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We examine the high-energy predictions of left-right models which are consistent with constraints
from low-energy data. These are compared to the predictions of the standard electroweak gauge
model to determine how well the theories can be distinguished by measurements in this mass region
of the standard Z boson resonance. We find a nontrivial class of left-right models in which the
lowest-mass Z is indistinguishable in mass and fermion couplings from the standard Z, but which
allow a second Z boson as low as 200 GeV. We discuss the sensitivity of the lower limit on the
second-Z mass to the results of the atomic parity-violation measurement and find that the newest
data relaxes the mass limit in a general left-right model to Mz ) 150 GeV.
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I. INTRODUCTION

In the next few years, experiments at e+e and pp col-
liders will provide much additional information about the
structure of the electroweak interactions. The standard
electroweak gauge model' is consistent with all low-energy
phenomena, but there are alternative models with addi-
tional neutral currents which also describe existing data.
How well will the next round of experiments at higher-
energy machines be able to differentiate the competing
theories? For the case of left-right models, we will show
that while a large number of models can be distinguished,
there exists a nontrivial class of solutions which cannot be
ruled out by forthcoming experiments even if a "stan-
dard" Z boson is discovered.

Previously we have derived the most general elec-
troweak interaction with two neutral currents in a theory
free of triangle anomalies. For the special case of left-
right models with gauge group SU(2)L X SU(2)z
X U(1)~ i (Refs. 4—9) or SU(2)L, X U(1)g X U(1)~
(Refs. 10—15) we found restrictions on the parameters of
the theory from existing neutral-current data. In this pa-
per, we will examine the high-energy predictions of left-
right models consistent with those constraints and com-
pare them with the standard-model results.

In Sec. II we examine how well left-right models can be
differentiated from the standard model in experiments at
center-of-mass energies in the range 50—120 GeV. We
find that measurements off the Z resonance are unlikely
to provide significant constraints on left-right models,
beyond those obtained from low-energy data. However,
measurements on the Z resonance will greatly reduce the
allowed range of parameters in a general left-right model.

The standard electroweak gauge model is characterized

by one mixing angle. Should measurements on the Z reso-
nance not be consistent with this single parameter, then
one must turn to an alternative model. On the other hand,
if the Z resonance is identical in all respects to the single
Z of the standard model, are alternative models necessari-
ly ruled out? In alternative models of the type
SU(2)XU(l)XG where the fermions are neutral under
6 a Z~ which is identical to the standard Z implies
the theory must approach its standard model limit at all
energies. However, left-right models are not so limited.
In Sec. III, we discuss a class of left-right models in which
the lowest-mass Z boson is indistinguishable from the
standard Z and which yet allow a second Z with a mass as
low as 200 GeV. This situation occurs when the ZI-Z2
mass matrix is diagonal, or nearly so. The fermions still
couple to the Z2 with a mixture of left-handed, right-
handed, and electromagnetic currents. This differs from a
standard-model limit in that the fermion couplings to the
Z2 are not artificially small. Since differentiation from
the standard model may be impossible near the ZI for this
class of models, we examine the likelihood of direct detec-
tion of the Z2 in pp colliders and find that there is the
possibility that it can be detected at the proposed Fermilab
Tevatron.

Finally, in Sec. IV we discuss the data used to constrain
the parameters of the low-energy neutral-current Hamil-
tonian in left-right models. The analysis uses the same
data as the standard-model analysis of Kim et aI. , ex-
cept that the latest e+e annihilation and atomic parity-
violation data are included. . We find that the lower limit
on the Z2 mass is particularly sensitive to the atomic
parity-violation measurement and that the most recent
data are less restrictive than previous results. The re-
vised Z2 mass limit for a general left-right model is
Mz, & 150 GeV at the 1o. level.
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II. LEFT-RIGHT-MODEL PREDICTIONS
NEAR THE Z i RESONANCE

(Zt, Z2) may be found by diagonalizing ~ . For the rota-
tion matrix

In this section we examine the high-energy predictions
of left-right models whose parameters are constrained by
fits to low-energy data. We concentrate our attention on
observables measurable in e+e annihilation at vs )50
GeV and at pp colliders. We compare the results with the
predictions of the standard model to determine how well
left-right models can be differentiated from the standard
model.

