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Subgroup Members F. Cuypers (PSI), S. Godfrey (Car-predicts new strongly interacting particles such as axigluons[3],
leton), X-G. He (Melbourne), J. Hewett (SLAC), H. Kagarcolorons[4], and topgluons[5] depending upon how the quarks
(OSUY, J. Lykken (FNAL), K. Maeshima (FNAL) L. Price transform under the tws0U/(3)'s. Other possibilities include
(ANL), S. Riemann (Zeuthen), J. Rowe (U.C. Davis), D. Toextending the color group to larger factors, suctb&%5).[6].
back (Chicago), C-E. Wulz (Austria,OAW) All of these extensions result in particles which are new gauge

bosons in the strictest sense. As the physics of such states
are covered in New Interactions Subgroup report[7], we will
ABSTRACT limit our discussion below to extensions of the SM electroweak
oup. Even with this constraint, the number of potential mod-

. r
We summarize the results of the New Gauge Boson Subgr(gf remains very large.

on the physics of extended gauge sectors at future_z colliders xtended Gauge Models(EGMs) can be divided into two very
presenteq at the 1996 Snowmass workshop. We discuss theo ad classes depending upon whether or not they originate
rect and indirect search reaches for new gauge bosons at l?%

. 0. a GUT group, such aSO(10) or Es. Generally the new
ha_dron and lepton co_lhde_rs as WPT” as the ability _Of such m auge bosons from GUT-inspired scenarios have generation-
chines to extract detailed information on the couplings of the,

particles to the fermions and gauge bosons of the Standlﬁ{ eg&??iﬂ;g;gI{E%Sn(lerééhﬁofirgirjgr}zf :mgaﬁgfmod_
Model. els. Also,generally the extension of the SM group structure
induces additional anomalies which cannot be cancelled by us-
l. INTRODUCTION ing the conventional SM fermions alone. This implies the al-
A O . most all EGMs also contain additional exotic matter particles,
) Verview such as leptoquarks, with masses comparable to those of the
One of the most important goals of existing and future cahew gauge bosons themselves. In what follows, we will limit
liders is to establish the gauge group which fully describesir discussion almost exclusively to a small set of sample mod-
the strong and electroweak interactions. Current precisiels of either class that have been recently reviewed by Cvetic
measurements[1] as well as direct collider searches[2], botheoid Godfrey[8].
which probe the physics at the “electroweak’ (100 GeV) scaleThe search reach at altider as well as our ability to extract
support the hypothesis that this group is that of the Standaalipling information for a new gauge boson is somewhat model
Model(SM):STU(3). x SU(2)r x U(1)y . Many scenarios have dependent due to the rather large variations in their couplings to
been proposed over the last 25 years in which the SM is jiise SM fermions. To be specific we considgrthe Fs effec-
an effective low energy version of a somewhat more compléxe rank-5 model(ER5M), which predictsd whose couplings
gauge structure which exists at higher energies. If any of thelgpend on a single parameter/2 < § < n/2, with models
ideas have any validity and the associated scale is not far abgye = 0), x(¢ = —n/2), I(§ = —cos™!+/3/8), andn(¢ =
the multi-TeV range then future colliders should find direct eypg—1 \/%) denoting specific common cases discussed in the
idence for its existence. There are many reasons why the di@rature; (i) the Sequential Standard Model(SSM) wherein the
covery of such a new scale would be important. Perhaps #&v1y’ andZ’ are just heavy versions of the SM particles (of
most obvious is the observation that we cannot extrapolate tgirse, this is not a true model in the strict sense but is com-
physics we currently see to extremely high energies, such asignly used as a guide by experimenters)) ¢the Un-unified
Planck or a hypothetical GUT scale, without knowing all that islodel(UUM), based on the groufi/ (2), x SU(2), x U(1)y,
happening in our own neighborhood that we are just beginniagich has a single free parameter4 < s; < 0.99; (iv)
to probe. Clearly, the discovery of a new gauge boson, suchtiag Left-Right Symmetric Model(LRM), based on the group
a Z' or W', would be the cleanest signature for new physi¢g/(2),, x SU(2)r x U(1)p_r, which also has a free parame-
beyond the SM. ter (x = gr/gr > 0.55) of order unity which is just the ratio of
It is impossible in a brief review to cover all possible modthe gauge couplings and, lastly) the Alternative Left-Right
els with new gauge bosons. We note that extensions of batadel(ALRM), based on the same extended group as the LRM
the strong and electroweak sectors have been proposed in ev@now arising fromZs, wherein the fermion assignments are
riety of forms. For example, extending the conventional QCRodified in comparison to the LRM due to an ambiguity in how
SU(3). group toSU(3); x SU(3), leads to scenarios whichthey are embedded in ti2F representation.
" In the case of &V’ we will restrict ourselves to the specific
763\,4%3521?[)‘)0“6(1 by the Department of Energy,  contract DE_Acose_xample of the LRMj.e, Wg, although both the UUM and
t Working Group Convener ALRM have interesting?”’ bosons. ThéV’ in the UUM is
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quite similar to that of the SSM apart from its overall couplin

strength and the size of its leptonic branching fraction. T é‘ble_ I Partial_ survey of string _models for naturally light
W’ in the ALRM cannot be singly produced via the Drell-vafrandidates which are leptophobic from [10]

mechanism since it carries non-zero lepton number and nega- Model Leptophobid/(1)'? Q% # 0?
tive R—parity[9]. In what followsZ — 7/ andWW — W' mixing Faraggi | [12] no _
effects will be generally ignored which is an excellent approxi- Faraggi Il [13] yes no
mation for any new gauge bosons in the multi-TeV mass range. Faraggi et al [14] no -
Chaudhuri et al [15] yes no
B. Why aZ’ Might Be Light H0(_:kney-Lykken [16] yes no
Flipped SU(5) [17] yes yes

While it is interesting to consider EGMs on their own merits,
they are only of true phenomenological interest if their asso-

ciated scale is within the range accessible to existing or future ) o
colliders. In principle, the new scale could lie anywhere b&veen leptonic precision measurements at SLD and LEP and
tween the electroweak scale and the Planck scale. If it is fA Predictions of the SM. If the” is not leptophobic, this
from current energies then the associated new physics cotfstraint implies an additional strong constraint between the
. . . . ! ! H / H
only be observed indirectly. Why might we expect this scale fo(1)" charges of5, @%, and the Higgs doublets)y,. Cvetic
be “nearby'? In a contribution to these proceedingkkéen[10] and Langacker[11] did not find an acceptable string model of
examined this issue for the case of a nE\{1)’ gauge group this type amongst those presented in the literature; of course
within the general context of SUSY-GUTS and String Theoi9ly & handful of such models are known so far. (We recall that
with weak-scale supersymmetry, extending the work of Cvetfdthin these string models all of the (1)’ charges are com-
and Langacker[11]. pletely specified.) Given the severity of the constraint this is
One of the essential ingredients of this scenario is the id&@Pably n_ot/s_urpnsmg_. Lykken examined the possibility of a
of radiative symmetry breaking. It is easy to imagine that tH@ptophobu/Z in the string context with the additional require-
breaking of thé/ (1)’ might be triggered by the renormalizatio"ent thatl’y be non-zero. His results are shown in Table I. As
group(RG) running of some exotic fermion fields which driv2n Pe seen, only Flippedl/ () is a potential candidate theory
the mass squared of some exotic scalar field negativeever but a detailed study[10] shows that the part|cle_ embedding nec-
due to the logarithmic nature of the RG running it would n&SSary to generate a large top Yukawa coupling lead to flavor
seem very likely that th&’ mass would naturally lie in the few €hanging neutral currents generated Zfyexchange. Lykken
TeV region or below without some fine tuning of parameter§oncludes that a leptopholiit satisfying our constraintsis less
In fact. in scenarios of this kind. one finds that thé mass natural in string theory than the more conventional kindZaf

naturally lies instead in theo® — 10'° GeV range for typical Finally, Lyyken further reminds us that tti&(1)’ leads to po-
GUT models. tentially large D-term contributions to the squark and slepton

