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Discovery and identification of extra gauge bosons ine¿eÀ\nn̄g
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We examine the sensitivity of the processe1e2→nn̄g to extra gauge bosons,Z8 andW8, which arise in
various extensions of the standard model. The process is found to be sensitive toW8 masses 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 measureZ8nn̄ andW8
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 number~s!: 14.70.2e, 13.10.1q, 13.15.1g, 14.80.2j
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I. INTRODUCTION

Extra gauge bosons, both charged (W8) and/or neutral
(Z8), arise in many models of physics beyond the stand
model~SM! @1,2#. Examples include extended gauge theor
such as grand unified theories@3# and left-right symmetric
models @4# along with the corresponding supersymmet
models, and other models such as those with finite size e
dimensions@5#. To elucidate what physics lies beyond th
standard model it is necessary to search for manifestation
that new physics with respect to the predicted particle c
tent, both fermions and extra gauge bosons. Such sear
are a feature of ongoing collider experiments and the fo
of future experiments. The discovery of new particles wo
provide definitive evidence for physics beyond the stand
model and, in particular, the discovery of new gauge bos
would indicate that the standard model gauge group wa
need of extension. There is a considerable literature onZ8
searches. In this paper we concentrate onW8 searches, for
which much less work has been done.

Limits have been placed on the existence of new ga
bosons through indirect searches based on the devia
from the SM they would produce in precision electrowe
measurements. For instance, indirect limits fromm-decay
constrain the left-right model~LRM! W8 to MW

LR8

*550 GeV@6#. A more severe constraint arises fromKL-KS
mass-splitting which givesMW

LR8 *1.6 TeV @7#. In obtain-

ing the above limits, it was assumed that the coupling c
stants of the twoSU(2) gauge groups are equal.

New gauge boson searches at hadron colliders cons
their direct production via the Drell-Yan process and th
subsequent decay to lepton pairs. ForW8 bosons, decays to
hadronic jets are sometimes also considered. The pre
bounds on neutral gauge bosons,Z8’s, from the Collider De-
tector at Fermilab~CDF! and D0 Collaborations at the Teva
tron pp̄ collider at Fermilab areMZ8.590– 690 GeV with
the exact value depending on the specific model@7#. For
W8’s the limits areMW8.300– 720 GeV; again the limits
depend on the details of the model@7#. The search reach i
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expected to increase by;300 GeV with 1 fb21 of lumi-
nosity @2,8#. The CERN Large Hadron Collider~LHC! is
expected to be able to discoverZ8’s up to masses of 4–5
TeV @2,8# andW8’s up to masses of;5.9 TeV@8#. TheW8
limits assume SM strength couplings and decay into a li
stable neutrino which is registered in the detector as miss
ET . They can be seriously degraded by loosening the
sumptions in the model.

In addition, one can place limits on new gauge bosons
looking for deviations from SM expectations for observab
measured atep ande1e2 colliders.

Searches for new gauge bosons ate1e2 colliders are ki-
nematically limited by the available center-of-mass ene
so that one searches for indirect effects of extra gauge bo
in cross sections and asymmetries forAs,MV8 . There is a
considerable body of work onZ8 searches ate1e2 colliders
and, although the discovery limits are very model depend
they lie in the general range of 2–5 TeV forAs
5500 GeV with 50 fb21 luminosity @2#.

In contrast to theZ8 case, there are virtually no studies
indirect searches forW8 bosons ate1e2 colliders. Recently,
Hewett suggested that the reactione1e2→nn̄g would be
sensitive toW8’s with masses greater thanAs @9#. In the
standard model, this process proceeds throughs-channelZ
and t-channelW exchange with the photon being radiate
from every possible charged particle. In extended ga
models the process is modified by boths-channelZ8 and
t-channelW8 exchange@10#. In this paper, we examine thi
process for various extended electroweak models. The
model we consider is the left-right symmetric model@4#
based on the gauge groupSU(3)C3SU(2)L3SU(2)R
3U(1)B2L which has right-handed charged currents. T
second model we consider is the ununified model@11,12#
which is based on the gauge groupSU(2)q3SU(2)l
3U(1)Y where the quarks and leptons each transform un
their own SU(2). The final type of model, which has re
ceived considerable interest lately, contains the Kaluza-K
excitations of the SM gauge bosons which are a poss
consequence of theories with large extra dimensions@5#. The
models under consideration are described in more deta
©2000 The American Physical Society09-1
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GODFREY, KALYNIAK, KAMAL, AND LEIKE PHYSICAL REVIEW D 61 113009
Sec. II. Additionally, we study discovery limits for variou
combinations ofW8 andZ8 bosons with SM couplings. Al-
though these are not realistic models, they have been ado
as benchmarks to compare the discovery reach of diffe
processes.

We will find that, while the processe1e2→nn̄g can in-
deed extend the discovery reach forW8’s significantly be-
yond As, with the exact limit depending on the specifi
model, it is not in general competitive with limits obtainab
at the LHC. However, if extra gauge bosons are discove
which are not overly massive, the process considered
could be used to measure their couplings. This would
crucial for determining the origins of theZ8 or W8. As such,
it would play an important complementary role to the LH
studies.

In the next section we review the relevant details of
various models that we use in our calculations. In Sec.
we describe the details of our calculations. The resultingW8
discovery limits and projected sensitivities forW8 couplings
andZ8nn̄ couplings are given in Sec. IV. We conclude wi
some final comments.

II. MODELS

In this section, we describe the models considered in
investigation. The so-called sequential standard mo
~SSM! includes additional weak gauge bosons of high
mass, with SM couplings. This is a rather arbitrary scena
which we include only as a benchmark. Since our emph
here is on extraW’s, we consider a SSM with aW8 only,
which we refer to as SSM(W8), and a SSM with bothW8
andZ8, denoted by SSM(W81Z8). In the latter, we will take
MZ85MW8 for simplicity.

The general left-right symmetric model~LRM! @4# is
based on the extended electroweak gauge groupSU(2)L
3SU(2)R3U(1)B2L . Left-handed fermion fields transform
as doublets underSU(2)L and as singlets underSU(2)R .
The reverse is true for right-handed fermions. A right-hand
neutrino is included in the fermion content. The model
parametrized by the ratio of the coupling constants of
two SU(2) gauge groups, which we denote ask5gR /gL .
This parameter is allowed to vary here in the approxim
range 0.55&k&2.0 @9,13,14#. The lower bound onk arises
from the condition sin2uW<k2/(11k2) ~or, equivalently,k2

>tan2uW), which expresses the positivity of a ratio o
squared couplings. In principle,k is restricted to be less tha
1 based on symmetry breaking scenarios and coupling
stant evolution arguments. However, it is conceivable t
this bound may be violated in some grand unified theory
we take a phenomenological approach and loosen this u
bound@9,14#.

