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Study of anomalous couplings at a 500 Ge¥* e~ 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 GeVe'e~ 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
Il. We also show how a polarized electron beam extends the reach of the collider, allowing experiments to
probe different directions in parameter space.

PACS numbegps): 13.10+q, 12.60-i, 14.70—e

I. INTRODUCTION Il. ANOMALOUS COUPLINGS FOR A STRONGLY
INTERACTING ELECTROWEAK SYMMETRY
The standard mod¢6M) of electroweak interactions is in BREAKING SECTOR

remarkable agreement with all precision measurements per- \ya wish to describe the electroweak symmetry breaking
formed thus faf1]. These measurements, however, have NoLector in the case in which there is no light Higgs boson or
probed directly energy scales higher than a few hundred,, siher new particle. To do this in a model independent
GeV, and precise measurements have been limited to scalgg nner we use an effective Lagrangian for the interactions
up to theZ mass. This has been used as a motlvatlon tQy¢ gauge bosons of an SU(2YU(1), gauge symmetry
propose tests of the standard model by studying the self,ntaneously broken to U(4) The lowest-order effective
couplings of the electroweak gauge bosons in future CO"'dLagrangian contains a gauge-invariant mass term as well as

ers. .9
the kinetic t for the SU d u(1 b
Deviations from the self-couplings predicted by the mini—PT: Inetic terms for the (2)and U(1) gauge bosons

mal standard model are called “anomalous” gauge boso

couplings and have been studied extensively in recent years. 02 1

In particular, they have been discussed in the context of fu- %‘2):? Tr(D*3'D,3) - 5 TIWHW,,)

ture e* e~ colliders by many authori2—6]. There are two

main differences between our present study and those that 1

can be found in the literature. We interpret the success of the —5 T(B*"B,,). (1)

standard model as an indication that the SUYERY(1)y

gauge theory of electroweak interactions is essentially coryy = andB,, are the SU(2) and U(1), field strength ten-

rect, and that the only sector of the theory that has not beeggs: a

probed experimentally is the electroweak symmetry-breaking

sector. This point of view has many practical consequences i

in limiting the number of anomalous couplings that need to Wur=5| 9uW,= 3, W, + 59[W, W, ] ],

be studied, and in estimating their possible magnifudeA

second difference with other studies is our consideration of 1

the effect of polarized beams. szz(aMBV— 9,B,) 73, 2
This paper is organized as follows. In Sec. Il we summa-

rize the effective Lagrangian formalism that we use to de- - . _ .

scribe the anomalous couplings. In Sec. Il we apply thes&nd W,=W, 7. The Pauli matrices; are normalized so

results to a 500 GeV linear collider with polarized beams andhat Tr(ri7j) =2 .

discuss the relevant phenomenology. Finally we present our The matrixZ=exp(w-7/v) contains the would-be Gold-
conclusions. stone bosonsw; that give theW and Z their mass via the

Higgs mechanism, and the SU({2) U(1)y covariant deriva-
tive is given by
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The physical masses are obtained witk-246 GeV. This

nonlinear realization of the symmetry breaking sector is a
nonrenormalizable theory that is interpreted as an effective

field theory, valid below some scale<3 TeV. The lowest-
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In Eq. (5) we have written down the leading contribution to

order interactions between the gauge bosons and fermioRs,ch anomalous couplifgand denoted by an ellipsis other

are the same as those in the minimal standard model.
Deviations from these minimal couplingseferred to as

anomalous gauge boson couplingsorrespond to higher di-

mension[SU(2), XU(1)y gauge invariant operators. For
energies below the scale of symmetry breakingit is pos-

contributions that arise at higher ord@(1/A%)], or at order
O(1/A?) with custodial SU(2) breaking. We are thus assum-
ing that whatever breaks electroweak symmetry has at least
an approximate custodial symmetry. Under these assump-
tions there are only four operators in the next-to-leading-

sible to organize the effective Lagrangian in a way that corqer effective Lagrangian that are relevant:
responds to an expansion of scattering amplitudes in powers

of E?/A2. The next-to-leading order effective Lagrangian » v? , )
that arises in this context has been discussed at length in thé' :P{—'ngLTf(W" D,2D,x")

literature[7—11]. The contributions of this Lagrangian to the
anomalous couplings have also been written down before

