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Study of anomalous couplings at a 500 GeVe1e2 linear collider with polarized beams
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We consider the possibility of observing deviations from the standard model gauge-boson self-couplings at
a future 500 GeVe1e2 linear collider. We concentrate on the case in which the electroweak symmetry
breaking sector is strongly interacting and there are no new resonances within reach of the collider. We find a
sensitivity to the anomalous couplings that is 2 orders of magnitude higher than that achievable at CERN LEP
II. We also show how a polarized electron beam extends the reach of the collider, allowing experiments to
probe different directions in parameter space.
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I. INTRODUCTION

The standard model~SM! of electroweak interactions is in
remarkable agreement with all precision measurements p
formed thus far@1#. These measurements, however, have n
probed directly energy scales higher than a few hundr
GeV, and precise measurements have been limited to sc
up to theZ mass. This has been used as a motivation
propose tests of the standard model by studying the s
couplings of the electroweak gauge bosons in future coll
ers.

Deviations from the self-couplings predicted by the min
mal standard model are called ‘‘anomalous’’ gauge bos
couplings and have been studied extensively in recent ye
In particular, they have been discussed in the context of
ture e1e2 colliders by many authors@2–6#. There are two
main differences between our present study and those
can be found in the literature. We interpret the success of
standard model as an indication that the SU(2)L3U(1)Y
gauge theory of electroweak interactions is essentially c
rect, and that the only sector of the theory that has not be
probed experimentally is the electroweak symmetry-break
sector. This point of view has many practical consequen
in limiting the number of anomalous couplings that need
be studied, and in estimating their possible magnitude@7#. A
second difference with other studies is our consideration
the effect of polarized beams.

This paper is organized as follows. In Sec. II we summ
rize the effective Lagrangian formalism that we use to d
scribe the anomalous couplings. In Sec. III we apply the
results to a 500 GeV linear collider with polarized beams a
discuss the relevant phenomenology. Finally we present
conclusions.

*On leave of absence. Electronic address: likhoded@mx.ihep
†Electronic address: than@ucdhep.ucdavis.edu
‡Electronic address: valencia@iastate.edu
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II. ANOMALOUS COUPLINGS FOR A STRONGLY
INTERACTING ELECTROWEAK SYMMETRY

BREAKING SECTOR

We wish to describe the electroweak symmetry breaki
sector in the case in which there is no light Higgs boson
any other new particle. To do this in a model independe
manner we use an effective Lagrangian for the interactio
of gauge bosons of an SU(2)L3U(1)Y gauge symmetry
spontaneously broken to U(1)Q . The lowest-order effective
Lagrangian contains a gauge-invariant mass term as well
the kinetic terms for the SU(2)L and U(1)Y gauge bosons
@8#:

L~2!5
v2

4
Tr~DmS†DmS!2

1

2
Tr~WmnWmn!

2
1

2
Tr~BmnBmn!. ~1!

Wmn andBmn are the SU(2)L and U(1)Y field strength ten-
sors:

Wmn5
1

2 S ]mWn2]nWm1
i

2
g@Wm ,Wn# D ,

Bmn5
1

2
~]mBn2]nBm!t3 , ~2!

andWm[Wm
i t i . The Pauli matricest i are normalized so

that Tr(t it j )52d i j .
The matrixS[exp(ivW •tW/v) contains the would-be Gold-

stone bosonsv i that give theW and Z their mass via the
Higgs mechanism, and the SU(2)L3U(1)Y covariant deriva-
tive is given by

DmS5]mS1
i

2
gWm

i t iS2
i

2
g8BmSt3 . ~3!

.su
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The physical masses are obtained withv'246 GeV. This
nonlinear realization of the symmetry breaking sector is
nonrenormalizable theory that is interpreted as an effect
field theory, valid below some scaleL<3 TeV. The lowest-
order interactions between the gauge bosons and ferm
are the same as those in the minimal standard model.

Deviations from these minimal couplings~referred to as
anomalous gauge boson couplings!, correspond to higher di-
mension @SU(2)L3U(1)Y gauge invariant# operators. For
energies below the scale of symmetry breakingL, it is pos-
sible to organize the effective Lagrangian in a way that co
responds to an expansion of scattering amplitudes in pow
of E2/L2. The next-to-leading order effective Lagrangia
that arises in this context has been discussed at length in
literature@7–11#. The contributions of this Lagrangian to th
anomalous couplings have also been written down bef
@11#.

