U(1)r genera-
tors in (2.1) that we will parametrize in terms of an angle
P (c&=cosP, s& =sinP }:

Z& =s&Z&+c&Z& . (2.3)

Particular cases that are commonly studied in the litera-

II. Z' AND NEW FERMION EFFECTS
IN E6. FORMALISM

In this section we will introduce the formalism to de-
scribe the combined effects due to the presence of a new
neutral gauge boson, and of new fermions that could mix
with the known ones, paying a particular attention to
theories based on E6 as a unifying gauge group, where
both of these new physics effects are naturally present.
While the presence of a new U(1) factor affects only the
neutral current sector, the fermion mixings affect also the
charged currents and then the formalism must include
this sector as well. We will first focus on the conse-
quences of assuming the presence of a new neutral gauge
boson at a relatively low energy and then we will analyze
the effects induced on the currents coupled to the vector
bosons by mixings between the known fermion and possi-
ble new heavy states.

A. EfFects of a new neutral gauge boson
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M 5MZp

5M MZ
I

(2.4)

This matrix is diagonalized via an orthogonal transfor-
mation parametrized by an angle P, and Mz can then be

p

written in terms of the physical boson masses as

Mz, =c&MZ+s&MZ'2 2 2 2 2 (2.5)

Henceforth the subscripts "0" and "1"will refer to the
gauge eigenstate bosons, while unprimed and primed
quantities will refer to the physical (mass eigenstates) Z
and Z' bosons. According to the breaking (2.1), Mz
(and not the physical Z mass) enters the expression for
the weak mixing angle Ow, i.e.,

sw =sin ~w 1 Mw/Mz
0

In this paper we are considering models characterized by
the fact that the Higgs bosons transform as doublets or
singlets under SU(2)L that are usually referred to in the
literature as "constrained" models. %e will also follow
the more phenomenological approach of treating Mz and

P as independent parameters, so that the bounds derived
will hold for any of these models. However, once the
Higgs sector is specified for a given model, Mz, Mz. , and

P are not independent quantities and a relation between
them can be obtained. Typically this relation is of the
form P =kMz /Mz, where k depends on the quantum
numbers and VEV's of the different Higgs bosons. If a
relation between P and Mz. is specified, then the limits on

P translate into bounds for Mz that are usually much
stronger than in the general case.

We will normalize the new Abelian Q& and Qz genera-
tors to the hypercharge axis F so that, assuming a similar
renormalization-group evolution of the Abelian couplings
down to the electroweak scale, the same coupling con-

ture [5,6, 15] correspond to s&=1, Q—,', 0 and are respec-
tively denoted the Z&, Z„, and Zz models. Z& occurs in
E6~SO(10), while Z„occurs in superstring models when
E6 directly breaks down to rank 5. A Zz boson occurs in
SO(10)~SU(5) [see (2.1)] and, beyond representing a par-
ticular case in E6, it is also present in SO(10) GUT's. The
two cases are distinguished by the different content of
new fermions [one additional singlet neutrino vL per fam-
ily in SO(10) and 12 new states in the E6 case] and thus
they will be treated separately. Another model that is
usually analyzed in the context of E6 is the
SU(2)I X SU(2)z X UL& (1) left-right model [5,6, 15].
However, since in this case the presence of new 8'~
gauge bosons would excessively complicate the formalism
for the CC sector, we will not consider it.

If one additional Z& exists, in general, it will mix with
the standard Zo. This is always the case when the Higgs
fields responsible for the breaking of QsM down to
SU(3), XU(1), transform nontrivially under the new
U(1). In the ZO-Z, basis, the general form of the neutral
gauge boson mass matrix is

go =(4&2G~M )'

g]. =Rosw-
(2.6)

The currents that couple with strength go to the physical
Z and Z' are

Jg

Jg

cp sp Jo

w 1

(2.7)

where

JO J3 sw Jem (2.8)

is the usual SM neutral current, written in terms of the
neutral isospin and electromagnetic currents, and, ac-
cording to (2.3), J", corresponds to the following com-
bination of (spontaneously broken) generators:

(2.9)

Equations (2.5) and (2.7) summarize the fefectsof ZO-Z,
mixing.

In the present case, the transformation (2.7) cannot be
applied straightforwardly to the couplings of the fer-
mions in Jo, . In fact, because of fermion mixings, the
couplings of the fermion mass eigenstates appearing in
the nonconserved J3 and J", currents are in general
modified with respect to the corresponding couplings of
the gauge eigenstates. The rest of this section is devoted
to analyzing these effects for the couplings of the known
fermions.

B. ESects of new fermions

In the models under investigation each fermion family
is assigned to a 27 fundamental representation of E6, that
beyond the 15 standard degrees of freedom, hereafter
denoted as known fermions, contains 12 new additional
degrees of freedom: a color-triplet weak-singlet vector
quark DI, DL of electric charge q, = —

—,', a vector dou-

blet of leptons (NE )L, (E+N')t and two singlet neutri-
nos vL and SL. In the present analysis we will assume
three generations of fermions.

As will become clear in the following, from a phenome-
nological point of view it is convenient to classify the fer-
mions present in E6 in terms of their transformation
properties under SU(2)L . According to the nomenclature
in use [9,10], we denote the particles with unconventional
isospin assignments (left-handed singlets or right-handed
doublets) as exotic fermions. The weak singlets Dt
quark, the weak doublets of L leptons (E+Nz)L, CP con-

'In first approximation, a deviation from 1 of the ratio
A, =g&/gz can be taken into account by rescaling the Zp-Zl
mixing angle by V'A, , and the Z' mass by 2 ' [4].

stant gz is associated with the hypercharge as well as to
the new charges. '

Then the coupling constants g in (2.2) can be written
as
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jugate of SU(2) R doublets, and the singlet neutrinos vL

and SL are exotic. All the remaining new fermions, as
well as all the standard ones, which have conventional as-
signments, are referred to as ordinary.

Since no new fermions have been directly observed yet,
if new states exist they should be rather heavy
(m „,„~Mz /2, with the possible exception of the singlet
neutrinos, on which we will comment later). However,
since the light mass eigenstates will in general correspond
to superpositions of the known and new states, the new
fermions could manifest themselves indirectly through a
mixing with the known ones. Since U(1),m and SU(3), are
unbroken, different gauge eigenstates can mix only when
they have the same electric and color charges, and hence
the electromagnetic and color currents of the mass eigen-
states are not modified by fermion mixings. However,
since gauge eigenstates with different eigenvalues of the
spontaneously broken generators T3 and Q, can mix, the
couplings of the mass eigenstates to the Zo and Z& bo-
sons will in general be affected.

We now discuss the mixing between the known and
new states in a general context. In the gauge currents
chirality is conserved, and it is then convenient to group
the fermions with the same electric charge and chirality
a =L,R in a column vector of the known and new gauge
eigenstates 4 =(4&,%~) . The gauge eigenstates in 4
can be mixed via the mass matrix, and their relation with
the corresponding light and heavy mass eigenstates
0' =('Pl, '0& ) is given by a unitary transformation

+0 (x g/

G
where U =

a

a=L,R . (2.10)

The submatrices A and Fdescribe the overlap of the light
eigenstates with the known and the new states, respec-
tively. From the unitarity of U we have

A+F F= AA +GG =I, (2.11)

and so the matrix A deviates from a unitary one by small
light-heavy mixing effects contained in F. Note that we
have not introduced an extra index to label the electric
charge, and in the following we will treat 4 and 4 as
generic vectors corresponding to a definite value of q,
In terms of the fermion mass eigenstates the neutral
current corresponding to a (broken) generator 6 reads

J~a= g +yU 6 U% (2.12)
a=L, R

The generalization of (2.12) to charged currents, corre-

sponding to nondiagonal generators as T+, is straightfor-
ward. In (2.12) 6 represents a generic diagonal matrix
of the charges for the chiral fermions. In the present
case, since the term proportional to J", in (2.8) is not
affected by fermion mixing, we need to consider only the
mixing effects in J3 and J",. Hence O=T3, Q, and the
elements of the corresponding matrices are given by the
eigenvalues t3, and q, =c&q&+sl3qz. The q&& charges
for the left-handed fermions in the 27L of E6 are listed in

Table I, and we have q& r(f„)= q& r—(fL ).
From (2. 12) one readily notes that if in one subspace of

states with equal electric charge and chirality the matrix
6 is proportional to the identity, the current for these
fermions is not modified in going to the base of the mass
eigenstates, and the corresponding gauge couplings are
not affected. This happens for example in the SM, where
for a given electric charge and chirality the eigenvalues of
T3 are indeed the same, implying in particular the ab-
sence (at the tree level) of flavor-changing neutral
currents [Glashow-Iliopoulos-Maiani (GIM) mechanism].

In models with new fermions, the diagonal matrices 6
have the general form (r) =diag(6, 6 ). Also, if the

gauge group is generation independent all the known
states appearing in one vector %' have the same eigenval-
ues with respect to the generators of the gauge symmetry,
and hence 6 =q I with q =t3(f ),q~(f ). This
also happens for the new charged states in E6, i.e.,
6 =q~I. In contrast, since tnore different types of neu-

trino are present in E6, for the neutral states appearing in

%~, 6 is not proportional to the identity.
Since we are only interested in the indirect effects of

fermion mixings in the couplings of the light mass eigen-
states we now project (2.12) on 41, obtaining

Jte= g 'P)a)'"lqa ~a~a+FaaaFa]Pi+
a=L, R

(2.13)

+iay~(qa +(q q )F F ]%i (2 14)
a=L, R

The first form (2.13) is general, and describes the effects
of fermion mixings in the neutral currents of light states
for a wide class of models, while the second form (2.14),
obtained via the unitarity relation (2.11), holds when the
mixing is with only one type of new states that have the
same q charges, as is the case for the charged fermions
of E& and the neutrinos in SO(10).

