
PHYSICAL REVIEW D, VOLUME 63, 035006
Finding Z8 bosons coupled preferentially to the third family
at CERN LEP and the Fermilab Tevatron
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Z8 bosons that couple preferentially to the third generation fermions can arise in models with extended weak
@SU~2!3SU~2!# or hypercharge@U~1!3U~1!# gauge groups. We show that existing limits on quark-lepton
compositeness set by the CERN LEP and Fermilab Tevatron experiments translate into lower bounds of the
order of a few hundred GeV on the masses of theseZ8 bosons. Resonances of this mass can be directly
produced at the Tevatron. Accordingly, we explore in detail the limits that can be set at Run II using the
processpp̄→Z8→tt→em. We also comment on the possibility of using hadronically decaying taus to
improve the limits.
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I. INTRODUCTION

The standard model of particle physics gives an excel
description of physics at the energy scales probed to d
Nonetheless, it does not explain the origins of the masse
the electroweak gauge bosons and the elementary ferm
and must be regarded as a low-energy effective field the
For a description of the dynamics underlying the genera
of mass, we must turn to physics beyond the standard mo

Much recent theoretical work on the question of why t
top quark is so heavy has suggested that the cause cou
additional gauge interactions that single out the third gen
tion fermions. A number of interesting models along the
lines extend one~or more! of the standard model’s SU(N)
gauge groups into an SU(N)3SU(N) gauge structure
@1,2,3,4,5#. In general, fermions of the third generation tran
form under one SU(N) group and those of the first and se
ond generations transform under the other one. When
SU(N)3SU(N) spontaneously breaks to its diagonal su
group, the broken generators correspond to a set of mas
SU(N) gauge bosons that couple to fermions of differe
generations with different strengths.

Many of these models predict the presence of massiveZ8
bosons that couple preferentially to the third-generation
mions. Some theories include an extended SU~2!3SU~2!
structure for the weak interactions; generally, the first t
generations of fermions are charged under the weaker S~2!
and the third generation feels the other, stronger, SU~2!
gauge force. Examples include non-commuting exten
technicolor ~NCETC! models @2,6# and top-flavor models
@5,7#. For many of these models, precision data suggest
theZ8 must be relatively heavy, but in some non-commuti
extended technicolor models, a mass as low as 400 Ge
not precluded@2#. There are also theories in which aZ8
boson arises due to an extra U~1! group coupled preferen
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tially to the third-generation quarks~and possibly leptons!.
Examples are the top-color-assisted technicolor@3,8# and
flavor-universal top-color-assisted-technicolor@9,10# models.
In these models, depending on the charge assignments o
ordinary and technifermions, constraints from flavor chan
ing neutral currents~FCNC! and precision electroweak cor
rections can allow theZ8 boson to be as light as 290 Ge
@11#.

More generally, electroweak scaleZ8 bosons are also
present in string theories@12#, and string-inspired models
often yield non-universal couplings@13# for theZ8. A recent
analysis of electroweak precision data@14# actually gives a
strong indication of the presence of an extraZ8 boson with
the fits favoring non-universal couplings to the third famil

The literature already contains a number of suggesti
about how experiment can set stronger limits on theseZ8
bosons. Note that bounds onZ8 bosons which do not couple
preferentially to the third generation@15# are not directly
applicable. For example, in models with extended weak
teractions, the presence ofW8 bosons with mass below abou
1.5 TeV would cause an enhancement of single top qu
production large enough to be visible at the Fermilab Te
tron’s Run II experiments@6#; this would provide indirect
evidence of similarly lightZ8 bosons. The Run I Tevatron
experiments have searched for top-colorZ8 bosons inbb̄ and
t t̄ final states. In these processes, the backgrounds ar
QCD strength. As a result, no limit has been set from thebb̄

channel@16# and the recent limit in thet t̄ channel (MZ8
.650 GeV)@17# is for aZ8 that couples only to hadrons an
is quite narrow,GZ850.12MZ8 . These searches should ha
greater reach in Run II, due to the higher luminosity a
improved detectors. Flavor-changing neutral current effe
can also yield constraints onZ8 bosons with non-universa
couplings@18#.

This paper discusses two additional methods of search
for Z8 bosons that couple primarily to the third family fe
mions. We first show how existing CERN LEP and Tevatr
bounds on the scale of quark-lepton compositeness ca
adapted to provide lower bounds on the mass of theseZ8
bosons. We then analyze the possibility of searching at Te
tron Run II for Z8 bosons in the channelpp̄→Z8→tt
©2001 The American Physical Society06-1
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→em in order to exploit the strongZ8tt coupling and the
low backgrounds forem final states.

In Sec. II, we will review the properties of theZ8 boson
arising in models with an extended weak gauge group
display the existing limits from electroweak precision da
In Sec. III we extract limits on theseZ8 bosons from the LEP
and Tevatron compositeness bounds. Section IV focuse
the Run II search in leptonically decaying pair-produc
taus. We then in Sec. V show how our results are modi
for Z8 bosons in models with an extended hypercha
group, and we mention a few additional search chann
which may help improve the reach of Run II in Sec. VI. O
conclusions are presented in Sec. VII.

II. Z8 BOSONS FROM EXTENDED WEAK INTERACTIONS

A. General properties of SU„2… Z8 bosons

The models of interest to us include the usual complem
of quarks and leptons, along with standard strong and hy
charge interactions. The new physics lies in the weak in
actions, which are governed by a pair of SU~2! gauge groups

SU~2!h3SU~2!l . ~2.1!

The SU~2!h group governs the weak interactions for the th
generation~heavy! fermions; the left-handed fermions tran
form as doublets and the right-handed ones, as singlets u
this group. Similarly, the SU~2!l group couples to the firs
and second generation~light! fermions, whose charges und
SU~2!l are as in the standard model. The extended w
group @Eq. ~2.1!# is broken to its diagonal subgroup SU~2!L
at energy scaleu by a ~composite! scalar fields, charged
under SU~2!h3SU~2!l3U~1!Y as

s;~2,2!0 , ^s&5S u 0

0 uD . ~2.2!

The final step in electroweak symmetry breaking could
principle, proceed through a condensate charged un
SU~2!l or one charged under SU~2!h—or one of each@2,5#.
The first option allows theZ8 boson to be the lightest@2#,
making it the option of greatest phenomenological int
est. Hence, we assume that the symmetry break
SU~2!L3U~1!Y→U~1!em is due to a~composite! scalar

F;~1,2!1/2, ^F&S 0
v/& D . ~2.3!

