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Heavy-Higgs-boson production and W 8'+ scattering processes
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John F. Gunion and A. Tofighi-Niaki
Department of Physics, University of California Da—vis, California 956l6

(Received 21 April 1987)

We employ exact matrix elements for the reactions e e + ~vv W 8'+ and
e e+~e e+ W W+ to explore the observability of a standard-model Higgs boson and of
W W+ scattering processes at a high-energy e e + collider. We consider representative e e +

center-of-mass energies of &s =0.5, 1, and 2 TeV.

I. INTRODUCTION

Observation of the Higgs boson of the standard
SU(2)L XU(1) model (SM) has been considered to be one
of the primary goals for the next generation of e e+
colliders. ' Cross sections for Higgs-boson production
and certain backgrounds have been considered in a
variety of papers (see, for example, Refs. 1 —3). For
mH ~ 2m~, however, the s-channel Higgs-boson diagram
cannot be separated from the many other subprocesses
contributing to the production of heavy-vector-boson
pairs. Among these, vector-boson scattering reactions
provide an important test of the SM in their own right.
A study of Higgs-boson production in the WW channel
at an e e+ machine which included such diagrams in
the effective-8'approximation was carried out in Refs. 4
and 5. However, the accuracy of this approximation for
the m~ ——oo 8'8' scattering continuum is uncertain,
and, in particular, is sensitive to the treatment of the
Coulomb-pole contribution to 8'W scattering and
whether or not transversely polarized initial 8 s are in-
cluded. In addition, the full set of vector-boson scatter-
ing diagrams form only a small subset of all diagrams
contributing to the production of vector-boson pairs.
The additional subprocesses are of considerably less in-
terest than Higgs-boson production and vector-boson
scattering, but do require consideration. Indeed, when
off-shell effects are allowed for, only the complete sum of
contributing diagrams is gauge invariant and exhibits
correct high-energy behavior.

Thus, in this paper we study the processes

e e+ ~vv8' 8'+

and

e e+ ~e e+ 8' 8'+,
employing exact gauge-invariant matrix elements. These
are closely related to the ones obtained earlier for
quark-initiated subprocesses. ' The explicit forms we
employ from Ref. 7 include the W and 8'+ decays and
all spin-density matrix correlations related thereto. We
will use them to explore a variety of issues, such as (1)
the exact level of the 8 8' continuum, away from the
Higgs resonance region, arising from reactions (1) and

(2)—our results indicate a larger rate for continuum
scattering than those of Ref. 4, (2) the most effective
means for isolating the processes of greatest interest,
namely, Higgs-boson production and 8'8' scattering-
in particular, means for reducing the two-photon col-
lision "background, " and (3) the best signal for longitu-
dinally polarized W bosons.

II. GENERAL OVERVIEW

28( W ~q'q)B( &+~1+v)-0.16 . (3)

However, in the hadronic modes it is not clear that we
can determine the charge of a given 8' and if the jet-jet
mass resolution is not better than 10% we will have
difficulty separating W8' channels from ZZ channels.
Thus, we will explore both the pure-hadronic and the
mixed-mode channels.

The general cross-section level for Higgs production
via O'W fusion is illustrated in Fig. 1 in the zero-width
approximation of Ref. 2. Contributions from ZZ fusion
are much smaller. We see that the cross section for a
Higgs boson of given mass rises quickly beyond produc-
tion threshold as &s increases, rapidly reaching a level
of the order of or larger than a tenth of a unit of R. At
this cross-section level, one can imagine searching for
the Higgs in the 8 8 decay mode with both 8 s decay-
ing hadronically, as well as in the mixed hadronic-
leptonic decay modes for the two 8 s. Monte Carlo
studies have found that backgrounds to the pure ha-
dronic final state from annihilation production of four-
jets (with a total cross section of several units of R) can
be greatly suppressed by two trivial means: requiring to-
tal energy deposited in the detector to be significantly
less than &s; and requiring that the four jets cluster in
two pairs, each having invariant mass near m~. Simi-
larly, the background from e e + ~ 8' 8'+ is ade-
quately suppressed by requiring that the 8' 8 + total
mass be substantially less than U's. It is fortunate that
the pure four-jet decay modes of the 8 8 pairs from
Higgs-boson production can be used since the mixed
hadronic-leptonic final states have a considerably lower
event rate. Considering only light-quark (q =u, d, c,s)
channels and stable leptons (1 =e,p), we find
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FIG. l. We plot the Higgs cross section relative to 0.„, as a
function of &s for a variety of IH values. The results are ob-
tained using the techniques of Ref. 2.

