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Comparison of gauge-model predictions at high Q: pp& pp, and e+e interactions
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We compare the predictions of the SUL(2) X U(1) and SUL(2) X SU„(2) X U(1) gauge models for various

pp, Pp, and e e processes at high Q'. First, we calculate the masses, total widths, and branching ratios
for the various neutral (Z') gauge bosons in both models to show their parameter dependence. We then
calculate their production cross sections for pp, Pp, and e+e interactions. Further, we consider the
forward-backward asymmetry and the polarization effects in e+e annihilation for both models. We find
that the best and perhaps the only way to distinguish the two models is to search for a second Z' boson in

leptonic and hadronic reactions. The detection of such a particle may be possible with the next generation
of accelerators.

I. INTRODUCTION

Since the recent model-independent analyses of
the neutrino neutral-current data by several auth-
ors and the results of Novosibirsk, ' Berkeley,
and SLAC experiments on the electron neutral
current, the SU~(2) x U(1) gauge model of %einberg
and Salam (WS)' seems stronger than ever. As is
well known, however, it is possible that the cor-
rect weak-electromagnetic gauge group 6„„is
larger than SUz(2) &U(l) but contains it as a sub-
group G „c:SU~(2)x U(1); under these conditions
the low-energy phenomenology can be almost iden-
tical to the %S model. '

A particular example of this kind is the model by
Sidhu based on SUI(2) && SUs(2) && U(1); as was
shown in a series of papers ' the low-energy pre-
dictions of this model compare as favorably to the
data as do those of the standard%S model. It was
also shown' that the high-energy deep-inelastic
reactions'v'p-- v'X cannot be used to distinguish
the two models even for v energies of 1-10TeV
[the range to be explored by the deep underwater
muon and neutrino detector (DUMAND)8]. Although
a measurement of various weak asymmetries in
e'P reactions could be used to discriminate the two
models, the required Q region (Q & 10 GeV /c )
awaits the construction of an ep collider.

In this paper we would like to examine some of

the predictions of the two models for e'e as well
as PP and PP reactions which can be studied at
PEP) PETRA, ISABELLE, LEP, and the CERN
pP collider.

In Sec. II„we give a brief review of the param-
eters of the left-right-symmetric theory; Sec. III
contains a comparison of the predictions of the two
models for forward-backward asymmetry, polari-
zation effects, and the total cross section for e+e

interactions.
In Sec. IV, we analyze the properties of the neu-

tral gauge bosons in both models over a range of
parameters —mass, total widths, and branching
ratios. Section V contains estimates of the pro-
duction rates of the various neutral gauge bosons
relevant for e'e, Pp, and Pp reactions. Our con-
clusions can be found in Sec. VI.
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II. REVIEW OF SUL(2) X SUR (2) X U(1)

In this section we would like to give a brief re-
view of the parameters and cou'plings of the left-
right-symmetric SU~(2) x SU+(2) x U(1) gauge the-
ory. ' A full description of the model can be found
in the references. If the neutral-current inter-
action is written as
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(2.2)

where T»&» is the third component of left-
(right-) handed weak isospin and y is the weak hy-
percharge, such that the fermion charge is simply

g' = T3L + T3„+y",

the index i runs over all fermion types. %e have
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Here, the role of sin6} parallels that of sin0~ in the
WS model; however, me find

cosQ C

[(1—~)'Y'+C'] '", (2.3}

with

C = -2(I -q) sin 8 sec8+a cos8

III. - NEUTRAL-, CURRENT EFFECTS ON e+e
INTERACTIONS

We mill now consider the various effects of
parity-violating neutral currents on the reaction
e'e - p. 'p, . (We follow the analysis given in Ref.
10.) Assuming p-8 universality we take our I.a-
grangian to be of the form

A'

& =Q [~'Yu(U& + &0'5)~
J. =i

-g-,'(I -e) sin 8sec8-e cos8]'+(I -e) f ]' +O'Y (~i++0'5)P]~r (3.1)
(2.4)

The parameters q and f express certain ratios of
vacuum expectation values and are constrained to
lie in the ranges

mhere we have assumed that there are N neutral
gauge bosons. The differential cross section for
e'e - p, "p. can now be written as (neglecting the
p, mass)

0&&& ]
g(g( g ~

(2.5}

2

dQ 4s [A(1+cos'8) + 2B cos8],

with

(3.2}

Along with sin28 these are the three parameters
of this model; the present neutral-current data
seem to constrain these parameters to certain re-
gions '~:

q=0

0.65,
0.4 & sin'8& 0.5.