The generator of the U~1!em group is the electric charg
operator

Q5T3h1T3l1Y, ~2.4!

and the corresponding photon eigenstate is

Am5sinu~cosfW3h
m 1sinfW3l

m !1cosuXm ~2.5!
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whereu is the usual weak mixing angle andf is an addi-
tional mixing angle occasioned by the presence of two w
gauge groups. We can therefore relate the gauge coup
and mixing angles as follows

gh5
e

cosf sinu
5

g

cosf

gl5
e

sinf sinu
5

g

sinf
~2.6!

gY5
e

cosu
.

For brevity we will writesf[sinf andcf[cosf.
In diagonalizing the mass matrix for the neutral gau

bosons, it is convenient to first transform to an intermedi
basis@19#,

Z1
m5cosu~cfW3h

m 1sfW3l
m !2sinuXm ~2.7!

Z2
m52sfW3h

m 1cfW3l
m , ~2.8!

where the covariant derivative neatly separates into stan
and non-standard contributions

Dm5]m2 i
g

cosu
Z1

m~T3h1T3l2sin2 uQ!

2 igZ2
mS 2

sf

cf
T3h1

cf

sf
T3l D . ~2.9!

In terms of these states, the neutral mass eigenstates~the Z0

andZ8 states! are given, to leading order in 1/x5v2/u2, by
the superpositions

S Z0

Z8 D'S 1 2
cf

3 sf

x cosu

cf
3 sf

x cosu
1

D S Z1

Z2
D . ~2.10!

Expanding the covariant derivative in Eq.~2.9! in terms
of the mass eigenstatesZ0 andZ8, we find that, to order 1/x,

Dm5]m2
ig

cosu
Zm

0 F S 12
cf

4

x DT3l

1S 11
cf

2 sf
2

x DT3h2sin2 uQG
2 igZm8 F S cf

sf
1

cf
3 sf

x cos2 u DT3l

1S 2
sf

cf
1

cf
3 sf

x cos2 u DT3h2sin2 uS cf
3 sf

x cos2 u DQG .
~2.11!
6-2
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For largesf the Z0 boson can maintain a nearly standa
model coupling to all fermion species, while theZ8 boson
has a greatly enhanced coupling to the third generation
mions. Moreover, we will see that the 1/x corrections are
small in the phenomenologically interesting region of para
eter space, so that theZ8 boson essentially couples only t
left-handed fermions.

To leading order, the mass of theZ8 boson in the region
wheresf exceedscf is

MZ8
2

5S ev
2 sinu D 2 x

sf
2 cf

2 5MWSM,tree

2 x

sf
2 cf

2 . ~2.12!

and, to this order, the mass of theW8 boson is the same. Th
masses of theZ0 andW6 bosons are shifted from their tree
level standard model values by identical multiplicative fa
tors, so that there is no change in the predicted value of tr
parameter at order 1/x @2#.

The width of theZ8, to leading~here, zeroth! order in 1/x
and in the region wheresf.cf , is1

GZ8
a2MZ8

5
2

3 S cf

sf
D 2

1F 5

24
1

1

8 S 12
2mt

2

MZ8
2 D

3S 12
4mt

2

MZ8
2 D 1/2

Q~MZ822mt!G S sf

cf
D 2

,

~2.14!

where we have included the effects of thet-quark mass,
while taking the other fermion masses to be zero. The s
function ensures that we only include the top contribut
when theZ8 mass is above the top threshold. To this ord
theZ8 boson couples neither to right-handed fermions no
Z0Z0 nor to W1W2. Effects from the composite scalars a
not substantial. Figure 1 shows theZ8 width for Z8 masses
between 350 GeV and 750 GeV as a function of the mix
anglesf . The width of theZ8 falls to a minimum at approxi-
matelysf50.8. The width then grows rapidly assf becomes
larger.

B. Light SU„2… Z8 in models of dynamical symmetry breaking

A gauge structure of this kind has been proposed wit
the context of models of dynamical electroweak symme
breaking@2,7# and models in which the vacuum expectati
value of a weakly coupled scalar boson breaks the e

1A fermionic species,f, contributes to the width of this gaug
boson as

Gf,Z85Cf

~MZ8
2

24mf
2!1/2

48p F~gf,R1gf,L!2S11
2mf

2

MZ8
2 D

1~gf,R2gf,L!2S12
4mf

2

MZ8
2 DG. ~2.13!

whereCf is a color factor~1 for leptons, 3 for quarks!, mf is the
fermion mass, andgf ,R ,gf ,L are the right and left handed coupling
of the fermion.
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troweak symmetry@5#. A class of models in which the pre
cision electroweak data allow theZ8 and W8 bosons to be
particularly light is composed of the non-commuting e
tended technicolor models@2#. The electroweak symmetry
breaking pattern of non-commuting extended technicolo
characterized by a three-stage breakdown from the unbro
high energy theory to the low energy electromagnetic ga
structure:

GETC3SU~2!l3U~1!8

→
f

GTC3SU~2!h3SU~2!l3U~1!Y

→
u

GTC3SU~2!L3U~1!Y

→
v

GTC3U~1!em. ~2.15!

At the scalef, the extended technicolor gauge groupGETC
breaks to the technicolor gauge group and the SU~2!h
~heavy! group. The two SU~2! groups mix and break to thei
diagonal subgroup at the scaleu. The final breaking of the
remaining electroweak symmetry is accomplished at scalev.
If the condensatêF& responsible for electroweak symmet
breaking at scalev is charged under SU~2!l @rather than
SU~2!h#, the resulting masses of theZ8 andW8 bosons can
be as low as 400 GeV, as illustrated in Fig. 2. New gau
bosons with such small masses are of great phenomeno
cal interest, as they are within the kinematic reach of Te
tron Run II experiments and their indirect effects may
apparent at LEP 2. In other models with the extend
SU~2!h3SU~2!l gauge structure, existing lower limits on th
gauge boson masses tend to be of order 1–1.5 TeV@5#.

Note that in the context of non-commuting extended te
nicolor models, the couplinggh is essentially the value of the
technicolor coupling at scalef. We therefore expectgh to be

FIG. 1. Z8 widths for five differentZ8 masses~from below, 350
GeV, 450 GeV, 550 GeV, 650 GeV, and 750 GeV! as a function of
the mixing anglesf . Note that assf increases, the width of theZ8
falls to a minimum in the neighborhood ofsf50.8, due to the
decreasing couplings to the first and second generation fermi
The width then rises rapidly assf grows large, due to the rapid
growth in the third generation couplings.
6-3
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LYNCH, MRENNA, NARAIN, AND SIMMONS PHYSICAL REVIEW D 63 035006
large compared to the weak couplingg, so that the value of
cf

2 @from Eq. ~2.6!# should be relatively small. However,

cf
2 is too small,gh will be above the critical value at which

the chiral symmetries of the technifermions break. Thus
discussed in@2#, we must restrictsf

2 to be smaller than abou
0.95, hencesf&0.975~vertical dashed line in Fig. 2!.