L =(1.15i && 10 pb 'yr ')[+s (TeV)] (5)

For a theorist's year of 10" sec this corresponds to an in-
stantaneous luminosity of

X =(1.15i && 10 cm sec ')[&s (TeV)] (6)

If a given cross section is related to o.
p, by

0= Ozt (7)

and if the overall branching-ratio factor for seeing a par-
ticular final state of interest is B, then the number of
events obtained in a year's running is

In order to discuss the observability of a Higgs boson
of a given mass, or of any other cross section, we shall
assume that the machine design is such that in a year of
operation the integrated luminosity is

I. =10 ~l/o. „, , (4)

equivalent to

trix elements for process (1) contain not only the Higgs
resonance but also WW scattering and other processes,
we -will simultaneously determine the level of the WW
pair continuum, coming from these important sources,
in the m ~~ regions surrounding the Higgs peak. In
fact, for the cases we have studied, this underlying WW
continuum is closely approximated by that obtained by
setting mH ——~. The perturbative tree-graph calculation
of the WW scattering continuum at mH ——ao is also of
great interest in its own right. First, at moderate values
of m ~~ 5 1 TeV it provides an important testing ground
for the standard-model gauge particle self-couplings.
Second, if m H

——op, perturbatively computed WW
scattering eventually violates unitarity in the region
m~~ ~ 1 TeV, and deviations because of nonperturba-
tive effects should become evident as the WW scattering
amplitudes become strong. Thus it is important to as-
sess whether or not we can observe the WW scattering
continuum. We find that crude measurements of this
continuum for m ~~ values in the vicinity of the above
listed mH values should be feasible at the indicated ener-
gies, except possibly in the first case.

In Fig. 2 we plot do /dmin ~ from reaction (1) for the
three cases we shall consider. The only cuts imposed are
that the four jets from the W decays have rapidities be-
tween —4 and +4. Also given is the level of the WW
continuum in the case of an infinitely massive Higgs bo-
son. The values we obtained here for the Higgs-boson
production cross section at the peak, m ~~ ——m~, are in
very good agreement with those obtained in the
effective-8' approximation calculations of Ref. 4. How-
ever, we obtain quite different levels for the m& ——oc

continuum. It is useful to tabulate the numbers of
events available for further analysis. The excess of the
Higgs peak over the WW continuum contains the follow-
ing numbers of events in our three cases:

e e ~vvW W

X„„„=104~ifB. 10
solid. . mH=. 3, . 5, or 1 TeV dashes: mH=

From the plots of Fig. 1 we see that we obtain & 10 l
Higgs-boson production events for mH ——300 GeV at
Vs &430 GeV, for mH ——500 GeV at &s ) 625 GeV,
and for mH =1 TeV at &s ) 1.2 TeV. Since cuts which
eliminate backgrounds are certainly no more than 50%
efficient for the Higgs signal, these are certainly the
minimum energies at which one could hope to study
production of a Higgs boson with the indicated masses.

We will use the exact matrix elements to examine in
detail the three cases of (i) mH ——300 GeV (I H =9 GeV)
at &s =500 GeV, (ii) mH ——500 GeV (I H ——52 GeV) at
v's =1 TeV, and (iii) mH ——1 TeV (I H

——468 GeV) at
&s =2 TeV.

In the first case we are near the production threshold
and event rates for Higgs-boson production will be low,
while in the third case, machine luminosity is unlikely to
reach the l =1 level but we are fairly far from threshold.
We will find in all cases that discovery of the Higgs bo-
son should be possible. Of course, since our exact ma-
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FIG. 2. We plot do. /dm~~ as a function of m~~ coming
from reaction (1), for the three cases we consider. The only
cuts imposed are that the four jets from the W decays have ra-
pidities between —4 and +4. Also shown are results for
mH ——~.
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150l: m~ ——0.3 TeV,

No. of events in Higgs-boson peak= 19007: rnH ——0.5 TeV,

14000l: mH =1 TeV,

&s =0.5 TeV,

&s =1 TeV,

&s =2 TeV.