In this paper we consider the processe1e2→W1W2 at
tree level and work in unitary gauge, therefore the anom
lous couplings enter the calculation only through the thr
gauge boson vertexVW1W2 ~whereV5Z,g).1 It is conven-
tional to write the most generalCP conservingVW1W2

vertex in the form@2#

LWWV52 ie
cu

su
g1
Z~Wmn

† Wm2WmnW
m†!Zn

2 ieg1
g~Wmn

† Wm2WmnW
m†!An

2 ie
cu

su
kZWm

†WnZ
mn2 iekgWm

†WnA
mn

2e
cu

su
g5
Zeabmn~Wn

2]aWb
12Wb

1]aWn
2!Zm ,

~4!

where su5sinuW, cu5cosuW. The effective Lagrangian
framework for the case of a strongly interacting symmet
breaking sector predicts the five constants in Eq.~4!: they are
@11,12#

g1
Z511

e2

cu
2 S 1

2su
2L9L1

1

~cu
22su

2!
L10D v2L2 1•••,

g1
g511•••,

kZ511e2F 1

2su
2cu

2 ~L9Lcu
22L9Rsu

2!1
2

~cu
22su

2!
L10G v2L2 1•••,

~5!

kg511
e2

su
2 S L9L1L9R

2
2L10D v2L2 1•••,

1The anomalous couplings also affect theenW ande1e2Z verti-
ces through renormalization. However, they do so only through
parameterL10, and we will argue later that it is not necessary t
consider this coupling in detail because it has already been seve
constrained at the CERNe1e2 collider LEP.
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g5
Z5

e2

su
2cu

2 â
v2

L2 1•••.

In Eq. ~5! we have written down the leading contribution to
each anomalous coupling,2 and denoted by an ellipsis other
contributions that arise at higher order@O(1/L4)#, or at order
O(1/L2) with custodial SU(2) breaking. We are thus assum
ing that whatever breaks electroweak symmetry has at le
an approximate custodial symmetry. Under these assum
tions there are only four operators in the next-to-leading
order effective Lagrangian that are relevant:

L~4!5
v2

L2 $2 igL9LTr~W
mnDmSDnS†!

2 ig8L9RTr~B
mnDmS†DnS!

1gg8L10Tr~SBmnS†Wmn!

1gâeabmn Tr~t3S
†DmS!Tr~WabDnSS†!%. ~6!

The first three terms conserve the custodial SU(2)C symme-
try, and we have explicitly introduced the factorv2/L2 in
our definition ofL(4) so that theLi are naturally of order 1.
The term withâ breaks the custodial symmetry but we in-
clude it because it provides the leading contribution tog5

Z . In
theories with a custodial symmetry, this term is, therefore
expected to be smaller than the other ones in Eq.~6!. This
term is also special in that it is the only one atO(1/L2) that
violates parity while conservingCP. With our normaliza-
tion, we expectâ to be of order 1 in theories without a
custodial symmetry and much smaller in theories that have
custodial symmetry@13#.

For our discussion we will assume that the new physics
such that the tree-level coefficients ofL (4) are larger than
the ~formally of the same order! effects induced byL (2) at
one loop. More precisely, that after using dimensional reg
larization and a renormalization scheme similar to the on
used in Ref.@7#, the Li(m) evaluated at a typical scale
~around 500 GeV for this process! are equal to the tree-level
coefficients, and that their scale dependence is unimporta
for the energies of interest. The physical motivation for thi
assumption is that, even if we do not see any new resonan
directly, the effects of the new physics from high mass scal
must clearly stand out if there is to be any hope of observin
them. When the indirect effects of the new physics enter
the level of SM radiative corrections, very precise exper
ments ~as the ones being performed at CERN LEP I! are
needed to unravel them. We are assuming that there will n
be any such precision measurements in the next generat
of high-energy colliders.

All the necessary Feynman rules in unitary gauge hav
been written down in Ref.@12#. For our numerical study we
will use the input parameters

MZ591.187 GeV, a51/128.8,

GF51.16631025 GeV22. ~7!
the
o
rely2This is why we do not have terms corresponding to the usu

lZ andlg : they only occur at higher order in 1/L2.
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We will also useL52 TeV as the scale normalizing ou
next-to-leading-order effective Lagrangian, Eq.~6!.

The parameterL10 can be very tightly constrained by pre
cision measurements at CERN LEP I@14#:

21.1<L10~MZ!<1.5. ~8!

We find that this bound cannot be significantly improve
with a 500 GeV linear collider so we will not studyL10
further in this paper.

