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Limits on an additional Z boson from e+e annihilation data
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We study the possibilities of an extra Z boson expected from E6 grand unified theories by using

the most recent e+e annihilation data up to &s =57 GeV. Limits on the mass and mixing angle

for the extra Z boson are discussed. We find that the data fit well for an extra Z boson whose mass

is in the range 100-400 GeV and which has an appreciable vector coupling to charged leptons and

down-type quarks. The upper mass bound is marginal such that it disappears at the 20. level even

for the most favorable model (Z~).

I. INTRODUCTION

Although the standard SU(2}~XU(1}„electroweak
model' is in excellent agreement with low-energy phe-
nomena ' and the properties of 8' and Z bosons, other
models with one or more additional gauge bosons are not
necessarily ruled out. Recently, several authors ' ' ' in-

vestigated the constraints on extra Z bosons from the ex-
isting low-energy neutral-current (NC) data and the ob-
served 8' and Z masses. They gave constraints on the
mass and mixing angle for the extra Z bosons expected in

E6 grand unified theory. Their lower limits are typically
around 100—300 GeV (90% C.L.).

From the e+e pair production rate at the CERN pp
collider, the UA1 and UA2 Collaborations have set limits
on the mass and the coupling strength of an extra Z bo-
son, whose couplings to quarks and leptons, except for
the global coupling strength, are assumed to be the same
as those of the standard Z boson. Their lower limits are
180 GeV (UA2) and 173 GeV (UA1) at the 909o C.L.
when the global coupling strength is set equal to that of
the standard Z boson.

Of all the NC data, the energy scale of the interaction
is largest in e+e annihilation especially when KEK
TRISTAN data are incorporated. At TRISTAN ener-
gies, the effect of the Z resonance is significant in the R
measurements and the electroweak interference effect is
clearly visible in the forward-backward asymmetry of the
process e+e ~p+p and ~+~ . Recently, the AMY
Collaboration as well as other TRISTAN experiments
fitted the prediction of the standard model to all available
R data and reported a somewhat lower value for Mz than
those from direct measurements.

The aim of this paper is to reexamine the possibilities

of extra Z bosons expected from the E6 grand unified
theories in view of the most recent e+e annihilation
data published up to &s =57 GeV. We find that the
data have a tendency to give a slightly higher rate for
e+e ~hadrons (R) whereas a slightly lower rate for
e+e ~/+l (Rtt for l =p, r) as compared to the
standard-model predictions. Although neither of the
above effects alone are very significant, these data are
well accommodated by introducing an extra Z boson of
mass in the range 100—400 GeV with appreciable vector
couplings to charged leptons and down-type quarks.

J"=X&;&"«".LPL, +g".zP~)W; (2)

for &x=1,2 are the neutral currents associated with Z,
and Z2, respectively. The sum is taken over leptons and
quarks, and Pt „=( 1 + y, ) l2 are the left- and right-
handed chirality projection operators. The physical mass
eigenstates (Z„Zz) are related to the above current
eigenstates (Z&, Zz) as

Z& =Z, coso&+ZzsinOz,

Z2 = —Z ) sint9~+Z2cosO~,

II. THK MODEL KITH AN ADDITIONAL Z BOSON

The NC Lagrangian is denoted by

—LNc e(JIM'„+J~&Z,„+J~zZz„), (1)

where A and Z
&

are the conventional photon and Z fields
of the standard SU(2)L XU(1)r model and Z2 is the new
neutral gauge boson associated with the extra U(1) sym-
metry. JgM is the electromagnetic current and
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TABLE I. The extra U(1)& charges of particles in the 27 of
the E6 grand unified theories.

tanOE
MinI —YH, YH I

~ — . (Mz/Mo —1)
2A, slnOp

Left-handed state

u, d, u', e'

D,H+, Ho

D',H, H
N

Charge

Y, = —,
' (&5/8 cosP+ &3/8 sinP)

Y2 =
3
(v'5/8 cosP —3&3/8 sinP)

Y3 =
—,
' (&5/8 cosP+ 5&3/8 sinP)

YH = —
—', (&5/8 cosP+ &3/8 sinP)

YH
= —

—,
'

( &5/8 cosP —&3/8 sinP)
Y„=—', &5/8 cosP

~Maxj —YH, YHI .

