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Probing anomalous triple boson vertices at future e+e colliders
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We explore the detection potential of the four lepton production processes e+e —+ I,+vl' v
for anomalous contributions to the triple boson vertices at proposed future high energy colliders
with center-of-mass energies of 500 GeV and 1 TeV. The predicted bounds are of the order of a
few percent for the CP even c-ouplings rv (V = p, Z) at the higher energy; we show that these
limits can be improved by as much as a factor of 2 through suitable phase space cuts. A polarized
beam facility, with its ability to access helicity information, could provide constraints on the vertices
significantly tighter than those achievable from an analysis of total cross section alone. The bounds
on the CP-odd coupling A~ approach the indirect bounds from neutron electric dipole measurements
while those on Kv are much looser. The asymmetries in experimental observables produced by
such an explicitly CP-violating triple vertex contribution are seen to be below the expected level
of statistical precision of approximately 1.5'PD., asymmetries in the individual contributing helicity
amplitudes might however be detectable.

PACS number(s): 13.10.+q, 14.70.—e

I. INTR, ODUCTION

It will be possible to directly measure the triple bo-
son vertices (TBV's) at future high energy e+e colhd-
ers such as the CERN Large Electron Positron Collider II
(LEP II) [1,2] and the Next Linear Collider (NLC) [3—5].
These gauge boson self-couplings are a key prediction of
the non-Abelian SU(2) I, x U(1)v electroweak theory and,
as yet, are only loosely constrained by indirect loop con-
tributions and measurements of the pp ~ R'+p, TV+Z,
and R'+TV processes. Both the DO and Collider Detec-
tor at Fermilab (CDF) Collaborations have now looked
for Wp [6,7], WZ [8], and W+ W [8,9] production
in the data from the lA run (1992-93). Present 95%
C.L. experimental limits are —2.3 & Are~ & 2.2 (CDF)
and —1.6 & b, z~ & 1.8 (DO) from pp ~ Wp and
—1 0 & Arv & 1 1 (CDF) and —2.6 & Arv & 2.8 (D0)
&om pp ~ W R', R Z. Two analyses of recent CLEO
data [10] on the process b~ sp determine consistent lim-
its of —1.44 & Arc~ & 1.5 [11] and —0.41 & AK~ & 1.22
[12]. While these experimental bounds are compatible
with the standard model (SM), they are still too weak to
be considered a precision test of the theory.

The couplings of the R' to the neutral gauge bosons
and Z can be described in general by an efI'ec-

tive Lagrangian with seven parameters. A standard
parametrization of the vertices is [13]

Ivww/gv = ig, (Wt„W"V —WtV W" )

f Wt W„—(0"V + 0"V")

+fs e" ~ (Wt oj p W )V

m~

where V represents either the photon or Z field and the
overall couplings are g~ = e and gz ——e cot 0~.

Of the seven coupling parameters, gz, lcv, Av, and fs
parametrize CP-respecting effective Lagrangian terms;
their tree-level standard model values are

V V
g~ = Kv=1, Av=fs =0.

Most previous work on anomalous TBV contributions
has concentrated on these CP even couplings [-13—15].
For a recent review see [16]. Predicted detection bounds
on these couplings at the CERN Large Hadron Collider
(LHC) and an NLC with e+e center-of-mass energy of
500 GeV or greater are at the percent level and better
when a variety of processes is considered. This degree
of sensitivity should be sufFicient to measure the TBV
at the level of standard model loop corrections [17] and
certain extensions to the SM [18].

Av

The couplings f4, kv, and Av parametrize vertex con-
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tributions that violate CP invariance. Since CP viola-
tion was first discovered in the neutral K —K system,p

—p

a satisfactory explanation of its origin has been lacking.
Within the SU(2)1, x U(1)y framework of the SM, CP
violation occurs via the Kobayashi-Maskawa phase in the
Cabibbo-Kobayashi-Maskawa (CKM) matrix. Since the
CKM matrix lies in the quark sector, a CP-violating con-
tribution to a leptonic process will appear to first order
at the two-loop level in the SM; these CP-odd couplings
are therefore zero at tree and one-loop level. One-loop ef-
fects are however possible in extensions to the SM; they
manifest themselves in nonzero f4, K~, and Av of the
order of 10 or smaller due to the loop suppression
[19,18]. Such an explicitly CP-violating contribution to
the TVWp vertex is strongly constrained by neutron elec-
tric dipole measurements to be less than (10 4) [20];
the SU(2) symmetry then implies that a WWZ contri-
bution should be similar in magnitude. Nevertheless, be-
cause these experimental constraints on a CP-violating
contribution to the TBV's are indirect, they are no sub-
stitute for a direct search.