A = 1+2 v& s
e& s-M,

~ (Ut +&r )(&& +&t ) s (
l ~l' e M li M

(3.3)

The analysis that follows mill assume the above
range of the various parameters. We note that in
the limit

g~p

1,
sin 6}- 2 sin 6~,

(2.7)

we recover exactly the currents of theWS model.
In terms of these parameters the gauge-boson
masses are (assuming M~„»M~ )

277Q

W2G sin 8
(2.8)

and

+[(I +g) —(1 —e) sec'8]

+4(1-e}l sec 8)' '.
In the limit (2.7), Mz -(Mz)~, Mz -~, and

M~~-(M~)„8, we will not discuss the charged bo-
sons further in our analysis since the right-handed
boson 8'~ can be made arbitrarily heavy leaving
the couplings of 8'I identical with that found for the
8' of the WS model with the replacement
sin 6}-2 sin 6)~.

(3.4)

The forward-backward asymmetry is now defined
as

f Od cos8da —fi d cos8do
J",a'cos8do

= —B3
4

The total cross section is found to be

4v n'
Otot + 4.3s

(3.5}

(3.6)

with

& do
2dn '

which is given by Eq. (3.2). If we now define the
average helicity as

(3.8}

H'(8, s) =(z2/cf),

we find

(3.9)

If the initial e e beams are unpolarized, the dif-
ferential cross section as a function of the helicity
of the final p. can be written as

d, o'

dQ
—'- =0)+8 0'2, (3.7)
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where
&&(1+cos8)', (3.10)
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We now define the forward helicity as
(3.11)
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and the angular-averaged helicity by

-2Z f', (1+cos8)2d(cos8)

i&d(cos8)[A(1 + cos 8) + 2B cos8]

(3.12)

= -2Z/A . (3.13)
' In our analysis, the quantities of interest will then

be A.», A. , H~, and H". For theWS model and the
SU& (2) &&SU+(2) x U(1) model the above expressions
can easily be evaluated using the information of
Sec. II. Let us first consider the region vs ~ 50
GeV/c which can be studied by PEP and PETRA
in the near future.

Figures 1. and 2 show H», HJ;, and H' for the
WS and two representative left-right-symmetric
models for v s ~50 GeV/c. ; the two cases selected
are somewhat extreme given the restricted range
of parameters (2.6). (For the WS model we take
x~ =0.225 in agreement with the neutral current
and SLAC data. ) As can easily be seen from Fig.
1, a measurement of A» at the 10'%%u~ level would
have difficulty differentiating the two models from
the %8 model. Figure 2, however, shows that the
various predictions for the helicity parameters
are much more distinct than those for A. F&. A

measurement of H" and H~ at the 10/c level would
constrain greatly the range of the parameters and
rule out extreme cases. The clearest results are
obtained for Ws~ 30 GeV/c.

It should be noted that a measurement of the

0
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~s (GeVlc)
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FIG. 2. A comparison of the predictions for H~~ (un-
primed) and Il" (primed) for the same models presented
in Fig. 1 with v g a 50 GeV/c.
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total cross section will not necessarily give the
value of A directly due to large radiative correc-
tions and, hence, A is a poor parameter to use in
comparing various models. On resonance, of
course, A does become a good parameter since it
essentially measures the total resonance width
into p, 'p, .