The extra U(1) generator Y& in the E6 grand unification
models with the breakdown E6~GXU(1)&, where G
contains the standard-model group SU(3) XSU(2)
XU(1)r, can be parametrized conveniently as

Y&= Y&cosP+ YrsinP . (10)

where OE is the new mixing angle. The mass-squared ma-
trix for the two gauge bosons (Z, ,Zz} with masses

(M&, M2 } are given in the above two bases as

M& 0 Z1 1 b Z]
(Z, Z2) M2 Z ™o(ZiZ2) b Zo

where M0 would be the Z, mass in the case of no mixing
and is related to the W mass and the weak mixing angle
as

Mo =M~/cos8~ .

The mixing angle 8E is given by

M —M
tan 8

M —M2 0

(5)

and the model-dependent constants (a, b) can be ex-
pressed in terms of M0, 0E and the physical masses M,
and M2 as

M+M —M M —M
a=, b = —tan6I

M2 M2
0 0

In superstring-inspired models, ' the off-diagonal
mass-squared matrix element b is induced by the vacuum
expectation values (VEV's) u and u of the two Higgs
fields.

Here, the generators Y& and Y& are associated with the
U(1) groups in the breakdown E6~SO(10)XU(1)& and
SO(10)~SU(5) XU(1)r. In the E6 model, each family of
fermions is classified in a 27 representation. Their extra
U(1) charges are listed in Table I (Ref. 12).

In general, the angle p may take arbitrary values in the
E6 grand unified theories. Angles p =0, n /2,
arctan&3/5 and arctan( —&I/15) correspond to the
charges for Z&, Zz, Z„, and Z„, respectively. ' Here,
Z„ is found in superstring models' where E6 is broken
directly to a rank-5 group. Another interesting model'
is Z„(model C of Ref. 3) with p=arctan( —&I/15),
where right-handed neutrinos (v' in Table I) are charge-
less and hence allow for the "seasaw" solution' of the
neutrino mass problem.

In Table II we present the current basis coupling
g2f (i =L,R ) in terms of the charges listed in Table I.
The normalization factor A, =gE/gr is expected to be uni-

ty when the underlying group breaks directly into
SU(3) XSU(2) XU(1)r XU(1)z. If the breaking into
U(1)r occurs at energies lower than the energy where the
splitting of the extra U(1)z takes place, i(, (1 is expected
in general. In the following, we set X=1 throughout the
analysis and note that the limits on M2 and OE scale
roughly as A, and 1/A. , respectively.

III. e +e ANNIHILATION CROSS SECTIONS

The lowest-order differential cross section for
e+e ~ff (f=p, r, c) including y, Z&, and the extra
Z2 boson exchanges is given by

FHv —FH v
b = —2A, sin8

v +v
(8) K(X [(1+cos8) (I 3'f

I
+ 3'f

I )

where )(, denotes the relative strength of the extra U(1)
coupling gE normalized to the standard U(1)r coupling,
gr=e/cos8, and YH and YH are the extra U(1) charges
of the Higgs fields H=(H+, H ) and H=(H, H ), re-
spectively. Requiring u and u ~0 in Eq. (8), one ob-
tains the inequality ("Higgs constraint"" )

+(1—cos8)'(
I ~gg I'+

I ~pi I'}]

with

Ai~ Qe Qf +'g 1ig 1jS /SZ~ +g2ig2 /SZ&

for i,j=L,R and sz =s —Mz +iMz I z for +=1,2.
a a a a

TABLE II. Coupling strength of fermions to the extra gauge boson Z&. Yl, Y&, and Y3 are given in
Table I.

