
Exploration of below threshold Z8 mass and coupling determinations at the NLC

Thomas G. Rizzo
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94309

~Received 11 December 1996!

We examine of the capability of the Next Linear Collider to determine the mass as well as the couplings to
leptons andb quarks of a new neutral gauge bosonZ8 below direct production threshold. By using simulated
data collected at several different values ofAs, we demonstrate how this can be done in a model-independent
manner via an anonymous case approach. The importance of beam polarization to the success of this program
is discussed. The procedure is shown to be easily extended to the case of top and charm quark couplings.
@S0556-2821~97!05109-6#

PACS number~s!: 12.60.Cn, 14.70.Pw

I. INTRODUCTION

While the standard model~SM! is in full agreement with
all experimental data@1#, it is generally believed that new
physics must exist at a scale not far beyond the reach of
existing accelerators. Associated with this scale may be a
host of new and exotic particles. A new neutral gauge boson
Z8 is the most well studied of all exotic particles and is the
hallmark signature for extensions of the SM gauge group.
Current direct searches for the existence of such particles at
the Fermilab Tevatron@2# suggest that their masses must be
in excess of 500–700 GeV depending upon their couplings
to the SM fermions and their kinematically accessible decay
modes. If such a particle is found at future colliders, the next
step will be to ascertain its couplings to all of the conven-
tional fermions. In this way, we may hope to identify
whether this new particle corresponds to any one of the
many Z8’s proposed in the literature or is something else
entirely. At hadron colliders, a rather long list of observables
has been proposed over the years to probe these couplings—
each with its own limitations@3–5#. It has been shown under
idealized conditions, at least within the context of
E6-inspired models, that the CERN Large Hadron Collider
~LHC! ~As514 TeV, 100 fb21! will be able to extract useful
information on all of theZ8 couplings for MZ8 below
.1–1.5 TeV. It isnot clear, however, how much of this
program can be carried out using realistic detectors at the
LHC @5# and how well it generalizes to other extended gauge
models since detailed simulation studies have yet to be per-
formed.

At the Next Linear Collider~NLC!, whenAs,MZ8 ~the
most likely scenario for a first generation machine given the
Tevatron bounds!, aZ8 can only manifest itself indirectly as
deviations in, e.g., cross sections and asymmetries from their
SM expectations. This is analogous to the observation of the
SM Z at energies reached at the SLAC storage ring PEP,
DESY e1e2 collider PETRA, and KEK TRISTAN through
deviations from the expectations of QED. Fortunately, the
list of useful precision measurements that can be performed
at the NLC is reasonably long and the expected large beam
polarization (P) plays an important role—essentially dou-
bling the number of useful observables. In the past, analyses
of the ability of the NLC to extractZ8 coupling information

in this situation have taken for granted that the value of
MZ8 is already known from elsewhere, e.g., the LHC@6,7#.
@In fact, one might argue that if a 1-TeVZ8 is discovered at
the LHC, a future lepton linear collider designed to sit on
this Z8 must be built and will thus quite easily determine all
of theZ8 couplings in analogy to the SLAC Linear Collider
~SLC! and CERNe1e2 collider LEP.# Here we address the
more complex issue of whether it is possible for the NLC to
obtain information on couplings of theZ8 if the mass were
for some reasona priori unknown. In this case, we would
not only want to determine couplings, but theZ8 mass as
well. We will limit our discussion below to thee1e2 chan-
nel and ignore the additional information available through
e2e2 collisions @8#.

If the Z8 mass were unknown, it would appear that the
traditional NLCZ8 coupling analyses would become prob-
lematic. Given a set of data at a fixed value ofAs which
shows deviations from the SM, one would not be able to
simultaneouslyextract the value ofMZ8 as well as the cor-
responding couplings. The reason is clear: To leading order
in s/MZ8

2 , rescaling all of the couplings and the value of
MZ8 , by an overall common factor would leave the observed
deviations from the SM invariant. In this approximation, the
Z8 exchange appears only as a simple contact interaction.
Thus as long asAs,MZ8 , the only potential solution to this
problem lies in obtaining data on deviations from the SM at
several, distinctAs values and combining them into a single
fit. It is clear from the beginning that all of the set ofAs
values chosen for this analysis cannot lie too far below the
Z8 mass; otherwise, we would always remain in the contact
interaction limit. It must be, for at least one of theAs
choices, that subleading terms of relative orders/MZ8

2 are of
numerical importance. This suggests that the maximum
value ofAs within this set should only be about a factor of
2–3 lower than theZ8 mass.

