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Z' bosons that couple preferentially to the third generation fermions can arise in models with extended weak
[SU(2)xSU(2)] or hyperchargd U(1)xU(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 th8séosons. Resonances of this mass can be directly
produced at the Tevatron. Accordingly, we explore in detail the limits that can be set at Run Il using the
processpp—Z’'—rr—eu. We also comment on the possibility of using hadronically decaying taus to
improve the limits.
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[. INTRODUCTION tially to the third-generation quark&nd possibly leptons
Examples are the top-color-assisted technicd®B] and
The standard model of particle physics gives an excellenflavor-universal top-color-assisted-technicdi®y10] models.
description of physics at the energy scales probed to datéd these models, depending on the charge assignments of the
Nonetheless, it does not explain the origins of the masses @fdinary and technifermions, constraints from flavor chang-
the electroweak gauge bosons and the elementary fermionid neutral current$FCNC) and precision electroweak cor-
and must be regarded as a low-energy effective field theorfections can allow th&’ boson to be as light as 290 GeV
For a description of the dynamics underlying the generatiorﬁll-
of mass, we must turn to physics beyond the standard model. More generally, electroweak scale’ bosons are also
Much recent theoretical work on the question of why thePr€Sent in string theoriefl2], and string-inspired models

top quark is so heavy has suggested that the cause could Bgeln yieldfnoln-LtmiversEI coupl[ng[&g,] g&r thetZIiIA recent
additional gauge interactions that single out the third generaqtna ySIS g. efc ro¥v;aha precision fi ] i%,u?) y g'vesﬂ?
tion fermions. A number of interesting models along these -ond Indication of the presence ot an extraboson wi

. : the fits favoring non-universal couplings to the third family.
lines extend one{pr morg of the standard model’'s Sty The literature already contains a number of suggestions
gauge groups into an SWNjXSU(N) gauge structure

12348 | | fermi f the third ) about how experiment can set stronger limits on th&se
[1,2,3,4,3. In general, fermions of the third generation trans-pnsons. Note that bounds @i bosons which do not couple

form under one SU{) group and those of the first and sec- yreferentially to the third generatiofL5] are not directly
ond generations transform under the other one. When th&pplicable. For example, in models with extended weak in-
SU(N) X SU(N) spontaneously breaks to its diagonal sub-teractions, the presence\f bosons with mass below about
group, the broken generators correspond to a set of massies Tev would cause an enhancement of single top quark
SU(N) gauge bosons that couple to fermions of differentproduction large enough to be visible at the Fermilab Teva-
generations with different strengths. tron’s Run Il experiment$6]; this would provide indirect

Many of these models predict the presence of masaive evidence of similarly lightZ’ bosons. The Run | Tevatron

bosons that couple preferentially to the third-generation fer'experiments have searched for top-cérbosons irbb and

mions. Some theories include an extended(ZBKSU(2) —

structure for the weak interactions; generally, the first twolt final states. In these processes, the backgrounds_are of

generations of fermions are charged under the weaké2)SU QCD strength. As a result, no limit has been set fromtthe

and the third generation feels the other, stronger(25U channel[16] and the recent limit in thdét channel Mz,

gauge force. Examples include non-commuting extended-650 GeV)[17]is for aZ’ that couples only to hadrons and

technicolor (NCETC) models[2,6] and top-flavor models is quite narrow]';,=0.12M 5, . These searches should have

[5,7]. For many of these models, precision data suggest thajreater reach in Run I, due to the higher luminosity and

theZ' must be relatively heavy, but in some non-commutingimproved detectors. Flavor-changing neutral current effects

extended technicolor models, a mass as low as 400 GeV =an also yield constraints af’ bosons with non-universal

not precluded[2]. There are also theories in which Z couplings[18].

boson arises due to an extrg1ly group coupled preferen- This paper discusses two additional methods of searching
for Z' bosons that couple primarily to the third family fer-
mions. We first show how existing CERN LEP and Tevatron
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—eu in order to exploit the stron@’ 77 coupling and the where 6 is the usual weak mixing angle anflis an addi-

low backgrounds foeu final states. tional mixing angle occasioned by the presence of two weak
In Sec. Il, we will review the properties of th&' boson gauge groups. We can therefore relate the gauge couplings

arising in models with an extended weak gauge group andnd mixing angles as follows

display the existing limits from electroweak precision data.

In Sec. lll we extract limits on thes&’ bosons from the LEP _ € _ 9
and Tevatron compositeness bounds. Section IV focuses on gh_cos¢ sing cos¢
the Run Il search in leptonically decaying pair-produced
taus. We then in Sec. V show how our results are modified e g
for Z' bosons in models with an extended hypercharge 0== — = — (2.6
group, and we mention a few additional search channels singsing sing
which may help improve the reach of Run Il in Sec. VI. Our
conclusions are presented in Sec. VIL. gy= e
Y cosh’
Il. Z' BOSONS FROM EXTENDED WEAK INTERACTIONS For brevity we will Writes¢zsin¢ andc¢Ecos¢.
A. General properties of SU2) Z' bosons In diagonalizing the mass matrix for the neutral gauge
: . osons, it is convenient to first transform to an intermediate
The models of interest to us include the usual complemerﬁasis[lg]
of quarks and leptons, along with standard strong and hyper- '
charge interactions. The new physics lies in the weak inter- _ o
actions, which are governed by a pair of @Ugauge groups Zy=c0s0(CyWsp 5, Wg) —sin 6X* @7
SU(2), X SU(2), . (2.2 Zh=—s, W4, +C 4 WE (2.9

The SU2),, group governs the weak interactions for the third where the covariant derivative neatly separates into standard
generatiortheavy fermions; the left-handed fermions trans- @nd non-standard contributions

form as doublets and the right-handed ones, as singlets under .

this group. Similarly, the S(2), group couples to the first DH=gh—ij Z5(Tar+ Ta—Sir2 6

and second generatidglight) fermions, whose charges under cosd i(Tan* Ty Q)

SU(2), are as in the standard model. The extended weak

group[Eq. (2.1)] is broken to its diagonal subgroup &} —igz#| - 2T3h+ C_‘ﬁT3I ) (2.9

at energy scalel by a (composite scalar fieldo, charged Cy S¢

under SU2),,X SU(2),XxU(1)y as .
In terms of these states, the neutral mass eigendtheg°

