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We explore the implications of the recent F- and Z-boson-mass measurements at the SLAC
Linear Collider, CERN LEP, and Fermilab Tevatron, and also the p pair and total hadronic cross
sections measured at KEK TRISTAN. A detailed comparison is made between the M~ and Mz
data and standard-model predictions including radiative corrections. These measurements also con-
strain extended electroweak gauge models. We place model-dependent upper bounds on the mass of
a second neutral gauge boson from M~ and Mz data, and set lower bounds on the Z' mass from
direct production searches at the Collider Detector at Fermilab (CDF). We analyze the effects of
Z-Z' mixing on the Z width, leptonic branching ratio, and peak cross section at e+e colliders. We
find that a second Z cannot account for the increase in total hadronic and decrease in p-pair cross
sections observed at KEK TRISTAN and simultaneously satisfy the CDF Z' search limits.

I. INTRODUCTION

Once the masses and widths of the W and Z gauge bo-
sons are accurately determined, further precision tests of
the standard model (SM) can be made. Until lately these
masses were experimentally measured only at the level of
1 —2% and the W and Z widths were not well deter-
mined. ' The new measurements of Mz by the Mark II
Collaboration (Mz =91.14+0.12 GeV) at the SLAC
Linear Collider (SLC) and the ALEPH, DELPHI, L3,
and OPAL Collaborations at CERN LEP (with a com-
bined result Mz =91.155+0.033 GeV) as well as the Col-
lider Detector at Fermilab (CDF) Collaboration measure-
ment of Mtt at the Fermilab Tevatron (Mn =80.0
+0.4+0.2 GeV) have now provided us with a new prov-
ing ground for the SM. In addition, CDF reports a pre-
liminary measurement of the mass difference
Mz M~ = 10.9+0.5 GeV. The number of neutrinos
(X„)extracted from the height of the Z peak as well as a
measurement of the width of the Z itself have been ob-
tained at both the SLC and LEP. A combined fit to the
LEP data yields N =3.16+0.11 and I,=2.546+0.031
GeV. This set of measurements, as well as recent results
from KEK TRISTAN, can be used to severely constrain
new physics beyond the SM.

In Sec. II, we make a comparison with recently mea-
sured values of Mz, M~, and I z, with the radiatively
corrected SM. The SM agrees with the new data, but the
errors in the data are still large enough to allow for some
deviation from the SM, such as that which may occur in
alternative electroweak gauge models.

In Sec. III we examine how the mixing of the SM Z
with a second neutral gauge boson, Z' in several classes
of extended electroweak models would inhuence a num-
ber of Z-boson properties, i.e., its leptonic branching

The radiative corrections to M~ and Mz are well un-
derstood within the context of the SM. In the on-shell re-
normalization scheme of Marciano and Sirlin the weak
mixing angle sin Ott, ( =xtt, ) is defined via

(2.1)

and the radiatively corrected Z mass can be expressed as

Mz x tr(1 —x,y)(1 —b, r )
(2.2)

where 3 =—tra( m, ) /&2GF ——( 37.280 22 GeV) for
a '(m, ) = 137.035 989 5 and GF = l. 166 389 X 10
GeV ~ The effects of the radiative corrections are con-
tained in Ar which depends on Mz and the masses of the
top quark ( m, ) and Higgs boson ( mH ). For given values

fraction, full width, and the height of the resonance peak
at e+e colliders. %e find that the latter quantity is par-
ticularly sensitive to Z-Z' mixing for the models exam-
ined. Further, using the CDF, LEP, and Mark II data on
the W and Z masses, we obtain model-dependent upper
limits on the mass of the Z' and compare these with the
preliminary lower limits on these masses from the direct
search by CDF.

In Sec. IV we explore the possibility that the deviations
from the SM predictions for the cross sections for p-pair
and hadron production in e+e annihilation observed at
KEK TRISTAN may be the result of the existence of a
new Z' gauge boson. For the set of models examined, we
will show that the contributions of a Z' satisfying the
CDF preliminary search limits are much too small to ex-
plain the size of either effect.

Our summary and conclusions can be found in Sec. V.