Ordinary exotic fermion mixing modifies the isospin
currents, and hence affects the couplings to the Zo (and
W+), while, as is clear from (2.13) and (2.14), a mixing be-
tween states of different q& z charges will affect the cou-

TABLE I. Quantum numbers for the left-handed fermions of the fundamental 27 representation of
E6. Abelian charges are normalized to the hypercharge axis according to
y27 (g f)2 —y27 ( yfy2)2 —5

6Q-,'q~

6Q —,'q,

SL (NE. )L DL Dl' C
Vl L



3044 ENRICO NARDI, ESTEBAN ROULET, AND DANIELE TOMMASINI 46

plings to the Z, bosons. It is also worth stressing that,
the F~F terms in general being nondiagonal, in addition
to affecting the strength of the flavor diagonal couplings
of the mass eigenstates, the fermion mixings will usually
induce also flavor-changing neutral currents (FCNC's).

current are also flavor diagonal, and we find

E& (f)=q&(f )+(sf)'[q&(f )
—q&(f )],

fa eR, PR ~rR, dL, SL, bl
(2.19)

1. Charged fermions

We now consider in more detail the different fermions
present in E6. Starting with the charged ones, we denote
as e (f) the flavor diagonal chiral (a=L,R ) couplings
of the charged mass eigenstates to the Z bosons. From
(2.8) and (2.14) and dropping from now on the index %'
for the known fermions, we have

For the left-handed charged leptons and right-handed

3 qua rks, the effect of the mixing is more subt 1e.
In this case the new states are ordinary and hence couple
to the Zo boson with the same charges as the correspond-
ing known fermions t3(f )=t3(f ). Then, since the
coefficient of the F F term in (2.13) vanishes identically,
the J~o current is not modified in going to the mass eigen-
state basis, and the chiral couplings of the corresponding
fermions conserve the standard form

For the q, =+—', states, since there are no new fer-
mions in E6 with whom the u quarks could be mixed, the
gauge couplings are not modified, and we readily obtain

EQL(u)=
p 3sw, eoR(u)= 3sw

(2.16)
E, (u)=q, (u ), a=L, R .

The new right-handed charged leptons and left-handed

q, = —
—,
' quarks have exotic SU(2) assignments, and

since also q, Wq &, the couplings to both Zo and Z, are
affected by the mixing. Ordinary exotic fermion mixing
can induce flavor changing transitions in the interactions
mediated by Zo, through the off-diagonal terms
(F F); (i' ) in (2.14). However, extremely stringent
constraints exist on pe, sd, and bd transitions, and imply
that the corresponding terms are at most -10 [9].
Tight bounds —10 exist for bs, ~e, and ~p flavor
changing parameters as well [9]. Hence, if flavor chang-
ing vertices exist in Zo interactions, most of them must
be negligible, and it is then reasonable to concentrate in
constraining possible deviations in the flavor diagonal
couplings. As is shown in [9], assuming the absence of
FCNC is equivalent to assume that different light mass
eigenstates are not mixed with the same exotic partner, in
which case the F F terms corresponding to ordinary ex-
otic mixings are diagonal. With this assumption, we can
define the mixing angles 01 z that describe the mixing be-
tween I. or R ordinary and exotic partners through

(F F )ff' (S ) 5ff
(2.17)fa &fa

=eR ~ O'R ~ &R i dL sL r bL r

where (sf R )
—= 1 (cj R ):—sin OfL R. T—he flavor diagonal

chiral couplings to the Zo of the corresponding light
mass eigenstates then read

EoR(»= —
—,'(s)t )'+sw f=e O

EoL(f)= 2(cg) + —,'sw, f=—d—, s, b .
(2.18)

Similarly, according to (2.8) the chiral couplings in the J~&

Eo (f)=r3(f. ) —swq. (f)+[&3(f. ) —r3(f. )](F.F.)ff
(2.15)

e~.(f)=q&(f. )+[q&(f. ) —q, (f.)](Ft&.)ff, a=L, R .

eoL(e) 2 +sw eoR(d) 3sw (2.20)

In contrast, we have in general q, (f )Pq&(f ), and
then a mixing between the ordinary known and new fer-
mions will indeed affect the c., couplings. Unfortunately,
since Zo interactions cannot provide information on the
I" I parameters, there is little hope to derive meaningful
constraints on the ordinary-ordinary mixings. We have
not attempted this, and since we will not present bounds
on these mixings, we also avoid introducing new parame-
ters to describe their effects. The consideration of these
mixings will be mandatory once a Z' boson is found,
since they may induce important FCNC effects as well as
universality violations in the Z& couplings.

At present energies, however, the effects of J", are al-
ready suppressed, and then the additional modifications
due to ordinary-ordinary mixings can be expected to be
negligible if the mixings are not particularly large. In our
numerical analysis we have thus taken

c,L(e)=q, (eL), E,„(d)=q, (dR) . (2.21)

In the case in which some of these mixings were close to
maximal our approximation would not be good, and it is
reasonable to question if the limits derived on Mz and (()

are still reliable. We believe that this is the case, since
the couplings of the remaining fermions in the J", current
are known (uI R) or fairly well (and reliably) constrained
(eR, dL, vL) by charged current processes and by their
effects on J)0.

Fermion mixings affect the charged current sector as
well. For the hadrons, since the only exotic quarks
present in E6 are dL type, the general formalism
developed in [9] acquires a much simpler form. In the

2However, for the particular case of the g model (s&=Q —', ,

c&= —Q3), for the ordinary fermions we have again

q„(f )=q„(f ) (see Table I). Then in this model ordinary-

ordinary mixing effects are completely absent.
We also note that in theoretical models in which one relates

the fermion mixings to light (doublet VEV's) and heavy (singlet
VEV's) masses, the ordinary-ordinary mixings, unlike the

ordinary-exotic ones, are not suppressed as the ratio of the two

mass scales, and hence are not necessarily expected to be very

small [15].
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standard base where the gauge and mass eigenstate up
quarks coincide, the charged current between "light"
mass eigenstate quarks is

2 Jk='piL}'"~L'piL (2.22)

where 0'iL =(u, c, t)L and I'iL =(d, s, b)L. AL here plays
the role of an apparent CKM mixing matrix, but clearly
it is not unitary due to the mixing with the exotic quarks.
It is usefu1 to decompose it as

d
~Lij Kij C

where i =u, c, t, j=d, s, b, and E is unitary.

(2.23)

2. Neutral fermions

The existence in E6 of new singlet neutrinos lighter than a few
MeV would, however, convict nucleosynthesis [16] and super-
nova 1987A [17]constraints, unless Mz ~ 1 TeV.

For the neutral fermions the situation is more complex
and a few specific assumptions have to be formulated as
well. In the first place, neutral fields with three different
weak-isospin assignments can mix simultaneously in the
presence of Majorana mass terms. In fact, in addition to
the known neutrinos in the standard fve ) doublets,
there are new ordinary neutrinos in the L doublet
(N E ) . The exotic neutral states with t3= —

—,
' appear-

ing in (E+N')L can also mix with the known v's through
lepton-number-violating hL =+2 Majorana mass terms,
and finally, for each fermion family, two SU(2) exotic
singlets vI and SL are a1so present.

A second complication is due to the lack of experimen-
tal constraints on neutrino FCNC's so that, as for the
ordinary-ordinary mixings, again we cannot make any as-
sumption on the form of the F F term in (2.13). Howev-
er, in all the measurements that we will consider the
final-state neutrinos are not detected, so that a sum over
the flavor of the final mass eigenstates has to be taken.
Under this condition, we can again account for the mix-
ing effects in the neutral sector without introducing expli-
cit FCNC parameters.

A further assumption has to be made regarding the
number of "Hght" neutrinos. The I.EP measurement of
the effective number of light neutrino species JV implies
that if new neutrinos with a large nonsinglet component
exist, they must be heavier than Mz/2. However, the
new E& neutrino singlets could well be "light"
(m (Mz/2) and a mixing with the doublet neutrinos
would allow them to couple to the Z boson and to con-
tribute to the invisible width. For simplicity we will not
consider this case, assuming that only the three known
neutrinos, which are mainly ordinary states, are light.
This assumption in particular implies the bound A' & 3.
In view of the existing experimental upper bounds on the
different v masses, we wi11 a1so neglect all the related
kinematical effects.

In analogy with the charged fermions, we introduce a
vector nL =(vyr, v~)L for the known and new neutral

vs =(N, N', v', S }L

FL =(O,E,S,S')L,
(2.24)

where each submatrix describes the overlap of the light
states with the new ordinary, exotic doublet, and exotic
singlet neutrinos, respectively. Since we have assumed
only three light neutrino states, which are mainly the
standard vyr neutrinos, the matrix AL in (2.10), describ-
ing the overlap of the light neutrinos with the ordinary
known ones, is 3 X 3 and deviates from a unitary one only
by the small mixing effects in Fz .

In order to analyze the leptonic charged currents be-
tween light states, one can choose the flavor basis such
that the charged lepton flavor eigenstates coincide with
the charged mass eigenstates up to light-heavy mixing
effects. In this basis, the charged current between light
states reads

Jg' nLr ~LeL+n Rr ERsReR (2.25)

In the first term in this equation the overall strength of
the left-handed current is reduced by the effect of light-
heavy mixing appearing in the AL neutrino projector,
while the second term corresponds to an induced right-
handed current that will produce neutrinos of the
"wrong" helicity in weak decays.

It is convenient to introduce the leptonic analog of the
CKM matrix, EI, by writing A =EIA . The matrix El
is unitary and is nontrivial if nondegenerate masses and
mixings are present for the light neutrinos.