U andZ' state$ are given, to leading order inX+v?/u?, by
0~(2,2), ()= ( 0 u)' (2.2  the superpositions
. c3Ss
The final step in electroweak symmetry breaking could, in 70 " xcosd|(z
principle, proceed through a condensate charged under (Z’)% 3 (Zl>' (2.10
SU(2), or one charged under $2),—or one of eaci2,5]. CyS¢ 2

The first option allows th&’ boson to be the lighte$2], X COS#
making it the option of greatest phenomenological inter-
est. Hence, we assume that the symmetry breaking Expanding the covariant derivative in E®.9) in terms

SU2), XU(1)y—U(1)enm is due to a(composite scalar of the mass eigenstat&$ andZ’, we find that, to order &/
. 4
0 _ 19 o Cqy
D~(1,2)4,, <¢%UMQ) (2.3 Du—&u—gagzu(l—;;1@
c2s?
The generator of the @), group is the electric charge +| 1+ ¢—¢> Tan— Sir? GQ}
operator
3
. i [[Co . C4Se
Q=T+ Ty Y, (2.4) -z, (s_¢+xco 0)T3'
3 3
i i i s CyS c3S
and the corresponding photon eigenstate is |28, e3¢ )Tg,h—sinz 9( >0 )Q}
c, Xcos @ x cos 6
A#*=sin f(cospW4;, + sin pW4) +cosoxX* (2.5 (2.1
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For larges, the Z° boson can maintain a nearly standard 80
model coupling to all fermion species, while tZé boson
has a greatly enhanced coupling to the third generation fer-
mions. Moreover, we will see that thexltorrections are
small in the phenomenologically interesting region of param-
eter space, so that thi® boson essentially couples only to
left-handed fermions.

To leading order, the mass of tZ& boson in the region
wheres,, exceeds,, is

7' Width (GeV)
[N = [=2]
[ o o
| | |

M2—< - )2 =M X (2.12

27\ 5aing] 22 MWy o2 o2 - :

2sind) sycy, SM.tressy, CYy T T T T
, , 0.6 0.7 0.8 0.9

and, to this order, the mass of ti¢ boson is the same. The sin¢

masses of th&® andW= bosons are shifted from their tree- . o
level standard model values by identical multiplicative fac-  FIG. 1. Z" widths for five differenz’ massesfrom below, 350
tors, so that there is no change in the predicted value of the G&V, 450 GeV, 550 GeV, 650 GeV, and 750 Q& a function of
parameter at order 1[2]. the mixing angles,, . Note that as,, increases, the width of the’
The width of thez’, to leading(here, zerothorder in 1k falls to a minimum in the neighborhood f,=0.8, due to the
and in the region where,>c il decreasing couplings to the first and second generation fermions.
i The width then rises rapidly as, grows large, due to the rapid

T, 2 ( c¢) 2 5 1 . thz) growth in the third generation couplings.
=== +|=+35|1-—
aMz 318, 24 8 M7, troweak symmetry5]. A class of models in which the pre-

2 cision electroweak data allow th&' and W’ bosons to be
(ﬁ) particularly light is composed of the non-commuting ex-
Cy/ ' tended technicolor model®2]. The electroweak symmetry
2.14 breaking pattern of non-commuting extended technicolor is
' characterized by a three-stage breakdown from the unbroken,

where we have included the effects of theuark mass, high energy theory to the low energy electromagnetic gauge
while taking the other fermion masses to be zero. The steftructure:
function ensures that we only include the top contribution
when theZ’ mass is above the top threshold. To this order,

mt2 1/2
M2 O(Mz —2m)

z!

X

GercX SU(2) X U(1)!

theZ’ boson couples neither to right-handed fermions nor to f

Z°Z° nor toW*W~. Effects from the composite scalars are — GreX SU(2), X SU(2); X U(1)y

not substantial. Figure 1 shows tdé width for Z' masses

between 350 GeV and 750 GeV as a function of the mixing u

angles, . The width of thez’ falls to a minimum at approxi- — GreX SUR2) XUy

matelys,=0.8. The width then grows rapidly &g becomes )

larger. —GreXU(Den. (2.15

B. Light SU(2) Z' in models of dynamical symmetry breaking At the scalef, the extended technicolor gauge groBprc

A gauge structure of this kind has been proposed withifPréaks to the technicolor gauge group and the(23J
the context of models of dynamical electroweak symmetry(n€avy group. The two S(2) groups mix and break to their
breaking[2,7] and models in which the vacuum expectation diagonal subgroup at the scale The final breaking of the

value of a weakly coupled scalar boson breaks the eledemaining electroweak symmetry is accomplished at seale
If the condensatéd) responsible for electroweak symmetry

breaking at scaley is charged under SQ), [rather than
SU(2)], the resulting masses of tE andW'’ bosons can

A fermionic speciesf, contributes to the width of this gauge be as low as 400 GeV, as illustrated in Fig. 2. New gauge

boson as 5 ” bosons with such small masses are of great phenomenologi-
LoeC (M3, —4m;) g ) 1+2Lf cal interest, as they are within the kinematic reach of Teva-
TP (Grrt 01 M2, tron Run 1l experiments and their indirect effects may be
apparent at LEP 2. In other models with the extended
+ (G R0 L)2<1_412‘12 } 213 SU(2),,X SU(2), gauge structure, existing lower limits on the
’ ’ M2, gauge boson masses tend to be of order 1-1.5[B¢V
whereC; is a color factor(1 for leptons, 3 for quarlgs m; is the Note that in the context of non-commuting extended tech-
fermion mass, and; r,g;,. are the right and left handed couplings nicolor models, the coupling;, is essentially the value of the
of the fermion. technicolor coupling at scake We therefore exped, to be
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interaction being studied; OPAL and ALEPH study a num-
1000 — Precision Blectrowesk :gg ber of cases where one of thg; is equal to+1 and the
iaf, others are zero. Following the conventi¢p®2] of taking
800 — 158 g°/4m=1, they determine a lower bound on the scAlas-
o 1ge sociated with each type of new physics. Of particular interest
& 600 ALEPH b5 HH to us are their limits on contact interactions where the final-
: 400 — _E__ state fermions belong to the third generatiom™e™—bb
= ALEPH r+7= ! ande"e”—7"77. Among the limits published by ALEPH
200 — Do Contact ~— [20] and OPAL[21], those of interest to us are
~J
0 P f 3.9 TeV ALEPH
Af=rnp =+1)> 3.2
06 07 o 0.9 1 (=rm. “las Tev opaL  ©?