In the MSSM, symmetry breaking is induced by the vev's gpasses which can be of order 250 GeV. If so this implies rather
the two Higgs doubletﬁ—[UD To breakl/(1)/, we require the significant modifications in the sparticle mass spectrum in com-

introduction of some number of SM singlet fields of which éﬁarison to either minimal supergravity or gauge-mediated low

least one gets a vev. In models with two or more singlets gg{]ergy breaking models.
tingvev's, D flatness imposes a relationship between these vev's
(apart from corrections of order the soft SUSY breaking scale’)'- COLLIDER SEARCH REACHES FOR NEW

but does not relate them to the vev' siif . This implies that GAUGE BOSONS

the 7/ mass and the electroweak scale are not directly relateq_ - _
he search capabilities for new gauge bosons of existing and

and theZ’ could naturally be quite massive. On the 0therhan1g,t lerat b di db h dh
if only one singlet §) gets a vev and either or both éfy p uture acceleralors as been cISCussed by many autnors and nas
’ %@en most recently summarized by Fig. 1 from Cvetic and

carry U (1)’ charges then the doublet and singlet vev's are dfrevis]. M ¢ K al th i ted
rectly related through the requirement of D flatness. If the so © rey[8]. More recent work along these lines was presente

mass fors, mZ, is of order the weak scale (s is the case 185 this meeting[18] which generalize and extend previous re-

all SUSY breaking soft terms) then the vev $fis also of or- sults. 'I_'he discussion for _hadron and lepton colliders are pre-
der the electroweak scale. TH# mass then becomes Calcu_sented in subsequent sections.
lable in terms of the vev's, which are no longer independent, .
the gauge couplings, and tiBg1)’ charges of the singlet and A. Hadron Colliders
doublet fields. In what follows we will mostly limit our analysis to the con-
To this scenario certain phenomenological constraints need/émtional discovery channels involving’ and W’ decays to
be added in that;f the Z’ has to be sufficiently massive as taharged lepton pairs and charged leptons plus misBinge-
have avoided current searches anl gither theZ — 7’ mix- spectively. Regrettably, this leaves many territories untouched
ing angle must be reasonably small, of ordér3, or theZ’ whereine.g, the new gauge boson decays to dijets, pairs of SM
couplings to leptons are suppresskee.,(theZ’ is leptophobic). gauge bosons, or leptoni€”’ decay modes not involving miss-
This second constraint arises from the excellent agreement ingr-%;. (Toback[19] has partially remedied this situation for the
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ground underneath it. Detailed detector simulations for both the
Tevatron and LHC[20] validate this approximation as a good es-
timator of the true search reach at least for the moreittoadl'
models where th&” and1V’ are relatively narrow.

Tevatron (pp)
Vs=2 TeV, L=1fb1

Vs=2 TeV, L=10fb"

Vs=2 TeV, L=100fbt

LHC (pp)
Vs=14 TeV, L=10fBt

Vs=14 TeV, L=100f5" |
LEP200 (d¢€)
Vs=0.2 TeV, L=0.5fb
NLC (et e)
Vs=0.5 TeV, L=50fB" |

Mp™" (TeV)

Mz, ™" (GeV)

Vs=1 TeV, L=200f6"

k
Vs=1.5 TeV, L=200f5" |

Figure 3: Same as the previous figure, but now for the UUM.
On the left are the results for the Tevatron running at 2 TeV.
From top to bottom the integrated luminosities are assumed to
be 100, 50, 20 and 1pb~", respectively. On the right are the
corresponding LHC results for 50 and 196 ".

Figure 1: Tevatron and LHC bounds are based on 10 events in

theete™ 4+ uTp~ channels; decays to SM final states only is
assumed. LEP and NLC bounds a8 CL using the observ-
ableso;, R4 AL - and A%,

1000 10000
Discovery Reach for Z' (GeV)

To obtain the search reach in ti# case, we need to know
the various fermionic couplings for a fixed value of tfiemass
to obtains. Traditionally, one also assumes that #lecanonly
decay to pairs of SM fermions in order to obtdin It is impor-
tant to note that in many models, where tifecan also decay
Tevatron as will be discussed below.) These possibilities requigeexotic fermions and/or SUSY particles tligerestimatess;
further study particularly at the LHC. and, thus, the search reach. In obtaining our results for 10 signal
events we combine both the electron and muon decay channels.
With these assumptions, Figure 2 shows the discovery reaches
for the Z’ of the ER5M and the LRM at the LHC whereas Fig-
ure 3 shows the correspondirgaches for the UUM?’ at both
the Tev33 and the LHC. The full set of figures for other mod-
els/colliders can be found in Ref.[18, 21]. Table Il contains a
summary of all of these results. Here we see that TeV33 will
allow us to approach the 1 TeV mass scalef6bosons for the
first time. Note that in the case of the 60 and 200 TeV machines
N L the highelyq luminosities in thepp mode leads to a significantly
o : K oo omeow o am ot greater & 30 — 50%) search reach.
If the above estimate of the leptonic branching fraction is
Figure 2: 7' search reaches at the 14 TeV LHC s mod- wrong, how seriously are the sear@aches compromised? To
els as a function of(left) and for the LRM as a function of get a feeling for this, consider reducing the valueBfby a
(right). The curves on the left(right) correspond to integratédctor of two from the naive estimate given by the assumption
luminosities 100 and 200(50 and 100)~*, respectively. that theZ’ decays to only SM fermion pairs. (In the; case,
this roughly corresponds to allowing ti to decay into SUSY
partners as well as the exotic fermions with some phase space
Traditionally, bothZ’ and IV’ search reaches are obtaineduppression[9].) Semi-quantitatively, the reductiongaah for
through the use of the narrow width approximation with somgch cdider is found to be roughly model independent and ap-
additional corrections to account for detecemceptance’s() proximate results are given in the last line of Table Il. As can be
and efficiencies). In this case the number of expectedeen from these values the “hit' taken can be significant in some
events(V) is simply the productV = ¢ B, AeL, whereo isthe cases. However, unleg is very much smaller than the naive
production cross sectior; is the leptonic branching fractionestimate it is clear that the multi-TeV mass range will remain
and( is the machine's integrated luminosity54 signal is as- easily accessible to future hadrorliters.
sumed to be given by 10 signal events with no background; thisJnlike the 7’ case, the correspondinigfr searches in the
is logically consistent since an extremely narrow peak in thé&kM via the Drell-Yan process have many subtleties even when
dilepton mass distribution can have only an infinitesimal baclwe assume that the missing mode is accessible and dom-
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4500
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Table II: 7’ search reaches at hadrorlicters in TeV. For the LRM g = 1 is assumed while for the UUM, we takg = 0.5.

Decays to only SM fermions is assumed. The lumitiesof the Tevatron, LHC, 60 TeV and 200 TeV colliders are assumed to be
10, 100, 100 and 10066~ !, respectively. The last line in the Table is the approximate reduction in reach in TeV due to a decrease
in B; by a factor of 2.