The exotic mixings appear only in A", which can be
chosen to be Hermitian, and deviates from the identity by
terms of 6(s ). For instance, in a weak decay involving
the e, ~n, transition, the change with respect to the SM
decay rate I o induced by the corresponding mixings is

+De, ~n, ) =( AL A )L„(+s ')R(E„ER)„. (2.26)r,
The first term (AL AL )„=(~ }2„:—(cL' )2= 1 —(sL')2 ac-
counts for the reduction in the light neutrinos coupling
strength, and we see that the information in Kl is lost
when we sum over the unobserved final neutrino mass
eigenstates. The second term, in which (ERE„)„
=(sR'}, appears only when both the light neutrino and
the R charged lepton mix with the components of an ex-

gauge eigenstates and a vector nL = (ni, ni, }L for the light-
and heavy-mass eigenstates; we will label the elements of
the two basis with indices a, b. . . and i,j, . . . , respec-
tively, and we will drop the index %' when no confusion
can arise. We will also not distinguish between left-
handed neutrinos and antineutrinos; they are all de-
scribed by fields nI. The right-handed fields will be
denoted as n„' =Cn L, and clearly n~ = Uz n„' with

UR = UL. Hence it is understood that (2.13) has to be re-
stricted only to L-chirality states in this case.

Since the new neutral states have different t3 (and q&)

assignments, it is useful to decompose the vector of new
states and the matrix FL in (2.10), relating the new states
with the light ones, as
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otic doublet (as is required by helicity conservation in the
W interaction), and is 6(s ) in the light-heavy mixing.

V
Each (sz') represents an additional mixing parameter
that is in principle unrelated to the corresponding (sl') .
For e, =e,p, the existing direct constraints on the right-
handed currents (RHC's) [9] ensure that it is safe to
neglect the 8(s ) terms. However for the r lepton, the
existing direct limit is too weak to justify the same ap-
proximation (see Sec. IV). Nevertheless it is easy to show

that (s~'} is bounded by (sz') &g, ( „s') =Tr(ELEL )

& g, (sL'), and this ensures that it is safe to neglect the
corresponding RHC contributions as well.

The normalized state produced in the weak decay de-
scribed by (2.26) constitutes the initial neutrino state in
neutrino scattering experiments, and is a coherent super-
position of mass eigenstates

~n, L &
= g( AI' );, ~nL &, (nL ~nL & =1,

i

(2.27)

where a is the flavor of the associated charged lepton.
Since for the base-line distances and neutrino energies
relevant for neutrino neutral current scattering experi-
rnents the neutrino oscillations are fairly well con-
strained, we will assume that this state is unchanged (ex-
cept for an overall phase) as the neutrino propagates and,
for instance, the v„'s produced in ~ or E decays are pro-
pagated essentially as flavor states up to the point where
they interact with the target.

The light neutrino neutral currents that couple to the
Z bosons are given in (2.13) where, to avoid double

counting, only L states have to be summed, and we have,
e.g., T3 =diag( —,', —

—,', 0,0), where a 3 X 3 identity matrix

multiplying each entry is understood.
These currents are in principle flavor changing, but

owing to the fact that in the scattering process
n, X~n;X', as well as in the Z~n, n invisible decay
width, a sum over the undetected light neutrinos n, has
to be taken, the corresponding theoretical expressions
can still be recast in a simple form. However, unlike the
CC case, additional parameters are needed here in order
to describe the kind of neutrinos that mix with the light
states. Using the unitarity relation (2.11},the unitarity of
K& and ci' from (2.26), we can introduce these parame-
ters by writing

1 = [KI ( AL A I +F1 FL )KI ]„
=(cL') +(A~+A, ', +A,', +A~ }(sl') (2.28)

where, e.g., Az(sL') —= (K& OLOI K~)„describes the
amount of mixing with the heavy ordinaries 1V, and
analogous expressions hold for the other k'„parameters
that describe the mixing with the exoties. These parame-
ters satisfy 0&A.'„& 1 and from (2.28) we clearly have

g„A,'„=1.
From (2.13), and neglecting for the moment possible

mixing effects in the target as well as Z, effects, we can
write the neutrino scattering cross section for the initial
state (2.27), normalized to the standard cross section, as

1
cr n, ~n;

CTp

[AL(Ar. AL+2FI T3 FL ) AL, ],g .
'a

)2
(2.29)

By means of (2.28), and keeping only the O(s ) terms,
this becomes

go(n, ~n; )=1—2(1 —A~+A, ', )(si') +O(s~) .
0'p

I z, —„, Tr( AL, AL, + 2FI T3 FL )

=3—2+(1—A~+A. ', )(s~')2+O(s4) . (2.31)

(In the complete expression for I z;„„,in addition to the
effects of Zp-Z, mixing, also additional indirect effects of
the neutrino mixings are present —see Sec. III.) We see
that to leading order in the neutrino mixing parameters,
the modifications induced in both these processes can be

described with the same mixing angles si already intro-
duced in (2.26) for the charged sector, with the addition,
for each neutrino flavor, of an effective parameter
AO=2(1 —k~+A, ', ) that describes the particular admix-

ture of heavy neutrinos involved in the mixing. If the
light states are only mixed with heavy ordinary states,
corresponding to k~ = 1, the NC processes are not
affected (AD=0) while a mixing only with neutrinos from
exotic doublets corresponds to a maximal reduction in

the coupling strength (Ao =4). For our numerical

analysis we have used the intermediate value Ap=2. This

corresponds to an equal amount of mixing with new

states from ordinary and exotic doublets (A,~=A, , ), but

in particular describes also the interesting case of a mix-

ing with only singlet neutrinos.
Although in the presence of mixings the couplings be-

tween the neutral mass eigenstates are no more flavor di-

agonal, it is useful to define the effective neutrino cou-
plings as

Ap
~p(n) =—— (sL )' (2.32)

since, when used naively, they allow the reproducing of
the results (2.30) and (2.31) and are easily handled in a
numerical analysis.

Since the neutrino mixing parameters are fairly well

constrained by charged and Jp currents processes, their
effects in the couplings to Z, are clearly higher order in

the new physics, and are indeed negligible. However, an
effective expression for E, (n), which correctly accounts

(2.30)

The decay rate of the Z boson into undetected neutrinos
is proportional to the sum of the square of the neutrino
NC couplings in (2.13}. Focusing for the moment on the
mixing effects in the Zp couplings, and using the same ap-
proximations as in the previous case, the corresponding
modifications to the standard decay rate can be
parametrized similarly:
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for the mixing effects also in the Z-Z' interference, can
be easily derived in a similar way, and is given here for
completeness:

&,=4q, (v) —4+i,„q,(v„) .
(2.33)

Now that all the couplings of the light mass eigenstates
appearing in the J~o

&
currents have been derived, by ap-

plying the same transformation (2.7) that gives the Jg
and Jg. currents, we can readily obtain the corresponding
couplings e (f) and e' (f) to the physical Z and Z' bo-
sons:

E~=cyfp~+SyS~E)~,

a $$60a+ cpswc la, cx —I (2.34)

We will use in the following also the vector and axial-
vector couplings, defined as

vf =sr(f)+, ea(f)

uf =el.(f) sIt(f)— (2.35)

with analogous definitions for vf and af'.
The SO(10) Zr model can be easily obtained by retain-

ing only the neutrino parameters (sL', sr",sr ') with A,',= 1

and AN=A, ',=Vs=0 (corresponding to AD=2), and set-

ting all the other fermion-mixing angles to zero.

III. EXPERIMENTAL CONSTRAINTS

In this section we describe the procedure that we have
followed to derive limits on the parameters describing the
new physics effects from E6. We also present a brief dis-
cussion of the various experimental constraints that we
have used in our analysis, and of some subtle indirect
effects that depend on the particular experimental pro-
cedure used to extract the data. The experimental inputs
used in the analysis are collected in Tables II—IV. The
overall uncertainties have been evaluated by adding sta-
tistical and systematic errors in quadrature, and correla-
tions among different quantities have been taken into ac-
count in all the relevant cases.

V V6 —GFcL cL", (3.1)

where, as anticipated in Sec. II, we have neglected the
effects of induced RHC that are higher order in the
light-heavy mixing. Clearly the dependence on the v,
and v„mixing angles in (3.1) is propagated in all the ex-
pressions that contain GF, but are numerically evaluated
with Gp.

8. Radiative corrections

A further remark concerns the higher-order correc-
tions. The inclusion of radiative corrections plays an im-
portant role in achieving the remarkable agreement be-
tween the SM predictions and the most accurate experi-
mental results, and indeed loop effects must be taken into
account also in deriving bounds on the parameters that
describe possible effects due to new physics. However, to
be fully consistent, any given model should be analyzed
by including its specific set of radiative corrections,
which is in general larger than the SM set. A complete

A. Input parameters

All the theoretical expressions have been numerically
evaluated from a set of fundamental input parameters,
consisting of the QED coupling constant a measured at

q =0, the mass of the physical Z boson Mz, and the Fer-
mi coupling constant GF. For the U(l)' coupling con-
stant g„which strictly speaking belongs to the same set,
we have assumed g, =gr =—e/c~, while Mz, P, and the
various (span) that describe the fermion mixings are
treated as free parameters. As extracted from experi-
ments, the numerical values of a, as well as the position
of the resonance pole in e+e +ff —(i.e., the physical Z
mass) are not affected by the new physics. We have fixed
the Z mass at the value Mz =91.175 GeV [18] since the
uncertainties in the theoretical expressions induced by
the present experimental error of +21 MeV are negligi-
ble. In contrast with the previous two parameters, the
Fermi coupling constant, as extracted from the measured
lifetime of the p lepton, G„=1.16637(2)X10 GeV
is affected by fermion mixings. It is therefore useful to
introduce a "true" coupling GF, formally independent of
mixing effects, which is related to the effective p decay
coupling through

TABLE II. Charged-current experimental constraints on lepton universality (g;/g, ) and on the uni-
tarity of the CKM quark mixing matrix V,-,

Quantity

(g„/g, )'
(g, /g, )'

Experimental value

1.00+0.20
1.00+0.08

Correlation Processes

8'~l v

(g„/g, )' 1.016+0.026
0.952+0.031

0.40 g~lvv and p~evv

1.014+0.011
1.013+0.046

m.~lv
E~lv

0.9981+0.0021 Hadron decays
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TABLE III. Results on Z-partial widths (in MeV) and on-resonance asymmetries. The values

displayed for the leptonic asymmetries correspond to the peak data and have been corrected only for

angular acceptance.