gof A, Y2/cosign
k Y3 /cosO~

A, Y2 /cosOgr
1,Yi /cosOg

k Y, /cosO&.
—k Yl /cosO g

A, Yl /cosO~
—X Y, /cosa~
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Qf is the electric charge of f normalized to the proton
charge e. gf1 (a = 1,2) is the left-handed coupling to the
mass eigenstates Z, also normalized to the unit charge e,
and is expressed in terms of the couplings in the current
basis g I (a=1,2) of Eq. (2) as

boln
AMS

2

1=—+ ln
a 2

2c2 c)+

b a0

1+c )a+c~a

c) +2cqa
arctan

g ~i g &L, coseE+g2L, sin6gf Of Of

g pL, g ]I,sing +g 2L, cos~F.f Of . Of
(12) C)—arctan (17)

according to the Z)-Z2 mixing (3). The relations be-
tween gfa and g ~z are obtained from Eq. (12) by simply
replacing the subscripts L by R. The standard-model
couplings to Z, are given as

g )L (I3 sin 0)vQf )/(sin8)vcos8)v)

and g, a = —tanH)VQf, where I3 denotes the third com-
ponent of the weak isospin. The imaginary parts of
the inverse propagators, Mz I z, are irrelevant up to

a a
TRISTAN energies and hence they are set to zero in the
present analysis.

The leptonic production cross sections R„„,R„and
the forward-backward asymmetries A„„, A „, and A„
can be easily calculated from Eq. (11},where fermion-
mass effects and QCD corrections for A„are negligi-
ble. ' The hadronic R ratio including quark-mass effects
and QCD effects is expressed in terms of the amplitudes
A q of Eq. (11) as

R =3+ [—,'P (3—P )RI)v(1+CocD)

with

+PqRAA(1+~gCD)) ~ (13)

R F V
= -'(

~ AL,I) + A L,
'k I'+

~ AN. + A5 ~'»

R'A = ,'(I AH, A5-I'+
I
AN—. AN i') . — (14)

Here, the QCD correction factors C&c(D) are given' ' by

CV(A) fV(A)((z /~)+f V(A)(~ /~)2+f V(A)(~ /~)3

(15)

with

fV 41r

3 2P

3+P, ~ 3

4 2 4m.

4m

3 2P
19
10

3
4m.

p + p'—
f ' "' = 1.986—0. 115I(lf,

f3
'"'=70.985—1.2N —0.005K~ —1.679f ' f

2

(16)

Here, p is the velocity of the quark and Xf =5 is the
number of quark flavors.

The strong coupling constant a, (s) is defined in three-
loop order as

with b, =(4cz —c, )'f and a =a, (s)/n T.he coefficients
are ho=1.917, c, =1.261, c2=1.475 for Nf =5. Here,

AMs ( =AM™s)is the QCD scale parameter of the modified

minimal-subtraction scheme ' in the effective five-
flavor theory. This implicit equation for a, (s) is easily
solved numerically by iteration.

IV. DATA AND THE STANDARD-MODEL FIT

The y analysis is based on the total of 220 data points.
They consist of total cross sections of
e+e ~p+p, r+r (R„„,R„) (Ref. 23) and those of
hadrons (R ) (Ref. 24), as well as the forward-backward
charge asymmetries for reactions e+e ~p+p

( A», A „)(Ref. 23) and that of cc ( A„) (Ref. 25}
over the energy region v s = 14—57 GeV.

Statistical errors and systematic errors are added in
quadrature. The overall normalization errors in R„„,
R „,and R measurements, due mainly to the uncertainty
in the luminosity determination, are taken into account
properly whenever they are given in the papers. All data
from the SLAC and DESY e+e colliders PEP and
PETRA are corrected for initial-state radiation effects.
All the lepton data from TRISTAN are corrected for full
electroweak effects. For the treatment of R values from
TRISTAN experiments, we followed the paper by the
AMY Collaboration, which used the program including
the full electroweak effects. All these radiative correc-
tions depend on the assumed values of the standard-
model parameters, e.g. , on Mz and sin 0~ values. We
note, however, that as far as the deviations from the
standard-model predictions are small, which is indeed the
case in our analysis, we can directly confront our
modified Born-cross-section formulas (11) and (13) with
those radiatively corrected data.