[11].
In this paper we consider the processe™ —W* W™ at

tree level and work in unitary gauge, therefore the anoma-
lous couplings enter the calculation only through the three

gauge boson verteW"W~ (whereV=2,y).! Itis conven-
tional to write the most general P conservingVW"w~
vertex in the form(2]

[ . Cy z T m uty7v
;*’WWV_ - Ies_agl(W:“VW _W,LLVW )Z
—iegl(W!, W+—W, W-hHAY
—ie% WIW,z-7 —ier W W A#Y
Sy Kz AR K‘y pV Vv
00 o 14 — -
—es—egée Bur(W, 3,Wy —W53,W,)Z,,,

(4)

where sy,=sinf,, cy,=coshy. The effective Lagrangian

—ig'LorTr(B*'D,2'D,3)
+09'LyTr(EB*"3'W,,,)

+gae® Tr(733'D,3) Tr(W,zD, 331} (6)
The first three terms conserve the custodial SY(&)mme-
try, and we have explicitly introduced the factof/A? in

our definition of #{* so that thel; are naturally of order 1.
The term witha breaks the custodial symmetry but we in-
clude it because it provides the leading contributiogéo In
theories with a custodial symmetry, this term is, therefore,
expected to be smaller than the other ones in (&Y. This
term is also special in that it is the only one@¢1/A?) that
violates parity while conservin@€ P. With our normaliza-
tion, we expecta to be of order 1 in theories without a
custodial symmetry and much smaller in theories that have a
custodial symmetry13].

For our discussion we will assume that the new physics is
such that the tree-level coefficients 6f*) are larger than
the (formally of the same ordgreffects induced by~? at
one loop. More precisely, that after using dimensional regu-
larization and a renormalization scheme similar to the one

framework for the case of a strongly interacting symmetryused in Ref.[7], the L;(«) evaluated at a typical scale

breaking sector predicts the five constants in @g.they are
(11,12

2
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The anomalous couplings also affect tw\W ande® e~ Z verti-

(around 500 GeV for this procesare equal to the tree-level
coefficients, and that their scale dependence is unimportant
for the energies of interest. The physical motivation for this
assumption is that, even if we do not see any new resonances
directly, the effects of the new physics from high mass scales
must clearly stand out if there is to be any hope of observing
them. When the indirect effects of the new physics enter at
the level of SM radiative corrections, very precise experi-
ments (as the ones being performed at CERN LBPate
needed to unravel them. We are assuming that there will not
be any such precision measurements in the next generation
of high-energy colliders.

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

M;=91.187 GeV, «=1/128.8,

Gg=1.166x10° GeV 2, (7

ces through renormalization. However, they do so only through the

paramete 5, and we will argue later that it is not necessary to

consider this coupling in detail because it has already been severely’This is why we do not have terms corresponding to the usual
constrained at the CERM"e™ collider LEP. Az and\,: they only occur at higher order inAf.
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ftmax do ma?
t

3
Srdt= VP Cii[ Tij (tmax) = Tij (tmin) 1.

(€)

The termsC;; T;; give the contributions of the pair products
of amplitudes of the corresponding diagrafese Fig. 1 to

the cross section. The coefficier@y; depend on the elec-
troweak parameters and on the polarization of the initial par-
ticles. They are

min

S
- w- Cllz?a
—— WY
(s—=M2)cy
Ve Cro=— 2\2 2727
SgS[(s—MZ)“+M3zI'7]
— AW cf,
W+

Cyo= , 10
2 sé[(s— M§)2+ M%I %] (10
FIG. 1. Diagrams contributing to the processe” —W*'wW™.

The full circles represent vertices that include both the lowest order Cone $=5
interaction and the anomalous couplings discussed in the text. 13~ 2333 '
We will also useA=2 TeV as the scale normalizing our N (s—M3)cy
next-to-leading-order effective Lagrangian, E6). Coa= 2s3[(s—M2)2+M2rs]’

The parametek ;o can be very tightly constrained by pre-
cision measurements at CERN LEP1H4]: S-S

3B~ g
4
—1.1=sL(M)=<15. 8 :
1(M2) ® whereS; andS, carry the dependence on the beam polariza-
tion:

We find that this bound cannot be significantly improved
with a 500 GeV linear collider so we will not study;, $1=1+22,,5,=2,+7,. 1D

further in this paper.
To summarize, we consider the next-to-leading-order ef-

fective Lagrangian for & P-conserving, strongly interact- Tij=Tij(Mw,k,,7,91y17,95,S,t)