The neutral-current interaction for a general left-right
model is

1

gL ~3L~3L +gR ~3RJ3R + 2 gC C B —L

The neutral gauge bosons 8'3L, 8'3R, and C can be rotated
to a new basis consisting of the photon A, the usual neu-
tral gauge field Z, and an additional field D by the
transformation

cos1/ —singR=
slut/J cosl//

R~ R ' is diagonal when

tan2$=2B/(C —A) .

Requiring Mz &Mz implies

2B sin2t/ ~ (A —C)cos2$ .

The neutral-current interaction of Eq. (3) can now be writ-
ten

2

~=g, g +f7„(g(,+gfy, )f Z, ,
i=1 f

W3L ——XL'~ A+(1 —XL)'~ Z,
~3R XR A (XLXR ) ( XL )

1/2 1/2 —1/2

+(1—xL —XR)'~ (1—xL) '~ D,
C=(1—xL —xR) i A

—(1—xL —xR ) xL (1—xL ) Z1/2 1/2 —1/2

—xR (1—xL) D,1/2 1/2

(2)

gft =(cosp —P sing)( T~I3 —QxL )

—(a+P)sint/( —,
' Il —QxR ),

g(2 = ( Slnt/l+ p COSQ ) ( 2 I3 QXI )

+(a+p)cost/( —,I3 —QxR ),
gg 1

= —(cosf+(x sing) t I3

gg 2 = —(sing —cx cost//) 2 I3f

(12b)

(12c)

(12d)
where xI ——e /gr, xR ——e /gR, and the electric charge e
ls given by e =gL +gR +gc . Then Eq. (1) be-
comes

gzZJzL +gzD [p~zL +(~+p)~zR )

~h~~~ we have defined JZL=J3L ~LJEM JZR J3R—XRJEM, gz ——exL (1—XL),and
—1/2 —1/2

p=(XLXR)'i (1—xL —xR)

a+P=(1—xL )xL (1 —xL —xR ) xR1/2 —1/2 —1/2

The allowed regions of xL, xR, p1, p2, and g consistent
with low-energy neutral-current data have already been
determined from data that were available a year ago; we
update that analysis using more recent measurements.
The standard model limit is g =0 and either p1

——1, p2
——0

or p1 ——0, p2
——l. A useful alternative set of parameters is

xI, xR, Mz, Mz, and t/j. The standard-model limit is

then t/ —+0, Mz —+ oo, and xI determined by Mz,
=Mtt (1—xL)

A. e+e —+I+I off resonanceGiven the most general mass-squared matrix for the Z
and D gauge bosons

8
M =gz (5

the effective low-energy neutral-current interaction is

4GF 2 2l(Pt~zL) +(P2JzI. +nJZR) l
2

with

86@
p, '=A —',

2
(7a)

p2/p, =(/3 B/A )/(C/A B /—A )'i-
t)/p, =(a+P)/(C/A B /A )'~—

(7b)

(7c)

Only the relative signs of p2 and g is physically relevant;
we wi11 choose the convention p2 & 0. The precise
neutral-current Hamiltonian in the mass-eigenstate basis

High-energy e e annihilation into lepton pairs pro-
vides the cleanest probe of weak-interaction effects. The
interference of weak and electromagnetic processes are
very sensitive to the weak coupling parameters at center-
of-mass energies near the neutral-gauge-boson masses.
We will examine the reactions e+e ~p+p and

(6)
e+e —+&+~ in which only s-channel contributions are
present. The principal rneasurernents are the total cross
section, angular asymrnetries, and polarization effects; the
latter can be determined by using initial-beam polarization
or by measuring the helicity of a final-state lepton. A fit
to the sha e of these measurements versus center-of-mass
energy s would in principle greatly aid the determina-
tion of the weak parameters in the general left-right
model.

We focus attention here on well-defined features of the
measurements given above: positions and magnitudes of
extrerna, zeroes, and slopes. Consideration of measure-
ments on resonance are deferred to the next section. We
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mill always assume e-p-~ universality; more general for-
mulas are available in the literature.

We first write down the differential cross section into p
or r pairs, with helicity h of the negative final-state lep-
ton, for an arbitrary number of Z bosons; in terms of
z =cos8

[(1+z'}(F,+hF, )+2z(F, +hF, )], (13)
dz 4s

where

Fi ——1+2+gvP.

v s =mz /[1+(g v'+ gA')'/[g v'xI(.1 —xI).] ]
'" .

Because (gvi/gA I) is small, the deviation of the minimum
below unity is negligible.