sin ¢
5.6 TeV ALEPH
FIG. 2. Limits at the 95% confidence level on the mass of the A(f=b,p =+ 1)>[4 0 TeV OPAL 3.3
W’ andZ’ bosons(which are equal to leading order inx}/ as a ' ’
function of the parametes,, from various sources. Regions of the At energies well below the mass of tt& boson, its

parameter space lying below a given line are excluded by the cor- . _ .
responding search. The curve from upper left to lower right is base(?XChl?nge in the proceg§e —ff \r/]VherEf IS a.Tlepton. orb
on precision electroweak dafd]. The horizontal lines are the cur- quark may be approximated by the contact interaction

rent limits from the compositeness analyses at LEP;sasap- 2
hes 1, our approximations may break down due to the rapid € € = 56 1 “
proacnes -, our af _ o LneD = Gz |~ os, (CLveed) || 5 (Frfo) ),
increase in th&’ width. The bottom curve is the current limit from sin® oM 7, S¢ Cy
the compositeness analyses at Fermifabt generation fermions at (3.9

Dd, Sec. Il B; the contact approximation breaks down for light . . . ) )
Z'. The region to the right of the vertical dashed line is excluded toP@sed on th&'-fermion couplings in Eq(2.11). Comparing

avoid SU2);, couplings strong enough to break the chiral Symme-this with the contact interactions studied by LEP, we find
tries of the technifermions.

large compared to the weak coupliggso that the value of V 4 sirf ¢

cé [from Eg.(2.6)] should be relatively small. However, if
Cf,s is too small,gy, will be above the critical value at which
the chiral symmetries of the technifermions break. Thus, as 365 GeV ALEPH

i i ics2 M, > .6
discussed 2], we must re_strlcs¢ to be_smgller_ than about z [355 GeV OPAL (3.6)
0.95, hences,<0.975(vertical dashed line in Fig.)2

The limits from mpair production are, then,

and those fronmbb production are
Ill. LIMITS ON AN SU (2) Z'

FROM COMPOSITENESS SEARCHES 523 GeV ALEPH

375 GeV OPAL. 3.9

=
For experiments done at energies below the massZif a

boson, one can approximate the contribution of Hieto
fermion-fermion scattering as a contact interaction whos
scale is set by the mass of tiZ8 boson. Thus, published

. 7 . t
experimental limits on compositeness can set a lower bounFTa

As Fig. 2 illustrates, the limits are comparable to the previ-
%us lower bound oM 2+ from precision electroweak data in
e case whers, is large; for smalls, the earlier limits
main stronger. As additional data from the other experi-

onMz: . ments or higher energies become available, the lower bound
on Mz, can be updated by using the new lower bound\on
A. LEP data in Eq. (3.5.
The LEP experiments ALEPIR0] and OPAL[21] have
recently published limits on contact interactions. Following B. Fermilab data
the notation of22], they write the effective Lagrangian for The Collider Detector at FermilabCDF) and D@ Col-
the_four-fermion contact interaction in the procesSe”  |anorations have each searched for the low energy effects of
—ff as quark-lepton contact interactions on dilepton production in
o 110 pb ! of data taken at/s=1.8 TeV[23]. Since this pro-
r _ By e)(fyAf) (3.1 cess is dominated by first and second generation fermions,
conacAZ(1+ 5) i,jzﬂ,R (@) (y"h) 3D the limits on ourZ’ bosons tend to be weaker than those

derived from LEP data.
whereé=1 if fis an electron and=0 otherwise. The val- In their analysis, the CDF Collaboration described the ef-
ues of the coefficientsy; set the chirality structure of the fective four-fermion interactions of the first generation fer-
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mions due to new physics by an effective Lagrangian includ- Co om
ing the terms Mz,zA(S—) 1S o (3.12
¢
LegD fEL(EL)’MEL)(QL)’“QL)+§ﬁL(EL’)’MTaEL) The CDF bounds in Eq3.10 imply
X (QUY*7aQu) + ElR(ELY,EL) (UrY*UR) Cy .
_ _ s X380 GeV from dimuons
+ & R(ELY,EL) (dry"dR) + €& (€RY,.€R) M, > ¢
_ - o Cy .
X (QLY*Qu) + £rr(€RY,.ER) (UR Y UR) (S_¢ X345 GeV from dielectrons.
_ — 3.1
+ £y, 20 (ry*d), 39 319

These limits are comparable to those from the LEP data for

whereQ, =(u,d)_, E,=(ve,€e),, and the subscripts and  s,~c,, but become significantly weaker at largg.
R denote the left and right helicity projections. The coeffi- The D@ Collaboration has performed a similar analysis
cients §;; are related to the scale of new physids;, as for high energy dielectron productiof24], but assuming
& ZQS//\ij , whereg is an effective coupling which grows only first-generation fermions participate in the contact inter-
strong at the compositeness scaj§(A)/4m=1. The analy-  actions[i.e. the terms explicitly written in Eq3.8)]. Since
sis searched for deviations in the dilepton spectrum from théh€y include only first-generation fermions, their limit
standard model prediction; the absence of such deviations .
enabled them to set a lower bound on the scale of the new Aley;u,dy)=4.2 Tev (314
Interactions. . _ _ applies directly to ouZ’ boson, yielding the constraint

The CDF analysis included fermions beyond the first gen-
eration by assuming a kind of universality: electrons and
muons have identical contact interactions, all up-type quarks Mz/> s,
behave alike, and all down-type quarks behave alike. They ¢
derived separate limits on contact interactions involving dif-which is comparable to the result obtained by CDF.
ferent combinations of fermions; for example, assuming that The TeV 2000 Group Repof25] projects that the limits
the only contact interaction was one between left-handedn the scale of quark-lepton compositeness will be increased
muons (electrong and up-type quarks, they found, at 95% to A=6-7 TeV. This would raise the corresponding limits
confidence, on the mass of these $2) Z' bosons toMz =(c,/

S4) X 550-650 GeV.

