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We perform a detailed study of the process ete™ — p*pu~ 17 including all contributions. The
contributions other than from real gauge boson production lead to a rich phenomenology. We explore
the use of the process as a means of precision measurement of the ZWW and YWW vertices. We
concentrate on CERN LEP II energies, /s = 200 GeV, and energies appropriate to the proposed
Next Linear Collider high energy e*e™ collider with center of mass energies /s = 500 and 1 TeV.
At 200 GeV, the process offers, at best, a consistency check of other processes being considered at
LEP 200. At 500 GeV, the parameters K, Ay, £z, and Az can be measured to about +0.1 or better at
95% C.L. while at 1 TeV they can be measured to about +0.01. At the high luminosities anticipated
at high energy linear colliders precision measurements are likely to be limited by systematic rather

than statistical errors.
PACS number(s): 13.10.+q, 12.15.Ji, 14.70.—e

I. INTRODUCTION

There is a growing interest in the physics that can be
studied at high energy ete™ colliders [1]. High energy
ete™ colliders offer a cleaner environment than multi-
TeV hadron colliders and are therefore expected to al-
low more quantitative studies of physics at the Fermi
scale. Some of the physics topics that have been ex-
plored are precision measurement of ¢t-quark properties,
searches for new physics, electroweak symmetry break-
ing, tests of QCD, and precision measurements of the
electroweak gauge bosons [2].

At the same time there is a growing appreciation that
to realistically assess the physics potential of a specific
process one must perform detailed studies of the final-
state decay products that will be observed by a detector
rather than the massive, short-lived states that we are di-
rectly interested in [3-8]. Performing such a study greatly
increases the complexity of the analysis as one must in-
clude finite width effects of the decaying particles and
all the background processes that result in the same fi-
nal state. On the other hand, this complexity results in a
much richer phenomenology which more closely describes
what is experimentally observed. In addition, the finite
width effects are, in some sense, radiative corrections of
order I'/M ~ o which must ultimately be included in a
full calculation including radiative corrections [4].
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In this paper we present a detailed study of the pro-
cess ete™ — viptu~™ motivated by our interest in the
underlying process ete~ — v.7.Z°. Although this pro-
cess has been studied elsewhere [9, 10], none of the pre-
vious calculations have included the decay to final-state
fermions with finite width effects and the nonresonant
backgrounds. We find that including these contributions
adds considerably to the richness of the phenomenology.
We then use this process to study the WW+~ and WW Z°
couplings.

Although experiments at the CERN LEP-100 e*e~
collider and the SLAC Linear e*e™ collider [11] (SLC)
have provided stringent tests [12, 13] of the standard
model of the electroweak interactions [14] it is mainly the
fermion-gauge boson couplings that have been tested and
the gauge sector of the standard model remains largely
terra incognita. A stringent test of the gauge structure
of the standard model is provided by the trilinear gauge
vertices (TGV’s): the YWW and ZWW vertices. Within
the standard model, these couplings are uniquely deter-
mined by SU(2);xU(1) gauge invariance so that a pre-
cise measurement of the vertex poses a severe test of the
gauge structure of the theory. If these couplings were ob-
served to have different values than their standard model
values, it would indicate the need for physics beyond the
standard model.

A problem common to many processes used to study
TGV’s is that they involve both the WW+~y and WW Z
vertices making it difficult to disentangle the contribu-
tions. In this paper we study the sensitivity of the pro-
cess ete™ = (Z,v")viy = utp~ v to anomalous cou-
plings in the YWW and ZWW vertices. This process
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offers the possibility of studying the ZWW vertex in-
dependently of the YW W vertex by imposing appropri-
ate kinematic cuts to select the invariant mass of the
utp~ pair. We start with /s = 200 GeV appropriate
to LEP 200 since this machine will be operational in the
relatively near future [15]. We then turn to the proposed
ete™ colliders [Japan Linear Collider (JLC), Next Lin-
ear Collider (NLC), CERN Linear Collider (CLIC)] with
possible center-of-mass energies of /s = 500 GeV and 1
TeV [1,16-18]. It is important to mention that we do
not include any beamstrahlung radiation effects in our
calculation [19]. These effects are very much machine
dependent (beam intensity, bunch geometry, etc.) and
known to be negligible at 200 GeV, and small at 500
GeV. However, although they can be quite important at
1000 GeV, there has been recent progress in strategies to
minimize the effects of beamstrahlung radiation. Inter-
estingly, such high energy colliders offer the possibility of
studying the process ey — W™ v, or vy - WTW ™ [8,
20]. Both of these processes have been studied in detail
and appear very promising.

The outline of this paper is as follows. In the next
section we write down the effective Lagrangian we will
be studying and the resulting Feynman rule to give our
conventions. We also discuss the present constraints
on TGV’s and expected constraints from future experi-
ments. In Sec. III we examine in detail the process we are
interested in; et e~ — putu~ v and describe the method
of calculation. In Sec. IV we present our results for the
three energy regimes that we investigated. We summa-
rize our conclusions in Sec. V.