We have previously considered the purely leptonic pro-
cesses

In this paper, we extend our consideration of the pro-
cesses of Eq. (1). The paper consists of two parts. In
the first, we discuss means by which the above limits
on the CP-even couplings K,~ might be improved. We
discuss in Sec. IIA the advantages ofI'ered by accessing
the helicity information through a polarized beam facil-
ity and present in Sec. IIB the improved limits achiev-
able through the restriction of certain angular variables'
phase space. In the second part of the paper, we exam-
ine the potential for detection of nonstandard values for
the CP-odd couplings k~ and Av. We present in Sec.
III A our results for detection limits on the couplings K,~
and A~, derived &om both total and differential cross
section analyses. In Sec. III B we consid. er the possibility
of asymmetries in certain CP-odd variables as providing
more sensitive indicators of CP violation than does the
cross section. We summarize in Sec. IV.

II. IMPROVING LIMITS FOR CP-EVEN
COUPLINGS ~v

A. Polarized beams

e+e ~ l+vl 'v

with all possible charged lepton combinations in the fi-
nal state as candidates for measuring the triple boson
vertex. Our calculation included the full set of tree-level
Feynman diagrams; the amplitudes were evaluated in the
CALKUL [21] formalism in order to easily retain helicity
information and then embedded in a Monte Carlo algo-
rithm for integration over the phase space. The details
of that examination are given in [15] and our methods
are the same in this work. We note here that we have
included a finite R' width. There has been considerable
interest lately in the gauge violation induced by the naive
inclusion of the width, with a number of prescriptions
given to deal with the problem, which manifests itself as
a divergent cross section at small final state lepton po-
lar angle [22]. In our work, we always impose a cut on
the angle of each of the charged leptons relative to the
beam such that —0.95 & cos 0~+ & 0.95. This cut is mo-
tivated by experimental considerations but serves to also
regulate the divergence. Hence, we do not encounter a
problem with gauge violation.

Detecti'on limits for the CP-even couplings r~, achiev-
able through measurement of the total cross section at
energies of 500 GeV and 1 TeV were determined in [15].
At v s = 500 GeV, we found

—0.025(pw) & Av~ & +0.080(ee)
—0.045(ye) & Am~ & +0.080(pe)

and at ~s = 1 TeV,

—0.010(y~) & Ar~ & +0.035(p~, pe)
—0.015(pw) & Arg & +0.025(p7),

where the parentheses indicate which of the charged lep-
ton combinations provide these tightest bounds.

In the energy ranges of LEP and higher, in con-
trast with the left-right symmetric physics of the QED-
dominated lower energies, helicity efFects are expected to
be important. These polarization efFects might prove use-
ful in the measurement of the triple boson vertices TV%'p
and TV@'Z. The possibility of using polarized e+e
beams to access the helicity information in a measure-
ment of the TBV has been examined previously [1,23—25].
At LEP II energies, polarized beams are not expected to
provide a substantial gain in sensitivity, but might help
to disentangle different anomalous contributions [1,23].
At higher energies, significantly improved limits on the
couplings could be achieved with initial beam polariza-
tion [24,25].

Individual helicity amplitudes for a given process can
difFer in their dependence, both in form and magnitude,
on the triple boson vertices. The contributions of dif-
ferent helicity amplitudes to the total cross section can
therefore provide constraints an r~ and vz that are com-
plementary to those obtained &om the total cross section.
For instance, the @+7. channel has contributions from
only the (+ —+—) and (—+ +—) helicity amplitudes.
Our convention is to list the helicities of the four charged
fermions as (e+, e, t+, l ). The (+ —+—) amplitude
involves the neutrino exchange diagram of 8 -pair pro-
duction, the (—+ +—) amplitude does not. This dia-
gram dominates the (+ —+—) amplitude as well as the
total cross section but unfortunately does not contain
the trilinear couplings. The neutrino exchange diagram
can therefore be thought of as a v~-independent "back-
ground" to the contributions of the triple boson vertex
containing diagrams. The (—+ +—) amplitude, and re-
sulting cross section, is free of the large K~-independent
contribution of this diagram, and has therefore a rela-
tively greater sensitivity to deviations LK~. Without the
dominant t-channel neutrino contribution, however, the
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cross section o. ++ is much smaller than that of o.+
(o ++ 10 o'+ + ), with consequently poorer sta-
tistical sensitivity. It therefore requires analysis to deter-
mine whether the improved sensitivity to AK~ of o.

will be sufEcient to counter the loss of statistics, and ul-

timately provide more stringent limits.
To illustrate the scale of the possible improvements

in the detection limits for the deviations Lv~, we ex-
amine the individual helicity amplitude contributions to
the total cross section for the p+r channel at ~s =
500 GeV. The p+v. channel is chosen because, with
only two helicity amplitudes contributing, it provides the
simplest demonstration of the principle. The other fi-
nal state configurations present complications due to the
larger number of contributing helicity amplitudes. With-
out the ability to measure the polarization of the final
state fermions, what would actually be measured are the
four different possible combinations of initial polariza-
tions, ++, +—,—+, and ——,some of which would be
sums over separate helicity amplitudes.