The integrated forward-backward asymmetry is given

f,'d~ f—„d~

For one Z boson, the minimum value for g "B is

+g (~j +k + rjj 9k )(g vj g vk +gAj gAk ) (14a) ~ min 4 gA (gA +2gV
FB 3 2 2

which occurs at

(20)

2+gAj +j+g(+j +k + hajj 9k )(gvj gAk +gAj gvk )

j,k

(14b)

(s;„)I~~=Mz/[I+(3gv +gA )xl '(1 xl ) ']'—

The maximum value is

(21)

F3 =+2gvjgAJXJ

+g(+j+k + gj 9k )2gvj'gAj (gvk +gAk
j,k

FB
IDRX 4

(14c) and occurs at

(s -)'"=Mz/[1 (gv' gA—'»L, —'(1 xL}'—]'".

(22)

Xj=XI (1—xi ) S(s —Mz )
—1 —1 2

J

X[(s Mz ) +Mz I z ]J J J
(15a)

Also 3" =0 at c.m. energy

(so)' =Mz/[1+2gv xL '(1 —xL ) ']'

(23)

(24)
i)j ———xL (1—xL ) sMz I"z—1

J J

X[(s—Mz ) +Mz I z ]J J J
(15b)

For a single Z, the ratio R has a minimum value of

.= 1 gv'/(g v'+gA ')'—
at

If instead the helicity of the final-state antilepton is mea-
sured, the F3 terms in Eq. (13) have the opposite sign.
The rjj contributions are relatively small for

I
~s —Mz

I
& I z and are ignored below whe~e~er possi-

J J
ble.

The maxima, minima, and zeros for the total cross sec-
tion and asymmetry have been discussed previously for
the case of the standard Z boson. In left-right models,
Mz )2Mz, so that it is plausible that one-Z formulas

with Z& parameters will approximate the exact two-Z re-
sults in the vicinity of the Z& resonance or at energies
below it. We find that such an approximation is good to
an accuracy of 8%. In Fig. 1 we show the allowed regions
of g~~ and gq~ for charged leptons in left-right models
within 68% confidence limits. These quantities and the
mass Mz essentially determine the behavior for

1

Vs (Mz, .
The total cross section for e+e —+l+l (I=p, r), nor-

malized to the pointlike QED cross section, is

R'=o.(e+e ~I+I )/cr(e+e —+y~l+I ) =FI .

(16}

Table I shows the deviation from the standard-model
values for the observables in Eqs. (20)—(24). In each case
the left-right model has been compared to the standard
model with Mz ——Mz. Also shown is a typical expected
experim. ental error for each quantity. The expected frac-
tional error of the 2" measurements is about 15—20%
near (s;„)' and 10—15% near (s,„)' . A fit to
several points nearest each extreme may reduce this error
by one-half. We estimate the positions of the extrema to
have a fractional error of roughly one-third that of one

0.35 0.05 0.35'

0.30—

A1

0.25— -0.05—

gAI

0.25—

P 20
—0.05 0 0.05

&vt

pip I I I I

0.8 1.0 (.2
M~ /Mz

P 20
08 l.p l.2

Mz /Mz

FIG. 1. Allowed ranges of charged-lepton couplings g~l and
g» in left-right models. The mass Mz is specified relative to
the standard-model mass Mz at x~ ——0.233. Subregions are la-
beled according to the lowest realizable Z2 mass: (1)
M /M 2, (2) 2 M /M 5, d (3) 5 M /M 10
(larger values of Mz are also passible). The dashed lines are the

2

standard-model predictions for x~ ranging from 0.215 to 0.251.
The solid point represents the standard-model result for
x g ——0.233.
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TABLE I. Maximal deviation of the off-resonance predic-
tions for left-right models allowed by low-energy neutral-current
data from those of the standard model. A given left-right model
is compared to the standard model with a Z mass equal to Mz .

1

Also shown is the expected experimental uncertainty for each
measurement.

