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Extracting W boson couplings from the e+e production of four leptons
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We consider the processes e+e ~ /+X' vv', including all the possible charged lepton combina-
tions, with regard to measuring parameters characterizing the W boson. These reactions all proceed
via virtual TV pair production as well as a number of undistinguished 8- and t-channel modes. In
addition, some of the processes also have contributions from other diagrams of interest, those which
contain the pe& or ZTVW vertices with gauge bosons in the t channel. Consequently, the pro-
cesses are sensitive to anomalous couplings such as x~ and Kz. We here calculate at what level these
processes can be used to measure these anomalous couplings for the cases of e+e colliders at 500
GeV and 1 Tev center-of-mass energies. Further, we present helicity information which should be
useful in distinguishing between deviations of K~ from its standard model value and deviations of
zz.

PACS number(s): 13.10.+q, 14.80.Er

I. INTRODUCTION

The gauge boson couplings of the standard model of
electroweak interactions are only just beginning to be di-
rectly measured. There has now been observation of the
process pp ~ evpX, presumably representing Wp pro-
duction and radiative W decay, at the Collider Detector
at Fermilab (CDF) [1] and at UA2 at CERN [2]. In prin-
ciple, indirect evidence regarding the gauge boson cou-
plings comes &om higher order corrections to low energy
measurements. However, it appears that the sensitivity
to such loop-induced effects of the trilinear gauge boson
interaction has been overestimated in much of the liter-
ature [3,4]. There now exists some preliminary work on
a global analysis of low energy data and data from the
CERN e+e collider LEP, in order to extract bounds on
the gauge boson couplings [3,5]; the present results are
model dependent and incomplete and should be refined.

The prospect of increasing accumulated luminosity at
existing facilities and of future facilities encourages de-
tailed work on the means of constraining the gauge boson
couplings. We focus here on the possibility of measuring
parameters relevant to the pWW and ZWW vertices.
The couplings of W bosons to the photon and Z can
be described in general by an effective Lagrangian with
seven parameters for each of the neutral gauge bosons
[6,7]. We will here neglect CP-violating parameters as
they are constrained to be less than 10 by neutron
electric dipole moment measurements [8]. An effective
Lagrangian respecting CP, C, and P invariance is often
parametrized as

I = ig~ ~ g~ (Wt„W—"—Wt"W„„)V"+ IcvWtW„V""

In the above equation, V represents either the photon
or the Z boson and the overall couplings are taken as

g~ = e and g~ ——e cot 0~. The parameters v~ and
A~ are related to the static magnetic dipole and elec-
tric quadrupole moments p~ and Q~, respectively, of
the W boson as follows:

p~ = (1 + K& + A&),
W

The tree level standard model values of the parameters
of Eq. (1.1) are gz ——1, rv. = 1, and Av. = 0. If
the W bosons are composite objects, then deviation of
the triple gauge boson coupling parameters from their
standard model values could be very large indeed; as an
example, e has been calculated to be greater than 3 in one
model [9]. However, within the standard model, upper
bounds on the one-loop corrections to the tree level values
of K~ and A~ have been given as [10]

(AK~) „=1.5%,

(b.& ) „=0.25%.
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e+e m /+8' vv'. (1.2)

Our work includes all possible charged lepton combina-
tions, specifically pw, pe (7e), pp, (77), and ee T.he
channels given in parentheses have the same set of Feyn-
man diagram contributions as their corresponding un-
bracketed channel and we will henceforth drop reference
to them as distinct processes.

In the next section, we describe the four types of pro-
cesses with respect to their dependence on v~. We dis-
cuss our calculations in Sec. III and present results for
the case of unpolarized beams. In Sec. IV, we present;
helicity amplitude information which is relevant to dis-
tinguishing K~ and Kz efI'ects. Finally, we summarize our
results.