Here we report on a first pass at this kind of analysis,
focusing on observables involving only leptons and/orb
quarks. In performing such an analysis, we need to know
how manyAs values are needed. We need to know how we
distribute the integrated luminosity~L! to optimize the re-
sults. Similarly, we must address whether such an analysis
can be performed while maintaining model independence. In
this initial study we begin to address these and some related
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issues. It is clear that that there is a lot more to be done
before we have the answers to all these questions.

II. ANALYSIS

In order to proceed with this benchmark study, we will
make a number of simplifying assumptions and parameter
choices. These can be modified at a later stage to see how
they influence our results.~The basic analysis follows that
discussed in@9,10#.! In this analysis we consider the follow-
ing ten observables: the total production cross sections for
leptons andb quarks, s l ,b ; the corresponding forward-
backward asymmetriesAFB

l ,b , the left-right asymmetry ob-
tained from flipping the initial electron beam polarization,
ALR
l ,b , and the polarized forward-backward asymmetry

Apol
FB( l ,b). For t1t2 final states, we include the averaget

polarization^Pt& as well as the forward-backward asymme-
try in the t polarizationPt

FB . Other inputs and assumptions
are summarized as follows:

e,m,t universality initial-state-radiation~ISR!
with As8/As.0.7

P590%, dP/P50.3% dL/L50.25%
eb550%,Pb5100% uuu.10°
ee,m,t(s)5100%

et(Pt)550%
neglectt-channel exchange in
e1e2→e1e2

Of special note on this list of assumptions are~i! a
b-tagging efficiency (eb) of 50% for a purity (Pb) of 100%,

FIG. 1. 95% C.L.-allowed regions for the extracted values of the~a! lepton and~b! b-quark couplings for theZ8 of case I compared with
the predictions of the E6 model~dotted curves!, the left-right model~dashed curves!, and the ununified model~dash-dotted curves!, as well
as the sequential SM and alternative LR models~labeled byS andA, respectively!. ~c! ExtractedZ8 mass; only theal.0 branch is shown.
In all cases the diamond represents the corresponding input values.
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~ii ! the efficiency for identifying all leptons is assumed to be
100%, although only 50% oft decays are assumed to be
polarization analyzed,~iii ! a 10° angle cut has been applied
to all final state fermions to mimic the anticipated detector
acceptance,~iv! a strong energy cut to remove events with an
excess of ISR has been made—this is critical since events
with lower effective values ofAs substantially dilute our
sensitivity—and~v! it has been assumed that the beam po-
larization (P) and machine luminosity~L! are both well
measured. It is important to note that we havenot included
the t-channel contributions toe1e2→e1e2 in these calcu-
lations. This means that we are treatinge1e2→e1e2 and
e1e2→m1m2 in an identical fashion. The reason for this is
that the usual structure function approach used here to ac-
count for ISR does not directly apply whenu,t-channel ex-
changes are present@11#. The neglect of thist-channel ex-
change allows us to simply rescale them1m2 statistics by a
factor of 3 and may be considered an approximation to the

complete result. A recent analysis by Cuypers@11# suggests
that this is a good first approximation. If instead this channel
is ignored, the statistical errors on the various leptonic ob-
servables will increase by only.20%. In addition to the
above, the final-state multiplicative QED as well as QCD
corrections are included to obtain the correct statistics, the
b-quark andt masses have been neglected, and the possibil-
ity of any sizableZ-Z8 mixing has also been neglected; this
is an excellent approximation for theZ8 mass range of inter-
est to us, given that we are not interested in the
Z8→W1W2 mode. Since our results will generally be sta-
tistics limited, the role played by the systematic uncertainties
associated with the parameter choices above will generally
be rather minimal, especially in the lepton case. Larger sys-
tematics should possibly be associated with theb-quark final
states@12#, but they have been ignored here for simplicity.