FB~ min

(Smin )
FB~ max

(s ..)'"
(S )

1/2

Standard
model

(x~ =0.233)

—0.74
75 GeV
0.75

110 GeV
89 GeV

Maximal
left-right-model

deviation

+0.09
k3 GeV
—0.18
+7 GeV
+ 1.5 GeV

Expected
experimental
uncertainty

0.08
3 GeV
0.05
4 GeV
0.2 GeV

measurement, from the curvature of A" in those re-
gions. The only observable which can significantly devi-
ate from the standard-model predictions is 3",„. Unfor-
tunately, radiative corrections are most severe in this ener-

gy range, affecting A" by as much as a factor of 4. The
other potentially useful measurement is (so)' . However,
its precision is due to its closeness to resonance and adds
no information that is not learned from the resonance
measurements discussed in the next section. Unless the
measurement uncertainties for the quantities in Table I are
significantly better than the error values quoted there,
left-right models cannot be clearly distinguished from the
standard model away from the Z~ resonance even at
center-of-mass energies near 100 GeV.

The angle-averaged polarization of the final state lepton
l is

o(h =1)—o.(h = —1)
o(h =1)+o(h = —1) I'1 (25)

for unpolarized beams when e-p-r universality is assumed.
The corresponding expression for longitudinal polariza-
tion +I', of the electron beam and unpolarized final states
is identical to Eq. (25), except for an additional factor of
I', multiplying I'3/I'1. Expected rates for initial or final
polarization experiments are a factor 15—30 times less
than unpolarized rates. Therefore, we shall discuss polari-
zation measurements only in the resonance region where
rates are enhanced.

The width of a Z in left-right models with massless fer-
mions is

I z =gz'Mz gcf ((g( )'+ (gAf )'j~»~,
f

(26)

=(Mz, ~l z, ) (gvr +gA1 ) [xL, (1—xL)1 (27)

When combined with the forward-backward asymmetry,
T 2

~FB(~ M )
3 gVlgA12

gV1 +gA 1

(28)

the magnitudes of the couplings can be deduced, modulo
the factor xi. (1—xl. ). The relative sign of gvr and g„r
can then be determined from the net final state polariza-
tion of the produced lepton

pr(~ M )
gvlgA 12

2 2
gv& +Rwi

(29)

The couplings gv1 and gA1 for charged leptons are given
by Eq. (12) with I3 ————,

' and Q= —1. Figure 2 shows
the allowed ranges of these resonance measurements
versus Z& mass. The solid point is the standard-model
prediction for x~ at its best-fit value of 0.233 and the
dashed curve represents the presently allowed standard-
model values in the range xrv ——0.215 to 0.251 (2o).

where cf is the color factor (cf =3 for quarks and cf = 1

for leptons). QCD corrections raise the hadronic width by
about 4%%u&. For I,=25 GeV the t-quark contribution is
about 25% below the value for a massless quark. Using
the couplings from the low-energy data analysis, we find
that I z can vary by as much as 10% from the standard-

1

model prediction for the same Z mass. The variation is
comparable to the 6% contribution of a single neutrino
species. Thus, measuring the Z width is not an unam-
biguous means of counting neutrinos, and emphasizes the
need for a more direct neutrino measurement, such as
e+e ~yZ —+yvv above resonance. ' Branching ratios
for Zr~l+l, vv, qq can vary by 0.5%, 1%, and 2%%uo,

respectively, from their standard-model values.
The normalized total cross section for e+e ~l+l on

resonance is

Z'(Vs =M )

B. e+e ~I+I on the Z1 resonance 250 015 r 1 1 r—
Measurements at a Z pole in e+e ~l+l provide a

means of determining the vector and axial vector cou-
plings of that Z to the charged leptons. Since left-right
models have the bounds 83 GeV ~ Mz ~ 116 GeV, the Z&

in these models should be accessbile for study at either
SLC or LEP. The initial data on the Z& will be its mass
and width. The mass measurement should increase the
precision of xrv in the standard model by a factor of 10,
so that for practical purposes, it becomes a known quanti-
ty. Radiative corrections to the Z mass must be taken
into account in the x~ determination. For a given Z~
mass, xl can vary no more than about 0.005 from x~ and
still be consistent with constraints from low-energy data.

200— 0.10—
0-

150— 0.05—
-0.2—

100—
0.8 '1.0 }.2

M~ /M~

00.8 1.0 1.2
M, /M,

-0.4—

0.8
r 1 I I

1.0 1.2

Flax. 2. Allowed ranges of on-resonance values at V s =Mz
1

of R, A", and (Pr ) in e+e ~rM+p, versus Mz /Mz. The
1

error bars indicate estimated uncertainties for e+e collider ex-
periments. Notation as in Fig. 1 ~
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Ranges of the minimum allowed Z2 mass values are
represented by the three numbered regions in the figure
(see caption). Region 3 in Fig. 2 corresponds to models in
which the fermion couplings to the Z2 are large; hence
Mz cannot be too low. We note that measurements in

2

agreement with the standard model would still allow left-
right models with a relatively low Z2 mass. This possibil-
ity is examined in detail in Sec. III.