III. LIMITS ON AN SU „2… Z8
FROM COMPOSITENESS SEARCHES

For experiments done at energies below the mass of aZ8
boson, one can approximate the contribution of theZ8 to
fermion-fermion scattering as a contact interaction wh
scale is set by the mass of theZ8 boson. Thus, published
experimental limits on compositeness can set a lower bo
on MZ8 .

A. LEP data

The LEP experiments ALEPH@20# and OPAL@21# have
recently published limits on contact interactions. Followi
the notation of@22#, they write the effective Lagrangian fo
the four-fermion contact interaction in the processe1e2

→ f f̄ as

Lcontact5
g2

L2~11d! (
i , j 5L,R

h i j ~ ēigmei !~ f̄ jg
m f j ! ~3.1!

whered51 if f is an electron andd50 otherwise. The val-
ues of the coefficientsh i j set the chirality structure of the

FIG. 2. Limits at the 95% confidence level on the mass of
W8 and Z8 bosons~which are equal to leading order in 1/x!, as a
function of the parametersf from various sources. Regions of th
parameter space lying below a given line are excluded by the
responding search. The curve from upper left to lower right is ba
on precision electroweak data@2#. The horizontal lines are the cur
rent limits from the compositeness analyses at LEP; assf ap-
proaches 1, our approximations may break down due to the r
increase in theZ8 width. The bottom curve is the current limit from
the compositeness analyses at Fermilab~first generation fermions a
DØ, Sec. III B!; the contact approximation breaks down for lig
Z8. The region to the right of the vertical dashed line is excluded
avoid SU~2!h couplings strong enough to break the chiral symm
tries of the technifermions.
03500
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interaction being studied; OPAL and ALEPH study a nu
ber of cases where one of theh i j is equal to61 and the
others are zero. Following the convention@22# of taking
g2/4p51, they determine a lower bound on the scaleL as-
sociated with each type of new physics. Of particular inter
to us are their limits on contact interactions where the fin
state fermionsf belong to the third generation:e1e2→bb̄
ande1e2→t1t2. Among the limits published by ALEPH
@20# and OPAL@21#, those of interest to us are

L~ f 5t,hLL511!.H 3.9 TeV ALEPH

3.8 TeV OPAL
~3.2!

L~ f 5b,hLL511!.H 5.6 TeV ALEPH

4.0 TeV OPAL.
~3.3!

At energies well below the mass of theZ8 boson, its
exchange in the processe1e2→ f f̄ wheref is at lepton orb
quark may be approximated by the contact interaction

LNC.2
e2

sin2 uMZ8
2 S 2

cf

2sf
~ ēLgmeL! D S sf

2cf
~ f̄ Lgm f L! D ,

~3.4!

based on theZ8-fermion couplings in Eq.~2.11!. Comparing
this with the contact interactions studied by LEP, we find

MZ85LA aem

4 sin2 u
. ~3.5!

The limits fromt-pair production are, then,

MZ8.H 365 GeV ALEPH

355 GeV OPAL
~3.6!

and those frombb̄ production are

MZ8.H 523 GeV ALEPH

375 GeV OPAL.
~3.7!

As Fig. 2 illustrates, the limits are comparable to the pre
ous lower bound onMZ8 from precision electroweak data i
the case wheresf is large; for smallsf the earlier limits
remain stronger. As additional data from the other expe
ments or higher energies become available, the lower bo
on MZ8 can be updated by using the new lower bound onL
in Eq. ~3.5!.

B. Fermilab data

The Collider Detector at Fermilab~CDF! and DØ Col-
laborations have each searched for the low energy effect
quark-lepton contact interactions on dilepton production
110 pb21 of data taken atAs51.8 TeV @23#. Since this pro-
cess is dominated by first and second generation fermi
the limits on ourZ8 bosons tend to be weaker than tho
derived from LEP data.

In their analysis, the CDF Collaboration described the
fective four-fermion interactions of the first generation fe

e
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d

id
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-
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mions due to new physics by an effective Lagrangian incl
ing the terms

LEQ.jLL
0 ~ĒLgmEL!~Q̄LgmQL!1jLL

1 ~ĒLgmtaEL!

3~Q̄LgmtaQL!1jLR
u ~ĒLgmEL!~ ūRgmuR!

1jLR
d ~ĒLgmEL!~ d̄RgmdR!1jRL

e ~ ēRgmeR!

3~Q̄LgmQL!1jRR
u ~ ēRgmeR!~ ūRgmuR!

1jRR
d ~ ēRgmeR!~ d̄RgmdR!, ~3.8!

whereQL[(u,d)L , EL[(ne ,e)L , and the subscriptsL and
R denote the left and right helicity projections. The coef
cients j i j are related to the scale of new physics,L i j , as
j i j 5g0

2/L i j , whereg0
2 is an effective coupling which grow

strong at the compositeness scale:g0
2(L)/4p51. The analy-

sis searched for deviations in the dilepton spectrum from
standard model prediction; the absence of such deviat
enabled them to set a lower bound on the scale of the
interactions.

The CDF analysis included fermions beyond the first g
eration by assuming a kind of universality: electrons a
muons have identical contact interactions, all up-type qua
behave alike, and all down-type quarks behave alike. T
derived separate limits on contact interactions involving d
ferent combinations of fermions; for example, assuming t
the only contact interaction was one between left-han
muons~electrons! and up-type quarks, they found, at 95
confidence,

L~mL ;uL ,cL ,tL!.4.1 TeV ~3.9!

L~eL ;uL ,cL ,tL!.3.7 TeV. ~3.10!

The presence of a massiveZ8 boson in our model gives
rise to four-fermion contact interactions that include t
terms

LNC.2
e2

sin2 uMZ8
2 S cf

2sf
D 2

~ ēLgmeL1m̄LgmmL!

3~ ūLgmuL1d̄LgmdL1 c̄LgmcL1 s̄LgmsL!.

~3.11!

In other words, the contact interactions among left-han
fermions in the first two generations all have the same co
ficient. The interaction strength for third-generation fermio
is different, as seen from Eq.~2.11!. Thus, the CDF analysis
applies to ourZ8 boson only to the extent that initial-sta
third-generation quarks do not contribute to dilepton prod
tion. Since the top quark’s parton distribution function
approximately zero, we can reasonably apply the CDF lim
for lepton and up-type-quark contact interactions to o
model.

Comparing the interactions~3.8! and ~3.11!, we find the
relationship betweenMZ8 andL is
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MZ85LS cf

sf
DA aem

4 sin2 u
. ~3.12!

The CDF bounds in Eq.~3.10! imply

MZ8.H S cf

sf
D3380 GeV from dimuons

S cf

sf
D3345 GeV from dielectrons.

