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We study and compare the phenomenology of extra E6 neutral gauge bosons at e+e, ep, and

hadron colliders. Our purpose is to compare the discovery reach of the various colliders and see

how they compare in studying the phenomenology of extra neutral gauge bosons. We find that of
the future colliders, hadron colliders probe the highest mass scales for the existence of extra neutral

gauge bosons although precision measurements at e+e colliders, the SLAC Linear Collider and

CERN's LEP, at &s =M o will put tight constraints on models predicting extra neutral gauge bo-

sons. If deviations from the standard model are observed at e+e colliders at &s =M o, other

measurements, especially those at the DESY ep collider HERA, wi11 be necessary to unravel the

physics. We also find that high-precision, low-energy neutral-current experiments will be competi-

tive with e+e and ep colliders for detecting the presence of extra E6 neutral gauge bosons.

I. INTRODUCTION

Despite agreement of the standard model with all exist-
ing data many puzzles remain such as the number of fer-
mion generations and the large fermion mass differences.
These questions, along with others, have led to the preju-
dice that the standard model is the low-energy limit of a
more fundamental theory. There have been various
speculations about what the larger theory could be, but
one ingredient common to many of them is the prediction
of extra neutral gauge bosons. ' One such theory,
grand unified theories based on the group E6, has attract-
ed considerable attention because of its possible relevance
as the low-energy limit of superstring theories. Al-
though we do not know if superstrings will turn out to be
the "theory of everything, "

E6 grand unified theories
(GUT's) are very rich in new phenomenology and as such
provide a framework to study new physics; in particular,
they offer a convenient means of parametrizing extra neu-
tral gauge bosons.

Considerable effort has been extended in studying the
effects of extra E6 neutral gauge bosons on a wide variety
of measurements ranging from existing low-energy
neutral-current measurements to future high-energy
collider experiments. ' It was found that existing data
allow for extra neutral gauge bosons (Z "s) with masses
well below 1 TeV (Refs. 4—6). In this paper we examine
the phenomonology of extra E6 neutral gauge bosons at
the future e+e, ep, and hadron colliders whose parame-
ters we summarize in Table I. Our aim is to compare the
discovery reaches of these colliders and point out their
strengths and weaknesses in studying the various proper-
ties of extra neutral gauge bosons. In one form or anoth-
er many of the processes we consider have been studied
elsewhere. However, in this paper we put these measure-
ments, and several new ones, into a common format so

that the discovery limits of individual experiments can be
compared and put into their proper perspective. Al-
though we use the example of E6 GUT's in our calcula-
tions our conclusions should be relevant to other models
of interest which predict extra neutral gauge bosons due
to the wide range of Z'-fermion couplings contained in
E6. Hopefully the lessons we learn in this analysis will
transcend the immediate motivation.

We begin in Sec. II with a brief overview of E6 GUT's
necessary to describe the parameters of extra neutral
gauge bosons. In Sec. III we examine the constraints on
extra neutral gauge bosons obtained from existing
neutral-current data along with the expected discovery
reach of future atomic parity and neutrino-electron
cross-section measurements. We then proceed in Sec. IV
to study the phenomenology of extra neutral gauge bo-
sons at the e+e colliders, KEK's TRISTAN, the SLAC
Linear Collider (SLC), and CERN's LEP and LEP II; the
ep collider, DESY's HERA; and the hadron colliders,
Fermilab's Tevatron, Serpukhov's UNK collider,
CERN's Large Hadron Collider (LHC), and the Super-
conducting Super Collider (SSC). Finally in Sec. V we
summarize our results and state our conclusions.

II. E6 CONSIDERATIONS

E6 considerations have been discussed in detail else-
where. ' ' In what follows we give a cursory review to
define our notation and the parameters of the model, in
particular, the couplings of fermions to the extra Z bo-
son, and refer the interested reader to more detailed dis-
cussions in the literature. Since E6 is a rank-6 group it
has six diagonal generators. Two are accounted for by
SU(3)c and one each by the electromagnetic and Z
charge generators leaving two available for new physics
and hence extra neutral gauge bosons. Since the U(1)
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TABLE I. Expected machine parameters of future high-energy colliders [Particle Data Group,
Phys. Lett. 1708, 1 (1986)].