First, we make the standard-model fit to the above data
sample. In order to examine various aspects of the e+e
data, we have made fits separately to the following sub-
sets of the data: (a) lepton only with 143 data points (R&(
and A&(, l =p, r), (b) R only with 73 data points, and (c)
all data (R&&, A&(, R, A„) with 220 data points.

The standard model has two parameters to be fitted,
which we choose to be sin 0~ and Mz. For the R data,
AMs can also be regarded as an extra parameter. We
have performed three different fitting procedures: (i) al-
lowing all three parameters to be fitted by the e+e data,
(ii) constraining AMs in a range measured by other experi-
ments but allowing sin 0~ and Mz to be fitted by the
data, and (iii) to fit only Mz from the data by constrain-
ing both AMs and sin 0~ by other experiments.
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sin /~=0. 229+0.006 . (19)

Since AMs is fixed to 0.15 GeV, the results are given

only for the above two fitting procedures (ii) and (iii), and

are summarized in Table III. When sin 0~ is con-

strained, the errors include the uncertainty coming from
varying sin 8~ in the range (19). The experimental er-

rors may have been estimated conservatively, as the
values for y /ÃD„are much less than 1.0. As already re-

ported by TRISTAN experiments, * the fitted value for
Mz is somewhat lower than the values reported by the
UA1 and UA2 Collaborations. We further note here the
following points. Ail is sensitive to the destructive in-

terference between the y- and Z-exchange amplitudes
which are proportional to (1—4sin 8~), whereas Ail
measures the factor 1/(Mzsin 8~cos 8~). The small

We encountered a difficulty in the first procedure since
the R data gave a correlation between sin 0~ and A—.
Data prefer larger A—

s for smaller sin 0~, e.g. , for
sin 0~=0.24, 0.23, and 0.22 we find A—s=0.22, 0.26,
and 0.31 GeV, respectively. This correlation occurs since
at intermediate PETRA energies there appears a partial
cancellation between destructive interference effects pro-
portional to the electron vector coupling factor
(1—4 sin 8~) and the positive QCD correction. Because
of this correlation, it is difficult to measure the elec-
troweak parameters and A—

s simultaneously.
The QCD parameter is measured best at recent deep-

inelastic scattering experiments, ' which found
A~Ms=0. 238+0.043 GeV, where AM~s is the QCD scale

parameter for four quark flavors. Using the matching
condition between AM~s and AM~s (Refs. 22 and 31), we ob-

taill

A ——=A'=" =0.15+0.03 GeV
MS MS

for m„= 5 GeV. Our results are insensitive to the varia-
tion of AMs in the above range, and hence in the follow-

ing we set A—s=0. 15 GeV as our standard value. The
results of our fit with A—S=0.12 or 0.18 GeV are report-
ed when relevant.

When we constrain sin 0~ from other experiments, we
allow it to vary in the range ' '

sin 0~ and large Mz solution of our unconstrained fit to
leptonic data (see Table III) refiects the tendency that the
observed RII is smaller than the standard-model predic-
tion while the magnitude of 3&& is roughly in the expected
range.

At AMs =0. 12 (0.18) GeV, our unconstrained fit

to R data alone gives sin 8~ =0.232 0 oz (sin 8'

with g,„/1VD„=55.9/71 (55.4/71). The difference is

negligible.

V. LIMITS ON ADDITIONAL Z BOSONS

M~=80. 9+1.4 GeV/c

Mz =91.9+1.8 GeV/c
1

(20a)

(20b)

We consider only those models which satisfy the condi-
tion (5). Mocos8~ is then constrained directly by the
M~ data (20a). Mz is calculated from the three parame-

l

ters (MO, M2, 8E) according to Eq. (6). Since the above
two data of (20) are added, our y analysis consists of 222
data points with three parameters, Mo, M2, and 8E for
each fixed value of sin 0~.