Although a measurement at the 10/o level can
distinguish among the models we have chosen as
examples, the parameters g, q, and sin 6I can, of
course, be chosen such that the WS model and the
left-right-symmetric model with these parameters
are indistinguishable even at the level of 1/c. Mea-
surements of the various asymmetries and cross
sections presented here would only further con-
strain the parameters while ruling out a large
class of models.

If larger e'e machines were available (such as
LEP) distinguishing among the various models
would be much easier. Figure 3 shows the curves
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FIG. 1. A comparison of the prediction for AFz for
~@~50 GeV/c, A: WS model with x@,——0.225; 8: &=0.7,
a=0, sin28=0. 45; C: &=0.95, a=0.1, sin28=0. 40.
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FIG. 3. Predictions for AF~ with 50 ~~@ «180 GeV/e.
The models are the same as those in Figs. 1 and 2.
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IV. GAUGE BOSONS IN LEFT-RIGHT-SYMMETRIC
MODELS

0

We now turn our attention to the properties of
the gauge bosons of the left-right-symmetric the-
ory and ask how they compare to those of the stan-
dard WS model. Let us first examine the charged
bosons in the theory; here, there are two different
approaches possible depending on the symmetry-
breaking scheme. '" In both of these approaches,
we have three Higgs fields of the form xr( —,', 0, —,),
Xz(0, —,', s}, and $(~, ~, 0) with vacuum expectation
values (VEV's) [we take P to be real]:

0 0
Js (GeV/c)

FIG. 4. Predictions for H~ with 50 ~v s ~180 GeV/c.
The models are the same as those in Figs. 1-3.
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XL,
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FIG. 5. Predictions for 0& with. 50 ~vs &180 GeV/c.
The models are the same as those in Figs. 1-4.

of A» for the same models considered earlier;
for v s ~ 50 GeV/c, as is easily seen, the three
models chosen are clearly distinguishable at the
10% level throughout most of this center-of-mass
energy range.

Figure 4 shows the plots of H'; again, the three
models can easily be distinguished for Ws~ 110
GeV/c. For smaller v s values models A and 8
can be distinguished at the 10% level. Similarly,
Fig. 5 shows the plots of H~; we again see that the
three models are easily distinguished.

We would again 1.ike to point out that the left-
right-symmetric models we have chosen are only
representative of a class of such models whose
predictions at high Q differ significantly from
those of the WS model. The range of parameters
is such that there are some models of the left-
right-symmetric type which cannot be ruled out
by high-Q e'e data even if it were known at the
1% level. However, a large class of models al-
lowed by the low-energy data can be eliminated
(or at least tested) by such measurements.

To study 8'8- interactions further, we must know

something about the various gauge bosons in the
left-right-symmetric model and how they compare
to their WS relatives.

&6r& =0 &6z& =

0,
(4 2)

and A» K K gg gR In the latter case, for phe-
nomenological purposes, we can treat the fields
W~ „as mass eigenstates independent of f, q, or
sin 8. In the former case, the mass eigenstates

~ k

are, in general, some mixture of W~ and 8'R
(which we call Wi and W2) and no longer couple to
currents of a given chirabty.

If we write

J 'W—=JJ P~L + JRTVR (4.3)

in terms of mass eigenstates through the rotation
r

c -s 8'~ 8"~
U

8'2 s c 9'R 8"R

the effective charged-current Hamiltonian is
r

t
cc 88 ~ 2 ~ 2

S'2

with

(4 4)

(4.5)

J& Jz

Here c=cos8, s =sin8. In terms of chiral cur-
rents, Kc'c takes the form

(4.6)

g2 ( C2 S2 i S2 C2

6 yr ' M 'i ' '
IV) 5'2 W ( 8'2

j. 1+
M 2

— r Ics(Pries+ J~Zr),M M J

Since the usual charge currents are consistent

(4.7)

In the first approach these are the only Higgs
fields; the second approach includes two tripletsii

6r(1, 0, 0} and 6„(0,1,0) with VEV's

to'
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with being left-handed, the coefficients of J~J~
and (J~J~ +J~J~) must be small by comparison to
the coefficient of J~tJ~; improved dataonthe chiral
structure of charged currents in p, decay would
greatly reduce the allowed range of & and g.