Quantity

r,
r,
I„
I,

(peak)
A" (peakj

(peak)
g pol

T

Ib
gFB

b

Experimental value

2487+10
1740+12

83.20+0.55
83.35+0.86
82.76+ 1,02

—0.019+0.014
0.0070+0.0079
0.099+0.096

—0. 121+0.040
367+19

0. 123+0.024

0.36 0.48
—0.31

Correlation

0.26
0.58

—0.19

0.22
0.49

—0.16
0.33

computation of higher-order corrections in the frame of
E6 models is not available yet, but due to the large num-

ber of new unknown parameters (e.g., the masses of the
additional fermions and bosons) the complete one-loop
expressions would not be very helpful anyhow. However,
in particular for E6 models, some work has been done in

the direction of estimating the relevance of the new loop
contributions, and at present we have enough informa-
tions to handle this problem. We will now briefly review
the status of the art.

A general discussion of the renormalization of
SU(2)L XU(1)&XU(1)' models has been given in [19].
The presence of a new Z' gives rise to a new set of two-

point functions that contribute to the neutral current am-

plitudes. In addition to the vacuum polarization diagram
for the Z' boson, y-Z' and Z-Z' amplitudes are also
present. These new loop diagrams induce additional ul-

traviolet divergences, and new counterterms are required
to render the expressions finite. In spite of these compli-
cations, a consistent procedure can be defined for which
the one-loop expressions are finite and, in the limit of
vanishing Z-Z' mixing and large Mz, smoothly converge

to the SM results. As discussed in [19] it is a sensible ap-
proximation to neglect the finite loop contributions due
to the new two-point functions and restrict this set to the
Z, y, and W+ self-energies. Since the Zo-Z& mixing is
severely constrained by ~P~ ~0.01 —0.02, it is safe to
neglect the related efFects in the standard one-loop dia-
grams, and, in view of the extremely stringent bounds ex-
isting on the fermion mixings [10],their effect on the cou-
plings to the gauge bosons is also negligible in higher-
order expressions.

The presence of additional states in the self-energy
loops will however give rise to additional corrections to
the standard vacuum polarization functions. Since for
s &&m~,„heavy physics decouples from QED and does

not contribute to the running of the electromagnetic cou-

pling constant up to s =Mz (that is by far the largest SM

loop correction), the leading effects of the new heavy

states are expected mainly as contributions to the p pa-
rameter [20] that measures the difference between the
8'+ and Z self-energies at zero momentum. These effects

have been analyzed, e.g. , in [21]. In spite of the large
number of new fermions, in the limit of small Z-Z' and

TABLE IV. Low-energy neutral-current experimental constraints.

Deep-inelastic v-q

2
gI.

2
RR

HL

R

0.2977+0.0042
0.0317+0.0034

2. 50+0.03
4.59+

v-e scattering

gv~g~
Rv

g~
Rv

0.047+0.046
—0.06+0.07
—0.57+0.07
—0.10+0.05
—0.50+0.04

Experiment

CHARM II
CHARM I
CHARM I

BNL
BNL

e-q parity violation

CI „
CI

I
C2u 2 C2d

—0.249+0.066
0.391+0.059
0.21+0.37

—0.99

Correlation

—0.95
0.95
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fermion mixings only the new vector doublets of leptons
can contribute to p, since all the other fermions are weak
singlets, and then the effects of the new fermions should
not be dramatically large. New contributions to p are
also expected from the enlarged scalar sector [23]. We
note however that even in the SM the numerical correc-
tions to p are largely undetermined, since the dominant
contribution depends on the unknown value of the top
mass, and a softer (logarithmic) dependence on the un-
known mass of the SM Higgs boson is also present.
Choosing a particular value for the two unknown masses
m, and m& then fixes, within the SM, a particular value
of p, and we will assume that this also pararnetrizes
roughly the leading nonstandard higher-order contribu-
tions. Fixing mH =100 GeV, we have performed a fit to
the top mass in the SM context, corresponding to
Mz ~~ with all the mixings set to zero. We obtain
m, =116+35 GeV, in good agreement with other recent
analyses [24]. Our 1cr limits are slightly relaxed due to
the fact that we are using the LEP flavor-dependent mea-
surements for leptons, which have larger experimental er-
rors with respect to the measurements that assume lepton
universality. Throughout the rest of our analysis we have
then fixed the top mass at the value m, =120 GeV, which
corresponds approximately to the minimum of the g
function in the SM case, while mH has been fixed at 100
GeV.

New effects could appear also in the vertex corrections
to the Z partial decay widths, due to the presence of one
additional Higgs doublet. These effects have been ana-
lyzed in [25] for the cases jn which the contributions are
enhanced by large Yukawa couplings. They have found
that even for extreme choices of the relevant parameters
(VEV's and scalar masses) the corrections to I z bs and

to I + are well below the present experimental ac-

curacy.
Another source of corrections is of QED origin. At

LEP energies, by far the largest deviations from the tree-
level formulas for the partial widths, and especially for
the leptonic asymmetries, are due to the bremsstrahlung
of photons. The presence of additional Z' exchange dia-
grams with photons attached at the external legs could in
principle alter the SM results, where only y- and Z-
exchange diagrams are present. For the specific case of a
Z' from E6, this problem has been systematically ad-
dressed in [26] for the partial widths and in [27] for the
leptonic asymmetries. As a general result, they have
found that at the presently available energies, the QED
corrections to diagrams involving the Z' boson are negli-
gible. This ensures that the experimental values for the
various I + — widths, as extracted from the peak
cross sections and from the Z line shape, are unmodified
in the presence of a Z'. As regards the leptonic Aavor-
dependent asymmetries, in comparing the theoretical ex-
pressions with the experimental data we have taken into

5This ensures that the contribution to the Peskin-Takeuchi S
variable [22] is also small.

account the bulk of the effects of QED initial-state radia-
tion by convolving the various differential cross-section
distributions with the appropriate radiator kernels [28].
In order to minimize computing time, we have included
in the convolution integrals only the y- and Z-exchange
terms, keeping the tree-level expressions for the addition-
al terms involving the Z' propagator. The analysis
presented in [27] ensures that this is a good approxima-
tion to the fully corrected results.

The conclusion of this brief discussion is that the pro-
cedure of including only the standard radiative correc-
tions to the neutral-current processes can be regarded as
a safe and rather well-motivated approximation.

A different set of new-loop contributions appears in the
CC sector and originates from Z'- W box diagrams
corrections to weak decays [29,19]. Surprisingly enough,
this is the only Z' loop effect that is worth taking into ac-
count since, as is discussed in the next section, it can con-
tribute to bound Mz. and it plays an interesting role in
constraining the v„mixing angle as well.

C. Charged currents

1. CKM unitarity

Tests of the unitarity of the CKM matrix provide
strong constraints, at the level of =O. l%%uo, on possible
new physics from E&. Combining the experimental errors
on the different matrix elements in quadrature, one in
fact obtains for the first matrix row [30,31]

I V.d I'+
I V., I'+

I v„b I'=0.9981+0.0021, (3.2)

in agreement with 3-generation unitarity. As is apparent
from Eqs. (2.11)—(2.13), fermion mixings would induce
violations of unitarity. Additional effects, due to the pro-
cedure adopted for extracting the data, will also modify
(3.2). V„d and V„, are obtained by dividing by G„ the
measured vector coupling in P decay and in E,3 and
hyperon decays, respectively, after accounting for the
0{a) radiative corrections of the SM. Hence, using
(2.21) and (3.1), in the present case we have

V„, = cL'AL„,. 1 ——V(q, ,Mz. ), i =d,s,
P

{3.3)

Mz
&(q Mz )=, qi (ez, )[qi(eL ) qi(di )]2 Mz' —M~

Mz.2

Xln
M~

The first factor in the right-hand side (RHS) of (3.3) ac-
counts for the direct and indirect effects of fermion mix-
ings, while the second term in the square brackets (in
which all mixing effects have been neglected) accounts for
an additional loop correction originating from Z -W box
diagrams, which has to be taken into account when com-
paring the relative strengths of different weak amplitudes
(see [29] for a detailed discussion). Since the value of
I V„bI, obtained from the analysis of semileptonic 8 de-
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GF
CL

P

cays, is negligibly small ((2X 10 ), we can write

3
'2

which enters the expression for M~ in place of the physi-
cal Z mass. The v, and v„mixings, entering indirectly
via the 6„/GF ratio, also appear in the final expression,
which reads

—2—V(qi, Mz. ), (3.4)

2. Lepton universality

Constraints from lepton universality are effectively ex-
pressed in terms of the measured ratios g„/g, and g, /g,
of the leptonic couplings to the W boson, which in the
SM are predicted to be unity. Because of the universality
of the gauge interactions Z' box corrections cancel in the
ratio, while the nonuniversal fermion mixing effects
modify the SM expressions according to

Ne

(cL')

(c e)2
(3.5)

where the unitarity of the matrix K defined in (2.23) has
been used, and we have approximated ~E„, ~

with the ex-
perimental values

~ V„;~ in the coefficients of the O(s )

terms. From the expression of 9'(q„Mz ) in (3.3), we see
that Z' loop effects vanish identically in the Z& model
(P=O), since the q& charges are the same for all the
known fermions. In contrast, this effect is maximal for
/3=m. /2, i.e., for a Z' from SO(10). Since in SO(10) only
one additional neutrino for each generation is present
(vt ), and noting that the v, mixing effects cancel in the
first factor in (3.4), in the absence of Z' loop effects, the
CKM unitarity would directly measure (and constrain)
the mixing of v„[14]. However, for small values of the

Zz mass the two effects could be numerically compara-
ble, and (3.4) then represents an interesting example of
the interplay between different effects from SO(10) (and

E6) new physics.
For the

~ V„;~'s we use the (conservative) values given in

[30,31]. An analogous relation exists for the second row
of the CKM matrix as well, but due to the large uncer-
tainties affecting the corresponding matrix elements it
does not give any relevant additional constraint.

pMz - -

G
M2 1+ 1

P

2 GF pMz

X
1 +Qr fCH1

1 —Aa

1/2

M~=80. 14+0.27 GeV . (3.7)

(3.6)

where A =~a/V26„, 1/(1 —b,a) renormalizes the QED
low-energy coupling to the Mz scale, and the leading
top effects, quadratic in m„are included in

p= 1+36„m, /8&2m [20]. Other smaller corrections
are collected in br™,and we refer to [35] for a detailed
discussion of the various contributions. The Z'-W box
corrections to p decay could be easily included in Ar"
as well [19],however, in the Mz inass range in which we

are interested, this contribution is always 10 [19],
and, since the prediction for M~ is already largely depen-
dent on m„ it is reasonable to neglect this additional
effect.