Additionally, a parameter,r, describes the Higgs conten
of the model. If only Higgs doublets are used to break
gauge symmetry toU(1)em, r is 1. For Higgs triplets,r is
2. A combination of doublets and triplets leads to an int
mediate value ofr between 1 and 2@15#. We will use r
51, corresponding to Higgs doublets.

In the LRM, there is a relationship between theZ8 and
W8 masses, as follows:
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MZ8
2

MW8
2 5

rk2

k22tan2uW

. ~1!

The couplings of the extra gauge bosons relevant to our
culation can be read from the following parts of the Lagran
ian:

LLR5
ek

A2sW

Wm8
1n̄RgmeR

1
e

2sWcW
2 Ak22tW

2
Zm8 @ l̄ gm~12g5!sW

2 ~T3L2Qem!l

1 l̄ gm~11g5!~k2cW
2 T3R2sW

2 Qem!l #1H.c. , ~2!

whereeR5 1
2 (11g5)e denotes a right-handed electron fiel

Note that we neglect two angles, usually denoted asj andz,
which parametrize theZ-Z8 and W-W8 mixings, respec-
tively. Limits on these angles are rather severe so this
justified @16,17#. Neglect of these angles implies SM co
plings for theZ andW. Additionally, we assume light Dirac
type neutrinos.

The ununified model~UUM! @10,11# employs the alterna-
tive electroweak gauge symmetrySU(2)q3SU(2)l
3U(1)Y with left-handed quarks and leptons transformi
as doublets under their respectiveSU(2) groups. All the
right-handed fields transform as singlets under bothSU(2)
groups. The UUM may be parametrized by an anglef,
which represents the mixing of the charged gauge boson
the two SU(2) groups, and by a ratiox5(u/v)2, whereu
andv are the vacuum expectation values of the scalar m
tiplets which break the symmetry toU(1)em. The existing
constraint onf is 0.24&sinf&0.99, based on the validity o
perturbation theory. Forx/sin2f@1, theZ8 mass is approxi-
mately equal to that of theW8 and the parameterx may be
replaced byMW8 . The lepton couplings of interest to us he
arise from the following part of the Lagrangian:

LUU52
e

2sW

sf

cf

3@A2Wm8
1n̄gml L1Zm8 ~ n̄gmnL2 l̄ gml L!#1H.c.

~3!

As expected, the fermion couplings to the additional gau
bosons are all left-handed in the UUM. Additional fermio
must also be included in order to cancel anomalies. Thi
rather difficult to do without generating flavor changing ne
tral currents and some considerations of this problem lea
rather high lower bounds on theZ8 mass of about 1.4 TeV
@11#. However, lowerZ8 andW8 masses may be allowed i
other scenarios; hence we take a phenomenological appr
in this investigation.

Finally, we consider the consequences of models wh
have been of considerable interest lately, those contain
large extra dimensions@5#. In particular, we consider an ex
tension of the SM to 5-dimensions~5DSM! @18#. The pres-
9-2
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DISCOVERY AND IDENTIFICATION OF EXTRA GAUGE . . . PHYSICAL REVIEW D 61 113009
ence of an extra dimension of sizeR; TeV21 may imply
an infinite tower of Kaluza-Klein~KK ! excitations of the SM
gauge bosons. The mass of the excitations is associated
the compactification scale of the extra dimension
nMc (n51, . . . ,̀ ), whereMc51/R. The properties of and
relationships among electroweak observables are mod
by the presence of these KK towers. We treat this possib
in a manner similar to the other models described above;
is, we include in our process the exchange of aW8 andZ8
corresponding to the first KK excitations. The model can
parametrized by an angleb which is correlated with the
properties of its Higgs sector, which includes two double
for sinb[sb50, the SM Higgs may propagate in a
5-dimensions~the bulk! while for sb51, it is confined to the
4-dimensional boundary. In terms of this parameter,
physical masses of the lightest electroweak gauge bo
~corresponding to the experimentally measured masses! are
given, to first order inMW

2 /Mc
2 , as

MW
(ph)25MW

2 F12sb
4 p2

3

MW
2

Mc
2 G ~4!

MZ
(ph)25MZ

2F12sb
4 p2

3

MZ
2

Mc
2G , ~5!

where MW
2 5g2v2/2, as usual. The gauge couplings of t

physical W and Z are also modified by a term of orde
MV

2/Mc
2 . Global analyses of electroweak parameters pu

lower limit on Mc of about 2.5 TeV so this is a very sma
effect. We will therefore neglect it and thus eliminatesb as a
parameter. On the other hand, the fermion coupling of
first KK excitations,W8 andZ8, each of massMV85Mc , is
enhanced by a factor ofA2. Hence our consideration of th
5DSM amounts to including aW8 and aZ8, of equal mass,
each coupling as in the SM apart from an extra factor ofA2.

III. CALCULATION

The process under consideration is

e2~p2!1e1~p1!→g~k!1n~q2!1 n̄~q1!. ~6!

The relevant Feynman diagrams are given in Fig. 1. T
kinematic observables of interest are the photon’s ene
Eg , and its angle relative to the incident electron,ug , both
defined in thee1e2 center-of-mass frame. The invaria
mass of thenn̄ pair, M nn̄ , andEg are related via

Eg5
As

2
S 12

M nn̄
2

s
D , ~7!

wheres5(p11p2)2.
Let M denote the sum of the amplitudes shown in Fig.

over a given number ofZ8’s andW8’s. The doubly differen-
tial cross section is related touMu2 via
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ds

dEgd cosug
5

Eg

2s

1

~4p!4E0

p

du sinuE
0

2p

dwuMu2, ~8!

whereu and w are the polar and azimuthal angles, resp
tively, of q1 in a frame whereq1 andq2 are back-to-back.
The explicit momentum parametrizations are given in
Appendix.

Two approaches to determininguMu2 are possible. One
can determineM analytically, using spinor technique
@19,20# for instance, then square it numerically or one c
find uMu2 analytically. We have followed both approache
which provides an independent check. ObtaininguMu2 ana-
lytically has been done both via the trace method, using
symbolic manipulation programFORM @21#, and by squaring
the helicity amplitudes and summing over the final state
licities. The latter approach leads to a rather compact re
which we present below.

In order to presentuMu2, we define the following kine-
matic variables. We follow the notation of@22#, where the
SM contribution for this process was calculated:

s5~p11p2!2, s85~q11q2!2,

t5~p12q1!2, t85~p22q2!2,

u5~p12q2!2, u85~p22q1!2, ~9!

k652p6•k, k68 52q6•k,

Zi5s82MZ
i
21 iM Zi

GZi
,

Wi5t2MW
i
2, Wi85t82MW

i
2.