To summarize, we consider the next-to-leading-order
fective Lagrangian for aCP-conserving, strongly interact-
ing, electroweak symmetry-breaking sector with an~at least!
approximate custodial symmetry. We then find that the lea
ing contribution to the anomalous couplings relevant f
e1e2→W1W2 at As5500 GeV can be written down in
terms of four coupling constants. Finally we note that one
those coupling constants has already been tightly constrai
at CERN LEP I. We are thus left with a model that contain
only three parametersL9L , L9R , and â. In the following
sections we discuss the phenomenology of these three c
stants at a future linear collider with polarized beams.

III. BOUNDS FROM THE PROCESS e1e2
˜W1W2

The process ofW-boson pair production ine1e2 colli-
sions in the Born approximation is determined by the di
grams shown in Fig. 1. The full circles represent vertices th
include both the standard model couplings, and the anom
lous couplings. The anomalous couplings enter these vert
directly or through renormalization of standard model p
rameters@12#. We will denote the degree of longitudinal po
larization of the electron and positron byz1 andz2 , respec-
tively. Our notation is such thatz151 corresponds to aright-
handedelectron, whereasz251 corresponds to aleft-handed
positron. The cross section fore1e2→W1W2 with polar-
ized beams can be written in terms of the usual Mandelst
variabless and t as

FIG. 1. Diagrams contributing to the processe1e2→W1W2.
The full circles represent vertices that include both the lowest or
interaction and the anomalous couplings discussed in the text.
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E
tmin

tmax ds

dt
dt5

pa2

4s2MW
4 (
i , j51

3

Ci j @Ti j ~ tmax!2Ti j ~ tmin!#.

~9!

The termsCi j Ti j give the contributions of the pair products
of amplitudes of the corresponding diagrams~see Fig. 1! to
the cross section. The coefficientsCi j depend on the elec-
troweak parameters and on the polarization of the initial pa
ticles. They are

C115
S1
s2
,

C12522
~s2MZ

2!cu

sus@~s2MZ
2!21MZ

2GZ
2#
,

C225
cu
2

su
2@~s2MZ

2!21MZ
2GZ

2#
, ~10!

C135
S22S1
2ssu

2 ,

C235
~s2MZ

2!cu

2su
3@~s2MZ

2!21MZ
2GZ

2#
,

C335
S12S2
8su

4 ,

whereS1 andS2 carry the dependence on the beam polariz
tion:

S1511z1z2 ,S25z11z2 . ~11!

Analytic expressions for

Ti j5Ti j ~MW ,kg,Z ,g1g,1Z ,g5 ,s,t !

are given in the Appendix. Withu the angle between the
incoming electron and the outgoingW2 in thee1e2 center-
of-mass frame, we can use Eq.~9! to construct the differen-
tial cross section and the cosu distribution for any angular
binning.

A. Assumed experimental parameters

In order to study the physics of anomalous couplings a
500 GeV linear collider, we first need to know some machin
and detector parameters.

For the collider we will use an integrated luminosity o
*Ldt550 fb21 per year and a center-of-mass energy
As5500 GeV, the numbers commonly used for the Ne
Linear Collider~NLC!, CERN Linear Collider~CLIC!, Ser-
pukhov Collider VLEPP, and Japan Linear Collider~JLC!
projects. For the maximal degree of beam polarization w
use the values determined by the VLEPP study group@15#:
z1 ,z25(20.8,0.8). Depending on the mechanism used
polarize the beams it should at least be possible to achie
this high a polarization for the electrons@16#. This is very
encouraging because we will find that to place bounds on
anomalous gauge boson couplings of our model there is
need for positron polarization.

We will use the conservative estimates of Refs.@17,18#
for the expected systematic errors in the measurements of
muonic and hadronic cross sections and asymmetries, an

der
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the luminosity in the experiments at the 500-GeV collider

Dem /em Deh /eh DFB
l DALR DL/L

Dsyst 0.5% 1.% !1.% 0.003 1.%

A detailed investigation of the processe1e2→W1W2 has
shown that the systematic error in the cross-section meas
ment can be;2% @19–21#. This error is due to the uncer-
tainty in the luminosity measurement (dL.1%!, the error
in the acceptance (daccep.1%!, the error for background sub-
traction (dbackgr.0.5%!, and a systematic error for the
knowledge of the branching ratio (dBR.0.5%!. In order to
fully reconstruct theWW-pair events and to identify theW
charges, we consider only the ‘‘semileptonic’’ channe
namely,WW→ l6n12 jets. According to the preliminary
estimates of Refs.@19,20#, the efficiency forWW-pair recon-
struction~using the ‘‘semileptonic’’ channel! is eWW50.15.
It is easy to estimate that for the anticipated luminosity
;50 fb21 the expected number of unreconstructed events
;3.73105, which corresponds to a relative statistical err
in the cross-section value of;0.17%. After reconstruction,
the number ofWW pairs is about;5.53104, which corre-
sponds to a relative statistical error of;0.4%.

