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We examine the sensitivity of the procasée’ﬂvjy to extra gauge bosong’ andW’, which arise in
various extensions of the standard model. The process is found to be sensiiVertasses up to several TeV,
depending on the model, the center of mass energy, and the assumed integrated luminosity. If extra gauge
bosons were discovered first in other experiments, the process could also be used to Heasaned W’
couplings. This measurement would provide information that could be used to unravel the underlying theory,
complementary to measurements at the CERN Large Hadron Collider.

PACS numbdis): 14.70—e€, 13.10+q, 13.15+g, 14.80-j

l. INTRODUCTION expected to increase by 300 GeV with 1 fb'! of lumi-
nosity [2,8]. The CERN Large Hadron CollideLHC) is

Extra gauge bosons, both charged/’{ and/or neutral expected to be able to discov&f's up to masses of 4-5
(Z"), arise in many models of physics beyond the standard’eV [2,8] andW’’s up to masses of 5.9 TeV[8]. TheW’
model(SM) [1,2]. Examples include extended gauge theoriedimits assume SM strength couplings and decay into a light
such as grand unified theori¢3] and left-right symmetric ~ stable neutrino which is registered in the detector as missing
models [4] along with the corresponding supersymmetricEr. They can be seriously degraded by loosening the as-
models, and other models such as those with finite size ext@umptions in the model.
dimensions[5]. To elucidate what physics lies beyond the In addition, one can place limits on new gauge bosons by
standard model it is necessary to search for manifestations #t0king for deviations from SM expectations for observables
that new physics with respect to the predicted particle conieasured aép ande”e™ colliders. _ _
tent, both fermions and extra gauge bosons. Such searchesSéarches for new gauge bo.sonsaée* colliders are ki-
are a feature of ongoing collider experiments and the focu§ématically limited by the available center-of-mass energy
of future experiments. The discovery of new particles would>® that one s_earches for indirect _effects of extra gauge bosons
provide definitive evidence for physics beyond the standard]? Cross sections and asymmetries {&<MV+’ - There is a
model and, in particular, the discovery of new gauge boson§°nsiderable body of work ofi” searches a"e" colliders
would indicate that the standard model gauge group was i nd, aI_thoggh the discovery limits are very model dependent,
need of extension. There is a considerable literatur&on €Y lie in the general range of 2-5 TeV foy's

_ . _l . .
searches. In this paper we concentrateV@¥nh searches, for _5|20 Gn?rv \;v;thtﬁéfb Iurr;;\norsnyr[Z]\}irt v no studi f
which much less work has been done. contrast 1o case, there are virually no studies o

- , g .
Limits have been placed on the existence of new gaugulend'reCt searches fa" bosons ae. € i:olhdsrs. Recently,
bosons through indirect searches based on the deviatiohi€Wett suggested that the reactiene” — vy would be
from the SM they would produce in precision electroweaksensitive toW''s with masses greater thags [9]. In the
measurements. For instance, indirect limits frandecay ~Standard model, this process proceeds throsighannelZ
consan the g oGeLT W' o M, e i s
= -
%:ggsglﬁ;(r[]g]va]gﬁ rgijgxﬂer? ci)riséraTlr;t\;e\[r%esmfr?Etalfns_ models the process is modified by battthannelz’ and
Wir™ ' t-channelW’ exchangd10]. In this paper, we examine this
ing the above limits, it was assumed that the coupling conprocess for various extended electroweak models. The first
stants of the twcSU(2) gauge groups are equal. model we consider is the left-right symmetric modd]
New gauge boson searches at hadron colliders considgased on the gauge groupU(3)cxSU(2) X SU(2)g
their direct production via the Drell-Yan process and theiry U(1)g_, Which has right-handed charged currents. The
subsequent decay to lepton pairs. M8 bosons, decays t0 second model we consider is the ununified model,12]
hadronic jets are sometimes also considered. The presehich is based on the gauge groupu(2),x SU(2),
bounds on neutral gauge bosoids’s, from the Collider De-  x (1), where the quarks and leptons each transform under
tector at FermilaliCDF) and DO Collaborations at the Teva- their own SU(2). Thefinal type of model, which has re-
tron pp collider at Fermilab aréM;,>590-690 GeV with ceived considerable interest lately, contains the Kaluza-Klein
the exact value depending on the specific mdddl For  excitations of the SM gauge bosons which are a possible
W"’s the limits areMy,>300-720 GeV; again the limits consequence of theories with large extra dimensjéhsThe
depend on the details of the mod&l. The search reach is models under consideration are described in more detail in
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Sec. Il. Additionally, we study discovery limits for various M2, 2
combinations oW’ andZ’ bosons with SM couplings. Al- 22 = P . (1)
though these are not realistic models, they have been adopted My, «*—tarfby
as benchmarks to compare the discovery reach of different
processes. The couplings of the extra gauge bosons relevant to our cal-
We will find that, while the process*e™ — V;y can in- _culatlon can be read from the following parts of the Lagrang-
ian:

deed extend the discovery reach #'’s significantly be-
yond /s, with the exact limit depending on the specific
model, it is not in general competitive with limits obtainable W'

at the LHC. However, if extra gauge bosons are discovered \/—Sw VRV “er
which are not overly massive, the process considered here
could be used to measure their couplings. This would be e _
crucial for determining the origins of th&’ or W'. As such, + 2—222/,*“ Y*(1~ v5)Si( TaL — Qe
it would play an important complementary role to the LHC 2swCy VK —ty
studies. — b 2 )
In the next section we review the relevant details of the +1y#(1+ y5) (k“CyTar—SwQem ! ]+ H.C., 2

various models that we use in our calculations. In Sec. lll,
we describe the details of our calculations. The resulifig
discovery limits and projected sensitivities ff' couplings

andz’ v?couplings are given in Sec. IV. We conclude with
some final comments.

Whereeg=3(1+ ys)e denotes a right-handed electron field.
Note that we neglect two angles, usually denoted ard{,
which parametrize th&Z-Z' and W-W’ mixings, respec-
tively. Limits on these angles are rather severe so this is
justified [16,17]. Neglect of these angles implies SM cou-
plings for theZ andW. Additionally, we assume light Dirac-
type neutrinos.