The decay width of the extra neutral gauge boson,GZi
, into

fermion-antifermion pairs is calculated in each of the mod
we consider. We include the one-loop QED, three-loop Q
and O(Mt

2/MZ8
2 ) corrections, although their effect on th

cross section is negligible. In the following, we denote ge
eralized couplings as may be inferred from the vertices:

FIG. 1. The Feynman diagrams contributing to the proc

e1e2→nn̄g in leading order.
9-3
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Zi f f̄ 5
ig

2cW
gmS 12g5

2
aZi

f 1
11g5

2
bZi

f D ~10!

Wiln5
ig

A2
gmS 12g5

2
aWi

1
11g5

2
bWi D .

~11!
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ec
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11300
Thus, in the SM,aZ1

e 52sW
2 21, bZ1

e 52sW
2 , aZ1

n 51, bZ1

n

50, aW1
51, andbW1

50.

It is only necessary to present the unpolarized squa
amplitude as the individual polarized contributions may
inferred from the coupling structure. The spin-averaged
polarizeduMu2 is given by
d

l

uMuunp
2 5

~4p!3a3

8sW
4 k1k2

H 3s8

cW
4 (

i 51,nz
j 5 i ,nz

Zi j @~aZi

e aZj

e aZi

n aZj

n 1bZi

e bZj

e bZi

n bZj

n !~u21u82!1~aZi

e aZj

e bZi

n bZj

n 1bZi

e bZj

e aZi

n aZj

n !~ t21t82!#

1
4

s8
(

i 51,nw
j 5 i ,nw

Wi j @~aWi

2 aWj

2 1bWi

2 bWj

2 !~u21u82!12aWi
aWj

bWi
bWj

~s21s82!#

1
4

cW
2 (

i 51,nw
j 51,nz

@~WZ! i j ~u2aWi

2 aZj

e aZj

n 1u82bWi

2 bZj

e bZj

n !1~WZ! i j8 ~u82aWi

2 aZj

e aZj

n 1u2bWi

2 bZj

e bZj

n !#J , ~12!

where

Zi j 5ReS 22d i j

ZiZj*
D , Wi j 5~22d i j !Re~FWi

FWj
* !, ~WZ! i j 5ReS FWi

Zj
D ,

~13!

~WZ! i j8 5ReS FWi

Zj*
D , FWi

5
s8

Wi8
2

s8k12tk28 1uk18 24i«~q1q2p1k!

2WiWi8
,

using the notation«(p1p2p3p4)5«mnrsp1
mp2

np3
rp4

s , where «mnrs is the completely antisymmetric Levi-Civita tensor an

«012351. In Eq. ~12! we have assumed lepton universality with regards to theZ8nn̄ couplings. Although it may not be
immediately apparent, the contribution to the cross section from the state where thee2 ande1 are both left-handed is equa
to the contribution from the state where they are both right-handed and the sum is given by the term in Eq.~12! proportional
to aWi

aWj
bWi

bWj
.

A relation which was quite useful in simplifyinguMu2 is

s8

Wi8
2

s8k12tk28 1uk18 24i«~q1q2p1k!

2WiWi8
5

s8

Wi
2

s8k22t8k18 1u8k28 24i«~q2q1p2k!

2WiWi8
. ~14!
n

ce,

rise
m.
o

In the SM limit, Eq.~12! agrees with the expression given
@21# after correcting for the known missing factors of 1/s8 in
@21# required on dimensional grounds.

The calculation ofds/dEg d cosug may be performed
analytically or numerically. We have followed both a
proaches and verified numerical agreement. Further ch
were performed using the programCompHEP @23#.

IV. RESULTS

Before discussing the discovery limits obtained in t
various models, we present the total cross sections and
differential cross sectionsds/dEg andds/d cosug . In doing
so, all the essential features are illustrated. We take the
inputs MW580.33 GeV, MZ591.187 GeV, sin2uW
50.23124, a51/128, GZ52.49 GeV @7#. Since we work
ks

he

M

only to leading order inuMu2, there is some arbitrariness i
what to use for the above input, in particular sin2uW.

Kinematically, the maximum allowed value forEg is
As/2. In addition, to take into account detector acceptan
Eg andug have been restricted to the ranges

Eg>10 GeV, 10°<ug<170°. ~15!

The cuts also serve to remove the singularities which a
when the emitted photon is soft or collinear with the bea
Further, we restrict the photon’s transverse momentum t

pT
g.

Assinug sinuv

sinug1sinuv
, ~16!
9-4
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where uv is the minimum angle down to which the ve
detectors may observe electrons or positrons. We takeuv
525 mrad. This cut has the effect of removing the larg
background to our process, namely radiative Bhab
scattering where the scatterede1 and e2 go undetected
down the beam pipe.

This study was performed in leading order, but QED c

rections toe1e2→nn̄g must be taken into account in a pr
cision analysis of real data. They have been known toO(a)
for some time@22#. See@24# for a short reviewof and further
referencesto higher order QED corrections, and@25# for a
description of a related Monte Carlo~MC! generator. Since
our aim is to determine the statistical power of the proces
discoveringW8’s, there is no need to include in this study th
radiative corrections which will only marginally influenc
the number of events. Complete consistency at next
leading order~NLO!, however, would require determinatio
of the bremsstrahlung corrections to thegeneralizedexpres-
sion ~12! and corresponding loop graphs.

As well, we do not explicitly take into account an
higher order backgrounds. A background, which can

be suppressed, comes from the reactione1e2→nn̄n8n̄8g.
The authors of@26# have provided the following cros

sections of relevance here:s(e1e2→nen̄enen̄eg)[seeee

56.65(2) fb, seemm57.79(2) fb, smmmm50.690(2) fb
andsmmtt51.383(3) fb. These results are for the same c
ditions as in Table 1 of@26# but for As5500 GeV. The cuts
used in obtaining the above numbers differ from ours. No
theless, these cross sections give an idea of the magnitu
the background. Assuming lepton universality, the total cr

section is 25 fb for the processe1e2→nn̄n8n̄8g. Imposing
our pT

g cut will suppress it even further. This backgroun
must be included in an ‘‘e1e2→g 1 nothing’’ analysis of
real data. We expect that the cross sections ofe1e2

→nn̄n8n̄8gg and ofe1e2→nn̄n8n̄8n9n̄9g are so small that
they need not be taken into account in the analysis.

The errors generated from the subtraction of the ab
backgrounds form part of the systematic error. As the ba
grounds themselves are much smaller than the signal, tho
comparable to the new physics effect, we expect that
error in the SM prediction of the backgrounds would
much smaller than the systematic errors arising from dete
and beam uncertainties. We shall return to the issue of
tematics in connection with their influence on the discov
limits presented in the next section.