We now discuss the extra U(1} models of the E6 grand
unified theory, which are pararnetrized by the angle P.
Since we fix the global coupling strength to be A, =1
(gE =g„) and all the couplings are specified by the angle

P (see Tables I and II), we have two additional parame-
ters (M2, 8z ) to be fitted by the data for each model.

For the standard-model parameters, we fix A—s=0. 15

GeV and allow (Mo =Mz, sin 8~ } to vary. In principle,
the constraint (19) from the low-energy measurements
should be modified by the introduction of extra Z bosons.
However, this variation of the fitted value of sin 8~ has
been found to be rather small for extra Z model parame-
ters which are consistent with the low-energy data. In
view of this observation, we study three fixed values of
sin 8~ in the range of (19), sin 8~=0.223, 0.229, and
0.235, to examine the sensitivity of our results to this pa-
rameter. For each sin 8~ value, Mo is allowed to vary.

The model predictions are then fitted to the e+e data
as well as the measured Wand Z ( =Zt ) masses '

TABLE III. Summary of fits within the standard model. The results are given for two fitting pro-
cedures; (a) sin'19~ and Mz are allowed to vary and {b) only Mz is fitted from the data by constraining
sin 0~ in the range 0.229+0.006. Errors given in the table correspond to hg =g —g~,„=1.0.

sin'e~
M (GeV)

Xmtn /+DF

Lepton data

0 16—o'oz

100+6
89.5/141

Unconstrained fit

R data

87.5+I,'
55.6/71

All data

0.24+0.02
89.1+, 9

148.7/218

sin Ogr

M (GeV)
7

I'mtn /+Dr

0.229+0.006
900 I 8

92.2/142

Constrained fit

0.229+0.006
87 5+2.0

55.6/72

0.229+0.006
890 13

148.9/219
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FIG. 1. The g,„ofthe fit for Z& models are shown in solid
line. The dashed line shows the g values when M& is fixed to 1

TeV while 0& is allowed to vary. The curves are not smooth
since only discrete sets of the Z& models are examined and then
linearly interpolated.

0.4 r r s s

(b)

0.2—

0.0

e r 1
~

r W

I
I I ~

{+lP

First, we show in Fig. 1 the y;„of the fit for Z& boson
as a function of the angle p. The y values are also plot-
ted when Mz is fixed to 1 TeV while OE is allowed to
vary. Comparing y at M&=1 TeV with y;„, one can
easily calculate the confidence level of finite M& values.
It can be seen that the fit is best at p-m/2 and worst at
p=0, m. The y value ( =153.4) for the standard-model
fit with sin 8~=0.229 and Mz=91.9 GeV should be
equal to the y value for the extra U(l) model fit with

Mz =+ ~ and Oz =0, and it is about b,g =7.5 above the
minimum of the fit for Z& boson with p-m'/2. ~e re-

peated the analysis at two other sin 0~ values, 0.223 and
0.235, and found that the location (p-m/2) and the
depth of this dip are almost unaffected.

This feature of the fit is qualitatively understood as fol-
lows. One can easily confirm from Table II that the vec-
tor coupling of charged leptons (e, ju, r) and down-type
quarks to Z& is proportional to +sinp, whose magnitude
is largest at p=~/2 (Zr ) and zero at p=O, m (Z&). The
vector coupling of up-type quarks to Z& is always zero.
In the total rates RII and R, only the vector coupling part
of the extra Z-exchange amplitudes gives nonvanishing
interference effects with the dominant photon-exchange
amplitudes, and hence the major contribution from the

Z& boson at low energies is proportional to sinp. One
easily finds that this interference is destructive for RII
whereas it is constructive for R. It is this downward shift
of RII and the upward shift of R by the Z& boson contri-
bution that is responsible for the lowering of the overall

These qualitative features are unchanged by the in-
troduction of a small Z-Z& mixing OE.