Model LHC 60TeV pp) 60 TeV pp) 200TeV pp) 200 TeV pp) TeVa3

X 4.49 13.3 17.5 43.6 63.7 1.00
Y 414 12.0 17.1 39.2 62.3 1.01
7 4.20 12.3 17.9 40.1 64.8 1.03
I 4.41 12.9 15.2 42.1 56.0 0.88
SSM 4.88 14.4 20.6 45.9 68.7 1.10
ALRM 5.21 15.0 22.5 49.9 74.7 1.15
LRM 4.52 135 18.9 43.2 64.6 1.05
UuUM 4.55 13.7 19.7 435 65.1 1.08
Hit 0.33 15 1.8 4.9 6.3 0.05

wise to search for th@/ 7 final state as discussed by [19].
Y L In models where both &' and aZ’ exist there is gener-
ally a direct relationship between their masses. For example, in
the UUM case théV’ and Z’ are predicted to be degenerate,
whereas in the LRM there is a non-trivial relationship:

M%R _ "{2(1 - l°w)pR
MI%VR Rl - 2y) — Ty

oB, (fb)
My (TeV)

: (1)

S *”“Tf/‘\HH\W\W\w\mf wherepr = 1(2) signal symmetry breaking ofU (2)r by

. e ™ wo+w e wow o right-handed Higgs doublets(triplets) and, = sin®6,. A

measurement of th&/’ to 7’ mass ratio will tell us a fair

Figure 4: Wx production cross section times leptonic branclamount about the underlying gauge theory extension.
ing fraction at the LHC(left) for = 1 assumind’z, = Vg(top)
or the worst case values(lower) B£. Also shown is the search Table IIl: W5 search reaches of hadronlliers in the lepton
reat_:h forWr vs. #(right) at the LHC withi, = Vg for lumi- plus missing energy mode in Te¥. = 1 and decays to only
nosities of 50 and 1006~ SM fermions is assumed. WC(worst case) refers to the set of
Vr elements that yield the lowest production cross section. The
luminosities are as in the previous Table.

inant. The canonical search assumes thatyth&’r produc- Machine Vi =Ve Vg (WC)
tion vertex has SM strength, implyind)(« = 1 and (i) TeV33 1.2 ~ 0.5
Vi.;| = |[Vr,,| i.e, the elements of the RH CKM mixing ma- LHC 5.9 5.1
trix, Vg, are the same ag;,, and, as in theZ’ case, i) that 60 TeV @p) 19.7 ~ 16
theWr leptonic branching fraction is given by its decay to SM 60 TeV @pp) 25.1 ~ 16
fermions only. Of course violations of assumptionsafid (ii) 200 TeV @p) 64.7 ~ 52
are easily accounted for in a manner similar to fiecase dis- 200 TeV {p) 82.9 ~ 52

cussed above. If assumptian) (s invalid, a significant search
reach degradation can easily occur as a result of modifying the
weight of the various parton luminosities which enter into the Fig. 4 summarizes thé’r search at the LHC where the nar-
calculation of the production cross section. At ghecollid- row width approximation has been employed. In particular this
ers such as the LHC, we do not expect that surrendeiilpg {igure shows that the reduction of reach at the LHC due to varia-
will cost us such a very large penalty since g production tionsinVy is rather modest whereas it is far more significant at
process already occurs through the annihilation oks@téence the Tevatron. The corresponding figures for the complete set of
guarks. On the otherhanid/z production is a valencevalence results at other colliders can be found in Ref.[18, 21]; Table I
process at thgp colliders such as the Tevatron so we might arsummarizes these findings. We note that for the cas&gofif
ticipate a more significant reach reduction in this case. If thee let B, — B, /2, the search reach at the LHC is reduced by
conventionall’’’ decay modes areuppressed, it may also be~ 450 GeV for values ok in the range).55 < k < 2.
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B. Lepton Colliders: Indirect Searches on the specific model and the machine energy, the increase

It is more than likely that &’ will be too massive to be pro- IS f(_)und to b_e smaller at larger values.g. . .
; : . i Figure 5 displays a set of sample results of this analysis at the
duced directly at the first generation of new lepton colllderg

Thus searches at such machines will be indirect and will coinc-)0 GeV NLC and 5 TeV Next-to-Next Linear Collider(NNLC)
-for a7z’ of the UUM type. In particular, these plots show how

lestmo;Jo(())Igzgr\fl(;rl'aldeiv:;tlogzslirllltehel_grgglﬁgr]lshg\f/e'[hser]()sm Ir?he introduction of additional observables associated first with
y P - -ay b and then withc andt lead to an increased reach. Note that

that the deviations in the leptonic observables due to the e)ﬂ?é inclusion of andt in comparison to the leptons plisase
tence of aZ’ are rather unique. Since th€ is not directly P P P

) . o leads to only a rather mild increase in the reach. Table IV sum-
produced, lepton collider searches are insensitive to ¢eayd . .
mode assumptions that we had to make in the case of hadragyizes all these results for the search _regches qf the various
colliders. colliders for all of the above m_od_e!s. It is interesting to note
that for the LMC the lack of significant ISR and the smaller
polarization/luminosity are found to essentially cancel numeri-
cally in their affect on theZ’ search reach.

It is possible to extend this technique to more exotic ex-
tended gauge models which do not obey family universality; a
good example of this is th&’ in topcolor-assisted technicolor
models[24] which is expected to lie belaw 3 TeV and above
~ 1.5 TeV based on constraints from precision measurents[25].
The exact couplings depend upon a single free paramsgter,
Fig. 6 shows that the search reach for thisat the NLC is in
os o o o o o . excess of 4.7 TeV for all values of this parameter. Note the

5 5 important role played by charm and top quark final states in ob-

Figure 5: IndirectZ’ search reaches for the UUM at the 50&iNing this high reach.

GeV NLC(left) and for a 5 TeVeTe~ NNLC collider(right)

including initial state radiation. The dotted(solid, dashed) curve

corresponds to the values obtained using leptonic(leptonic plus 150 e e
b—quark, all) observables. A luminosity of 50(100@) ' has I
been assumed for the NLC(NNLC).

15000

12500 (— —

10000
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2500 | - ol a ]
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In the analysis by Rizzo presented at this meeting[18], the fol-
lowing standard set of observables were employed: A%, ,

A] p, AUD () wheref labels the fermion in the final state and,
special to the case of the tax, P, > and P/"2. Note that
beam polarization plays an important role in this list of observ- <
ables, essentially doubling its length. This was a first pass pre-g
liminary analysis wherein charged leptons as welbas c—,
andt¢—quarks are considered simultaneously in obtaining the
discovery reach. [Note: the results presented by Rizzo in the 25 |
Snowmass workshop Subgroup summary talk did not include | | | |
the ¢ and¢ quark contributions.] The basic approach follows T T
that of Hewett and Rizzo[22] and is outlined in the review of
Cvetic and Godfrey[8], but now includes angular cuts, initial
iati i - i + .~ col-

S.t".ite radiation(ISR) in the e case but |gno_re_d fqm - .COI. Figure 6: Search reach for tt# in topcolor models at the 500
lisions at the Large Muon Collider(LMC), finite identification . : L 1 :

L : ) ) N GeV NLC with an integrated luminosity of 58~+. The solid
efficiencies, systematics associated with luminosity and be:flm . ' )

. . g . i ine includes data from the u, = andb finals states; the dashed
polarization(’) uncertainties. FoeTe~ colliders P = 90% .
: curve also includes data erandt.