%e note that increasing values of all the parameters
that describe the new physics in (3.6) tend to increase
M~, as do larger values of the top mass. A similar inter-
dependence enters also the expression for the effective
weak-mixing angle that defines the neutral-current cou-
plings of the fermions, and then a sizable anticorrelation

among m„ZD-Z, mixing [6], ands ', s "[10]is to be ex-

pected, resulting in overall stronger constraints for larger
values of m, .

Experimentally, the value of the W mass measured by
the CDF is Mii =79.91+0.39 GeV [36], while the UA2
Collaboration has measured the ratio of the W and Z
masses, for which many systematic errors cancel, obtain-
ing Mii /Mz =0.8813+0.0037 [36]. Using the LEP
value for Mz and averaging the two results yields

where the additional O(sz ) terms in (2.26) have been
neglected. Experimentally, the ratios (3.5) are extracted
from leptonic decays as discussed in [9,10]. In Table II
we give the values [10] of (g, /g, ) measured from IV de-

cays by UA1, UA2, and the Collider Detector at Fermi-
lab (CDF) Collaborations [32], from r and p decays
[30,33], and from the decays of K and m. mesons [30].

D. The Wmass

The standard way of computing the value of the W
mass is to compare the amplitude for W exchange at

q =0 in p decay with the effective strength of the Fermi
interaction, taking into account the large contribution of
the radiative corrections [34]. In the present models,
several new effects modify the standard formula. Zp-Z,
mixing affects the theoretical prediction through Mz,0

K. Physics at the Z peak

The large amount of high precision data collected at
LEP are extremely effective to constrain universal and
nonuniversal new physics effects in the fermion couplings
to the Z boson. In addition to the direct constraints on
Zp-Z 1 and fermion mixings effects in Uf and af, all the
LEP measurements also provide a precise determination
of the effective weak-mixing angle, that, modulo radiative
corrections, reads s,~ = 1 —M~/Mz with M~ given in

2
0

(3.4). Clearly, through s,s; the LEP measurements also
contribute to constrain indirectly the v, and v„mixings,
as well as Mz. and P.

Besides the accurate determination of the value of the
Z mass, which completes the set of fundamental input pa-
rameters, the total Z width and the partial decay widths
into hadronic final states and into each of the three lep-
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ton flavors have been measured at LEP with very high
precision. In order to constrain the nonuniversal fermion
mixings together with the Z' parameters, we have used
the experimental values of the five widths I z, I I„ I „I „,
and I, as obtained, with Mz, from a 6 parameters fit to
the corresponding hadronic and leptonic peak cross sec-
tions and to the Z line shape [18). These results do not
assume universality, and then the experimental errors are
larger than the errors obtained in the flavor-independent
analyses; therefore, while allowing to constrain effectively
the lepton mixing angles, this also gives slightly relaxed
limits on the Z' parameters.

The tree-level expressions for the Z partial decay width
into f fermions reads

ff N GF~z (Uf +of )' 6 2n.
(3.8)

where N, =3(1) for quarks (leptons), and the couplings

vf and af are given in (2.35). We see that besides the
modifications in the vector and axial-vector couplings,
which are specific for each fermion flavor, the overall
strength of the Zff vertices is also affected by the gauge-
boson and fermion mixings appearing in the factor
GFMz . The first factor of Mz however, which comes

0

from phase space, is the physical Z mass. All the
relevant higher-order corrections (universal and
nonuniversal, as the Zbb vertex correction) that are not
displayed in (3.8) have been taken into account in our nu-
merical analysis. We have also included in our data set
the measurements of the partial decay width into b
quarks [37] that constrain the sL mixing parameter. The
corresponding experimental values are collected in Table
III.

While the measurements of the different I f's are sensi-
tive to the particular combination of couplings vf+af,
the forward-backward asymmetries Af are sensitive to
the ratios Uf laf, and the combined measurement of these
two sets of quantities allows for an independent deter-
mination of Uf and af. On resonance, the expression for
the asymmetries reads

A =3FB V~Qq Uf Qf

U +a U +ae e f f
(3.9)

—2u, a
A,"=

U, +a, (3.10)

and its experimental value has been measured at LEP
[39] by analyzing the distributions of the ~ decay prod-
ucts. A "is very sensitive to the v. vector coupling to the
Z, since, unlike the forward-backward asymmetry, it is

Forward-backward asymmetries have been measured for
f=e, p, r, and b final states, their values at the peak,
averaged over the results of the four LEP collaborations,
are given in Table III. For the leptonic asyrnmetries, in
order to increase the statistics, we have also included in
our analysis the data at +1 GeV around resonance. We
refer to [10]for a more detailed discussion of these data.

The expression for the r polarization asymmetry [38]
reads

not suppressed by the small electron vector coupling, and
then it provides an important direct constraint on sz.

On-resonance measurements provide the strongest con-
straints for most of the fermion-mixing angles, particular-
ly for the heavy fermions (b, s, and r) mixings, which are
poorly constrained by the low-energy and CC data. At
the same time, LEP data have also remarkably
strengthened the limits on the ZO-Z, mixing [5,6], and
the introduction of the forward-backward asymmetries in
our data set has further improved the previous con-
straints. On-resonance physics, however, tests essentially
only the Jg current. In the case where the ZO-Z, mixing
angle was vanishingly small, Jg would not be affected and
all these measurements would be largely insensitive to the
presence of a new neutral gauge boson, being then unable
to effectively constrain its mass [40].

R( )
V

Nc [ {—)
o ( v„N~ v„X)

ec [-] ( —)
o ( v„N~ vs)

Denoting as cro the canonical CC cross section comput-
ed in terms of the apparent CKM angles (3.3), and taking
into account also the modifications in the v„couplings, it
is easy to see that o cc is modified according to

V 4o' lo'o —( GF IG„) (cl") . In comparing the theoreti-
cal expressions for R, ,

with the experimental data, the
V

factors of G~/G„cancel in the ratios, but an overall fac-
tor (cL ), induced by the experimental normalization,
has to be included. By properly taking into account the
effect of Z' exchange, and using for the fermion couplings
the expressions given in (2.34) that include all the other
mixing effects, the experimental values for the ei ~ "cou-

F. Low-energy neutral currents

The results of NC experiments are conveniently given
as fits to the parameters appearing in the effective La-
grangians that describe the corresponding four-fermion
processes [30]. The form of these effective Lagrangians
relies only on the assumption of spin-one gauge boson ex-
change and of massless left-handed neutrinos, and thus
the experimental values of the phenomenological parame-
ters are essentially model independent. We will treat sep-
arately the v-q, v-e, and the parity-violating e-q sectors,
and for clarity we will only display the tree-level expres-
sions, but the SM radiative corrections [41,42] have been
always included in our numerical computations.

1. ¹utrino-quark sector

The effective Lagrangian for the neutral-current in-
teraction of the light neutrinos with quarks is

G„
—" vy„(1 y5)v[eL (q—)qy„( 1 —

y )q
2

+ e„( q)q y„(1+ y)5q] . (3.11)

The values of the quark couplings ez x(q) are extracted
from deep-inelastic scattering cross sections normalized
to the CC cross sections, e.g., from the ratios
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plings" obtained by fitting (3.11) to the data correspond
to

e (q)=
zo ei (v„)s~(q) Ei (v„)e' (q)

2
+

2
(c 1)~ Mz Mz,

q=u, d u=L, R . (3.12)

(cr") in (3.12) comes from the experimental normaliza-
tion, Mz is given in (2.5) and accounts for the

0

modification in the overall coupling strength due to Zo-
Z, mixing, and the two terms inside the square brackets
account respectively for Z and Z' exchange in the NC
amplitude. The experimental values [30] are given in
Table IV in terms of

g—:e (u) +e (d), 8 =arctan
e (u)

e (d)

(3.13)

which have negligible correlations.

2. Neutrino-electron sector

The effective Lagrangian for the v-e sector is

G„
ys)vey„(gv guys)e .

2
(3.14)

The electron vector and axial-vector couplings are ex-
tracted from v„-e scattering experiments that, as in the
previous case, are normalized to v„-hadron CC cross sec-

tions. Then the normalization factor (cl") appears in
this case as we11. The relation between the parameters
fitted through (3.14) and the theoretical couplings given
in (2.35) is

v=
2Mz2

(ci")

Ei (v )V El. (v )U2'+ 2'
Mz Mz.

(3.15)
2Mzo el (v„)g, s~(v~)a,

'

"2'+
2

'
Mz'

As experimental inputs we have used the determination
of g', and g„' from the CHARM I [43] and BNL [44] data
on both v„and v„scattering off electrons, as well as the
recent CHARM II results [45] for gv/g„', measured from
the ratio of v and v NC, in which the overall factor in
(3.15) cancels out. All these data are separately listed in
Table IV.