This means that for this process the systematic error m
be the dominant one. However, this situation could chan
when there are kinematical cuts, or when the beams are
larized. To be conservative, we thus include both the sta
tical error and an estimate of a possible systematic error
our analysis.

B. Observables used to bound new physics

The choice of experimental observables and data proce
ing procedure is crucial in analyzing the capability of th
future e1e2 collider to place bounds on new physics. Th
total and differential cross sections, as well as the asymm
tries of the process under study, are commonly used.
discuss the sensitivity of thee1e2→W1W2 process to
L9L , L9R , and â, we will use the total cross sections total
and the asymmetryAFB . For this process these quantities a
defined analogously to the case3 of e1e2→ f f̄ .

Typically one uses the SM predictions as the ‘‘experime
tal’’ data,4 and considers possible effects due to new phys
as small deviations. One then requires agreement betw
the predictions including new physics and the ‘‘experime
tal’’ values within expected experimental errors. The para
eters representing new physics are, thus, bound by requi
that their effect on the selected observables be smaller t
the expected experimental errors.

It is common to consider differential distributions such a
ds/dcosu as observables~whereu is the angle between the

3Recall that we only use the channel that allows a complete
construction of theWW pair.
4There are several ways for such data modeling:~a! application of

the analytical SM expressions to represent ‘‘experimental’’ dist
butions, see, for example,@21#; ~b! Monte Carlo simulation of the
experimental distributions according to the SM predictions taki
into account a probabilistic spread, see, for example,@22,23#.
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e2-beam direction and the direction of theW2). However,
as has been emphasized in Ref.@24#, it is difficult to perform
a meaningful analysis of these distributions in the absence
real experimental data and detailed knowledge of the det
tor. We start our analysis using the total cross section a
forward-backward asymmetry as observables. These two
servables are constructed from the independent meas
ments of the forward and backward cross sectionssF
and sB . The two observables s5sF1sB and
(s)A FB5sF2sB are, thus, independent and we can analy
them simultaneously by requiring that

AS s2s̃

Ds D 21SAFB2ÃFB

DA FB
D 2

< number of standard deviations. ~12!

In this way we use all the information in the total cros
section, as well as partial information from angular depe
dence. In Eq.~12! s[sSM andAFB[AFB

SM represent antici-
pated experimental data,s̃ and ÃFB are the predictions in-
cluding new physics.Ds andDAFB are the corresponding
absolute uncertainties including systematic and statisti
errors.5 We have6

Ds5sSMAdstat
2 1dsyst

2 , ~13!

dstat5
1

ANevents

5
1

AeWWLsSM
,

dsyst5AdL21daccep
2 1dbackgr

2 1dBR
2 ,

and

DAFB5AFB
SMAd1 stat

2 1d1 syst
2 , ~14!

d1 stat5
1

ANevents

A12AFB
2

AFB
2 ,

d1 syst5Adaccep
2 1d backgr

2 1dBR
2 .

A typical choice for the number of standard deviations in E
~12! is two. Assuming a Gaussian distribution for the sys
tematic errors, this 2s level corresponds to 95% C.L. for the
resulting bounds on the parameters under study.

It is possible to use more information from the angula
distribution than that present in the forward-backward asym
metry. To do so, one can use a simplex2 criterion defined as

x25(
i

SXi2Yi

Dexpt
i D 2, ~15!

where
re-

ri-

ng

5It should be noted that for the case ofA FB the bulk of the sys-
tematics~for example the uncertainty due to luminosity measur
ments! cancels out.
6We neglect any correlation between statistical and systema

errors.
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Xi5E
cosu i

cosu i11dsSM

dcosu
dcosu,Yi5E

cosu i

cosu i11dsnew

dcosu
dcosu,

andDexpt
i are the corresponding~expected! experimental er-

rors in each bin defined as in Eq.~13!. For the binning we
subdivide the chosen range of cosu into equal bins. This
procedure gives us a rough idea of the additional informat
present in the angular distribution. However, a significa
analysis of the angular distribution cannot really be done
this stage as discussed in Ref.@24#.