was assumed while for the LMC one can trade off a smaller
effective P through modifications[23] in the integrated lumi-
nosity. The angular cuts, efficiencies, systematic eregcsap- A parallel analysis of the capability of lepton colliders to in-
plied in all cases were assumed to be the same. This is probabigctly discover aZz’ was performed by Godfrey[26] with a
extremely optimistic for the LMC since it is unclear whetheslightly different set of assumptions and observables, neglect-
a microvertex detector with suitabbleand ¢ identification ef- ing the effects of ISR. Numerically, the two analyses agree at
ficiencies is possible in that collider environment. Genericalthe semi-quantitative level once the ISR contributions are taken
one find that ISRowersthe search reach bk — 20% while into account. This is important in that it demonstrates that the
beam polarizatiomncreaseghe reach byl5 — 80% depending 7’ search reach is not extremely sensitive to the detailed nature

7.5

TeV)

5.0

Mz

—_

Sg
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Table 1V: IndirectZ’ search reaches of leptonliiders in TeV employing all observables including the effects of ISR. The
integrated luminosities of the NLC500, NLC1000, NLC1500, NNLC and LMC are assumed to be 50, 100, 100, 1000 and 1000
fb~1, respectively.

Model NLC500 NLC1000 NLC1500 NNLC5TeV LMC4TeV

X 3.21 5.46 8.03 23.2 18.2
Y 1.85 3.24 4.78 141 111
7 2.34 3.95 5.79 16.6 13.0
I 3.17 5.45 8.01 22.3 17.5
SSM 3.96 6.84 10.1 29.5 23.2
ALRM 3.83 6.63 9.75 28.4 223
LRM 3.68 6.28 9.23 25.6 20.1
UuUM 4.79 8.21 12.1 34.7 27.3

of the assumptions of a particular analysis as long as they hst®on mode with a luminosity comparable to that fete~.
fairly reasonable. A very interesting part of Godfrey's analys&ince bothe~ beams are polarized, thedfectivepolarization
was a detailed examination of the various contributions whi¢hlarger and, due to the large Moller cross section, there is sig-
led to they? used in setting the searchach. For the 500 GeV nificant sensitivity to the existence ofZ[27]. Unfortunately,
NLC, thisis nicely displayed in Fig. 7 for four differefit mod- an analysis of this situation including the effects of ISR was not
els with theZ’ mass set to 2 TeV. The figure shows the variaticavailable at the time of the meeting but a preliminary study by
in the size of the individua}? contributions is very significant. Cuypers[27] presented there indicated thatrté of search
However, it also shows that the importance of the polarizatioeaches in theTe~ ande~e~ modes might be stable under
asymmetries when information from various final state flavote modifications induced by ISR. Assuming this to be true,
are combined together. Rizzo[18] thus repeated the previouse~ analysisneglecting

ISR and also performed the complementary — analysis with

the same cuts, efficienciestc and then took the ratio of the

500 resulting eaches for a given extended gauge model. The results

of this analysis for NLC500 are shown in Table V. Here we see
that in general the™ ¢~ reach is superior to that obtained in the

[ ete- ->mu+ mu-

400 - MW R(had) 1 ete~ mode when only the leptonic final states are used, con-
B eve->cc sistent with the results obtained in Ref.[27]. However, as soon
350 - = ete->hb 1

as one adds the additional information from the quark sector,
ete regains the lead in terms ¢f mass reach. Combining
the leptonic and quark data together in tHe=~ case always

1 results in a small value for the ratio.

[ ALR

Table V: Ratio ofe=¢~ to eTe™ indirect 7’ search reaches at

] a 500 GeV NLC with an integrated luminosity of 50~! in
either collision mode. ISR has been ignored. The columns label
the set of the final state fermions used in ¢fe~ analysis.

Model ¢  (+b (+1b,cl

X 1.10 0.900 0.896
Y 120 0.711 0.673
7 1.07 0.813 0.650

I 1.06 0.813 0.813
SSM 1.30 0.752 0.667
ALRM 120 1.12 0.909
LRM 1.02 0.483 0.432
UUM  0.891 0.645 0.496

Figure 7: Contributions to the totgf for a number of different
observables used in the indiregét searches irT e~ colliders.
The specific values are for the 500 GeV NLC with a luminosity
of 50 fb~ 1, P = 100%, and aZ’ mass of 2 TeV.

Of course, we need to verify these results directly; in a con-
In principle the NLC can be run in the polarizede™ col- tribution to these proceedingsugpers examined the influence

869



of a number of systematic effects in the searchesZ6s in limit: my, + my < /5, wheremy is the mass of the right-
the purely leptonic processes e~ — ptp~ as well as in handed neutrino[32]. It is clear from this discussion that for a
Bhabha and Moller scattering[28]. He has now demonstratewre massivéy’, we need to perform an indirect search as has
that for these processes the effects of ISR modifythsearch just been discussed in the case df'a
reaches by essentially the samecamt~ 15%. Cuypers also  Since virtual I¥"'s are not conventionally exchanged in
showed that the systematic uncertainties in both beam polat=— — ff processes, it is difficult to obtain indirect mass lim-
ization (since both beams are polarized) and angular resolutign One possibility, explored by Hewett[33] in a first pass anal-
(due to thet-channel pole) are far more important in Mollegsis for these proceedings, is the famous “neutrimanting'
scattering than inte~ — ptu~. In fact, for Bhabha scatter- procesg+e~ — viy. In the SM, this reaction proceedwiugh
ing, Cuypers has found that the angular resolution is the larggs$ “subprocesste~ — v, which occurs vias—channelZ
source of systematic error. Including all systematic effectgndt—channell? exchanges and an additional photon is then
Bhabha scattering was found to be the least sensitive to the gowed to be emitted by any charged leg. In models with new
istence of az’. A comparison of the sensitivities of these threg/” andZ’ gauge bosons there will be additional graphs that can
processes to a new’ at a 500 GeV NLC with” = 90% is lead to modifications in the SM result. For a givéit mass, the
shown in Fig. 8. correspondingZ’ mass is fixed by a model dependent relation-
ship as discussed above. The $MandW’ are treated as con-
I I I I I tact interactions in this first approximation. Thus in the LRM
‘ (assuming Dirac neutrinos) or the UUM we need only specify
or s4 as well asMy - to perform the complete calculation if we
neglect any possible mixing among the gauge bosons. Unfor-
tunately, this radiative process is suppressed in comparison to
the usual fermion pair rate by an additional powencds well
as by three-body phaseage, hough these are somewhat offset
by the appearance of large logarithms. We might thus expect
that the available statistical power may not be able to provide
much of a search reach, but it is clear that any extensigarize
My > /s is important.