Ing, ele_ctroweak syr_nmetry-breaklng sector w ith(anleasy are given in the Appendix. Witl9 the angle between the

approximate custodial symmetry. We then find that the Ieadi—ncoming electron and the outgoiMy~ in thee*e~ center-

ing contribution to the anomalous couplings relevant forof-mass frame, we can use HE) to construct the differen-

e'e" >W'W" at _\/gz 500 GeV can be written down in jg| cross section and the o@slistribution for any angular

terms of four coupling constants. Finally we note that one ofyinnjng.

those coupling constants has already been tightly constrained

at CERN LEP I. We are thus left with a model that contains A. Assumed experimental parameters

only three parameterkg, , Log, and a. In the following

sections we discuss the phenomenology of these three coBp

stants at a future linear collider with polarized beams.

Analytic expressions for

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

For the collider we will use an integrated luminosity of

IIl. BOUNDS FROM THE PROCESS e*e~ —W*W- [ Zdt=50 fb ! per year and a center-of-mass energy of
Js=500 GeV, the numbers commonly used for the Next
The process ofV-boson pair production i®“e™ colli-  Linear Collider(NLC), CERN Linear ColliderCLIC), Ser-

sions in the Born approximation is determined by the diapukhov Collider VLEPP, and Japan Linear Collid@LC)
grams shown in Fig. 1. The full circles represent vertices thaprojects. For the maximal degree of beam polarization we
include both the standard model couplings, and the anomasse the values determined by the VLEPP study gridif:

lous couplings. The anomalous couplings enter these verticeg ,z,=(—0.8,0.8). Depending on the mechanism used to
directly or through renormalization of standard model pa-polarize the beams it should at least be possible to achieve
rameterg 12]. We will denote the degree of longitudinal po- this high a polarization for the electrof6]. This is very
larization of the electron and positron lay andz,, respec- encouraging because we will find that to place bounds on the
tively. Our notation is such that =1 corresponds toaght-  anomalous gauge boson couplings of our model there is no
handedelectron, whereas,=1 corresponds to &ft-handed need for positron polarization.

positron. The cross section fae” —W*"W~ with polar- We will use the conservative estimates of Refis7,18

ized beams can be written in terms of the usual Mandelstarfor the expected systematic errors in the measurements of the
variabless andt as muonic and hadronic cross sections and asymmetries, and in
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the luminosity in the experiments at the 500-GeV collider: e~ -beam direction and the direction of thg™). However,
as has been emphasized in R&#], it is difficult to perform
Ae,le, Aeylep Alg AA R AL/L a meaningful analysis of these distributions in the absence of
real experimental data and detailed knowledge of the detec-
tor. We start our analysis using the total cross section and
forward-backward asymmetry as observables. These two ob-
A detailed investigation of the processe”—W*™W~ has servables are constructed from the independent measure-
shown that the systematic error in the cross-section measurBlents of the forward and backward cross sectians
ment can be~2% [19—-21]. This error is due to the uncer- and og. The two observables o=ortog and
tainty in the luminosity measuremens ¢=1%), the error (0)Arg=0r—0p are, thus, independent and we can analyze
in the acceptancefyqce=1%), the error for background sub- them simultaneously by requiring that
traction (Spackg=0.5%), and a systematic error for the —— 5
\/(0—0‘) (AFB—AFB

Asyst 0.5% 1.% <1% 0003 1%

knowledge of the branching ratioS§g=0.5%). In order to

fully reconstruct theWW-pair events and to identify the/ Ao
charges, we consider only the “semileptonic” channel,
namely, WW—I|*v+2 jets. According to the preliminary

estimates Of, Refils?"zq’ Fhe efﬁgsncy foWW-pairrecon- |, thjg way we use all the information in the total cross
struction(using the “semileptonic” channgls eww=0.15.  gaction, as well as partial information from angular depen-

It is easy to estimate that for the anticipated luminosity Ofdence In Eq(12) o=0M and Arsg=ASM represent antici-
- = 2AFB=/FB

~50 fb™ ! the expected number of unreconstructed events isated experimental data and A are the predictions in-
~3.7x10°, which corresponds to a relative statistical errorP Xpert ’ FB predicti ;

in the cross-section value of 0.17%. After reconstruction, cluding new physicsAa and AAgg are the corresponding

the number oMWW pairs is about-5.5x 10%, which corre- absolléte uncertainties including systematic and statistical
. > errors® We havé
sponds to a relative statistical error 60.4%.