II. THE WWYV EFFECTIVE VERTEX

A particularly useful means of probing for physics at
high energy scales is to use the language of effective La-
grangians [13,21]. An effective Lagrangian parametrizes
in as model independent a way as possible the low-energy
implications of new physics at a much higher scale M.
The effective Lagrangian offers a common language so
the sensitivity of various experimental observables can
be compared in a model-independent way.

There are several different effective Lagrangians in the
literature used to describe the trilinear gauge boson ver-
tices (TGV’s). They differ in that they make different
assumptions on the symmetries and particle content re-
spected by the effective Lagrangian. In our analysis we
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use the most general parametrization possible that re-
spects Lorentz invariance, electromagnetic gauge invari-
ance, and CP invariance [22-24]. Because this general
Lagrangian hides the SU(2)x U(1) symmetry observed
at present energies and obscures the expected size of its
parameters, it has been the object of some criticism in
the literature [25]. It is, in fact, equivalent to the al-
ternative SU(2)x U(1) invariant nonlinearly realized La-
grangian written in the unitary gauge upon suitable field
redefinitions [26] and in general one can transform the
parameters of one effective Lagrangian to the parame-
ters of another [27]. We choose to use the general La-
grangian in our analysis since it has become the stan-
dard parametrization used in phenomenology and there-
fore makes the comparison of the sensitivity of different
observables to the TGV’s straightforward.

The most general WW'V vertex, satisfying Lorentz in-
variance, U(1) gauge invariance, and C'P conservation
allows four free independent parameters k., Ay, Kz, and
Az when the W bosons couple to essentially massless
fermions which effectively results in ,W* = 0 [22, 23].
We do not cormisider CP-violating operators in this pa-
per as they are tightly constrained by measurement of
the neutron electron dipole moment which constrains the
two CP-violating parameters to |&,|,|A,| < 107% [28].
Therefore, the most general Lorentz and CP-invariant
vertex compatible with electromagnetic gauge invariance
is commonly parametrized as [22, 23]

Lwwv = —igv{(W‘L,W“V” - WiV, w)

A
+ryWIW,F* — 5

Wl
w
where V represents either the photon or the Z° and W*
the W~ fields. As usual, W,, = 9,W, — 8,W, and
F,, = 08,V,—0,V, where V is either the photon or the Z
boson, My is the W boson mass, and g, = e and gzo =
ecot @y. Higher dimension operators would correspond
to momentum dependence in the form factors which we
ignore. At tree level the standard model requires Ky =1
and Ay = 0. Note that the presence of the W-boson mass
factor in the Ay term is ad hoc and one could argue that
the scale A of new physics would be more appropriate.
We will conform to the usual parametrization and will
not address this issue any further.

The resulting Feynman rule for the WWYV vertex is
given below with the notation and conventions given in
Fig. 1:

igv{gapl(L— Xk - ks, — (1= Xky - @)k ,] = Gaul(1 = A ko - @k g — (k= A ks k),

—gpul(k = XN ko - ki)ga — (1= X by - @)k o] + Ay ko nds — k- daksp)} (2)

where gy = e for V = v and ecotfy for V = Z° and
A= A/ME.

In the static limit (all particles on mass shell), the
parameters Ay and k. are related to the anomalous mag-
netic, and electric quadrupole moments of the W boson

[
by
—e

= Z—J\J_ZW(M -

e
= — A
rw 2MW(1+,{‘Y+ '7) I QW

with similar expressions for the weak moments (i.e., those
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FIG. 1. The trilinear gauge boson vertex.

that involve the Z boson). At tree level, the standard
model requires Ky = 1 and Ay = 0. Higher order correc-
tions to uw and Qw have been calculated in the past and
the results are in the 2% range in the minimal standard
model and in the 3% range in minimal supersymmetric
extensions of the model [29].

Constraints can be obtained from precision measure-
ments on the WW+ and WW Z° vertices via loop correc-
tions since deviations from their standard model values
would have resulted in discrepancies of observables from
their standard model predictions [30-32]. At present the
limits on TGV’s obtained from a global analysis of pre-
cision measurements are relatively weak: |dx,| < 0.12,
|6kz| < 0.08, |Ay| < 0.07, and |Az| < 0.09 at 95% C.L.
varying one parameter at a time [30]. In a simultaneous
fit cancellations could lead to larger values and, in addi-
tion, because there are ambiguities in the extraction of
these bounds from loop calcuations due to ignorance of
the operators values at high energy and the scale of new
physics, the bounds obtained in this manner are at best
order of magnitude estimates.