In this section, we describe the models considered in our The ununified modelUUM) [10,11] employs the alterna-
investigation. The so-called sequential standard modedive electroweak gauge symmetrySU(2),XSU(2),
(SSM includes additional weak gauge bosons of higher<U(1)y with left-handed quarks and leptons transforming
mass, with SM couplings. This is a rather arbitrary scenari@s doublets under their respecti®J(2) groups. All the
which we include only as a benchmark. Since our emphasigight-handed fields transform as singlets under t(2)
here is on extraV's, we consider a SSM with &' only,  groups. The UUM may be parametrized by an angle
which we refer to as SSMW{’), and a SSM with bothw’ which represents the mixing of the charged gauge bosons of
andZ’, denoted by SSM{’ +Z’). In the latter, we will take the two SU(2) groups, and by a ratis= (u/v)?, whereu
Mz =My, for simplicity. andv are the vacuum expectation values of the scalar mul-

The general left-right symmetric modéLRM) [4] is tiplets which break the symmetry 1d(1).,. The existing
based on the extended electroweak gauge grduj¢2),  constraint onp is 0.24<sin $=0.99, based on the validity of
X SU(2)gX U(1)g_, . Left-handed fermion fields transform perturbation theory. Fax/sir?¢>1, theZ’ mass is approxi-
as doublets unde8U(2), and as singlets unde3U(2)g. mately equal to that of thgV’ and the parametet may be
The reverse is true for right-handed fermions. A right-handedeplaced byM,y. . The lepton couplings of interest to us here
neutrino is included in the fermion content. The model isarise from the following part of the Lagrangian:
parametrized by the ratio of the coupling constants of the
two SU(2) gauge groups, which we denote as gr/g, . € Sy

Il. MODELS

This parameter is allowed to vary here in the approximate Lou=- 25y Cy

range 0.55 «=2.0[9,13,14. The lower bound onc arises _ _

from the condition sifA,=<«%(1+«?) (or, equivalently,«? X[V2W, wyHl +Z (vytv — Ty )]+ Hec.
=>tarf6,,), which expresses the positivity of a ratio of 3)

squared couplings. In principle, is restricted to be less than

1 based on symmetry breaking scenarios and coupling coris expected, the fermion couplings to the additional gauge

stant evolution arguments. However, it is conceivable thabosons are all left-handed in the UUM. Additional fermions

this bound may be violated in some grand unified theory sanust also be included in order to cancel anomalies. This is

we take a phenomenological approach and loosen this uppedther difficult to do without generating flavor changing neu-

bound[9,14]. tral currents and some considerations of this problem lead to
Additionally, a parametetp, describes the Higgs content rather high lower bounds on th& mass of about 1.4 TeV

of the model. If only Higgs doublets are used to break thg11]. However, lowerZ’ andW’ masses may be allowed in

gauge symmetry t&J (1), p is 1. For Higgs tripletsp is  other scenarios; hence we take a phenomenological approach

2. A combination of doublets and triplets leads to an inter-in this investigation.

mediate value ofp between 1 and 215]. We will use p Finally, we consider the consequences of models which
=1, corresponding to Higgs doublets. have been of considerable interest lately, those containing

In the LRM, there is a relationship between tBé and large extra dimensions]. In particular, we consider an ex-
W' masses, as follows: tension of the SM to 5-dimensiof8DSM) [18]. The pres-
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ence of an extra dimension of sife~ TeV ! may imply

an infinite tower of Kaluza-KleifKK) excitations of the SM e
gauge bosons. The mass of the excitations is associated with
the compactification scale of the extra dimension as
nM. (n=1,... ), whereM;=1/R. The properties of and o
relationships among electroweak observables are modified

by the presence of these KK towers. We treat this possibility

in a manner similar to the other models described above; that (a) (b) (c)
is, we include in our process the exchange aVaandZ'’

corresponding to the first KK excitations. The model can be

parametrized by an anglg which is correlated with the e i v

properties of its Higgs sector, which includes two doublets;

for sinp=s;=0, the SM Higgs may propagate in all ot A 5
5-dimensiongthe bulk while for s;=1, it is confined to the

4-dimensional boundary. In terms of this parameter, the (d) (e)

physical masses of the lightest electroweak gauge bosons
(corresponding to the experimentally measured masses
given, to first order irM3,/M?2, as

FIG. 1. The Feynman diagrams contributing to the process
e"e —vvyin leading order.

72 M2 do E, 1 J'Wdﬁ'ﬂfzwd M2 @
MEVZ=M 1—3?;§M—V2Vl (4) dE,dcosd, 25 (4m)*lo " o g elMI% (8
Cc
where § and ¢ are the polar and azimuthal angles, respec-
(M2 112 . w2 M3 tively, of a+ in a frame wherej . an_dq_, are back-_to-ba_ck.
M7 =Mz 1—Sﬁ?W , (5  The explicit momentum parametrizations are given in the
c Appendix.

Two approaches to determinifg|? are possible. One
where M{,=g??%2, as usual. The gauge couplings of thecan determineM analytically, using spinor techniques
physical W and Z are also modified by a term of order [19,20 for instance, then square it numerically or one can
M2/M2. Global analyses of electroweak parameters put dind | M|? analytically. We have followed both approaches,
lower limit on M of about 2.5 TeV so this is a very small which provides an independent check. Obtairjing|? ana-
effect. We will therefore neglect it and thus eliminajeas a  lytically has been done both via the trace method, using the
parameter. On the other hand, the fermion coupling of theymbolic manipulation programorm [21], and by squaring
first KK excitations, W' andZ’, each of mas#1,,=M, is  the helicity amplitudes and summing over the final state he-
enhanced by a factor af2. Hence our consideration of the licities. The latter approach leads to a rather compact result
5DSM amounts to including %' and aZ’, of equal mass, which we present below.
each coupling as in the SM apart from an extra factoyf In order to presentM|?, we define the following kine-
matic variables. We follow the notation §22], where the
L. CALCULATION SM contribution for this process was calculated:

The process under consideration is s=(ps+p-)% s'=(q;+q.)%

o t= L0y 2’ t'=(p_—a._ 2,
e (p_)+e (p)— K +r(a)+nas). (6 (P+—0.) (p-~0-)

, S u=(p;—g-)% u'=(p-—9q:)?% 9
The relevant Feynman diagrams are given in Fig. 1. The
kinematic observables of interest are the photon's energy, k.=2p. -k, k.=2q. -k,
E,. and its angle relative to the incident electran,, both B B B a
defined in thee™e™ center-of-mass frame. The invariant Zi=s'—Mzn+iM,I',,
i 1 |

mass of thevw pair, M, andE,, are related via

(@) The decay width of the extra neutral gauge boslbﬂ, into
fermion-antifermion pairs is calculated in each of the models
wheres=(p, + p7)2_ we consider. We include the one-loop QED, three-loop QCD
Let M denote the sum of the amplitudes shown in Fig. 1,and O(Mf/M%,) corrections, although their effect on the
over a given number aZ’’s andW'’s. The doubly differen-  cross section is negligible. In the following, we denote gen-
tial cross section is related tov1|? via eralized couplings as may be inferred from the vertices:
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i 1— 1+ Thus, in the SM,a =2s2,—1, b =2s2,, a% =1, b’
p2R T S et P S LT 10 ~ 2, = 2Swm % Bz, =SS 82,75 By
2Ccy 2 i 2 [ =0, ay, =1, andel—O.
. It is only necessary to present the unpolarized squared
Wipe 9 1=ys 1+ s amplitude as the individual polarized contributions may be
ny= \/57 2 aw, 2 CWilr inferred from the coupling structure. The spin-averaged un-