II. FOUR LEPTON PROCESSES

In this section, we illustrate in detail the processes we
are considering; in the diagrams of Figs. 1—7, the up-
per initial state fermion line is always the positron. We
present separately first the Feynman diagram contribu-
tions which are rv. dependent. The reactions (1.2) can
all proceed via real or virtual W pair production, with
the subsequent W decays into the appropriate leptonic
modes. The form of the W pair production diagram
which includes the triple gauge boson vertices is illus-
trated in Fig. 1. For the pv. final state, the diagrams of
the type in Fig. 1 are the only ones with the pWW and
ZWW vertices. The pe final state also receives contri-
butions from two Feynman diagrams which contain the
pWW and ZWW vertices, respectively, with a p(Z) and
a W in the t channel; their form is shown in Fig. 2(a).
Similarly, for the process e+e —+ p+ p vv, there are two

In extensions of the standard model such as those con-
taining extra Higgs doublets, extra heavy fermions [10],
or supersymmetric (SUSY) extensions [11] the deviations
&om the tree level standard model values tend to be of
about the same order of magnitude as these one-loop
corrections. Also, AA is usually (although not always)
smaller than Lv by close to an order of magnitude, bring-
ing it below 1%. Hence we will here neglect deviations of
A from its standard model value of zero and will present
numerical results where K~ and icz vary only within 10%
of 1.

We investigate a set of processes of four lepton produc-
tion in e+e collisions with respect to their sensitivity to
gauge boson coupling parameters. The processes are all
of the general form

7,Z

FIG. 2. The Kv-dependent diagrams with one W and ei-
ther a p or Z in the t channel. (a) Contributes to the p+e
and e+e processes and (b) to the e+e process.

diagrams containing the pWW and ZWW vertices, re-
spectively, in addition to the W pair diagrams. The form
of these contributions is shown in Fig. 3 and has the W
bosons in the t channel coupling to a photon or Z which
decays leptonically. Finally, all the diagrams containing
the triple gauge boson vertices in Figs. 1, 2(a), and 3
contribute to the process e+e ~ e+e vv as does the
additional diagram of Fig. 2(b).

For all our processes, we include the full gauge invari-
ant set of diagrams. The K~-independent diagrams are
shown in Figs. 4—7. The first group, in Fig. 4, con-
tributes to all the difFerent final states. Figure 4(a) is
just the usual t-channel neutrino exchange in W pair
production. Figure 4(b) represents a set of diagrams;
the 8-channel Z boson in that diagram can produce ei-
ther charged leptons or neutrinos and, for both the pho-
ton and Z diagrams, the W can be produced from either
fermion leg, as the processes allow. The group of dia-
grams given in Fig. 5 contribute to the p+e and ee final
states. Again, each of Figs. 5(a,b,c) represents a set of
diagrams with various exchanged particles and with emis-
sion from the diferent initial and final fermions. The set
of diagrams in Fig. 6 contributes to the final states with
charged leptons of the same fIavor, that is, to the pp, and
ee cases. The diagrams of Fig. 7 contribute only to the
ee final state. Note again that each diagram represents a
set of possibilities; for example, in Fig. 7(b), the Z boson
which decays to neutrinos can be emitted from any of the
initial or final electrons or positrons.

Hence the p+w state can be produced via 9 difI'er-

ent diagrams; the p+e state receives contributions from
18 diagrams. The pp process has a total of 28 con-
tributing diagrams with most of the extras being p or
Z "bremsstrahlung" from the initial or final state lep-
tons. The ee process goes via 56 diagrams. For the pp
and ee final states, in some of the diagrams, all v species
can appear. These diagrams are added incoherently in
the calculation. However, for the purpose of counting

W

W

FIG. 1. The K~-dependent W pair production diagrams
which are relevant to all the processes considered.

FIG. 3. The r~-dependent diagram with two W bosons in
the t channel contributes to the p+ p and e+e processes.
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l,v

(a) (b)

l,v

FIG. 4. The ev-independent diagrams which are relevant
to all the processes considered.

(a) (b) (c)

the number of diagrams, we regard all the v final states
as contributing to a single diagram.