As before, we explore the sensitivity of the cross sec-
tions to variations in e~ and ~z, but now also determine
the percentage contribution of each helicity state to the
total cross section. We convert these percentages into
effective component cross sections, from which helicity
detection limits on v~ and tcz can be determined. For
reference, the standard model total cross section for the
@+7 process at V s = 500 GeV, including also the charge
conjugate channel p ~+, is ASM ——0.0684 pb. The indi-
vidual helicity state contributions to this total are deter-
mined to be osM ——0.0676 pb and o.sM+ ——0.0008
pb.

We show the results of the analysis in Fig. 1. The con-
centric solid lines are the +2o contours for the (+ —+—)
helicity state; the "disk" they define is very similar to
that of the total cross section. The four parallel diagonal
dotted lines are the +2o contours corresponding to the
(—+ +—) amplitude. This distinctive form is a conse-
quence of the cancellations that occur between the pho-
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FIG. 1. +2cr contour plots for (+ —+—) helicity amplitude
(solid line) and (—++—) helicity amplitude (dashed line) of
y, +r channel at ~s = 500 GeV.

ton and Z contributions to the (—+ +—) amplitude for
equal pairings of K~ and ez. The sm Feynman rules for
the couplings of p and Z to massive leptons, plus the dif-
ferent coupling strengths of the two triple boson vertices
plVR' and ZTVW, ensure that the e dependence of the
(—+ +—) amplitude can be schematically written as

Thus, for equal values of nonstandard ~~ and Kz and
8 )& Mz, the different contributions of the photon and Z
bosons will nearly cancel.

Neither the (+—+—) disk region or the (—++—) bands
independently offer significantly tighter constraints on ~~
and ~z than d.id the unpolarized cross section; the in-
tersection of the former with the latter does, however,
severely restrict the allowed domain. What had been a
relatively large set of K~, r z pairings statistically indistin-
guishable &om the standard model prediction is reduced
to a significantly smaller union of two separate regions.
Polarization measurements could therefore, in the spe-
cific case of the p+w final state, provide significantly
tighter constraints on ~~ and Kz than the unpolarized
cross section would provide. For instance, if we vary the
couplings individually, keeping the other at its SM value,
we determine limits

Kz

0.99 ( K~ & 1.01 and 1.08 ( v~ ( 1.09,

which are a significant improvement on the bounds
achievable from the unpolarized analysis.

For large center-of-mass energies, the cancellation be-
tween the photon and Z terms when K~ = Kz results in
a (—+ +—) helicity amplitude contribution of less than
about 1% of the total cross section. When K~ g rz, how-

ever, this amplitude can contribute a much larger portion
of the total, the above cancellation being destroyed. A
small percentage contribution of (—+ +—) to the total
cross section is therefore characteristic of equal values
for K~ and ez and thus provides a characteristic "sig-
nature" of such pairings. More than merely helping to
distinguish between the cases of equal or unequal v~ and
Kz, the relative contribution of the (—++—) amplitude
could potentially serve as a characteristic "fingerprint" of
a particular region of the ~~, rz grid. A measurement of
a nonstandard cross section can, in general, be attributed
to any of an infinite set of pairings of K~ and ~z, these
points lying on a contour of canstant cross section. Al-

though indistinguishable by a simple measurement of to-
tal cross section, these pairings will, in general, have very
different characteristic helicity contributions. Thus, once
a cross section measurement had indicated. a nonstandard
v~, ez pairing, the relative contributions of the helicity
amplitudes to the total cross section could differentiate
between the sets of possible pairings responsible.

Similar analyses were performed for the other final
state lepton pairings. The bounds &om the other helic-

ity amplitudes that contribute to these more complicated
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processes were generally seen to be too loose to provide
any further constraint on the couplings.

B. Sensitivity enhancing cuts

In this section, we examine the results of mak vari-
ous phase space cuts. We show in Fig. 2 the distribu
for the angular variable cos0 — (where 8 — is the angle

etween the outgoing lepton and the incoming positron)
for the e+e ~ @+vs v process at ~s = 500 GeV. The
solid line corresponds to the standard model values, the

ashed line to ~~ = e~ ——0.9, and the dotted line to
K~ = v~ ——1.1.

The strong peak in the distribution at cos 8 — —1
is a consequence of the t-channel neutrino exchange dia-

the t
gram of TV-pair production. This behavior is repe t d f

e three other processes with different final state lepton
configurations, but is less marked. There, the many ex-
tra diagrams beyond W-pair production dilute the effect
of the t-channel neutrino diagram.