~3.13!

These limits are comparable to those from the LEP data
sf'cf , but become significantly weaker at largesf .

The DØ Collaboration has performed a similar analy
for high energy dielectron production@24#, but assuming
only first-generation fermions participate in the contact int
actions@i.e. the terms explicitly written in Eq.~3.8!#. Since
they include only first-generation fermions, their limit

L~eL ;uL ,dL!.4.2 TeV ~3.14!

applies directly to ourZ8 boson, yielding the constraint

MZ8.S cf

sf
D3390 GeV ~3.15!

which is comparable to the result obtained by CDF.
The TeV 2000 Group Report@25# projects that the limits

on the scale of quark-lepton compositeness will be increa
to L>6 – 7 TeV. This would raise the corresponding limi
on the mass of these SU~2! Z8 bosons to MZ8>(cf /
sf)3550– 650 GeV.

IV. DIRECT SEARCHES FOR AN SU „2… Z8
IN pp̄\Z8\t¿tÀ

In studying direct production of aZ8 boson from an ex-
tended electroweak gauge structure, we must be awar
several competing issues. The couplings of third genera
fermions to the extended gauge sector are enhanced rel
to their standard model values, while those of the first a
second generation particles are reduced. Since the cu
lower bounds on theZ8 mass are on the order of 400 GeV
the only machine presently available to perform a dir
search is the Fermilab Tevatron. Thus, we are led to sea
ing for a clean signal in third generation final states in
hadronic environment. Given the high mass of the top qua
the large QCD backgrounds for bottom production and
difficulty of seeing thet-neutrino final state in photon plu
missing energy or monojet events, the most promising ch
nel is

pp̄→Z8→t1t21X. ~4.1!

Eacht decays to a final state including either hadrons
one charged lepton and neutrinos. Our analysis concentr
on fully leptonic decays; we discuss possibilities with ha
ronic final states in Sec. VI. The three fully leptonic fin
states are characterized by opposite sign leptons with r
tively large missing energy
6-5
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FIG. 3. LEGO plot of the distribution of events in thepT
e-pT

m plane. The vertical axis displays the cross section~events/fb21!, the left
horizontal axis the muon transverse momentum~pT

m in GeV!, and the right horizontal axis the electron transverse momentum~pT
e in GeV!.

Both horizontal axes run from 0 GeV up to 140 GeV. The upper left plot is for theZ8 signal process, upper center theZ0 background, upper
right theW-pair background, lower left the top background, and lower right the bottom background. Notice the symmetry in the radpT

L)
direction. A cut onpT

L will eliminate the majority of theZ0 and bottom backgrounds and a substantial part of theW-pair background. The
Z8 plot is for MZ85450 GeV andsf50.80.
of

e

an
e
ia

s a

ra

o

se
s

ith

ed

vent
site
f 15

later

not
to
vi-
will
t1t2→H m1m21neutrinos
e1e21neutrinos
e1m2 ~or e2m1!1neutrinos.

~4.2!

Dimuon and dielectron final states are also characteristic
number of standard model processes~e.g., Drell-Yan!, mak-
ing it difficult to separate ourZ8 signal from the back-
grounds. Thus, we focus on the last channel above, nam
oppositely charged, high-pT electron-muon pairs.

We have employedPYTHIA version 6.127@26# with our
own simple model of the DØ detector to generate events
used our own code to analyze the generated data. Our id
ized version of the Run II DØ detector defines the fiduc
volume and smears event tracks. The central calorimeter
taken to have a pseudorapidity coverage,h, of uhu<1.1,
while the end-cap calorimeters are taken to have a cove
of 1.5<uhu<4.0 for jets and 1.5<uhu<2.5 for leptons. The
dilepton events may initially be selected by a single
double lepton trigger. Our analysis assumes a trigger tim
off-line selection efficiency of 95%, per lepton. We choo
to trigger on the transverse momentum of the leptons, and
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the triggering threshold for each lepton at 15 GeV.2 Jet re-
construction efficiency is taken to be 100% for jets w
transverse momenta in excess of 8 GeV.3 We identify a jet as
a cluster of hadronic energy in excess of 8 GeV contain
within a cone of base radiusR5Ah21f2,1. Our jet recon-
struction code is based on thePYTHIA cluster finding algo-
rithm. Based on these assumptions, we chose as an e
trigger the presence of an electron and a muon of oppo
electric charge both with transverse momenta in excess o
GeV, with tracks lying within the fiducial volume of the
detector.

2We have also considered a combination of this hardpT trigger
for one of the leptons and a softerpT trigger for the other. While
doing so does increase the number events to analyze, our
analysis cuts end up eliminating these extra events.

3We do not consider basing event triggers on jets, and so do
consider the jet triggering efficiency, which would be expected
be much lower than the efficiency for reconstruction given a pre
ous trigger. This is, however, an issue of some interest, and we
return to it below, in Sec. VI.
6-6
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FINDING Z8 BOSONS COUPLED PREFERENTIALLY TO . . . PHYSICAL REVIEW D 63 035006
We generated several sets of signal events correspon
to differentZ8 boson masses and different values of the m
ing anglef in the region least constrained by precision ele
troweak data~large sf : see Fig. 2!. We also generatedem
events from the four significant sources of standard mo
backgrounds

pp̄→Z0/g* →t1t2→em1neutrinos ~4.3!

pp̄→W1W2→em1neutrinos ~4.4!

pp̄→t t̄→W1W2bb̄→embb̄1neutrinos ~4.5!

pp̄→bb̄→emqq̄1neutrinos, ~4.6!

which we will call the Z0, W-pair, top, and bottom back
grounds, respectively. The superficially similar backgroun
from charm production were eliminated by the event sel
tion cuts we discuss below. When generating prompt
leptons from the signal and background processes inPYTHIA,
we have ignored polarization correlations between the
pairs. This is a reasonable approximation for our study, si
the correlations are diluted when considering only the l
tonic decays of the tau. A correct accounting of the corre
tions will most likely improve the separation of signal an
background.

FIG. 4. Signal-to-background ratios as a function of thepT
L cut.