C. Bounding L 9L , L 9R , and â

In a scenario for electroweak symmetry breaking such
the one discussed in Sec. II, we have only three parame
determining the anomalous couplings:L9L , L9R , and â.
This scenario is analyzed in terms of an effective Lagrang
with operators of higher dimension being suppressed by
ditional powers of the scale of new physicsL. Our ampli-
tudes involving the couplingsL9L , L9R , andâ are, thus, the
lowest order terms in a perturbative expansion in powers
(E2,v2)/L2. For the whole formalism to make sense, th
corrections to the standard model amplitudes~linear in the
anomalous couplings! must be small. For a numerical analy
sis one can take two different points of view.

Formally, we have truncated the amplitudes at ord
1/L2. Therefore, when calculating the cross section we m
drop the terms quadratic in the anomalous couplings sin
our calculation is only complete to order 1/L2. We will call
this approach the ‘‘linear’’ approximation.

We may invoke a naturalness assumption, under wh
we do not expect contributions to an observable that co
from different anomalous couplings to cancel each other o
Under this assumption we truncate the amplitudes at or
1/L2, but after this we treat them as exact. We will refer
this approach as the ‘‘quadratic’’ approximation from no
on.

Clearly, if the perturbative expansion is adequate, bo
approaches will lead to the same conclusions, the differe
between them being higher order in the 1/L2 expansion. We
will mostly use the ‘‘linear’’ approximation, but we will oc-
casionally use the ‘‘quadratic’’ approximation for compar
son as well. Any difference between them may be conside
a rough estimate of the theoretical uncertainty.

We will consider three cases: one in which the beams
unpolarized; one in which both electron and positron bea
have their maximum degree of polarization,uze1,e2u50.8;
and one in which only the electron beam is polarize
uze2u50.8, ze150.

1. Dependence on angular cut

The processe1e2→W1W2 proceeds via the three dia
grams in Fig. 1. Of these, thet-channel neutrino exchange
diagram dominates the cross section. This dominant con
bution to the cross section, however, does not depend on
new physics parametersL9L , L9R , or â. Since this dominant
contribution is peaked at small values of the angleu, we
expect to improve the sensitivity to new physics by exclu
ing this kinematic region. To implement this idea we impo
the cut ucosuu<c,1 and study the resulting interplay be
ion
nt
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tween a better sensitivity to the anomalous couplings and
loss in the number of events~with the corresponding increase
in statistical error!. We have studied the dependence of th
bounds on the kinematical cutucosuu<c for the range
0.1<c<0.989~the upper limit corresponding to the minimal
characteristic scattering angle defined by the geometry of t
experimental setup@19,20#!. We find that this symmetric ki-
nematical cut does not affect the bounds significantly.

Nevertheless, it is possible to improve the sensitivity o
this process to the anomalous couplings by using anasym-
metric kinematical cut of the form21<c1<cosu<c2<1.
With a strong cut in the forward direction and a weak cut i
the backward hemisphere one can reduce thet-channel back-
ground with a tolerable loss of statistics. We have explore
the sensitivity of the resulting bounds to the value of the cu
for a wide range of parametersc1 andc2 , and for different
combinations of initial particle polarizations. As a typica
example we present in Fig. 2 the allowedL9L2L9R param-
eter region for unpolarized~dashed line! and maximally po-
larized~solid line! beams. We setâ50, and show three sets
of angular cuts for the forward hemisphere
c250.1,0.4,0.989, while keepingc1520.989. We find an
optimal set of cuts that we will use for the remainder of ou
analysis given by

c1520.989, c2.0.4. ~16!

2. Polarization dependence

An interesting question is whether the use of polarize
beams significantly improves the bounds that can be plac
on the anomalous couplings. A preliminary study in Re
@13# indicated that the sensitivity toâ is greatly increased
with polarized beams, but only if the degree of polarizatio
is very close to one. Here we study the effect of having
degree of polarization that can be achieved in practic
z<0.8.

In Fig. 2~b! we present the allowedL9L2L9R parameter
region ~with â50) for maximally (z15z250.8) polarized
and unpolarized beams. We see that the bounds that can
obtained with polarized beams~solid lines! are slightly better
than the bounds that can be obtained with unpolarized bea
~dashed lines!. This effect is due to the reduction of the rela-
tive contribution of the ‘‘background’’t-channel diagram,
which results in a better sensitivity of the process to th
anomalous couplings. With the maximum degree of polariz
tion that can be achieved in practice, one does not find t
spectacular effects that could be found with completely po
larized beams@13#.