II. STANDARD-MODEL ANALYSI%
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of m, and mH, the values of the x w and hr are extracted
in our analysis from the experimental value of Mz by the
following procedure. (i) We first determine xi' and b, r at
the one-loop level from the program of Halzen and
Morris which uses the exact expressions given by Hol-
lik. We denote these values by xii, and b,r, . (ii) We then
include the leading two-loop contributions to hr. These
consist of the QCD corrections to the usual top-quark
loop which are given by

1 xpl 3GFrrtg 2++6 tx~.geo =
xw gV'2~'

(2.3)

where a, is the value of a, evaluated at scale m, +mb,
and the two-loop quark contribution which is given by

r

3GFmt 1 x w
b, r~'i'= —,'(2n —19) . (2.4)

8&2m'

a mH
Xa =xa +(1—xii )5p, + ln +1 —2

4m 17.3

(2.5)

We evaluate these two contributions with x w =x w and
add them to br, . (iii) Including the above one- and two-

loop contributions to b, r, we use Eq. (2.2) to determine a
two-loop corrected value of xa, . (iv) We iterate the solu-
tion until the values of x w and hr converge. Our final re-
sults are identical to those given by Hollik (at the level of
I part in 10 } over the entire range of top-quark and
Higgs-boson masses of interest and including the O(a )

corrections.
Having determined x w as a function of m, and mH for

a given Mz we proceed to calculate the width of the Z
boson. We make use of the "improved born approxima-
tion" (IBA} discussed in Ref. 7, wherein the vector cou-
plings of all the fermions are determined by an "effective"
weak mixing angle Xw obtained from xw through the re-
lation ' "

counted for by a further shift in the "effective" x w in the
vector coupling of the b quark,

xw~(xw )b =xi'(1+2~pr /3), (2.9a)

and a corresponding shift in the partial-width normaliza-
7, 10, 11

I (I ) =I (1—45p, /3) . (2.9b)

For hadronic final states, QCD corrections are also in
eluded by rescaling the vector and axial-vector coupling
constants of the quarks:

Uq ~Uq 1+C12 2 S

7r

&s
+C2

7T

'2
S

+C3
m'

'3
=-2=U

q

(2.10)

a ~a 1+d&
&S

+d2

'2
0's

+d3
7T

'I 3

q

=-2—:aq,

where the couplings are normalized such that a„=+—,'.
The coefficients c,. and d, are given in Refs. 10 and 12.
Note that we include the leading finite mb/Mz correc-
tions in c, and d, as well as the sizable m, -dependent
corrections in d2 . ' The charm-quark and ~-lepton
masses are also retained in our calculations; we use the
values a, (Mz)=0. 12, ms=5 GeV, m, =l.5 GeV, and

m, =1.784 GeV.
Figure 1 shows the prediction for I z as a function of

m, with mH=10, 100, and 1000 GeV for Mzklu, as-
suming N =3. Note that for mt=m&=100 GeV we
find I z =2.489 GeV which is about 20 below the central
value of I z from the LEP data. For the W-boson width,
assuming m, +mb &Mw and taking the central values of
Kobayashi-Maskawa matrix elements given by Ref. 13
we obtain I w =2.06+0.04 GeV, where the error reAects
the experimental uncertainty in the W mass. Present
data' from CDF are consistent with this value of I w.

where

2~ +6 &s 19—2772 3GFmt
1 — - +

9 rr 3 8v'2n'

(2.6)

2.56

2.54

The partial width can be written as

o)f~ t f( tf} f If f (2.7) 2.50

where Pf =(1—4mf/Mz)' is the velocity of the final-

state fermions. The total width I z is obtained by sum-

rning over all fermion channels. The overall scale is given
by

2.48

I. . . , I. . . , I. . . , I

100 150 200 250
m, (Gev)

GFMZ
(2.8)

Here N, =1 (3) for leptons (quarks) and Qf is the electric
charge of the fermion in the final state. In the case of
Z~bb the large t-quark vertex correction must be ac-

FIG. 1. The Z-boson width {Iz) as a function of the top-
quark mass (m, ) for different values of mH including elec-
troweak and QCD corrections and assuming mb=5 GeV,
X =3, and a, =0.12 as described in the text. The dotted (solid,
dashed) curve corresponds to mH =10 (100, 1000) GeV.
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lowed regions on Mz (from LEP) and on Mz —Ms.
There is a twofold relationship between Mz —M~ and
Mz as follows. In the on-shell scheme M~=Mz cosO~,
and thus

11.5

I

I

1 I I I

I

I I I I

I

I t I

I

I I I I

I

I I I I

1

I I

z Mw =Mz(1 —cos8ii, ), (2.11)

A /(Mz —5)
hr =1—

1 —(Mz —5) /Mz
(2.12}

Figure 4 shows Mz —M~ as a function of b r using the
LEP measurements of Mz (+2o ). This result holds in all
models without new gauge bosons and which contain
only scalar fields which transform as singlets and dou-
blets under SU(2)L including, e.g., the two-Higgs-doublet

independent of the values of m„mH, etc. On the other
hand, one can extract xi' from Mz (for a given set of m,
and mH values), then calculate M~, and subsequently
determine Mz —M~,' this gives Mz —M~ as a function
of Mz in a manner which depends on m, and mz. In
Fig. 3(a) the curves with positive slope correspond to the
relationship (2.11) for different choices of xs, and are rn,
and mH independent, whereas those with negative slope
are obtained from the second method (with mH=100
GeV) and correspond to different values of m, . For
mH =10 (1000) GeV the predicted values of Mz —Ms„
for a fixed value of Mz, shift downward (upward) by an
amount =80—90 (170—180) MeV. Unfortunately the
slopes of both sets of curves are small in magnitude and
hence further refinements in the mass splitting measure-
ment will be necessary before certain values of m, and x ~
can be excluded by this data. Unlike separate measure-
ments of M~ and Mz, the splitting Mz —M~ should
suffer less from experimental systematic uncertainties so
that eventually one may expect a reasonably small overall
error on the difference.