We can now make some points to justify the need for
the full calculation that we present here as opposed to the
calculations of TV pair or single W production. At LEP II
energies it is appropriate to calculate TV pair production,
the processes being dominated by the nearly on-shell R'
propagators. This is not the case, however, at higher
energies unless one is dealing with a final state which
allows for the experimental reconstruction of R"s. We
are considering here the purely leptonic final states. For
this case, the W's can be reconstructed (up to a twofold
ambiguity) only under the assumption that they are on
shell [6]. We illustrate these points with the example
of the calculation of the process e+e ~ p+ e v„v at
500 GeV center-of-mass energy, subject to a variety of
cuts on the invariant masses of the p v„and e v pairs,
M„„and M „-, respectively. We postpone to the next
section the description of the cuts we make motivated by
detector considerations and background suppression and
here note the results of imposing various cuts on invari-
ant masses; these invariant mass cuts cannot be made
experimentally for the leptonic states we consider. We
calculate the p+e production with the cuts as follows:

(1) M~ —5 GeV ( M„„( M~ + 5 GeV,

(2) Mgr —5 GeV ( M, „- ( M~ + 5 GeV,

(3) M~ —5 GeV ( M„„,M, „- & M~ + 5 GeV.

M~ is the TV boson mass. The resulting cross sections,
relative to that with no cut on the invariant masses, are
in the ratio 1:0.84:0.54:0.44. The first cut, restricting the
invariant mass of the p v~ pair„ includes R' pair pro-
duction, production of a single W+ via the diagrams of
Fig. 2(a), and production of nonresonant W 's. Cut

(d)

FIG. 6. The e~-independent diagrams which contribute to
the p,

+p and e+e processes.

(2), restricting only the e v, invariant mass, reduces the
cross section by a larger amount because there is no dia-
gram equivalent to Fig. 2(a). (For the charge conjugate
final state p e+, the role of the two cuts would be re-
versed. ) Thus, this cut leaves W pair production along
with nonresonant TV+'s. The third cut, where both the
invariant masses are restricted, reduces to W pair pro-
duction. Clearly, it is not sufEcient to calculate only W
pair production. Single W production is included in our
calculation with the e~ dependence illustrated in Fig.
2. Neither R' pair nor single R' production can be iso-
lated by experimental cuts for the purely leptonic case.
Consequently, we must fully calculate the E+E' vv' pro-
duction, as opposed to lV pair production only and, in
doing so, we aim to unearth a more realistic picture of
the sensitivity to the couplings in question.

While discussing the set of four types of processes, we
will also note here their helicity characteristics. In the
following, we will denote the helicities of the particle set
e+e I+8' as (anPP). Figure 1 contributes to all the
processes and goes via the helicity amplitudes (+ —+—)
and (—+ +—), and so each process we consider has these
amplitudes. The (+ —+—) helicity is actually dominant
in all cases. For the p+w final state, no other helicity
amplitudes are introduced among the remaining seven

l,v

7,Z,

(a) (b) {c) (a) (b)

FIG. 5. The mv-independent diagrams which contribute to
the p, +e and e+e processes.

FIG. 7. The K~-independent diagrams which contribute to
the e+e process only.
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diagrams. Figure 2(a) has contributions from (+ —+—)
and (+ + ++) helicity amplitudes; thus, the p+e final
state has three helicity amplitudes contributing. For the
p+p final state, the diagram of Fig. 3 contributes he-
licities (+ —+—) and (+ ——+); in addition, some of
the extra diagrams without the pR'W or ZTVlV vertices
have a (—+ —+) amplitude. Thus the @+p process
has four helicity amplitudes; the (—+ —+) amplitude
is independent of v~ and Kz. Figure 2(b) contributes
(+ —+—) and (————) amplitudes to the e+e process.
The e+e process actually goes via all six possible helic-
ity amplitudes; again, as in the p, p, case, the (—+ —+)
amplitude is Kv independent, arising only in diagrams
which do not contain the triple gauge boson vertices.