Nevertheless, polarized beams are very useful to constr
new physics that is described by several unknown param
eters. The unpolarized case can only constrain a particu
linear combination of parameters~in this caseL9L and
L9R) thus giving the dashed band shown in Fig. 2~b!. The
polarized result depends on adifferent linear combination of
parameters. The simultaneous study of polarized and unp
larized collisions can, therefore, give much better bounds o
the anomalous couplings than either one of them separate

An intermediate degree of polarization, such a
z15z250.4, also leads to an improvement of the bound
@see Fig. 3~a!#, although it is not as effective as the case wit
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FIG. 2. Allowed region for theL9L2L9R pa-
rameters atâ50 for the initial beam polariza-
tions z15z250.8 ~solid contour! and z15z250
~dashed contour! for cuts on the scattering angle
20.989<cosu<c2, where ~a! c250.1, ~b!
c250.4, ~c! c250.989. We use the ‘‘linear’’ ap-
proximation discussed in the text.
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maximum practical degree of polarization in reducing t
allowed region of parameter space when combined with
unpolarized measurement. If polarization is available o
for the electron beam it is still possible to reduce the reg
of parameter space that is allowed by the unpolarized m
surement. We illustrate this in Fig. 3~b! where we show the
casez150.8, z250.

Using the ‘‘quadratic’’ approximation, one finds that ea
allowed region of parameter space in Fig. 3 is replaced
several possible regions. This is because the terms tha
quadratic in the anomalous couplings in the cross sec
give rise to allowed regions shaped like ellipsoids. The c
with polarized beams gives rise to a rotated ellipsoid, and
two intersect in more than one region. It is obvious, howev
that only the region that contains the standard model poin
physical, and this region is very much like that shown in F
3 for the ‘‘linear’’ approximation. It is interesting to notice
that one could decide which is the true allowed region e
perimentally. By changing the degree of polarization one
tains a different rotated ellipsoid that intersects the unpo
ized one in several regions. Only the region containing
standard model point is common to the different degrees
beam polarization. This further illustrates the complemen
rity of polarized and unpolarized measurements.

IV. RESULTS

We first present the bounds on the anomalous coupli
that follow from Eq. ~12!. In the case of the ‘‘quadratic’’
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approximation, the cross section contains terms that are q
dratic in the anomalous couplings, as well as interferen
terms between the different anomalous couplings. The
lowed parameter region is a volume element in th
L9L2L9R2â space enclosed by a nontrivial surface. Due
the interplay between couplings, the allowed volume ma
have holes, and therefore, it is in general not adequate
study two-dimensional projections. In keeping with our pre
vious discussion we select the allowed region that conta
the standard model point, and that is very similar in shape
the results of the ‘‘linear’’ approximation. Doing this we
have a simple region for which two-dimensional projection
are adequate.

We present in Fig. 4 the two-dimensional projections o
tained in the directions in which one of the three anomalo
couplings vanishes. We present the case corresponding
two standard deviation~95% C.L.! bounds from Eq.~12!.
These results correspond to the ‘‘linear’’ approximation, b
are practically identical to those obtained in the ‘‘quadratic
approximation. Thus, the bounds correspond to anomalo
couplings that are small enough for the perturbative expa
sion to be meaningful. This, in itself, indicates that a 50
GeV linear collider with polarized beams will be able to
place significant bounds on a strongly interacting symmetr
breaking sector. Allowing two of the couplings to vary an
setting the third one to its standard model value we fin
~‘‘linear’’ case!
e

FIG. 3. Allowed region for theL9L2L9R pa-
rameters atâ50 for cuts on the scattering angle
20.989<cosu<0.4 for beam polarizations
~dashed contour represents the unpolarized cas!:
~a! z15z250.4, ~b! z150.8, z250. We use the
‘‘linear’’ approximation discussed in the text.
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21.4<L9L<1.4,

20.7<L9R<0.7, ~17!

23.3<â<3.3,

or ~‘‘quadratic’’ case!

21.3<L9L<1.3,

20.6<L9R<0.7, ~18!

23.4<â<3.2.

To obtain these numbers we have combined the unpolari
and polarized results assuming an integrated luminosity
50pb21 in each case.

It is worth mentioning that the allowed regions are som
times bound by curved lines, even in the ‘‘linear’’ approx
mation. This is due to the intrinsically nonlinear combinatio
of observables that we used, Eq.~12!. In this respect, one
interesting feature can be seen in Fig. 4. While the allow
regions in Fig. 4~a! and Fig. 4~b! are bounded by curves, the
domain in Fig. 2~b! is bound by almost straight lines. This
means that the deviations of theL9L ,L9R parameters affect
mainly the cross section, but practically do not modify th
forward-backward asymmetry. In terms of the angular dist
bution this can be rephrased by saying that variations of
couplingsL9L ,L9R lead to a change of the overall norma
ization of the differential cross section, while changes inâ

FIG. 4. Allowed regions~the case of the linear approximation!
for ~a! L9L2â, whenL9R50, and~b! L9R2â, whenL9L50. The
solid contours correspond to the maximum beam polarizati
z15z250.8 and the dashed contours correspond to unpolariz
beams.
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lead to changes in the shape of the distribution. This effe
will be demonstrated further when we discuss the angul
distributions.