The five curves correspond, from bottom to top, to applying s
cessive analysis cuts. The lowest~dotted! curve shows the data
following acceptance and trigger cuts only. The second curv
obtained after applying thepT

L cut specified on thex axis. The third
curve is obtained after applying the jet multiplicity cut,njets,2, to
the events surviving thepT

L cut. The fourth curve is obtained afte
applying the topological cut on theem opening angle, cosuem,

20.5, to the events surviving thepT
L and jet multiplicity cuts. The

topmost curve results from applying the cut on the opening an
between the low energy lepton and the missing transverse ener
the event, cosulE”T

.0.9, to the events surviving thepT
L, jet multi-

plicity, andem opening angle cuts. The choice ofPT
cut was made by

maximizing the signal-to-background ratio while maintaining su
cient signal count for a large range ofZ8 masses. We chosePT

cut

560 GeV, which is indicated on the plot by the dashed verti
line. This plot is forMZ85450 GeV andsf50.80.
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For each signal and background process, we generat
minimum of 33104 events matching theem final state at
As52 TeV. For each event we verified the presence of
opposite chargeem pair, and then reconstructed the jets
the event. To the four-momenta of these leptons and jets
applied smearing functions appropriate to the detector.4 We
accepted events in which the smeared tracks of both the e
tron and the muon lay in the fiducial volume of our idealiz
Run II DØ detector. Smeared jets falling outside the detec
were dropped from the events. We eliminated events
which both smeared leptons no longer passed the trig
cuts. Finally, the four momenta of both leptons and the s
viving jets in the remaining events were stored for later ‘‘o
line’’ analysis.

Properly normalizedpT distributions of background and
signal events following the trigger stage are shown in Fig
Examination of the smeared trigger distributions in this fi
ure suggests off-line analysis cuts that will eliminate the m
jority of the pure electroweak andb backgrounds, while pre-
serving sufficient signal to permit analysis. ThesepT
distributions are symmetric in the ‘‘radial’’ direction in th
pT

e-pT
m plane, wherepT

e (pT
m) is the transverse momentum o

the electron~muon!. For our primary analysis cut, we defin
the leptonic transverse momentum,pT

L , of the event,

pT
L5ApT

e21pT
m2, ~4.7!

where we requirepT
L to exceed some threshold,PT

cut. Our
choice ofPT

cut was dictated by the requirements of enhanc
the signal-to-background ratio while maintaining a suf
ciently high absolute signal event rate, and was chose
conjunction with the other cuts to be described below. W
display typical signal-to-background rates before and a
the pT

L cut in Fig. 4. Based on the calculated signal-t
background ratio and the absolute signal rates, we placed
pT

L cut at

pT
L>60 GeV. ~4.8!

This value for PT
cut should effectively reduce theW1W2

background, since some of the leptons fromW-pair decay
exhibit a characteristic Jacobian peak nearMW/2.

To further improve signal purity, we consider the pre
ence of hadronic jet activity. For our signal events, we wo
expect to see no hadronic jet activity originating at the p
tonic event level. Similarly, we expect no jet activity for th
Z0 andW-pair backgrounds. However, we always expect
tivity associated with the top and bottom backgrounds.
particular, we expect twob jets associated with the top quar

4We have used the following algorithms for track smearing
our Run II detector: for electrons, we performed a Gaussian sm
ing based on the electron energy, withDE/E515%/AE; for
muons, we performed a Gaussian smearing based on the t
verse momentum, with standard deviation given bysp

T
m

51.531023pT
m2, where the transverse momentum is measured

GeV; finally, for jets we performed a Gaussian smearing based
the transverse jet energy, with standard deviation quadratic in
transverse energy withh dependent coefficients.
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FIG. 5. Jet multiplicity for the signal and for each major standard model background process following thepT
L cut. The upper left plot is

for theZ8 signal process, upper center theZ0 background, upper right theW-pair background, lower left the top background, and lower rig
the bottom background. As discussed in the text, all jets of energy exceeding 8 GeV are included. Each bin is plotted by the fr
events it contains; the final bin contains all events with 5 or more jets. Note the qualitative difference between the top and
distributions and the other three distributions, which suggests that events with more than one jet be eliminated~these are shaded in gray!. The
Z8 plot is for MZ85450 GeV andsf50.80.
ill
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ac-
decays toW-b, and twoc jets associated with the bottom
quark decays. Naively, then, a cut on jet multiplicity w
preferentially remove the top and bottom backgrounds.
have analyzed the expected jet distributions of events sur
03500
e
v-

ing thepT
L cut, as measured in our simulation for each type

event considered. This includes the extra jet activity gen
ated by parton showering. We display these distributions
Fig. 5; again, by jets we mean here clusters of hadronic
ing angle,

ing
FIG. 6. Distribution of opening angles between the electron and muon tracks. We have plotted here the cosines of the open
cosuem , split into two backward~negative cosine!, and two forward~positive cosine! bins, following both thepT

L and jet multiplicity cuts.
The upper left plot is theZ8 signal process, upper center theZ0 background, upper right theW-pair background, lower left the top
background, and lower right the bottom background. Note that the vast majority, 80%, ofem pairs fromZ8 signal events are in the ‘‘strongly
backward’’ bin~with cosu,20.5!, while approximately 40% ofem pairs for all types of background events~except bottom, 60%! are in the
‘‘strongly backward’’ bin. A cut requiring the event to lie in the ‘‘strongly backward’’ bin will eliminate a large group of remain
background events~this group is shaded gray in each figure!. TheZ8 plot is for MZ85450 GeV andsf50.80.
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FINDING Z8 BOSONS COUPLED PREFERENTIALLY TO . . . PHYSICAL REVIEW D 63 035006
tivity with energy in excess of 8 GeV.
Note that by rejecting events with jet multiplicity great

than 1, we can remove a large majority of the top and bott
backgrounds while minimally impacting the strength of t
signal. Comparing the signal-to-background ratio for o
model before and after a jet multiplicity cut, we find a si
nificant increase in signal purity, Fig. 4.5

Next, we apply a topological cut based on the open
angle between the electron and muon, which we will la
uem . Given the large mass of theZ8, we expect it to be
produced nearly at rest in the detector, and expect the
pair to be produced back-to-back and highly boosted.
cause of this boost, the electron and muon should be tra
ing nearly collinearly with their respective parent taus, ma
ing them approximately back to back with one another in

5In our simulations we do not account for effects due to pile
and multiple interactions on jet reconstruction. We expect that th
issues will have a minor impact on the final efficiency and
signal-to-background ratio.