For this case we find

M~ —,g y„(,(l +Z + 2k)

+-,'[(1-y)'+4k']' '}, (4.8)

where

2X=-Xg /X~

(4.9)
K +K

(1-~)(1+&)
'

We note that as e —0 (independent of g), we find
8'& 2

——8'I ~ giving

2 & 2 - 2
~W, , =~g'~I. ,Z ~

(4.10)

Since the range of parameters (2.6) is already
consistent with the present charged-current data
further experiment is needed to examine this op-
tion further.

Since the relation between the masses of the two
charged W's is unknown at this time (the lighter
of the two couples essentially to left-handed cur-
rents and has mass and decay properties very
similar to the WS gauge boson) we will not con-
sider the charged Ws further in our discussion.
For our purposes we will assume that M~ is de-
iltned via

Gg/v 2=g /BM( (4.11)

We now turn our attention to the neutral gauge
bosons. The masses of these particles are inde-
pendent of the choice of the two symmetry-break-
ing schemes discussed above and are given by Eq.
(2.9). The mass of the lighter Z boson is com-
parable to that of the WS Z boson and is quite in-
sensitive to the values of q or g. Figures 6 and 7

show the parameter dependence of the two Z bo-
son masses in the left-right-symmetric model.

The mass of the lighter Z (Z&) is in the region
85-95 GeV oveP 'a wide range of g, q, and sin'6I

values; note that the WS prediction is in the mid-
dle of the range of Z& mass values. Note also that
the sensitivity of the Z& mass to variations in f,
&, or sin 6I is just about identical. For the heavier
Z (Z2) the mass is very sensitive to variations in

f and q although not so sensitive to variations in
sin 0. Note that for fixed g and sin 6I an increase
in the value of & reduces the Z2 mass, substantially
so for large g values. This will greatly effect the
total width of the particle and increase the chance
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FIG. 6. The mass of the lighter Z boson for several
models. A. &=0, sin 8=0.40- B: a=0.05, sin 8=0 4.
C: q= 0.1, sin 8= 0.4; D: e= 0.2, sin 8=- 0.4; E: q= 0,
sin 8=0.45; F: e=0,05, sin 8=0.45; 6: &=0.1, sin 8
=0.45; H: a=0.2 sm 8=0.45; I: a=0, sin 8=0.5; J:
m=0. 05, sin 8=0.5; K: a=0.1, sin 8=0.5; L: q=0.2,
sin2 8= 0.5; WS is the standard-model prediction.

of its observation.
We now turn to the decay modes of Z& and Z»

Figs. 8 and 9 show the parameter dependence of
the total widths of Z& and Z» respectively. Note
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FIG. 7. Mass of the heavy Z (Z2) in SUI, (2) XSU&(2)
U(l). A @=0, sin 8=0 4 B. &=0 1, sin 8=0 4 C.

a=0.2, sin 8=0 4 D. &=0, sin2g=0 5; E: a=0.1,
sin g=0.5; F: q=0.2, sin g=0.5.
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74 -//t —(—

o~ 72—
0

7l—

70—
Cd

69—

O 68—

insensitive to sin 0 Rnd only mildly sensitive to q.
A2 is quite sensitive to changes in either q or sin g.

Using the various branching ratios we have pre-
sented we can easily obtain the branching ratios
for Z decay into any ff pair in the limit that we can
neglect the fermion masses (the only questionable
case is for Z&-tt) which is a very good approxi-
mation. A little algebra shows that:

T -II —Sl
8(Z —vv)

2

68—

0,65 0,70 0,75 0.80 0.85 0.90 0.95

FIG. 11. Total hadronic branching ratio for both g&
and Z2 for various model parameters. The models
chosen are the same as those appearing in Fig. 10.

a(Z-u~) =-e/2(1+fan),

a(Z -dd) =+It/3(1+a),

T =1(Z —all),

H = I'(Z - ha-,drons),

f =- F(Z - f 'f ) .