To ensure model independence, the values of theZ8 cou-
plings, i.e., (v,a) l ,b , as well asMZ8 , are chosenrandomly

FIG. 2. Same as Fig. 1, but for a different choice ofZ8 mass and couplings referred to as case II in the text.
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and anonymouslyusing a random number generator from
rather large ranges representative of a number of extended
gauge models. Monte Carlo data representing the above ob-
servables are then generated for several different values of
As. At this point, the values of the mass and couplings are
not ‘‘known’’ a priori, but will later be compared with what
is extracted from the Monte Carlo generated event sample.
Following this approach, there is no particular relationship
between any of the couplings and there is no dependence
upon or relationship to any particularZ8 model. ~We chose
to normalize our couplings so that for the SMZ, al
521/2.! Performing this analysis for a wide range of pos-
sible mass and coupling choices then shows the power as
well as the potential limitations of this technique.

To get an understanding for how this procedure works in
general, we will make three representative case studies for
the Z8 mass and couplings, labeled here by I, II, and III.
There is nothing special about these three choices, and sev-

eral other parameter sets have been analyzed in comparable
detail to show that the results that we display below are
rather typical. To begin our analysis, let us try choosing three
distinct As values. Specifically, we generate Monte Carlo
‘‘data’’ at As50.5, 0.75, and 1 TeV with associated inte-
grated luminosities of 70, 100, and 150 fb21, respectively.
These luminosities are only slightly larger than the typical 1
year values as conventionally quoted@13# and assume a rea-
sonable time evolution of the collider’s center-of-mass en-
ergy. Subsequently, we determine the five-dimensional 95%
C.L.-allowed region for the mass and couplings from a si-
multaneousx2 fit to all of the leptonic andb-quark observ-
ables following the input assumptions listed above. This
five-dimensional region is then projected into a series of two-
dimensional plots, which we now examine in detail. The
generation of the data samples and fitting procedures used
below required approximately 1500 CPU hours on a DEC
ALPHA model 600XMP workstation. Clearly a more de-

FIG. 3. Same as Fig. 1, but for a third choice ofZ8 mass and couplings referred to as case III in the text. The larger~smaller! allowed
region in each case corresponds toP580% ~90%!.
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tailed analysis than the one presented here will require sub-
stantially more CPU time.

Figures 1–3 show the results of our analysis for these
three case studies compared with the expectations of a num-
ber of well-knownZ8 models@3#. To be specific we have
considered~i! the E6 effective rank-5 model~ER5M!, which
predicts aZ8 whose couplings depend on a single parameter
2p/2<u<p/2, ~ii ! the sequential standard model~SSM!,
wherein the newW8 andZ8 are just heavy versions of the
SM particles~of course, this is not a true model in the strict
sense, but is commonly used as a guide by experimenters!,
~iii ! the ununified model~UUM!, based on the group
SU(2)l3SU(2)q3U(1)Y , which has a single free param-
eter 0.24<sf<0.99, ~iv! the left-right symmetric model
~LRM!, based on the group SU(2)L3SU(2)R3U(1)B2L ,
which also has a free parameter (k5gR /gL>0.55) of order
unity, which is just the ratio of the gauge couplings and, last,
and ~v! the alternative left-right model~ALRM !, based on
the same extended group as the LRM, but now arising from
E6, wherein the fermion assignments are modified in com-
parison to the LRM due to an ambiguity in how they are
embedded in the27 representation.

By examining these figures, several things are immedi-
ately apparent—the most obvious being that two distinct al-
lowed regions are obtained from the fit in all three cases.
This ambiguity is twofold andnot fourfold in that there is a
unique choice ofb couplings for a fixed choice of leptonic
couplings.~Of course, as we might hope, the input values are
seen to lie nicely inside one of them.! This twofold ambi-
guity occurs due to our inability to make an absolute deter-
mination of the overall sign ofoneof theZ8 couplings, e.g.,
al . If the sign of al were known, only a single allowed
region would appear in Figs. 1–3 for both leptons andb
quarks and a unique coupling determination would thus be
obtained. Note that thissame-sign ambiguity arises in SLC
or LEP data for the SMZ and is only removed through the
examination of low-energy neutrino scattering. Second, we
see that the leptonic couplings are always somewhat better
determined than are those of theb quark, which is due to the