G„" g(C&, ey„y eq 'y"q'+.Cz, eyzeq 'y"y q'),

l —Q, d (3.16)

3. Electron-quark sector

By interfering with the electromagnetic current, both
Jg and Jg. contribute to induce parity-violating transi-
tions in atoms. The electron-quark parity-violating
coefficients C, 2 are defined by the effective Lagrangian

and the corresponding theoretical expressions are

GF
Ci, =2

P

G~
C2, =2

P

Mz e lQ V.

0 Mz

Mz
Veai

Mz

~e Vi+
Mz.

Veai+
Mz.

(3.17)

IV. RESULTS

We have collected all the theoretical predictions and
the experimental results for the electroweak observables
in a y function, which was analyzed using the MINUIT

package. Our results for the various constraints on the
Z' parameters, showing also the effects of fermion mixing
on the limits on Mz and P for the various models, are de-

picted in Figs. 1 —8. The limits on the fermion mixing pa-
rameters, with and without Z' effects, are collected in
Tables V and VI.

In Figs. 1 and 2 we show the limits obtained by fitting
only one parameter (respectively Mz. and P) while
minimizing with respect to all the other free variables.
These bounds are given as a function of the angle P that
parametrizes the general Z, , defined in (2.3) as a com-
bination of Z& and Z&. The curves give the

g =pm;„+3.84 contours, actually corresponding to the
95%%uo C.L. for Gaussian distributions, as it is approxi-
mately the case for P. In contrast, the y, as a function of
Mz. , is far from a parabolic one, and in fact it clearly
does not produce any upper limit. As a result in this case
the C.L. is actually larger than 95%. The dashed lines
indicate the bounds in the absence of fermion-mixing
effects, while the solid-line contours have been obtained
by allowing for the simultaneous presence of all the fer-
mion mixings that can appear in E6 models. As will be-
come clear in the following, the main effect of the pres-

Parity-violating transitions in Cs are quite effective for
the determination of the coefficients C, . The experimen-
tal results are expressed in terms of the weak charge

Q~= —2[C,„(2Z+N)+ C, d( Z+2N)]

whose value is [46]

Q~(ss Cs) = —71.04+ 1.58+0.88

(the second error comes from atomic theory [47]). The
particular combination C2„——,'C2d has been measured
also in the SLAC polarized e-D scattering experiment
[48]. The values of the parity-violating coefficients listed
in Table IV have been derived from the quoted value of
Q~, and from the results given in Table I of Ref. [48].

As is apparent from (3.12), (3.15), and (3.17), low-

energy neutral-current experiments are directly sensitive
to the Jg current, and then are quite effective for testing
the effects originating from the exchange of a possible
new neutral gauge boson. As a general result, this sector
constrains quite effectively Mz. , even in the limit of van-

ishingly small ZO-Z, mixing for which, as already
stressed, Z' effects largely decouple from on-resonance
physics.
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ence of new fermions mixed with the known light states is
to relax the bounds on the Zo-Z, mixing angle I(I, while

the lower bounds on the Z' mass are essentially
unaffected.

Figures 3—5 show, for the y, g, and f models, respec-
tively, the g =g~j„+4.61 contours in the Mz &

plane,
corresponding, for Gaussian distributions, to the 90%
C.L. region in a two-variable fit. Again, the dashed lines

give the bounds in the absence of fermion mixings, while

the solid lines show how the constraints are modified by

minimizing the y at each boundary point, with respect
to the additional fermion-mixing parameters.

To better understand the physics involved in setting
the constraints, we show in Figs. 6—8 the deviations in

the theoretical predictions 0'" with respect to the experi-
mental result 0'" '+b, O'"~', for the y, rl, and g models

respectively. We have plotted the normalized quantities

(0,.'"—0,'"~')/50, '"i" for the most relevant observables:

M~, I z, I &, the sum of the three leptonic widths I &, the
combined leptonic asymrnetries AI", A,", the chiral

couplings in deep-inelastic v-q scattering gL z, the v-e

couplings gv „,the weak charge Q@ from APV in Cs, as
well as the CC tests of unitarity of the CKM matrix (cor-
responding to the sum of the

~ V„, ~
elements) and of the

universality of the CC lepton couplings, given as the ra-
tios g„/g, and g, /g, . The separation between the hor-

izontal dashed lines in the figures corresponds, for each

I
I

I I I

I

I I I

I

I I I

I

I I I

I
l

I I I
l

I I I

I

I I I
I

I I I
l

I

m„= 120 GeV

.05—

no mixings
with mixings

—.05—

Z+

eos P

I I I I I I I I I I I I I I I I I

—.8 —4 0 .4 .8

X—

FIG. 2. 95% C.L. (y =y;„+3.84) for the Zo-Z& mixing an-

gle P, as a function of cosP. The dashed lines enclose the al-

lowed region when no additional effects due to the new fermions
are present. The solid lines give the bounds when fermion mix-

ing effects are taken into account.

900 — m„p = 120 Gev

800— no mixings
with mixings

700—

600—

500—

400—

300

200

100—

0 I I I » I I I I I I I I I I I I I I

—.8 —4 0 4 .8
cos P

FIG. 1. Lower bound on Mz, corresponding to
y =y;„+3.84, for the general E6 neutral boson in Eq. (2.3), as
a function of cosP. The dashed line gives the bound in the ab-
sence of fermion mixings. The solid line is obtained by allowing
for all the fermion mixings that can be present in E6.

quantity, to one standard deviation of the theoretical pre-
diction from the experimental values, in the difFerent situ-
ations considered. The figures show the deviations of the
SM predictions (Mz = ~, /=0, sg„=0) (solid circle),
the deviations at the minimum of the g function (best fit
to the experimental results within each model) (star), and
the deviations at the two boundary points labeled A and
8 in Figs. 3 —5 (open and solid triangles, respectively).
These points correspond to the largest allowed values for
P, with Mz. at its lower bound. This shows in a clear way
which observables play a major role in setting the limits.
For example, the well-known fact that a Z' can help to
shift the SM prediction for the weak charge QP = —73,
towards the value measured in Cs APV experiments
Qicc,'= —71.0 + l. g, is apparent in the figures, particularly
for the y model. The relevance of this measurement in
setting the lower bounds on Mz also appears in a clear
way. Considering the points A and 8 in the different
models, we see that in general the observables that deter-
mine the lower bound on Mz are those involving Z-Z'
interference, such as v-q and v-e scattering, or Z'-y in-
terference, such as APV, in which the Z' mass appears
via a propagator. Instead, the observables mainly respon-
sible for the bounds on P are those that precisely measure
the physical Z couplings, and hence that are most sensi-
tive to Z0-Z, mixing, as, e.g. , the LEP measurements of
the total and partial Z widths and the on-resonance
asymmetries. The Z0-Z, mixing affects the Z couplings



eluded, and it

46

h rit is due to th
pace oth

in this
P hMz and/

in several ele
may lead to c

e

possiblee cancellation
electroweak obo servables

o comparable

h f

, allowing for

unction.
as or compensatin

We turn n

nsating effects

next to discu
b

Th

c s indu

p
duced on the Z'

y ce of fermion mix-
de ict

or this c s h ave been

mixin
function with r

en obtained b

bounds th
w il h'

us allowin fo
ing for the M ~

g
z' and P

effects.
e lower bounds

ions between fermion

ds on M ~ th
servables th t

1 ost unaffect d b
ex-

uplings and h
y mall fer-

i thi . Fff
eature is inde

e. rom Fi .
e d tofth

dson gare e, t ebounds
e particu

e o ermion mixi
generally modifi

ey can b
siss ownin

happens because the 1'
be relaxed by a factor 2

in Fig. 2, in

t h hrmion cou lin
mo ifications

'

o i cations o
p ysical Z. S

Our results
e two effects ar

in constraining M,z in a "n1od-

1000 I I I I I

g model, 90 % C. L~ ~

m„p —— 120 Gev
(I
I'

Il
Ij
I ~

II

I

II
I.'i

800—

700—

600—

500—

minimal
Higgs400—

300—

200—
no mixin gs
SO(10 v

'
s& mixings

al mixings
100—

p
—.04

I I t I

—.02 0
I I

.02

FIG. 3. 90% C. . conto

.04

rameter plane M .- fo th model
. D hdh

dl

pond&ng to

g

ermion mix-

t e neutral sin
s w en the neut

'

b
' db y allowin fo

&n SO(10). S
nnos are

g o
olid lines

otted curve d
ixings that cou

ott d deptcts the th

, assumin a
eoretical rel

Higgs sector.

1000 I I Ij I

I

I

I

%c.L
I
I

g mo

top

ENRICO NARDI ESI, ESTEBAN ROULETT, AND DANIELET TOM MASINI

to ferm'mions in two differen
fo th f

s the value of Mz with respect to th

zo

o the

lin

z. — z . This affect

0
ixing angle s . W

'
e expression for

hile the firs ff
e ' mas

s e ect doees not de-

Z'', explaining why th----1, f-. Im

n1ainl
, the

y arev

y constrain the
measurement s o the var

alues of

h fi t ff t h, w ile I & and I z are
e indirect e ects

za epa
gp

m t, are ratios of cro
s,&. In

d

o cross sections th

d to ob th ff

oson mixin
e e direct eff

—,the
p ings, and

ions to constn contributi s

o the lo
or values of Migs. —5

s rain

z close

n ermion-mixin ff
re axed.

ixing effects are n t
'

0 in-

800—

700—

600—

500—

400—

300—

. minimal'
Higgs

0=2

200—

100— no mixings
with mixings

p I I I l I

—04
I I I

—.02
I I I I I

.02 04

FIG. 4. Sa. Same as Fig. 3 f, or the super t g- p
trectl

s rin -ins

~, correspondin to
, wit o —= (v„/vd ) .

ing to a minimal E6



SIMULTANEOUS ANALYSIS OF Z' AND NEW FERMION. . . 3055

I I
I I III I I

I
I I I

900

800

700

model, 90 %C ~ L.
I
I
I
I
I
I
I
I
I
'I

I
I
I
I
I
I
I
I
I
I
I
I

600

500

400

300

200

no mixings100——with mixings

0 I I I I I I I I I I I I I (

—.04 —.02 0 .02 .04

FIG. 5. Same as Fig. 4, for the Ib model, that corresponds to
E6/SO(10).

el independent" way, fermion-mixing effects can indeed
be neglected. We stress however that when the Higgs
representation is specified, and a relation exists between P
and Mz. , the constraints on Mz. are generally driven by

those on P, and are often much tighter than in the gen-
eral case. Clearly, in the presence of fermion mixings, the
corresponding lower bounds on Mz. are largely relaxed as
well.