FIG. 7. Distribution of cosulE”T
, the opening angle between th

lowest energy lepton track and the missing energy direction.
have plotted here the fraction of events with given cosine of
opening angle, split into twenty equal bins, following thepT

L , jet
multiplicity, anduem cuts. The upper left plot is theZ8 signal pro-
cess, upper right theZ0 background, lower left theW-pair back-
ground, and lower right the top background. The bottom ba
ground is also reduced by this cut~see Table I!, but the bottom
background Monte Carlo sample did not have enough events
maining to produce a smooth distribution at the 20 bin granular
and so is not plotted here. As discussed in the text, we find
expected qualitative difference between the signal events and
now dominantW-pair background. A cut at small opening ang
will preferentially eliminate theW-pair background, and so w
choose to require cosulE”T

.0.90. The Z8 plot is for MZ8
5450 GeV andsf50.80.
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signal events. The background events would not be expe
to have an opening angle distribution that is so highly pea
back to back. This is borne out by the Monte Carlo simu
tions. In Fig. 6, we display the distribution of opening angl
for events which have already passed thepT

L and jet multi-
plicity cuts. We choose to eliminate those events w
cosuem.20.5, that is, those where the electron and muon
not strongly back to back. Note that the vast majority of t
signal events pass the topological cut, while the backgro
events are more likely to fail it. We have displayed the im
pact of this topological cut on the signal-to-background
tios for variouspT

L cuts in Fig. 4.
At this point, the remaining background is almost pure

W pair. We apply a final topological cut that eliminates mu
of the remainingW-pair background, based on the openi
angle between the lowestpT lepton and the transverse mis
ing energy in the event, which we labelu lE” T

. In order for the
event to conserve momentum overall, we would expect
missing transverse energy vector to point along the direc
of the softer decay lepton in theZ0 and signal events. Hence
we expect this opening angle to be peaked nearu lE” T

50 for
the signal events, while for the other backgrounds, we wo
not expect this. Based on the opening angle distributi
shown in Fig. 7, we eliminate events where cosulE”T

,0.9,
which is particularly effective at eliminating theW-pair
background, and particularly ineffective at eliminating sign
events.

To summarize the effectiveness of our cuts, we presen
Table I the fraction of each type of event which surviv
each cut, along with the expected number of events that
vive; overall, roughly 40% of the signal events will surviv
all four cuts, while substantially less than 1% of all bac
ground events will similarly survive.

After performing these cuts on our data, we determin
normalized signal and background cross sections from
Monte Carlo data, from which we can obtain luminosi
bounds for 90% and 95% exclusion, as well as three and
standard deviation discovery bounds. We will explore fi
the exclusion reach of the Tevatron, followed by the disco
ery reach.

Exclusion bounds are obtained by calculating the follo
ing Poisson test statistic@27#

r ~sS ,sB ,L!512
( i 50

N ~S1B! ie2~S1B!/ i !

( i 50
N Bie2B/ i !

~4.9!

wheresB is the calculated background cross section,sS is
the calculated signal cross section,L is the integrated lumi-
nosity, B5sBL is the expected number of backgroun
events,S5sSL the expected number of signal events, andN
is the largest integer smaller than the upper limit on the
pected number of background events, that is,N5 bsBLc
5 bBc. For each value ofMZ8 andsf , taking the calculated
signal and background cross sections, we varied the i
grated luminosity and determined the statisticr. The mini-
mum integrated luminosity required to exclude the mode
a given confidence level,C, is the luminosity wherer 5C.
The algorithm determines the ratio of the total probability
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TABLE I. Efficiency of the four event selection cuts. Displayed here are the number of events per in
femtobarn of luminosity of each type that pass each cut, along with the cumulative efficiency,h, with which
the given cuts retain events. The choice of where to place each of the three cuts is made to maxim
efficiency with which the signal is retained, while simultaneously maximizing the efficiency with which
backgrounds are eliminated and maximizing the overall number of signal events that survive. O
roughly 40–50% of the signal events will survive, while less than 1% of the total background will surviv
the pT

L , jet, and opening angle cuts discussed in the text.

Event type

Cuts

No Cuts pT
L njet cosuem cosulE”T

h s ~fb! h s ~fb! h s ~fb! h s ~fb! h s ~fb!

SU~2! Z8 signal,MZ85450 GeV

sf50.80 1.00 35.2 0.80 28.0 0.67 23.7 0.58 20.3 0.50 17.

U~1! Z8 signal,MZ85350 GeV

cf50.80 1.00 35.7 0.73 26.0 0.62 22.3 0.48 17.2 0.41 14.

Backgrounds

Z0 1.00 884.3 ,0.01 6.7 ,0.01 4.7 ,0.01 2.0 ,0.01 1.3
Top 1.00 92.7 0.65 60.0 0.11 10.6 0.04 3.9 ,0.01 0.6

Bottom 1.00 6660.0 0.01 78.0 ,0.01 2.8 ,0.01 1.7 ,0.01 0.8
W1W2 1.00 113.4 0.40 45.6 0.34 39.1 0.16 18.4 0.02 2.7

All 1.00 7750.4 0.02 190.3 ,0.01 57.2 ,0.01 26.0 ,0.01 5.4
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N or fewer events occurring in an experiment, for the mo
of new physics, compared to the probability for standa
model physics. At a given confidence level,C, the area of
overlap between the two probability distributions will b
given by 12C.

We plot the exclusion limits in Fig. 8 for a number ofZ8
masses and a range of mixing parameters,sf . For aZ8 bo-
son of given mass, the luminosity required for exclusion
lowest when the mixing angle is nearsf50.80, with an ap-
proximately quadratic increase on either side of the m

FIG. 8. Luminosity required to exclude SU~2! Z8 bosons of
various masses and mixing angles in the extended electroweak
nario of Sec. II. We display four pairs of curves, each with a low
dashed curve, the 90% exclusion bound, and an upper solid c
the 95% exclusion bound. From bottom to top, the curves co
spond toZ8 masses of 600 GeV, 650 GeV, 700 GeV, and 750 G
The horizontal lines indicate luminosity targets for Run II, for re
erence: 2 fb21, 10 fb21, and 30 fb21.
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mum. The shape of the exclusion curve reflects the dep
dence of theZ8 width on sf ~cf. Fig. 1!: narrowZ8 bosons
are easier to detect. With a few inverse femtobarns of in
grated luminosity, theZ8→tt→em channel will begin to
explore portions of the model parameter space that are
excluded by the precision electroweak data.

Discovery limits are obtained by applying the followin
algorithm. For a given integrated luminosity,L, we expect to
observe B5sBL background events andS5sSL signal

FIG. 9. Luminosity required to discover SU~2! Z8 bosons of
various masses and mixing angles in the extended electroweak
nario of Sec. II. We display two types of curves. Dashed curves
3s discovery curves for a fixed mass, while solid curves ares
discovery curves. From bottom to top, 3s curves are displayed fo
Z8 masses of 550 GeV, 600 GeV, 650 GeV, and 700 GeV. Fr
bottom to top, 5s curves are displayed forZ8 masses of 550 GeV
600 GeV, and 650 GeV. The horizontal lines indicate luminos
targets for Run II, for reference: 2 fb21, 10 fb21, and 30 fb21.
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FINDING Z8 BOSONS COUPLED PREFERENTIALLY TO . . . PHYSICAL REVIEW D 63 035006
events, for a total ofS1B expected events. We calculate th
Poisson probability,P(m,x), that an expected background
m5B events could fluctuate to give us a false signal ox
5S1B events total, that isP(B,S1B). If the probability of
such a fluctuation is smaller than a given confidence le
we are justified in declaring discovery of a new phenomen
at that level. We choose to determine the luminosity,L, for a
three Gaussian standard deviation discovery~which we de-
note as 3s!, whereP(B,S1B)3s<1.3531023, and for 5s,
where P(B,S1B)<2.731027. We plot discovery bounds
for a number ofZ8 masses and a range of mixing paramet
sf , in Fig. 9. As expected from the previously determin
exclusion bounds, for aZ8 boson of a given mass, the lum
nosity for discovery is lowest when the mixing angle is ne
sf50.80. As with exclusion, only a few inverse femtobar
of integrated luminosity will be required to discover aZ8
boson with mass just above the current exclusion bound