III. CALCULATIONS FOR UNPOLARIZED
BEAMS

In order to deal easily with the large number of Feyn-
man diagrams and to readily retain helicity information,
we have written the amplitude for each process in the
CALKUL helicity formulation [12]. We assume mass-
less spinors describe the ferrnions although we do retain
fermion masses in the propagators; this amounts to ne-
glecting terms proportional to mf, a good approxima-
tion. The matrix element squared for each process is em-
bedded in a Monte Carlo algorithm for integration over
the final state four-body phase space to yield the cross
sections and various distributions. We sum and aver-
age over initial spins and sum over final spins. We use
Mz = 91.196 GeV, I'z = 2.534 GeV, M~ = 80.6 GeV,
I ~ ——2.25 GeV, m, = 0.511 MeV, m~ = 0.1057 GeV,
m = 1.7841 GeV, and sin 0~ ——0.23.

We have performed a number of checks on our cal-
culations. We have checked our algorithms by showing
that our p7 results reduce to those of TV pair production
[6,13] if only the appropriate contributions are included;
this included checking that the individual contributions
from the three W pair diagrams, M~~, Mzz, and M „,
and those from their interferences, M~z, M~„, and M z,
were reproduced properly. Another useful check on our
matrix elements is that of charge conjugation; we gen-
erated various redundant distributions for the positively
and negatively charged leptons for the p+p, e+e, and
p+w (invariant up to the p 7 mass difference) chan-
nels as a check. In addition, we generated a number of
distributions which are not actually experimentally ob-
servable for our processes due to the two neutrinos, such
as the angular and invariant mass distributions of the re-
constructed R' bosons in order to note their consistency
with W pair production work [6,13].

The experimental signature for the processes under
consideration is a clean one, an oppositely charged lepton
pair and missing transverse momentum and energy due to
the neutrinos. We have made some fairly simple cuts as
described below to account for detector acceptance and
potential backgrounds. For all the processes, we require
a cut on the angle of each of the charged leptons relative
to the beam such that —0.95 & cosop~ & 0.95. This is
the only cut we impose for the p~ and pe final states.

This angular cut is experimentally motivated; however,
it also serves to regulate the t-channel photon pole from
the diagrams of Figs. 2(a,b) allowing us to neglect the
terms proportional to mf. These diagrams contribute to
the p+e and e+e final states, as described above.

One potential background is w pair production with
each of the r's decaying leptonically. At ~s of 200 GeV,
each of the four lepton processes and the w pair produc-
tion, multiplied by the branching ratios of ~ into e or p
of 17.8% each [14], yield about the same rate. At higher
energies, the w pair production cross section is falling
like 1/s while the cross section for our processes remains
large. In addition, the w pair process should have sub-
stantially greater missing energy with four neutrinos in
the final state. It seems that this source of background
is manageable.

The four lepton processes with one or more w's in the
final state (pr and rw) could feed down as a background
to the processes without any r if the r('s) decays lepton-
ically. However, factoring in the w decay branching ratio
and accounting for the higher missing energy keep this
background under control.

Another potential background comes from two photon
processes with the e+ and e undetected near the beam.
This is relevant to the pp and ee processes and we make
a cut on missing transverse momentum to eliminate two
photon events as a background source; we require total
visible p~ & 10 GeV. We also require for these two pro-
cesses that each charged lepton carry a minimum energy,
Eg & 10 GeV. Finally, again for the pp and ee processes
we make a cut on the invariant mass of the charged lepton
pair; we require m~+g & 25 GeV in order to eliminate
the low invariant mass dileptons corresponding to the
photon pole in these processes.

In Figs. 8(a,b,c,d), we show the cross sections as a
function of ~s for the processes e+e -+ E+g' vv' for

equal to p+w, p+e, p+p, e+e, respectively,
with the cuts as described above imposed. In each case,
the solid line corresponds to the case of standard model
couplings, K~ = Kz ——1, while the dashed line is for
K~ = zz = 0.9, an example of a 10% deviation with
the couplings set equal. The sensitivity to rv increases
with increasing center-of-mass energy. The p7 process
exhibits the most sensitivity to Kv, as might be expected
since it has the least number of extraneous contributing
diagrams; however, it also has the smallest cross section.
Thus, it is useful to consider all the processes.

