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CP violating anomalous couplings at a 500 GeVe1e2 linear collider
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We study the sensitivity of a 500 GeVe1e2 linear collider toCP violating anomalous couplings. We find
that with 50 fb21, and taking only one non-zero coupling at a time, the processe1e2→W1W2 can be used to

place the 95% confidence level boundsu k̃ gu<0.1, u k̃Zu<0.1 andug4
Zu<0.1 from CP even observables. By

studying certain distributions in the processe1e2→m1m2n n̄ one of the bounds can be improved toug4
Zu

<0.06. This process also allows the construction of aCP odd observable which can be used to place bounds

on CP violating new physics. At the 95% confidence level we findu k̃ gu<0.3, u k̃Zu<0.2 and a much weaker
bound forug4

Zu. @S0556-2821~98!03207-X#

PACS number~s!: 13.10.1q, 11.30.Er
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I. INTRODUCTION

In spite of its remarkable phenomenological success th
are several aspects of the standard model that remain u
plained. Two of them are the mechanism of electrowe
symmetry breaking and the origin ofCP violation. A broad
class of models in which the electroweak symmetry is b
ken dynamically by new strong interactions does not con
any new particles sufficiently light to be produced at a 5
GeV e1e2 collider. New particles in these models ha
masses in the TeV range and only manifest themselves
rectly in experiments at lower energies. In general th
models may violateCP and this would also manifest itse
indirectly at low energy.

It is convenient to describe the phenomenology of
most important features of this type of new physics in
model independent way. This is accomplished by studyin
low energy ~below a few TeV! effective Lagrangian tha
contains only the standard model fields and where the ef
of the new physics appears as higher dimension opera
These higher dimension operators modify the couplings
the observed particles, inducing ‘‘anomalous coupling
whose phenomenology has been studied in detail@1#.

In this paper we study the effect of the lowest dimens
operators that violateCP in the gauge-boson self-coupling
In has become standard to parametrize the three gauge b
couplingWWV following the notation of Ref.@2#:
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LWWV5gWWVS 2g4
VWm

1Wn
2~]mVn1]nVm!

1
i

2
k̃VemnabWm

1Wn
2VabD . ~1!

In writing this equation we have already dropped terms p
portional to l̃V because they are of higher dimension. T
overall normalization is gWWg

52e and gWWZ5

2e cotuW. Electro-magnetic gauge invariance forbids t
term g4

g so we are left with three newCP violating param-
eters. One of them,g4

Z , violatesC and conservesP, whereas

the other twok̃ g and k̃Z violate P and conserveC.
The next to leading order electroweak chiral Lagrang

@3# contains threeCP violating operators whose coupling
correspond to the lowest dimension contributions to the
rameters in Eq.~1!. They are@4#:

LCPodd52a12gTr~TVm!Tr~VnWmn!

1
1

4
a13gg8emnrsBmnTr~TWrs!

1
1

8
a14g

2emnrsTr~TWmn!Tr~TWrs! ~2!

where we have used the notation of Ref.@4#. The relation
between these couplings and those in Eq.~1! is k̃Z

5e2(a13/cW
2 2a14/sW

2 ), k̃ g52(e2/sW
2 )(a131a14) and g4

Z

52e2/(sW
2 cW

2 )a12 @4#.
We do not wish to reproduce here all the details of t

notation of Ref.@4#; it is sufficient to remind the reader tha
the factorT that appears in all three operators constitutes
explicit breaking of custodial symmetry. This implies that
the new physics violatesCP maximally ~i.e. without sup-
2974 © 1998 The American Physical Society
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FIG. 1. Allowed ~95% C.L.! region from theCP even angular distribution ofe1e2→W1W2 for ~a! k̃Z2g4
Z with k̃ g50, ~b! k̃ g2g4

Z

with k̃Z50, and~c! k̃ g2 k̃Z with g4
Z50.
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pressions from dimensionless parameters such as mi
angles!, the natural size of the coefficients is that
(v2/L2)Dr. These are the same arguments that give
natural size of the lowest dimension parity violating coupli
@5#. With v'246 GeV and the scale of new physicsL a few
TeV we thus expecta12,13,14;1024 if the symmetry break-
ing sector has a custodial symmetry to explain the smalln
of Dr. In Ref. @4# Appelquist and Wu discuss a specifi
model in which they estimate that the coefficientsa12,13,14
are indeed of order 1024 and correlated withDr. On the
other hand, ifDr is small accidentally, naive power countin
tells us that these couplings could be at the few percent le
O(v2/L2). These numbers will help us calibrate the sign
cance of the constraints that we discuss.