The data as well as the fit are given in Fig. 2. The solid
curves (dotted curves) are predictions of the standard
model with sin 0~=0.229 and Mz=91.9 GeV (89.0

5

-0.2—
I

-0.4—

-06
10 20 30 40

Vs (GeV)

. l. . .
50 60 70

7 ~ r ~

- (c)

f I 5 I
[

I ~

4

10
. l. . . . I. . .
20 30

Vs
40 50 60 70

(GeV)

FIG. 2. (a} R» and R „data, (b) A» and A „data, and (c) R
data as well as the fits are given as functions of &s. The solid
curve (dotted curve) is the prediction of the standard model
with sin 0~ =0.229 and Mz =91.9 GeV (89.0 GeV). The
dashed line is the prediction of the Z~ model with
sin 0~=0.229, M, =91.6 GeV, M, =192 GeV, and 0~=0.05
rad. For display purposes, data from various experiments are
combined by adding the statistical and systematic errors in
quadrature.
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'
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1

1

1

1

1

Zx

s(nag—-0.223
0.229

~ ~ ~ ~ ~

'0
at 90%C.L.

(

x/2

Zy
&.0

(b)

0.5—

Zq
I

SIA ew

(
——Q.223

0.229
~ ~ ~ ~ ~ ~ ~

s

0,0—
~ ~ ~ ~ ~ ~ ~ ~ ~ s

-0,5- A lawe region
at 90'Yo C.L.

-)0
0

I

1r/2

FIG. 3. Allowed regions for M2 and 8E at 90% C.L.
(hy'=2. 71) are plotted as functions of P, for the Z& model.
The limits are obtained for three values of sin 0~.. 0.223 (dashed
lines), 0.229 (solid lines), and 0.235 (dotted lines).

GeV). The dashed lines give predictions of the Zr model
with M2 =192 GeV and OE =0.05 rad. The correspond-
ing M, value is 91.6 GeV. It is noted that the average
value of R&I (for i=p, r) in the range &s =30—50 GeV is
lower than 1 (0.98+0.01). Since the vector coupling of
charged leptons to the standard Z is nearly zero, it is
hard for the standard model to give a good fit to the RII

(21)

data unless the value for sin O~ deviates significantly
from 1/4, as can be seen from the unconstrained fit in
Table III. The R data is also slightly higher than the
standard-model prediction. Figures 1 and 2 show that it
is essential for Zz to have an appreciable vector coupling
to charged leptons and down-type quarks in order to fit
all e+e data consistently. Such a feature, along with
the behavior of R„„data, has been pointed out by Amal-
di et al. It is notable that the most recent publications
from PETRA experiments are consistent with the trend
observed in the older PETRA data of slightly lower RII.
The TRISTAN data added a new feature of slightly
higher R. These features are naturally expected in the
class of E6-based extra Z models (Z&) with large sinP.

The allowed region for M2 and Oz at 90% C.L.
(by =2.71) are plotted as functions of P in Fig. 3 for
three values of sin 8~; 0.223 (dashed line), 0.229 (solid
line), and 0.235 (dotted line). From this figure, we find
that there appears the 90%-C.L. upper mass limits for
M2 at 300—400 GeV range for models with
n/3 & P & 2m /3. The upper limits are insensitive to
sin O~ values for Zz, but those for Z„are sensitive to
sin O~. There are no upper limits of M2 for Z& and Z, .
From Fig. 3(b), we observe that the mixing angle Hz is
generally small, except in the vicinity of P-0.3.

Finally, we study three particular models Z&, Z„, and
Z& in more details. As already noted, Zz gives a best fit,
while Z„ is marginal. The other two models, Z& and Z„
do not improve the fit significantly. Since the results for
Z, are similar to those for Z&, as can be seen from Figs.
3(a) and 3(b), we list only Z& results as a reference. De-
tails of the fit for Z& are summarized in Table IV, while
Table V lists the results for Z„and Z& models. The er-
rors given in the tables are calculated for hy =2.71,
which corresponds to a 90%-C.L. allowed range for each
parameter. The allowed region in the Mz-OE plane for
the Zr model at 90% C.L. (by =4.61) is plotted in Fig.
4(a). In order to show the sensitivity of the present
analysis to a particular value (=0.229) for sin 8~, we
also include the results with sin O~=0. 223 and 0.235 in
Tables IV and V. The results from the previous analysis
are also shown in the figures. Contours obtained in Ref.
2 are consistent with those of Ref. 3. Our results are con-
sistent with theirs.