For nonstandard pairings of x~ and ez, these angu-
ar distributions are generally somewhat enhanced in the

regions of phase space away &om this peak. Since the
t-channel neutrino exchange diagram does not contain
the triple boson vertex, the peak is relatively insensitive
to t e vertex couplings. This localization of the v. sen-
sitivity to the "nonpeak" regions of the 0 — he ~- p ase space
suggests the potential for maximizing the e sensitivity
by cutting on these variables to exclude the large non-
sensitive peak contributions, and isolate the v-dependent
plateau regions. Because, by making such a cut we lose
a significant portion of our total cross section, we must
distinguish between improving the physical sensitivity as

a percentage deviation from the SM total cross section,
and the experimental sensitivity, de6ned as the potential
for detection of anomalous couplings.

The angular variables are not unique in their localiza-
tion of sensitivity to K~. Another potential observable
is M~+~ —, the invariant mass of the outgoing charged
epton-antilepton pair. The sensitivity to nonstandard

K~ is located predominantly in the middle
' of the

M„distribution for the p+r process at ~s = 500 GeV.

the K-insensitive contributions Rom the extreme low and
igh invariant mass regions of phase space. We can there-

fore consider making combined cuts, both an angular and
invariant mass cut, in hopes of improving sensitivity.

To simplify matters, we restrict our study to the case
K~ = Kz. Any limits derived with the angular cuts in
place, although more constraining than those obtained
by making no assumption about the relationship between
K~ and ~z, will still demonstrate the scale of the improve-
ments in sensitivity possible.

In Table I, for the pr channel at ~a = 500 GeV, we
show the 2o limits achievable for different combinations
of angular and invariant mass cuts. Experimental beam-
pipe detection limitations motivated our "w k"wea angu ar
cut of 0~ ——0.95; this cut itself removes a significanti can por-
ion of the peak region of phase space. A "strong" cut
c was chosen so as to minimize the contribution of the

nonsensitive peak, while maximizing the total cross sec-
tion. The choices of 0~ ——0.7 and 0~ ——0.9 were taken
as representing the extremes of optimizing the two op-
posing requirements, 0~ ——0.9 maximizes statist' d's ics an

excludes essentially all of the peak contribution.
We see that making a cut on the variables can sig-

ni6cantly improve the limits for Le & 0, but has little
effect for LK & 0. Also, the most restrictive combined
cut of Og ——0.7 and 100 & M„& 350, de te a able
decrease in cross section, gives the tightest constraint on
AK ( 0 (but not for AK ) 0). It seems that the improve-
ment in physical sensitivity more than compensates for
the loss of statistics.

The other channels, p+e, p+p, and e+e, because
of the extra complexity due to the additional diagrams,
do not as cleanly provide the possibility of sensitivity
enhancing cuts. The additional Kv-dependent diagrams
can contribute to the very regions of phase space that we
previously considered excluding; a cut to exclude these
regions of phase space can therefore be counterproduc-
tive, with consequently no signiFicant improvement in
achievable coupling limits.

The bounds quoted in Table I are for a center-of-mass

TABLE I. 2' limits for various cut combinations for p+v
process at ~s = 500 GeV.

I

—0.5

Los 8
7

FIG. 2. D'fFDifFerential cross sections with respect to (a)
cos8 — for standard model (solid line), Ate~ = Des = —O. l
(dashed line), and Ae~ = A~~ = 0.1 (dotted line)

Cuts
~e ——0.95
Oa ——o.9
0~ ——0.7

8~ ——0.7, 30 & M„& 430
~c ——0.7, 100 & Mp~ & 350

AK & 0
0.015
0.012
0.008
0.010
0.0079

A~&0
0.093
0.093
0.090
0.085
0.090
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energy of 500 GeV. The sensitivity to K is generally
more evenly distributed over the available phase space
at the higher energy of 1 TeV. Although the effect of the
neutrino propagator is enhanced at higher energies, the
contribution of this diagram becomes less significant as

v s )) 2M'. There is therefore less motivation for ex-
cluding these angular regions to improve the limits on
the K couplings.

states. It is more convenient to define a pseudo time
reversal transformation T that transforms the kinematic
observables of the initial and final state, as does T, but
does not interchange the initial and final states.

In the Born approximation, unitarity of the S matrix
implies that the transition matrix M is Hermitian. Thus,
in the Born approximation M satisfies

M;f ——Mf; .