< number of standard deviations. (12)

This means that for this process the systematic error may Ao=gM/52 2
. o . = \ Ogtart O. 13
be the dominant one. However, this situation could change 77 stat” Tsyst (13

when there are kinematical cuts, or when the beams are po-
larized. To be conservative, we thus include both the statis- Setai= 1 _ 1

tical error and an estimate of a possible systematic error in " WNevers VewwZosW'
our analysis.

— 2 2 2
55)/5'[: \/5‘:% 2+ 5accep+ 5backgr+ 5BR-
B. Observables used to bound new physics

and
The choice of experimental observables and data process-

ing procedure is crucial in analyzing the capability of the AAFB:AEEA 55 H+5§ , (14)
future e* e~ collider to place bounds on new physics. The slats mLeys
total and differential cross sections, as well as the asymme- 1 1_AZ
. FB
tries of the process under study, are commonly used. To 81 o= A/ —
discuss the sensitivity of thete"—W*"W~ process to VNevents ¥ AFs
Lo, , Lgr, anda, we will use the total cross sectiany
and the asymmetrjizg. For this process these quantities are 81 syst= N 5§ccep+ 62backgr+ P

defined analogously to the cdsf e*e™ — ff.

Typically one uses the SM predictions as the “experimen-A typical choice for the number of standard deviations in Eq.
tal” data,* and considers possible effects due to new physic$12) is two. Assuming a Gaussian distribution for the sys-
as small deviations. One then requires agreement betwed@matic errors, this @ level corresponds to 95% C.L. for the
the predictions including new physics and the “experimen-resulting bounds on the parameters under study.
tal” values within expected experimental errors. The param- It is possible to use more information from the angular
eters representing new physics are, thus, bound by requiringjstribution than that present in the forward-backward asym-
that their effect on the selected observables be smaller thanetry. To do so, one can use a simpfecriterion defined as
the expected experimental errors. 5

It is common to consider differential distributions such as 2 Xi—Yi (15
do/dcosy as observablegvhere § is the angle between the 7 !

where

3Recall that we only use the channel that allows a complete re-
construction of theNVW pair.

“There are several ways for such data modeliggapplication of 51t should be noted that for the case Aty the bulk of the sys-
the analytical SM expressions to represent “experimental” distri-tematics(for example the uncertainty due to luminosity measure-
butions, see, for exampl€21]; (b) Monte Carlo simulation of the ment3g cancels out.
experimental distributions according to the SM predictions taking ®We neglect any correlation between statistical and systematic
into account a probabilistic spread, see, for exanif@@,23. errors.
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J‘cos9i+ldg-SM g v coseiﬂdg”ewd tween a better sensitivity to the anomalous couplings and a
cos, i:f cos, loss in the number of eventwith the corresponding increase
o dCOS) cosy,  dCOSY in statistical error. We have studied the dpependgnce of the
, bounds on the kinematical cutost|<c for the range
and A, are the correspondin@xpectedl experimental er-  0.1<c<0.989(the upper limit corresponding to the minimal
rors in each bin defined as in E(L3). For the binning we characteristic scattering angle defined by the geometry of the
subdivide the chosen range of éomto equal bins. This experimental setupl9,20). We find that this symmetric ki-
procedure gives us a rough idea of the additional informatiomematical cut does not affect the bounds significantly.
present in the angular distribution. However, a significant Nevertheless, it is possible to improve the sensitivity of
analysis of the angular distribution cannot really be done athis process to the anomalous couplings by usingsym-
this stage as discussed in REZ4]. metric kinematical cut of the form—1<c;<co¥<c,<1.
With a strong cut in the forward direction and a weak cut in
the backward hemisphere one can reducd-ttigannel back-
ground with a tolerable loss of statistics. We have explored
In a scenario for electroweak symmetry breaking such ashe sensitivity of the resulting bounds to the value of the cuts
the one discussed in Sec. Il, we have only three parametefgr a wide range of parametecs andc,, and for different
determining the anomalous couplingsg, , Lo, and @.  combinations of initial particle polarizations. As a typical
This scenario is analyzed in terms of an effective Lagrangiaréxamp|e we present in F|g 2 the a”owEgL_ L9R param-
with operators of higher dimension being suppressed by adster region for unpolarizettlashed lingand maximally po-
ditional powers of the scale of new physids Our ampli-  |arized (solid line) beams. We sek=0, and show three sets
tudes involving the couplinglsg , Lor, ande are, thus, the  of angular cuts for the forward hemisphere:
lowest order terms in a perturbative expansion in powers of,=0.1,0.4,0.989, while keeping,= —0.989. We find an