We have calculated three distinct total cross sections:
polarized:s, for left-handede2: sL , and for right-handed
e2: sR . Figure 2 shows all three plotted versusAs, with sL
andsR calculated using 100% beam polarization. Results
shown for the SM, LRM (r5k51), UUM (sinf50.6),
SSM(W8), SSM(W81Z8) and KK model, with MW8
5750 GeV in each case. These mass and coupling pa
eter choices are rather arbitrary, made to illustrate gen
behavior. It is worth noting at this point that in the UUM an
SSM(W81Z8), the correction to the SM cross sectio
changes sign asAs is varied. This arises, for certainAs and
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MW8 , due to a negative interference term between the
andZ8/W8 diagrams in these models.

It is clear from the presence of the peaks in Fig. 2 that
are also probingZ8’s, in those models which include them
~There is also a very sharp peak at lowerAs, off the plot, due
to the SMZ.! The Z8 peaks generally occur forAs slightly
above theZ8 mass since the photon carries away some of
energy. At very high energies, the SMZ contribution is neg-
ligible. Further, by using a right-handede2 beam, we can
reduce the SMW contribution~depending on the degree o
polarization!. Then we directly probe theW8 ~andZ8) in the
LRM, while in the SSM(W81Z8) and KK model, we probe
only theZ8. The latter two models as well as the two rema
ing models all require some component of left-handed po

FIG. 2. The total cross sectionss, sL and sR versusAs for
MW85750 GeV. ForsL and sR , 100% e2 polarization is used.
Results are given for the SM~solid line!, LRM ~dashed line!, KK
model ~dotted line!, UUM ~dash-dotted line!, SSM(W8) ~thick
dashed line! and SSM(W81Z8) ~thick dash-dotted line!.
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ization to probe theW8. The above features are borne out
Fig. 2.

In order to see which regions ofEg are most sensitive to
the new physics, we plot for left- and right-handed electr
beams, respectively, in Figs. 3~a! and 4~a! ds/dEg versusEg
and in Figs. 3~b! and 4~b! the deviation from the SM resul
divided by the square root of the predicted cross section
susEg . We show results forAs5500 GeV with 100%e2

beam polarization in these figures.
First, we note the shape ofds/dEg in Figs. 3~a! and 4~a!.

For left-handed electrons, the bulk of the cross section co
from the lowEg region; the reduction at very lowEg is due
to thepT

g cut and the sharp peak atEg.240 GeV is due to
the radiative return to theZ pole. For 100% right polarized
electrons, the cross section is rather flat in the low to m
erateEg region, then increases as a result of theZ peak at
high Eg . On the other hand, since the right-handed cr
section is two orders of magnitude smaller than the le
handed cross section away from theZ peak, any realistic
degree of polarization~i.e., 90%! will lead to a large contri-
bution from sL to the low Eg region. In general, there ca
also be a peak due to aZ8 for MZ8,As which occurs at

Eg
peak5

As

2
S 12

MZ8
2

s
D ~17!

FIG. 3. ~a! Left-handed differential cross section versus ener
~b! relative statistical significance of the deviation from the SM,
As5500 GeV andMW85750 GeV. 100%e2 polarization is used.
Lines as in Fig. 2.
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in analogy with the SMZ.
Most important, however, is the relative statistical sign

cance, shown in Figs. 3~b! and 4~b!. In both the left- and
right-handed cases, the lowEg region is the most sensitive t
the new physics. There are two reasons for this. First,
left-handed electrons, the cross section is largest at lowEg ,
as mentioned above. Second, the lowerEg , the higher the
mass probed in theZ8 propagator via Eq.~7!. The relative
effect is even larger when combining thex2’s from the dif-
ferent bins, since it is the squares of the plotted quanti
which will enter. Overall, the KK model leads to the mo
statistically significant deviations, except for the 100% l
polarized case where the SSM(W8) exhibits the largest de
viation. We can also see clearly how the sign of the deviat
from the SM depends on the beam polarization. For the
model and SSM(W81Z8), we observe a negative deviatio
with right-handed polarization, implying a negativeZ8 con-
tribution, versus a positive overall contribution coming fro
the left-handed channel. Clearly, interference effects w
make probingW8’s nontrivial. We shall return to this poin
in the next section.

In Figs. 5 and 6 we plot the analogous quantities relev
to ds/d cosug , versus cosug . We note that bothds/d cosug
and the relative statistical significance are peaked in the
ward and backward directions and both are very nearly s
metric in cosug . The latter implies that the forward

; FIG. 4. ~a! Right-handed differential cross section versus e
ergy; ~b! relative statistical significance of the deviation from th
SM, for As5500 GeV andMW85750 GeV. 100%e2 polarization
is used. Lines as in Fig. 2.
9-6
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backward asymmetry will be small and, therefore, t
deviation from the SM forward-backward asymmetry w
also be small, at least in absolute magnitude. We there
do not expect the forward-backward asymmetry to serve
useful probe of the new physics, which is confirmed by e
plicit calculation. An important observation is that ourpT

g

cut, while eliminating a large background, has also elim
nated much of our signal~both from the small angle and so
events! which was appreciably stronger prior to the cut.
more detailed study, including a detector simulation, wo
be required to determine whether the background could
accurately subtracted with a looserpT

g cut.

A. Discovery limits for W8’s

The best discovery limits were in general obtained us
the observableds/dEg , combined with beam polarization
while ds/d cosug was less sensitive. Comparable or equ
limits were obtained using the total cross section, with
additional cut on the energy to eliminate theZ pole radiative
return events:

Eg
max5

As

2 S 12
MZ

2

s D 26GZ . ~18!

FIG. 5. ~a! Left-handed differential cross section versus cosug ;
~b! relative statistical significance of the deviation from the SM,
As5500 GeV andMW85750 GeV. 100%e2 polarization is used.
Lines as in Fig. 2.
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As can be seen from Figs. 3~b! and 4~b!, theZ pole region is
quite insensitive to new physics. In the cases thatds/dEg
provided a better limit than the total cross section, the i
provement was of order 50 GeV. However, thex2 obtained
using the total cross section is a somewhat less stable f
tion of MW8 as the sign of the deviation from the SM cro
section may change withMW8 leading to isolated regions o
insensitivity at lowMW8 . Also, when systematic errors ar
included, the limits obtained usingds/dEg are affected
much less than those obtained using the total cross sect

Substantially weaker limits were obtained using the le
right asymmetry,

ALR5
sL2sR

sL1sR
, ~19!

even when including systematic errors only one half tho
used in theds/dEg calculation~since one expects some ca
cellation of errors between the numerator and denominato
ALR). As expected from the discussion of the previous s
tion, the forward-backward asymmetry,AFB , was quite in-
sensitive to the new physics. In light of the above, we rest
the remaining discussion to limits obtained usingds/dEg as
an observable.