Collider

TRISTAN
SLC
LEP

LEP II
HERA

Tevatron
UNK
LHC
SSC

Particles
collided

e+e
e+e
e+e
e+e

ep

pp
pp
pp
pp

&s
(Gev)

60
100
120
200
314
253

1.8x10'
6 x10'

17 x10'
40 x10'

Luminosity
(cm s ')

2 x10'
6 x 1030

1.6x10"
1.6x 10"
1.5x 10"
9.0x 10"

1p30

1032

1p33

lp33

Integrated luminosity'

(pb ')

2 x10
6 x10
1.6x 10'
1.6x 102

1.5 x 10'
9.0x 10'

10
10
104

104

'For 10 -sec year of running.

QE
——Q&cos8E +Q&sin8E (2)

where Qz and Q& are given in Table II and the mixing
angle 8E is determined by the specific E6 model. We

6

have implicitly assumed that if there are two extra neu-
tral gauge bosons one will be sufficiently heavy so as not
to be relevant to the present analysis. In this notation
8E ——8» =0 corresponds to the extra Z of SO(10),

6

8E ——8&——90' to the extra Z of E6, and 8E ——8„
=arctan( —+5/3)= —52' to the extra Z popular in
some superstring theories.

That E6 includes a large range of couplings is illustrat-
ed in Fig. 1 where we have plotted the ZE -fermion cou-

6

generator of the extra neutral gauge boson must be or-
thogonal to the generators of the standard model it is
convenient to label it in terms of the subgroup chain,

E,~SO(10)XU(1)~~SU(5) XU(1),X U( I )~, (1)

where the SU(3)cXSU(2)L XU(l)& group of the stan-

dard model is embedded in the SU(5) subgroup. Thus,
depending on the specific model and its symmetry break-
down, the Z' charges will be given by a linear combina-
tion of the U(l)z and U(1)& charges:

plings as a function of 8E . For instance at 8E ——90' the
6 6

electron and up quark's left- and right-handed couplings
are equal and opposite, leading to purely axial-vector
coupling to the extra-neutral gauge boson. At
8E ——arctan( —V27/5 ) ZE decouples from v, . At

8E ——arctan&3/5 the u quark decouples from the Z'
6

making the Z' harder to produce in hadron collisions.
Although the parameter space covered is not exhaustive
in the sense that it does not cover all the possibilities that
would be available if we let the couplings vary indepen-
dently, it does include a large range of possible couplings.

In general, the physical fields Zo and Z' are linear
combinations of the gauge fields ZsM and ZE, with mix-

ing angle P. The mixing will alter the fermion couplings

0.8—

0.6

0.4

TABLE II. Extra-E6-neutral-gauge-boson charges of the

first-generation fermions. The charge of the right-handed com-

ponents Qf are equal to —Q, . The second- and third-
fL

generation fermions have the same charges as the corresponding
first-generation fermions. N is the right-handed neutrino in

SO(10), h is a charge —
—,
' isosinglet quark, (vE,E ) is a lepton

isodoublet, and n is a neutral isosinglet lepton.
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FIG. 1. Left- and right-handed-fermion-ZE couplings as a
6

function of OE . The couplings were obtained by substituting
6

the charges in Table II into Eq. (2). Note that Cg= —Cg .
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so that the physical fields' charges are given by a linear
combination of the unmixed fields' charges:

CL z C——l „cos4+(gz'/gzo)CI 'z sing, (3a} 400—

CL g = (gzo/gz')CI. zsmP+CI 'icos/, (3b)

where CL z are the standard model Z fermion charges
given as usual by CL z ——I3L —Q, sin 8+ and (gz. /gzo) is

the ratio of the U(1)E coupling strength to the U(1)r

coupling strength. One finds from renormalization-group
arguments that (gz /g o) & —,'sin 8s, with the exact value

dependent on the specific symmetry-breaking scheme.
Here we assume the equality which results when all U(1)
groups are broken at the same mass. For models in

which the neutral gauge bosons acquire mass only via

Higgs singlets or doublets, such as in superstring
theories, P is related to M o and Mz. by"