(11)  polarized|M|? is given by

(477)3a3 35, 14 14 14 14 ! 14 14 14 14 !
unp:8 IR _2 Zij[(azazaziazj"'bzbzbzisz)(uz"‘u 2)+(a§ia§jbzisz+bzbzaziazj)(tz"‘t )]
SW + K- i=1nz

c
Wiz

4
+ o i;l)nw Wij[(a\z,\,ia\z,\,j+b\z,vib\z,vj)(ueru’2)+2aWiaijWiij(sz+s’2)]
j=i,‘nw

2 .
Cyy i=1nw
w j=1nz

4
+ — Z [(WZ)ij(uzasviagjangrur2b\2,\,ib§jb§j)+(Wz)i/j(u/2a§\,ia§ja§j+u2b\2,vib§jb§j)]], (12
where

2_6ij . W,
Zij:R o ox | WI]:(Z_(SlJ)RdFWIFWJ)y (WZ)”:R Z_ ,

(13

Fw, s’ s'ky—tk_+uk}—4ie(q.q_p.k)
(Wz)i'J:Re( _*) Fw =~ o
a W, 2W,W,

using the notatiore(p1P,P3P4) =& 4,,-P1P2P3PY . Wheree,,,, is the completely antisymmetric Levi-Civita tensor and

go125=1. In Eq. (12) we have assumed lepton universality with regards toZhey couplings. Although it may not be
immediately apparent, the contribution to the cross section from the state whexe tirelet are both left-handed is equal
to the contribution from the state where they are both right-handed and the sum is given by the terr(ilR) pepportional
to awaw, bWibW,-'
A relation which was quite useful in simplifying\1|? is
s’ s'ky—tk_ . +ukl—4ie(q,q_p.k) s s'k_—t'kl+u'k.—4die(q_q.p_k)

— — - : (14)
W/ 2W, W/ Wi 2W, W/

In the SM limit, Eq.(12) agrees with the expression given in only to leading order inM|?, there is some arbitrariness in

[21] after correcting for the known missing factors o$'1in what to use for the above input, in particularzﬂm_

[21] required on dimensional grounds. Kinematically, the maximum allowed value fd, is
The calculation ofdo/dE, dcosf, may be performed /s/2. In addition, to take into account detector acceptance,

analytically or numerically. We have followed both ap- E, and 6, have been restricted to the ranges
proaches and verified numerical agreement. Further checks

were performed using the prograompHeP [23].

E,=10 GeV, 10%6,<170°. (15

IV. RESULTS , N , _
The cuts also serve to remove the singularities which arise

Before discussing the discovery limits obtained in thewhen the emitted photon is soft or collinear with the beam.

various models, we present the total cross sections and thrurther, we restrict the photon’s transverse momentum to

differential cross sectiongo/dE, anddo/d cosé,, . In doing

so, all the essential features are illustrated. We take the SM Jssing. sin6
inputs  M,,=80.33 GeV, M,=91.187 GeV, sifdy o> ssino, Sing, (16)
=0.23124, a=1/128, ';=2.49 GeV[7]. Since we work ™" sing,+sing, ’
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where 6, is the minimum angle down to which the veto 4 pTTTTT T T T T T T T T
detectors may observe electrons or positrons. We take M,, =750 GeV LR, K=p5=1‘§ ________ ]
=25 mrad. This cut has the effect of removing the largest i [ S— ]
background to our process, namely radiative Bhabha- 3 o UM
scattering where the scattered and e~ go undetected ] SSMW +Z" =vmemen i

G (pb)

down the beam pipe.
This study was performed in leading order, but QED cor- 2

rections toe” e — vvy must be taken into account in a pre-
cision analysis of real data. They have been know® (a)
for some timg 22]. Seeg[24] for a short reviewof and further 1
referencego higher order QED corrections, ajé5] for a
description of a related Monte Car{C) generator. Since
our aim is to determine the statistical power of the process in 2
discoveringW'’s, there is no need to include in this study the
radiative corrections which will only marginally influence 15
the number of events. Complete consistency at next-to-
leading orde(NLO), however, would require determination
of the bremsstrahlung corrections to theneralizedexpres-
sion (12) and corresponding loop graphs.

As well, we do not explicitly take into account any 0.5
higher order backgrounds. A background, which cannot

be suppressed, comes from the reactse — vy’ v V.
The authors of[26] have provided the following cross

sections of relevance herer(e’e” — veleleVey)=0ccee

i

[
=3
[=]

400 600 800 1000 1200 1400 1600 1800 2000

100% pol. e~

G (pb)

.......

400 600 800 1000 1200 1400 1600 1300 2000

(=]
[=3
=1
S

:6'65(2) fb, O'EeMM:7.79(2) fb, O-MM/LFIZO'690(2) fb 6 LI LI TTT LI I LI LI I TTT I LI TTT
ando,,.,=1.383(3) fb. These results are for the same con-
ditions as in Table 1 of26] but for s=500 GeV. The cuts 5

used in obtaining the above numbers differ from ours. None- 3
theless, these cross sections give an idea of the magnitude of & 4
the background. Assuming lepton universality, the total cross &

section is 25 fb for the process e — vy’ v’ y. Imposing 3
our p¥ cut will suppress it even further. This background
must be included in ané&"e” —y + nothing” analysis of T
real data. We expect that the cross sectionsete™ %200 400 600 00 1000 1200 1400 1600 1800 2000
—vvv'v'yyandofe’e  —vvr' v 1"y are so small that s (GeV)

they need not be taken into account in the analysis.

The errors generated from the subtraction of the above FIG. 2. The total cross sections, o and o versusy/s for
backgrounds form part of the systematic error. As the backMw =750 GeV. Foro and og, 100%e" polarization is used.
grounds themselves are much smaller than the signal, thoudtesults are given for the SKsolid line), LRM (dashed ling KK
comparable to the new physics effect, we expect that th&'odel (dotted ling, UUM (dash-dotted line SSM(W') (thick
error in the SM prediction of the backgrounds would bedashed lineand SSMW’+Z") (thick dash-dotted line
much smaller than the systematic errors arising from detector
and beam uncertainties. We shall return to the issue of sysvl,y,, due to a negative interference term between the SM
tematics in connection with their influence on the discoveryandZ’/W’ diagrams in these models.
limits presented in the next section. It is clear from the presence of the peaks in Fig. 2 that we