In contrast, direct measurements of gauge boson cou-
plings are unambiguous. The only existing direct limits
come from the measurement of associated yW produc-
tion by the UA2 experiment at the CERN pp collider
which obtained —3.5 < k, < 5.9 and -3.6 < A, < 3.5
at 95% C.L. [33]. The limits obtained from the Fermi-
lab Tevatron are unsettled at present, with two theory
analysis finding significantly different limits [34,35]. The
most optimistic limits from the Tevatron are |6x,| ~ 3
and |6),]| ~ 1.2 at 68% C.L. [35]. The sensitivities ex-
pected at an upgraded Tevatron with L = 100 pb™" are
|0ky| ~ 1.4 and |6A,| ~ 0.47 at 90% C.L. [35]. In the
near future, the DESY ep collider HERA will be able
to constrain the YW W vertex through single W produc-
tion [36-38] and high pr photons [39]. Statistics will be
the main limiting factor and a precision of +0.5 or so is
expected [36].

Putting tight constraints on the trilinear gauge boson
couplings by studying W pair production is one of the
primary motivations for the LEP 200 upgrade [22, 15,
40]. A precision of 30-40% is expected from a direct
measurement of the cross section. If one can reconstruct
the W bosons, their angular distribution offers a more
sensitive probe and could lead to a bound of 25% or so.
Another possibility is to study single W production in
e — v collisions [5, 8, 20]. The process vy - WHW~—
through heavy ion collisions also offers interesting possi-
bilities [41]. However, one has to deal with an enormous
background in the case of head-on collisions or a greatly
reduced hard-photon rate for glancing collisions. In the
longer term the CERN Large Hadron Collider (LHC) of-

fers good possibilities. Baur and Zeppenfeld [42] have
shown that a measurement of |0k,| ~ 0.2 — 0.5 at 99.9%
C.L. or better is possible, assuming an integrated lumi-
nosity of 10 pb~1.

In the far future there is growing interest in the physics
that can be done at high energy ete™ colliders with /s
= 500 GeV or /s = 1 TeV, referred to as the Next Linear
Collider (NLC), the Japan Linear Collider (JLC), or the
CERN Linear Collider (CLIC) [1,16-18]. Various options
are being studied including e7y collisions where the ener-
getic photons are obtained either by back scattering a
laser on one of the incident leptons or by beamstrahlung
photons. Measurements at these colliders are very sen-
sitive to anomalous couplings with ey collisions putting
some of the more stringent bounds on anomalous WW+~
couplings (8, 20].

III. CALCULATIONS AND RESULTS

The process ete™ — (y*Z)uiyy = p*p~ v has sev-
eral advantages; it is a t-channel process and does not
decrease as quickly as s-channel processes as the c.m. en-
ergy increases. More importantly, it offers the possibility
of isolating the ZWW vertex from the YW W vertex by
imposing appropriate cuts on the invariant mass of the
wutu~ pairs. One drawback is that a total of 28 Feynman
diagrams contribute to the process and one has to add in-
coherently the three families of neutrinos. Although only
the two diagrams shown in Fig. 2(a) and 2(b) contribute
to the vertex we wish to study, in order to properly take
into account the nonresonant backgrounds and maintain
gauge invariance, at least in the standard model limit,
we must include all 28 diagrams. We leave ky and Ay as
free parameters.

To evaluate the cross sections and different distribu-
tions we used the CALKUL helicity amplitude technique
[43] to obtain expressions for the matrix elements and
performed the phase space integration using Monte Carlo
techniques [44]. The expressions for the helicity ampli-
tudes are lengthy and unilluminating so we do not in-
clude them here. The interested reader can obtain them
directly from the authors. To obtain numerical results we
used the values a = 1/128, sin’@ = 0.23, Mz = 91.187
GeV, 'z = 2.5 GeV, My = 80.2 GeV, and I'yy = 2.1
GeV.

The signal we are studying is an energetic u*u~ pair
plus missing transverse momentum due to the neutrinos
coming from the original beams. In order to eliminate
potential background from ete™ — ete"utu~ via two
photons, where the et and e~ escape down the beam
pipe, we require missing gr > 10 GeV. We also require
10 < E,+ < 4/5/2—10 GeV, to avoid two-body s-channel
processes and box diagrams. Note that these kinematic
cuts overlap. In order to take into account finite detector
acceptance, we require that the u+ and p~ be at least
10 degrees away from the beam line. Our conclusions are
not very sensitive to the exact values of these cuts.