In the case of Z& model, the relation YH= —
YH= —0.408 holds and the Higgs constraint (9) reduces to

YHMO' .
tanOE =

2 2
sinO

M2 —MO

TABLE IV. Summary of fits for the Z model. Errors given in the table are calculated for hg =g —g,„=2.71, which corre-
sponds to the 90%-C.L. allowed region for each parameter.

sin 8~ (fixed)

M, (GeV)
M2 (GeV)

OE (rad)
2

Xmtn /+DF

Lepton data

0.229
91.9+2.3
192+351

0.04—o'. is
+0.10

88.9/142

R data

0.229
91.1+2.6

185+4"s

0.09+—o.22

56.5/72

All data

0.223
91.7+1.7
19]+ 145

0 01+0.11

145.8/219

All data

0.229
91.6+1.7

]92+ 166

0 05+0.09

145.9/219

All data

0.235
91 5+1 s
195+16s

0 08+0.os

146.0/219
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TABLE V. Summary of fits for Z„and Z& models. All data are used. Errors given in the table are calculated for Ay =2.71.

sin 8~ (fixed)

Mr (GeV)
M2 (CyeV)

OE (rad)
2

Xmm /+DF

0.223
3+1,6

127+ 1s3

p pl+0. 36

146.4/219

0.229
913,,
131+349

p 03+0.37

147.2/219

0.235
91.2 —2.0

143+40
p p8+0.42

148.3/219

0.223
9p 5+2. 1

& 155
0.01+0 06

150.6/219

0.229
90.5+,",

& 143
—0 02+—o os

150.5/219

0.235
90.5

& 136
p 04+0. 10

150.5/219

1000
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Cos I

In this special case, the extra parameter is only Mz for
A, =1. The result of the fit for Z& boson with this con-
straint is given in Table VI. The significance of the Higgs
constraint, which should be satisfied in all superstring-
inspired models, is clearly seen in this simple example.
The fit worsens by hg -2.3 since the line of this can-
straint is not around the minimum. Most importantly,

the mixing angle OE is not allowed to vanish for the Z&
model. This leads to an important consequence for pre-
cision measurements on the Z resonance at the SLAC
Linear Collider (SLC) and the CERN e+e collider
LEP. For other models, the effects of the Higgs-boson
constraint are not so transparent, and we show it in Fig.
4(b) for the Zv model. Regions under the dotted lines are
allowed by the constraint. In this case, zero mixing is not
excluded from the present data sample.

It is worth noting that our results are not very sen-
sitive to the assumed sin 8~ values. The region 0.223
& sin Hn, & 0.235 covers both uncertainties coming from
extra Z contribution to the low-energy NC experiments
and the intrinsic uncertainty from the charm-quark mass
dependence in the neutrino experiments. Although the
allowed region of M, is rather insensitive to the values
for sin 8~, there is a notable model dependence. The
central value of M, is the smallest for the Z& since the
absence of interference with photon-exchange diagrams
decouples direct Z& contribution at low energies and its
major effect is to make M& lighter through mixing. Since
this does not improve the fit to RII data, the resulting y
is largest for Z&.

In order to see the sensitivity of our search, we tested
the heavy "Z" boson, which the Particle Data Group
calls a Z& boson, whose couplings to quarks and leptons
are the same as those of the standard Z boson. Assuming
no mixing between Z and "Z, ,

" we obtain
M("Z&"))208 GeV at the 90%%uo C.L. with y /NDF
=149.9/220. The fit does not improve at all since the
vector coupling of "Z&" to charged leptons is nearly zero.
Our result is comparable to the limits of about 180 GeV
obtained under the same assumption by the UA1 and
UA2 Collaborations.