III. DETECTION POTENTIAL
FOR CP-ODD COUPLINGS

And so, with a Hermitian transition matrix, the CPT
theorem reduces to

(fiMiz) = (CPT(f)iMiCPT(i))* . (4)

We now extend our investigation to consider CP-odd
couplings. The CP-violating form factors f4, r, and A

can, depending on the model and the kinematics, have
both real and imaginary parts. The efFects of the two
diferent possibilities can be separated by examining the
consequences of the CPT theorem and the unitarity con-
dition. The CPT theorem postulates the invariance

(f iMii) = (CPT(i) iMiCPT(f)),

where ~CPT(j)) represents the state
~ j) transformed by

CPT. It is very dificult to directly check this symmetry
because it requires the interchange of initial and final

The CPT theorem therefore provides a check on the Her-
miticity of the transition matrix M. The non-Hermiticity
of M, which is due to contributions beyond Born in which
intermediate states can be on-shell, will manifest itself in
violations of CPT.

We approximate our full four lepton production pro-
cesses by R'-pair production for the purpose of discus-
sion. If we define A& & as the tree-level SM contribution
to the transition matrix [with basis (—,0,+), the helicities
of the W's] and SA& & as the deviation due to the CP
violating couplings, bA& & can be compactly expressed as

)

[26]

—i(P iK + 4p2PA) i p( f4 + P —ik) 0
—ip( —f4 + P Fc) 0 ip(f4 + P 6)

0 ip( —f4 + P k) i(P ik, + 4p2PA)

The coeflicients in the above are p = ~s/2m~ and
P2 1 ~

—2

Under the CPT transformation, we must have

bAq ~ m bA*q

which requires f4, K, and A to be real. An imaginary com-
ponent of the coupling parameters will break the CPT
symmetry, and so parametrizes the non-Hermiticity of
the transition matrix, the hallmark of beyond Born final
state interactions. Such effects are small in a weakly cou-
pled theory such as the SM, and so in what follows we
concentrate on the case where all form factors are real.

We assume that f4 ——f4 ——0 and restrict ourselves to

the couplingsF ~, Kz, A~, and Az in the following sections.
This choice is motivated by some previous results [13,26]
which indicated rather less sensitivity to the parameters
f4 than to the others (fs and f& in the notation of
[13]). Also, in the analysis of these CP-odd couplings,
we restrict the CP-even couplings to their SM values,
K~ = 1 and A~ = 0.

A. Detection limits on Fc~ and A~

TataL cvass-sectian m,easurem, ents

We determine detection limits on K~ and A~ at two
center-of-mass energies, 500 GeV and 1 TeV. For each

TABLE II. 2o bounds on nonstandard couplings k~.

Process ~s (GeV)
500
1000
500
1000
500
1000
500
1000

—0.19
—0.13
—0.17
—0.14
—0.24
—0.21
—0.17
—0.15

Sensitivity limits
& k~ & 0.18 —0.16 &
& v.~ & 0.13 —0.12 &
& k~ & 0.18 —0.17 &
&E~ & 0.15 —0.15 &
&E~ & 0.24 —0.18 &
&E~ & 0.21 —0.10 &
&F ~ & 0.17 —0.19 &
& F ~ & 0.15 —0.11 &

Kz
Kz
Kz
Kz
Kz
Kz
Kz
rz

& 0 ~ 16
& 0.12
& 0.18
& 0.15
& 0.17
& 0.10
& 0.19
& 0.11
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TABLE III. 2a' bounds on nonstandard couplings Av.

500

1000

500

1000

ee 500

1000

Process ~s (GeV)

p,w 500

1000

Sensitivity limits

—0.013 & A~ & 0.012
—0.00098 & A~ & 0.00095

—0.0073 & A~ & 0.00074

—0.00077 & A0 & 0.00079

—0.015 & A~ & 0.015
—0.0016 & A0 & 0.0016

—0.011 & A~ & 0.011
—0.0013 & A~ & 0.0013

—0.011 & Az & 0.011

0.00090 & Az & 0.0008'?

0.00'?0 & Az & 0.0068

0.00084 & Az & 0.00081

—0.014 & Az & 0.014

0.0014 & Az & 0.0014

0.010 & Az & 0.0095

0.0013 & Az & 0.0012

of the four different types of four lepton channels, at
each of the two energies, we fit parabolas to the depen-
dence of the total cross section on each of the couplings
k~, wz, A~, and Az. The standard model cross section
osM, multiplied by our assumed integrated luminosity of
50 fb, determines the expected number of events N,
about which we assume a normal distribution. The de-
tection limits, representing the magnitude of anomalous
coupling required to give a 2o deviation in the number
of events, are listed below in Tables II and III.