The best indirect bound that exists on any of these c
plings is u k̃ gu,231024, which arises from the neutro
e.d.m.@6#. This is a very tight constraint, but it is subject
naturalness assumptions. As usual, it is not a substitute f
direct constraint. Previous studies ofWg production at an
upgraded Tevatron have concluded that it will be possible
place the constraintu k̃ gu&0.1 @7#. This is of the same orde
as the bound that we find in this study for the 500 GeVe1e2

collider, but a precise comparison is not possible with
further knowledge of the experimental setups.

There have been previous studies of theCP violating
anomalous couplings in the processe1e2→W1W2 @8#, but
a detailed numerical analysis of the bounds that one can
at a Next Linear Collider~NLC! has not been done. Th
processe1e2→nn̄ Z has also been recently considered@9#.
The authors of Ref.@9# find that one could place the boun
g4

Z&0.1 by studying a forward-backward asymmetry w
50fb21.

II. BOUNDS FROM OBSERVABLES IN e1e2
˜W1W2

We start with the processe1e2→W1W2 at a center of
mass energy of 500 GeV without considering any spec
ng
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decay channel for theW bosons. At this stage we also igno

theCP violating nature of the couplingsk̃ g , k̃Z ,g4
Z and look

only at the quadratic effects that they induce in the de
distribution. It is possible to study trulyCP-violating effects
that are linear in the couplings in one of two ways. We cou
include absorptive phases in the form factors associated
Eq. ~1! @2,4#. If these phases arise from the same sector
sponsible for the anomalous couplings then they do not
troduce additional suppression factors. This can be seen
example, in the model of Ref.@4#. Alternatively, we could
construct aCP odd observable involving the polarizatio
vectors of theW bosons. This is equivalent to studying co
relations that involve the momenta of the decay products
the W bosons to a specific channel. We take the second
proach in the following section.

In this section we consider theW bosons to be final state
particles and take into account the efficiency forW1W2 pair
reconstructioneWW50.15 @10# in our numerical simulation.
Because we are ignoring, for now, theCP violating nature of
the couplings, it is possible to bound them using the sa
CP even observables that we studied in Ref.@11#. The only
difference between theCP violating couplings that we study
here and theCP conserving couplings that we studied
Ref. @11# is that theCP violating couplings always appea
quadratically in theCP even distributions used to place th
bounds.1 We use the same assumptions about systematic
certainties and the same analysis of the differential distri
tion that we described in detail in Ref.@11#. In particular, we
use a systematic error;1.5%. This number arises from a

1Again, this is because we are not including any possible abs
tive phases. We can justify thisa posterioribecause the bounds tha
can be obtained from terms linear in the couplings and terms q
dratic in the couplings are very similar due to the low statistics.
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FIG. 2. Standard model differential cross section for the processe1e2→m1m2nn̄ atAs5500 GeV with the cuts of Eq.~4! as a function
of ~a! cosu and ~b! pm .
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uncertainty in the luminosity measurement of.0.5%, an
error in the acceptance.1%, an error for background sub
traction.0.5% and a systematic error in the knowledge
the branching ratio.0.5%. From a x2 analysis of
ds/d cosu with 5 bins, we find the 95% confidence lev
bounds~taking only one non-zero coupling at a time!:

u k̃ gu<0.1, u k̃Zu<0.1, ug4
Zu<0.09 ~3!

The best bounds for this process are obtained using four b
as discussed in Ref.@11#. However, the bounds we obtai
using five bins are indistinguishable from those for four bi
We prefer five bins because this will be the optimal num
for e1e2→m1m2nn̄ and using the same number of bins
both cases will facilitate a comparison.