C
$1%390 GeV (3.15

A(ppup,c,t)>4.1 TeV (3.9
IV. DIRECT SEARCHES FOR AN SU(2) Z'
A(e_;up,cp,t)>3.7 TeV. (3.10 IN PPz’ — 7+ 7

In studying direct production of Z’' boson from an ex-
nded electroweak gauge structure, we must be aware of
several competing issues. The couplings of third generation

The presence of a massiveé boson in our model gives te
rise to four-fermion contact interactions that include the

terms fermions to the extended gauge sector are enhanced relative
) ) to their standard model values, while those of the first and
LoD — ﬁ) (&L y.e + ) second generation particles are reduced. Since the current
NC= T sir gM2, | 25, HTHEL T HLYuL lower bounds on th&’ mass are on the order of 400 GeV,

- the only machine presently available to perform a direct

X (U y*u, +d_y*d, +c y*c +s y*s.). search is the Fermilab Tevatron. Thus, we are led to search-
(3.1 ing for a clean signal in third generation final states in a

' hadronic environment. Given the high mass of the top quark,

In other words, the contact interactions among left-hande e large QCD backgrounds for bottom production and the
; . o . 9 ifficulty of seeing ther-neutrino final state in photon plus
fermions in the first two generations all have the same coef-

ficient. The interaction strength for third-generation fermionsnmélsfsmg energy or monojet events, the most promising chan-
is different, as seen from E(R.11). Thus, the CDF analysis

applies to ourZ’ boson only to the extent that initial-state pp—Z —7r 7 +X. 4.2
third-generation quarks do not contribute to dilepton produc-

tion. Since the top quark’s parton distribution function is Eachr decays to a final state including either hadrons or
approximately zero, we can reasonably apply the CDF limitone charged lepton and neutrinos. Our analysis concentrates
for lepton and up-type-quark contact interactions to ouron fully leptonic decays; we discuss possibilities with had-

model. ronic final states in Sec. VI. The three fully leptonic final
Comparing the interaction8.8) and (3.11), we find the states are characterized by opposite sign leptons with rela-
relationship betweeM,, andA is tively large missing energy
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Events/fb~1
Events/fb~!
Events/fb~!

W*W~ Background

Events/fb~!

140

Top Background Bottom Background

FIG. 3. LEGO plot of the distribution of events in tip§-p¥ plane. The vertical axis displays the cross sectirents/fb 1), the left
horizontal axis the muon transverse momentydh in GeV), and the right horizontal axis the electron transverse mome§rm GeV).
Both horizontal axes run from 0 GeV up to 140 GeV. The upper left plot is foZthsignal process, upper center th®background, upper
right theW-pair background, lower left the top background, and lower right the bottom background. Notice the symmetry in the#}adial (

direction. A cut onp# will eliminate the majority of thez® and bottom backgrounds and a substantial part oftkair background. The
Z' plot is for Mz =450 GeV ands,,=0.80.

wt ™ +neutrinos the triggering threshold for each lepton at 15 GeYet re-
7| ete +neutrinos 4.2) construction efﬁmenc_y is taken to be 1Q0% for jets with

ety (or e u*)+neutrinos. transverse momenta in excess of 8 GaWe identify a jet as

H H a cluster of hadronic energy in excess of 8 GeV contained
within a cone of base radilR= 7+ $>< 1. Our jet recon-
Dimuon and dielectron final states are also characteristic of atruction code is based on timeTHIA cluster finding algo-
number of standard model process¢esy., Drell-Yan, mak-  fithm. Based on these assumptions, we chose as an event
ing it difficult to separate ouZ’ signal from the back- trigger the presence of an electron and a muon of opposite
grounds. Thus, we focus on the last channel above, nameEBlectric charge both with transverse momenta in excess of 15
oppositely charged, hight electron-muon pairs. GeV, with tracks lying within the fiducial volume of the
We have employeYTHIA version 6.127(26] with our ~ detector.

own simple model of the D@ detector to generate events and
used our own code to analyze the generated data. Our ideal-
ized version of the Run Il D@ detector defines the fiducial 2ye have also considered a combination of this hagdrigger
volume and smears event tracks. The central calorimeters afg one of the leptons and a softpr trigger for the other. While
taken to have a pseudorapidity coveragg,of |7|<1.1, doing so does increase the number events to analyze, our later
while the end-cap calorimeters are taken to have a coveragmmalysis cuts end up eliminating these extra events.
of 1.5<|5|<4.0 for jets and 1.5|7|<2.5 for leptons. The  3we do not consider basing event triggers on jets, and so do not
dilepton events may initially be selected by a single orconsider the jet triggering efficiency, which would be expected to
double lepton trigger. Our analysis assumes a trigger timege much lower than the efficiency for reconstruction given a previ-
off-line selection efficiency of 95%, per lepton. We chooseous trigger. This is, however, an issue of some interest, and we will
to trigger on the transverse momentum of the leptons, and seéturn to it below, in Sec. VI.

035006-6



FINDING Z' BOSONS COUPLED PREFERENTIALLY TO. .. PHYSICAL REVIEW D 63 035006

For each signal and background process, we generated a
minimum of 3x10* events matching theu final state at
Js=2 TeV. For each event we verified the presence of the
opposite chargeu pair, and then reconstructed the jets in
the event. To the four-momenta of these leptons and jets, we
applied smearing functions appropriate to the detetitie
accepted events in which the smeared tracks of both the elec-
tron and the muon lay in the fiducial volume of our idealized
Run Il D@ detector. Smeared jets falling outside the detector
were dropped from the events. We eliminated events in
which both smeared leptons no longer passed the trigger
cuts. Finally, the four momenta of both leptons and the sur-
viving jets in the remaining events were stored for later “off-
line” analysis.

Properly normalizegp distributions of background and

FIG. 4. Signal-to-background ratios as a function of phecut.  signal events following the trigger stage are shown in Fig. 3.
The five curves correspond, from bottom to top, to applying sucxamination of the smeared trigger distributions in this fig-
cessive analysis cuts. The loweslotted curve shows the data re suggests off-line analysis cuts that will eliminate the ma-
following acceptance and trigger cuts only. The second curve i?ority of the pure electroweak artdlbackgrounds, while pre-
obtained after applying thp-Lr cut specified on th& axis. The third serving sufficient signal to permit analysis. Thege
curve is obtained after applying the jet multiplicity COls<2, 10 yicqiptions are symmetric in the “radial” direction in the
the events surviving thp# cut. The fourth curve is obtained after ¢ . e oy i
applying the topological cut on theu opening angle, co&,< pr-Pr plane, wherey (pr) is the transverse momentum of