2 2
MsM —Mzo

tan P= zMz —MsM
(4)

where MsM ——M n, /cos8 s, . Thus, precision measure-

ments of P along with measurements of M o, sin 8n„and

M~ can set limits on the Z' mass in these models.
The neutral-current Lagrangian for the extended mod-

el is

LNc=e~pJ~em—+gzoZ&Jzo+gz Z„'Jg (5)

where J", is the usual electromagnetic current,

Jzo ——gfCIfLy"fL, and Jg =gfC)'fz y"fL with the

sum over left-handed fermion fields. Thus, for a given OE
6

we are left with Mz and P as unknown quantities. In
general the discovery limits for Mz are two-dimensional
surfaces which are functions of both 8E and P. To sim-

6

plify the analysis we consider two slices in parameter
space; Mz. vs P for the case of 8„and Mz. vs 8E with

6

/=0. In the first case we will find that high-precision
measurements in e+e collisions at v's =M, will probe

very small values of (() (Refs. 7 —9). If deviations from the
standard model are not observed, the resulting limits on P
will be such that bounds obtained on Mz. from other ex-
periments will not differ significantly from the bounds ob-
tained for P =0.

III. EXISTING BOUNDS AND FUTURE
LOW-ENERGY NEUTRAL-CURRENT

MEASUREMENTS

Before proceeding to future colliders we first consider
the bounds which existing neutral-current data put on
Mz and P to give a benchmark against which to measure
future experiments. In Fig. 2 the solid line gives the
95%-confidence-level lower bounds on Mz as a function
of 8E for /=0 (Ref. 16). To obtain this curve we follow

6

the analysis of London and Rosner (Ref. 5) with two
changes: We use M 0——92.3+1.7 GeV, M~=80. 8+1.4
GeV (Ref. 17), and for the weak charge in atomic parity
violation in cesium we use the experimental value' of

O
C3

500

200

-90' -45

Qn(Cs)= —71.7+5.& which we compare to the radia-
tively corrected standard-model value of —(22. 5
+216sin'8~) (Ref. 19). In comparison, the short-
dashed —long-dashed curve in Fig. 2 gives the 95%-
confidence-level (C.L.) lower limit on Mz obtained by the
combined UA1 + UA2 bound of o(pp ~Z' —+e+e }& 3

pb at the CERN SppS collider. '

Improvements in precision measurements of low-
energy neutral-current processes will also add to our
knowledge of extra neutral gauge bosons. Two such mea-
surements are electron-neutrino scattering and atomic
parity violation in cesium. For the case of electron-
neutrino scattering, the cross sections are given by

2G m, E„
o(v„e ~v„e )= " (e2 + —,'e2+),

7T

2G„m,E
o(v„e —+v&e )= " ' '

( —,
'e2 +e2 ),

7T

(6a)

(6b)

where G„=g /4&2Ms ——1.16636X10 s GeV 2 and

e =—,'(1 —2sin 8~)

gz

gzo

M 0

CL, CL
Mz'

(7a)

2 gz
e+ ———sin 0~—2

gzo

. 2 2M o

Cl."C
Mz.

(7b)

For v, e and v, e scattering e is replaced by (e —1).
A proposed 2% measurement at Los Alamos of
o (e v„)/o (e v„) gives the 95%-confidence-level
bounds shown in Fig. 2 as the long-dashed lines. '

Similarly, precision measurements of atomic parity

E6

FIG. 2. Existing bounds and future discovery limits of extra
E6 neutral gauge bosons as a function of 8E for /=0. The solid

6

line gives the existing bound from neutral-current measure-
ments. The short-dashed-long-dashed line gives the limit from
combined UA1-UA2 data for Drell-Yan production of extra
neutral gauge bosons. The short-dashed line gives the bounds
obtainable from atomic parity measurement of Q~(Cs} to +3.
The long-dashed line gives the bound obtainable by measuring
R =sr(v„e )/0. (v„e ) to an accuracy of 2%.
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violation in cesium are expected to measure the weak
charge, Qa, (Cs) to k3 (Ref. 22). [It is worthwhile to note
that the error is due not to experimental uncertainty but
rather theoretical uncertainty of atomic physics effects in
calculating Qs, (Cs).] This yields the 95%-C.L. bounds on

Mz. given by the short-dashed lines in Fig. 2 where we

have followed the analysis of Ref. 5 to obtain this curve.