(4.16)

(4.17)

Figure l3. shows our results for the branching
ratio Z»- hadrons/Z»- all for various values
ft p' t . Nt' t tth - Rl

in both cases is roughly constant at -70%%uo quite in-
dependent of the values of q, t, or sin 9. (The WS-
model prediction for the hRdronlc brRnchlng rRtlo
is 72.l%%uo for x~ =-0.225.) Figure 12 shows the plots
for the ratios R, „defined in Eq. (4.15); the R ratio
for the %8 model is 1.29 for x~ =-0.225. The ratios
A) 2 Rre qlllte lnsensltlve to the vRlue oi g ) Pi, ( ls

T~
2,2—

2.I—

V. PRODUCTION OF Z& AND Z2 IN pp, pp, AND e+ e
INTERACYIONS

In this section we will discuss the production
rates of Z„Z, in pp, pp, Rnd e'e- interactions
and compare them with those for the single Z of
the %8 model. We will discuss the PP and PP pro-
duction mechanism first.

ln the standard Drell-Yan picture, Z production
in pp or pp collisions proceeds through qq annihil-
ation in R manner completely parallel to dimuon
production via a, single, massive photon [we will
neglect any quantum-chromodynamics (@CD) cor-
rections in our discussion belowj. The cross sec-
tion for u + 6 -Z+ X can. be written as"*'"

2.0— dxp 3Mg (xy

l,9—

!,8—

l.7—

h3

i,6

I.5
- 0

F—

gL +gp Qg Xtt gQ Xg + g X gg XQ

(5.i)
where "' labels the flavor of the quark with chiral
coupling::. g~ „to Z. Here q,'(=,) is the quark dis-
tribution function for a quark of flavor i inside
hRdron 0 evRluRted Rt x etc ~ We hRve defined

27==M~ /s,
I 3— x„,„=—-',[(x~'+4T)' 2+x~],i/2 (5.2)

1.2—

J
0,65 0,70 0,75 0,80 0.85 0.90 0.95

FIG. 12. The ratio of widths I"(Z —dd)/I (Z --ug7) for
both Z& and Z2 for various model parameters. The
models chosen are the same as those appearing in Figs.
10 and 11.

with x~ being the standard Peynman variable and s
is the square of the center-of-mass energy. The
couplings g~ ~ are well known for the %8 model
and can be read off directly from Eq. (2.2) for the
left-r ight-symmetric model.

Since we consider only pp and pp production of
Z's we need only the quark distribution functions
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of the proton; we take for purposes of demonstra-
tion the Field-Feynman distributions with charm
included (we neglect the contents of quarks heavier
than c in the proton):

-32
IO

-33—
IO

WS
X =0.225

xu(x) =1.14(1 -x)3,

xd(x) = 2.9(1 —x)

xi(x) =0.17(1 -x)'~,

xd(x) =0'.17(1 -x)~,

xs(x) =xs(x) =0.1(l -x)'0,

xc(x) =xc(x) =0.03(1-x)".

(5.3)

-34—
10

hl
E

IS
-35

IO

To get the total cross section, O„„we merely in-
tegrate Eq. (4.1) over the range (for any fixed value
of 7):

-36—
IO

—(1 —7) ~x~~ 1 —7 . (5.4)

In our calculations we have assumed that the
parton distributions scale which should not be too
bad an approximation for the PP case, especially
for small 7, since it is a valence x sea process
(QCD increases the sea while decreasing the val-
ence distribution with increasing Mx ). The effect
of QCD corrections for the heavier Z will be much
greater since for large v v (large x,x~) both sea
and valence distributions are decreased. We thus
expect our results for Z2 to be upper limits. For
light Z's, since we are making a comparison of
production rates we are not too concerned about
these effects; in particular, since the detection of
a Z depends crucially on the branching ratio into
p, 'ILL we will compare only production cross sec-
tionxbranching ratios (oB) for the various models.
Figure 13 contains the predictions for gB for the
single Z boson of the%8 model with x~ =0.225 for
both pp and pp reactions; the general shape of the
curves for gB is well represented by this case.