~ ~
~ ~

~ ~ ~ ~
~ ~ ~

too—

0 I I I I I I

-04 -0.2
s I s I s t s s

HE (rad )

0.2 0.4

FIG. 4. Allowed regions in the M2 and OE plane at 90% C.L.
(Ay =4.61) are shown by solid lines for (a) Z~ and (b) Z„. Our
results are consistent with those obtained by Amaldi et al. (Ref.
2) and by Costa et al. {Ref. 3). The latter results are plotted by
dashed lines for comparison. Dotted lines show the Higgs con-
straint given in Eq. (21) for (a) Z» and that calculated from Eq.
(9) for (b) Z„.

VI. CONCLUSIONS

In conclusion, we have tested the extra Z models ex-
pected in the E6 grand unified theory by using the most
recent e+e annihilation data and the observed 8'/Z
masses, and tried to explain somewhat high R ratios and
low R&l (I =p, r) values We found. that the data fit well
for extra Z& models with P-n. /2 and its mass around
200 GeV. We obtain 150 (M+ (363 GeV, M„& 100
GeV, and M&) 136 GeV at 90% C.L. if sin 0~ is in the
region between 0.223 and 0.235 and AMs=0. 15+0.03
GeV. The upper mass limit for Zz disappears at the
2.7o' level since the fit gives the g;„value which is only
by =7.4 below the standard model (Mr=+ ac, Hz=0).
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TABLE VI. Fits for the Z~ model with the Higgs constraint (21). Errors given in the table are cal-
culated for Ay =2.71.

All data with Higgs constraint

sin 0~ (fiixed)

M2 (GeV)
OE (rad)

2
Xm&n /+OF

0.223
236+ 252

p68+0. 055

148.1/220

0.229
246+ 333

p p63+0.053

148.2/220

0.235
256+ 643

0 057+0.053

150.7/220

From the lepton data only, we find 140 &M& & 653 GeV,
94 &M„&338 GeV at 90%%uo C.L., which are independent
of A—s. These upper mass limits disappear at the 2' lev-

el (bg =3.9).
Our results are consistent with the lower limits ob-

tained by the previous analysis. ' ' Although the
significance of the upper limits for Z& (P-n. /2) is still
marginal, we believe that such a feature in the published
e+e annihilation data is worth noting. The allowed re-
gion for the extra Z boson will become more restricted as
TRISTAN experiments measure RII and Al& more pre-
cisely and SLC and LEP produce accurate measurements
of Mz . The Fermilab Tevatron collider experiments will

I

directly look for the production and decays of the extra Z
bosons in the range 100-400 GeV.

After this work was completed, we received a new ac-
curate measurement of Mz from the Collider Detector

1

at Fermilab (CDF) Collaboration, which reads

g;„/Nn„= 146. 1/219 as compared to M2 = 192+4266

GeV with y;„/Nn„=145. 9/219 of Table IV. The new
upper mass bound Mz &409 GeV disappears at the 2.3o
level since the standard-model fit is only by =5.4 worse
than the Z& model fit. We note here that the standard-
model fit improves by hy =1.9 from y;„=153.4 with
Mz =91.9+1.8 GeV to pm;„= 151.5 with the new CDF
value (22). For the Z„model, the corresponding fit gives
M2=127 z~ GeV with y;„/Nn&=147. 0/219 as com-
pared to M2 =131 "3, GeV with y;„/ND„=147. 2/219
of Table IV. The new upper mass bound M2 &460 GeV
disappears at the 2. 1tT level (b,y =4.5). The allowed
range for OE becomes somewhat smaller. The stability of
the mass limits for the extra Z boson may have been ex-
pected from the preferred range of M& values listed in
Tables IV and V which lie in the vicinity of 91 GeV not
far from the new CDF data.

Mz 90 9+0.4 GeV,
1

(22)
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after summing statistical and systematic errors in quadra-
ture. we find that our global results are not affected
much by the new datum with very small error and some-
what lower Mz, which should soon be confirmed at SLC

1

and LEP. For instance, by replacing (20b) by (22), we
find for the Zz model M2 =204+47 GeV with
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