(E%,v%)/A?. For the whole formalism to make sense, thegptimal set of cuts that we will use for the remainder of our
corrections to the standard model amplitudizsear in the  analysis given by

anomalous couplingsnust be small. For a numerical analy-
sis one can take two different points of view.

Formally, we have truncated the amplitudes at order
1/A2. Therefore, when calculating the cross section we must
drop the terms quadratic in the anomalous couplings since 2. Polarization dependence
our calculation is only complete to orderAti. We will call An interesting question is whether the use of polarized
this approach the “linear” approximation. _ beams significantly improves the bounds that can be placed

We may invoke a naturalness assumption, under whiclyn the anomalous couplings. A preliminary study in Ref.
we do_not expect contnbuuon; to an observable that com 3] indicated that the sensitivity té& is greatly increased
from different anomalous couplings to cancel each other outy iy polarized beams, but only if the degree of polarization

Under this assumption we truncate the amplitudes at ordgg very close to one. Here we study the effect of having a
1/A2, but after this we treat them as exact. We will refer t0degree of polarization that can be achieved in practice

this approach as the “quadratic” approximation from now ,<q g

on. , ) . In Fig. 2(b) we present the allowely —Lggz parameter
Clearly, if the perturbative expansion is adequate, botr}egion (with &@=0) for maximally ,=2,=0.8) polarized

approaches will lead to the same conclusions, the differencg,q unpolarized beams. We see that the bounds that can be

between them being higher order in the\1/expansion. We  gptained with polarized beantsolid lineg are slightly better

will mostly use the “linear” approximation, but we will 0c-  than the bounds that can be obtained with unpolarized beams

casionally use the “quadratic” approximation for compari- (qashed lines This effect is due to the reduction of the rela-

son as weII._Any difference bet\/\_/een them may be considerege contribution of the “backgroundt-channel diagram,

a rough estimate of the theoretical uncertainty. which results in a better sensitivity of the process to the
We will consider three cases: one in which the beams arg,smalous couplings. With the maximum degree of polariza-

unpolarized; one in which both electron and positron beamgs, that can be achieved in practice, one does not find the

have their maximum degree of polarizatidme+y_e-|=0.8_; spectacular effects that could be found with completely po-
and one in which only the electron beam is polarized,gized beam$13].

|ze-|=0.8, ze+=0.

Xi:

C. Bounding Ly , Log, and &

c,=—0.989, c,=0.4. (16)

Nevertheless, polarized beams are very useful to constrain
new physics that is described by several unknown param-
eters. The unpolarized case can only constrain a particular

The procese*e” —W'"W~ proceeds via the three dia- linear combination of parameter§n this caselgy and
grams in Fig. 1. Of these, thiechannel neutrino exchange Lgg) thus giving the dashed band shown in Figb)2 The
diagram dominates the cross section. This dominant contripolarized result depends ordéferentlinear combination of
bution to the cross section, however, does not depend on thmarameters. The simultaneous study of polarized and unpo-
new physics parameteks, , Log, Or a. Since this dominant larized collisions can, therefore, give much better bounds on
contribution is peaked at small values of the anglewe the anomalous couplings than either one of them separately.
expect to improve the sensitivity to new physics by exclud- An intermediate degree of polarization, such as
ing this kinematic region. To implement this idea we imposez;=2z,=0.4, also leads to an improvement of the bounds
the cut|cosf|<c<1 and study the resulting interplay be- [see Fig. 8], although it is not as effective as the case with

1. Dependence on angular cut
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maximum practical degree of polarization in reducing theapproximation, the cross section contains terms that are qua-
allowed region of parameter space when combined with thelratic in the anomalous couplings, as well as interference
unpolarlzed measurement. If polarlzatlon is available 0n|yterms between the different anomalous Coup"ngs The al-

for the electron beam it is still possible to reduce the regiongwed parameter region is a volume element in the
of parameter space that is allowed by the unpolarized meg-

' > T q 5, —Log— a space enclosed by a nontrivial surface. Due to
zg;eel;ne_ng 3\3/\/2 T%strate this in Fig(k9 where we show the the interplay between couplings, the allowed volume may
1_ . y 2_ .