Regarding the mH ——~ continuum level, let us compute the number of events obtained by integrating over m~~ from
0.2 to 0.4 TeV in case (i), from 0.3 to 0.7 TeV in case (ii), and from 0.5 to 1.5 TeV in case (iii). We obtain the follow-
ing numbers of events:

30l: 0.2&m~~(TeV) &0.4, &s =0.5 TeV,

No. of WW continuum events= 760l: 0.3&m~~(TeV) &0.7, &s =1 TeV,

7400l: 0.5 &m~~(TeV) & 1.5, v's =2 TeV.

(10)

Obviously the 8'8' scattering continuum will be very difficult to measure in the first case, but might prove accessible
in cases (ii) and (iii). It is also useful to compute the number of events in the WW scattering continuum within

b,m~a ——max[0. 05mH, I H ],
around mH as an estimate of this source of background underlying the Higgs-boson peak. We obtain

7. 51: 0.292 & m ~~(TeV) & 0.308,

No. of WW continuum events= 65l: 0.448&m~~(TeV) &0.552,

1730l:0.765 & m~~(TeV) & 1.235.

(12)

These numbers should be compared to those given for
the Higgs peak in Eq. (9) after multiplying the latter by
a factor of 0.7, 0.5, or 0.5 for nzH ——0.3, 0.5, or 1 TeV,
respectively, in order to correct for the restricted m ~~
range.

Of course, m ~~ can only be accurately determined in
the case of the purely hadronic decay modes of the 8'8'
pair. For the mixed hadronic-leptonic decay mode there
is an energetic missing neutrino. To determine m~~ we

must first reconstruct its four-momentum. We have
adopted the following procedure.

(1) Neglect the transverse momentum of the WW sys-
tern and compute pT using the transverse momenta of
the trigger lepton and the two jets from the hadronically
decaying 8.

(2) Assume that the lepton and missing neutrino
momentum combine to yield a total four-momentum
with square equal to m~ . Define

~w ~ —p'T. (pT+pT +pT )
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If 6 & 0 then we may solve for p, up to a twofold ambi-
guity. Choose that solution yielding the smallest value
of m ~~. If 5 & 0 then we compute p, by taking 5 =0.
The reconstructed 8'8' mass, m~~, may then be calcu-
lated using p, . For later use we also define

10—6 g =5/mg (13)
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FICx. 3. We plot the reconstructed WW pair mass spectrum
at &s =0.5 TeV for mH ——0.3 TeV and mH ——oo, and at &s =1
TeV for mH ——0.5 TeV and mH ——oo. The reconstruction of
m~~ in the case of a missing neutrino is described in the text.
The only cuts imposed are that the charged lepton from the
one W and the two jets from the other 8' have rapidities be-

tween —4 and +4.

The resulting distribution in the reconstructed 8'8'
mass, denoted by m ~~, is shown in Fig. 3 in the case of
&s =0.5 TeV, for both mH ——0.3 TeV and mH ——oo, and
in the case of v's = 1 TeV for mH ——0.5 TeV and

mH ——oo . Obviously, the Higgs peak is considerably
broadened, particularly in the first case. In addition, the
m~~ distribution has a significant tail (summed in the
last m~~ bin) extending beyond the nominal kinematic
boundary. For the heavy Higgs boson of case (iii),
mH ——1 TeV, results are similar, but the broadening of
the Higgs peak is smaller as a percentage of its nominal
width.
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III. BACKGROUNDS AND CUTS

e e+ ~y 8' 8'+

e e+ ~yy 8' 8'+,
(14)

(15)

We have indicated earlier that at an e e+ collider the
backgrounds to the 8'8'pair production reactions of in-
terest, with mnn significantly smaller than v's, must
derive from processes in which a significant portion of
the total v's disappears. There are three obvious candi-
dates, all of which have already been discussed in the
literature:

ee~yWW and yy~WW

1
&m~=max(. 05m„,1'„)
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The third process is, of course, one of the many types of
reactions contained in the exact matrix elements for re-
action (2). Monte Carlo studies again suggest that pro-
cesses in which a real W W pair with mii~&&v's is
-not produced, but rather is mimicked (e.g., by random
four-jet production in 2y collisions or e e+ ~y+4
jets), are adequately suppressed by requiring that the
four jets reconstruct to two pairs of jets, each pair hav-
inl mass near m~.