Another measurement which may be possible is the
slope of the forward-backward asymmetry in the region of
the Z resonance. While the value of 3" on resonance de-
pends only on the Z~ couplings to the fermions, the slope
on resonance is affected by the Z2. In calculating the
slope from Eqs. (14) and (19), the qj terms must be kept.
To leading order in I z the, logarithmic derivative

1

D(v s ) =—s dA" /ds evaluated at s =Mz is

D(MzI) —
2 (gvl +gA I ) IgA I (gA I gvl 3gvl +gA I )xL(1

(Mz ™zI) [(gvl +gA I ) (gvlgA2+gA lg v2

4gV I gA I (gVIg V2+gA IgA 2) f j (30)

which expanded in powers of e=gvI/gA I Is «lated to the value D(Mz, ;gv2=gA2=0) =DI(Mz, ) by

D(MZ ) D I (Mz )[ 1 Mz (Mz MZI ) (gv2 +2egv2gA 2 3e gA 2 )xL ( 1 xL ) (31)

For examPle, with gv2 ———,', xL ——0.232, and Mz ——2Mz there is a 12% change from the one-Z result, i.e., DI (Mz ). If a

scan across the ZI can achieve a +0.05 error in A" at the peak, the error in s dA" /ds may be of order 5%. Figure 3
shows the allowed range of s dA" /ds versus Z& mass. Comparing Table I with Figs. 2 and 3, we see that measurements
on the Z& resonance provide much better discrimination among models than measurements off resonance and would
greatly reduce the allowed parameter region of left-right models.

C. pp~l+I Xon the Z~ Resonance

The Z boson can be produced in hadron collisions via quark-antiquark annihilation and observed through its decay
into muon pairs. The cross section for the subprocess qq —+p+p in any two-Z model can be written as

dcrqq ~& Qq [(1+cos 8*)(Gf+hG))+2cos8" (G)+hGf)],
d cosI9" 4m

(32)

where 19* is the angle of the outgoing l with respect to the JI beam in the qq center of mass, m is the lepton-pair mass, h
is the helicity of the l, and

y+ 'grjgrj + y(~j~k + 9J 1k )(gfjgrk +gAjgAk )(gf'g4+gAjglk )
Q, ', , k

2 p 1y~ JgAJglj+ y (~J~k + qj rjk )( 2g PJgAk )(g fjglk +g'A jg4 )

J
' ' ' Qq' l k

g&jgkjgAJ+, g(&,&k+n, nk)(2gP, gAk)(gk, g4+g3; g3k) .
Qq, ' ' '

Q, ';,k

(33a)

(33b)

(33c)

Gf is found from Gf by the interchange of p and q super-
scripts on the couplings. In the above Qq is the quark
charge and Xj and gj are given by Eq. (15) with s replaced
by m . The pp cross section is found by folding in the
momentum distribution of the initial quarks in the had-
rons

cos61(x+ +x ) —(x —x+ )
cosO =

(x+ +x ) —(x —x+ )cos8
(35)

Thus, the separation between forward and backward
directions in the laboratory frame occurs at

cosP"(8=90') = —(x —x+ )/(x++x )

do
dy dm dcosP"

~~ x+,m' ~ x,m'— (34)

=1—2/(1+e «) . (36)

On the Z~ resonance the angular integration over forward
and backward hemispheres in the laboratory frame can be
done analytically to yield the forward-backward asym-
met

The summation is over all quark and antiquark flavors
and y is the rapidity of the lepton pair, with
x+ =m exp(+y)/Ms. The angle 8* is related to the corre-
sponding laboratory angle 0 by

+2gkIg51(II I —2~& )
2gPgA q

(gP)'+(gA )' g[(gf I )'+(g31)'jH I

(37)
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0.2

pp-p. +p. X

0.8
I

1.0
l

1.2
-0.1

0.8
I

1.0
I

t.2

FIG. 3. Left-right-model predictions for the logarithmic
derivative of the forward-backward asymmetry D(V s )=st" /ds in e+e ~p, +p at Ws =Mz versus Mz /Mz

1 1

Notation is as in Fig. 1.