In Fig. 3 we show the cross section for ete™ —
vptu~ as a function of /s with the cuts described
above and consider the effects of different cuts on the
invariant mass of the u*u~ pairs. We note that, as ex-
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pected of typical t-channel behavior, the cross section
does not go down with energy as does the QED point
cross section. The cross section for no cuts on M+,
(solid line) is considerable but it is dominated by low
invariant mass events due to the photon pole which ap-
pears in many of the Feynman diagrams including photon
bremsstrahlung and the diagram of interest in Fig. 2(a).
For the most part the low invariant mass contributions
are an unwanted background which obscures the physics
we are interested in. Imposing a cut of M ,+,- > 25 GeV
eliminates this pole and reduces the cross section sub-
stantially (long-dashed line). Finally, if we impose the
cut that M+, lies within 5 GeV of the Z pole (dot-
ted line) we can separate the effects of the ZWW vertex
from the YWW vertex since the photon contribution is
now smaller by a factor (['z/Mz)2. This last curve is
in fact the superposition of two diagrams: the s-channel
process of Fig. 2(b) which rises sharply above 200 GeV
and falls quickly at /s > 300 GeV and the W fusion
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The Feynman diagrams contributing to the process e

diagrams that fall quickly below 200 GeV and rise up to
1000 GeV. The cut M,+,- > 25 GeV is an intermediate
state between this extreme and the photon-dominated
case where the photon bremsstrahlung diagrams domi-
nate for the entire energy range.

It is clear from this figure that this process is hopeless
for LEP 100; without any cut on M,,+,- the cross section
is substantial, but rather insensitive to variations on Ky
and Ay. Imposing a cut on the invariant mass increases
the sensitivity to anomalous couplings but reduces the
cross section to an unmeasurable level.

A. /s = 200 GeV

For /s = 200 GeV we use the kinematic cuts 5 <
E,: <95 GeV and pr > 5 GeV. The cross section with
these cuts and in addition, cuts on M,+,- of no cut,
M, +,- > 10 GeV, and 86 GeV < M+ ,- < 96 GeV are
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FIG. 3. The cross section o(e*e™ — p*u~vD) as a func-
tion of 4/s. The solid line is for the cuts on E,+, pr, and
cosf,+ given in the text. The dashed line adds the cut
M,+,- > 25 GeV and the dotted line has |M,,+,- — Mz| <

I

5 GeV.

would isolate the effects of the WW Z vertex from that
of the WW+ vertex. Unfortunately, for the parameters
of LEP 200 (/s = 200 GeV and an integrated luminosity
of 250 pb~!) the number of events remaining after these
cuts is not statistically useful.

To maximize the sensitivity to anomalous TGV cou-
plings we examined numerous kinematic distributions.
The two which best separated the uninteresting photon
bremsstrahlung contribution from signals for anomalous
couplings are do/dM,,+,- and do/dcos@,+,- which are
shown in Fig. 4 for several values of k., Ay, Kz, and
Az, where 0,+,- is the angle between the p* and p~.
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FIG. 4. (a) do/dM,+,_ and (b) do/dcosf,+,- at /s
= 200 GeV. In both cases the solid line is for the standard
model values of k,, Ay, £z, and Az, the long dashed line is
for 6ky = Ay = Az = 0 and dkz = 2; the dotted line is for
6ky = Ay = dkz = 0; and Az = 2 the dot-dashed line is for
6kz = Ay = Az = 0 and 8k, = 2 and dot-dot-dashed line is
for 6k, = Az = dkz =0 and A\, = 2 where kv = xky — 1. In
this figure and all subsequent ones, the small bumps are due
to statistical fluctuations arising from the Monte Carlo phase
space integration.

It is clear from Fig. 4(a) that the cross section is most
sensitive to anomalous couplings away from the Z° reso-
nance which is dominated by W*W ~ production at /s =
200 GeV. We therefore examined the effects of removing
the contribution of the Z° pole; 10 < M,,+,- < 88 GeV.
Although this increased the “signal to background” it
also reduced the cross section. Once realistic efficiencies
are considered we do not feel that enough events would
be left to improve the measurement of the TGV’s. We
included the cuts of M,+,- > 10 GeV and cosf,+,- <
0.95 in our subsequent calculations used to determine the
sensitivity of the measurements to anomalous couplings.
We note that these two cuts correspond to the same re-
gion in phase space and therefore overlap. In addition,
deviations from the standard model show up in various
distributions such as do/dcos,+,- and we could bin
these distributions to perform a x? analysis. In practice,
however, the cross section is too small at /s = 200 GeV
to improve the sensitivity.

Since there are four free parameters, the parameter
space is four dimensional which can be projected onto
six two-dimensional planes. We performed an extensive
search in the parameter space and found that to a good
approximation the largest ellipse in any given plane is
reached when the other two parameters are kept at their
standard model values. The small exception is the rel-
ative insensitivity to variations in k., which results in a
very small enlargement of the boundary for nonstandard
model values along the x, axis. The 95% C.L. for in-
tegrated luminosities of 250 pb~! and 500 pb~! for the
two planes Kz versus Az and k. versus A, are shown in
Fig. 5. These bounds represent the regions of the pa-
rameter space that can be ruled out as inconsistent with
the standard model for a measurement of the standard