FIG. 6. ~a! Right-handed differential cross section vers
cosug ; ~b! relative statistical significance of the deviation from th
SM, for As5500 GeV andMW85750 GeV. 100%e2 polarization
is used. Lines as in Fig. 2.
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TABLE I. W8 95% C.L. discovery limits obtained in the SSM (W8), SSM (W81Z8), LRM (k5r
51), UUM (sinf50.6), and the KK model usingds/dEg as the observable. Results are presented
As5500, 1000, and 1500 GeV and for various luminosity and polarization scenarios, with and without
systematic error included. For the LRM, the polarized scenario corresponds to a right-handede2 beam, while
for all other models the beam is left-handed.

Lum. ~fb21): 50 500 25 250 50 500 25 250
As Sys. Err.: 0% 0% 0% 0% 2% 2% 2% 2%

~GeV! Model/% pol: unp. unp. 90% 90% unp. unp. 90% 90%

500 SSM(W8) 2.4 4.3 2.4 4.3 1.55 1.7 1.55 1.7
SSM(W81Z8) 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
UUM 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.~fb21): 200 500 100 250 200 500 100 250

SSM(W8) 4.2 5.3 4.2 5.25 2.15 2.2 2.1 2.2
SSM(W81Z8) 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
UUM 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.~fb21): 200 500 100 250 200 500 100 250

SSM(W8) 4.7 5.95 4.65 5.85 2.45 2.55 2.45 2.55
SSM(W81Z8) 3.4 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 1.55
KK 5.05 6.45 5.1 6.45 2.35 2.45 2.45 2.55
d
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In obtaining thex2 for ds/dEg , we used 10 equal size
energy bins in the rangeEg

min,Eg,Eg
max, whereEg

min fol-
lows from thepT

g cut Eq.~16!:

Eg
min5

Assinuv

11sinuv
, ~20!

which supersedes the acceptance cut of Eq.~15!. We have

x25(
bins

S ds/dEg2ds/dEg,SM

dds/dEg
D 2

, ~21!

wheredds/dEg is the error on the measurement and ana
gous formulas hold for other observables. One sided 9
confidence level discovery limits are obtained by requir
x2>2.69 for discovery. Systematic errors, when includ
were added in quadrature with the statistical errors.

In determining the limits for the case of polarized electr
beams, we show results for the polarization state which
general has the largest sensitivity~deviation from the SM!
for a given model; a right-handede2 beam for the LRM and
a left-handed beam for all other models. We used one
the unpolarized luminosity for the polarized case, assum
equal running time in each polarization state.

The discovery limits for all five models are listed in Tab
I, for As50.5, 1.0 and 1.5 TeV, using the same input para
eters as for the cross sections presented in the previous
tion. We show limits for both an unpolarizede2 beam and
11300
-
%

,

in

lf
g

-
ec-

for a 90% polarized one. For each center-of-mass ene
two luminosity scenarios are considered and we present
its obtained with and without systematic errors. Our presc
tion is to include a 2% systematic error per bin. This numb
is quite arbitrary but seems reasonable, if not conservat
considering the clean final state. In addition to detector s
tematics, which we expect will dominate, there are uncerta
ties associated with the beam luminosity and energy, wh
will be spread over a range. The systematic errors associ
with the background subtraction should be much sma
than 2% as should be the errors in the calculation of the Q
corrections. The 2% number should not be taken too s
ously therefore, except to highlight the fact that a precis
measurement is required to take full advantage of the la
event rate.

Certain features are common to all models. With no s
tematic error included, we observe quite an improvemen
the limits with increased luminosity. The only exception
the UUM atAs of 1.5 TeV, where the improvement is min
mal. The reason is that thex2 decreases very rapidly asMW8
is increased in the vicinity of the limit, hence increasing t
luminosity by a factor of 2.5 does little. The unusualAs
dependence can be attributed to the interference effect n
in the previous section, which results in, for example, for t
UUM with sinf50.6 and an integrated luminosity o
500 fb21, a lower discovery limit atAs51.5 TeV than at
0.5 and 1 TeV. We will return to this peculiar behavior lat
9-8
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DISCOVERY AND IDENTIFICATION OF EXTRA GAUGE . . . PHYSICAL REVIEW D 61 113009
in the section. When 2% systematic errors are included,
high luminosity scenario yields little improvement in th
limits in any of the models, since the systematic error n
dominates the statistical.

Perhaps surprising at first is the observation that 9
beam polarization does not improve the limits very mu
This follows from taking into account the reduced luminos
and the fact that the left-handed component tends to do
nate the unpolarized cross section by a considerable amo
On the other hand, we observed that if the polarization
pushed beyond 90%, then the right-polarized limits can
crease significantly in those models in which the beyond-
bosons have a non-zero right-handed coupling: the LR
KK model and SSM(W81Z8). In the latter two models, it is
however, theZ8 which is being probed. The higher degree
polarization is required to eliminate the contamination fro
the much larger left-handed component. Thus, the prim
advantage of beam polarization is to distinguish betw
models and measure the new couplings, as will be inve
gated in the next section.

Figure 7 presents theW8 mass discovery limits obtainabl
in the LRM with an unpolarized beam, plotted versusk for
r51 andAs50.5, 1.0, 1.5 and 2 TeV using a luminosity o
50 fb21 for As50.5 TeV and 200 fb21 for the higher en-
ergies. Only statistical errors are included. Depending onAs
and k, the limits range from 0.8 to 2.8 TeV. We expe
greater deviations from the SM, and hence larger limits, ak
is increased since this increases theW8 coupling strength, as
can be seen from Eq.~2!. The predicted dependence onk is
generally observed, except at lowk where we notice a mod
erate increasein the limits, even though theW8 couplings
have weakened. We attribute this effect to theZ8, whose
couplings are enhanced~but its mass increased! in the lowk
region. This was indicated by an appreciable improvemen
the limits for low k and r51 versus those obtained usin

FIG. 7. LRM (r51) unpolarized 95% C.L.W8 mass limits
versusk, obtained forAs5500, 1000, 1500 and 2000 GeV usin
ds/dEg as the observable and an integrated luminosity of 50 fb21

for As5500 GeV and 200 fb21 for the higher energies. Only sta
tistical errors are used.
11300
e

.

i-
nt.

is
-

,

f

ry
n
ti-

in

r52 and consequently a heavierZ8, via Eq. ~1!. Figure 8
demonstrates the improvement in bounds in the moderat
large k region obtained when a 90% or 100% polariz
right-handede2 beam is used. The beam polarization pic
out the LRM W8 and suppresses the SMW. Figure 8~a!
shows that fork.1, 90% beam polarization improves th
limits. Further increasing the polarization leads to substan
improvements, even at lowerk, as demonstrated in Fig. 8~b!.