We have calculated three distinct total cross sections: urare also probin@’’s, in those models which include them.
polarized: o, for left-handede™: o, and for right-handed (There is also a very sharp peak at lowes; off the plot, due
e : og. Figure 2 shows all three plotted versyis, with ¢, to the SMZ.) The Z’ peaks generally occur foy's slightly
andog calculated using 100% beam polarization. Results ar@bove theZ’ mass since the photon carries away some of the
shown for the SM, LRM p=«=1), UUM (sin$=0.6), energy. At very high energies, the SEicontribution is neg-
SSMW'), SSMW’'+Z') and KK model, with My ligible. Further, by using a right-handesl” beam, we can
=750 GeV in each case. These mass and coupling parameduce the SMWV contribution(depending on the degree of
eter choices are rather arbitrary, made to illustrate generglolarization. Then we directly probe th&/’ (andZ') in the
behavior. It is worth noting at this point that in the UUM and LRM, while in the SSMW'’ +2Z’) and KK model, we probe
SSMW’+2Z"), the correction to the SM cross section only theZ’. The latter two models as well as the two remain-
changes sign ag’s is varied. This arises, for certai's and  ing models all require some component of left-handed polar-
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l P T T T lgr—r——T 77—
Vs = 500 GeV ] 10 [ Vs=500Gev
S [ My=750Gev % £ Mw=750Gev
§ 10 | 100%pol.e . B 10 F 100% pol. e
3 g E 3
& N &P- 10 35—
tad L E
S E§ 4f
\q 10 = — P 10 E
<) g
S ‘8 -5
10 ¢
10'3 P I A P T 10'6: R
0 50 100 150 200 250 0
(a) E,Y (GeV)
— ] 0.02
0.014 I LRM, x=p=1 - E
gt o g
< oo » Sing=0. 3 2 bt
Y SSM: W’  -eeeee ] S
50008 | i 3 Foy ]
s F SSM- W+ N UUM, 5ing=06 -~ ]
E 0000 T i SSM: W’ weeeeeess ]
5 004 | \g_ -0.06 - SSM: WHZ"  =oeemin .
0002 [ ! L ]
[ -0.08 -
0 Lo L [ N I BN
0 0 50 100 150 E 2&0 v 250
(b) Y( eV)

FIG. 3. (a) Left-handed differential cross section versus energy; FIG. 4. (8 Right-handed differential cross section versus en-
(b) relative statistical significance of the deviation from the SM, for €rgy: (b) relative statistical significance of the deviation from the

\/5: 500 GeV andM, = 750 GeV. 100%™ polarization is used. SM, for \/§= 500 GeV andVly» =750 GeV. 100%™~ polarization
Lines as in Fig. 2. is used. Lines as in Fig. 2.

ization to probe th&V’'. The above features are borne out in in analogy with the SMZ. . . - .
Fig. 2 Most important, however, is the relative statistical signifi-
C cance, shown in Figs.(B) and 4b). In both the left- and

In order to see which regions &, are most sensitive to N .
the new physics, we plot for left- and right-handed electronfight-handed cases, the Idi, region is the most sensitive to

. Py the new physics. There are two reasons for this. First, for
beams, respectively, in Figs.& and 4a) do/dE,, versusE,, S
and in Figs. &) and 4b) the deviation from the SM result Ieft-han(t:i_ed eollecérons, tShe crczjsstseclnon IS :ﬁrgﬁsthaﬁct)xv
divided by the square root of the predicted cross section ve2S Mentioned above. second, he owgy, the higher the

_ : 0/ mass probed in th&’ propagator via Eq(7). The relative
Elejzzlrznybc\)ll\:r)izsa?t(i)ggl riﬁstlﬁ]lésséof'}ggursgo GeV with 100%e effect is even larger when combining thé’s from the dif-

First, we note the shape dbr/dE, in Figs. 3a) and 4a). ferent bins, since it is the squares of the plotted quantities

For left-handed electrons, the bulk of the cross section come\%h'gh.w'" enter. _Overall, t_he_ KK model leads to the most
S . : Statistically significant deviations, except for the 100% left
from the lowE, region; the reduction at very lo®,, is due

Y _ . polarized case where the SSWI() exhibits the largest de-
to the PT (?UI and the sharp peak Bt, 24? G_eV IS due_ to viation. We can also see clearly how the sign of the deviation
the radiative return to th& pole. For 100% right polarized from the SM depends on the beam polarization. For the KK
electrons, the cross section is rather flat in the low to mod-moolel and SSM/' +2'), we observe a negative deviation
Era:]ellziy regpo?ﬁ thetr;] mcr:eazes as atLesu!t ﬁtf éhpialé at it right-handed polarization, implying a negati¥é con-

Igh E,. ©n he other nand, sinceé the night-nandead Crosgyy, viop versus a positive overall contribution coming from
section is two orders of magnitude smaller than the left

handed cross section away from tHepeak, any realistic ‘the left-handed channel. Clearly, interference effects will
degree of polarizatiofi.e., 90% will lead to a large contri- make probingW’’s nontrivial. We shall return to this point

bution f to the lowE,, region. | L th in the next section.
Lton from oy, 10 e IoWE,, region. h general, Mere ¢an =, rigs. 5 and 6 we plot the analogous quantities relevant
also be a peak due toZ for M, < /s which occurs at

todo/d cosé,, versus cog,. We note that botklo/d cosé,,

M2 and the relative statistical significance are peaked in the for-
peak_ Vs _ 7 ward and backward directions and both are very nearly sym-
EF-= 1 17 S I

Y 2 S metric in cosf,. The latter implies that the forward-
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FIG. 5. (a) Left-handed differential cross section versus éps FIG. 6. (a) Right-handed differential cross section versus

(b) relative statistical significance of the deviation from the SM, for 0sé,; (b) relative statistical significance of the deviation from the

J5=500 GeV andMy, =750 GeV. 100%~ polarization is used. SM, for \s=500 GeV andVly,, =750 GeV. 100%™ polarization
Lines as in Fig. 2. is used. Lines as in Fig. 2.

backward asymmetry will be small and, therefore, theAS can be seen from Figs(t3 and 4b), theZ pole region is

deviation from the SM forward-backward asymmetry will quite insensitive to new physics. In the cases md E, .
also be small, at least in absolute magnitude. We thereforBrOV'd(':‘d a better limit than the total cross section, _the im-
do not expect the forward-backward asymmetry to serve as grovement was of order 50 GeV. However, i obtained

useful probe of the new physics, which is confirmed by ex-,t.ISIng ft:: total i:rr]oss_ SeCt]LOIE 'S da sp:pewfhat I?ﬁs sstl?/lble func-
plicit calculation. An important observation is that op¥ 'on of My, as the sign ot the deviation from he cross

cut, while eliminating a large background, has also eIimi—SeCtlon may change withly, leading to isolated regions of

nated much of our signaboth from the small angle and soft insensitivity at lowM,y, . Also, when systematic errors are

event3 which was appreciably stronger prior to the cut. A included, the limits obtamed usmgja/dEy are affected_
more detailed study, including a detector simulation, Wouldmuch less than those obtained using the total cross section.

be required to determine whether the background could be Substantially weaker limits were obtained using the left-
. right asymmetry,
accurately subtracted with a loosg} cut.