FIG. 5. Sensitivities of the TGV’s to anomalous couplings
at 95% C.L. based on the kinematic cuts given in the text.
The solid lines are based on the statistics assuming an inte-
grated luminosity of 250 pb~! and the dashed lines are based
on integrated luminosities of 500 pb™*.
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model values for the given integrated luminosity. If we
vary one parameter at a time and hold the rest at their
standard model values we obtain the limits, based on
the statistical error obtained from an integrated lumi-
nosity of 500 pb™?, dk, :fi:g, 0A, :“_L?:g, dkz = £1.0,
Az = £0.8 at 95% C.L. In this analysis we did not
assume any constraints on the parameters. Imposing a
custodial SU(2) symmetry gives the relation Az ~ A,
[45]. If we also take kz = Kk, we obtain the sensitivities
oA =fg:$ and 6k zf(l,:g at 95% C.L. which is not so differ-
ent from the unconstrained result for the Z parameters
but significantly tighter than the unconstrained results
we obtained for xk, and A,. Since the contour axes are
almost aligned with the parameter axes two planes con-
tain most, if not all the information about the limits on
the four parameters.

At 200 GeV the ete™ cross section to four fermions is
dominated by W+W ~ production. Note that this dom-
inance does not hold at higher energies where diagram
(2h) becomes more and more important. We find that
the constraints that can be achieved using the process
ete™ — utpu~vi cannot compete with the constraints
obtained from other four fermion final states. In effect,
at this center-of-mass energy, we have chosen a final state
with a small branching fraction. Therefore, at 200 GeV,
this process would provide at best a consistency check
for other measurements.

B. /3 = 500 GeV

We next turn to an “NLC”-type e*e~ collider with
/s = 500 GeV. We consider integrated luminosities of
10 and 50 fb~! and use the kinematic cuts 10 GeV <
E,+ < 240 GeV and pr > 10 GeV. With these cuts
we obtain the invariant mass distribution, do/dM,+ ,-
shown in Fig. 6.

The increased cross section and expected high lumi-
nosity at the NLC leads to a significantly larger num-
ber of events making it possible to study the reaction at
the Z° pole, significantly reducing the contributions of
the YWW vertex to the process. Although results have
been presented previously for |[M,+,- — Mz| < 5 GeV
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FIG. 6. do/dM,.,_ at /8 = 500 GeV. The solid line is
for standard model values of x,, Ay, Kz, and Az, the long
dashed line is for dky = Ay = Az = 0 and §kz = —0.5; the
dotted line is for 6k, = Ay, = dkz = 0 and Az = 1 the dot-
dashed line is for 6z = Ay, = Az = 0 and éxk, = 0.5 and
dot-dot-dashed line is for k4 = Az = dkz = 0 and A, = 0.5.

[7] the luminosity that the NLC is expected to achieve
is significantly higher than what was used in the earlier
analysis. We have therefore revised the analysis taking
into account the higher luminosity and emphasizing its
implications before proceeding to the results off the Z°
resonance. In particular we will see that systematic er-
rors will play an increasingly important role in precision
measurements.

For the cut |M,+,- — Mz| < 5 GeV we verified that
the cross section and distributions are insensitive to vari-
ations in k., and A,. We considered the effects of varying
kz and Az on the cross section o(ete™ — ptu~yy) and
found that varying one parameter at a time we obtained
a sensitivity (in the sense of consistency with the stan-
dard model) of dkz = +0.1 (Az = 0) and dAz = +0.2

-0.5
(kz = 1) at 95% C.L. based on 20 fb~! integrated lu-
minosity. However, when we let both parameters vary
at the same time we find that regions in the parameter
space very far from the standard model give cross sections
consistent with the standard model value [7]. To elimi-
nate the ambiguities we examined a number of kinematic
distributions. The most sensitive are the angular distri-
bution of the muons with respect to each other (6,+,-)
and the transverse momentum of the reconstructed Z°
boson (prz) which we show in Fig. 7 for several values of
kz and A\z. We performed a x? analysis based on the an-
gular distribution using the bins; —1.0 < 8,,+,- < —0.5,
-0.5 < 6,+,- —0.1,and —0.1 < f,+,- < 0.75 and an-
other one based on the pr; distribution with the bins;
prz < 80 GeV, 80 GeV < pr, < 120 GeV, and 120 GeV
< prz < 240 GeV. The 68%, 90%, and 95% C.L. bounds
using do/dcosf,+,- and do/dpr, based on 10 fb~! are
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FIG. 7. (a) do/dcosf,+,- and (b) do/dpr at /s =
500 GeV with |[M,,+,- —Mz| < 5 GeV. In both cases the solid
line is for standard model values of ky, Ay, Kz, and Az, the
long dashed line is for k., = A, = Az = 0 and ékz = —0.5;
the dotted line is for §k, = Ay = dkz = 0 and Az = 0.5 and
dot-dashed line is for §k, = Az = dkz = 0 and A, = —0.5.
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shown in Figs. 8(a) and 8(b), respectively. This addi-
tional information substantially restricts the allowed re-
gion in parameter space that is consistent with the stan-
dard model with §xz = £0.2 and 6§\ =133 at 95% C.L.