In Fig. 1 we present the allowed 95% confidence le
regions when we take one of theCP violating couplings to
be zero. We see that the bounds are indeed similar to th
that can be placed at an upgraded Tevatron@7#, and of the
same order as the bounds that we found forCP conserving
anomalous couplings@11#. The fact that we obtain simila
bounds for couplings that contribute linearly to the differe
tial cross section and for couplings that only contribute q
dratically already indicates that this process is not sensi
to the very small values predicted by naive dimensio
analysis.

III. BOUNDS FROM OBSERVABLES IN e1e2
˜µ1µ2nn̄

We now wish to consider a specific channel for the de
of the W bosons so that we can construct correlations t
could single outCP-violating interactions. With this in
mind, we need a final state that is easy to identify and t
transforms into itself underCP. We thus choose to identify
the W pairs by theirmn leptonic decays. We calculate th
amplitudes for the processe1e2→m1m2nn̄ and generate
events for the three following subprocesses:

Subprocess I—e1e2→m1m2nmn̄ m ,

Subprocess II—e1e2→m1m2nen̄ e ,

Subprocess III—e1e2→m1m2ntn̄ t .
f

s,

.
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l

se

-
-
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These subprocesses include 20, 21 and 11 Feynman
grams respectively. The last one does not contain anoma
vertices, and constitutes pure background. Sufficient ev
are generated with our Monte Carlo simulation to achiev
1% statistical error in the value of the cross section.

We first generate events with a cut on the muon scatte
angle and on the muon pair invariant mass:

170°<u<10°, Mmm>30 GeV. ~4!

The angleu is the scattering angle between them2 and the
e2 momenta in thee1e2 center of mass frame. To studyCP
odd observables we need to make sure that our cuts are ‘CP
blind,’’ so the same cut is imposed on the angle between
m1 and thee1 momenta. These cuts are similar to the on
used by the experiments at the CERNe1e2 collider.2 After
imposing these cuts we assume a muon reconstruction
ciency equal to 1.

The total cross section for thee1e2→m1m2n n̄ process
with these cuts is 7.65 fb, which results~with an integrated
luminosity of 50 fb21! in only 382 events. The resulting
bounds will be limited by the small statistics so we will ha
to relax these cuts later on.

We start by placing bounds on theCP violating anoma-
lous couplings using the following observables:

ds

d cosu
,

ds

dpm
,

ds

dpm3m
, ~5!

whereu is again the scattering angle between them2 and the
e2 momenta in thee1e2 center of mass frame;pm is the
muon three-momentum in the same frame, andpm3m is pro-
portional to theT-odd correlationpW e•@pW m13pW m2#. Numeri-
cally we work in thee1e2 center of mass frame and use

2The current experiments at LEP have a typical region for mu
reconstruction of 170°,u,10°. We assume that the experimen
at a NLC will have a similar geometry so we use the same cut.
cut on the invariant mass ofm1m2 pair, mmm.30 GeV serves to
reject Dalitz conversion of soft photons and to insure good ang
separation of the muons.
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FIG. 3. Deviations in differential cross section with the cuts of Eq.~4! from their standard model values as a function of~a! cosu, ~b!

pm and ~c! pm3m . In all cases the curves labeled 1, 2 and 3 correspond tog4
Z50.1, k̃Z50.5 andk̃ g50.5 respectively.
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pm3m5
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@pW m13pW m2#z , ~6!

where the indexz denotes the component along the be
direction. With this normalizationpm3m can take values
from 21 to 1. If the polarization of the final leptons is no
observed, and the beams are not polarized, this correla
serves to analyze theCP properties of the interaction@12#.
CP even interactions give rise to symmetric distributio
~symmetric about the pointpm3m50! in pm3m , whereasCP
odd interactions give rise to antisymmetric distributions
pm3m . The antisymmetric distributions in this correlatio
will arise from interference between standard model am
tudes and the newCP-violating physics and will be linear in
the new couplings. Notice that the correlationpm3m is also
odd under parity. This means that we will get terms prop
tional to k̃ g,Z from interference with the parity even standa
model amplitude and a term proportional tog4

Z from inter-
ference with the parity odd standard model amplitude.