To render the process observable (and also to make the cross
section finite by removing infrared and colinear divergences),
the photon energy is assumed to be0.05,/s and to make
‘ an angle with the electron or positron beam directiong0°,

L L ' L L which should be well inside the NLC detector. What observ-
-0.4 -0.2 0 0.2 0.4 ables are useful in obtaining constraints? In addition to the total
cross section, we can form the Left-Right asymmetryg, us-
ing the initial beam polarization. In the SM, the valueAf r
Figure 8: Contours of observability at @5CL for the reduced is close to unity due to the rather strong influence of ittie
Z' couplings including the effects of ISR, polarization and Iudnfortunately, for interestingl’”’ masses this situation is not al-
minosity uncertainties, as well as the angular resolution of tte¥ed and one finds that; r is not useful. One can also, in
detector. These results are for a 500 GeV NLC with- 90% principle, use the energy and angular distributions of the final
with a luminosity of 50(25)/6=! in theete~ (e~ e~) mode. state photon; however, a short analysis demonstrates the the by

far dominant influence here is just QED in tHé/T/’ contact
interaction approximation. We are thus left with only the total

A W’ can also be produced in pairs éfe~ annihilation cross section as the only useful observable.
vias-channely, 7, 7’ exchanges and some model-dependent The results of Hewett's analysis for the exclusion reach of
channel exchange. For example, in the LRM(UUM), a heatkis process for a newi’”’ can be seen in Fig. 9 for both the
right-handed (massless left-handed) neutrino is exchanged_RM and the UUM cases. This figure show the minimum value
the ¢-channel. While the cross sections for this process avethe W’ mass as a function of eitheror s; for NLC col-
large[29], the kinematic reach for directqaluction is rather lider energies of 500 GeV and 1 TeV and luminosities of 50
poor< /s/2. Inthe LRM, it is also possible to produce like-and 200f6~* respectively. For the LRM case, the limits range
sighWg pairsine~ e~ collisions if the right-handed neutrino isfrom ~ 680 GeV to~ 975 GeV above the kinematic limit in
a Majorana particle[30]. Of course, the reach is the same aghe /s=500 GeV case f06.55 < x < 2. For the case ofa 1
ete™ collisions. One possible way to extend the direct discoeV collider the correspondingach ranges froh200 to 1950
ery range is to produce one on-shell and one off-shé[B1]. GeV. For the UUM with small values afy, the reach isdund
In this casel’’’ masses as large as 0.8,/s can be reached. to not be significantly greater thays. As s, grows beyond
Another possibility is to employ thee collision mode where 0.5, the leptonic couplings of thHé” and Z’ increase and the
the W’ is produced in association with some other fermion; ireach increases dramatically to several timésfor both the
the LRM case this pushes the reach almost up to the kinem&@® GeV and 1 TeV NLC. For both models we see that rea-
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were to be available. In reality, theach for oupling analysis
o is far inferior to the 3-3.5 TeV range at the LHC.

When aZ’ is discovered, both ATLAS and CMS will eas-
ily measure its mass, total width(.), and its production
cross section in the leptonic chanreg)( which in the narrow
width approximation is given by (¢¢ — Z')B;(= T'(Z' —
T47)/T0¢). Unfortunately, this last observatdannotbe used
to extract coupling information since the value Bf depends

L ‘ L noton_lyontheconventionalquarkandIeptoncouplingstothe
T e e o o : Z'(which we want to determine) but also on possible decays

to SUSY partners, exotic stategtc Fortunately, however, the

Figure 9:95% CL lower bound on thé¥” in (a) the LRM as a Producto;I'.,; is decay mode independent and will tell us some-

function ofx and (b) the UUM as a function af,. In each case thing about the overalt” coupling strength. Of course, the pro-

the |Ower(upper) curve Corresponds to a center of mass enéﬂgytion of aZ’ at the LHC in the real world does not look like

of 500 GeV(1 TeV) and an integrated luminosity of 50(200i¢ harrow width approximation but more like Fig. 10, so that

fb1. resolution effects need to be deconvoluted and efficiencies and
backgroundsccounted for before this product of observables
can be readily determined.

sonable exclusion reaches are obtainable. The influence of t_h-EhIS observation reminds us that past analyses of the extrac-

, S i .
contact interaction approximation will be examined in a futufiPn of Z* coupling mfo_rmatmn at hadron colllders_ have no_t ac-
analysis[34] counted for detector issues and have systematically relied on

the narrow width approximation. (It is also generally assumed
that there will be little uncertainty due to variations in the par-
lll.  EXTRACTION OF COUPLING ton densities. This may be a valid assumption in 10 years time
INFORMATION when the LHC begins analyzing data!) Befor& ais found at
Once a new gauge boson is found a new era bebingo as- the LHC we need to revisit these older analyses and try to un-
gaug ge derstand how well the proposed observables can be measured in

certain all of its properties. Only if we know as much as PSS more realistic situation. We began this exercise at the Snow-
ble about the newz’ /17’ will we be able to determine its origin ' g

o mass workshop and report below on some of our results and ob-
within a more general extended gauge model. Both hadron an : . . .
) . servations. A complete model-independent coupling extraction
lepton colliders can play important and complementary roles’in . . ) :
. . . analysis through the use of detector simulations for the LHC is
reaching this goal. Each has its own strength and weakness ;
. still'some years away from being demonstrated.
and are discussed separately.
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A. Hadron Colliders

The determination of the couplings ofd at a hadron col- A .

lider is a highly non-trivial task due to both large backgrounds | = :
and limited statistics. In our discussion below, we focus on "
the determination of’ couplings to the SM fermions at the

LHC. Certainly the same problems are to be faced at other i B e oA
hadron colliders. Theecent review ofZ’ physics by Cvetic f f ﬁ }
and Godfrey[8] shows that in an idealized world, without back- wwwww}ﬁ . m\mmmwwww\‘ﬁ\
grounds or systematic errors to worry about, the LHC will be T e T T e
able to do a reasonable job at extracting the couplings of a new ) ) ) o )
7' if its mass is not too much greater than 1 TeV by combiningd9ure 10: Simulation of a typicak” lepton pair invariant
series of different measurements in a simultaneous fit. What J08S$ distribution assumingyz/=1.53 TeV for electrons(left)

really want to know is how well this program can be performed'd muons(right) smeared with the ATLAS(CMS) resolutions
by a real LHC detector. at the LHC assuming a luminosity o606~ and || < 2.5.

At first glance it would appear that statistics shontd be a 1€ Pin size is 50(100) GeV; only Drell-Yan backgrounds are

problem at,e.g, the LHC with a luminosity ofl00f5=", but ncluded.
this is not always true. While the typical search reach for a

7' at the LHC is near 5 TeV thiS/WOl"d_ give us only a few gjnce the lepton-pair channel is the discovery channel for
events. To even begin @nalyzea 7’ requires more than 1004 7 it is obvious that we should try to extract as much in-

events in the discovery channel. This tells us that it is unlikef§mation as possible there. Several observables have been
that we will ever gain sufficient information aboutZ much  roposed[3s):

heavier than about 3-3.5 TeV[20] unless it had a particularly
large production cross section or significantly more luminosity ¢ The forward-backward asymmetiyrz;
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¢ The rapidity ratio,r,;, the ratio of cross sections in thea mass of 3 TeV. However, it is not so easy to go fresal data
central rapidity region in comparison to larger rapidities;that may look like these plots to the extraction of coupling infor-

mation. (Remember that we want to do more than distinguish

models, we want to get at th€ couplings.) As before, resolu-

« The various polarization asymmetries that can be formé@ns can be deconvoluted, but the background's contribution to
if at least one polarized proton beam is available. Cleari{}€ @symmetry may be potentially large. Numerically, however,
this possibility also relies on having excellent knowledg&€ narrow width approximation works fairly well in practise
of the polarized parton densities of the protorQdt~ 1 and gives reasonable results at the level®df- 15% for both
TeVZ. Itwould seem that such observables will not be usd@€ rapidity-integrated asymmetry as well as the dependence of

in the first round effort to disentanglé couplings. Arp on rapidity. Fig. 14 shows a direct comparison between
Monte CarloArp “data’ generated using a simplified simula-

Note that all these observables aa¢ios of cross sections andtion of the ATLAS detector and the narrow width approxima-
are thus less subject to systematic uncertainties and are als@igir expectations for a typical’. At least for this observable

dependent of theZ’ decay modes. Since we are assuming thgfe narrow width method works well within the statistics; we
hundreds ofZ’ events are available the measurements of thasgve verified that this result also holds for other models.

observables are not statistics limited. In principle, we would
like to have available Monte Carlo studies of each of these quan-
tities including detector simulations. This work was initiated
during the workshop. g
App is perhaps the most well-studied of this set of observ-"* | ¢
ables for purposes of coupling extraction but again generally>2 [ 02 F

.
+ i «
only in the narrow width limit. Unfortunately, as a function of , - +$++ o T ++++++
: + y .