Instead of' displaying Mz —M~ as a function of Mz,
the explicit dependence of Mz —M~ on m, can be deter-
mined (for a fixed mz and given values of xii ) by using
the equations above. This result is shown in Fig. 3(b) for
different choices of x~ with mH =100 GeV. Mz —M~ as
a function of m, is not very sensitive to variations of mH,
i.e., for mH= 10 (1000) GeV the curves for a fixed value
of m, are only shifted downward (upward) by an amount
=20—30 (50—70) MeV. Figure 3(b} also shows that for a
given mH and xgr Mz M~ is not especially sensitive to
m, and decreases by only =0.55 GeV as m, increases
from 80 to 270 GeV.

If new physics exists beyond that contained in the SM,
one can examine its effects on the Mz —M~ mass split-
ting. The relationships between Mz —M~ and any new
model parameters will in general be quite complicated
and difficult to analyze. However, in a certain class of
models Mz —M~ can be directly related to hr. Consider
the class of models based on SU(2)L XU(1)r with only
Higgs doublets and singlets so that the relationship
Mz =M~/cosO~ is maintained naturally. In these mod-
els for a given value of Ar and using the Mz measurement
from LEP we can calculate Mz —M~ by combining Eqs.
(2.1) and (2.2). Defining 5=Mz —Mii, , we obtain

11.0
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FIG. 4. Mz M gr as a function of hr corresponding to 20.
errors on Mz from the combined LEP fit.

model and the minimal supersymmetric SM. The present
lo bound on Mz —Ms, from CDF ( = 10.9+0.5 GeV) al-
ready restricts hr to the range 0.01 & hr & 0.07; if, for ex-
ample, it should be determined that Mz —M~=10.9
+0.2 GeV in the near future then we would obtain in-
stead that 0.03~6,r ~0.05 which is a very substantial
improvement and could be used to pin down new physics
beyond that contained in the SM. Note that the relation-
ship (2.12) is exact to all orders since it follows directly
from the definitions in (2.1}and (2.2).

III. MODELS WITH NEW NEUTRAL
GAUGE BOSONS

~SM X U(1)s (3.1)

with Z'(0) =Z&cosO —ZrsinO being the additional
"light" gauge boson. Apart from 0, all of the couplings

In this section we will focus on the implications of ex-
isting (and near future) e+e and hadron collider mea-
surements of the properties of the 8' and Z on models
where the electroweak gauge group contains at least an
additional U(1) factor, i.e., at least one new neutral gauge
boson exists. As is well known, the mixing of the SM Z
with a heavier Z' naturally leads to a decrease in the ob-
served mass (Mi ) of the lighter neutral gauge boson (Zi )

so that there will be a strong interplay between effects
from radiative corrections and those from mixing.

To be concrete we focus our attention on three specific
extended electro weak models: the class of E6
superstring-inspired models' of the effective rank-5 type
(ERSM), the superstring-inspired alternative to the usual
left-right-symmetric model' ' (ALRM), and the classic
left-right-symmetric model (LRM) itself. ' We note that
in the ERSM and ALRM the Higgs fields transform only
as SU(2)i doublets and singlets. The ERSM contains an
additional mixing angle 0 which affects the couplings of
the Z' in these models and originates from the breaking
pattern

E6~SO(10)XU(1)~~SU(5) XU(1)r XU(1)~
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of the Z' are completely fixed by the group theory of E6
and are given by the Lagrangian (c =cos8ii, ) Qi=

1 /2
1 1cos8+ sin 8v'10

L =—(T3 —
xiii, Q)Z

g S&w+-
0 3

1/2

(Qgcos8 Qrsin8)Z (3.2)

I

2

for the ERSM and

I/2
1 1—cos8 — —sinO

&10

(3.6)

X=—
( T3 —x ii,Q)Z

+—(1—2xa )
'

[xiii,T3L. +( I Xg )T3 ziX~Q]Z',
C

(3.3)

but the quantum number assignments of the fermions and
Higgs fields are quite distinct in these two models.