These results were based on 10 fb~! of integrated lu-
minosity. It is expected that the luminosity is likely to
be higher than this which would improve the measure-
ment capabilities. On the other hand we have neglected
systematic errors in our analysis. Monte Carlo studies
of SLD-type detectors give very crude estimates of sys-
tematic errors of 5% for cross-section measurements [46].
In Fig. 9 we show the 95% C.L. assuming 10 fb~! and
50 fb~! with and without a 5% systematic measurement
error. We find that although improving the statistical
error improves the sensitivity, the systematic error tends
to be more important. In other words, one gains more
by reducing the systematic error than by significantly in-
creasing the luminosity.

One might think that the low sensitivity to the WW Z
vertex is due to our signal being dominated by the ZZ
background of diagrams (2d). By imposing cuts on both
the p*p~ invariant mass and the recoil missing mass,
M2 i = (Pe+ + Pe- — Pu+ — Pu-)?, we can isolate ZZ
production. At 500 GeV we find that ZZ production
contributes a relatively small amount to the cross section
with M,+,- ~ Mz, while at 1 TeV the ZZ contribution
falls to less than a fraction of a percent of the signal.
At high energy the Z-bremsstrahlung contributions of
diagram (2c) become increasingly important.

Although these results are no improvement over the
expected LEP 200 measurements based on W+ W~ pair
production, they offer a means of measuring the WW Z
vertex independently of the WW« vertex.

Whereas isolating the Z° pole offers a means of study-
ing the WW Z vertex independently of the WW+y ver-

FIG. 8. Sensitivities of the TGV’s to anomalous couplings
for \/s = 500 GeV and L=10 fb™" based on (a) do'/d cos 0+ -
(b) do/dpr z with [M,,+,- — Mz| < 5 GeV using the binning
given in the text. In both cases the solid lines are 68% C.L.,
the dashed lines are 90% C.L., and the dot-dashed curves are
95% C.L.

5715

1.4

1.2
QN 1.0

0.8

0.6

08¢~

0‘§o.5

A,

FIG. 9. 95% C.L. bounds of the TGV’s based on (a)
do/dcos,+,-, (b) do/dpr; at /s = 500 GeV with
|M,+,- — Mz| <5 GeV using the binning given in the text.
In both cases the solid curves are based on 10 fb~!, the dashed
curves on 50 fb~!, the dot-dashed curves on 10 fb~1 + §°°,
and the dotted curves on 50 fb™! + §°¥* where §*7° =5%.

tex, there is a severe penalty in terms of reduced cross
section and sensitivity to anomalous coupling. We there-
fore examine less restrictive cuts on the p*u~ invari-
ant mass which restores the WW'y vertex. We searched
for the range of M+,- which exhibited the largest
sensitivity to anomalous couplings and found it to be
110 < M,+,- <400 GeV. As before, with four indepen-
dent parameters, an extensive search in the parameter
space showed that, to a good approximation, the largest
(weakest) confidence limit bounds in any two parame-
ters are reached when the other two parameters are kept
at their standard model values. The contours for &, vs
Ay and Kz vs Az are shown in Figs. 10(a) and 10(b),
respectively, based on the statistics from 10 fb~! inte-
grated luminosity. These bounds were improved slightly
when we relaxed the acceptance cuts around the beam
axis to |cos 6| < 0.8 from 10° < 6 < 170°. We examined
other kinematic distributions but found that for the pa-
rameter range allowed by Fig. 10, the distributions are
very similar and did not offer a significant improvement
of the bounds obtained from the cross section measure-
ment. (Imposing the kinematic cuts Ez < 300 GeV gave
a very slight improvement and pr, > 100 GeV distorted
the ellipses to give a slight improvement on §)z.)
Finally, we binned the pu*u~ invariant mass distribu-
tion into four bins: 25 < M,,+,- < 86, 86 < M,+,- <
96, 96 < M+,- < 110, and 110 < M,+,- < 400 and
performed a x? analysis, varying one parameter at a time.
The resulting 95% C.L. bounds based on L=10 fb~! and
L=50 fb~! with and without systematic errors are sum-
marized in Table I along with our other results for /s
= 500 GeV. As before, one should be cautious about
possible ambiguities when interpreting the results ob-
tained by varying only one parameter at a time. Only
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FIG. 10. Sensitivities of the TGV’s to anomalous cou-

FIG. 11.