The dependence of the limits in the UUM on sinf is
shown in Fig. 9, forAs50.5, 1.0, 1.5 and 2.0 TeV, under th
same running conditions as Fig. 7. Only the unpolarized c
is considered as beam polarization was not beneficial. Ag
only statistical errors are included. At eachAs, we note that
the contour defining the exclusion region as a function
sinf is a complicated curve. The consequence is that
As51 TeV, we obtain better limits over a range of sinf
than we do forAs51.5 and evenAs52 TeV. Essentially,
this is due to the complicated interference with the SM d
grams. In general, as sinf increases, the UUM coupling
also increase, as can be seen from Eq.~3!, so that higher
mass scales are probed. So, referring to Fig. 2, the pea
the cross section~due to theZ8) at the scale being probe
shifts to the right. But the sign of the deviation from the S
changes withAs for fixed MW8 ~or vice versa! such that the
UUM cross section dips below the SM over some region
the left of the peak, then goes back above it for smallAs ~or

FIG. 8. As Fig. 7, except~a! for 90% right-polarized electrons
~b! for 100% right-polarized electrons.
9-9
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GODFREY, KALYNIAK, KAMAL, AND LEIKE PHYSICAL REVIEW D 61 113009
largeMW85MZ8 for fixed As). Hence, there is a small ste
in the limits nearMW85As, corresponding to passing th
rightmost crossing with the SM and another structure in
contour at some higherMW8 such that the leftmost crossin
is situated nearAs. One sees this explicitly by plottingx2

versusMW8 for fixedAs and sinf and observing a dip in the
x2 at relatively lowMW8 . Had we useds as an observable
the dip would be much more pronounced sinces2sSM
passes through zero, butds/dEg2ds/dEg,SM may differ in
sign between bins, leading to a nonzerox2 at the crossing
points. Once sinf is large enough that we are probing th
region to the left of the leftmost crossing, the limits shoot
in an impressive fashion as the dip inx2 never goes back
down to 2.69. The shape of the plot is luminosity depend
since, as pointed out earlier in this section, the degree
which increased luminosity improves the limits depends
the rate at which thex2 decreases with increasingMW8 in the
vicinity of the limit. That, in turn, varies withAs for fixed
sinf and with sinf for fixed As.

B. Constraints on couplings

In this section, we consider constraints which can be
on the couplings of extra gauge bosons by the proc
e1e2→nn̄g. These constraints are significant only in t
case where the mass of the corresponding extra gauge b
is considerably lower than its search limit in this process
most models, the processe1e2→ f f̄ and/or searches at th
LHC are more sensitive to aZ8 or W8 ~LHC! than the pro-
cesse1e2→nn̄g. We assume here that a signal for an ex
gauge boson has been detected by another experiment.

Given such a signal, we derive constraints~at 95% C.L.!
on the couplings of extra gauge bosons. We present the

FIG. 9. UUM unpolarized 95% C.L.W8 mass limits versus
sinf, obtained forAs5500, 1000, 1500 and 2000 GeV usin
ds/dEg as the observable and an integrated luminosity of 50 fb21

for As5500 GeV and 200 fb21 for the higher energies. Only sta
tistical errors are used. The region to the right of the various cur
is the region which may be excluded by experiment.
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straints in terms of couplings normalized as follows relat
to Eqs.~10! and ~11!:

L f~Z!5
g

4cW
aZi

f Rf~Z!5
g

4cW
bZi

f ~22!

L f~W!5
g

2A2
aWi

Rf~W!5
g

2A2
bWi

.

The constraints correspond to

x25(
i

S Oi~SM!2Oi~SM1Z81W8!

dOi
D 2

55.99, ~23!

whereOi(SM) is the prediction for the observableOi in the
SM, Oi(SM1Z81W8) is the prediction of the extension o
the SM anddOi is the expected experimental error. Th
index i corresponds to different observables such ass and
ALR .

Our assumptions concerning beam polarization are as
lows. For single beam (e2) polarization, we assume, as i
the previous section, equal running in left and right polariz
tion states. For double beam polarization, we assume e
running in theLR andRL states, but no running in theLL
andRR states. Thus,

ALR5
sLR2sRL

sLR1sRL
, e2 and e1 polarized, ~24!

where the first subscript ofs refers to thee2 helicity. Note
that for 100% polarizede2 ande1, sLL5sRR50 in all the
models we consider. This remains approximately valid as
couplings deviate from their model-defined values.

In Figs. 10 and 11, we presentZ8nn̄ coupling constraints
assuming there is no signal for aW8. This is the case when
the SM is extended byU(1) factors only. It can also happe
in models where theW8 has purely right-handed coupling
and the right-handed neutrino is heavy. Then, the proc
e1e2→nn̄g would be one of the best for constraining th
couplings of theZ8 to SM neutrinosbelowtheZ8 resonance.
If there is also a signal for aW8, a similar analysis could be
performed including theW8 parameters, as measured
other experiments. The resulting bounds would be lar
than those shown in the two figures. However, the m
points of the discussion would remain unchanged.

Figure 10 illustrates the resulting constraints on a 1.5 T
Z8 at a 500 GeV collider for different observables and e
perimental parameters, including luminosity and beam po
ization. We see that we can get some interesting constra
even though theZ8 is considerably heavier than the cente
of-mass energy. The region which cannot be resolved by
observables is between the two corresponding lines and
tains the couplings of the SM. Hence the star in this figu
corresponds to the SSM(Z8). For the cases where only on
bounding line is shown, the second line is outside the figu
Rn(Z8) and Ln(Z8) are mainly constrained by the interfe
ence of theZ8 exchange with the SM. The strongest co

s
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DISCOVERY AND IDENTIFICATION OF EXTRA GAUGE . . . PHYSICAL REVIEW D 61 113009
straint is on theZ8 coupling to left-handed neutrinos. Th
makes the constraints especially simple.

First we consider an integrated luminosity of 500 fb21.
The total unpolarized cross section gives the strongest
straint. The constraints from energy and angular distributi
~with 10 equal size bins! were also considered but they giv
no improvement. The constraint fromALR is shown for two
polarization cases: 90% electron beam polarization and
case of a collider with aP2590% polarized electron beam
and aP1560% polarized positron beam. Even for the lat
case, the constraint fromALR is worse than that from the
total cross section. We mention here for completeness
two polarized beams give not only a high effective polariz
tion but also a small effective polarization error@27#.

The constraint obtained with an integrated luminosity
L int550 fb21 is also shown in Fig. 10, to contrast with th
high luminosity case. We see that forL int5500 fb21 a sys-
tematic error of 1% relaxes the constraints considerably
dilutes the advantage of high luminosity. Thus, both sm
systematic errors and a high luminosity collider are hig
desired for the proposed measurement.