Any functional relation between P and Mz. corre-
sponds to a particular curve in the P-Mz. plane. In Figs.
3—5, for each model, we have plotted in dotted lines some
cases corresponding to a minimal Higgs sector. For ex-
ample in Fig. 3 we present our bounds for the y model.
As usual, the solid and the dashed lines give, respectively,
the limits with and without the E6 fermion mixings, while
the dot-dashed line corresponds to the limits obtained in
the SO(10) model, i.e., allowing only for the additional
mixings with the SO(10) singlet neutrinos [for a recent
discussion of Z' and v mixing effects in SO(10) see also
[14]]. The minimal Higgs content of SO(10) implies
P=Q —'sg Mz/Mz (dotted line), and it is apparent that,W

with this constraint, the tight bounds on P rise the lower
limit on Mz up to -700 GeV. However, allowing for
cancellations between the Zz and the neutrino mixings,
the bound is weakened to Mz ~ 550 GeV. For the g and

g models, the Higgs content corresponds to the 27 repre-
sentation. Assuming in addition that the scalar partner
of the neutrinos do not acquire a VEV, the relation be-

2tween P and Mz depends only on the ratio o —= ~u„/uz ~,
where the VEV u„~+ gives masses to the u- (d-)type
quarks (hence, since m, »mb, cr & 1 is theoretically pre-
ferred). In Fig. 4 (ri model) and Fig. 5 (g model), the dot-
ted lines enclose the region of the P-Mz plane corre-
sponding to the minimal E6 Higgs sector, with 2 & cr & ao.
We see again that in both these models fermion-mixing
effects can relax the lower limit on Mz by as much as

4 I I I I

~ Standard Model
* Best Fit
a Bound at A. ... ... . . .
~ Bound at B

I I I

y model

JJ

c3

lJ 0

I I I I I I I I I I I

FB pol 2 2 e eM„r, l„r, A, A g„g„g„g„Q„
I I I

2
Iv I „~ I~

FIG. 6. y model. Normahzed ueviations (d u (0'"-0'" ')/50'""' for the most accurate electroweak measurements. T e so i circles
give the deviations from the experimental values, for 0'" computed within the SM. The stars give the best fit to the g model, in the
presence of fermion mixing effects. The triangles correspond to the deviations at the boundary points labeled as A an in ig.
and show which observables are more relevant to constrain the Z~ parameters. CC constraints on the fermion mixing parameters are
also displayed.
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M„ I I„ I; A, A g„g„g„g„Q„
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2
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FIG. 7. Same as Fig. 6, for the g model, with the boundary points A and 8 from Fig. 4.

200—300 GeV.
Another very important consequence of fermion mix-

V V

ing is the indirect effect of sL' and sL" on both go and s,ff.
Actually, the relevant quantity appearing in these two pa-
rameters, once G„ is used as numerical input, is the prod-
uct pMz (GF/G„). This term induces strong anticorre-

0

lations among the m, loop effects, the Z' parameters, and
the v, and v„mixings, respectively appearing in the three
different factors. In particular, both a nonvanishing P

V
and nonvanishing sL' or sl" lead to a negative shift on s,ff

(corresponding to a positive shift in the JV-boson mass) as
do increasing values of m, . It follows that when s,ff,
which is constrained by the combination of all the NC
measurements, becomes relevant for establishing a bound
on the Z' parameters, the presence of neutrino mixings
can indeed result in an apparent improvement of the Z'
bounds. This effect is seen for instance in the limit in A

in Fig. 4 as well as in Fig. 2 for —1 ~P —0.5 and posi-
V V

tive P. We note however that, since sL' and sL" are both
consistent with zero, one may conservatively take the

4
I I I I

~ Standard Model
* Best Fit
~ Bound at A
a Bound at B

I I I

+ model

1

I

—1

A

I I I I I I I I I I I

FB pol 2 2 e e
M„ I I„ I", A, A g„g g g„Q„

I I I

2
Iv I „~ g~

FIG. 8. Same as Fig. 6, for the g model, with the boundary points A and B from Fig. 5.
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TABLE V. 90% C.L. upper bounds on the ordinary exotic fermion mixing parameters for the P
model. The column labeled "Single" gives the limits obtained when only the corresponding single mix-

ing is present. The column "With Z"' shows how the single bounds are relaxed in the presence of the

Z&. In the column "Complete, "cancellations among the effects of all the different fermion mixings and

of the new gauge boson are allowed. The bounds correspond to the value AD=2. The last column

displays which observables are more important to determine the limits. s",z and S,N refer to the

effective weak mixing angle, measured respectively in Z-peak and NC experiments. The last three lines

collect the indirect bounds on the leptonic RHC parameters. Qualitatively similar bounds are obtained

also in the y and g models.

(sg )

(sg )

(sd )2

(s' )
(sb )2

(s e)2

(s,~)2

(s T)2

Single

0.0062
0.0086
0.011
0.0046
0.011
0.011
0.0097
0.0019
0.032

With Z'

0.0078
0.0087
0.011
0.0051
0.020
0.019
0.010
0.0021

0.048

Complete

0.013
0.011
0.013
0.0094
0.020
0.020
0.016
0.0074
0.058

Source

r, W"', WF', ve

r„,aF'
glo~, gF~

I ~.; I', r„,r„vq
r„,r„/ v„, /'

r„,r, ,r„~,"'
LEP NC

Seg sge sS~N sziz g

~ V„;~', g„,vq, s tt, M~
r„g,

V

(sgss")
(s~s„~)2

0.0003
0.0004

0.0005

0.0005

0.0005

0.0007

0.0011
0.0009

0.0011

(s» )2 (y (s I )2

TABLE VI. 90% C.L. upper bounds on the mixings of the
ordinary neutrinos with the three singlet neutrinos v' present in

SO(10). The limits on each single parameter can be read from
the "Single" column in Table V. The column "All v's" gives the
bounds derived by allowing for cancellations among the
different neutrino mixings. The bounds "With Z"' are obtained
by allowing for the simultaneous effects of the neutrino mixings
and of the new Z~.

All v's With Z'

(S e )2

(SL")

s r)2

0.011
0.0021
0.036

0.012
0.0020
0.045

(looser) dashed-line bounds as the more reliable. A simi-

lar interplay exists between m, and the Z' bounds, as has
been exhaustively discussed in [6], and between m, and
the v, „mixings, as we noted in [10]. Increasing values of
m, then result in improved constraints on all these pa-
rameters that describe the new physics. We have also
checked that when the top mass is left free to vary in the
fit, while the prediction for m, is drawn towards the
lower values allowed by direct searches (91 GeV [49]), the
bounds shown in our figures, as well as in Tables V and
VI (which correspond to m, = 120 GeV), are not sensibly
relaxed.

A different kind of interrelation between fermion mix-
ings and the Z' bounds arises from the inclusion in our
analysis of the CC data. The CC measurements in fact
tend to be between 1 and 1.5 standard deviations away
from their SM values, pushing some of the ferrnion mix-
ings to nonzero values in order to account for the
discrepancy. The CKM unitarity, for example, is better

accounted for with a nonvanishing dL mixing, the
discrepancy in p-e universality (a 1.3cr excess in g„lg,
from n decays) favors a nonvanishing v,L mixing

[(sL') -0.007], while the long-standing problem of the
disagreement between the computed and measured r life-

time points towards a significant v, mixing (sL') -0.03
[10]. The effects of these nonvanishing fermion mixings
propagate in all the NC observables, explaining why the
best fits to the NC data (the "stars" in Figs. 6—g} still
show a dispersion inside the +10. region, similar to the
SM fits (solid circles).

Turning now to discuss the constraints on the fermion
mixings, we present in Table V the results of our global
analysis, as 90% C.L. upper bounds on the mixing pa-
rameters (spa ) that describe the fermion mixings in E&.
The first column in the Table V, labeled "single, " shows
the bounds on (s } when just one fermion mixing is al-
lowed. The second column, labeled "with Z', " shows
how each single bound is relaxed in the presence of a new
gauge boson. The third column ("complete" ) collects the
bounds obtained by allowing the presence of all the
different fermion mixings in addition to the Z effects,
leading in general to additional cancellations. Clearly the
figures in column 3 give the most reliable limits, since all
the new physics effects from E6 are taken into account.
The last column displays the observables that are most
sensitive to the corresponding fermion mixing, and hence
they are mainly responsible for the bound. Since for
different Z models these results are qualitatively similar,
we just show the limits for the f model, which are slight-
ly more conservative than in the other cases.

From Table V we see that the limits on the (s ) pa-
rameters are very stringent, typically at the 1% level; this
is indeed due to the large number of precisely measured
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observables that contribute to them. We now discuss in
detail these results.

The mixings of the right-handed charged leptons are
mainly constrained by the corresponding Z widths and
asymmetries. By comparing the single bounds with the
bound obtained in the presence of Z' effects, we see that
the limits on the (sz ) factors are not significantly
affected by Zo-Z, mixing. This can be understood by
noting that, via the indirect effects on go and s,&, nonvan-
ishing values of P would induce a large eff'ect on I z and
I z, and thus, due to the LEP constraints on the hadronic
and total Z widths, Zo Z& mixing cannot compensate
effectively for the mixings of the charged leptons in the
I t's. In contrast, in the "Complete" analysis, this mech-
anism is much less effective. This is due to the fact that
in this case the eff'ects of a nonvanishing P in I „and I z
can be well balanced by nonvanishing mixings for the
dz-type quarks. As a result, due to this complicated
mechanism of cancellations, the "Complete" limits for
the charged lepton mixings are somewhat relaxed.