1.2

1.1

Sensitivities of the TGV’s to anomalous cou-

plings for /s = 500 GeV and L=10 fb~! based on the to-
tal cross section integrated over the kinematic region 110 <
M, +,- <400 GeV. The solid lines are 68% C.L., the dashed
lines are 90% C.L., and the dot-dashed curves are 95% C.L.

the results for L=50 fb~! approach the sensitivity re-
quired to observe loop contributions to the TGV’s. How-
ever, when systematic errors are included it is unlikely
that these measurements will reveal nonstandard model
physics through radiative corrections to the TGV’s. In
addition the systematic errors are the limiting factor in
the sensitivities, not the statistical errors.

plings for /s = 1 TeV and L=50 fb~! based on (a)
do/dcosb,+,-, (b) do/dpr ; with |M,,+,- — Mz| < 5 GeV
using the binning given in the text. In both cases the solid
lines are 68% C.L., the dashed lines are 90% C.L., and the
dot-dashed curves are 95% C.L.

C. /s =1 TeV

The final case we consider is a 1 TeV eTe™ collider.
Although beamstrahlung effects are known to be impor-
tant in this energy regime [19], we will neglect them since
they depend on many machine dependent factors mak-
ing it difficult to estimate at this time. In any case,

TABLE I. Sensitivities to k., Ay Kz, and Az at 95% C.L. from the process ete™ — putpu~ v at

a 500 GeV e™e” collider. The statistical error is based on the specified integrated luminosity and
6°Y® refers to the systematic error which we take as 5%.

Based on o(ete” — ptp~vp) with |M,+,- — Mz| <5 GeV

L=20 b~ ! L=50 fb™* L=20 fb~" +4§°° L=50 fb~! +4§°°
+0.25 +0.24
6Kz +0.1 +0.06 o0 To2s
5A +0.18 +0.12 +0.34 +0.33
K —0.53 —0.48 —0.7 —0.7

Based on do/dpr, with |M,+,- — Mz| <5 GeV
+0.19 +0.26 +0.19
0Kz —0.23 +0.09 —0.32 —0.23
SA +0.27 +0.15 +0.33 +0.27
z ~0.36 ~0.20 —0.43 —0.38
Based on binning M+, -

L=10 fb™! L=50 fb~! L=10 fb~! +6%° L=50 fb~! +46%°
5k +0.13 +0.08 +0.15 +0.13
z —0.09 —0.05 —~0.12 —0.10
S\ +0.082 +0.055 +0.096 +0.082
z —0.090 —0.060 —o0.107 —0.090
Sk +0.21 +0.17 +0.27 +0.21
Y —0.09 —0.05 —0.11 —0.08
SA +0.09 +0.06 +0.12 +0.09
2l —0.12 —0.07 ~0.14 —0.12
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FIG.12. do/dM,+,_ at /s =1 TeV. The solid line is for
standard model values of K, Ay, £z, and Az, the long dashed
line is for 6k, = Ay = Az = 0 and dkz = —0.2; the dotted
line is for dkz = Ay = Az = 0 and dk, = 0.2 and dot-dashed
line is for dky = Az = 6kz =0 and Ay = —0.2.

much progress has been made in understanding how to
eliminate beamstrahlung so it may not be as important
a factor as originally feared. This should be kept in
mind when assessing our results. In what follows we use
the kinematic cuts of pr > 10 GeV, 6,+ > 10°, and
10 < E,+ < 490 GeV.

As before, we imposed a cut on M+ ,- to isolate the
Z°WW vertex. The standard model cross section is 0.52
pb. We verified explicitly that varying k. and A, by 10%
changed the total cross section by 2 parts in 10 000 or less
as expected. Varying kz and Az by 10% changed the to-
tal cross section by 2% or less. This small variation does

TABLE II.

Sensitivities to Ky, Ay £z, and Az at 95% C.L. from the process e
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FIG. 13. Sensitivities of the TGV’s to anomalous cou-
plings for /s = 1 TeV and L=50 fb~ based on the total cross
section integrated over the kinematic region 200 < M+ ,- <
900 GeV. The solid lines are 68% C.L., the dashed lines are
90% C.L., and the dot-dashed curves are 95% C.L.

not translate into particularly significant bounds on the
TGV’s. As before we performed a x? analysis based on
four equal bins for 6,+,- and the four bins pr; < 125
GeV, 125 GeV < pry < 250 GeV, 250 GeV < pr, < 375

tem o p+p,_m7

at a 1 TeV ete™ collider. The statistical error is based on the specified integrated luminosity and
&°7° refers to the systematic error which we take as 5%.

L=50 fb~?!

L=200 fb~!