A. Discovery limits for W'’s ALrR= o tog’ (19

The best discovery limits were in general obtained using
the observabl@lo/dE,, combined with beam polarization, even when including systematic errors only one half those
while do/d cose, was less sensitive. Comparable or equalused in thedo/d E, calculation(since one expects some can-
limits were obtained using the total cross section, with arcellation of errors between the numerator and denominator in
additional cut on the energy to eliminate theole radiative A g). As expected from the discussion of the previous sec-

return events: tion, the forward-backward asymmetif:g, was quite in-
5 sensitive to the new physics. In light of the above, we restrict
Emax_ Vs 1— Mz —6r 18 the remaining discussion to limits obtained usthg/dE, as
y =5 - z- (18
2 S an observable.
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TABLE I. W' 95% C.L. discovery limits obtained in the SSMV(), SSM W'+Z'), LRM (x=p
=1), UUM (sing$=0.6), and the KK model usingo/dE, as the observable. Results are presented for
\/§= 500, 1000, and 1500 GeV and for various luminosity and polarization scenarios, with and without a 2%
systematic error included. For the LRM, the polarized scenario corresponds to a right-keariokin, while
for all other models the beam is left-handed.

Lum. (fo~Y): 50 500 25 250 50 500 25 250

Js Sys. Err.: 0% 0% 0% 0% 2% 2% 2% 2%
(GeVv) Model/% pol: unp. unp. 90% 90% unp. unp. 90% 90%

500 SSMW') 24 4.3 2.4 4.3 1.55 1.7 1.55 1.7
SSMW' +Z") 1.75 3.25 1.8 3.25 1.1 1.2 1.15 1.25

LRM 0.75 1.15 0.85 1.25 0.6 0.6 0.75 1.0

UuMm 0.65 2.1 0.65 2.05 0.6 0.6 0.6 0.6

KK 2.55 4.55 2.6 4.65 1.6 1.75 1.7 1.85

1000 Lum.(fb ~1): 200 500 100 250 200 500 100 250

SSMW') 4.2 53 4.2 5.25 2.15 2.2 2.1 2.2

SSMW' +2Z") 3.15 4.0 3.2 4.1 1.1 1.1 1.15 1.45

LRM 1.35 1.55 1.35 1.6 0.95 0.95 1.25 1.35

UuUM 1.25 2.45 1.25 2.35 1.1 1.1 1.1 1.1

KK 4.55 5.75 4.6 5.85 2.15 2.2 2.25 2.3

1500 Lum.(fb ~1): 200 500 100 250 200 500 100 250
SSMW') 4.7 5.95 4.65 5.85 2.45 2.55 2.45 2.55

SSMW' +2Z") 34 4.45 3.45 4.5 1.45 1.45 1.55 1.55

LRM 1.65 1.9 1.7 1.9 1.3 1.3 1.55 1.65

UUM 1.8 1.85 1.8 1.85 1.55 1.55 1.55 155

KK 5.05 6.45 5.1 6.45 2.35 2.45 2.45 2.55

In obtaining they? for do/d E,, we used 10 equal sized for a 90% polarized one. For each center-of-mass energy,
energy bins in the range]"<E,<EJ®, whereE]" fol-  two luminosity scenarios are considered and we present lim-
lows from thep¥ cut Eq.(16): its obtained with and without systematic errors. Our prescrip-
tion is to include a 2% systematic error per bin. This number
is quite arbitrary but seems reasonable, if not conservative,
considering the clean final state. In addition to detector sys-
tematics, which we expect will dominate, there are uncertain-
which supersedes the acceptance cut of (6. We have  tjes associated with the beam luminosity and energy, which
do/dE, — do/dE, g2 W!|| be spread over a range. The systematic errors associated
2= Y 7.SM , (21) with the background subtraction should be much smaller

bins 6do/dE, than 2% as should be the errors in the calculation of the QED

. rrections. The 2% number should not taken t ri-
where ddo/dE, is the error on the measurement and analo—CO ections € 2% number should not be taken too se

gous formulas hold for other observables. One sided 950}0)usly thereforg, except to highlight the fact that a precision
confidence level discovery limits are obtained by requiringmeasurement 's required to take full advantage of the large

x>=2.69 for discovery. Systematic errors, when included,e\/(i:nt raFe.f Il models. With
were added in quadrature with the statistical errors. ertain features are common to all models. With no sys-

In determining the limits for the case of polarized electront€Matic error included, we observe quite an improvement in
beams, we show results for the polarization state which ithe limits with increased luminosity. The only exception is
general has the largest sensitivigeviation from the SW  the UUM atys of 1.5 TeV, where the improvement is mini-
for a given model; a right-handesi” beam for the LRM and  mal. The reason is that the decreases very rapidly &y,

a left-handed beam for all other models. We used one half increased in the vicinity of the limit, hence increasing the
the unpolarized luminosity for the polarized case, assuminguminosity by a factor of 2.5 does little. The unusug
equal running time in each polarization state. dependence can be attributed to the interference effect noted

The discovery limits for all five models are listed in Table in the previous section, which results in, for example, for the
|, for \/s=0.5, 1.0 and 1.5 TeV, using the same input paramUUM with sin$=0.6 and an integrated luminosity of
eters as for the cross sections presented in the previous se&B0 fb !, a lower discovery limit at/s=1.5 TeV than at
tion. We show limits for both an unpolarized beam and 0.5 and 1 TeV. We will return to this peculiar behavior later

min_ \Jssin®,

Y 1+sing,’ 20
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FIG. 7. LRM (p=1) unpolarized 95% C.LW' mass limits 6000
versusk, obtained fors=500, 1000, 1500 and 2000 GeV using s
do/dE, as the observable and an integrated luminosity of 50'fb (‘.3 5000 :
for \/s=500 GeV and 200 f5! for the higher energies. Only sta- < 4000 F
tistical errors are used. EE E
3000 [

in the section. When 2% systematic errors are included, the 2000 -
high luminosity scenario yields little improvement in the E
limits in any of the models, since the systematic error now
dominates the statistical. «
Perhaps surprising at first is the observation that 90% (b)
beam polarization does not improve the limits very much. ¢ g A Fig. 7, excepta) for 90% right-polarized electrons,
This follows from taking into account the reduced luminosity (b) for 100% right-polarized electrons.
and the fact that the left-handed component tends to domi-
nate the unpolarized cross section by a considerable amount.
On the other hand, we observed that if the polarization i®=2 and consequently a heavigf, via Eq. (1). Figure 8
pushed beyond 90%, then the right-polarized limits can indemonstrates the improvement in bounds in the moderate to
crease significantly in those models in which the beyond-SMarge « region obtained when a 90% or 100% polarized
bosons have a non-zero right-handed coupling: the LRMright-handede™ beam is used. The beam polarization picks
KK model and SSM{V’ +Z'). In the latter two models, itis out the LRM W’ and suppresses the SM. Figure 8a)
however, th&Z’ which is being probed. The higher degree of shows that for«>1, 90% beam polarization improves the
polarization is required to eliminate the contamination fromlimits. Further increasing the polarization leads to substantial
the much larger left-handed component. Thus, the primarymprovements, even at lowat, as demonstrated in Fig(18.
advantage of beam polarization is to distinguish between The dependence of the limits in the UUM on ginis
models and measure the new couplings, as will be investishown in Fig. 9, forn/s=0.5, 1.0, 1.5 and 2.0 TeV, under the
gated in the next section. same running conditions as Fig. 7. Only the unpolarized case
Figure 7 presents th&/’ mass discovery limits obtainable is considered as beam polarization was not beneficial. Again,
in the LRM with an unpolarized beam, plotted versugor  only statistical errors are included. At eag¢h, we note that
p=1 and\s=0.5, 1.0, 1.5 and 2 TeV using a luminosity of the contour defining the exclusion region as a function of
50 fb ! for s=0.5 TeV and 200 fb* for the higher en- sin¢ is a complicated curve. The consequence is that for
ergies. Only statistical errors are included. Depending/sn Vs=1 TeV, we obtain better limits over a range of gin
and «, the limits range from 0.8 to 2.8 TeV. We expect than we do for\s=1.5 and even/s=2 TeV. Essentially,
greater deviations from the SM, and hence larger limitsg as this is due to the complicated interference with the SM dia-
is increased since this increases e coupling strength, as grams. In general, as sih increases, the UUM couplings
can be seen from E@2). The predicted dependence eris  also increase, as can be seen from &), so that higher
generally observed, except at lonwhere we notice a mod- mass scales are probed. So, referring to Fig. 2, the peak in
erateincreasein the limits, even though th&/' couplings the cross sectioidue to theZ') at the scale being probed
have weakened. We attribute this effect to the whose shifts to the right. But the sign of the deviation from the SM
couplings are enhancégbut its mass increasgth the low « changes withy/s for fixed My (or vice versasuch that the
region. This was indicated by an appreciable improvement itJUM cross section dips below the SM over some region to
the limits for low x and p=1 versus those obtained using the left of the peak, then goes back above it for sryalior