A. x2 Analysis of the angular distribution

In this section we discuss the bounds on the anomalo
couplings that can be obtained from the analysis of the d
ferential cross sectionds/dcosu. We will use thex2 crite-
rion in the form of Eq.~15! with experimental uncertainties
defined in Eq.~13!. We will allow two parameters to vary at
a time while fixing the third one at its standard model valu
~0 at the tree level!. Therefore, in order to use ax2 approach
we need a minimum of four bins to have
NDF5Nmeasurements2Nparameters2151. We will consider the
cases with the angular region (20.989,cosu,0.4) divided
into four, five, and ten bins. To compare thesex2 results with
those obtained in the previous section using the criterion E
~12!, we adopt the same C.L. of 95%.

For thex2 approach it is important to understand which is
the number of bins that gives the strongest bounds on t
parameters given an event sample. As we mentioned befo
the total expected number of reconstructedWW events for
the chosen luminosity is;5.53104. However, with the ki-
nematical cut on scattering angle that we use
20.989,cosu,0.4, this number is reduced to 4384 events
With unpolarized beams and choosing four angular bins, th
number of events in each bin varies from 327 to 2175~with
the smaller number in the backward-most bin!. These num-
bers correspond to relative statistical errors varying from
3.8% to 2.1%. For the case of five~ten! bins the number of
events varies from 229~81! to 1854~1068!, and the statistical
error varies from 6.6%~11.1%! to 2.3%~3.1%!. If the beams
are polarized there is an even larger loss of statistics due
the partial cancellation of the dominantt-channel diagram.
One can see that for these binnings of the events the cor
sponding statistical errors are larger than the systematic
ror. This means that we have a statistically unsaturated eve
sample, and the strongest bounds are obtained with the mi
mum number of bins.

Before using the angular distribution to place bounds o
the parameters, it is useful to see the behavior of this dist
bution for small deviations from the standard model. Fo

on
ed
FIG. 5. Angular distributions normalized to
the standard model for~a! unpolarized beams
(z15z150.0) and ~b! maximally polarized
beams (z15z150.8). The solid, short-dashed,
and long-dashed lines correspond toL9L55,
L9R55, andâ55, respectively.
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illustrative purposes we choose the valuesL9L55, L9R55,
and â55. Notice that these numbers are small enough
neglect the difference between the ‘‘quadratic’’ and ‘‘linear
approximations.

In Fig. 5 we show the behavior of the angular distributi
for the unpolarized case in the range20.989,cosu,0.4,
normalized to the angular distribution predicted by the st
dard model. The solid line corresponds toL9L55, the short
dashed line corresponds toL9R55, and the long dashed line
corresponds toâ55. In Fig. 5~a! @5~b!# we present the nor-
malized angular distributions for unpolarized@polarized#
beams. One can see in Fig. 5~a! that variations ofL9L and
L9R lead to a change in the overall normalization of t
distribution, whereas variations inâ result in a change in the
shape of the distribution. However, this difference is not e
dent in the case of polarized beams@see Fig. 5~b!#.

In Fig. 6 we show the projection of the allowed parame
region in theL9L2L9R plane for unpolarized beams, whic

FIG. 6. L9L2L9R projections of the allowed parameter regio
~‘‘linear’’ approximation! for the unpolarized case (z15z250.0)
corresponding to a 95% C.L.x2 analysis for the cases of four~solid
line!, five ~short-dashed line!, and ten~long-dashed line! bins.
to
’’

on

an-

he

vi-

ter
h

corresponds to 95% C.L. in thex2 analysis for the cases of
four ~solid line!, five ~short-dashed line!, and ten ~long-
dashed line! bins. One can see that the best bounds are, i
deed, obtained with the smallest number of bins, four. Th
same result holds true for polarized beams.

We find that the angular distribution gives slightly bette
bounds than the combined criterion of Eq.~12!, as shown in
Fig. 7.

Thus, choosing the case of four bins we can present t
resulting bounds onL9L , L9R , and â following from the
x2 analysis of the angular distribution, which are shown i
Fig. 7. The two-parameter fit bounds~setting one of the three
couplings at a time to its standard model value! are

21.2<L9L<1.0,

20.6<L9R<0.7, ~19!

23.5<â<3.5.