¢ Ther polarization asymmetryd ., in 7/ — r+tr—;

0.6

0.4 |

®

A4

the dilepton massd pg will look more like Fig. 11 whenitis v o b
first measured and not a simple number as given by the narrow | F
width estimate. 04 F —0.4
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Figure 11: Simulation of thel g for a typical Z’ with a mass

of Mz,=1.53 TeV for electrons(left) and muons(right) smeared

with the ATLAS(CMS) resolutions at the LHC assuming a luFigure 12: Simulation of theZ’ forward-backward asymme-
minosity of 100/6=! and 0.3 < || < 2.5. The bin size is tries for different models as a function of rapidigy@ssuming
50(100) GeV; only Drell-Yan backgrounds are included. Th& ;. = 2 TeV as seen by the CMS detector in the dimuon chan-
low 5 region is removed to eliminate ambiguous hemisphenel. Signal and background have been integrated over the lepton
assignments for the leptons. pair mass rangé{z: & ;4.

To proceed one needs to cut away as much otitigerlying  The rapidity ratio,r,;, provides a complementary probe of
Drell-Yan background as possible without too much of a losise 7’ couplings. The relevant quantity to measure is the rapid-
in statistics. A mass cut such &gz + (1 — 2)T';,; is found ity dependence of’ production cross section. Fig. 14 shows
to be most useful. For the sample model in Fig. 10, a cut afcomparison between the simplified ATLAS simulation and
+(2)T:,: captures about 60(7%)of the 7’ with a background the narrow width approximation expectation which has been
contamination of less than abo2¥ for electron pairs. (For rescaled to go through the first Monte Carlo point. (Remem-
wider Z"'s, as well as for muon pairs, the backgrounds couler, we loose about 40 of our events due to the invariant mass
be significantly worse and tighter invariant mass cuts should i@ on the lepton pair.) This result indicates that the narrow
applied.) The events remaining after this cut can then be plottedith approach does not do a very good job at getting the right
vs. rapidity as has been done in the analysis of Wulz[20] wiiape for this distribution which results in values-gf which
the full CMS detector simulation. It is clear from Figures 12re systematically high by as much &% or more when this
and 13, that theZ"'s are reasonably distinguishable even witimethod is used. An examination of several other models with
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Figure 13: Same as the previous figure but nowXty, = 3
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Figure 14: A typical comparison of narrow width approxima-
tion expectations with a simulation for an ATLAS-like detector
inthe 7’ — eTe~ mode assuming a luminosity @60 /6! at

the LHC. TheZ’ mass is 1.53 TeV. On the left(right).isrp ()

as a function of rapidity. The dashed curve is the narrow width
result which has been rescaled in thease to go through the
first data point. Only events in the mass bify: + I';,; are
included.

detector simulation to see if it remains valid.
Other observables have been proposed to pfSeuplings:

e Associated”’ production,i.e, pp — 7'V whereV =
W, Z or ~. For different choices of” different combina-
tions of theZ’ couplings are being probed. The observable
of interest here is the cross section ralip = o(pp —

randomZ’ masses and couplings shows similar qualitative re-
sults. Of course, we would need a more thorough simulation
to verify these results and we would like to expand the study to
many more models.

One might ask how the narrow width approximation can do ¢

2'V, 72 — () /o(pp — Z' — (T{7), wherein the
Z' — £ £~ branching fraction drops out.

RareZ’ decays such as thel®dy modeZ’ — W{v,. The

relevant observable here is the ratio of branching fractions,
rw1,, for theW v, final state scaled to thig ¢~ discovery
mode.

so well in the case ofipp but perform rather poorly for,;.
Itis clear that what is happening in thie-p case, since ratios
of two cross sections at tteamerapidity are taken, is that the
excesses predicted by the narrow width method are cancelling The ratio of cross sections fpp — 2’ — jj compared to
outwhen the ratio is taken. Since the ratiodiéferentrapidities pp— 7 — i,

are used iy, this cancellation does not occur.

In the narrow width approximation, assuming universalitf;he immediate problem with the first two ideas is one of rate.
A, provides a direct determination of the ratio of the left- anlor example, a 1 Te\Z’ in the ER5M has a value @&, in the
right-handed leptonic couplings of thg. In principle, thisisa 0.001-0.007 range for photofi,'s greater than 50 GeV with
very sensitive probe of th&’ couplings,e.g, in the ER5M as |7y| < 2.5. Both Rz and Ry have similar magnitudes. Using
we vary the parametér, A, takes on its entire allowed range ofeptoniclV, decay modes alone would compromise these mea-
values and is generally large in magnitude. The technique is sgrements since the rates would be far too low. However,if the
sentially that employed by LEP to extract this same quantity far, W — jj modes are used we need to cleanly separate the two
the SMZ, however here we have to apply it in a hadronic ertlasses of events, thus requiring excellent hadronic mass reso-
vironment. To study theZ’ — r+7~ requires good triggering lution. While providing a reasonably clean signature, it does
for r-pairs with a excellent background rejection to get a cleamot seem too likely that associated production will be of much
sample. Studies by the CMS Collaboration indicate that thesge forZ’ masses too far above 1 TeV due to a rapid fall off in
basic requirements can be achieved at a luminosith0dt at statistics. A Monte Carlo analysis of these processes at the LHC
the LHC. A preliminary analysis of the use df to extractZ’ needs to be performed.
coupling information was performed some years ago by Ander-The quantityryy,;,, is generally found to be somewhat larger
son, Austern and Cahn[36] for the SSC. They concluded thathan Ry for most EGM's and reasonable rates may be obtain-
reasonable determination @f might be possible for &’ with able forZ’ masses as large as 1.5-2 TeV. The problem here is
a mass near 1 TeV but that backgroundsdme too serious if background since there is iy — ¢7¢~ in the final state to
the mass were much larger. It would be very interesting and iseparate this from related SM processé§.B grows rapidly
portant to repeat this analysis for the LHC with a semi-realistigith increasingZ’ mass and it is unlikely that this mode can be
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used far above 1 TeV. Again, a Monte Carlo study of this aradready known and was used as an input into the numerical ex-
related processes at the LHC would be very useful. traction of couplings. Fig. 15 shows the capability of the NLC
Z' — jj may be useful provided good resolution is availFunning at different energies to measure the leptonic couplings
able. The statistics is excellent but the QCD backgrounds afethe 7’ in the LRM and ER5My as the gauge boson mass
enormous. This possibility has already been explored in tisevaried. It's clear from this analysis that with reasonable lu-
somewhat tamer Tevatron environment by both the CDF amtnosities the NLC will be able to extract leptonic coupling in-
DO Collaborations[37, 7] and has been briefly discussed fgymation for Z” masses up t@ — 3./s. (We recall that the
ATLAS[38]. It is clear that more detector studies need to ksearch reactwas found to b& — 10./s.) These results are es-
done to insure the usefulness of this mode. sentially statistics limited, there being few sizeable sources for
systematic errors in the purely lepton mode.