IV. THE MSCOVERY REACH
OF FUTURE COLLIDERS

We now turn to the discovery reach of the new and fu-
ture high-energy colliders whose parameters are given in
Table I. In all cases, unless otherwise noted, we will
base our discovery limits on the criterion that the effect
of an extra neutral gauge boson must lie outside the 95%%u%

confidence limit of the standard model, based on the
statistics one would expect from the standard model us-

ing the luminosities given in Table I and a standard 10-
sec year of running. For illustrative purposes we take for
the standard-model parameters M 0——92.5 GeV,
I p ——2. 5 GeV, sin 8a, =0.23, and a, '(Ma, )=128.5.
We have not attempted to estimate systematic errors
since they would be to a large extent detector dependent
and although they would change the discovery litnits the
general comparison of different colliders should remain
valid.

A. e+e colliders

~LR
I CL.I. I

I CLL I
+

I Czz I +21 CLg I Cv +Ca

where Cv „=—,'(CI +C„). (For electron polarization less
than 100% the asymmetry is given by
Az„PAL——a='. ' '2 ' ) Thus, from Eq. (3) one sees that
precision asymmetry measurements of the standard-
model couplings will probe very small values of P. For
the process tr(e+e ~p+p ) with an integrated lumi-
nosity of 60 pb ', corresponding to a 10 sec year of run-
ning at the SLC design luminosity, and 100% polariza-
tion, the statistical uncertainty is 5ALa -3)& 10 . (This
corresponds to about 3.5 X 10 Z 's. ) For 8„, the
superstring-inspired model, this results in the 95%-C.L.
upper bound on P given in Fig. 3 the by the short-
dashed-long-dashed lines. More realistically, in the fore-
seeable future, the expected polarization at SLC will be
approximately 45% with an uncertainty of hP/P =5%
(Ref. 24). This results in a measurement of ALa at SLC
to about 1%, and consequently, about a factor of 3 de-
crease in the bound on P. For comparison, the existing
bound from low-energy neutral-current data, taken from
the analysis of Amaldi et al. (Ref. 4), is given by the solid
curve in Fig. 3.

In addition to the above measurements, the
polarization-asymmetry measurement, AL~ (e+e

For e+e collider measurements all results are derived
from the differential cross section for a polarized e and
an unpolarized e+ (Ref. 7):

drr(e+e~ ~ff )
[ ! C~~ ! (1+cos8)~

d cos8 4s

400—

where

+!CL„! (1—cos8) ], (8)
0
C9

300—
fV

X

C,'Cf
C"=—Qf+

sin 8a,cos 8' s —M p+ii

(gz. /gzp) C;"Cjf'
+ 2 2 2sin O~cos 8~ s —Mz. +i I z.Mz.

(9)

200—

I 00—

o(eL ) —o(e„)
o(e,-)+~(e„-}

(10)

where the cross sections are obtained by integrating Eq.
(8) over cos8. At &s =M p the cross section is dominat-z
ed by the Z pole so Al + is given by

For right-handed electrons make the substitutions

CI.I. C~q and CI.R C~l.
In the near future the most precise tests of the standard

model will be precision measurements at &s =M p atz
SLC and LEP. For the purpose of looking for Z -Z'
mixing the best measurements will be the longitudinal
asymmetry AL„defined by

l

—0.2 —O. I 0.0 O. I

FIG. 3. Existing bounds and future discovery limits of Z„as
a function of P. The solid line bounds the region ruled out at
the 90% C.L. from existing neutral-current data as obtained by
Amaldi et al. (Ref. 4). The short-dashed —long-dashed line
gives the bounds obtained by measuring AL&(e+e ~p+p ) at
&s =M 0 to 3&(10 . The long-dashed line gives the bound

obtainable by measuring AL&(e+e ~hadrons) at &s =M 0 toz
6&(10 and the short-dashed line corresponds to bounds from
measurements of the o.(eL )-cr(ez ) asymmetry in ep collisions at
HERA at &s =253 GeV with an integrated luminosity of 600
pb '/polarization.
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—+hadrons), is independent of the final-state fermions.