FIG. 4. Left-right-model predictions for the forward-
backward asymmetry A " in pp ~p+p X. Notation as in Fig.
1.

with the functions H~ defined by

H'f(m, s)= x+fq~(x+, m )x f«(x, m )dy,
(38a)

A. Exact correspondence of ZI with the standard Z

The condition that the ZI in left-right models is exactly
the same as the standard model Z in mass and fermion
couplings (and hence width) corresponds to the constraints

x +fq~(x+, m )x f«(x, m )

—ln~s /m (1+e «)

(38b)

Figure 4 shows the allowed range of 3" on the Zl based
on the structure functions of Owens and Reya.

P1
——1,

XL =Xp

pz ——gxz/(1 —xL ),
/=0,

(39)

III. "STANDARD Z&' IN LEFT-RIGHT MODELS

One might well ask what is required to "prove" that the
standard model is the unique description of electroweak
interactions in a given energy range. At currently access-
ible energies standard-model predictions are in agreement
with all experimental results, but there exists alternative
gauge models which do equally well. For left-right
models the constraints of low-energy experiments imply
that the second weak scale Mz is at least 1.6 Mz . In

2 1

Sec. II we discussed the restrictions on weak-interaction
parameters from cross sections and asymmetry measure-
ments. However, these results are dominated by interac-
tions of the Z1 and are only mildly affected by the Z2.
Since low-energy experiments still allow a wide range of
left-right model solutions, one might suspect that the de-
grees of freedom associated with the Z2 will not be severe-
ly restricted by measurements at v s —100 GeV, and the
lower limit on Mz will not be significantly changed. In

fact, there do exist solutions in which the Zl is indistin-
guishable from the standard-model Z boson and which yet
allow a relatively-low-mass Z2, as we will show below.

and its fermion couplings are

g(2 =xi xg ( 1 —xi —xg )
1/2 —1/2 —1/2

)& [(1—xL —XR ) —,I3 —x~ Qf ],1 f

XR
1/2 —1/2 —1/2

)& [(1—XL —xg ) —,I 3 ] .f

(41a)

(41b)

There remain two free parameters, which we take to be g
and xz. The region of g-xz space still allowed by the
low-energy data at the lcr level is shown in Fig. 5, as
determined from a two-parameter Monte Carlo fit. The
constraints of Eq. (39) were imposed with XL ——0.233.

where x~ is the single parameter of the standard model
deduced from the Z mass. The Z-boson matrix is diago-
nal. The Z2 decouples from the Zl but still interacts with
fermions; see Eq. (12). The Z2 mass is then given by

Mz, =Mz(a+P)/rj

=Mz( 1 —xr )xL xg ( 1 —xL —xg ) /g1/2 —1/2 —1/2



1624 V. BARGER, ERNEST MA, AND K. WHISNANT

l.o—
The diagonal condition B=0 is

x~ /(1 —xL ) = — gI; J~ u; (44)

0.8-

0.6-

04-
g-XR

allocated~ f'QQIOA

lo-
0
0 0.2 0.4 0.8 1.0

X~

FIG. 5. Allowed region of the parameters g and x& in a left-
right model with a "standard" Z~ coupling and mass (Mz ——Mz

1

for xL ——0.233). The dashed curve is the upper boundary of the
allowed region. The contours represent Mz /Mz values.

2

Contours of the Zq mass, deduced from Eq. (40), are also
given. The curves shift slightly for different values of xL.
In this scenario, a pure left-right-symmetric model
(xL ——x~) must have Mz )4Mz, while the more general

left-right-asymmetric model requires only that

Mz, &2.2Mz =200 GeV . (42)

B=QI; [/3I; + (a + /3)J;]u; (43)

TABLE II. Same as Table I for left-right models in which
the Z~ is identical in all respects to the standard Z of the same
mass.

Maximal
left-right deviation

Z] ~Z

All measurements on the Z& will equal the standard
values, but the energy dependence in the region of the Z&
will be affected. The ranges of deviation from standard-
model predictions off resonance when the Z& mimics the
standard Z are shown in Table II. These deviations are
much smaller than for the general left-right model and
will probably not add any constraints in addition to those
given by measurements on resonance unless significantly
smaller experimental uncertainties are achieved than
presently expected.