B. Lepton Colliders > >
0.25}
Ifa 7’ is sufficiently light that we can produce it directly at a >
lepton collider, the determination of its various properties will ~ of o025
be straightforward. We need only to repeat thecassful pro-

(=]

grams of SLC and LEP for the SM over again at a higher ~02°f i @

energy. As noted above, however, it may be most likely that a Q‘“

7’ will be too massive to undertake such a program at least at”™®| -0.25|

the first generation lepton colliders so that we can only makgoﬁf
use of the same indirect signatures discussed above to sniff out ¢ 07 o7 X T Y E—T
the 7’ couplings. As we will see below, a major piece of the a; a,

puzzle will be supplied if a hadron collider, such as the LHC

tells us theZ’ mass before coupling extraction analyses begﬁ{gure 16: Model d_iscrimin?tion a% CL, fora 1 TevZ' at
at lepton colliders. a 500 GeV NLC with50fb~+ of luminosity; on the left(right)

for bottom(charm) quarks assuming a systematic uncertainty in

~ observables of 1(1.%). A b(c)-tagging efficiency of 60(40}
e, has been assumed together with a beam polarization%f 80
0.5} PR
\ \‘\%’-.. Riemann goes further in her analysis to take on the more
IR s . X s daunting task of constraining theand 4 quark couplings of
Tea the Z’. As she correctly points out, the size of the systematic
oF O errors for the measurements on these final states is rather crit-
R ) .-@'R ical to this program. For example, for4, (Z,) witha 1 TeV
Loox s mass, the size of the allowed region in te- a; (v, — a..) plane
N Y .,-’ approximately doubles at a 500 GeV NLC with a luminosity of
RN s 50 fb~! if a systematic error of 1(1.%) is added to all rele-
—05T °":.:.~. ./:,.-"' vant observables. However, as Fig. 16 shows, the NLC will still
v Mo=1.0TeV be able to extract coupling information and distinguish various
cJ me=)0 ey models using the, b final states. _ o
cere my=3.0 TeV What if theZ’ mass were nat priori known? Itis clear in this
B — ‘ . circumstance that measurements taken at a single valy& of
-0.5 0 0.5 will not be able to disentangl&’ mass and coupling informa-

tion. The reason is straightforward: to leading ordes in/Z,,
rescaling all of the couplings and the value 4f mass by a
common factor would leave all of the observed deviations from
Figure 15: 95% CL contours forv; and a; for a 500 GeV the SM invariant. In this approximation, tt# exchange ap-
NLC with a luminosity of50f6=!. The Z’ is taken to be in pears only as a contact interaction. Thus as longas M.,
the x or LRM with a 1(1.5) TeV mass corresponding to théhe only potential solution to this problem lies in obtaining data
hatched(shaded) area. The dashed(dotted) contoldS@r€L on the deviations from the SM predictions at several different
limits on theZ’ll couplings for they case and a mass of 2.5(3)values of,/s and combining them together in a single fit. In a
TeV. A beam polarization of 88 has been assumed. presentation at this workshop, Rizzo[40] reported a first bench-
mark analysis of this kind in which data from different values of
/s are combined. Only the leptonic ahehjuark couplings to
In a contribution to these proceedings, Riemann[39] analyzttak 7/ were considered. For’ masses in the 1.5-2 TeV range
the capability of futurete~ colliders operating below th&’ which werea priori unknown, this analysis found that com-
resonance to measure tief f couplings, wheref = ¢, b,¢c. bining data taken at 500, 750 and 1000 GeV was sufficient to
Her analysis implicitly assumed that the mass of fHewas determine the 4 unknown couplings as well as fenass. To
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Figure 17: 95% CL allowed regions for the extracted values
the (a) lepton and (by-quark couplings for aZ’ with randomly

generated mass and couplings compared with the predictions of the

insure model-independence, the mass and couplings were cho-
senrandomlyandanonymouslyrom rather large ranges.

A sample result of this procedure is shown in Fig. 17. The
three figures correspond to two-dimensional projections of the
full five dimensional ¢, a;, v}, a},, Mz+) 95% CL fit. The fol-
lowing standard set of observables were employed: A%, ,

Al p. ATB(f) wheref = ¢,b labels the fermion in the final
state and, special to the case of the tau,’, > and P[5,
Universality amongst the generations was also assumed. While
none of the couplings are extremely well determined we learn
enough to rule out all conventional extended gauge models as
the origin of this particulaZ’. Note that knowledge of both the
leptonic andb— quarks couplings was required to rule out the
case of anFs Z’. Fig. 18 shows how these results significantly
improve if the theZ’ mass becomes known; one now performs
a four dimensional fit instead of five.

ay
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of
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Fe model(dotted), the Left-Right Model(dashed), and the Un-unifiddgure 18: (a) Expanded lobe(solid) from the previous figure; the
Model(dash-dot), as well as the Sequential SM and Alternative LdRshed curve shows the same result butffoe= 80%. The smaller

Models(labeled by "S' and "A', respectively.) (c) ExtracEdmass;

ovals, expanded in (b) apply when t#é mass is known. Here, in (b),

only thea, > 0 branch is shown. In all cases the diamond represerts = 90(80)% corresponds to the dash-dot(dotted) curve while the
the corresponding input values. Here we seer that the couplings of gase ofP? = 90% with § P/ P = 5% corresponds to the square-dotted

Z' do not correspond to those of any of our favorite models.

curve. (c) Expanded lobe(solid) from the previous figure (b); the dotted
curve corresponds to the case whdp: is known.

C. W’ Couplings

The model-independent extraction of the couplings of a new
W’ have not attracted as much attention in the literature as has
the”’ case although several of the same techniques can be used.
For example, thel p5 of the decay lepton frorfil”’ decay can
tell us a great deal about thig’ couplings. However, assuming
these couplings are essentially chiral (as they are in all conven-
tional models with V), as is well known this asymmetry will
not be able to distinguish left-handed from right-handed cou-
plings. As suggested by Cvetic and Godfrey[8], the associated

875



production of d&¥” with a SM¥V will only occur at a reasonable the Snowmass meeting successful.

rate if thel’ has a substantial coupling to left-handed fields.

For example, in the LRMW TV’ associated production cannot VI. REFERENCES

occur in the limit of zero gauge boson mixing if the quarks are

assumed to be massless. In the Un-unified Model, however, L_.HeA. qundel, plenary tal_k given at th28th International Conference

cross section for this process is rather large sincditheou- on High Energy PhysictVarsaw, Poland, 25-31 July 1996.

ples in a left-handed manner. Similarly, rare decay modes sli€hM. Pillai et al, CDF Collaboration, hep-ex/9608006; S. Abaehi

asW’ — ij? will not oceur if theW” is purely right-handed. al., DO Collaboration, Fermilab report PUB-96/187-E.

It would be quite beneficial if a model-independent analysis B P. Frampton and S. Glashow, Phys. Le1.90, 157 (1987).

theW"'s couplings could be performed. [4] R.S. Chivukula, A.G. Cohen, and E.H. Simmons,
Another way to get a handle di¥’ couplings, particularly Phys. LettB380, 92 (1996); E.H. Simmons, hep-ph/9608269 and

if the traditional lepton plus missing energy final state is sup- these proceedings.

pressed, is to search for the ded&y — W 2Z. This decay is [5] C. Hill, Phys. Lett.B345, 483 (1995).

particularly sensitive to the detailed structure of the extendﬁﬂl R. Foot and O. Hernandez, Phys. RB41, 946 (1990); R. Foot,

gauge model. This analysis has already been done at the Tevap, Hermandez, and T.G. Rizzo, Phys. LE246, 183 (1990).

tron by CDF for Run I[41] and has been extended for these pi

ceedings by Toback[19] for thé" — ev, Z — jj decay mode.