Since we are mainly interested in producing Z
bosons at ISABELLE (pp, v s = 800 Gep/c) or the
CERN pp collider (pp, 4 s = 540 GeV/c) we will
only evaluate cd for the various models at these
vs values. For example, at ISABELLE the WS
model Z has a crB of -5.1 x 10 " leading to an event
rate of roughly -4.4 x 10' events/day if a luminosity
of 10" cm 'sec ' is assumed. On the other hand,
at the CERNPp collider, we find a OB of -3.0x 10"
which yields an event rate of -2.6x 10'/day assum-
ing a luminosity of 10". It should be remembered
that these counting rates are an optimistic over-
estimate but clearly show that counting rates at
ISABELLE are more than two orders of magnitude
larger than at the CERN pp collider.

Our results, Figs. 14 and 15, show the values of
crB for the va, rious models relevant for ISABEI,LE
or CERN pp collider. Figure 14 shows a compari-

-37
IO 0 O. l 0, 2 0.3 0,4 0,5 0.6 0.7

~z

FIG. 3.3. gB for Z production in the channels pp, pp
p' p X i.n the WS model (x&= 0.225) as a function of

~7'.
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FIG. 14. gB for Z~ production for various models
(&=0) at ISABELLE (vs=800 GeV/c) and CERN (vs=540
GeV/g) compared to the WS predictions. A: sin2 8= 0.4
(ISABELLE) B: sin2 0= 0.45 (ISABELLE) C: sin2 0= 0.5
(ISABELLE); D: sin20=0. 4 (CERN) E: sin /=0. 45
(CERN); F: sin28=0. 5 (CERN).

son of Z, production rates (oB) for various models
at both ISABELLE or CERN; the g and sin'8 depen-
dence is not very strong. We have also examined
the & dependence and found it to be somewhat
stronger. This rather weak dependence results
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reactions we can search for Z 's in either the lep-
tonic (e'e or p'p ) or hadronic channels (by mea, -
suring R). The resonance cross section in the
channel Z —ff is given by'0
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o(e'e -ff ) 9 I'(Z - e'e )I'(Z -ff )
o n' [I'(Z - al.l)j',

with

4m e'
o„=o(e'e - p'p )= 3—

(5.5)

(5.6)
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Of course, due to finite-energy resolution and ra-
diative effects, this resonance cross section is not
what is observed directly. However, the cross
section integrated over the resonance region can
be directly measured and is quite meaningful:

FIG. 15. gB for Z2 production for several models at
ISABELLE (v s = 800 GeV/c) and CERN (Ws= 540 GeV/c).
A: a=0, sin28=0. 4 (ISABELLE); B: a=0, sin 8=0.5
(ISABELLE); C: a=0, sin 8=0.4 (CERN); D: &=0,
sin28=0. 5 (CERN); E: &=0.2, sin28=0. 4 (CERN); F:
e = 0.2, sin 8 = 0.4 (ISABELLE).

Gm2 I'
J

a dM = —;,etc.
Z tot

(5.7)

These intergrated cross sections allow an indirect
measurement of the various branching ratios. To
compare integrated cross sections for the two
models we take ratios such as

from the weak dependence of the fermion couplings
to and mass of the Z, gauge boson to the para-
meters g, &, and sin'e.

Figure 15 shows a comparison of Z, production
rates (aB) at both CERN and ISABELLE, for vari-
ous models. Here the rates are highly parameter
dependent because of the sensitivity of the Z, mass.
In this case, because of QCD corrections, we can
regard these values of era as upper limits at best.