We make our study of r~ dependence at two center-
of-mass energies, 500 GeV and 1 TeV, motivated by the
possibility of future high energy e+e colliders. For each
of the four types of four lepton processes, at each of the
two energies, we vary v~ alone from 0.9 to 1.1, vz alone
over the same range, and r~ constrained to equal Kz over
the same range. As an example, we show the ratio of the
cross section with nonstandard couplings to the standard
model cross section for the p+r process at ~s of 500
GeV and 1 TeV in Figs. 9(a) and 9(b), respectively; in
each case, the solid line corresponds to K~ set equal to Kz,
the dashed line to vz ——1, and the dotted line to r~ = 1.
For reference, the standard model cross section in this
case is 0.034 pb at ~s of 500 GeV and 0.009 pb at ~s
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12(a,b,c,d) are lo and 2o contour plots for the pw, pe, pp,
and ee processes, respectively, at 500 GeV center-of-mass
energy. The solid hnes on each plot are the 10 contours
an t e dashed lines are the 2o contours, with statis-
tical errors only included. The corresponding contours
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atively charged 6nal state lepton. The notation is the
same as for Fig. 14.

The potential for enhancing the e sensitivity with cuts
on some of these variables exists and we have made some
preliminary investigations. There is a great deal of infor-
mation within the distributions, beyond what is gained
&om the total cross section measurements alone. We
indicate some of this detail with the results of a cou-
ple of cuts for the pe process at 500 GeV for the case
of K~ = xz. For this case, with our standard cuts as
described above, we found sensitivity to the LK range
—2.7%—

7%%up. The effect of making a stronger cut on
the charged lepton angles such that cose, & —0.7 and
coso~ & 0.7, in order to cut out the peaking along the
beam direction, is to improve the sensitivity for K less

than 1 from —2.7% to —1.1%. However, for v, above
1, the sensitivity is actually slightly degraded to 7.5%.
This happens because we have K, sensitivity in the peak
region; along with the K,-independent t-channel neutrino
diagram, there is also the r.-dependent t-channel photon
diagram. For concreteness, we can discuss two K, sets that
have approximately the same total cross section, with one
set below and one above the standard model value of 1,
v = 0.95 and e = 1.09. In the peaked part of the angu-
lar distributions, the v = 0.95 rate is very close to and
slightly below the standard model rate while the K = 1.09
rate is enhanced above the standard model throughout
the entire angular range. Away from the peaked region,
the v = 0.95 rate grows larger than the v = 1.09 rate and
both are above the standard model. Hence, cutting out
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the peak area does ixnprove the sensitivity for e = 0.95
(or, more generally, for e below 1), but it does not for
the K = 1.09 (K above 1) case because there is some sen-
sitivity within that (high statistics) Part of the spectrum
that one is cutting out. Another cut which we tried was
in the invariant mass of the charged lepton pair such that
90 GeV& M„&350 GeV. That cut, in combination with
our standard angular cuts, made a very slight improve-
ment in the e sensitivity for e below 1; in combination
with the stronger angular cuts described above, the K

sensitivity improved to —
l%%uo for e below 1.

We can conclude that one can generally expect to im-
prove the sensitivity to e values below 1 by about 1'%%uo

or so with various cuts. It seems more diKcult to im-
prove the sensitivity for e above 1 because the enhance-
ment above the standard model tends to be spread more

uniformly over the range of the variables which we con-
sidered. De6nitive assessments of the usefulness of cuts
depend greatly on the actual x values; the cuts ultimately
need to be tailored for the speci6c experimental distribu-
tions when compared with the standard model expecta-
tions.