In all of the above models, the Z-Z' mass matrix takes
the form

M 5M

5M Mz.
(3.4)

with Mz=Mii, /c, even when radiative corrections are
included, since the only Higgs fields with nonzero VEV's
are doublets and singlets. Strictly speaking, this is true in
the LRM only if the 8'does not mix with the 8'z, how-
ever, since Mw is constrained to be 2 TeV in this

model, one expects 8'-8'z mixing to be quite small. ' '

In the ALRM, 8' and 8'& are forbidden to mix because
of 8-parity conservation.

In the ERSM and ALRM, 5M is given by

6M /Mz=2(Q', cos P—Qzsin P), (3.5)

where tanp—=vz/v, is the ratio of the two Higgs-doublet
VEV's in these models and

Here Q is the ordinary electric charge, T3 = T3L + T3zt,
and Q& & simply relate' how a given field transforms un-
der U(1)&r. Explicit models discussed in the literature
correspond to particular values of 8: model g (8=0'),
model y (8= —90'), and model z) (8=arccos&5/g
=37.76') will be considered in our analysis below.

In both the LRM and the ALRM, the left-handed
[right-handed fermions] transform as doublets under
SU(2)L [SU(2)zi] and the symmetries are broken by a
mixed doublet Higgs representation together with a
Higgs doublet (LRM or ALRM) or triplet (LRM only)
under SU(2)L and SU(2)a. In the case of the Higgs trip-
lets in the LRM, the left-handed triplet vacuum expecta-
tion value (VEV) can be chosen to be vanishingly small,
while the right-handed Higgs fields always transform as
an SU(2}L singlet in either case. The ALRM makes use
of a fermion assignment ambiguity within the 27 repre-
sentation of E6 and interchanges the quantum numbers of
some of the ordinary and E6 exotic fermions. This forces
the gauge boson 8'„ to couple the ordinary fermions to
the exotic fermion fields and carry both 1epton number
and negative R parity. In both the ALRM and LRM, the
couplings are given by the Lagrangian

Q', =
—,'xs(1 —2xii )

Q,'= —,'(1 —2xii )' '

in the ALRM. In the LRM, 5M is given by

5M /M = —(1—2X~)'

(3.7)

(3.8)

Diagonalization of the mass matrix in Eq. (3.4) via the
rotation

Z]

.Z2.
cosP sin(t Z
—sing cosP Z' (3.9)

leads to mass eigenstates Zi, z with mass Mi, z (Mi Mz}
and the relations

Mz —M)
tan ~=-

Af —M
(3.10)

5M

Mz z
—1 tang .

Mz

Z-Z' mixing not only produces a shift in the mass of
the Z but there is also an induced change in its couplings
which may be probed by making detailed analyses at the
Z, resonance. Letting A, (A, ') represent a generic Z (Z')
coupling, mixing between the Z and Z' produces the Z,
couplings A. , = A, cosP+A, 'sing, where P is defined above
in Eq. (3.9). This change in the couplings modifies, e.g.,
the value of I z, the height of the visible cross-section
peak (a ), and the leptonic branching fraction B Figure.
5(a) shows the variation of the total Z width in percent in
the ERSM for all values of 8 and for —0. 15~/~0. 15
which encompasses all of its allowed range. ' (However,
as we will see, the preliminary limits on M2 from CDF
indicate that ~P~ ~0.05}. We have taken Mi =91.155
GeV and a, =0.12 in this analysis. One sees that it is rel-
atively easy to decrease I"z by a few percent via Z-Z'
mixing but somewhat harder to increase I z by this
mechanism (an increase of +5.0% is obtained only for
~(()~ &0. 15). Figure S(b) shows I z/I z as a function of P
for both the LRM and ALRM; one sees that changes in
I z of a few percent at most are possible for this range of
mixing angle. Note that in terms of X, a 3.3% change
in I z corresponds to hX = —,'. The central value for the
fitted width of the Z boson obtained at LEP
( I &

=2.S46+0.031 CieV), although somewhat larger
than the SM prediction, can be obtained via Z-Z mixing
especially if m, is large. The further accumulation of
data at the SLC and LEP should clarify the width ques-
tion in a few months time.

Figure 6(a} shows the percentage change in the Z lep-
tonic branching fraction, 8, due to mixing in the ERSM.
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N that a much larger fraction of the parameter spaceotice a a
leads to significant variations in B and only a sma g

This high sensitivity to Z-Z mixing resu f hresults from the
small SM value of the electron vector coupling to the SM

LRM and ALRM and that variations of order 5 —10%
are easily obtained for reasonable values o
present combined statistical and systematic errors on B
( =40—50%) are still too large to allow for a comparison
with the SM, but further data from LEP should provide a
good measurement by the end of 1990.