L=50 fb~! 4+46%° L=200 fb~1 44§

Based on da/dcose‘ﬁ#_ with 1Mu+#~ — Mz| <5 GeV

+0.13 +0.11
0Kz +0.07 +0.03 P To1s
+0.07 +0.04 +0.12 +0.10
oAz —0.14 —0.06 —0.25 —0.16
Based on do/dpr, with |[M,+,- — Mz| <5 GeV
+0.17 +0.16
0Kz +0.065 +0.03 To1e Tols
+0.08 +0.040
6z To10 T o085 +0.18 +0.17
Based on 200 < M#+#_ < 900 GeV
oK +0.030 +0.025 +0.038 +0.034
z —0.012 —0.007 —0.018 ~0.016
+0.021 +0.017 +0.026
62z —0.011 —0.007 —0.025 +0.024
Sk +0.044 +0.008 +0.048 +0.046
Y —0.011 —0.007 —0.016 —0.014
SA +0.029 +0.025 +0.033 +0.032
¥ —~0.009 —0.006 —0.014 —0.012
Sk +0.030 +0.025 +0.038 +0.034
z —0.012 —0.007 —-0.018 —0.016
+0.021 +0.017 +0.026
62z —-0.011 —0.007 —0.025 +0.024
_ +0.027 +0.006 +0.033 +0.032
0ky =dKz —0.006 —0.003 —~0.009 —0.008
_ +0.008 +0.022 +0.021
6Ay = 48Xz —0.006 +0.004 —0.009 —0.008
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GeV, and pr; > 375 GeV. The 68%, 90%, and 95%
C.L. bounds using do/dcosf,+,- and do/dpr; based
on 50 fb~! are shown in Figs. 11(a) and 11(b), respec-
tively. Although the TGV’s can be constrained to less
than about 0.07 with 50 fb~! and less than about 0.04
with 200 fb~!, when a 5% systematic error is included
these bounds weaken to about 0.12.

Given these relatively weak bounds we concentrated
on a large invariant mass where, although the cross sec-
tion is reduced, the sensitivity to anomalous coupling is
greatly increased. As seen on Fig. 12 the greatest sen-
sitivity to anomalous coupling occurs in the mass range
200 < M,+,- < 900 GeV although the upper bound
could be pushed to 1 TeV without changing our re-
sults. Note that the values used here (§x = 6\ = £0.2)
are extreme and are used simply to illustrate our point.
The resulting standard model cross section is 0.024 pb.
We show in Fig. 13 two of the six planes of the four-
dimensional parameter space. Over this small range in
parameter space, the shapes of the different distributions
are very similar and one would not gain much (if anything
at all) by considering them over a total cross-section mea-
surement. The 95% C.L. bounds that we obtain assuming
50 fb~! and no systematic errors, varying one parameter
at a time are dk, = 004 5, = +0.01, oA, = +0.03

—0.01° ~0.01°
and d)\z fg:gf. For comparison, the bounds obtained by
assuming Kz = K and Az = A, imposed by custodial
SU(2) symmetry® are slightly stronger with éx = *0.23

—0.006
and 0\ = fg'ggg. Again, we emphasize that one must be

cautious in interpreting bounds obtained by varying one
parameter at a time. The bounds that can be obtained
with the various kinematic cuts, luminosities, with and
without systematic errors are summarized in Table II. It
is clear that the greatly improved sensitivity to anoma-
lous coupling more than compensates for the reduced
cross section.

IV. CONCLUSIONS

We have shown that the process ete™ — utu~ v can

be useful in disentangling the different contributions to
the YW*W = and Z°W+W ~ vertices. We included all

processes that lead to this four-fermion final state. Ap-

!Strictly speaking custodial SU(2) imposes Az = A, and
Kz = Ky = 1 [45].

propriate cuts on the invariant mass of the muon pairs
offer the possibility of measuring the ZOW W~ vertex
by itself albeit with reduced precision. This is due to
both reduced statistics but also due to reduced sensitiv-
ity of the process to anomalous couplings. With the cut
|M,+,- — Mz| < 5 GeV the cross section is dominated
by the one diagram and gauge vertex we are interested
in so that there are no sensitive gauge cancellations in
the process. On the other hand, off the Z° resonance the
anomalous couplings can interfere with other diagrams
resulting in greater sensitivity to anomalous couplings.

The process turned out to be hopeless at LEP 100 be-
cause of the low cross section. At LEP 200 it can lead to,
at best, a consistency check of bounds extracted from W-
pair production. At higher energy ete™ colliders, it can
lead to very stringent bounds precise enough to test the
TGV’s at the level of radiative corrections. The bounds
were obtained using many different measurements such
as the angular distributions of the outgoing muons, the
transverse momentum distribution of the reconstructed
Z° boson, and the integrated cross section for the process
off the Z° resonance.

Studying the four-fermion final state and including all
diagrams which contribute to the final state leads to a
much richer phenomenology than would be obtained by
simply studying final-state gauge bosons. Thus, the en-
tire process, with all the contributing diagrams, should
be studied when examining the physics potential of a spe-
cific reaction. We used the high luminosities planned for
at the high energy e"e™ colliders to estimate statistical
errors. However, when we included reasonable estimates
of systematic errors we found that the limiting factor in
high precision measurements will likely be systematic er-
rors not statistical errors. The challenge will therefore be
to reduce the systematic errors and one should be very
careful with respect to the conclusions one makes by only
considering statistical errors.
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