We next investigate the condition for a diagonal mass
matrix in terms of Higgs vacuum expectation values. If
the neutral Higgs scalars P; which obtain a nonzero vacu-
um expectation value u; transform as (I;,J;,K;) under
SU(2)L XSU(2)~ XU(1)z L, , the off-diagonal entry in the
Z mass matrix can be written

If J;= I;—for all P; with nonzero I;, then Eq. (44) is sa-
tisfied if xR is equal to 1 —xL. However, the C boson
would then be massless since no neutral Higgs boson can
have J;= —I; and also have nonzero E;. For xR less than
but near 1 —xL, Mz is very large and the model is indis-

tinguishable from the standard model at observable ener-
gies.

Still another possibility would be to have all U; which
contribute to 8 be small compared to 100 GeV, but this
forces A to be small also, in contradiction with Eq. (7a)
with p& ——1.

The only consistent means of obtaining Eq. (44) exactly,
which also allows a reasonably low Z2 mass, is coinciden-
tal cancellation. This can happen for any value of xz in
its allowed range using conventional Higgs doublets and
triplets assuming proper adjustment of vacuum expecta-
tion values. A somewhat wider range of parameters will
be allowed since the exact constraints of Eq. (39) will not
be realized in an actual experiment. From a Monte Carlo
sampling of the parameters with the resonance measure-
ments falling within the experimental uncertainties listed
in Table II, we find that the parameter xL is still con-
strained to be very close to x~, but p& can be as low as
0.5 at the 1o. level. Such solutions will have p2 near 0.5
so that p~ +p2 -1 is satisfied. Thus, the tuning does not
have to be precis~. However, solutions with Mz &3Mz

2

still require p& -1. In this latter case, the q —xR allowed
region and minimum Mz contours are similar to the Mz

2 2

contours of Fig. 5.

B. Detecting the Z2 in pp

If the Z& boson of left-right models is indistinguishable
from the standard-model Z, then the Z2 must be detected
directly. The cross section for pp~p+p X is given in
Eq. (34). Integrating over a resonant peak gives

o qpq„v
——6mIz (Bq /3 )Bp

/.Mz (45)

where Bf is the branching ratio for Z; ~ff. After folding
in the structure functions and integrating over y, the
resonant pp cross section becomes

2 I z
apeak = Bp+Bq H'f

Mz,.
' (46)

where H'f is defined in Eq. (38) and the sum is over all
quark and antiquark flavors in the proton.

The branching ratios for the Z2 when the Z& is identi-
cal to the standard Z are

FB~ min

~z —(s,„)'"
FB~ max

(~ ) /
1

+0.04
+0.5 GeV
—0.11
+1 GeV

+0.1 GeV

B Z
— [I+(1—4

I
Qf

I
)r]'+[I—«]'

16[3(1 r) +2r ]—
with color factors cf ——3 for quarks and cf ——1 for leptons
of charge Qf. The quantity r is defined as r =xR/
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~s= 2000 GeV
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Mz =200 GeV:
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xR= 0.5

0 ) I I

0.5 ).0
)0

FIG. 6. Branching ratios for the Zq versus x& in left-right
models with a "standard" Zl, defined as in Fig. 5.

(1—xz ). The Z widths simplify to

I z = GFMz Mz [3(1—xl —xR) +2xg ],vZ 2 2
2 3m. 1 2

-2
10 =

I I I

50 IOO l50 200
lII (p.'p. ) (GeV)

250

I z = GFMz [3—6xl +3xl ]
vZ 2

3' 1

(48a)

(48b)

FIG. 7. Prediction for the cross section do/dm versus dimu-
on mass m for the Drell-Yan process pp ~p+p X at V s =2000
GeV when the Zl boson is identical to the standard Z. The case
shown corresponds to Mz ——200 Gev and x& ——0.5.

2

when fermion masses are negligible. Figure 6 shows the
branching ratios versus xz for xL ——0.233. Small changes
in the value of xL will shift these results only slightly.
From Fig. 5 we see that x+-0.3—0.6 is needed for
Mz, (3MZ . Cxrand unified left-right models require

xR )xL -0.23. However, for this range of x~ the u-quark
branching ratio for the Zz is lower than for the Z&
[8(Zt~uu)=0. 11, 8(Z&~dd)=0. 14], so that Zq pro-
duction is suppressed in pp colliders. '

Table III lists the o~,q for dimuon mass values of
Mz, ——90 GeV and Mz ——200 GeV at Ms = 540 and 2000
GeV. At each energy the Z& entry corresponds to the
standard-model prediction. The low-lying Z2 may just be
detectable in a p experiment with integrated luminosity
of 1 pb ' at s =2000 GeV. The cross section falls off
rapidly for higher values of Mz . Figure 7 shows der/dm

for the case Mz, 200 G——eV and xz ——0.5.