In Fig. 2 we show the differential cross section predict
by the standard model at lowest order, as a function of cou
and pm , for As5500 GeV. From these figures we see th
the events predicted by the standard model are concent
at small scattering angles and low muon momentum. Si
larly we find that the standard model events have a symm
ric distribution inpm3m ~as corresponds to CP conservatio!
that is very strongly peaked atpm3m50.

In order to understand the effect of the cuts that we
pose on the distribution with respect topm3m it is convenient
to express this correlation analytically. In addition to t
angleu defined above, we need to defineum , the angle be-
on

i-

-

d

t
ted
i-
t-

-

tween them1 and them2 momenta in thee1e2 center of
mass frame. Using a coordinate system with thez axis point-
ing in the direction of them2 momentum, thee2 momentum
being in thex2z plane, and withfm being the azimuthal
angle of them1 in this coordinate system, the correlation
proportional to:

pm3m;sin u sin um sin fm ~7!

Working in the limit of massless muons, the angleum is
related to the invariant mass of the muon pair in the follo
ing way:

FIG. 4. Total cross section with the cuts of Eq.~4! as a function

of g4
Z ~solid line! and k̃Z,g ~dashed lines indistinguishable in th

figure!.
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FIG. 5. 95% C.L. bounds taking one coupling to be zero at a time and using the cuts of Eq.~4!. The solid contours correspond to th
bounds coming from thepm distribution, the short-dashed contours from the cosu distribution, and the long-dashed contours from thepm3m
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Mmm

2

2Em1Em2
. ~8!

We can now understand the effect of the cuts of Eq.~4!: ~a!
they remove the region of small sinu wherepm3m is small,
thus increasing the signal to background ratio;~b! they re-
move the region of small muon pair invariant mass eff
tively enhancing the region where cosum is negative.

In Fig. 3 we show the deviations induced by th
CP-violating couplings in the differential cross section. F
illustration purposes we use the valuesg4

Z50.1, k̃Z50.5,

and k̃ g50.5, with only one of them being nonzero at a tim
The curves labeled 1, 2, and 3 correspond to the cas
non-zerog4

Z , k̃Z , andk̃ g respectively. It is clear from thes
figures that the kinematic regions where the new effe
would be most important are high muon momentum a
backward scattering. The distribution with respect topm3m ,
is approximately symmetric aboutpm3m50 indicating that
for the cuts in Eq.~4!, the terms quadratic in the new cou
plings ~and thusCP-even! dominate.

It is interesting to notice that for the set of cuts that w
have used so far, the total cross section is more sensitiv
the value ofg4

Z than any of the distributions, we show this
Fig. 4.

To place bounds on the anomalous couplings, we use
standardx2 criterion to analyze the events~including the
0.5% anticipated systematic error in the luminosity measu
ment!. We also investigated the sensitivity of the resulti
bounds to different kinematic cuts and binning, but we d
not find any way to enhance the sensitivity to the new c
plings. This is probably due to the very low statistics ava
able~382 events!. We find that the best bounds are obtain
by dividing the events into 5 bins.
-

.
of

ts
d

to

a

e-

-
-

The results forAs5500 GeV, integrated luminosity o
50 fb21, 5 bins, and at the 95% C.L. are shown in Fig 5.
this figure the solid contours correspond to the bounds c
ing from the muon momentum distribution, the short-dash
contours from the scattering angle distribution, and the lo
dashed contours from the correlationpm3m . For k̃ g,Z the
best bounds arise from the muon momentum distribution
about the same level as the bounds that this process plac
CP conserving anomalous couplings@13#. For g4

Z the bound
is g4

Z<0.06, slightly better than what we got in Eq.~3!,

whereas fork̃Z,g the bounds are worse than those in Eq.~3!.
Since our bounds are probably limited by the low stat

tics, we now study the effect of relaxing the cuts, and impo
only the minimal cut:

Mm1m2>5 GeV. ~9!