Using the “quadratic” approximation, one finds that each have holes,_ and _therefore_, |t_|s in genera! not _adequate to
allowed region of parameter space in Fig. 3 is replaced bytudy Wwo-dimensional projections. In keeping with our pre-
several possible regions. This is because the terms that ay#ous discussion we select the allowed region that contains
quadratic in the anomalous couplings in the cross sectiofhe standard model point, and that is very similar in shape to
give rise to allowed regions shaped like ellipsoids. The caséhe results of the “linear” approximation. Doing this we
with polarized beams gives rise to a rotated ellipsoid, and théave a simple region for which two-dimensional projections
two intersect in more than one region. It is obvious, howeverare adequate.
that only the region that contains the standard model pointis e present in Fig. 4 the two-dimensional projections ob-
physical, and this region is very much like that shown in Fig.tained in the directions in which one of the three anomalous
3 for the “linear” approximation. It is interesting to notice couplings vanishes. We present the case corresponding to

that one could decide which is the true allowed region exy, " <tandard deviatiori95% C.L) bounds from Eq(12).
perimentally. By changing the degree of polarization one ObThese results correspond to the “linear” approximation, but

tains a different rotated ellipsoid that intersects the unpolarz practically identical to those obtained in the “quadratic”

|zeddon§ In sde\iera! regions. Only thehreg!f(?n con':jalmng th pproximation. Thus, the bounds correspond to anomalous
standard model point is common to the different degrees of, ,jings that are small enough for the perturbative expan-

beam polar?zation. This further lllustrates the complementa-sion to be meaningful. This, in itself, indicates that a 500
rity of polarized and unpolarized measurements. GeV linear collider with polarized beams will be able to
place significant bounds on a strongly interacting symmetry-
breaking sector. Allowing two of the couplings to vary and

We first present the bounds on the anomalous couplingsetting the third one to its standard model value we find
that follow from Eq.(12). In the case of the “quadratic” (“linear” case)

IV. RESULTS

20 T I\\ T T T T T 20 T l\\ T T T T
L o\ 4
AYAY
0 - SN 7] FIG. 3. :AIIowed region for the_g, — Loy pa-
o M\ 1 rameters aw=0 for cuts on the scattering angle
Lz 0 - X - —0.989<co¥<0.4 for beam polarizations
- VA 3 (dashed contour represents the unpolarized)case
-10 "\ - (& z,=2,=0.4, (b) z,=0.8, z,=0. We use the
L AN 4 “linear” approximation discussed in the text.
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T ] lead to changes in the shape of the distribution. This effect
5 TN will be demonstrated further when we discuss the angular
: distributions.
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In this section we discuss the bounds on the anomalous
couplings that can be obtained from the analysis of the dif-
ferential cross sectiodo/dcoss. We will use they? crite-

FIG. 4. Allowed regiongthe case of the linear approximation rion in the form of Eq.(15) with experimental uncertainties
for (@) Lo, — &, whenLgz=0, and(b) Lgg— &, whenlLg =0. The  defined in Eq(13). We will allow two parameters to vary at
solid contours correspond to the maximum beam polarizationa time while fixing the third one at its standard model value
2,=2,=0.8 and the dashed contours correspond to unpolarized0 at the tree level Therefore, in order to use @ approach

beams. we need a minimum of four bins to have
Npe= Nimeasurements Nparameterss 1=1. We will consider the
—1l4slg <14, cases with the angular region-0.989< cos#<0.4) divided
C0.7< Lo 0.7 17 into four, fiye, and ten bins: To compare thqéaesult; with
P EORTE D those obtained in the previous section using the criterion Eq.
_33<4<33, (12), we ad;)pt the same C..L. of 95%. o
For they< approach it is important to understand which is
or (“quadratic” case the number of bins that gives the strongest bounds on the
parameters given an event sample. As we mentioned before,
—13<Llg =13, the total expected number of reconstrucs events for
0607 18 the chpsen luminosity i§5.5><.104. However, with the ki-
' 9R™=H- 11 nematical cut on scattering angle that we use,
_34<p<32. —0.98% cos/<0.4, this number is reduced to 4384 events.

