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with the Effective-W Approximation
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%e have computed the complete set of amplitudes for fermion+ fermion into fermion+ fer-
mion+ W++ W for all possible fermion types. %e use these results to analyze the phenomenology of
the WW scattering sector and to compare to the effective-W approximation.
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The most important untested predictions of the stan-
dard SU(2)L,U(l) model are those for gauge-boson
scattering, which are, in particular, sensitive to the Higgs
resonance and exchange diagrams. Results for on-shell
WW scattering have appeared in the literature. ' Howev-
er, these amplitudes are not directly relevant in the actual
experimental situation. In order to test the on-shell
forms, it is necessary to rely on the effective-W approxi-
mation2 in which distributions for W's inside colliding
e+e or pp beams are folded together with the on-shell
amplitudes, much as in the conventional two-photon ap-
proximation. The validity of the effective-8'approxima-
tion has been examined in the reactions W+W H4
(where the H is treated as stable) and qg q'UD
(where U and D are the quarks of a new generation). In
both cases, the approximation was valid for total-cross-
section computations at the level of 20%. However, the
correctness of this approach in the context of WW
scattering remains an open question which we shall ad-
dress here. In addition, the effective-W approximation
cannot be reliably used to assess the impact of possible
triggers on the secondary spectator quarks present, along
with the W's, in the final state. Such triggers may prove
to be critical in isolating the interesting aspects of WW
scattering (in particular, the Higgs component) from
backgrounds at the Superconducting Super Collider. 6

To address the above issues we have computed the
complete gauge-invariant set of amplitudes contributing
to an arbitrary ff ffW+W process, using the mass-
less spinor techniques of Ganion and Kunszt. In this
technique the final-state W's are automatically decayed
to massless fermions, so that the amplitudes include full
spin-density-matrix decay correlations for all final-state
products.

In the present paper we shall focus exclusively on is-
sues relevant to the charged-current reactions to which
WW scattering diagrams contribute, and leave more gen-
eral phenomenological considerations to a later work.
The charged-current reactions have the advantage over
test cases which include ZZ~ 8'+S' scattering sub-
processes, such as uu ddt'+8', of containing no
two-photon scattering contributions; these latter contri-
butions provide a potentially difficult background and

$vfv + min (2)

upon the FR' center-of-mass scattering angle. The exact
calculation is free of this singularity; however, for com-
parison the cut (2) is also imposed. Figure 1 shows that
the effective-8' spectra normalization is very sensitive to
this cut, while that of the exact calculation is much less
so. For instance, at 8;„60' the nonreson ant
effective-8' continuum has fallen by a factor of roughly
19 from its 8~. 10' level, ~hereas the exact calculation
continuum background varies by a factor of order 1.5 to
2, depending on m~ value. In contrast, the excess of

will be addressed elsewhere. For simplicity, we shall only
present explicit numerical results for the quark scattering
process

us dcW+ W

Those for the e+e vvW+W reaction are entirely
analogous. For our quark-sector calculations we have set
the Cabibbo angle to zero. There are only 35 contribut-
ing Feynman diagrams (counting Z, y, and H exchanges
separately) in both Feynman and unitary gauge. In addi-
tion, there is only one contributing helicity amplitude,
namely that for which all outgoing fermions have nega-
tive helicity. Of course, the above statements apply only
to the purely electroweak scattering contributions. In the
quark reaction (1) there is an additional set of diagrams
arising from gluon-exchange scattering of the quarks, ac-
companied by W bremsstrahlung. Such processes will be
considered separately towards the end of this paper.

In order to probe the accuracy of the effective-W ap-
proximation with maximum sensitivity, we will focus on
results at the subprocess level for reaction (1). For sim-
plicity we will take E, =ps„, 1 TeV and consider
only mH 500 GeV or mH 00. Our results are illustra-
tive of those for other energies and Higgs-boson masses.
We begin by presenting the mtvtv, W-pair mass, spectrum
for both the exact and effective-W calculations in Fig. l.
In order to make a comparison, it is necessary to impose
a cut in the effective-W computation which avoids the t-
channel singularity of on-shell WW scattering deriving
from photon exchange. We have chosen to impose the
restriction
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FlG. l. W-pair mass spectra der/dmgqy for Reaction (l) at
Spectra are shown for (i) exact calculation,

m~ 500 GeV (solid curve); (ii) exact calculation, mH

(dashed curve); (iii) effective-W calculation, mlr 500 GeV
(dash-dotted curve); and (iv) effective-W calculation, mH

(dotted curve). We have chosen different cuts, as described in

the text, on the W"F center-of-mass scattering angle.

the mH 500 GeV peak over the rnH ~ continuum is
very comparable in the two calculations, in agreement
with Ref. 4. In the exact calculation it decreases by
aboot 15% in going from 8;„10'to 8;„60';in the
effective-W calculation this excess decreases by about a
factor of 2 over the same range. Thus we conclude that
the effective-W approach yields a good approximation to
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FIG. 2. Spectator transverse momentum distribution
d a/dmlvtl dpi''" from Reaction (I) for F, I TeV;
m~ 500 GeV. Solid histogram, mH 500 GeV; dashed his-

togram, mH

the Higgs signal, but is generally unreliable for comput-
ing the background from the general subprocess set.