IV. HELICITY' CONSIDERATIONS

Referring to the three-dimensional plots of Figs. 10(a-
d) and ll(a—d), note that a plane of constant cross sec-
tion intersects a ring of (K~, ez) pairs. So we can appar-
ently determine, within the limits given in the last sec-
tion, a deviation &om the standard model with cross sec-
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FIG. 13. Contour plots in e~ and fez at the lo (solid lines) and 2cr (dashed lines) levels for the (a) yv, (b) pe, (c) pp, and

(d) ee processes at 1 TeV.
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tion measuremen s, ut b t it remains to determine whether
we can pinpoin e vat the values of v. and Kz individua y."y

There have been a number of approaches propose or
discriminating between deviations of r and vz. One
suggestion is o s u yt t d processes which only involve one
or the other of the pR'W and ZWR' vertices. The as-
sociated production of a W with either a p or a Z o-
son, radiative W decay [16], and ep processes such as
ep -+ Wv [17] fall into this category. Another suggestion
is to make cuts which isolate one of the vertices. For
instance, Couture, Godfrey, and Lewis have studied the
p p pro uc+ d tion process which we also consider here an
have focused on the ZTVW vertex by requiring that the
invariant mass of the p+ p pair fall within 5 GeV of Mz
18] This, in effect, helps to isolate the Z contribution

Here, we emphasize instead the potential usefulness of
the helicity structure in providing a determination of r~
and Kz. For ins ance, wed . F t we can make one general statement
regarding the contribution to the total unpolarized cross
section of the (—+ +—) helicity. Recall that this ampli-
tude contributes to all our processes since it occurs for
the W-pair-type diagrams of Fig. 1, althoug

'
h1 hou hit isnot the

dominant amplitude. [As previously noted, (+ —+—) is
the dominant amplitude. ] We observe that the (—++—)
amplitude is suppressed at ~s )) Mz for K~ = Kz as a
direct result of the general form of this amplitude, which
is given below:

vz+ 1
M( ++ )

= Kz+ 1
(4.1)

Here A d B denote the K~dependent andan
-independent factors, respectively, of the amplitude. or

and gcz terms results in a (—+ +——
~ helicity contribu-

tion of less than about l%%uo of the total cross section for
the standard model and for r~ = z

'
gin eneral. On the

and K this con-o er anth h d for nonequal values of K~ and z,
InFi . 16~ 'i ~ be as much as 30%%uo of the total. n ig.tri ution can e as m

wei usrae'll t t this general behavior with examp es or e
1 tudesI this process only two helicity amp i u es

h thecontribute, and so presentation is simplified, althoug e
suppression o ef th (—++—) is general for all the processes
as described above. We display the difI'erential cross sec-
tion wit respec o o a'

h t t t t 1 visible transverse momentum
for three sets of (K~, rz) values. Figures 16(a,b, c) repre-
sent (1.0,1.0), (0.9,1.0), and (0.9,0.9), respectively, at ~s
of 1 TeV. The solid line corresponds to the unpolarized
cross section, the dashed line to the (+—+—) helicity con-
tribution, and the dotted to the (—+ +—) contribution.
The (—++—) amplitude is enhanced in Fig. 16(b), where
r~ is not equa o vz.1 t Thus polarized beams accessing
the in ivi ua e ici y cd' d 1 h 1 t contributions could difI'erentiate
between the K~ = Kz case and the nonequal case.
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FIG. 15. The differential cross section with respects ect to the
normalized energy variable of the negative lepton, x, at a

rocesses. The solid line corresponds to the standard mode
while the dotted line is for r~ = Kz ——0.9.
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Apart from the general observation described above
regarding the case of K~ and vz equal, experimental re-
sults on the cross sections for the four types of processes
we consider with polarized and unpolarized beams could
provide a characteristic "fingerprint" for a (r~, rz) pair.
As an example of how this might work, refer to Fig. 9 for
the pw process at 1 TeV; from that plot, we note that, for
instance, (Kz, lcz) =(0.945,0.945), (1.07,1.07), (1,1.095),
(1,0.92), and (0.92, 1) all have approximately the same
total cross section. The percentage of the cross section
supplied by the (—++—) helicity is less than 1% for the
two cases quoted with K~ = rz, it is 3.6% for (1, 1.095),
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FIG. 17. For the pr process at 1 TeV, the (+ —+—)
and (—+ +—) contributions to the differential cross sec-
tion with respect to the normalized v energy, x, for
(r~, rz) = (0.945, 0.945) (solid lines), (1,0.92) (dashed lines),
and (0.92,1) (dotted lines). In each pair of lines, the upper
line represents the dominant (+ —+—) contribution; for the
(0.945,0.945) case, the (—+ +—) contribution is very small
on the scale of the figure and is marked with diamonds.