It has recently been shown by Lynn and Verzegnassi
(Ref. 25) that this measurement is relatively insensitive to
radiative corrections. Since the cross section to hadrons
is much larger than to leptons this results in higher statis-
tics and therefore more precise measurements of the Z
couplings. Using the same criteria as above results in a
statistical error of 5 AL z —6 X 10 which gives the
95% C L-. u. pper bounds given by the long-dashed line in

Fig. 3. Once again however, in the near future uncertain-
ties in these measurements are likely to be about a factor
of 3 larger with correspondingly weaker limits on P. The
higher statistics available at LEP give correspondingly
better bounds, as the deviations in ALz vary linearly with

(Ref. 7). However, without polarized e+ and e
beams, LEP experiments will have to measure the polar-
ization asymmetry by measuring v lepton polarizations
and it is not clear what sort of efficiencies they can
achieve. For models where the gauge bosons acquire
mass via Higgs singlets or doublets, as in superstring
models, precision measurements of M o and P combined

with measurements of M~ and sin 8~ would also give,
using Eq. (4), a value for Mz .

Although precision measurements of AL& can con-
strain P for a giuen value of 8E only one set of couplings,

6

the electron couplings, are measured so 8E cannot be
6

determined without additional information. If deviations
from the standard model are observed and are large
enough one could use other measurements along with

ALz to extract the ZE couplings to other fermions to
6

determine 8E (Refs. 7 —9). For instance, if c and b quark
6

Qavor tagging is sufficiently efficient, one could measure
I'(Z ~cc), I (Z ~bb) and AF&(e+e ~cc),
AFa(e+e ~bb), where

AFB
f —f d cos8

f '+ f dcos8

2C(r Cf„
—4 ALR c( +cf

(12)

However, since AFa varies, roughly, quadratically with P
it is not clear if the latter measurements would be able to
measure deviations from the standard model in AFB.

Although these measurements at &s =M 0 are fairly

insensitive to the Z' mass they are by far the most restric-
tive measurements of Z -Z' mixing. The bounds are so
restrictive that if deviations from the standard model are

R = cr(e'e —hadrons)/op
I I I

-(b) ' (c)

c (e'e -~+~ )

500 —(0 )
II

I
I \

400—,I

C3 /
300—

/

ALR

I
I

I
I
I
I
I

I
I
I
I
I

I

I
I

r \
I \

I \
\

/'

200 s

I I I

-45 0 45 -45 0 45
8E6(deQ)

FIG. 4. Discovery limits for extra E6 Z 's from e+e mea-
surements as a function of 8E for )=0 using the center-of-mass

6

energies and integrated luminosites given in Table I. The solid
lines are for TRISTAN, the dotted-dashed lines are for SLC, the
long-dashed lines for LEP, and the short-dashed lines for LEP
II. In (a) the curves are for cr(e+e ~p+p ), in (b) for the
hadron cross section R =cr(e+e ~hadrons)/cro, and in (c) for
the longitudinal-polarization asymmetry (assuming 100% polar-
ization).

-45 0 45

not observed the allowed values of P will be such that the
bounds on Mz obtained from other measurements will be
essentially the same as those obtained by setting /=0.
Thus, we will henceforth set /=0.

In addition to precision measurements at &s =M 0Z
one can also obtain information about extra neutral

gauge bosons at other center-of-mass energies. These
measurements would be especially important if Z -Z'
mixing turned out to be small. In Fig. 4 we show the
discovery reach with P =0 for TRISTAN, SLC, LEP, and
LEP II which could be obtained from measurements of
cr(e+e ~p+p ), ALz, and o(e+e ~hadrons) using
the center-of-mass energies and integrated luminosities of
Table I. These discovery limits, following our standard
prescription, were obtained by requiring that the effect of
an extra Z' lie outside the 95%-C.L. bound of the stan-
dard model. The standard-model predictions along with
the 1' statistical errors for these quantities are given in
Table III. Although these limits result from complicated
interference between the standard-model contributions
and the E6 contributions several features stand out. For
instance, for ALz, the low discovery reach at OE ———90',

6

90', and arctan( —&3/5)= —38' is a consequence of
CL ——+Cz resulting in either C~ or C„' =0. For
cr(e+e ~p+p ) and R the discovery limit is in general
greatest at 8E -0. For &s sufficiently far away from the

6

TABLE III. The standard-model predictions and the lo statistical errors for cr(e+e ~p+p ),
R =o(e+e ~hadrons)/cro, and ALz, where o.o ——4m.a /3S. The quantities were calculated using the
center-of-mass energies in Table I and the statistical errors were estimated using the integrated lumino-
sities given in Table I. The first column gives the numbers of events per year expected at each of the
colliders.