Since the peak cross section (together with the value
obtained from Mz ) is used to determine N„, it is alsox~ o ain z

nt to explore how this cross section migimportan o exp
sonanced'fi d b ixing. The cross section at the res

nd thepeak is directly related to the leptonic width B and e
branching fraction into all observable modes (i.e., e's, p's,
r's, and hadrons) and might therefore be even more sensi-
tive to Z-Z' mixing than either B or I z. Figure (a
shows the change in the peak cross section (o ) in t e

ERSM as a function of 8 for —0. 15 ~ $ ~ 0. 15. Compar-
F' 7( ) th both Figs. 5(a) and 6(a), we see that o is

s of Ithe most sensitive quantity (for almost all 8 values) o z,

to /%0 shown by rr is displayed in Fig. 7(b) for both the
LRM and ALRM; even modest values of P lead to appre-
ciable changes in the peak cross section. Once o. is accu-
rately measured (and radiative corrections are accounted

Combining the Higgs constraint of Eq. (3.5) with Eq.
3.10 we have the condition in the ERSM or ALRM

cases that 21

(Mz —M& )(Mz —Mz)

z
~ 2Q',„(3.11)

Iith Q' (Q' ) being the smallest (largest) of —
Q& andmill maX

Qz. With either choice of sign in Eq. (3.11), an upper
bound on M2 is obtained if the measured M, is differen
than the SM prediction for Mz. The theoretical value of
Mz depends on m, and m~ and for some possible values

0.15

0.10

I I I

I

I I

.5

-7.5

—5.0

0.15
I

'

l I:
I

0.10

0.05

0.00

.0

—1.0X

-2.5

-1.0Fa

0.05

0.00
.0

-0.05 2.5 -0.05

-0.10 -5.0 -O.f0

-0.15 -100
I s

'
s s s I s s

0 100
e (aeg)

-0.15 -100 0
e (aeg)

100

1.04
I I 1 I II I I I I I II I I

I

I I I I I I I I

I I I

I

I

I I I I
I

I I I I

1.02

1.00

I
0.98

1.0

Kl

O.S

, , I. . . , I,0.94—0.15 —0.1 —0.05 0
I. . . , I,

0.05 0.1 0.15

0.8

—0.15 —0.1 —0.05 0.05 0.1 0.15

FIG. 5. Variations in the value of I z due to Z- ' '
g.Z-Z'mixin . (a}

Percentage changes in I z as a functio
'

n of 8 and & for the
ERSM assuming Ml =91.155 GeV and a, ==0.12. (b) the ratio
of I z to its SM value as a function of P for the LRM and
ALRM with the same values of M l, x ~, and a, as in (a).

FIG. 6. Variations in the Z& leptonic branchingin fraction (B)
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value as a function of P for the LRM and ALRM.
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9 and P for the ERSM using the same input as in Fig. 5 and us-

ing the same notation as in Fig. 5. (b) The ratio of cr to its SM
value as a function of P for the LRM and ALRM.

is shifted from Mz by Z-Z' mixing, but perhaps the other
parameters in these equations may be useful. First, since
the W mass and couplings are unaff'ected (at the tree lev-
el) by the existence of a Z', we can use Mu, to extract the
value of x~ for a given value of m, and mH. This result
is shown in Fig. 2(a). Note that in extended electroweak
models mB is now strictly just a parameter representing
the combined scalar contributions to the radiative correc-
tions for Ma, . We then calculate Mz (the upper left-hand
corner element of the Z-Z' mass matrix) via
Mz =Mii /( I —xa ). The resulting value of Mz is shown
in Fig. 2(b). This is the mass the SM Z would have if mix-
ing with the Z' were absent. M, is then the physical mass
of the lightest neutral boson, observed to be
91.155+0.033 by LEP. Mz is calculable, M& is mea-
sured, and by using x~ from M~ we can place upper
bounds on Mz (assuming /%0) in both the ERSM and
ALRM cases and calculate M2 exactly in the LRM.
These results will re6ect the possible ranges of m, and
mz values as well as the experimental uncertainties in
both M& and M~. Note that with Z-Z' mixing, smaller
values of M& —M~ become possible since M, is shifted
downwards relative to Mz by both radiative corrections
and mixing while M~ is only modified via radiative
effects.

The values of M2 that we find from the analysis should
be compared with the constraints from neutral-current
data' as well as the recent CDF preliminary search lim-
its for new Z's at the Fermilab Tevatron. Figure 8 shows
the lower limit on M2 obtained from the CDF prelimi-
nary result, o (pp ~Z')8 (Z'~e+e ) ~ 1 pb, as a func-
tion of the parameter 8 in the ERSM for both the Duke
and Owens (DO I) and Eichten et al. (EHLQ I) par-
ton distribution functions. For 8 outside the range in
Fig. 8, the limit on Mz is obtained by letting 8~8+180'
in the figure. In the LRM case, we find M2 &363 (355)
GeV for DO I (EHLQ I) structure functions, while for

of m, and mH, the theoretical Mz agrees with the experi-
mental M, ; then /=0 and Eq. (3.11) gives no restriction
on M2. However for broad ranges of possible m„mH
values, the predicted Mz is not consistent with the mea-
sured M, and then upper bounds on Mz result from Eq.
(3.11) assuming that Z-Z' mixing is the sole source of the
Z& mass shift. A lower bound on Mz is also obtained in
the ERSM case from Eq. (3.11) for values of
O~arccos(V'3/8)=52. 24'. In the LRM, one finds in-
stead that M2 is completely determined once Mz and M&
are known:

400

375—

350—

325 —.