10
0

-(b)

10

10
0

10

100

100

200 300

p (GeV)

400

200 300

pT (GeV)
400

I

Ws= 0 TeV

500

500

18% for (1,0.92), and 27% for (0.92, 1). Since the to-
tal cross section for unpolarized beams corresponds to
about 1000 events, these cases can possibly be discrimi-
nated providing reasonable polarization can be achieved.
In Fig. 17, we illustrate, for the pw process at 1 TeV,
the (+ —+—) and (—++—) helicity contributions to the
differential cross section with respect to the normalized
r energy, z, for (K~, rz) = (0.945, 0.945) (solid lines),
(1,0.92) (dashed lines), and (0.92, 1) (dotted lines). In
each case, the (+ —+—) helicity is the larger of the two
corresponding contributions and so is the upper line in
each pair. For the (K~, rz) = (0.945, 0.945) case, the
(—+ +—) contribution is very small relative to the scale
of the figure, and so it is marked also with diamonds. The
figure indicates the relative contribution from the differ-
ent helicities for the various values of v~. For simplicity
of presentation, we do not show the sum of the ampli-
tudes but point out here that not only are the total cross
sections very similar for the various (r~, rz) pairs but, in
fact, the distributions for unpolarized beams are as well;
it is only for the various individual polarization contri-
butions that the (K~, rz) sets are distinguished. Similar
results from the four types of processes can be combined
to narrow in on the actual values of K& and Kz, individu-
ally. A detailed study of distributions will also be useful
as mentioned in the last section.

V. SUMMARY AND CONCLUSIONS

10
100 200 300

p (GeV)
400 500

FIG. 16. For the p7. process at the center-of-mass energy
of 1 TeV, the difFerential cross section with respect to the
total visible transverse momentum for (a) sc~ = rz = 1, (b)
r~ = Kz = 0.9, and (c) K~ = 0.9 with Kz = 1. The solid line
is the sum of all helicity amplitude contributions, the dashed
line is the (+ —+—) contribution, and the dotted line is the
(—+ +—) contribution.

We have presented a study of the sensitivity to R'
boson coupling parameters v~ and Kz of the process
e+e m E+E' vv', including the charged lepton final
states IJ&, pe (we), pp (ww), and ee. The full matrix
element calculation has been performed for each of the
four types of processes. We find that, for a 500 GeV
e+e collider achieving an integrated luminosity of 50
fb, K~ could be measured within the limits from 0.975
to 1.095 at the 2o level and vz within the limits 0.94 to
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1.08. For a 1 TeV collider with the same luminosity, the
corresponding limits are from 0.99 to 1.035 for e~ and
from 0.985 to 1.025 for ~z. These limits are all for total
cross section measurements of individual reactions and
can be improved somewhat with the judicious choice of
cuts. The 1 TeV limits, in particular, are very interesting
even at the level of standard model radiative corrections;
the higher energy is particularly important in determin-
ing K~ values which may be greater than the standard
model tree level value of 1.

We have also found that beam polarization would be
useful in determining values of r~ and vz individually as
opposed to merely a deviation of either parameter from
the standard model value. For all the processes, the he-
licity amplitude (—+ +—) is suppressed in the case that
x~ and Kz are equal at the high energies considered here.
Thus, for instance, if the dominant (+—+—) helicity con-
tributed within about 1% of the total cross section for the

pw process, equality of K~ and vz would be indicated. On
the other hand, for nonequal values, the (+ —+—) contri-
bution might be as little as 70%. Thus, polarized beams
could determine the contributions of the various helicity
amplitudes and yield values of K~ and Kz individually.

In conclusion, the processes considered here offer a very
clean experimental signature for excellent sensitivity to
K~ and Kz at a high energy e+e collider.
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