Collider

TRISTAN
SLC
LEP

LEP II

oL

5800
4100
1900
480

o (pb)

29
68
12
3

5cr (pb)

0.38
1.1
0.28
0.14

4.85
12.4
19.5
8.0

0.028
0.045
0.13
0.14

~LR

0.029
0.19
0.15
0.086

0.013
0.016
0.023
0.046
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Z pole deviations from the standard model are dominat-
ed by Z -Z' and y-Z' interference which is proportional
to CvC& +2C&C& CvC& +C& C&. Since for the photon
C„=O, when C~ is also equal to 0 deviations from the
standard model become rather small.

B. ep colliders

For ep collisions at HERA both left- and right-handed
electrons and positrons can be collided with protons.
The differential cross section for ep collisions is given by

27TCX + ~b
~

(1—y) ]+xf ( Q )[~b
~

+ ~b (13)

C,'Cy Q2
"ii = —Qe+ 2 z 2 2sin 8iicos 8a, Q +M o

gz'
+

gzo

'2

sin 8ii,cos 8a, Q +Mz,
(14)

where the sum runs over quark flavors. f (x, Q ) and

f (x, Q ) are the quark and antiquark distribution func-

tions, Q =xys = —q, and x and y are the usual scaling
variables, x =Q /2p q, y =p q/p k.

l

overwhelmed by the standard-model contributions. More
sophisticated event binning would likely improve our
bounds. Note that ep measurements are more sensitive to
values of OF =f90' than either low-energy neutral-

6

current measurements or measurements at e+e collid-
ers. This is because in ep collisions the asymmetries are
constructed using both eL z and el++ thereby measuring
different combinations of couplings not available in e+e
colliders using only polarized electrons.

C. Hadron colliders

where Q~ denotes the quark electric charge and CL R and
Cl' R are the left- and right-handed Z and Z' charges
given by (3a) and (3b). For the eL+p cross section make
the ~ubst~tut~on~ bL,L ~biker and br, ii ~ biia and to obtain
the cross section for right-handed electrons and positrons
make the substitution L~R.

From the basic cross section one can make eight
different measurements; the electron and positron cross
sections cr(e ) and ~(e ), and the six asymmetries eL-
eq, eL -eq, eq -eL+. , eL+, -eq, eq -eq+, and eL, -er+. , where
the asymmetry a-p is defined by

A Ii [cr(a——) u(p)—]/[o(a)+u(p)] .

In practice the most important facet of extending the
reach in such measurements will be obtaining adequate
statistics. Because the luminosity is ex ected to be ap-
proximately a factor of 6 higher at s =253 GeV we
have calcu1ated the various asymmetries for this center-
of-mass energy rather than at v s =314 GeV, the max-
imum obtainable at HERA. In Fig. 3 the short-dashed
curve gives the experimental reach for Z„as a function
of P obtained from the eL -e„asymmetry. Although this
measurement is not as sensitive to P as e+e measure-
ments it has the virtue of being sensitive to the Z' mass.
Thus, if deviations from the standard model are observed
at SLC or LEP, measurements at HERA could be crucial
in understanding their origins. The discovery limits for
several asymmetries with / =0 are given in Fig. 5. To ob-
tain these curves we use the Eichten-Hinchliffe-Lane-
Quigg (EHLQ) structure functions (set 2), integrated
over the x and y variables from 0.1 to 1 and compared the
E6 results to those of the standard model. " The lower
bound was so chosen because at small x the cross section
is larger giving better statistics but with smaller devia-
tions. At large x the deviations are larger but the statis-
tics are poorer. Thus we take xm;„=0. 1 as a reasonable
compromise which gives adequate statistics which are not

where

Xg(Cg +Cg )6+(x„,xq, Q ),
q

(15)

400
HERA

300
C9

N

200

l 00

-90 -45 45
e& (deg)

FICs. 5. Discovery limits for extra E6 Z 's from ep measure-
ments at HERA. All measurements are at &s =253 GeV with
an integrated luminosity of 600 pb '/polarization. The solid
line is for the eL -ez asymmetry, the long-dashed line is for the
eL -e&+ asymmetry, the short-dashed line is for the e& -eL+ asym-
metry, and the short-dashed-long-dashed line is for the ez+-ez+

asymmetry.