1000 £
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straints in terms of couplings normalized as follows relative
to Egs.(10) and(11):

_9 _ 9
L (W)=ia R (W)=ib
f 2\/5 W, f 2\/5 w;
The constraints correspond to
Oi(SM)—O;(SM+Z'+W")\?2
2 (SM) — Ol ) =5.99, (23

X =4 50;

whereO;(SM) is the prediction for the observab(®, in the
SM, O;(SM+Z'+W') is the prediction of the extension of
the SM anddO; is the expected experimental error. The
index i corresponds to different observables suchraand

sing, obtained for+/s=500, 1000, 1500 and 2000 GeV using ‘LR®

do/dE, as the observable and an integrated luminosity of 50 fb

for \/s=500 GeV and 200 fb* for the higher energies. Only sta-

Our assumptions concerning beam polarization are as fol-
lows. For single beame(") polarization, we assume, as in

tistical errors are used. The region to the right of the various curvef€ previous section, equal running in left and right polariza-

is the region which may be excluded by experiment.

tion states. For double beam polarization, we assume equal
running in theLR andRL states, but no running in theL

large My,» =M. for fixed \'s). Hence, there is a small step @hdRR states. Thus,

in the limits nearM,, = \/s, corresponding to passing the
rightmost crossing with the SM and another structure in the
contour at some highevl,,, such that the leftmost crossing

is situated near/s. One sees this explicitly by plotting?
versusM,, for fixed /s and sing and observing a dip in the
x? at relatively lowM,,, . Had we usedr as an observable,
the dip would be much more pronounced singe- ogy
passes through zero, bdir/dE,—do/dE, gy may differ in
sign between bins, leading to a nonzero at the crossing

_OLRT ORL

=———, e ande’ polarized, (24
OLRT ORL

LR

where the first subscript af refers to thee™ helicity. Note
that for 100% polarize&™ ande™, o, =ogg=0 in all the
models we consider. This remains approximately valid as the
couplings deviate from their model-defined values.

In Figs. 10 and 11, we preseht vv coupling constraints

points. Once si is large enough that we are probing the assuming there is no signal forVd’. This is the case when
region to the left of the leftmost crossing, the limits shoot upthe SM is extended by (1) factors only. It can also happen

in an impressive fashion as the dip jf never goes back

in models where th&/' has purely right-handed couplings

down to 2.69. The shape of the plot is luminosity dependenénd the right-handed neutrino is heavy. Then, the process
since, as pointed out earlier in this section, the degree 18" e~ — vy would be one of the best for constraining the
which increased luminosity improves the limits depends onyqyplings of thez’ to SM neutrinoselowthe 2’ resonance.

the rate at which thg? decreases with increasind, in the
vicinity of the limit. That, in turn, varies With/§ for fixed
sin¢ and with sing for fixed +/s.

B. Constraints on couplings

In this section, we consider constraints which can be p
on the couplings of extra gauge bosons by the proce
e"e” —vvy. These constraints are significant only in the
case where the mass of the corresponding extra gauge bos
is considerably lower than its search limit in this process. In

u !

<

If there is also a signal for &', a similar analysis could be
performed including theW'’ parameters, as measured in
other experiments. The resulting bounds would be larger
than those shown in the two figures. However, the main
points of the discussion would remain unchanged.

Figure 10 illustrates the resulting constraints on a 1.5 TeV
at a 500 GeV collider for different observables and ex-
perimental parameters, including luminosity and beam polar-
ization. We see that we can get some interesting constraints
Qlen though th&' is considerably heavier than the center-
f-mass energy. The region which cannot be resolved by the

most models, the process e” —ff and/or searches at the opservables is between the two corresponding lines and con-

LHC are more sensitive to 2" or W' (LHC) than the pro-

tains the couplings of the SM. Hence the star in this figure

cesse*e*—w;y. We assume here that a signal for an extracorresponds to the SSM(). For the cases where only one

gauge boson has been detected by another experiment.
Given such a signal, we derive constraitas 95% C.L)

bounding line is shown, the second line is outside the figure.
R,(Z") andL,(Z") are mainly constrained by the interfer-

on the couplings of extra gauge bosons. We present the coence of theZ’ exchange with the SM. The strongest con-
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1.0

I—V(ZI)

RS minosity of 20 fo'l. To estimate their influence on the

R,(Z"), L,(Z') constraint, we make use of the errors on
Re(Z") andL(Z’) given in[28]. Our input for the errors of
theZ’e*e™ couplings forM,,=1.0 TeV and 0.75 TeV are
obtained from those for 1.5 TeV by the scaling relation
(2.63 in [29]. We see that the uncertain knowledge of the
Z'e"e” couplings leads to only slightly weaker constraints
on R,(Z') andL,(Z"). However, Fig. 11 shows that this
effect is only important for a relatively heav®’ and for
R,(Z") (even at loweiZ' massesfor which the constraints
are already weak.