’ e the electronimuon. For our primary analysis cut, we define

—0.5, to the events surviving ti‘m,fr and jet multiplicity cuts. The .
topmost curve results from applying the cut on the opening angléhe leptonic transverse momentupj-f,, of the event,

between the low energy lepton and the missing transverse energy in L_ [e2 2

the event, coglg >0.9, to the events surviving the-, jet multi- PT=VPT *PT, (4.7)
plicity, andex opening angle cuts. The choicef" was made by \where we requirep: to exceed some threshol@S™. Our
maximizing the signal-to-background ratio while maintaining suffi- choice 0fP9|-“t was dictated by the requirements of enhancing
cient signal count for a large range 4f masses. We chose?" ___the signal-to-background ratio while maintaining a suffi-
.:60 va, Wh!Ch Is indicated on the plot by the dashed Vemcalciently high absolute signal event rate, and was chosen in
line. This plot is forMz: =450 GeV ands,=0.80. conjunction with the other cuts to be described below. We
. _display typical signal-to-background rates before and after
We generated several sets of signal events correspondlr,gﬁepp#y Cﬁ? in Fig? 4 Basedgon the calculated signal-to-

to differentZ’ boson masses and different values of the mix- . .
) ) . i - background ratio and the absolute signal rates, we placed our
ing angleg in the region least constrained by precision elec-"|

troweak datalarges,: see Fig. 2 We also generatedu  PT cut at

6_

Signal-to-Background Ratio

events from the four significant sources of standard model pt=60 GeV. (4.9
backgrounds
This value for P$" should effectively reduce th&v*w~
pp—Z%y* — r* 7~ —ew+neutrinos (4.3  background, since some of the leptons frdkhpair decay
exhibit a characteristic Jacobian peak nkgy/2.
pPp—W*W™ —eu+ neutrinos (4.4) To further improve signal purity, we consider the pres-

ence of hadronic jet activity. For our signal events, we would

i — — ) expect to see no hadronic jet activity originating at the par-
pp—tt—W W bb—eubb+neutrinos (4.5  (gnic event level. Similarly, we expect no jet activity for the

o Z° andW-pair backgrounds. However, we always expect ac-

pp— bb—euwqq+ neutrinos, (4.6)  tivity associated with the top and bottom backgrounds. In
particular, we expect twb jets associated with the top quark

which we will call the Z°, W-pair, top, and bottom back-

grounds, respectively. The superficially similar backgrounds

from charm production were eliminated by the event selec- 4we have used the following algorithms for track smearing for
tion cuts we discuss below. When generating prompt tawur Run Il detector: for electrons, we performed a Gaussian smear-
leptons from the signal and background process@yTmIA,  ing based on the electron energy, WithE/E=15%/\E; for

we have ignored polarization correlations between the tawuons, we performed a Gaussian smearing based on the trans-
pairs. This is a reasonable approximation for our study, sinceerse momentum, with standard deviation given oy

the correlations are diluted when ConSidering Only the Iep-: 1.5% 10*3p£|f2’ where the transverse momentum is measured in
tonic decays of the tau. A correct accounting of the correlageyv; finally, for jets we performed a Gaussian smearing based on
tions will most likely improve the separation of signal and the transverse jet energy, with standard deviation quadratic in the
background. transverse energy witly dependent coefficients.
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FIG. 5. Jet multiplicity for the signal and for each major standard model background process followp’quthka The upper left plot is
for theZ' signal process, upper center tA&background, upper right th&-pair background, lower left the top background, and lower right
the bottom background. As discussed in the text, all jets of energy exceeding 8 GeV are included. Each bin is plotted by the fraction of
events it contains; the final bin contains all events with 5 or more jets. Note the qualitative difference between the top and bottom
distributions and the other three distributions, which suggests that events with more than one jet be elithesdexte shaded in gjafrhe

Z' plot is for Mz =450 GeV ands,,=0.80.

decays toW-b, and twoc jets associated with the bottom ing thep# cut, as measured in our simulation for each type of
quark decays. Naively, then, a cut on jet multiplicity will event considered. This includes the extra jet activity gener-
preferentially remove the top and bottom backgrounds. Weted by parton showering. We display these distributions in
have analyzed the expected jet distributions of events survivFig. 5; again, by jets we mean here clusters of hadronic ac-

Event Fraction
o
< o <
1
Event Fraction
Event Fraction

T I | T | T T | T T I | | T ]
-1 -05 0 0.5 1 -1 -05 0 0.5 1 -1 -05 0 0.5 1
Z' cosfe, Distribution z° cos fe,, Distribution WHW= cosf,, Distribution
0.8 0.8
0.6 — 0.6 —

Event Fraction
o
'S
|

Event Fraction
o
o
|

=}
|

T T T 1 | T | I T T
-1 -05 0 0.5 it -1 -05 0 0.5 1
Top cos 0, Distribution Bottom cos 6., Distribution

FIG. 6. Distribution of opening angles between the electron and muon tracks. We have plotted here the cosines of the opening angle,
cosb,,, split into two backwardnegative cosing and two forward(positive cosingbins, following both thq)# and jet multiplicity cuts.

The upper left plot is th&Z’ signal process, upper center t#8 background, upper right thé/-pair background, lower left the top
background, and lower right the bottom background. Note that the vast majority, 8@%,irs fromZ’ signal events are in the “strongly
backward” bin(with cos#<—0.5), while approximately 40% oéu pairs for all types of background everiexcept 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 remaining

background event@his group is shaded gray in each figuréhe Z’ plot is for Mz, =450 GeV ands,=0.80.
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1] 14 signal events. The background events would not be expected
to have an opening angle distribution that is so highly peaked
BB 08 back to back. This is borne out by the Monte Carlo simula-
£ 06| €06 tions. In Fig. 6, we display the distribution of opening angles
§04_ gﬁ“_ for events which have already passed ﬂ#eand jet multi-
g § plicity cuts. We choose to eliminate those events with
M 02 k5 cosf,,>—0.5, that is, those where the electron and muon are
0 04 = | not strongly back to back. Note that the vast majority of the
L 0 b o 1 5 0E & o5 1 signal events pass the topological cut, while the background
7’ cosfyg,, Distribution Z° cos By, Distribution events are more likely to fail it. We have displayed the im-
1 1 pact of this topological cut on the signal-to-background ra-
tios for variousp} cuts in Fig. 4.
) 08 =°8_ At this point, the remaining background is almost purely
£ 06 £ 06 W pair. We apply a final topological cut that eliminates much
204_ §0_4_ of the remainingW-pair background, based on the opening
f§ ' i§ angle between the lowept lepton and the transverse miss-
=02 = ing energy in the event, which we Iab@lzT. In order for the
event to conserve momentum overall, we would expect the