For the down-type quarks, the most important con-
straint on sz" arises from the CC bounds on the unitarity
of the CKM matrix. The higher-order effect of a Z' on
this constraint (3.4) is generally very small (in particular
it vamshes exactly in the P model —Table V), and then
the presence of a Z' does not relax substantially the cor-
responding bound. However the limit is indeed relaxed
in the complete analysis, due to the compensating effect

of a nonzero sz" [see (3.4)]. For sr' the CKM constraint is

not very effective, due to the Cabibbo suppression, while,
due to the relatively large experimental errors, I b and

are not so effective for constraining sz. The most
important constraints on the sz and bz mixings come
from the hadronic and total Z widths. However, as we
have already pointed out, fermion mixing effects in these
two observables can be efficiently compensated by Z' in-
direct effects. Hence, for both s~ and sz, the bounds are
largely relaxed in the presence of a new neutral boson.
Finally, since all of the mixings of the dz quarks modify

I z in the same direction, no relevant additional cancella-

tions are possible in the "Complete" analysis, and the
corresponding bounds are not further relaxed.

The v, and v„mixings propagate to most of the observ-

ables by affecting the relation between G„and Gz. In the

CKM unitarity constraint, the effect of the v, mixing in-

duced by G~/G cancels against the direct effect on /3 de-
P V

cays, and only the indirect eff'ect of s~" in (3.4) is left.

Contrary to sz, the v„mixing tends to increase the
theoretical prediction for g, ~ V„, ~

which, in the SM, is

already almost one standard deviation above the very ac-

curate experimental value. As a consequence, sz" turns

out to be the most strongly constrained parameter.

G„/Gz is also tightly constrained by its effect on the NC
variables s,~ and go, and to a less extent also by the mea-

surement of M~. These constraints are quite effective

since, as already mentioned, in these quantities no cancel-
lations between the v, and v„mixings and the Z' effects

are possible. Finally, also the CC tests of leptonic univer-

sality impose additional constraints on the neutrino mix-

ings. From this discussion it is clear that the bounds on
sz' and sz" cannot be significantly relaxed when allowing
for a Z'

~ In the complete analysis however, we see that
the cancellations against the remaining fermion mixings
can give relevant effects.

For sz' the most important constraint comes from the
Z invisible width, which is bounded by the measurements
of I z, I &, and I &. The effectiveness of this bound, how-
ever, depends crucially on the assumption that singlet
neutrinos are heavier than =Mz/2. In fact, while a mix-

ing between v, and exotic states always results in a re-
duced invisible width (2.31), light singlet neutrinos mixed
with nonsinglet neutral states would open new invisible
channels for the decay of the Z, allowing for a compen-
sating effect. Also, it should be noted that the effect of v,
mixing in I;„,depends on the isospin of the neutrino in-

volved in the mixing, i.e., on the value of the parameter
Ao in (2.32). As a consequence, the bound would become
stronger for larger Ao, while the constraint would be
ineff'ective for Ao—-0 (see [10]). Clearly the constraint
from I,„„is affected by the presence of a Z', and it is even
further relaxed when allowing for the other fermion mix-

V

ings. Another constraint on sz' comes from 7. decay. As
is well known, the observed excess in the ~ lifetime is
better explained in the presence of a nonvanishing v, mix-

ing [50], and this fact is partially responsible for the large
V

upper bounds on sz'.
A final comment concerns our approximation of

neglecting, in the CC leptonic processes, the RHC terms

(sos„') that were defined in Sec. II, Eq. (2.26). For
l =e,p, the existing direct constraints on RHC are quite
stringent. For example the results given in Table VI-b of
[9] for the E6 case imply (sz s„' ) & 0.0018 and

(sgs&") +0.0015 at 90% C.L. These limits were derived
from measurements such as the muon-decay parameters
and the electron polarization in P decays, which are
directly sensitive to the leptonic RHC and at the same
time are not affected by the new neutral gauge bosons;
thus they hold a1so in the present case. For the ~ lepton,
a much weaker direct constraint can be obtained from a
recent measurement of the ~-decay Michel parameter

p, =0.725+0.031 [51]. This gives (swiss') ~0. 10, and we

note that, relying only on this limit, the ~ RHC contribu-
tion to the decay rate (2.26) and to (3.6) could not be
neglected. However, as already discussed, much tighter
indirect limits on all the RHC terms can be derived via

the relation (s~ ) ~ g&(sr') (see Sec. II). For complete-
ness these limits are included in Table V as well. A com-
parison between the bounds on the L mixings (s~) and
on the corresponding O(s„) terms then justifies our ap-
proximation.

In Table VI we show the bounds on the fermion mix-

ings in SO(10) GUT's, where the new neutral boson cor-
responds to Z&, and only one additional singlet neutrino

per generation is present. The "single" bounds clearly
coincide with those shown for the neutrinos in Table V.
Then, in the first column, labeled "All v's" in Table VJ,
we list the bounds obtained in the presence of a11 the
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different neutrino mixings. The second column, labeled
"With Z'", corresponds to the case when also the Zz
effects are allowed. We see that only moderate cancella-
tions take place among the different mixings, as is expect-
ed from our previous discussion about the origin of the
bounds for the neutrinos, while again the presence of a Z'

V

only affects the bounds on sL'.

V. CONCLUSIONS

Many extensions of the SM based on gauge groups
with rank larger than 4 allow for the presence of addi-
tional neutral gauge bosons, light enough to induce ob-
servable effects in precision experiments. As we have
stressed, a general consequence of assuming an extended
gauge symmetry is that additional fermionic degrees of
freedom must be present to insure the consistency of the
model.

In this paper we have analyzed in detail the conse-
quences of assuming the simultaneous presence of new,
family universal Z, bosons together with new fermions.
We have argued that the new fermions will naturally mix
with the known light states and we have outlined a gen-
eral formalism that allows the study of the simultaneous
effects of the new degrees of freedom on electroweak ob-
servables. We have shown that Qavor-changing neutral
interactions could naturally arise in these models, since in
general they are not equipped with a GIM mechanism.
However, large masses for both the new fermions and the
new gauge bosons lead to a natural suppression of the
flavor-changing low-energy couplings of the light states,
and then the vanishingly small rates observed for the
FCNC are easily accommodated in these models. How-
ever, if rates larger than the SM expectations were to be
observed in future experiments, this could indeed be in-

terpreted as a signal of new physics from this class of
GUT's [11]. After a general discussion, we have specified
our analysis to a class of models that can be easily embed-
ded in the E6 group, and we have investigated the conse-
quences of the presence, at relatively low energy, of one
additional Z, , together with the 12 additional fermions
per generation present in the 27 representation of the uni-

fying group E6.
We have identified a set of parameters that describe the

new physics in these models. The effects of the new
gauge boson have been parametrized in terms of a Zo-Z&
mixing angle P and of its physical mass Mz. . We have
described the fermion mixings in the neutral sector with
three mixing parameters (sl"), and we have introduced
the additional effective parameters Ao &

to describe the
kind of new states involved in the mixing. For the
charged sector, relying on the very stringent experimen-
tal limits on FCNC, we have neglected possible Aavor-
changing couplings of the light fermions. We have also
argued that this restriction is not crucial to derive reli-
able limits for the Z' effects. To describe the remaining

mixings, we have introduced the parameters (s„' ), (sg ),
(s„') for the charged leptons, and (sL ), (sJ ), (sL ) for the
d-type quarks.

We have then performed a global analysis of the elec-
troweak NC and CC data, obtaining very stringent con-
straints on all the parameters that describe the new
effects, and we studied the interrelations axnong the
different effects by confronting the bounds obtained in
several different situations. We have first constrained the
Z' effects alone (much in the spirit of previous analyses
[5,6]), then each single fermion mixing, then we have ana-
lyzed the interrelations of the Z' effects with each fer-
mion mixing parameter, paying particular attention to
the inhuence of the neutrino mixings, and finally we have
simultaneously constrained all the parameters that de-
scribe the new physics from E6, thus deriving a very reli-
able set of bounds. The particular case of the SO(10)
GUT, where only three additional singlet neutrinos are
present, was analyzed as well. Finally, we have also com-
mented on the possible correlations of our bounds with
the unknown value of the top mass.

As a summary of our results, we have found that the
limits on the mixings of the neutral gauge bosons can
indeed be affected by the simultaneous presence of fer-
mion mixing effects. Even if somewhat relaxed by possi-
ble accidental cancellations and other compensating
effects, the bounds on P are still quite stringent, resulting
in all cases in ~P~ ~0.02. The parameters that describe
the mixings with new heavy states of the charged leptons,
the d quarks, and the e and p neutrinos are tightly con-
strained at the 1% level; the s- and b-quark mixings do
not exceed 2'f/o, while the bounds on v, mixing are looser,
at the 5-6% level, and some indications of a possible
nonzero mixing also exist in this case. As discussed
above, the main source of the constraints for gauge boson
mixing and fermion-mixing effects is provided by the ac-
curate LEP measurements. The limits on Mz. , in con-
trast, arise mainly from Z-Z' and y-Z' interference
effects in low-energy (v scattering and APV) experiments,
and are quite insensitive to the presence of nonvanishing
(but small) fermion mixings. As a result, the Mz mass is
constrained to values larger than 170—400 GeV, depend-
ing on the model. In specific models for the Higgs struc-
ture where P and Mz. are related, the bounds on Mz. are
derived from those on P, and are then much stronger
(500—800 GeV) than in the general case. However,
fermion-mixing effects are again important in most of
these cases, allowing to relax the lower limits by as much
as 200—300 GeV.
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