To obtain these numbers we have once more combined
unpolarized and polarized results assuming an integrated
minosity of 50 pb21 in each case.

V. SUMMARY AND CONCLUSIONS

If the electroweak symmetry breaking sector is strongl
interacting, and there are no new resonances below a Te
one expects deviations of the gauge boson self-interactio
from their standard model values. In theories that conser
CP and have an approximate custodial symmetry we ca
parametrize these deviations in terms of three constan
L9L , L9R , and â. An e1e2 collider operating atAs50.5

n

FIG. 7. Allowed regions~‘‘linear’’ approxi-
mation! from a x2 analysis with four bins. The
dashed curves correspond toz15z250 and the
solid curves toz15z250.8. ~a! L9L2L9R , when
â50, ~b! L9L2â, when L9R50, ~c! L9R2â,
whenL9L50.
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TeV with polarized beams and an integrated luminosity of
fb21 can provide important input into our understanding
the nature of electroweak symmetry breaking. We find th
such a collider can place the following bounds:

~21.4→21.2!<L9L<~1.0→1.4!,

~20.7→20.6!<L9R<0.7, ~20!

~23.5→23.3!<â<~3.2→3.5!.

The ranges correspond to the difference between the ‘‘l
ear’’ and ‘‘quadratic’’ approximations, and to the differenc
between using the simple criterion of Eq.~12! and a more
sophisticatedx2 analysis of the angular distribution. Thes
differences can be taken as a rough guide of the theoret
uncertainties under our stated assumptions.

Barklow @3# has studied the same process as we do
considering only unpolarized beams and ignoring the co
pling â. The authors of Ref.@20# have also studied the pro-
cesse1e2→W1W2 in terms of anomalous couplings at
futuree1e2 collider similar to the one we discuss here. Be
cause they do not have in mind a strongly interacting ele
troweak symmetry-breaking sector, as we do, they look
deviations of the standard model in terms of a larger numb
of parameters than we do. They do not, however, study
parity-violating couplingâ. A meaningful comparison of
their results with ours involves their two-parameter fit t
their quantitiesdZ andXg which we translate into7

22.0<L9L<1.8,

23.4<L9R<4.7. ~21!

We can see that the bounds we obtained by combining
polarized and polarized collisions are significantly bette
This is especially true for the case ofL9R . This emphasizes
the additional sensitivity to new physics provided by pola
ized beams.

We have shown that polarized beams with adjustable
grees of polarization would constitute a very significant to
in the search for new physics. In terms of new physics p
rametrized by a set of anomalous couplings, beam polari
tion makes it possible to explore directions of parame
space that cannot be reached in unpolarized collisions.

To place our bounds in perspective, we now compa
them to those obtained from CERN LEP I and those that c
be obtained at CERN LEP II. Precision measurements oZ
partial widths imply@14#

7Our x2 analysis is different from that of Ref.@20#, p. 747. Nev-
ertheless, we take their results at face value to compare with
results since their bounds would be weaker using ourx2 criterion
and our conclusion remains the same.
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228<L9L<27 ,

29<â<5 ,

2100<L9R<190. ~22!

Expected bounds from CERN LEP II withAs5190 GeV and
*Ldt5500 pb21 are @5#

241<L9L<26 ,

2100<L9R<330. ~23!

Similar bounds have been obtained for different futur
colliders. For example, with aneg collider with Asee5500
GeV and*Ldt550 fb21 they are@12#

~27→25!<L9L<~4→6!,

~217→25!<L9R<~4→16!, ~24!

215<â<7 .

Studies for the CERN Large Hadron Collider~LHC! ~with
As514 TeV and integrated luminosity 100 fb21) have
found @6# a sensitivity toL9L of order 10.

After completion of this paper a similar analysis by Gint
neret al.has appeared@25#. These authors consider polarized
electron beams as we do, and they reach similar conclusio
to ours for the parameters that are common to our study8 in
the case of one-parameter fits.
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APPENDIX: ANALYTIC EXPRESSIONS
FOR THE CROSS SECTION

We present below the explicit expressions for the dimen
sional functionsTi j5Ti j (MW ,kg,Z ,g1g,1Z ,g5 ,s,t) used in
expressions~9! for the cross section of thee1e2→W1W2

process. In this appendix we useM[MW , and t is the ab-
solute value of the usual Mandelstam variable. Because
do not need to consider the renormalization due toL10 as
explained in the text, the parametersaf5T3 f /2cusu and
v f5(T3 f22Qfsu

2)/2sucu are the usual tree-level standard
model axial and vector couplings of theZ to fermions:

our

8These areL9L andL9R albeit with a different normalization.
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