The constraints on kv &om Table II are quite loose
compared to the predicted bounds on the CP-even v~.
The limits on K~ approach the few percent level at the
higher energy of ~s = 1 TeV. This difference in sensi-
tivities to K~ and K~ comes about primarily from the
different high energy behavior of the terms proportional
to these couplings. Some terms in the amplitude propor-
tional to e~, grow with energy as s, whereas no term pro-
portional toFcv grows faster than ~s [13].Further, some
difference in sensitivity between the CP-even and CP-
odd couplings comes &om the relative phase between the
CP-odd and SM contributions. This phase difference en-
sures that interference between the two is minimal; thus
the CP-odd couplings contribute predominantly to Grst
order quadratically, whereas the contributions of the non-
standard CP-even couplings can interfere with the stan-
dard model amplitude. The A~ terms also contribute to
erst order dominantly quadratically; they however have
a much better high energy behavior. They rise with en-
ergy as s, and not as ~s, as do the Fc terms. The lim-
its on A~, as listed in Table III, are consequently much
tighter than those for Kv (Table II). Indeed, some of
the limits on A~ &om the different channels are of the
same scale as predicted for these couplings by the vari-
ous "beyond-standard" models [27,28], specifically, those
&om the p+w process at 1 TeV. Also, they approach the
level of precision predicted necessary by neutron electric
dipole moment measurements. Of course, these limits for
A~ are dependent on the choice of the scaling parameter
for the A~ term in Eq. 1 (we chose m~). A choice of
A = 1 TeV, refIecting the scale of possible "new" physics,
sometimes suggested as being more appropriate, would
weaken the bounds on A~ by 2 orders of magnitude.

2. Imps'oeed limits ftom y
and maximum liIcehh, ood analyses

The sensitivity to the CP-odd couplings shows the
same phase space localization as was demonstrated for
the CP-even couplings, with the regions of least sensitiv-
ity contributing a large portion of the total cross section.
We can account for both the high and low sensitivity
regions, and do so in a manner which optimizes both
statistics and sensitivity, through a y2 [29] or maximum
likelihood analysis [30,31]. We present briefly the basic
principles of the two analyses and the scale of the limits
achievable with each of them.

To demonstrate the principle of the y analysis, we
consider a distribution where the sensitivity to k,v and
Av is small where the differential cross section is large,
and large where the differential cross section is small
(such as the angular variable 8 ). We divide the phase
space into bins, the choice of number and size of the bins
roughly determined by the regions of different sensitivi-
ties. We then define our y test variable as a sum over
these bins

(X, —Y;)'

2 2

where

& «NsM & &
& dosM

(dcosei —); (dcosoi —)
and o.NsM and osM are the anomalous and standard cross
sections, respectively. L; combines both statistical and
systematic errors for the particular bin

~2 (~stat) 2 + (psysty- )
2

where the cross section is large, the sensitivity, and con-
sequently the "variance" (X; —Y;)2, is small. However,
if Y, is large, then the statistics should be improved, and
4; will also be small. Conversely, for regions where the
sensitivity is large; so also will A; be, due to the poorer
statistics. By summing over these different regions, y
gives a more accurate estimate of the deviation of the
nonstandard cross section &om the standard.
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was calculated from the 8~- distribution as a sum
over the following three bins: (—0.95 ~ —0.5), (—0.5 ~
0) and (0 + 0.95). With 2 degrees of freedom, the 95%
C.I. corresponds to a y of 6.0. The systematic error
was taken as 5%.

We determined that the limits from such a y analysis
are generally improved by approximately 10%, compared
to those obtained &om an analysis of the total cross sec-
tion.

Even greater improvements are possible through a
maximum likelihood analysis. As an example, consider
the K~ dependence of the pw process. We consider the
two-dimensional differential cross section

0

d(cos 0 —)d(M„) '

y, (p;(r), r;) = e "* "
rz ~

and we define a likelihood function over all the bins as

L(K) = ln ~,. (~) pi(&) '

ri. j
and our measure of deviation from the SM as

AI = L(r) —L(ksM)

= ) [
—(r, —p, (KsM)) + r;(lnr; —ln p,;(KsM))],

0. l5

0.10

0.05—
/C

T
0.00

where 0 — and M„are as defined previously. We divide
this distribution into bins and define the measured and
expected number of events in a given bin as r; and p; (r),
respectively. If we assume that the number of events in
each bin follows a Poisson distribution with a mean of
p;, then the probability of measuring r; events is given
by

where L(KsM) is the likelihood function L(K) with the
couplings taking their SM values.

We divide the coso — and M„distributions into 5
bins each. We show in Fig. 3 the AL = 2 contour (corre-
sponding to a 2o significance level) in r~ and Kz for the
@+7 process at v s of 500 GeV. We extract limits &om
this contour of

—0.10 & KW & 0.10
—0.11 & K~& 0.12,

which are a significant improvement on the constraints
achievable from a simple total cross section measurement.
Similarly, the limits for the other parameters and other
processes were generally improved by approxiinately 50%
relative to the total cross section limits through such an
analysis.