By studying theem invariant mass distribution (Mem
5upm1peu) it may be possible to detect the presence of aZ8

FIG. 10. Electron-muon invariant mass (Mem5upe1pmu) distri-
bution for signal plus background events surviving all cuts. F
comparison, the distribution for all background events is shad
The presence of a heavyZ8 boson clearly alters the distribution o
events, toward higher invariant mass. Variation of the mixing an
for a fixed massZ8 impacts the event rate of the distributions, b
roughly speaking, not the shape or location of the peak. The di
butions displayed here are forMZ85450 GeV andsf50.60, and for
MZ85450 GeV andsf50.80.
03500
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boson and to determine its mass. As shown in Fig. 10,
invariant mass distribution of the background events wh
pass all of our cuts peak at around 100 GeV. The centroid
the distribution of signal events is shifted toward higher
variant mass, with the amount of the shift depending on
value ofMZ8 , but almost independent ofsf , Fig. 11. How-
ever, as the background rate is independent of the mix
angle while the signal rate is not, the centroid of the ba
ground plus signal distribution is not sufficient on its own
determine the mass. With a sufficiently high data rate, av
able at the LHC for example, it may be possible to choo
more aggressive cuts that would lessen the dependence o
centroid on the background; it may alternatively be possi
to perform a background subtraction on the invariant m
distribution, although this approach is more difficult to pe
form with confidence. With enough data, then, it should
possible to determineMZ8 from the measured invariant mas
distributionMem .

Determining the value ofsf will be more challenging. As
indicated by the shape of the exclusion curves in Fig. 8,
relationship between event rate andsf is double valued: a
given event rate corresponds to two values ofsf , one above
and one belowsf50.80 ~approximately!. Finding evidence
of Z8→e1e2,m1m2 may allow one to differentiate betwee
the two possible values ofsf due to the different forms of
the couplings: the first or second generation lepton coupli
vary ascf /sf , while the third generation couplings vary a
sf /cf .

V. Z8 BOSONS FROM EXTENDED
HYPERCHARGE INTERACTIONS

Models with an extended hypercharge gauge group
also produce heavyZ8 bosons that couple more strongly
the third generation than to the lighter generatio
@3,8,28,10#. In these theories, the electroweak gauge grou

SU~2!W3U~1!h3U~1! l ~5.1!

r
d.

e

ri-
al
do not,

combined
ugh clearly

kground
m is the

nd
FIG. 11. We plot the centroids of theem invariant mass distributions,Mem . The plot on the left displays the centroids of the sign
distributions as a function of mass and mixing angle. Note that the centroids are nearly independent of the mixing angle. We
however, measure the signal in isolation, but in the presence of backgrounds. The plot on the right displays the centroids of the
signal and background distributions. Here, the separation of the model parameters based on the data is less straightforward, altho
differentiated from the background distribution alone. The solid curves, from bottom to top in the left plot, correspond toZ8 masses of 450
GeV, 550 GeV, 650 GeV, and 750 GeV; the dotted line at the bottom is the centroid of the background by itself. The signal plus bac
distributions in the right plot all essentially overlap, but are separated from the background distribution. The dotted line at the botto
centroid of the background by itself. The solid curves, from bottom to top, correspond toZ8 masses of 750 GeV, 450 GeV, 650 GeV, a
550 GeV.
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LYNCH, MRENNA, NARAIN, AND SIMMONS PHYSICAL REVIEW D 63 035006
where third-generation fermions couple to U(1)h with stan-
dard hypercharge values and the other fermions carry s
dard hypercharges under U(1)l . At a scale above the wea
scale, the two hypercharge groups break to their diago
subgroup, identified as U(1)Y . As a result, aZ8 boson that is
a linear combination of the original two hypercharge boso
becomes massive. This heavyZ8 boson couples to fermion
as

2 i
e

cosu S sx

cx
Yl2

cx

sx
YhD ~5.2!

wherex is the mixing angle between the two original hype
charge sectors

cotx5S gh

gl
D 2

. ~5.3!

Comparing Eq.~5.2! with the covariant derivative for theZ8
boson from an extended weak group, Eq.~2.11!, we find
three key differences. Two are physically relevant: the ov
all coupling is of hypercharge rather than weak strength,
theZ8 couples to both left-handed and right-handed fermio
at leading order. One is a matter of convention: mixing an
x is equivalent top/22f.

At energies well below the mass of theZ8 boson, its
exchange in the processe1e2→ f f̄ wheref is at lepton orb
quark may be approximated by the contact interaction

LNC.
e2

cos2 uMZ8
2 S sx

cx
@ ēgmYle# D S cx

sx
@ f̄ gmYhf # D .

~5.4!

Comparing this with the contact interactions studied
LEP ~see Sec. III A!, we find that the LEP data set the
strongest limit through the processeR

1eR
2→tR

1tR
2 @20,21#,

L~ f 5t,hRR511!.H 3.7 TeV ALEPH

3.7 TeV OPAL,
~5.5!

which gives a limit on theZ8 mass of

MZ85LA aem

cos2 u
.370 GeV. ~5.6!

This is stronger than the previous limits from precision el
troweak data@11#.

We have also used the techniques described in Sec. I
analyze the processpp̄→Z8→tt→em for a U(1)Z8 boson.
Because of the similar form of couplings of theZ8 bosons to
fermions, we obtain results for exclusion and discove
bounds that can be expected from the Tevatron that dep
on mixing angle in a similar fashion. We display exclusi
bounds in Fig. 12 and discovery bounds in Fig. 13. T
luminosity required to exclude or discover a U(1)Z8 boson
is a bit greater than for an SU(2)Z8 boson of the same mas
This difference reflects the fact that the U~1! boson’s cou-
pling to fermions is of hypercharge rather than we
strength.
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VI. FUTURE SEARCHES

Detecting even relatively lightZ8 bosons that couple pref
erentially to third-generation fermions is clearly a challen
for Tevatron and LEP experiments. Even in thepp̄→Z8
→tt→em process where the signal-to-background ratio c
be made quite large, the absolute number of signal even
kept low by the size of theZ8 boson’s coupling to the light
fermions from which it is produced. In the long term, th
CERN Large Hadron Collider’s higher center-of-mass e
ergy will allow its experiments to search for theseZ8 bosons
without being hampered by low signal event rates. In
meantime, we suggest that a few additional search chan
may prove useful.