With unpolarized beams and choosing four angular bins, the

To obtain these numbers we have combined the unpolarizegimber of events in each bin varies from 327 to 21wEh
and polarized results assuming an integrated luminosity othe smaller number in the backward-most)bifihese num-
50pb ! in each case. bers correspond to relative statistical errors varying from

It is worth mentioning that the allowed regions are some-3.8% to 2.1%. For the case of fieen bins the number of
times bound by curved lines, even in the “linear” approxi- events varies from 2281) to 18541068, and the statistical
mation. This is due to the intrinsically nonlinear combinationerror varies from 6.6%41.1%) to 2.3%3.1%. If the beams
of observables that we used, Ed2). In this respect, one are polarized there is an even larger loss of statistics due to
interesting feature can be seen in Fig. 4. While the allowedhe partial cancellation of the dominatxchannel diagram.
regions in Fig. 4a) and Fig. 4b) are bounded by curves, the One can see that for these binnings of the events the corre-
domain in Fig. 2b) is bound by almost straight lines. This sponding statistical errors are larger than the systematic er-
means that the deviations of theg, ,Log parameters affect ror. This means that we have a statistically unsaturated event
mainly the cross section, but practically do not modify thesample, and the strongest bounds are obtained with the mini-
forward-backward asymmetry. In terms of the angular distri-mum number of bins.
bution this can be rephrased by saying that variations of the Before using the angular distribution to place bounds on
couplingsLg, ,Lgr lead to a change of the overall normal- the parameters, it is useful to see the behavior of this distri-
ization of the differential cross section, while changesyin bution for small deviations from the standard model. For

do™* 4 dgSM do™** ; doSM

the standard model fofa) unpolarized beams
(z;=2;=0.0) and (b) maximally polarized

dcos6/ dcosb dcos@! dcosd
2 _l TT T T T T TT T T T T rTTTTd I_ 3 TTTT T T T T T T T T I T TTTd l_‘
¥ . I 1
n . - 4
KY p 2 i B FIG. 5. Angular distributions normalized to
\ ] D

. beams ¢,=z,=0.8). The solid, short-dashed,
L= - - == and long-dashed lines correspond tg, =5,
L N Lor=>5, anda =5, respectively.
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corresponds to 95% C.L. in the? analysis for the cases of
four (solid line), five (short-dashed line and ten(long-
dashed ling bins. One can see that the best bounds are, in-
deed, obtained with the smallest number of bins, four. The
same result holds true for polarized beams.

We find that the angular distribution gives slightly better

IIII[llII|III|]T

20

Lor 10 7] bounds than the combined criterion of Egj2), as shown in

] Fig. 7.

0 B Thus, choosing the case of four bins we can present the
7 resulting bounds org, , Lgg, and « following from the

Tl L .\\\ i x? analysis of the angular distribution, which are shown in
_10 0 m 0 Fig. 7. The two-parameter fit boundsetting one of the three
Loz couplings at a time to its standard model valaee
FIG. 6. Lo, —Lgr projections of the allowed parameter region —1.2<Lg <1.0,

(“linear” approximation for the unpolarized casez{=2z,=0.0)
corresponding to a 95% C.l2 analysis for the cases of fo(solid

line), five (short-dashed line and ten(long-dashed linebins.
), five ( ne (long B —0.6<L¢z=<0.7, (19

illustrative purposes we choose the vallegs =5, Lgg=5, A
and a=5. Notice that these numbers are small enough to —3.5=a=3.5.
neglect the difference between the “quadratic” and “linear”

approximations. To obtain these numbers we have once more combined the

In Fig. 5 we show the behavior of the angular distribution . . . :
. ; unpolarized and polarized results assuming an integrated lu-
for the unpolarized case in the range0.989<cos4<0.4, I 1
minosity of 50 pb " in each case.

normalized to the angular distribution predicted by the stan-
dard model. The solid line correspondsltg =5, the short
dashed line corresponds tgg=>5, and the long dashed line

corresponds ta=5. In Fig. 5a) [5(b)] we present the nor- V. SUMMARY AND CONCLUSIONS
malized angular distributions for unpolarizdgolarized . '
beams. One can see in Figabthat variations ofL, and If the electroweak symmetry breaking sector is strongly

Lor lead to a change in the overall normalization of theinteracting, and there are no new resonances below a TeV,
distribution, whereas variations @result in a change in the one expects deviations of the gauge boson self-interactions
shape of the distribution. However, this difference is not evi-from their standard model values. In theories that conserve
dent in the case of polarized beafsee Fig. to)]. CP and have an approximate custodial symmetry we can
In Fig. 6 we show the projection of the allowed parameterparametrize these deviations in terms of three constants,
region in theLo —Lgg plane for unpolarized beams, which Lo, , Lgg, anda. An e"e™ collider operating at/s=0.5

Lop 0 \ @
\
/ .