B. CP asymmetries as indicators of CP violation

A more intuitive means of identifying a CP-violating
contribution is, rather than looking for nonstandard ef-
fects in cross sections, to search directly for evidence of
the breaking of the symmetry. Even a small amount of
CP violation in the triple boson vertex could in principle
produce clear experimental signatures. These signatures
could consist of asymmetries, for instance, in the num-
bers of events between two CP-conjugate states. As an
example, in the process e+e —+ TV+W, a difFerence
between the numbers of R'+ bosons emitted in the "for-
ward" direction, and the number of W bosons in the
"backward" direction, as it distinguishes between these
two CP-conjugate states, would indicate the breaking
of CP. Different types of observable asymmetries have
been suggested as possible indicators of CP violation
[32]; these include width asymmetries, partial rate asym-
metries such as energy and angular asymmetries, and
CP-odd correlations.

We search for nonzero asymmetries in certain measur-
able observables as evidence for a CP-violating contribu-
tion to the TBV. The observables we consider are defined
in terms of the final state charged lepton and antilepton
momenta and/or polar and azimuthal angles, and thus
avoid any ambiguity &om neutrino nondetection.

We define the polar and azimuthal angles of the final
state lepton and antilepton (8, P) and (8, P) through the
momentum parametrization

—0.05
p = lpl(sin/sino, sin icos 8, cos (t),
q =

lq I (sin P sin 0, sin P cos 9, cos P),

—0.10

—0. l5
I I I—0.15 —O. ]0 —0.05 0.00 0.05 0.10 O. I5

where p and q are the three-momenta of the outgo-
ing charged lepton and charged antilepton, respectively.
The CP operation results in the following transformation
among the angular variables:

(8, p, 0, p) ++ (~ + 8, ~ —p, ~ + 9, ~ —p).

FIG. 3. AL = 2 contour in R~ and k, z for maximum likeli-
hood analysis for y+r process at ~s = 500 GeV.

If the transition matrix M is Hermitian, then CPT
invariance gives the relation
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M . —=M'—cr —cr.—A —A

The combined CPT is therefore equivalent to the follow-
ing transformation among the angular variables:

(8, P, 8, P) ++ (m —8, vr —4, vr —8, z —P).

We can now classify angular distributions according to
their behavior under CP and CPT. In light of the pre-
vious discussion, we concentrate on CP-odd and CPT-
even variables and restrict ourselves to the real parts of
KV and AV.

We examined asymmetries in the following variable,
defined here as S [13]:

S = singsin8+ singsin8.

If CP is a valid symmetry, then a differential cross
section in S would necessarily be symmetric about S=O.
The presence of CP violating couplings such as Kv, Av
will manifest itself in the loss of this symmetry. We define
an asymmetry as

jdo(S ) 0) —jdo(S ( 0)
jdo(S ) 0) + jdo(S ( 0)

We can also determine the asymmetries in the individ-
ual helicity amplitudes, defined analogously to that in
the total cross section. Nonzero values for these helicity
asymmetries combine to produce a nonzero value for the
total cross section; it is therefore possible for large oppo-
sitely signed asymmetries in the helicities to combine to
give a smaller net asymmetry in the total cross section.

For Kv and Av equal to 1, we show in Table IV the
asymmetries A&& in the total cross section for the lep-
ton channels p+v, p+p, , and e+e . (Although p+r
is not a CP eigenstate, having neglected lepton masses,
this channel effectively approximates the CP invariant
W+R' production. The p+e channel, without its
charge conjugate process p, e+, is not CP invariant; it
also introduces TBV-dependent diagrams additional to
those of W+W .) The CP odd couplings -contribute
predominantly to first order quadratically; we there-
fore restrict our study to positive anomalous couplings
Kv, Av = 1.0.

We notice that the asymmetries are of the same mag-
nitude for each of the different final state con6gurations,
and that the higher energy does not guarantee larger
asymmetries. The typical magnitude of these values of

10 s agrees with the prediction of Mani et al. [33].

These authors, instead of simple asymmetries, looked
at expectation values of CP od-d variables, and found
A 10 for K = A = 0.1. We also considered asymme-
tries in the CP-odd, CPT-even variable k2 (pi x qq) [26]
where k2 is the vector momentum of the incoming elec-
tron, pq that of the outgoing lepton, and qq that of the
outgoing antilepton. The results were similar to those for
the variable S.

For an asymmetry in the total cross section to be
measurable, we require that the number of asymmetri-
cal events LN exceed the Huctuations about the total
number of events. Thus our significance requirement for
these asymmetries is

bN &hN,
AoL) voL,

A ) (rrL)
I

If we take a typical value for the cross section of o 0.1
pb, and with our assumed integrated luminosity of 50
fb, this significance level is approximately 1.5%. From
this quick calculation, it seems that an asymmetry in the
total cross section will most likely be below the statistical
signi6cance level, and therefore unresolvable. The situa-
tion is even less encouraging if, instead of Kv ——Av ——1.0,
we explore the expected asymmetries for more realistic
magnitudes for the anomalous couplings, i.e. , kv and Av
at their detection limits.