Finally, we mention that there is no sign ambiguity in the
measurement oR,(Z’) and L,(Z') if the signs of the
Z'e*e” couplings are known. It was notd@8] that the
Z'e"e” couplings have a two-fold sign ambiguity if mea-

sured in the process*e” —e*e™ alone. If this ambiguity

""""" ’QL_T_’SG SptOL exists, it induces a related sign ambiguity fey(Z') and

oL T AT L,(Z'). If the sign ambiguity in thez’e" e~ couplings is
-1.0 -0.5 0.0 0.5 R,,(Z')LO resolved[29] (i.e. by measurements obtained from the pro-
cesse’e” —W" W~ below theZ’ resonance or by measure-

FIG. 10. Constraints on th#’ vv couplingsR,(Z’) andL (Z') ments at theZ’ resonanceit also disappears in our con-
below the Z’' peak using different observables. We taks  straints onR,(Z') andL,(Z').
=0.5 TeV,Mz =15 TeV andL;,,=500 fb 1, except in the in- In Figs. 12 to 15, we shall assume that there is no signal
dicated case where it is 50 Th. The polarization of the electron from aZ' but that a signal from &/’ has been observed.
beam is 90% and the positron beam is unpolarized, except in thghis could happen in models where t# is considerably
indicated case where it is 60% polarized. Only statistical errors arfighter than thez’. We recognize that this particular scenario
included in this figure, except in the indicated case where a systenijsg unlikely in the context of the models we consider. For
atic error of 1% is included for. The assumed model isZ in the instance, in the UUM, th&V' andZ’ masses are approxi_
sequential standard mod@SM (2")], indicated by a star. mately equal and there would most likely be a signal ob-

o , . ) _served for theZ' in addition to theW’. The situation is
straint is on thez .coupllng to Ieft—handed neutrinos. This gimilar in the LRM, where the relationship between thé
makes the constraints especially simple.

First we consider an integrated luminosity of 500 b 1.0 o e
The total unpolarized cross section gives the strongest con T~ - -
straint. The constraints from energy and angular distributionsl-y(zl) -

(with 10 equal size binswere also considered but they give

no improvement. The constraint frof g is shown for two

polarization cases: 90% electron beam polarization and the

case of a collider with &~ =90% polarized electron beam

and aP" =60% polarized positron beam. Even for the latter

case, the constraint fromA g is worse than that from the

total cross section. We mention here for completeness tha 0.0
two polarized beams give not only a high effective polariza-

tion but also a small effective polarization erf@7].

The constraint obtained with an integrated luminosity of
Lix=50 fb ! is also shown in Fig. 10, to contrast with the —05
high luminosity case. We see that fof,=500 fo ! a sys-
tematic error of 1% relaxes the constraints considerably anc
dilutes the advantage of high luminosity. Thus, both small
systematic errors and a high luminosity collider are highly ———— My=0.75Tev
desired for the proposed measurement. - ‘91 0 —05 0.0 05 R (Z')LO

Figure 11 shows the possible constraintsRy{Z’) and v
L,(Z") from_a andA_ g, including systematic errors, for two FIG. 11. Constraints oR,(Z’) andL (Z') below thez’ peak
representativeZ’ masses, 0.75 TeV and 1 TeV. The €ON- ysing ¢ and A,z combined as observables. The lines show the
straints become much stronger as #femass is decreased. results for two differenz’ masses. The dots indicate how the con-
So far, we assumed that tBée*e™ couplings,Re(Z') and  straints relax if the error on th&'e* e~ coupling measurement is
Le(Z'), are precisely known. However, they must be mea-included as described in the text. We taks=0.5 TeV, Ly
sured (with errorg by another experiment. Figurely of =500 fb ! and a systematic error of 294%) for o (A g). The
[28] illustrates such a measurement for a collider with a lu-assumed moddiSSM (Z')] is indicated by a star.

0.5

0.0

||||||||||||||||_||||||||||||'_
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FIG. 12. Constraints on th&/' couplings usingo, A g and FIG. 13. Constraints on th&/’ couplings usingo and A

using ¢ and Az combined as observables. We takés combined. 90% electron and 60% positron polarization are used.
=0.5 TeV, L;=500 fb! and M,,,=1.5 TeV. Only statistical We take s=0.5 TeV, My,=1.5 TeV andL,,=500 fb !, ex-
errors are included in this figure. 90% electron and, where indi-cept in the indicated case where it is 50~ fbOnly statistical errors
cated, 60% positron polarization are used. The assumed modale used, except in the indicated case where a systematic error of
[SSM (W')] is indicated by a star. 2% (1% is included foro (A g). The assumed modgsSM (W')]

L . . is indicated by a star.
andZ' masses is given in Eq1). Thus, it should be under-

stood that our results for the case of\d only represent an

estimate of the reach of this process in constraifigcou- The constraints on the/" couplings have a two-fold sign
plings, rather than precision limits in the context of a full ambiguity; nothing is changed by a simultaneous change of
understanding of the physics realized in nature. We use thithe sign ofL;(W’) andR,(W'). The reason for this ambigu-
simple scenario in order to indicate sensitivity to variousity lies in the squared amplitude, E(L2), where these cou-
parameters, such as the observables used and the luminosi§fings always enter as squares or as a product of left and
Alternatively, a knowrz" could be included in the following - right W’ couplings. In the case where we have only a weak

analysis. Again, the experimental errors on the meastted W’ signal, the two regions allowed by this ambiguity overlap
parameters would enlarge the errors of tiie measurements into one large region

but not change the main conclusions. We will see that the ) . .
ge I In Fig. 13, we show constraints on thi¢' couplings from

rocese’e” can give model independent constraints ; o ;
gn the quantgeiVZW’) a?ndR (W) for V\/R asses consid 7 andAg combined. In this figure, we illustrate the use of
erably larger thanl the center-lof-mass energy. We only prob ifferent luminosities and the inclusion of a systematic error.
. e have the same two well separated regions for the case of

I=e directly, but we are assuming lepton universality '’ o . -
throughout.y g 'ep yh|gh luminosity and no systematic error as in Fig. 12. These

Figure 12 is similar to Fig. 10, but it shows the constraintstWO r€gions become larger for low luminosity and no sys-
on theW' couplings. In this figure, for illustration, we as- €matic error. We arelleft with one large region after the
sume there exists\W’ with SM couplings but with a mass of inclusion of a systematic error of 2% forand 1% forA .

1.5 TeV and that the right-handed neutrino is light enough td'S in the case of extra neutral gauge bosons, small system-
be produced. We find that the left- and, to some extent, thatic errorsand high luminosity are necessary for a coupling
right-handedW’ coupling can be constrained. The figure il- Meéasurement. _

lustrates the use of different combinationssoéndA, , and In Fig. 14, we show how the constraints on #€ cou-

of different beam polarizations. The unpolarized cross secPlings vary for differentW’ masses. The constraint for
tion mainly constrains the left-hand&tl’ coupling because Mw'=1.5 TeViis identical to that from Fig. 13. We see that
left-handed electrons give its dominant contribution. Thethe constraint on th&/" couplings improves dramatically for
constraints from energy and angular distributions give almosewer W' masses.

no improvement for the model considered here. The con- Figure 15 illustrates the possibility of discrimination be-
straint from ALR is Comp|ementary to that frona. It is tween different models. We see tha\é with SM COUplingS
shown for the two cases of 90% electron beam polarizatiofW) can be separated from the SM.\&" with pure right-
and for 90% electron beam polarization with 60% positronhanded couplingsWg) with a strength of the left-handed
polarization. We see that and A together give the best coupling of the SMW cannot be distinguished from the SM
constraints on the couplings. case.
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FIG. 14. Constraints on th®/' couplings usingo and A FIG. 16. Constraints on th&/’ couplings usingo and A

combined for differentW’' masses. We take 90% electron and 60% combined in the LRM withp=1 and«x=1 for differentW’ masses

positron polarizationy’s=0.5 TeV and_;,=500 fo 1. Asystem- and different fitting strategies; see text. We take 90% electron and

atic error of 2%(1%) is included foro (A, ). The assumed model 60% positron polarization,/s=0.5 TeV andL;,=500 fb*. A

[SSM (W')] is indicated by a star. systematic error of 2%1%j) is included foro (A r). The assumed
model (LRM) is indicated by a star.