The W’ was assumed to have SM-like couplings to the initi

9]' K. Cheung and R. Harris, these proceedings.

g?] For a complete set of references and a recent review of the physics
of new electroweak gauge bosons see, M. Cvetic and S. Godfrey,

14 . . Carleton University report OCIP/C-95-2, 1995, a part of the DPF
Apart from explicit factors which may appear at tWéWZ long-range planning study to be publishedEtectroweak Sym-

vertex, the decay rate fdi¥’ — WZ scales as\fy,, in the metry Breaking and Physics Beyond the Standard Moeés.

large V¥’ mass limit. This is easily understood in that thé& T. Barklow, S. Dawson, H. Haber, and J. Seigrist (World Sci-

is actually coupling to the longitudinal components of the SM entific 1996). See also, A. Djouadi, talk given at ferkshop

W and Z in this limit. Clearly, perturbation theory for the  on Physics and Experiments with Linear Collidefdorioka-

W' width would become meaningless before t#hé mass ex- Appi, Japan, Sept. 8-12, 1995, hep-ph/9512311; J. Layssac
ceeds values of order 1 TeV. A similar story applies to decays &l hep-ph/9602327; A. Leike and S. Riemann, to appear in the
of the typeZ’ — WWW. Fortunately, in most realistic extended Proceedings of the Physics witht e~ Linear Colliders Work-
gauge models, th&/'IWZ and Z'WW vertex is only gener- shop Annecy-Gan Sasso-Hamburg, 1995, ed. P. Zerwas, hep-
ated vialW — W’'/Z — Z’ mixing produced when we go over ph/9604321 and hep-ph/9607306.

from the weak to mass eigenstate basis. In this case, the ol@r-J-L- Hewettand T.G. Rizzo, Phys. R&83, 193 (1989).

all Ww'w Z[ 7' W1IV] vertex is proportional to this mixing angle,[10] J.D. Lykken, these proceedings.

which is generically of ordefMyy / Myy:)*[(Mz /Mz:)?]. The [11] M. Cvetic and P. Langacker, Phys. R®54, 3570 (1996) and
growthinthelV’ — WZ andZz’ — WW widths is thus signif- Int. J. Mod. PhysA11, 1246 (1996).

icantly dampened and scales linearly with the mass of the NEW| A. Faraggi, Phys. LetB278 131 (1992).

gauge boson. :
Assuming that thé? — W’ mixing angle is just the ratio [13] A Faraggf, Phys. LetB339 223 (1994).

(Myw /Mw)?, Toback shows that TeV33 has a significant seht4] A. Faraggi, D. Nanopoulos, and K. Yuan, Nucl. PH§835, 347

sitivity to this mode forl¥” masses up to about 525 GeV for (1990).

an integrated luminosity of0 f6=1. A similar sensitivity was [15] S-Chaudhuri, G. Hockney, and J. Lykken, Nucl. PI§469, 357

found for theZ — WW mode. It would be interesting to ex- (1996).
tend this study to the LHC. [16] J. Lykken, “String model building in the Age of D-branes”,
talk at the 4th International Conference on Supersymmetries in

Physics (SUSY 96), College Park,MD,29 May - 1 Jun 1996, hep-
IV. SUMMARY/OUTLOOK th/9607144.

The physics of extended gauge sectors is particularly ri¢h?] J- Lopez, D. Nanopoulos, and K. Yuan, Nucl. PI§899 654
Analyses have evolved to the point where detector considera- (1993); an earlier version is I. Antoniadis, Jlig; J. Hagelin, and
. o . . D. Nanopoulos, Phys. Lef8231, 65 (1989).
tions are becoming increasingly important. Many of the prob- _ _
lems associated with the determination of the couplings of né#l T-G- Rizzo, these proceedings and hep-ph/9609248.
gauge bosons now have to be faced with specific detector cdpé} D. Toback, these proceedings.
bilities in mind. Although much work has been done, there j80] C.-E. Wulz, CMS Collaboration, these proceedings.

stilla I(_)t to be done along the directions begun here. Hopefutb/l] T.G. Rizzo, Phys. Re\D50, 325 (1994); See also T.G. Rizzo in
they will be completed before new gauge bosons are dlscovered.Beyond the Standard Model J\Granlibakken CA, 13-18 Decem-
ber 1994, p.24.
V. ACKNOWLEDGEMENTS [22] J.L. Hewett and T.G Rizzo in Int. J. Mod. Phy&4, 4551

(1989) and irProceedings of the DPF Summer Study on High En-
The author would like to thank all of the members of this sub- ergy Physics in the 199Q'Snowmass, CO, July 1988, ed. by S.

group, as well as the entire New Phenomena group, for making Jensen(World Scientific, Singapore 1989), p.235.

876



[23] Seeut ™ Collider Feasibility StudyBNL report BNL-52503,
1996.

[24] E. Eichten and K. Lane, Fermilab-Conf-96/298-T, BUHEP-96-
34, hep-ph/9609298 and these proceedings; C. Hill and S. Parke,
Phys. RevD49, 4454 (1994); G. Burdman, these proceedings; C.
Hill, Phys. Lett.B345 483 (1995).

[25] S. Chivukula and J. Terning, Phys. L8885, 209 (1996).
[26] S. Godfrey, these proceedings.

[27] A. Leike, Z. PhysC62, 265 (1994); D. Choudhury, F. Cuypers
and A. Leike, Phys. LettB325 500 (1994); F. Cuypers, hep-
ph/9602426.

[28] F. Cuypers, these proceedings.

[29] See, for example, J. Maalampi, A. Pietila and J. Vuori,
Phys. Lett.B297, 327 (1992); T.G. Rizzo, Phys. Red38, 71
(1988).

[30] T.G. Rizzo, Phys. LettB192 125 (1987) and SLAC-PUB-
6591(hep-ph/9407367), 1994.

[31] T.G. Rizzo, Phys. ReD50, 5602 (1994).

[32] K. Huitu, J. Maalampi and M. Raidal, Phys. LeB365, 407
(1996).

[33] J.L. Hewett, these proceedings.
[34] J.L. Hewett, in preparation.

[35] For original references, see the review by Cvetic and Godfrey in
Ref.[8].

[36] J.D. Anderson, M.H. Austern and R.N. Cahn, Phys. 6,
290 (1992).

[37] F. Abe, et al, CDF Collaboration, Phys. Rev. Leff1, 2542
(1993) and Phys. Rev. Leff4, 3538 (1995); F. Abeet al, CDF
Collaboration, FERMILAB-PUB-96-317-E, 1996; S. Abachkt,
al., DO Collaboration, FERMILAB-CONF-96-168-E, 1996.

[38] A. Henriques and L. Poggioli, ATLAS Collaboration, Note
PHYS-NO-010, 1992; see also, T.G. Rizzo, Phys. R&\8, 4236
(1993).

[39] S. Riemann, these proceedings.
[40] T.G. Rizzo, SLAC-PUB-7151 and SLAC-PUB-7250, 1996.

[41] T.Kamon, CDF CollaboratioRroceedings of the XXXIst Recon-
tres de Moriond(QCD)Les Arces, Savoie, France, March 23-30
1996, Fermilab-Conf-96/106-E.

877