The Drell-Yan production of extra neutral gauge bo-
sons in hadron colliders' is very similar in form to Z'
production in e+e colliders except for the inclusion of
the qq structure functions. Here the resonance cross sec-
tion is given by

2 2 4
do(pp~ff ) xAxB~ em(gz'/gzo) 2 2

(Cg +C)t )
9Mz'I
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G;(&~»a Q')=E'er~(&~)f, ra(&a)

+f~„(&~)fera(&a)) .

I Q.Q

8.0—

6.0 =

SSC ( Js = 40 TeV)

4.0— LHC (Vs = 17 TeV)

2.0—

Cl

N
X

I 0—
0.8—

UNK (vs = 6 TeV)

0.6—

0.4— Tevatron ( V s = ).8 TeV )

0.2—
UAI + UA2 ( js = 0.63 TeV)

The cross section for Z' production at hadron colliders
is inversely proportional to the Z' width. Therefore, we
must consider the effect of the extra fermions in E6 on the
Z' width. Since in E6 the fundamental representation is a
27, for each generation there are 12 exotic fermion fields
in addition to the 15 conventional ones. ' If exotic decay
modes are kinematically allowed, the Z' width will be-
come larger and more significantly the branching ratios
to conventional fermions smaller. This is not important
in e+e and ep collisions since those processes proceed
via virtual Z's in contrast with hadron colliders which
rely on the Drell-Yan production of real Z"s. Here we
consider two cases: (1}no new decay modes are allowed
and (2} the Z' can decay to 3 full generations of exotic
fermions. The partial widths are given by

1"z, ff- Mzg—z—(CfL +Cfa )/24m .

The discovery limits for hadron colliders, ' ' shown in
Fig. 6, were obtained using the constraint that at least
five p+p pairs will be produced for a given Z' mass
where we used EHLQ structure functions2s set 1 and the

K factor given in Ref. 29. Lowering this constraint to
three pairs per generation would raise the discovery
reach about 10% while lowering the luminosity by a fac-
tor of 10 would reduce the reach by about a factor of 3.
Note that higher mass scales could be probed for Z"s if
exotic decay modes with larger branching fractions are
kinematically allowed. . We found that studying
forward-backward asymmetries of lepton pairs would at
best give discovery limits one-half as large as the direct
production of lepton pairs. However, if an extra Z' was
observed and it was low enough in mass to be produced
in sufficient numbers it might be possible to determine its
couplings and, hence HE, using forward-backward asym-

6

metrics. ' ' '

V. SUMMARY AND CONCLUSIONS

Comparing the discovery reach of the various colliders
and the two examples of low-energy experiments we
found, to our surprise, that high-precision low-energy ex-
periments do as well or better for many values of 8E as

6

the high-energy colliders that will become operational by
about 1990. However, of all the measurements con-
sidered, hadron colliders were the least sensitive to 8E

6

and P. To this we must comment on our criteria for the
detection of extra Z 's. With the exception of hadron
colliders we based our discovery limits on observing devi-
ations from the standard model at the 95%%uo confidence
limit which corresponds to an effect of 1.64cr. This was
reasonable for comparison purposes and may be valid for
a global fit of many independent measurements but we
doubt that such a deviation in one experiment would con-
vince anybody that new physics has been discovered. In
contrast the criteria we used in hadron colliders was for
five dilepton events per generation leading to at least 10
clean dilepton events, possibly 15 if ~ leptons could be
reconstructed with reasonable efficiency. This would be
fairly convincing evidence for a new particle. Our con-
clusion is that in the near future the Tevatron, assuming
it reaches its design luminosity, will probe the highest
mass scales for the existence of an extra E6 neutral gauge
boson. In the longer term, hadron colliders such as the
SSC will be able to observe extra neutral gauge bosons
provided they have masses less than about 6 TeV. Never-
theless, if a lower mass Z' were discovered, measure-
ments by many experiments would be necessary to disen-
tangle its properties.

O. l-90
I
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FIG. 6. Discovery limits for extra E6 Z 's from hadron col-
liders. In all cases the solid lines represent the limits assuming
that Z' decays to all exotic fermions are kinematically forbidden
while the short-dashed —long-dashed lines represent the limits
obtained assuming that the Z' can decay into three complete
generations of exotics.
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