300—

I

I

I I I

DO I

EHLQ I

(1—2x w)Mz
M2 Mz 1+

2Mz —M)
(3.12) 275—

These results will be of critical importance in our analysis
below.

From Eqs. (3.2) to (3.12) we can obtain an upper limit
on M2 in a model-dependent way, using the experimental
value of M, and the expected value of Mz in the SM.
Note that here we cannot use MI to calculate x~ since it

250 —50
I

0
8 (&ea)

s s & I

50

FIG. 8. Limits on the mass (M, ) of the Z& gauge boson as a
function of 8 in the ERSM from CDF assuming /=0 and using
either Duke and Owens (DO I) or EHLQ I parton distribution
functions.
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the ALRM we find that M2 ~452 (448) GeV for DO I
(EHLQ I) structure functions. These bounds neglect Z-
Z' mixing effects on the Z2 couplings, assume m, =90

25GeV, include a QCD enhancement factor
I+8ira, (s )/9, and assume that the Zz decays only into
the usual three generations of known fermions. It is quite
important to notice that for the ERSM these limits show
a strong dependency on the choice of distribution func-
tions, in particular for values of 8 near —50', this reflects
the vanishing of the u-quark coupling to Zz for
8= —arccos&3/8= —52.24' and the relative size of the
dd luminosity for the two sets of distribution functions.
Neither the LRM nor the ALRM bounds show much
sensitivity to the choice of parton distribution functions.
We also note that the limits in the ERSM are weaker
than those for either the LRM or the ALRM since the
couplings are somewhat smaller in the ERSM case while
those in the ALRM allow for a large leptonic branching
ratio for the Zz. In the ALRM, the values of the Z' and
the Wz masses are related (since they come from the

same VEV's) approximately by M2 ——[( 1 —x s ) /
(1—2xii )]' M~ . The CDF Z' search limits then in-

directly imply that M~ & 378 GeV. If we relax the as-

sumption that /=0, how are these limits modified'? A
short analysis shows that for ~P~

~ 0. 1 these lower bounds
are not altered by more than 5 —10 GeV in either direc-
tion compared with the /=0 results. This shift is compa-
rable to the uncertainty due to the choice of parton distri-
bution functions.

In fact if the preliminary CDF Z' search limit is
roughly correct, giving M2 ~300 GeV, then it is easy to
h ' th t ~P~ 50.05 independent of the specific model

Z-Z'under consideration if the shift in the Z mass due to
ixing is at most 1 GeV. This follows immediately frommixing is a m

the first relation in Eq. (3.10), given the experimenta
value of M& and the assumption that the difference
M —M due to mixing is less than 1 GeV. Tighter lim-
its on P will apply in both the LRM and ALRM smce we
obtain even stronger lower bounds on M2 in these mod-
els. Similar limits are obtained by constraints coming
from the Higgs sector of these models.
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FIG. 9. Upper bound on M2 as a function of m, for model g
assuming mH =10 (dotted), 100 (solid), and 1000 (dashed) GeV
with M~=80.0 GeV (left curves) and M~=80.45 GeV (right
curves). (a) Positive root, (b) negative root. There is no bound
on M2 to the right of the curves, since M& ~Mz for those re-
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FIG. 10. Same as Fig. 9 but for (a) model g and (b) model y.
Note that the positive and negative roots are degenerate for
these two models.
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We are now ready to discuss the upper limits on M2 in

these various classes of models. Figures 9(a) and 9(b)
show these limits as functions of m, for mH =10, 100, or
1000 GeV and for different W masses (corresponding to
the CDF central value +lo) in the ERSM model g.
Note that for the CDF lo lower limit (M~ =79.55 GeV)
there is no consistent solution for an upper limit on Mz
obtainable in this model for rn, ~80 GeV. [The reason
for this is clearly demonstrated in Fig. 2(b).] Note also
that the upper bound for the positive root of Eq. (3.11),
shown in Fig. 9(a), is stronger than that obtained in the
corresponding negative root case shown in Fig. 9(b). We
see from these Agures the general feature that as mH in-