B U R VA X a5 v  os | missing transverse energy vector to point along the direction

WHW= cos g, Distribution Top cos g, Distribution of the softer decay lepton in t&” and signal events. Hence,
we expect this opening angle to be peaked mﬁa@Tr=0 for

FIG. 7. Distribution of coglg,, the opening angle between the e signal events, while for the other backgrounds, we would
lowest energy lepton track and the missing energy direction. Weyqt expect this. Based on the opening angle distributions
have plotted here the fraction of events with given cosine of theghown in Fig. 7, we eliminate events where 6gs<0.9

- ’ T . 1

i le, split into t t | bins, following the, jet . . . . Lo .
opening angle, split into twenty equal bins, following thk, je which is particularly effective at eliminating th&/-pair

multiplicity, and 6., cuts. The upper left plot is th8" signal pro- . . . I .
cess, upper rightEﬁtLhao background, lower left th&\-pair back- background, and particularly ineffective at eliminating signal
Kevents.

ground, and lower right the top background. The bottom bac ) . .
ground is also reduced by this c(gee Table), but the bottom To summarize the effectiveness of our cuts, we present in

background Monte Carlo sample did not have enough events retable | the fraction of each type of event which survives
maining to produce a smooth distribution at the 20 bin granularity.£ach cut, along with the expected number of events that sur-
and so is not plotted here. As discussed in the text, we find th&ive; overall, roughly 40% of the signal events will survive
expected qualitative difference between the signal events and thall four cuts, while substantially less than 1% of all back-
now dominantW-pair background. A cut at small opening angle ground events will similarly survive.

will preferentially eliminate theW-pair background, and so we After performing these cuts on our data, we determined
choose to require cdf >0.90. The Z' plot is for Mgz normalized signal and background cross sections from our

=450 GeV ands,,=0.80. Monte Carlo data, from which we can obtain luminosity
bounds for 90% and 95% exclusion, as well as three and five
tivity with energy in excess of 8 GeV. standard deviation discovery bounds. We will explore first

Note that by rejecting events with jet multiplicity greater the exclusion reach of the Tevatron, followed by the discov-
than 1, we can remove a large majority of the top and botton®ry reach.
backgrounds while minimally impacting the strength of the  Exclusion bounds are obtained by calculating the follow-
signal. Comparing the signal-to-background ratio for ouring Poisson test statist{@7]
model before and after a jet multiplicity cut, we find a sig- .
nificant increase in signal purity, Fig.%4. SiLo(S+B)e” 5Bl
Next, we apply a topological cut based on the opening r(os,08,£)=1- sV Ble B/il
angle between the electron and muon, which we will label
fe, - Given the large mass of the’, we expect it to be whereoy is the calculated background cross sectiog,is
produced nearly at rest in the detector, and expect the taghe calculated signal cross sectiahjs the integrated lumi-
pair to be produced back-to-back and highly boosted. Bengsity, B=ogL is the expected number of background
cause of this bOOSt, the electron and muon should be traveéventss: O-S‘C the expected number of Signa| events, ahd
ing nearly collinearly with their respective parent taus, mak-s the largest integer smaller than the upper limit on the ex-
ing them approximately back to back with one another in theyected number of background events, that Ns=|ogl]
=|BJ. For each value oM, ands, taking the calculated
signal and background cross sections, we varied the inte-
%In our simulations we do not account for effects due to pileupgrated luminosity and determined the statisticThe mini-
and multiple interactions on jet reconstruction. We expect that thesUm integrated luminosity required to exclude the model at
issues will have a minor impact on the final efficiency and thea given confidence leveC, is the luminosity where =C.
signal-to-background ratio. The algorithm determines the ratio of the total probability of

4.9
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TABLE I. Efficiency of the four event selection cuts. Displayed here are the number of events per inverse
femtobarn of luminosity of each type that pass each cut, along with the cumulative efficignagh which
the given cuts retain events. The choice of where to place each of the three cuts is made to maximize the
efficiency with which the signal is retained, while simultaneously maximizing the efficiency with which the
backgrounds are eliminated and maximizing the overall number of signal events that survive. Overall,
roughly 40-50% of the signal events will survive, while less than 1% of the total background will survive for
the p#, jet, and opening angle cuts discussed in the text.

Cuts

No Cuts pk Niet COS 0, cosfig,
Event type 7 o (fb) 7 o (fb) 7 o (fb) 7 o (fb) 7 o (fb)

SU(2) Z' signal,M,, =450 GeV

s,=0.80  1.00 35.2 0.80 28.0 0.67 23.7 0.58 20.3 0.50 17.5

U(1) Z' signal,M,, =350 GeV

c,;=0.80 1.00 35.7 0.73 26.0 0.62 22.3 0.48 17.2 0.41 14.7

Backgrounds
Z° 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 28 <0.01 1.7 <0.01 0.8
wHrw- 1.00 1134 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 54

N or fewer events occurring in an experiment, for the modeimum. The shape of the exclusion curve reflects the depen-
of new physics, compared to the probability for standarddence of thez’ width ons, (cf. Fig. 1): narrowZ’ bosons
model physics. At a given confidence levé, the area of are easier to detect. With a few inverse femtobarns of inte-
overlap between the two probability distributions will be grated luminosity, theZz’ — r7—eu channel will begin to

given by 1-C. explore portions of the model parameter space that are not
We plot the exclusion limits in Fig. 8 for a number Bf excluded by the precision electroweak data.
masses and a range of mixing parametsys, For aZ’ bo- Discovery limits are obtained by applying the following

son of given mass, the luminosity required for exclusion isalgorithm. For a given integrated luminosit§, we expect to
lowest when the mixing angle is negg=0.80, with an ap- observe B=ogL background events an&=osL signal
proximately quadratic increase on either side of the mini-