Figure 11 shows the possible constraints onRn(Z8) and
Ln(Z8) from s andALR , including systematic errors, for tw
representativeZ8 masses, 0.75 TeV and 1 TeV. The co
straints become much stronger as theZ8 mass is decreased
So far, we assumed that theZ8e1e2 couplings,Re(Z8) and
Le(Z8), are precisely known. However, they must be me
sured ~with errors! by another experiment. Figure 4~b! of
@28# illustrates such a measurement for a collider with a

FIG. 10. Constraints on theZ8nn̄ couplingsRn(Z8) andLn(Z8)
below the Z8 peak using different observables. We takeAs
50.5 TeV, MZ851.5 TeV andL int5500 fb21, except in the in-
dicated case where it is 50 fb21. The polarization of the electron
beam is 90% and the positron beam is unpolarized, except in
indicated case where it is 60% polarized. Only statistical errors
included in this figure, except in the indicated case where a sys
atic error of 1% is included fors. The assumed model is aZ8 in the
sequential standard model@SSM (Z8)], indicated by a star.
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minosity of 20 fb21. To estimate their influence on th
Rn(Z8), Ln(Z8) constraint, we make use of the errors o
Re(Z8) andLe(Z8) given in @28#. Our input for the errors of
the Z8e1e2 couplings forMZ851.0 TeV and 0.75 TeV are
obtained from those for 1.5 TeV by the scaling relati
~2.63! in @29#. We see that the uncertain knowledge of t
Z8e1e2 couplings leads to only slightly weaker constrain
on Rn(Z8) and Ln(Z8). However, Fig. 11 shows that thi
effect is only important for a relatively heavyZ8 and for
Rn(Z8) ~even at lowerZ8 masses! for which the constraints
are already weak.

Finally, we mention that there is no sign ambiguity in th
measurement ofRn(Z8) and Ln(Z8) if the signs of the
Z8e1e2 couplings are known. It was noted@28# that the
Z8e1e2 couplings have a two-fold sign ambiguity if mea
sured in the processe1e2→e1e2 alone. If this ambiguity
exists, it induces a related sign ambiguity forRn(Z8) and
Ln(Z8). If the sign ambiguity in theZ8e1e2 couplings is
resolved@29# ~i.e. by measurements obtained from the p
cesse1e2→W1W2 below theZ8 resonance or by measure
ments at theZ8 resonance! it also disappears in our con
straints onRn(Z8) andLn(Z8).

In Figs. 12 to 15, we shall assume that there is no sig
from a Z8 but that a signal from aW8 has been observed
This could happen in models where theW8 is considerably
lighter than theZ8. We recognize that this particular scenar
is unlikely in the context of the models we consider. F
instance, in the UUM, theW8 and Z8 masses are approxi
mately equal and there would most likely be a signal o
served for theZ8 in addition to theW8. The situation is
similar in the LRM, where the relationship between theW8

FIG. 11. Constraints onRn(Z8) andLn(Z8) below theZ8 peak
using s and ALR combined as observables. The lines show
results for two differentZ8 masses. The dots indicate how the co
straints relax if the error on theZ8e1e2 coupling measurement is
included as described in the text. We takeAs50.5 TeV, L int

5500 fb21 and a systematic error of 2%~1%! for s (ALR). The
assumed model@SSM (Z8)] is indicated by a star.
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GODFREY, KALYNIAK, KAMAL, AND LEIKE PHYSICAL REVIEW D 61 113009
andZ8 masses is given in Eq.~1!. Thus, it should be under
stood that our results for the case of aW8 only represent an
estimate of the reach of this process in constrainingW8 cou-
plings, rather than precision limits in the context of a fu
understanding of the physics realized in nature. We use
simple scenario in order to indicate sensitivity to vario
parameters, such as the observables used and the lumin
Alternatively, a knownZ8 could be included in the following
analysis. Again, the experimental errors on the measuredZ8
parameters would enlarge the errors of theW8 measurements
but not change the main conclusions. We will see that
processe1e2→nn̄g can give model independent constrain
on the quantitiesLl(W8) andRl(W8) for W8 masses consid
erably larger than the center-of-mass energy. We only pr
l 5e directly, but we are assuming lepton universal
throughout.

Figure 12 is similar to Fig. 10, but it shows the constrai
on theW8 couplings. In this figure, for illustration, we as
sume there exists aW8 with SM couplings but with a mass o
1.5 TeV and that the right-handed neutrino is light enough
be produced. We find that the left- and, to some extent,
right-handedW8 coupling can be constrained. The figure
lustrates the use of different combinations ofs andALR , and
of different beam polarizations. The unpolarized cross s
tion mainly constrains the left-handedW8 coupling because
left-handed electrons give its dominant contribution. T
constraints from energy and angular distributions give alm
no improvement for the model considered here. The c
straint from ALR is complementary to that froms. It is
shown for the two cases of 90% electron beam polariza
and for 90% electron beam polarization with 60% positr
polarization. We see thats and ALR together give the bes
constraints on the couplings.

FIG. 12. Constraints on theW8 couplings usings, ALR and
using s and ALR combined as observables. We takeAs
50.5 TeV, L int5500 fb21 and MW851.5 TeV. Only statistical
errors are included in this figure. 90% electron and, where in
cated, 60% positron polarization are used. The assumed m
@SSM (W8)] is indicated by a star.
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The constraints on theW8 couplings have a two-fold sign
ambiguity; nothing is changed by a simultaneous change
the sign ofLl(W8) andRl(W8). The reason for this ambigu
ity lies in the squared amplitude, Eq.~12!, where these cou-
plings always enter as squares or as a product of left
right W8 couplings. In the case where we have only a we
W8 signal, the two regions allowed by this ambiguity overl
into one large region.

In Fig. 13, we show constraints on theW8 couplings from
s andALR combined. In this figure, we illustrate the use
different luminosities and the inclusion of a systematic err
We have the same two well separated regions for the cas
high luminosity and no systematic error as in Fig. 12. The
two regions become larger for low luminosity and no sy
tematic error. We are left with one large region after t
inclusion of a systematic error of 2% fors and 1% forALR .
As in the case of extra neutral gauge bosons, small syst
atic errorsand high luminosity are necessary for a couplin
measurement.

In Fig. 14, we show how the constraints on theW8 cou-
plings vary for differentW8 masses. The constraint fo
MW851.5 TeV is identical to that from Fig. 13. We see th
the constraint on theW8 couplings improves dramatically fo
lower W8 masses.