In order to gain an idea of the magnitude of the above
real 8'8' pair backgrounds we begin by presenting in
Fig. 4 the cross sections for reactions (14) and (16), in-
tegrated over the mimir range of mH —hm~ii /2&IH
+bntir~/2 where b,mir~ is given in Eq. (11). [The
cross section for reaction (15) was computed in Ref. 5,
and is generally smaller than those we obtain for (14}
and (16).] For this figure, the cross section for reaction
(14} was obtained using the approximation given in Ref.
2, while that for (16) was computed in the simplest two-
photon approximation (see Ref. 3). Without any cuts
both backgrounds are large. Far from threshold, i.e.,
m+ n significantly smaller than v s, background (16) is
largest, but in the region of v's and mimir of interest to
us these backgrounds are comparable. However, it has
been emphasized in Refs. 2, 3, and 5 that the 8 s from
all these reactions tend to be produced at small angles
with respect to the beam direction. Let us define 0,*~ to
be the angle between the incoming e and the outgoing

, in the WW center of mass Then, .in the approxi-
mate calculations referred to above, a simple cut of the
form

~
cos8;n

~
&zo with, for example, zo ——0.7 reduces

these backgrounds substantially (see Fig. 4). The Higgs
signal is essentially flat in cost9, ~ and is reduced relative-
ly little in comparison. However, this type of cut has
several disadvantages.

(a) The W's produced via WW scattering processes
also tend to be produced along the beam directions, and
are severely suppressed by this same cut. Measurement
of the mH ——Do continuum would not be possible.

(b) The mixed hadronic-leptonic WW decay channel
requires reconstruction of the 8'8' center of mass in or-
der to define 8,*~, a process which smears out the distri-
bution in cos8,~.

(c) Some of the background subprocesses other than
yy ~W W+ contained in reaction (2) are not as

FIG. 4. The cross sections for reactions {14)and {16){denot-
ed by 0.

yy ~~ ) integrated over the m ~~ range of
mH —Smirker/2&mH+hmirir/2 where hmirir is given in Eq.
(11). [The cross section for reaction (15) tends to lie below
these two. ] The results without any cuts and with a cut on the
angle of the outgoing S' with respect to the incoming e
(defined in the WW center of mass),

~

cos8,*ir
~

&0.7, are given
for the indicated values of mH. In the uncut case these should
be compared with the cross sections of Fig. 1 times 0.7, 0.5, 0.5
for mH ——0.3, 0.5, -1 TeV, respectively {to correct for the m~~
restriction). In the presence of the

~
cos8, ir ~

&0.7 cut the
cross sections of Fig. 1 should be reduced by a further factor of
0.7 before comparison.

efficiently removed by this cut.
A much more ideal procedure would be to trigger on

the vv spectators of the reaction (1) of interest. Since
this is impossible, we adopt the converse approach of an-
titriggering on the e, e+, and y spectators of reactions
(14), (15), and (16). Our approach assumes that the
rn~ii. range of interest is significantly below v's so that
these spectators will tend to be energetic. Only those
background events where all spectators either have low
momentum or disappear in the extreme forward or back-
ward detector holes cannot be directly eliminated. In
the following we develop a strategy for severely limiting
even these background events. It tends to be more
effective than the cos0,~ cuts in isolating the Higgs sig-
nal, while avoiding the associated problems. We have
investigated this strategy in detail for the full set of
background reactions contained in (2). Our exact matrix
elements for reaction (2) include the most serious of the
three backgrounds discussed above: namely, the two-
photon collision background (16). Closely analogous
procedures and results can be anticipated for the back-
ground processes (14) and (15). The strategy hinges
upon having good detector coverage such that either (or
both) the final e or e+ of process (2), and similarly the
y's of processes (14) and (15), would be detectable if em-
erging with laboratory angle and transverse momentum
greater than specific minimum values. In our study of
reaction (2) we have assumed that an e or e+ with lab-
oratory angle larger than 20 degrees and transverse
momentum larger than 25 GeV would be detectable; i.e.,
events from reaction (2) are accepted, in all that follows,
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as true background events only if