creases the M2 upper bound becomes stronger. In addi-
tion, as M~ increases the bound also becomes stronger
for Axed mH. The regions to the right of the curves,
where the slopes get very large, correspond to M, Mz
for which there is no upper limit on Mz. These regions
are disallowed in this model. The value of m, at which
the slopes become large correspond to the m, values in
Fig. 2(b) for which the predicted Mz range intersects the
measured M& range. In the case of the positive root for
model g a large fraction of the upper bounds found for
the Z2 mass are not far above the lower bounds obtained
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FIG. 12. Upper bounds on M2 as a function of 0 in the
ERSM for both positive (solid) and negative (dashed) roots. (a)
From top to bottom the curves correspond to M~ =80,
mH=100 GeV; Mw=80 GeV, mB=1 TeV; Mw=80. 45 GeV,
mH = 10 GeV; M~ =8045 GeV, mH = 100 GeV; and
M~=80.45 GeV, mH =1 TeV, all with m, =100 GeV. (b) For
m, =150 GeV and M~ =80.45 GeV with mH =10 (upper), 100
(middle), and 1000 (lower) GeV. (c) for m, =200 GeV and
M~=80.45 GeV with m& =1 TeV.
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from the Fermilab Tevatron displayed in Fig. 8, but this
is not the case for the bounds with the negative root.

Figure 10(a) shows the upper bounds on Mz in model 1(s

where the positive and negative solutions of Eq. (3.11)
are degenerate. These bounds show the same general be-

avior as those for model rl (negative root). Similarly,
ig. 10(b) shows these bounds for model y where again

we have degenerate roots. Note that th be upper ounds

10-1

obtasned on Mz for model y are stronger than those (for a
given set of m„mH, and Ms values) obtained in Fig.

Figures 11(a) and 11(b) show the corresponding upper
limits on Mz for the ALRM for th e positive- and
negative-root choices in Eq. (3.11). The LRM case yields
an absolute prediction for M2 (not an upper bound)
which corresponds numerically to the positive-root solu-
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tion in the case of the ALRM. While the ALRM positive
root always yields an upper limit on M2 which is 500
GeV, the negative root generally forces M2 to be much
lower, and a large region of the parameter space is al-
ready excluded when compared with the prehminary Fer-
milab Tevatron bounds.

How do the upper limits vary in general with the pa-
rameter 8 in the ERSM? Figure 12(a) shows, for
m, =100 GeV, the positive- and negative-root solutions
for these upper limits on M2 as functions of 8 for
different choices of mH and M~=80. 0 and 80.45 GeV.
Note that no solutions are obtained for the CDF 1o.
lower limit on M~ (i.e., M~ =79.55 GeV), corresponding
to the results displayed in Fig. 2(b). Also shown, for
8~ 52.24', are the lower bounds on M2 obtained by the
same analysis. We again see that for fixed m, the bounds
on M2 improve as either M~ or mH increases. Figure
12(a) shows the degeneracy of the positive- and negative-
root solutions for 8=0 and —90'. It is also important to
note that in the case of the ERSM with 8=90' the limits
we obtain on M2 are actually predictions of M2 since for
8=90', Q';„=Q',„. Figures 12(b) and (c) show similar
plots for m, =150 and 200 GeV, where upper limits for
Mz only exist for the CDF lo upper value of Ms (i.e.,
Ms =80.45 GeV).

It is clear from this analysis that as the CDF deter-
mination of the W mass improves and the lower limits on
M2 from direct searches at the Fermilab Tevatron be-
come stronger, very large regions of the presently allowed
parameter space for the extended electroweak models
considered here can be ruled out. It is expected that the
CDF error on the W mass will be reduced to 0.30 GeV in
the not too distant future.
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I I I I
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I I I I

I

l I I

ERSM (a) M = 150 GeV

5.4

5.8

or u channels which modify the production cross section
without greatly modifying the jet distributions. Among
the possibilities is the exchange of a Z' (in addition to the
usual y and Z) in the s channel. ' In our analysis we
examine the inhuence of Z' exchange on both R and R„
in the ERSM, ALRM, and LRM in the absence of Z-Z'
mixing (i.e., /=0). We will show that for gauge-boson
masses which satisfy the new preliminary Z search limits
from CDF, changes in R and R„by the amounts ob-
served at KEK TRISTAN remain unexplainable within
this scenario.