fact that the leptonic observables involve only leptonic cou-
plings, while those forb quarks involve both types. In addi-
tion, there is more statistical power available in the lepton
channels due to the assumption of universality and the fact
that the leptonic results employ two additional observables
related to the final-statet polarization. The shortage of
b-quark observables, combined with the limited CPU avail-
able for the Monte Carlo, is thus responsible for the irregular
shape of the allowed region obtained for theb-quark cou-
plings. If theb-quark observables had significant systematic
errors, these allowed regions would become larger still.
Third, we see in particular from Figs. 1~a!–1~b! and 3~a!–
3~b! the importance in obtaining coupling information for a
number of different fermion species. If only the Fig. 1~a!
@3~b!# results were available, one might draw the hasty con-
clusion that an E6-typeZ8 had been found. Figure 1~b! @3~a!#
clearly shows us that this is not the case. Evidently none of
theZ8’s associated with cases I–III correspond toanywell-
known model. Fourth, we note that changing the beam po-
larization from 90% to 80% does not appreciably alter our
results. Last, as promised, theZ8 mass is determined in all
three cases, although with somewhat smaller uncertainties in
case II. It is important for the reader to realize that there is
nothing special about any of these three particular cases. It is
clear from this set of random choices for masses and cou-
plings that this procedure should be viable forZ8 masses up
to about 2 TeV for the set of integrated luminosities that we
have chosen unless both of the leptonicZ8 couplings are
accidentally small, resulting in a reduced sensitivity to the
existence of theZ8.

It is straightforward to extend this analysis to fermion
final states other than leptons and theb quark. The extrapo-
lation to charm is the most obvious in that apart from iden-
tification efficiencies and potentially larger systematic errors,
there is little difference in performing the five-dimensional
x2 fit with either b or c since the fermion couplings were
randomly chosen.~Of course, we might imagine, however,
now doing a more ambitiousseven-dimensional fit with all of
the couplings being allowed to float.! The extension tot

FIG. 4. Failure of the method in case I when data are taken at~a! too few ~‘‘two-point’’ fit ! or ~b! too many~‘‘six-point’’ fit ! different
center-of-mass energies for the same total integrated luminosity as in Figs. 1–3. The luminosities are distributed as discussed in the text.
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quarks would be less straightforward due to their large mass
and rapid decay tobW. In principle, however, the same set
of observables could be constructed for the top quark as was
used in theb-quark analysis above.

Of course, the clever reader must now be asking the ques-
tion, why did we start off using three different values of
As—why not two or five? This is a very important issue
which we can only begin to address here. Let us return to the
mass and couplings of case I and generate Monte Carlo
‘‘data’’ for only two values of As50.5 and 1 TeV with
luminosities of L5100 and 220 fb21, respectively, thus
keeping the totalL the sameas in the discussion above.
Repeating our analysis we then arrive at the ‘‘two-point’’ fit
as shown in Fig. 4~a!; unlike Fig. 1~a!, the allowed region in
the leptonic coupling plane does not close and extends out-

ward to ever larger values ofv l ,al , we find that a similar
result occurs for theb-quark couplings, which are even more
poorly determined. The correspondingZ8 mass contour is
also found not to close, again extending outwards to ever
largerMZ8 values. We realize immediately that this is just
what happens when data at only a singleAs are available.
For our fixedL, distributed as we have now done, we see
that there is not a sufficient lever arm to simultaneously dis-
entangle theZ8 mass and couplings. Of course, the reverse
situation can also be just as bad. We now generate Monte
Carlo ‘‘data’’ for the case I mass and couplings in 100-GeV
steps inAs over the 0.5–1 TeV interval with the same total
L as above, but now distributed as 30, 30, 50, 50, 60, and
100 fb21, respectively. We then arrive at the ‘‘six-point’’ fit
shown in Fig. 4~b!, which suffers from a problem similar to

FIG. 5. ~a! Expanded lobe~solid curves! from Fig. 1~a!; the dashed curve shows the same result, but forP580%. The smaller ovals,
expanded in~b!, apply when theZ8 mass is known. Here, in~b!, P590% ~80%! corresponds to the dash-dotted~dotted! curve, while the
case ofP590% with dP/P55% corresponds to the solid curve.~c! Expanded lobe~solid curves! from Fig. 1~b!; the dotted curve
corresponds to the case whenMZ8 is known.
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that presented in Fig. 4~a!. What has happened now is that
we have spread the fixedL too thinly over too many points
for the analysis to work. These same results are found to
hold for all three cases. This brief study indicates that a
proper balance is required to simultaneously achieve the de-
sired statistics as well as an effective lever arm to obtain the
Z8 mass and couplings. It is important to remember that we
havenot demonstrated that the ‘‘two-point’’ fit will never
work. We note only that it fails with our specific fixed lumi-
nosity distribution for the masses and couplings associated
with cases I–III. It is possible that for ‘‘lucky’’ combinations
of masses and couplings a two-point fit will suffice, or it may
work if substantially more luminosity is achievable. It is cer-

tainly true that all cases where at least three values ofAs are
used will allow simultaneous mass and coupling extraction
provided the integrated luminosity is available. Clearly, more
work is required to further address these issues.