-2 |- A

- : FIG. 7. Allowed regions(“linear” approxi-
B e e I e B mation) from a x? analysis with four bins. The

Loy 4 Loz dashed curves correspond 2g=z,=0 and the
T T T solid curves taz;=2,=0.8. (a) Lg. —Lgg, When
a=0, (b) Lo —a, whenLgg=0, (0) Log—a,
whenLg =0.
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TeV with polarized beams and an integrated luminosity of 50 —28<Lg <27,
fb~* can provide important input into our understanding of
the nature of electroweak symmetry breaking. We find that —-9=a<5,
such a collider can place the following bounds:
—100<Lgg=<190. (22
(=1.4——-12<Lg <(1.0—~1.9), Expected bounds from CERN LEP I witfls=190 GeV and
[ #dt=500 pb ! are[5]
(=0.7—-0.6)<Lgg=<0.7, (20 —41<Lg <26,
—100<Lgg=330. (23

(—3.5-—3.9<a<(3.2-3.5).
Similar bounds have been obtained for different future
colliders. For example, with asy collider with \/s,e= 500
The ranges correspond to the difference between the “linGeV andf #dt=50 fo~ ! they are[12]
ear” and “quadratic” approximations, and to the difference

between using the simple criterion of EG.2) and a more (=7——=5)<sLg <(4-6),
sophisticatedy? analysis of the angular distribution. These
differences can be taken as a rough guide of the theoretical (=17——5)sLgr=(4—16), (24)
uncertainties under our stated assumptions. R

Barklow [3] has studied the same process as we do but —15sas7.

considering only unpolarized beams and ignoring the cou-_ . .
pling &. The authors of Ref:20] have also studied the pro- Studies for the CERN Large Hadron ColliddrHC) (with
cesse” e —W'W~ in terms of anomalous couplings at a VS=14 TeV and integrated luminosity 100 ) have
futuree* e~ collider similar to the one we discuss here. Be-found[6] a sensitivity toLg,_of order 10. . _
cause they do not have in mind a strongly interacting elec- After completion of this paper a similar analysis by Gint-
troweak symmetry-breaking sector, as we do, they look foferet al.has appearel®5]. These authors consider polarized
deviations of the standard model in terms of a larger numbeglectron beams as we do, and they reach similar conclusions
of parameters than we do. They do not, however, study thE® ours for the parameters that are common to our $tirdy
parity-violating coupling@. A meaningful comparison of the case of one-parameter fits.

their results with ours involves their two-parameter fit to

their quantitiess; and X, which we translate into ACKNOWLEDGMENTS
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We have shown that polarized beams with adjustable de-
grees of polarization would constitute a very significant tool APPENDIX: ANALYTIC EXPRESSIONS
in the search for new physics. In terms of new physics pa- FOR THE CROSS SECTION

rametrized by a set of anomalous couplings, beam polariza-

tion makes it possible to explore directions of parameter We present below the explicit expressions for the dimen-

space that cannot be reached in unpolarized collisions.  sional functionsT;;=T;;(Mw,«,,z,91,17.9s,S,t) used in

To place our bounds in perspective, we now comparexpressiong9) for the cross section of the"e” —W" W~

them to those obtained from CERN LEP | and those that caprocess. In this appendix we ubé=M,,, andt is the ab-

be obtained at CERN LEP II. Precision measurementZ of solute value of the usual Mandelstam variable. Because we

partial widths imply[14] do not need to consider the renormalization dud_ig as
explained in the text, the parametess=Tj;/2c,s, and
vf=(T3f—2Qfs§)/2390,, are the usual tree-level standard-

"Our x? analysis is different from that of Reff20], p. 747. Nev- model axial and vector couplings of tizeto fermions:

ertheless, we take their results at face value to compare with our

results since their bounds would be weaker using yucriterion

and our conclusion remains the same. 8These ard., andLgg albeit with a different normalization.
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