Let us first consider the case of hadron production.
Figure 13 shows the change 5R in R as a function of &s
for various models with M2 in the range 150~M2 ~ 500
GeV. The model g case shown in Fig. 13(a) gives a very
small change 5R 50.04 even for light Mz's already ex-
cluded by CDF. For model y [shown in Fig. 13(b)] the
effect is somewhat larger, although for values of M2
which survive the CDF preliminary search limits, one
finds 5R & 0.05. The cases of model g, the LRM, and the
ALRM are shown in Figs. 13(c)—13(e), respectively. All
of these models yield small 5R &0.02 values for large
( ~300 GeV) M2 choices and in the ALRM 5R is even

IV. IMPLICATIONS FOR KEK TRISTAN ENERGIES
5.0

o (e+e ~hadrons)
(r,(e+e ~p, +p )

(4.1)

with o ~t being the usual @ED point cross section
( =4m.a /3s), for values of &s ~ 55 GeV and the suggest-
ed decrease by = 10% in the value of

In this section we focus our discussion on the implica-
tions of new neutralgauge bosons at the KEK TRISTAN
energy scale, i.e., &s =60 GeV. The motivation for this
investigation is the suggested =10% increase observed at
KEK TRISTAN in the value of
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in the same energy regime. It is unknown whether these
two effects are related. It seems that the apparent rise in
R is not due to the production of hadrons of a new Aavor
(b', t, etc.) since these would modify not only R but also
the jet distributions in this energy range in a manner
which is not observed experimentally. Also, one might
expect additional isolated leptons and/or photons from
the subsequent heavy-quark decay and these are not ob-
served. One possible explanation is that, instead of new
particle production, there is new physics in either the s, t,

5.10 g I I I I l I I I II

0
e («g)

—50

FIG. 14. The value of R at &s =60 GeV for the SM (solid),
ERSM as a function of 0 (solid), LRM (dashed), and the ALRM
(dotted). The curve showing the greatest (least) deviation from
the SM corresponds to (a) Mz =150 GeV and (b) Mz =300
GeV.
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Can a new Z' explain the observed decrease in R„at
KEK TRISTAN'? Figure 15 shows 5R„(the change in

R„) due to Z' exchange in various models as a function
of &s for different values of Mz. Since 5R„ is found to
be positive for model

hatt [Fig. 15(a)] and the LRM [Fig.
15(d)] these can be immediately excluded from further
consideration. We now ask whether the other models can
accommodate a 6R„=—0. 1 while satisfying the CDF
preliminary search limits. Unfortunately, for M2 ~300
GeV, all of these models predict a ~5R„~ &0.03 with the
ALRM [in Fig. 15(e)] yielding the largest value. Figure
16 provides further proof that producing a large ~M„~ is
impossible in any of these models for M2 values ~300
GeV. Figure 16(a) shows that, even for M2=150 GeV,
only the ALRM can produce a small enough value of R„
to be consistent with the KEK TRISTAN data; for
M2=300 GeV, shown in Fig. 16(b), it is clear that no
model produces a sufficiently large ~5R„~.

It is clear from this analysis that none of the new gauge
bosons from any of the above models can explain the

KEK TRISTAN data on R and R„, and simultaneously
satisfy the preliminary CDF limits on their mass.

How do these results change if we give up the assump-
tion that /=0? A short analysis shows that while 5R and
5R„are somewhat sensitive to nonzero values of P, the
values of 5R and 5R„obtained for M2 =300 GeV are still
too small to account for the effects observed at KEK
TRISTAN.

V. SUMMARY AND CONCLUSIONS

In this paper we have analyzed the implications of re-
cent measurements of 8' and Z gauge-boson properties
and e+e annihilation cross sections at the SLC, LEP,
Fermilab Tevatron, and KEK TRISTAN. We have
made a detailed comparison of the SM predictions, in-
cluding radiative corrections, with the masses of the Z
and 8' gauge bosons and the Z decay width. We found
that experiment and theory are in good agreement, but
some room still remains for deviation from SM predic-
tions and further improvements in the data are necessary
before extended electroweak gauge groups can be exclud-
ed. We have analyzed the effects of Z-Z' mixing on the
values of Z width, leptonic branching fraction, and reso-
nance height at e+e colliders for a number of different
extended electroweak gauge models. We found that the
Z peak height is very sensitive to such mixing even for
modest values of the Z-Z' mixing angle P. Using the ex-
isting data on M~ and Mz, we placed model-dependent
upper limits on the mass of the second neutral gauge bo-
son and compared these to the model-dependent loner
bounds on this mass from the preliminary CDF Z' search
limits. For example, in model g(y), Figs. 12(a) and (12b)
show that with M~=80. 45 GeV and m, 150 GeV the
upper bounds on M2 are & 750 GeV ( & 650 GeV) while
the direct searches at CDF yield M2 & 300 GeV. We ana-
lyzed the possible inhuence of new gauge bosons on the
hadron and p+p production cross sections at KEK
TRISTAN energies. We found that, for the models ex-
amined, the increase in R and decrease in R„observed at
KEK TRISTAN could not be explained for values of the
gauge-boson masses which satisfy the preliminary CDF
search limits on an extra Z boson.

Further improvements in the data on gauge-boson
properties (which should become available in the near fu-
ture) will either show indication for or rule out large re-
gions of parameter space of extended electroweak models.
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