How do these results change ifMZ8 wereknown or if our
input assumptions were modified? In this case we use as
additional input in our analysis the value ofMZ8 chosen by
the Monte Carlo method and perform four-dimensionalx2

fits to the same set of ‘‘data.’’ Let us return to case I and
concentrate on the allowed coupling regions corresponding
to a choice of negative values ofv l ,b ; these are expanded to
the solid curves shown in Figs. 5~a! and 5~c!. ~There will
also be a corresponding region wherev l ,b are positive, which

FIG. 6. ~a! Expanded lobe~solid curves! from Fig. 2~a!; the dashed curve shows the same result but forP580%. The smaller dotted
oval, applies when theZ8 mass is known andP590%. ~b! Expanded lobe~solid curves! from Fig. 2~b!; the dotted curve corresponds to the
case whenMZ8 is known.~c! and ~d! show the corresponding results for case III from Figs. 3~a! and 3~b!.
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we ignore for the moment.! The large dashed curve in Fig.
5~a! corresponds to a reduction of the polarization to 80%
with the same relative error as before. While the allowed
region expands, the degradation is not severe. If theZ8 mass
were known, the ‘‘large’’ ellipses shrink to the small ovals in
Fig. 5~a!; these are expanded in Fig. 5~b!. ~Note that the
allowed regions shown in this figure correspond to fits to
three distinct data samples generated under the three assump-
tions under consideration.! This is clearly a radical reduc-
tion in the size of the allowed region. We see that when the
mass is known, varying the polarization or its uncertainty
over a reasonable range has very little influence on the re-
sulting size of the allowed regions. From Fig. 5~c! we see
that while knowing theZ8 mass somewhat reduces the size

of the allowed region for theb couplings~the jagged shape
of the allowed region and the fact that it is not entirely con-
tained within the corresponding region whenMZ8 is known,
again being due to limited Monte Carlo statistics!, the impact
is far less than in the leptonic case for the reasons discussed
above. The important point here is that knowing theZ8 mass
does not seem to help us a great deal in determining the
b-quark couplings.

Figures 6~a!–6~d! show that case I is not special in that
similar results are seen to hold as well for cases II and III.
For both of these cases, as in case I, there is an enormous
reduction in the size of the allowed region for the leptonic
couplings of theZ8, but the corresponding allowed region
for the b quark shrinks by about only a factor of 2. In case

FIG. 7. Comparison of the constraints obtained on theZ8 leptonic couplings in cases I–III, in~a!–~c!, respectively, both with~solid
curves! and without~dashed curves! observables associated with beam polarization. In~d! are shown the correspondingb-quark couplings
obtained for case II.
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III, there is hardlyany reduction in the size of the allowed
b-quark coupling region.

In Figs. 5~b! and 6~a! ~as well as in some of the later
figures below!, we will see the curious behavior that the
input value is often very close to the boundary of the 95%
C.L.-allowed region. If we did not know where the position
of the best fit point were or what thex2 contours inside the
allowed region looked like, this would give one pause. One
finds that the best fit points arenot generally at the center of
the allowed region and lie, in fact, very close to the input
values and generally not far from the boundary. For example,
in Fig. 5~b! @6~a!# the best fit value forv l andal in the case
of P590% and dP/P50.3% is located at (20.117,

0.246) @(20.483,0.129)# whereas the input values are
(20.113,0.240)@(20.487,0.124)#. This tells us that thex2

curves are often very highly compressed in the region near
the input value since they lie near the edge of the allowed
region.