We now ask if it is likely that a Z, could be pro-
duced at ISABELLE or CERN with any appreciable
counting rate in the pp(pp)- p+p, x channel. As an
example, we consider a model with & = 0, & = 0.85,
sin'8= 0.45 for which v r = 0.41 at ISABELLE and
= 0.61 at CERN for Z, production. Using the above
luminosities we find a counting rate -1 event/day
at ISABELLE and -10 ' event/day at CERN; obvi-
ously such a particle could not be seen at the
CERN pp collider. The counting rate at ISABEI.LE
is small and is further decrea, sed by QCD correc-
tions. Although the electromagnetic background is
smaller (by -10'), a thorough knowledge of the
strong background, i.e. , p, 's from quark decays,
etc. , is necessary. We believe that the outlook for
this particular model is not optimistic although,
with a thorough understanding of the background,
detection of a heavy Z may be possible. The de-
tection of a heavy Z would be positive proof that the
weak-interaction gauge group needs to be extended
beyond the standard SU(2)x U(1) WS model struc-
ture.

We now must examine the production properties
of Z bosons in e'e annihilation at LEP; in e+e

fofxsdM (Mws (I +)rxz
(5 8)f ows dM l(Mixe (I"jy')~ '

where the B's are the relevant branching ratios
for the process being considered and 1" is the total
width of the Z boson. The values for these para-
meters in the various models can be read off di-
rectly from Figs. 6-12 and so R is immediately
calculable. Obviously, for Z, the ratio R is of
order unity except in extreme cases; let us look
at a, particular case for Z, (» = 0, f= 0.85, sin'8
= 0.45) for which

M, = 329 GeV, B„„=1.8/p,

I'= 8.3 Gey,

and thus

(5.10)

With a luminosity of -10" and an energy resolution
of -30 MeV this yieMs an event rate" of -10'/day
at LEP (assuming a sufficient center-of-mass en-
ergy). Detecting such a particle would not prove
difficult even if the luminosity were lowered by a
substantial factor; this rate is comparable (within
an order of magnitude) to that found for the Z of
the standard model. We conclude that LEP, with
sufficient center-of-mass energy, could easily
produce an observable heavy-Z resonance with
sufficient counting rates.

It should be noted that the existence of a heavy Z
can also be inferred from the behavior of the vari-
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ous helicity and asymmetry parameters, intro-
duced earlier, in the v s region between the two
Z 's.

Vfe believe that it may be possible to produce
heavier Z 's directly at ISABELLE with an appre-
ciable counting rate for certain ranges of the mod-
el parameters if the backgrounds are sufficiently
under control. LEP may provide indirect evidence
for heavy-4' production even if its highest Ws

value is below the heavy-Z mass. Finding the
heavy Z (if it exists) or indirect evidence of its
existence will prove the necessity of extending the
weak-interaction gauge group.

VI. CONCLUSION

In this paper, we have made a comparison of the
predictions for the high-Q' behavior of Pp, Pp,
and e'e interactions of the g7einberg-Salam and
left-right-symmetric SU~ (2) x SU„(2)x U(1) mod-
els. Vfe have found that for the set of models
allowed by the low-energy data [Etl. (2.6)], high-
energy colliders may provide very discriminating
tests. In e'e collisio-ns below the Z (or Z, ) mass,
many models can be easily discriminated by mea-
surements of various asymmetries at the 5-10%
level. The actual production of the WS Z (or Z, )
boson at either LEP, ISABELLE, or CERN pro-
vides further constraints through its mass and
values of its various branching ratios.

The most discriminating tests for models with
weak gauge groups larger than SU(2) x U(1) is the
discovery of a heavy (~150 GeV) neutral gauge
boson (Z, ) in addition to the usual light (=90 GeV)
gauge boson (Z or Z, ). With planned PP and pp
colliders at BNL and CERN the possibility exists
that this heavy Z may be produced with a sufficient
rate to be detected. Given the wide range of al-
lowed parameters for the left-right-symmetric
model we have found that there do exist heavy Z's
which can be produced at an appreciable rate
(neglecting QCD corrections).

To complete the analysis presented here, we
'

need to further constrain the region of allowed
parameters. This will probably be done at PEP
and PETRA. and will allow us to make more con-
crete predictions about the properties of the
heavier Z.

We conclude by stating that the most conclusive
test at high Q' of the left-right-symmetric model
may be found in the physics of high-energy col-
lider s.
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