30

30 - _

i

- . ¥/ 2
ey AN B 20 —
5 20 Z
g E
£ g
§ = 10—
A 104 kS
- 2
z g
g &
g 0
&

0 T | 1 T

| " | | 0.6 0.7 0.8 0.9
0.6 0.7 0.8 0.9 sin¢

sin
g FIG. 9. Luminosity required to discover $2) Z' bosons of
FIG. 8. Luminosity required to exclude $2) Z’ bosons of various masses and mixing angles in the extended electroweak sce-

various masses and mixing angles in the extended electroweak saeario of Sec. Il. We display two types of curves. Dashed curves are
nario of Sec. Il. We display four pairs of curves, each with a lower3o discovery curves for a fixed mass, while solid curves are 5
dashed curve, the 90% exclusion bound, and an upper solid curvdjscovery curves. From bottom to topg 8urves are displayed for
the 95% exclusion bound. From bottom to top, the curves correZ’ masses of 550 GeV, 600 GeV, 650 GeV, and 700 GeV. From
spond toZ' masses of 600 GeV, 650 GeV, 700 GeV, and 750 GeV.bottom to top, 5 curves are displayed fat’ masses of 550 GeV,
The horizontal lines indicate luminosity targets for Run I, for ref- 600 GeV, and 650 GeV. The horizontal lines indicate luminosity
erence: 2 fb*, 10 fb~%, and 30 fbL. targets for Run |1, for reference: 2, 10 fb™%, and 30 L.
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boson and to determine its mass. As shown in Fig. 10, the
invariant mass distribution of the background events which
pass all of our cuts peak at around 100 GeV. The centroid of
the distribution of signal events is shifted toward higher in-
variant mass, with the amount of the shift depending on the
value of M, , but almost independent sf,, Fig. 11. How-
ever, as the background rate is independent of the mixing
angle while the signal rate is not, the centroid of the back-
ground plus signal distribution is not sufficient on its own to
determine the mass. With a sufficiently high data rate, avail-
able at the LHC for example, it may be possible to choose
FIG. 10. Electron-muon invariant masi¢, = |pe+p,|) distri- more a}ggressive cuts that Wogld lessen the _dependence pf the
bution for signal plus background events surviving all cuts. ForCentrOId on the background; it maY alternatlvgly be, possible
comparison, the distribution for all background events is shaded© Perform a background subtraction on the invariant mass
The presence of a head/ boson clearly alters the distribution of distribution, although this approach is more difficult to per-
events, toward higher invariant mass. Variation of the mixing angldorm with confidence. With enough data, then, it should be
for a fixed mas' impacts the event rate of the distributions, but possible to determin®l;, from the measured invariant mass
roughly speaking, not the shape or location of the peak. The distridistributionMyg,, .
butions displayed here are fb,, =450 GeV ands,=0.60, and for Determining the value o, will be more challenging. As
Mz, =450 GeV ands,=0.80. indicated by the shape of the exclusion curves in Fig. 8, the

relationship between event rate asglis double valued: a
events, for a total 08+ B eXpeCted events. We calculate the given event rate Corresponds to two Va|ues(p;f one above

Poisson probabilityP(x,x), that an expected background of and one belovs,=0.80 (approximately. Finding evidence
n=B events could fluctuate to give us a false signakof of 7z’ —e*e™, u" ™ may allow one to differentiate between
=S+B events total, that i®(B,S+B). If the probability of  the two possible values af, due to the different forms of
such a fluctuation is smaller than a given confidence levelhe couplings: the first or second generation lepton couplings

we are justified in declaring discovery of a new phenomenoRary asc,,/s,,, while the third generation couplings vary as
at that level. We choose to determine the luminosityfor a s4/Cy.

three Gaussian standard deviation discouvgviiich we de-
note as @), whereP(B,S+B);,=<1.35x10 3, and for &,

Events/fb~!
Events/fb~?

,,
T

% uﬁ!!!!

I T
0 100 200
e-p Invariant Mass (GeV)

T ] |
100 200 300

T
0
e-p Invariant Mass (GeV)

300

where P(B,S+B)=<2.7x10 /. We plot discovery bounds
for a number oZ’ masses and a range of mixing parameter,
Sy, In Fig. 9. As expected from the previously determined
exclusion bounds, for 2" boson of a given mass, the lumi-

V. Z' BOSONS FROM EXTENDED
HYPERCHARGE INTERACTIONS

Models with an extended hypercharge gauge group can

nosity for discovery is lowest when the mixing angle is nearalso produce heavg’ bosons that couple more strongly to
s,=0.80. As with exclusion, only a few inverse femtobarnsthe third generation than to the lighter generations
of integrated luminosity will be required to discoverza  [3,8,28,10. In these theories, the electroweak gauge group is
boson with mass just above the current exclusion bounds.
By studying theeuw invariant mass distribution Mo,
=|p,*pe|) it may be possible to detect the presence &f a

SU2)wX U(1),x U(1), (5.1

190
220 -

180
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180

Tnvariant Mass Centroid
Invariant Mass Centroid

160

,_

=
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|
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sin ¢ sin¢g

FIG. 11. We plot the centroids of thew invariant mass distributionsvl,, . The plot on the left displays the centroids of the signal
distributions as a function of mass and mixing angle. Note that the centroids are nearly independent of the mixing angle. We do not,
however, measure the signal in isolation, but in the presence of backgrounds. The plot on the right displays the centroids of the combined
signal and background distributions. Here, the separation of the model parameters based on the data is less straightforward, although clearly
differentiated from the background distribution alone. The solid curves, from bottom to top in the left plot, corresgéndasses 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 background
distributions in the right plot all essentially overlap, but are separated from the background distribution. The dotted line at the bottom is the

centroid of the background by itself. The solid curves, from bottom to top, correspdfdrtmsses of 750 GeV, 450 GeV, 650 GeV, and
550 GeV.
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where third-generation fermions couple to U{Mith stan-
dard hypercharge values and the other fermions carry stan-

dard hypercharges under U(1)At a scale above the weak “
scale, the two hypercharge groups break to their diagonal 2
subgroup, identified as U(1) As a result, &' boson that is Z
a linear combination of the original two hypercharge bosons 2
becomes massive. This hea¥y boson couples to fermions g
as %
e (s c ?%
—i—(—XY|——XYh> (5.2) =
cosé | c, Sy
| | l |
. . - 0.6 0.7 0.8 0.9
wherey is the mixing angle between the two original hyper- cos¢

charge sectors
FIG. 12. Luminosity required to exclude(l) Z' bosons of
various masses and mixing angles in the extended hypercharge sce-
(5.3 nario of Sec. V. We display four pairs of curves, each with a lower
dashed curve, the 90% exclusion bound, and an upper solid curve,
Comparing Eq(5.2) with the covariant derivative for thg’ the 95% exclusion bound. From bottom to top, the curves corre-
boson from an extended weak group, E8.11), we find spond t(?Z’ mas§es of 500 GeV, 550 GeV,.GOO.GeV, and 650 GeV.
three key differences. Two are physically relevant; the over:r_he horizontal lines correspond.to the Iuml_nlosny targetf,lfor Run I,
all coupling is of hypercharge rather than weak strength, andisplayed for ease of reference: 210", and 30 fi™.
theZ’ couples to both left-handed and right-handed fermions
at leading order. One is a matter of convention: mixing angle
X is equivalent tom/2— ¢. Detecting even relatively lighit’ bosons that couple pref-