Figure 15 illustrates the possibility of discrimination b
tween different models. We see that aW8 with SM couplings
(WL8) can be separated from the SM. AW8 with pure right-
handed couplings (WR8 ) with a strength of the left-hande
coupling of the SMW cannot be distinguished from the SM
case.

i-
el

FIG. 13. Constraints on theW8 couplings usings and ALR

combined. 90% electron and 60% positron polarization are u
We takeAs50.5 TeV, MW851.5 TeV andL int5500 fb21, ex-
cept in the indicated case where it is 50 fb21. Only statistical errors
are used, except in the indicated case where a systematic err
2% ~1%! is included fors (ALR). The assumed model@SSM (W8)]
is indicated by a star.
9-12
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Looking at the squared amplitude, Eq.~12!, we see that
the constraints shown in Figs. 12 to 15 are, to a good
proximation, valid for the combinationsLl(W8)/MW8 and
Rl(W8)/MW8 , and not for the couplings and the mass se
rately. We have fixed theW8 mass here for illustrationa
purposes. If aW8 is found with a mass different from ou

FIG. 14. Constraints on theW8 couplings usings and ALR

combined for differentW8 masses. We take 90% electron and 60
positron polarization,As50.5 TeV andL int5500 fb21. A system-
atic error of 2%~1%! is included fors (ALR). The assumed mode
@SSM (W8)# is indicated by a star.

FIG. 15. Constraints on theW8 couplings usings and ALR

combined for differentW8 scenarios. We take 90% electron an
60% positron polarization,As50.5 TeV, L int5500 fb21 and
MW850.75 TeV. A systematic error of 2%~1%! is included fors
(ALR). The assumed models are indicated by stars.
11300
p-

-

assumptions, the constraint on its couplings can be found
the appropriate scaling of our results.

So far, we considered model independent bounds on
couplings of a single extra gauge boson while neglecting
existence of other extra gauge bosons. However, typica
extra neutral and charged gauge bosons simultaneously
fluence the observables. We consider this situation for
LRM and the UUM.

In Fig. 16, we consider the left-right symmetric mode
For MW850.75 TeV, Eq.~1! gives MZ850.90(1.27) TeV
for k51 andr51(2). Weshow the constraints on the cou
plings of theW8 for r51 obtained by two different fitting
strategies. First, we ignore theZ8 completely, and second
we take theZ8 into account assuming exact knowledge of
couplings. We see that the two curves are quite close.
reason is that our process is not very sensitive to such aZ8.
These two curves are very similar to those for theWR and
the SM in Fig. 15 because we are not very sensitive t
right-handedW8. The case ofr52 predicts a heavierZ8,
which produces constraints differing even less from ea
other than those forr51, so we do not show them. T
demonstrate how the constraints change for a larger sig
we repeated the same procedure withMW85550 GeV. This
number~and the mass of the associatedZ8) are at the edge o
the present exclusion limit@7#. Although the constraints im-
prove a bit, they are still not very impressive.

Figure 17 is similar to Fig. 16 but here we consider t
ununified model. We examine the casesMW85MZ8
50.75 TeV and MW85MZ850.55 TeV. We show the
constraints on the couplings of theW8 obtained using the
same two fitting strategies described for Fig. 16. Even
masses of 0.75 TeV, the two curves are better separated

FIG. 16. Constraints on theW8 couplings usings and ALR

combined in the LRM withr51 andk51 for differentW8 masses
and different fitting strategies; see text. We take 90% electron
60% positron polarization,As50.5 TeV andL int5500 fb21. A
systematic error of 2%~1%! is included fors (ALR). The assumed
model ~LRM! is indicated by a star.
9-13
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in LRM. For masses of 0.55 TeV, the wrong fitting strate
gives a region which is outside the trueW8 coupling. This
shows that such a lightZ8 cannot be ignored in the fitting
procedure.

The processe1e2→ f f̄ and searches in hadron collision
are more sensitive toZ8 discovery thane1e2→nn̄g. A Z8
signal will always be detected in the cases where theZ8
contribution is relevant for aW8 constraint frome1e2

→nn̄g. This information from other experiments will be re
quired for a reliableW8 constraint frome1e2→nn̄g.

V. CONCLUSIONS

In this paper, we studied the sensitivity of the proce
e1e2→nn̄g to extra gauge bosons. We used this proces
find discovery limits and to see how well one could meas
the couplings of extra gauge bosons that are expecte
extensions of the standard model.

For the discovery limits we focused onW8’s since one
can put better limits onZ8’s from other processes, such a
e1e2→ f f̄ , while, on the other hand, no similar limits exi
on W8’s. The highest reach was obtained by binning t
ds/dEg distribution although comparable results were o
tained using the total cross section after theZ radiative return
was eliminated. The discovery reach is typically in the 1
TeV range depending on the specific model, the cente
mass energy, and the assumed integrated luminosity. T
results are substantially degraded if one includes system
errors. For theWR boson, for which LHC discovery limits
are available, the discovery limits are, forgR5gL , MW8

FIG. 17. Constraints on theW8 couplings usings and ALR

combined in the UUM with sinf50.6 for differentW8 masses and
different fitting strategies; see text. We take 90% electron and 6
positron polarization,As50.5 TeV andL int5500 fb21. Unless
otherwise indicated, a systematic error of 2%~1%! is included fors
(ALR). The coupling of the assumed model~UUM! is indicated by
a star.
11300
s
to
e
in

e
-

6
of
se
tic

51.2, 1.6, and 1.9 TeV forAs5500, 1000, and 1500 GeV
respectively assumingL int5500 fb21 relative to a reach of
5.9 TeV at the LHC.

Although the discovery reach forW8’s of this process is
not competitive with the reach of the LHC, precision me
surements can give information on extra gauge boson c
plings which complements the LHC. In particular, if th
LHC were to discover aZ8 or W8 the processe1e2→nn̄g
could constrainZ8 and W8 couplings. For aZ8, this would
be the best measurement of theZ8nn̄ couplings. ForW8
couplings, reliable measurements would require informat
from, for example,e1e2→ f f̄ and searches in hadron coll
sions which would always detect aZ8 signal in the cases
where its contribution is relevant for aW8 constraint by
e1e2→nn̄g. Finally, we emphasize that to make measu
ments of the extra gauge boson couplings, high lumino
will be needed and it will be very important to reduce t
systematic uncertainties as much as possible.
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APPENDIX

Here we give explicit parametrizations of the momen
defined in the frame whereq2 ,q1 are back-to-back andp1

defines theẑ axis, suitable for use with the phase space~8!:

p15~v1 ;0,0,v1!

p25~v2 ;vk sinc,0,vk cosc2v1!

k5~vk ;vk sinc,0,vk cosc!

q15~v18 ;v18 sinu cosw,v18 sinu sinw,v18 cosu!

q25~v18 ;2v18 sinu cosw,2v18 sinu sinw,2v18 cosu!,
~A1!

where

v25
s2k2

2As8
, v15

s2k1

2As8
, v18 5

As8

2
,

vk5
s2s8

2As8
, cosc5

sk22s8k1

~s2k1!~s2s8!
.

~A2!

It is arbitrary whether sinc is taken as positive or negative a
long as one is consistent.

%
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