FIG. 12. Luminosity required to exclude U~1! Z8 bosons of
various masses and mixing angles in the extended hypercharge
nario of Sec. V. We display four pairs of curves, each with a low
dashed curve, the 90% exclusion bound, and an upper solid cu
the 95% exclusion bound. From bottom to top, the curves co
spond toZ8 masses of 500 GeV, 550 GeV, 600 GeV, and 650 Ge
The horizontal lines correspond to the luminosity targets for Run
displayed for ease of reference: 2 fb21, 10 fb21, and 30 fb21.

FIG. 13. Luminosity required to discover U~1! Z8 bosons of
various masses and mixing angles in the extended hypercharge
nario of Sec. V. We display two types of curves. Dashed curves
3s discovery curves for a fixed mass, while solid curves ares
discovery curves. From bottom to top, 3s curves are displayed fo
Z8 masses of 450 GeV, 500 GeV, 550 GeV, and 600 GeV. Fr
bottom to top, 5s curves are displayed forZ8 masses of 450 GeV
500 GeV, and 550 GeV. The horizontal lines indicate luminos
targets for Run II, for reference: 2 fb21, 10 fb21, and 30 fb21.
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Obviously, the reach int1t2 final states will be extended
beyond that shown in this analysis if use can be made of
or more hadronic tau decays.6 The single-prong decays of th
tau, which constitute about 85% of all decays, may ha
sufficiently small background since QCD should rarely p
duce isolated, high-pT tracks. It will be difficult to use these
final states to search forZ8 bosons: it is extremely hard, in
the hadronic environment, to trigger on jets, and flavor t
ging with high precision is an unresolved problem. Nonet
less, since the branching ratio oft to hadrons @BR(t
→hadrons)'65%# is higher than to leptons@BR(t
→ leptons)'35%# @30#, even modest jet trigger and flavo
tagging efficiencies could prove extremely valuable
searches or measurement of parameters. The ability to
these additional channels with their higher event rates sh
yield significantly improved mass limits for a given inte
grated luminosity.

In the semi-leptonic decay scenario, where we ha
t1t2→ jet1 l , the event trigger could be a high-pT electron
or muon with, for example,pT.15 GeV. In off-line process-
ing, one would then reconstruct the jets, and attempt to
form flavor tagging. If the correctedt tagging efficiency7 can
be raised to approximately 15%, then the semi-lepto
events will provide the same event rate for analysis as
fully leptonic events previously considered. Further study
these channels are clearly warranted.

Z8 bosons arising from extended weak interactions w
also be accompanied byW8 bosons of very similar mass~to
leading order,MZ85MW8!. These bosons could be search
for in the processpp̄→W8→tnt . Standard model back
grounds would include pp̄→W→ ln l and pp̄→WZ0

→ ln lnn, both of which should have softer lepton spectra,
well as pp̄→Z01 jet→nn1fake lepton, where the jet is
misidentified.

6A parton-level study in Ref.@29# estimates that a 500 GeVX
boson coupling toB23Lt could be visible viaX→t1t2→ jet1 l
in 2 fb21 of data at Run II.

7By which we mean the tagging efficiency, after corrections
other objects fakingt jets.
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The methods of analysis pursued in Sec. IV could prod
tively be applied to models with scalars that have lar
branching ratios to tau pairs. While a heavy standard mo
Higgs boson does not have a high enough branching ratio
these analyses to provide useful limits, a pseudoscalar H
boson with large branching ratio would be an interest
candidate for study.

VII. CONCLUSIONS

We have discussed two methods of searching forZ8
bosons that couple primarily to third generation fermion
Bounds on the scale of quark-lepton compositeness der
from data taken at LEP and the Tevatron now imply th
Z8 bosons derived from extended SU~2!h3SU~2!l or
U~1!h3U~1!l interactions must have a mass greater th
about 375 GeV. The reach of these limits will improve
additional data are taken. As the Tevatron Run II begins
will become possible to search forZ8 bosons using the pro
cesspp̄→Z8→tt→emX. We have shown that a combina
tion of cuts based on lepton transverse momenta, jet m
plicity, and event topology can overcome the standard mo
backgrounds. With 30 fb21 of data, the Run II experiment
will be able to excludeZ8 bosons with masses up to 75
GeV. Were aZ8 boson, instead, discovered, the shape of
em invariant mass distribution and the relative branchi
fractions to taus and to muons could reveal theZ8 mass and
coupling strength.
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@15# M. Cvetiĉ and S. Godfrey, in ‘‘Electroweak Symmetry Break

ing and Beyond the Standard Model,’’ edited by T. Barklo
6-13



et

ort
.

C/
H.

ng
,’’
.

LYNCH, MRENNA, NARAIN, AND SIMMONS PHYSICAL REVIEW D 63 035006
et al., hep-ph/9504216; S. Godfrey, Phys. Rev. D51, 1402
~1995!; S. Capstick and S. Godfrey,ibid. 37, 2466~1988!.

@16# CDF Collaboration, F. Abeet al., Phys. Rev. Lett.82, 2038
~1999!.

@17# CDF Collaboration, T. Affolderet al., Phys. Rev. Lett.85,
2062 ~2000!.

@18# E. Malkawi and C. P. Yuan, Phys. Rev. D61, 015007~2000!;
P. Langacker and M. Plumacher,ibid. 62, 013006~2000!.

@19# H. Georgi, E. E. Jenkins, and E. H. Simmons, Phys. Rev. L
62, 2789 ~1989!; 63, 1540~E! ~1989!; Nucl. Phys.B331, 541
~1990!.

@20# ALEPH Collaboration, R. Barateet al., Eur. Phys. J. C12, 183
~2000!.

@21# OPAL Collaboration, G. Abbiendiet al., Eur. Phys. J. C6, 1
~1999!.

@22# E. Eichten, K. Lane, and M. E. Peskin, Phys. Rev. Lett.50,
811 ~1983!.
03500
t.

@23# CDF Collaboration, F. Abeet al., Phys. Rev. Lett.79, 2198
~1997!.

@24# DØ Collaboration, B. Abbotet al., Phys. Rev. Lett.82, 4769
~1999!.

@25# ‘‘Future Electroweak Physics at the Fermilab Tevatron Rep
of the TeV 2000 Study Group,’’ edited by D. Amidei and R
Brock, Report No. FERMILAB-PUB-96-082, 1996.
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