IV. DISCUSSION OF DATA ANALYSIS

In the preceding sections, the allowed regions of param-
eters were determined by a least squares fit to neutral-
current data similar to that performed in Ref. 3, except

Zl
Z2
Zl
Z2

m (GeV)

90
200
90

200

~s (CxeV)

540
540

2000
2000

o.
p k (pb)

30
0.076

300
4.5

TABLE III. Integrated cross section for pp~p+p X at a Z
resonance in left-right models in' which the Zl is identical to the
standard Z for the case Zl ——90 GeV, Z~ ——200 GeV.

that new measurements of e+e ~l+I and atomic pari-

ty violation were used in place of the corresponding earlier
data. The recent results from PETRA on e+e —+e+e
and e+e —+p+p give the constraints

4gp ———0.04+0.06,

4' ——0.26+0.07,

(51a)

(51b)

where g~ and g„are the effective vector and axial-vector
couplings for charged leptons in the low-energy Harnil-
tonian. We have chosen the normalization in Eq. (51)
consistent with Eq. (11). The new measurement of atomic
parity violation in cesium yields

Qg'= —55. 1+9.07+4.5+5.5 . (52)

The first two errors are statistical and systematic errors in
the experiment; the last is the uncertainty of the atomic-
theory calculation. Left-right models predict

Qg'(th) = —(pt +p& —pal)(20+220xL )

+(rI —ppg)(20+220x~ ) . (53)

For the standard model with xl ——0.233 the theoretical
value is QII (th) =71.3.

The data on e+e annihilation do not provide a severe
constraint on the parameters of left-right models. Howev-
er, the lower limit allowed for the Zq mass in left-right
models depends sensitively on the atomic parity-violation
data. Our Monte Carlo anlaysis shows that left-right
models with a low Z2 mass generally have g -0.5,
pq(0. 1, and pt —1. We see from Eq. (53) that these pa-
rameter values decrease the magnitude of QP(th) from the
standard-model prediction. Previous measurements in-
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Mz, ) 1.6Mz —150 GeV ( lo. ) . (&4)

V. SUMMARY

In this paper we have compared the high-energy predic-
tions of a general left-right model in fermion-antifermion
annihilation experiments with those of the standard model
to determine how well they might be distinguished by
measurements in the region of the standard Z boson reso-
nance. We find that only those parameters which contri-
bute to the Z& mass and fermion couplings are well deter-
mined, as the Z

&
dominates the behavior in that energy re-

gion. On the Z& resonance, where the most precise mea-
surements will occur, nothing can be learned about param-
eters relating only to the Z2. In principle, off-resonance
behavior contains some information on the undetermined
parameters, but the effects are of the order of a few per-
cent or less, which may not be observable given the antici-
pated experimental uncertainties. The largest nonstandard
predictions at energies near the Z& mass occur above reso-

dicated a larger
~ g~ ~

than the theoretical prediction of
the standard model, whereas the new data indicates a
smaller value. Thus, the old data was restrictive for low
Mz solutions; the limit obtained was Mz )2Mz at the
1o. level for a five-parameter fit. '

When the neutral-
current analysis is carried out with the new atomic
parity-violation data, we find the less severe constraint

nance where severe radiative corrections may obscure the
effect.

Our conclusion is that parameters in a left-right model
associated only with the Z2 will not be greatly constrained
at energies below 120 GeV. In fact, there exists a class of
left-right models in which the Z& is identical to the stan-
dard Z in all respects, but allows the Z2 as low as 200
GeV. The lower bound on Mz comes predominantly

2

from the atomic parity-violation measurement and would
not be raised significantly by measurements at energies in
the region of the Z& mass unless they are very accurate.
The identity of the ZI with the standard model Z is possi-
ble in a left-right model with doublet and triplet Higgs
representations. In such a model production of the Z2
with a mass near 200 GeV may be possible in a pp experi-
ment at U s =2000 GeV with integrated luminosity of at
least 1 pb
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