At energies well below the mass of th& boson, its erentially to third-generation fermions is clearly a challenge
exchange in the processe™ —ff wherefis arlepton orb  for Tevatron and LEP experiments. Even in the—Z’
quark may be approximated by the contact interaction — 77— eu process where the signal-to-background ratio can

be made quite large, the absolute number of signal events is
kept low by the size of th&’ boson’s coupling to the light
fermions from which it is produced. In the long term, the
(5.4) CERN Large Hadron Collider's higher center-of-mass en-
ergy will allow its experiments to search for thedebosons

Comparing this with the contact interactions studied bywithout being hampered by low signal event rates. In the

LEP (see Sec. Il A, we find that the LEP data set their meantime, we suggest that a few additional search channels

2

cot)(:(%
g

VI. FUTURE SEARCHES

L D—Tz (—SX[ Y ])(-CX[f “Y L]
ey e
NC cog M3, \ Cy uw'l 5, Y Yh

strongest limit through the procesgeg — m 7 [20,21], may prove useful.
. 3.7 TeV ALEPH 30
= =+ > .
Af=rmer=+D>137 1oy opaL, &9 _
T O\
which gives a limit on th&Z’ mass of 5; 20 -
7 e
My =A\/—2" > 370 GeV (5.6 g
Z/ m . . S 10_ \\\ O
= e T~
This is stronger than the previous limits from precision elec- 5 e Tl
troweak datd11]. 2, —=
We have also used the techniques described in Sec. IV to

analyze the procegsp—Z’' — r7—eu for a U(1)Z’ boson. 0.6 0.7 0.8 0.9
Because of the similar form of couplings of tdé bosons to cos ¢
fermions, we obtain results for exclusion and discovery

bo“”?'sf that can .be ex_pepted from the Tev.atron that de,pe%rious masses and mixing angles in the extended hypercharge sce-
on m'X'”Q angle ina S|m|I§1r fashion. We d'?’P'aY exclusion nario of Sec. V. We display two types of curves. Dashed curves are
bounds in Fig. 12 and discovery bounds in Fig. 13. Theg, giscovery curves for a fixed mass, while solid curves ase 5
luminosity required to exclude or discover a U(Z) boson  giscovery curves. From bottom to topy urves are displayed for

is a bit greater than for an SU(2)" boson of the same mass. 7z’ masses of 450 GeV, 500 GeV, 550 GeV, and 600 GeV. From
This difference reflects the fact that thelly boson’s cou-  pottom to top, & curves are displayed fat' masses of 450 GeV,
pling to fermions is of hypercharge rather than weaks00 GeV, and 550 GeV. The horizontal lines indicate luminosity
strength. targets for Run |1, for reference: 2, 10 fb™%, and 30 L.

FIG. 13. Luminosity required to discover(l) Z' bosons of
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Obviously, the reach in™ 7~ final states will be extended The methods of analysis pursued in Sec. IV could produc-
beyond that shown in this analysis if use can be made of ongvely be applied to models with scalars that have large
or more hadronic tau deca§dhe single-prong decays of the branching ratios to tau pairs. While a heavy standard model
tau, which constitute about 85% of all decays, may haveHiggs boson does not have a high enough branching ratio for
sufficiently small background since QCD should rarely pro-these analyses to provide useful limits, a pseudoscalar Higgs
duce isolated, higlpy tracks. It will be difficult to use these boson with large branching ratio would be an interesting
final states to search fa’ bosons: it is extremely hard, in candidate for study.
the hadronic environment, to trigger on jets, and flavor tag-
ging with high precision is an unresolved problem. Nonethe- VII. CONCLUSIONS

less, since the brgnchi_ng ratio of to hadrons[BR(7 We have discussed two methods of searching Zor
—hadrons)~65%] is higher than to leptons[BR(r o500 that couple primarily to third generation fermions.
—leptons)=35%] [30], even modest jet trigger and flavor gonds on the scale of quark-lepton compositeness derived
tagging efficiencies could prove extremely valuable infom data taken at LEP and the Tevatron now imply that
searches or measurement of parameters. The ability to use posons derived from extended &, X SU(2), or
these additional channels with their h|gher event rates Shoulg(l)hx U(1)| interactions must have a mass greater than
yield significantly improved mass limits for a given inte- about 375 GeV. The reach of these limits will improve as
grated luminosity. additional data are taken. As the Tevatron Run Il begins, it

In the semi-leptonic decay scenario, where we havewill become possible to search f@' bosons using the pro-
"7~ —jet+1, the event trigger could be a high-electron  cesspp—Z’— rr—euX. We have shown that a combina-
or muon with, for examplep+>15 GeV. In off-line process- tion of cuts based on lepton transverse momenta, jet multi-
ing, one would then reconstruct the jets, and attempt to pemplicity, and event topology can overcome the standard model
form flavor tagging. If the correctetltagging efficiencfcan  backgrounds. With 30 fb' of data, the Run Il experiments
be raised to approximately 15%, then the semi-leptoniavill be able to excludeZ’ bosons with masses up to 750
events will provide the same event rate for analysis as th&eV. Were aZ' boson, instead, discovered, the shape of the
fully leptonic events previously considered. Further study ofeu invariant mass distribution and the relative branching
these channels are clearly warranted. fractions to taus and to muons could reveal ZHemass and

Z' bosons arising from extended weak interactions willcoupling strength.
also be accompanied By’ bosons of very similar magso
leading orderM,,=M,,/). These bosons could be searched ACKNOWLEDGMENTS
for in the procespp—W’'— 7v,. Standard model back-
grounds would include pp—W—ly, and pp—WZ°
—lv,vv, both of which should have softer lepton spectra, a
well as pp—Z°+jet—vv+fake lepton, where the jet is
misidentified.
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