Although it appears that any asymmetry in total cross
section will be below the level of statistical significance,
asymmetries in the helicity amplitudes that contribute to
the total cross section might be detectable. An asymme-
try in the total cross section is a result of a combination
of asymmetries in the contributing helicity amplitudes,
each weighted by their appropriate helicity cross sections.
Since the difFerent helicity amplitudes have contributions

0.06

0.04

0.02
x(s)

0.00

—0.02

—0.04

TABLE IV. Asymmetries A&p(x10 ) in total cross section.

~s (GeV)
500
1000
500
1000
500
1000

—0.06
0.0 I0.5 1.0

Isl
1.5

Process

ee

K~ = 1
—2.1
0.58
—1.3
—0.14
—2.2
0.16

Kz ——1
—3.3
1.1

—0.67
—1.7
—2.5
0.85

A~=1
—1.9
—1.9
3.2

—1.1
—3.7
—6.3

Az —1
—1.8
—2.0
3.9

—1.3
—4.1
—6.7

FIG. 4. Distributions in y(S) for the p+v process at cen-
ter-of-mass energy of 500 GeV with Fez ——1.0. The solid line
corresponds to the total cross section, the dot-dashed to the
(—++—) amplitude, and the dashed to the (+ —+—) ampli-
tude. The asymmetries are divided by the appropriate cross
section, either total or component. The dotted line represents
the statistical error bounds.
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from different TBV diagrams, with consequently difFer-
ent sensitivity to anomalous couplings, the asymmetries
in these helicity amplitudes can differ in magnitude and
sign. In principle, therefore, large but opposing asymme-
tries can cancel each other to produce a smaller resultant
asymmetry in the total cross section. We demonstrate
this idea by considering the "differential asymmetries. "
We define this difFerential asymmetry y(S) as

der der

x(~) = d(S) d( —S)

and consider both total and helicity distributions. We
show in Fig. 4 the distributions in y(S) for the p+r
channel at ~s = 500 GeV for nonstandard rz = 1.0.
As was previously mentioned, we use the p+w channel
to approximate the R'+W process. We show also the
approximate statistical error bars about the SM expec-
tation of g(S)=0, calculated from the difFerential cross
section do/dS. For SM couplings, y(S) vanishes for each
helicity individually.

We see that while the asymmetry in the total cross
section, as it is bounded by the error bars, would be be-
low the statistical significance level and so unresolvable;
that in the (+ —+—) helicity amplitude might however
be measurable. A polarized beam facility, by separately
generating the difFerent helicity components, might be
able to measure these helicity asymmetries and so access
this phenomenon.

IV. CONCLUSIONS

licity amplitudes can have very difFerent dependence on
the TBV, in form and magnitude, the limits obtainable
from an analysis of an individual helicity amplitude can
be complementary to those &om the other helicities and
&om a total cross section analysis. Consequently, com-
bining the limits from the different helicity amplitudes
can, for certain of the four lepton final state configura-
tions, significantly tighten the constraints on the anoma-
lous couplings. Smaller improvements are also possible
through suitably cutting on the phase space of certain ex-
perimental variables. The sensitivity to anomalous cou-
plings is not always evenly distributed over these vari-
ables' distributions; a cut to isolate the regions of high
sensitivity and exclude those of low sensitivity can im-
prove the achievable TBV bounds. These improvements
can be of the order of a factor of 2 for the p+~ process
at the lower energy.

The limits on the CP-odd coupling A~, especially at
the higher energy, approach the level of precision pre-
dicted necessary by neutron electric dipole moment mea-
surements; the limits on the CP-odd variable F ~ are
much looser. These limits can be improved by account-
ing for the uneven localization of TBV's sensitivity in
certain experimental variables through a y analysis or
a maximum likelihood fit.

An explicitly CP-violating vertex contribution is un-
likely to produce measurable asymmetries in the total
cross section. '

Asymmetries in certain CP-odd variables
might however be measurable in the component helicity
amplitudes; a polarized beam facility would be required
for this measurement.

We have presented an analysis of the sensitivity to the
WR'V coupling parameters through measurement of the
processes e+e ~ 1+vi 'v at center-of-mass energies of
500 GeV and 1 TeV. The limits on the CP-even cou-
pling vi are of the order of 1%% at the higher energy,
with slightly looser bounds achievable at the lower en-
ergy. These bounds might be significantly improved at
a polarized beam facility. Because the individual he-
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