Looking at the squared amplitude, Ed.2), we see that
the constraints shown in Figs. 12 to 15 are, to a good ap; . .
proximation, valid for the combinationk,(W’)/My, and the appropriate scaling of our results,

R(W')/M and not for the couplings and the mass sepa So far, we considered model independent bounds on the
| W’ s - . . . .
rately. We have fixed th&V/' mass here for illustrational couplings of a single extra gauge boson while neglecting the

S . . existence of other extra gauge bosons. However, typically,
purposes. If aN" is found with a mass different from our extra neutral and charged gauge bosons simultaneously in-

fluence the observables. We consider this situation for the
1.0 T T T T T T T T T T LRM and the UUM.
. In Fig. 16, we consider the left-right symmetric model.
Li(W") For My, =0.75 TeV, Eq.(1) gives M,,=0.90(1.27) TeV
for k=1 andp=1(2). Weshow the constraints on the cou-
plings of theW'’ for p=1 obtained by two different fitting
strategies. First, we ignore th& completely, and second,
we take theZ’ into account assuming exact knowledge of its
couplings. We see that the two curves are quite close. The
reason is that our process is not very sensitive to suc¢h. a
These two curves are very similar to those for g and
the SM in Fig. 15 because we are not very sensitive to a
right-handedW’. The case ofp=2 predicts a heavieZ’,
which produces constraints differing even less from each
other than those fop=1, so we do not show them. To
demonstrate how the constraints change for a larger signal,
we repeated the same procedure with, =550 GeV. This
number(and the mass of the associai®( are at the edge of
b the present exclusion limjf7]. Although the constraints im-
-1.0 -0.5 0.0 0.5 R|(W') 1.0 prove a bit, they are still not very impressive. _
Figure 17 is similar to Fig. 16 but here we consider the

FIG. 15. Constraints on th&/' couplings usings and A ~ ununified model. We examine the cased,,=Mgz
combined for differentW’ scenarios. We take 90% electron and =0.75 TeV andM,,,=Mz,=0.55 TeV. We show the
60% positron polarizations=0.5 TeV, L,,=500 fo-! and  constraints on the couplings of th&’ obtained using the
My,=0.75 TeV. A systematic error of 294%) is included fores ~ same two fitting strategies described for Fig. 16. Even for
(ALr). The assumed models are indicated by stars. masses of 0.75 TeV, the two curves are better separated than

assumptions, the constraint on its couplings can be found by

0.5

TT T T T T T T T [T T T T T T T T T [T T T T T T T T T[T T T TTTTTT
»*
*

0.0

-0.5
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1.0 g e =1.2, 1.6, and 1.9 TeV fox/s=500, 1000, and 1500 GeV

m respectively assuminty;,=500 fb ! relative to a reach of
I—'< ) 5.9 TeV at the LHC.

Although the discovery reach fal'’s of this process is
not competitive with the reach of the LHC, precision mea-
surements can give information on extra gauge boson cou-
plings which complements the LHC. In particular, if the

LHC were to discover &’ or W’ the procese*e —vvy
could constrainz’ andW'’ couplings. For &', this would

be the best measurement of tEévv couplings. Forw’
couplings, reliable measurements would require information

from, for examplee*e*—>ff_and searches in hadron colli-
sions which would always detect 2 signal in the cases
where its contribution is relevant for W' constraint by

e+e‘Hv77. Finally, we emphasize that to make measure-

ments of the extra gauge boson couplings, high luminosity
—— My=0.55Tev, 22 will be needed and it will be very important to reduce the
_1‘91 0 05 0.0 0.5 R|(W') 1.0 systematic uncertainties as much as possible.

0.5

0.0

=031 irre My-=0.75TeV, no Z'
My=0.75TeV, 7'
_ _ _ Mw@=0.55TeV, Ac=1%, Z'

.......... Mw=0.55TeV, no 7'

FIG. 17. Constraints on th&/ couplings usings and A g ACKNOWLEDGMENTS

combined in the UUM.W't_h siR=0.6 for differentW’ masses and This research was supported in part by the Natural Sci-
different fitting strategies; see text. We take 90% electron and 600/&nces and Endineering Research Council of Canada. S.G
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APPENDIX
in LRM. For masses of 0.55 TeV, the wrong fitting strategy
gives a region which is outside the tri'é¢’ coupling. This
shows that such a light’ cannot be ignored in the fitting

Here we give explicit parametrizations of the momenta
defined in the frame wherg_,q, are back-to-back ang,

procedure. defines thez axis, suitable for use with the phase sp&&e
The processa*e*—ﬁf_and searches in hadron collisions

are more sensitive t’ discovery thare*e™—vvy. A Z' p+=(+:000,)

signal will always be detected in the cases where Zhe

contribution is relevant for aN’ constraint frome*e” pP_=(w_;w,Siny,0,w,CcoSy—w.)

*}V;’y. This information from other experiments will be re-

quired for a reliablé’ constraint frome*te™ —vvy. k= (o} ; 0 SiN,0,wy COSY)

V. CONCLUSIONS . . .
g;=(w. ;o' sinfcosp,w’ sindsing,w’ coshd)

In this paper, we studied the sensitivity of the process
e"e” —vvy to extra gauge bosons. We used this process to —(0' —w'.SiNOCOSe,— w' sinBsing, — o' cosh)
find discovery limits and to see how well one could measure " A Oy Oy (Al)
the couplings of extra gauge bosons that are expected in
extensions of the standard model. where

For the discovery limits we focused ON’’s since one
can put better limits orZ'’s from other processes, such as

ee —ff, while, on the other hand, no similar limits exist o = k- , w+:S_ Ky , ;ZE'
on W'’s. The highest reach was obtained by binning the 24s" 2\s" 2
do/dE, distribution although comparable results were ob-
tained using the total cross section after Zrradiative return ) ,
was eliminated. The discovery reach is typically in the 1-6 _S—S _ sk.—s'ky
; o 0= ——, COSy=—""-—7—.
TeV range depending on the specific model, the center of 24/s" (s—ky)(s—s)
mass energy, and the assumed integrated luminosity. These (A2)

results are substantially degraded if one includes systematic
errors. For theWg boson, for which LHC discovery limits It is arbitrary whether sig is taken as positive or negative as
are available, the discovery limits are, fgg=9g,, My long as one is consistent.
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