FIG. 6. Total cross section with the cuts of Eq.~9! as a function

of g4
Z ~solid line! and k̃Z,g ~dashed lines indistinguishable in th

figure!.
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FIG. 7. Standard model differential cross section for the processe1e2→m1m2nn̄ at As5500 GeV and the cuts in Eq.~9! as a function
of ~a! cosu and ~b! pm .
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This is a very optimistic cut that still permits high efficienc
in muon detection. Relaxing the cuts in this way has
effect of increasing the cross section for the processe1e2

→m1m2nn̄ to about 113 fb. With an integrated luminosi
of 50 fb21 this results in 5660 events and consequently m
better statistics.

In Fig. 6 we present the total cross section as a functio
the anomalous couplingg4

Z ~solid line!, k̃Z ~short-dashed

line! and k̃ g ~long-dashed line!. Comparison with Fig. 4
shows that the relaxed cuts increase the sensitivity to
anomalous couplings.

In Fig. 7 we show the differential distributions with re
spect to the muon scattering angle, cosu, and the muon mo-
mentum,pm . Once again we see that the standard mo
e

h

of

e

el

populates the regions of small scattering angle and low m
momentum preferentially. In Fig. 8 we show the change
the differential cross section when the anomalous coupli

take valuesg4
Z50.1, k̃Z50.5, andk̃ g50.5. We take only

one non-zero anomalous coupling at a time and use th
values for illustration purposes only. The standard model d
tribution is largest nearu50 whereas the new physics con
tributions are largest nearu590°. Nevertheless, we find be
ter sensitivity to the new physics when we do not impose
angular cut that excludes the region of smallu, indicating
that our analysis is limited by statistics.

To place bounds on the anomalous couplings, we us
standardx2 criterion to analyze the events, include the a
ticipated 0.5% systematic error in the luminosity measu
FIG. 8. Deviations in differential cross section with the cuts of Eq.~9! from their standard model values as a function of~a! cosu, ~b!

pm and ~c! the CP odd correlation of Eq.~6!. In all cases the curves labeled 1, 2 and 3 correspond tog4
Z50.1, k̃Z50.5 andk̃ g50.5

respectively.
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FIG. 9. 95% C.L. bounds taking one coupling to be zero at a time and using the cuts of Eq.~9!. The short-dashed contours correspo
to the bounds coming from thepm distribution, the long-dashed contours from the cosu distribution, and the solid contours thepm3m

distribution.
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ment, and take the muon identification efficiency to be 1.
find that the best bounds are achieved by dividing the ev
into 5 bins. The 95% C.L. results forAs5500 GeV, inte-
grated luminosity of 50 fb21 and 5 bins for the bounds o
g4

Z , k̃Z , and k̃ g are shown in Fig. 9. In this figure we hav
taken one of the three couplings to be zero and looked a
projection of the allowed region into the plane of the oth
two couplings. In this figure the solid contours correspond
the bounds coming from the correlationpm3m , the short-
dashed contours from the muon momentum distribution,
the long-dashed contours from the scattering angle distr
tion. Comparing Figs. 5 and 9 one can see that with
relaxed cuts, the best bounds are obtained from the cor
tion pm3m . The improvement in the bounds is partly due
the increased statistics, and mostly due to the fact that w
we relax the cut on the muon pair invariant mass we inclu
a region of phase space that has the largest sensitivit
e
ts

he
r
o

d
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e
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e
to

pm3m . In view of Eqs. ~7! and ~8!, the region of smaller
muon pair invariant mass (Mm1m2,30 GeV). appears to
contain the region where sinum is large.

Alternatively, taking only one non-zero coupling at a tim
we find @from the correlation of Eq.~6!#:

u k̃ gu<0.27, u k̃Zu<0.18, ug4
Zu<0.08. ~10!