We turn now to various phenomenological features of
the exact calculation. The longitudinal polarization of a
final-state W is revealed in two ways: (a) by a sin 8" vs
I+cos 8" decay distribution for the ff' from the W' de-
cay in its rest frame; and (b) by correlations between the
transverse momenta of the decay products from the W.
Only (b) can be used for hadronic ff' decay modes due
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FIG. 3. W rapidity distribution der/dm~dyII at F-, l TeV and m~ 500 GeV, for the purely electroweak subprocesses
(so»d histogram. mH 500 GeV; dotted histogram, mH ~), compared with that for the gluon-exchange mechanism (dashed histo-
gram). (a) No pp" cut; (b) pp'" ) 50 Gev.
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to backgrounds from mixed strong-electroweak process-
es. Both have been explored in an earlier work, in the
effective-8' approximation. %e have reexamined these
longitudinal W'decay signatures in the exact calculation,
which, in particular, includes transverse momentum for
the 8'W system, and we confirm that both signatures for
the longitudinal 8 s produced by Higgs-boson decay
emerge on resonance, m~ mH 500 GeV.

The totally new feature of the present exact calculation
is the ability to examine the behavior of the spectator
final-state quarks that are inevitably present in process
(1). In particular, it has been suggested in Ref. 6 that
triggering on one or both of the spectator quarks at signi-
ficant transverse momentum could substantially reduce
backgrounds to the Higgs-boson signal, coming both
from the qq 8'+ 8' continuum subprocesses and
from jjW backgrounds. The background processes tend
to have spectator jets which are dominantly at low trans-
verse momentum. To examine the nature of the specta-
tor jet distribution from reaction (1), which contains both
a Higgs-boson signal and background continuum process-
es, we have chosen to look at the spectator jet with small-
est transverse momentum, pq'", in the us center of mass.
Single spectator distributions are quite similar to those
we give. In Fig. 2 we present the pr~'" spectra for reac-
tion (1). It is immediately apparent that the Higgs-
boson signal has a steeper spectrum in pz"" than do the
continuum processes also contributing to (1). Thus a

trigger requiring some minimum value of pT'", awhile de-
creasing some backgrounds, will tend to increase the im-
portance of the continuum background arising from reac-
tions that must be included, along with the WW fusion
mechanism for Higgs production, as part of a complete
gauge-invariant set. For instance, before imposing any
pT'" cut, the ratio R of signal over this intrinsic back-
ground at mlvls =500 GeV is close to R -10. After im-
posing a cut of ptf0" )80 GeV this ratio becomes R 2.5.

%e have also obtained results for all the above distri-
butions at E,m 3 TeV, and for mH 500 GeV and
mH ~. All qualitative conclusions are the same. How-
ever, the extended energy range does allow investigation
of much higher m~qy values. The most noteworthy new
feature, at m~ 1.5 TeV for instance, is the increase in
the fraction of longitudinal W's in the final state, as re-
vealed by the decay angular distributions in cos8' and
transverse-momentum correlations.

Let us next turn to a new background, namely the
mixed strong-electroweak process contributing to reac-
tion (1), in which a gluon is exchanged between the
scattering quarks and W's are emitted from either the
initial- or final-state quarks. We shall see that a rapidity
cut on the W's is absolutely vital in eliminating this back-
ground. This is illustrated in Fig. 3, from which it is
clear that the gluon-exchange diagrams contribute pri-
marily to large values of yfl. From Fig. 3(a) it is ap-
parent that a rapidity cut at yfl 1.5 would be adequate
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FIG. 4. W-pair mass spectra do/dmlrff for pp collisions at Ss 40 TeV, with only the process us dc included. (a) ~yff ~
( 1.5.

Solid curve, purely electroweak processes, mH SOO GeV; dashed curve, same but mH ~, dotted curve, glffon-exchange process. (b)
~ yff ~

(2.5. Solid curve, as in (a) but mH I TeV; dashed and dotted curves, as in (a). We have assumed that one W decays had-
ronically and the other leptonically, and thus have constrained both jets and the charged lepton from these decays to have

~ y ~
(4.
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if no pT'" cut is required. On the other hand, the gluon-
exchange and continuum-type background both increase
relative to the Higgs-boson signal if pj'" & 50 GeV is re-
quired [Fig. 3(b)l and a cut of yn (1 would be neces-
sary. Thus the imposition of spectator-quark cuts in or-
der to reduce backgrounds from other WW continuum
and jj8' reactions must be done with care in order to
avoid the backgrounds to the Higgs-boson signal intrinsi-
cally present in reactions of the type (1).

For the Superconducting Super Collider, predictions
require folding the above subprocess level phenomenology
with the proton's quark distribution functions. Many of
the same qualitative conclusions survive. Here we con-
fine ourselves to presenting the invariant m~ mass dis-
tribution, at Qszz 40 TeV, both for the electroweak am-
plitudes and for the gluon-exchange amplitudes. Only
the single subprocess (1) is incorporated, folded with u

and s distribution functions. The Q2 scale of the distri-
bution functions is chosen at Q m~. In the gluon-
exchange diagrams the strong-coupling-constant scale is
chosen to be the momentum transfer carried by the
gluon. As anticipated from the subprocess level calcula-
tions, a W rapidity cut is very effective in reducing the
level of the gluon-exchange background, while sacrificing
only a modest reduction in the Higgs-resonance cross sec-
tion. Comparing the two rapidity-cut cases of Fig. 4 we
also see that a stronger W' rapidity cut reduces substan-
tially the high-m~ tails of all cross sections.

In conclusion, the full amplitude calculations, incor-
porated in the results presented here, make unambiguous
computations for W-pair production possible. The com-
plete phenomenology, including the neutral as well as
charged-current-sector subprocesses, is in progress.
From the present results we can conclude that the
characteristics of longitudinal W's, both angular decay
distributions and transverse-momentum correlations of
their decay products, that are crucial to isolating a
Higgs-boson signal are substantially the same in the com-
plete calculation as in the effective-W calculation. In ad-

dition, it is apparent that the potentially dangerous
gluon-exchange background does not, in fact, present a
problem, if rapidity cuts on the W's are imposed.
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