Just how large a role does large beam polarization play in
obtaining our results? This becomes a critical issue, espe-
cially at higher energies, if our lepton collider is actually a
muon collider where we may need to trade off luminosity for
high beam polarization@14#. As an extreme case, we repeat
the previous analysis of cases I–III without including the
observables associated with beam polarization in the fits; lu-
minosities, etc., remain the same as before. The results of

FIG. 8. Lepton coupling determination forZ8’s with masses of~a! 2.33 TeV and~b! 2.51 TeV when the mass is unknown~solid curves!
and known~dotted curves! corresponding to cases IV and V discussed in the text.~c! and ~d! are the corresponding mass determinations
which result from the five-dimensionalx2 fit. These results include an additional 200 fb21 of luminosity taken at a center-of-mass energy of
1.5 TeV.
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this approach are shown in Figs. 7~a!–7~d!. Note that the
curves withPÞ0 do not always completely lie within those
where P50; this is due to the limitations of our Monte
Carlo. In case I, shown in Fig. 7~a!, the loss of the
polarization-dependent observables causes the allowed re-
gion in the leptonic coupling plane to open up and no closed
region is found. Correspondingly, theb-quark couplings to
the Z8 as well as theZ8 mass are constrained but are no
longer localized. Somewhat better results are obtained in
cases II and III, shown in Figs. 7~b! and 7~c!. For case II, the
size of the allowed region essentially doubles in thev l-al
plane and triples in thevb-ab plane, as shown in Fig. 7~d!.
The MZ8 constraints are found to relax in a corresponding
manner. In case II, while we are hampered by the lack of
polarized beams, we are still able to carry out the basic pro-
gram of coupling extraction andZ8 mass determination—
unlike case I. In case III, Fig. 7~c! shows that the leptonic
couplings are reasonably constrained without beam polariza-
tion, but now neither theZ8 mass nor theb-quark couplings
were found to be constrained. From these considerations we
may conclude that beam polarization is of critical importance
to this analysis unless the couplings lie in a ‘‘lucky’’ range.
It is clear that forarbitrary values we will not be able to
simultaneously obtain mass and coupling determinations
without large beam polarization. We note, however, that this
conclusion can soften dramatically if theZ8 mass is already
known.

What happens for largerZ8 masses or when data at larger
values of As becomes available?~As stated above, the
‘‘reach’’ in our coupling determinations was.2 TeV using
the ‘‘data’’ at 500, 750, and 1000 GeV.! Let us assume that
the ‘‘data’’ from the above three center-of-mass energies are
already existent, with the luminosities as given. We now
imagine that the NLC increases its center-of-mass energy to
As51.5 TeV and collects an additional 200 fb21 of inte-
grated luminosity, which corresponds to 1–2 design years.
Clearly, forZ8 masses near or below 1.5 TeV, our problems
are solved since an on-shellZ8 can now be produced. Thus
we shall concern ourselves only withZ8 masses in excess of
2 TeV, inaccessible in the lower energy study above. Figures
8~a!–8~d! show the result of extending our previous
procedure—now using four differentAs values, for two dis-
tinct choices~IV and V! of theZ8 mass and couplings. These
‘‘four-point’’ results are a combined fit to the data at all four
center-of-mass energies. We show the results for both the

general case whereMZ8 is unconstrained as well as when it
is already determined by other data.~As before, only one of
the allowed pair of ellipses resulting from the overall sign
ambiguity is shown for simplicity.! Note that theZ8 input
masses we have chosen are well in excess of 2 TeV where
the LHC may provide only very minimal information on the
fermion couplings@3#. Clearly, by using the additional data
from a run atAs51.5 TeV, this technique can be extended
to perform coupling extraction forZ8 masses in excess of 2.5
TeV. The maximum ‘‘reach’’ for the type of coupling analy-
sis we have performed is not yet determined. It seems likely,
based on these initial studies, that the extraction of interest-
ing coupling information forZ8 masses in excess of 3 TeV
may be possible for a reasonable range of coupling param-
eters.

III. OUTLOOK AND CONCLUSIONS

In this paper we have shown that it is possible for the
NLC to extract information on theZ8 couplings to leptons
andb quarks even when theZ8 mass is nota priori known
and, in fact, determine theZ8 mass. This has been demon-
strated in a model-independent manner by randomly and
anonymously choosing the mass and couplings of theZ8 and
demonstrated the power of precision measurements at future
linear colliders. The critical step for the success of the analy-
sis is to combine the data available from measurements per-
formed at several different center-of-mass energies. For a
reasonable distribution of the luminosities, the specific re-
sults we have obtained suggest, but do not prove, that data
sets obtained at at least three different energies are necessary
for the procedure to be successful. The mass ‘‘reach’’ for
this approach is approximately twice the highest center-of-
mass energy available. Several question remain about the
optimization of our approach. It is clear that the analysis
would benefit by increased Monte Carlo statistics, a better
understanding of the systematics associated withb-quark ob-
servables, and a complete analysis of thee1e2→e1e2

channel. These points will be addressed in future work.
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