IV. BOUNDS FROM A CP-ODD OBSERVABLE

In the previous section we have seen that the bounds
can be placed on the anomalous couplings using the cor
tion pm3m are of the same order as those that can be pla
from other observables. Therefore, it is interesting to
whether one can isolate theCP-odd components of the dis
tributions with respect topm3m , and in that way be able to
really bound newCP violating interactions.
FIG. 10. Deviations in the differential cross section with~a! the cuts of Eq.~4! and ~b! the cuts of Eq.~9! as a function ofpm3m for

k̃ g50.5. We have separated the contribution from the term linear ink̃ g ~antisymmetric curve! from that due to the term quadratic ink̃ g

~symmetric curve!.



57 2981CP-VIOLATING ANOMALOUS COUPLINGS AT A 500 . . .
FIG. 11. Deviations in the differential cross section with~a! the cuts of Eq.~4! and ~b! the cuts of Eq.~9! as a function ofpm3m for

k̃Z50.5. We have separated the contribution from the term linear ink̃Z ~antisymmetric curve! from that due to the term quadratic ink̃Z

~symmetric curve!.
o
t

t
he
ic
in
ic
en

ng
ti
ax
ti

ul
s

h

ce

ta
se

n be
the

ua-
ss

to
t

on-

y
.V.
on-
for
To understand the effect of the different sets of cuts
these bounds we present in Figs. 10 and 11 the differen
cross section with respect to the correlationpm3m for k̃ g

50.5 andk̃Z50.5 respectively.
In these figures we have separated the contributions to

differential cross section arising from terms linear in t
anomalous couplings~the curves that are antisymmetr
aboutpm3m50! from those arising from terms quadratic
the anomalous couplings~the curves that are symmetr
aboutpm3m50!. We also show how these results vary wh
we go from the stronger cuts of Eq.~4! to the relaxed cut of
Eq. ~9!.

Notice that the normalization of the curves with stro
and weak cuts is different as it corresponds to the respec
total cross section. From these curves we see that the rel
cuts are not only better because they increase the statis
but they also increase the relative contribution of the tr
CP-odd term linear ink̃ g,Z as we argued in the previou
section.

In order to quantify the bounds that can be placed in t
way, we introduce the integratedCP-odd observable

A[E ds

dpm3m
• sgn~pm3m!dpm3m . ~11!

Specifically we take the sgn(pm3m) to be zero ifpm3m50 to
exclude that point, and use the following criterion to pla
bounds:

U E ds

dpm3m
•sgn~pm3m!dpm3mU<2•Dsexp. ~12!

The right-hand side of this equation corresponds to two s
dard deviations for the experimentally measured cross
tion. Given the definition ofA it is appropriate to use the
same experimental uncertainty of the total cross section:

Dsexp5sSM•Adsyst
2 1dstat

2 , ~13!

where
n
ial

he

ve
ed
cs,
y

is

n-
c-

dstat5
1

AsSM•L•em

. ~14!

The best bounds come from using the relaxed cut of Eq.~9!
and are given by

u k̃ Z10.7• k̃gu<0.2. ~15!

It is also possible to obtain bounds ong4
Z but they are much

weaker.

V. CONCLUSIONS

We have studied the effect ofCP violating anomalous
couplings on the processe1e2→W1W2. Using CP even
observables we have found that a NLC withAs5500 GeV
and 50 pb21 can place the boundsu k̃ g,Zu<0.1 and ug4

Zu
<0.09. These bounds are comparable to those that ca
placed with an upgraded Fermilab Tevatron, and are of
same order as the bounds that can be placed onCP conserv-
ing anomalous couplings. These bounds originate in the q
dratic contributions of the couplings to the differential cro
section. By looking at themn decays of theW bosons we
were able to construct aCP odd correlation that can directly
bound theCP-violating terms~linear in the couplings! in the
differential cross section. We found that it will be possible
place the boundsu k̃ gu<0.3 andu k̃Zu<0.2. We conclude tha
the sensitivity of a NLC toCP violating anomalous cou-
plings is similar to its sensitivity toCP conserving anoma-
lous couplings. From our dimensional analysis we also c
clude that it is unlikely thatCP violating anomalous
couplings will be seen by a NLC unless the smallness ofDr
is accidental.
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