0," &20' or pT ~25 GeV, (17)
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FIG. 5. Distributions in pT and g at m~~ ——mH, for cases
(i) and (iii), coming from reactions (1) and (2) [the latter being
subjected to the requirements of Eq. (17)]. The m& ——oo distri-
butions are quite similar. Distributions for case (ii) resemble
those for case (i) except that they are somewhat broader in
both variables.

for both the outing s =e and s =e + spectators. We re-
gard these values as being on the pessimistic side.

The idea is then very simple. The processes of in-
terest, both Higgs-boson production and WR'scattering,
tend to produce 8'8' pairs with very substantial trans-
verse momentum, while the backgrounds as well as the
many uninteresting subprocesses contributing to (I), will
be characterized by rather limited transverse rnomen-
tum. For the pure hadronic decay mode of the 8 s this
transverse momentum can be directly measured. For the
mixed hadronic-leptonic 8 8' decay channels we cannot
directly measure the 8'8' pair transverse momentum;
however, we are much more likely to find an allowed
solution for p, [i.e. , il &0, see Eq. (13), is much more
likely] for the background processes with limited WW
transverse momentum than for the reaction (1). Before
proceeding we note that a fully reliable investigation of
the type of transverse motion cuts which we propose can
only be carried out using complete matrix elements for
the reaction (1) and (2).

The reader should be warned that the results we
present for reaction (2) are based on (roughly) only ten
thousand events accepted subject to the cuts (17); and
typically only two thousand events remain after the pT
or g cuts given below. Thus exact cross sections and
distributions given for this background will not be per-
fectly accurate. However, the general magnitudes and
shapes seem to be reliable. The statistical accuracy of
the results for process (1) is far higher, with an order of
one-hundred thousand events contributing after the cuts

discussed below.
We begin by plotting in Fig. 5 the distributions in

pT and il [see Eq. (13)], at mii~ ——mH, resulting from
reactions (1) and (2). Explicit results are presented for
cases (i) and (iii) with the Higgs resonance present. Dis-
tributions for case (ii) are very similar to those for case
(i), after rescaling to account for the higher Higgs-boson
mass and &s. Distributions for mH ——ao are, for all
three cases, very similar to those found when sitting on
the Higgs resonance peak. In case (i) the efficacy of a
cut in either pz or g is evident, with optimum values
easily read off the graphs. In case (iii) the distributions
are not as sharply distinct, but, again, it is obvious that
the process (I) has a very long tail at high pr and at
negative values of il whereas the background process (2)
has restricted pT and has most of its weight in the pos-
itive g region. Based on these distributions, and similar
ones for case (ii), we find that good choices for cut boun-
daries are (i) pr '"=50, 90, and 150 GeV, and (ii)'"= —0.25, —1.5, and —2.0, for the choices of
Higgs-boson mass and &s values of cases (i), (ii), and
(iii), respectively. Since pT and rj cuts are very closely
related we shall only consider imposing one or the other.
Other variables which we may wish to consider restrict-
ing are cosO, ~, the laboratory angle between the incom-
ing e and outgoing W, and y (y+ ) the laboratory
rapidity of the outgoing W ( W+ ). The processes of in-
terest from reaction (1) tend to yield events with small
y and y+, and with a flat cosO, ~ distribution, whereas
background processes give broad y and y+ distribu-
tions and peak near cosO, ~ ——+ 1. However, cuts in
these latter variables alone are completely inadequate for
eliminating the background from reaction (2) and they
will only be considered in combination with cuts on pT
or g.

In fact, it is convenient to create a list of possible cuts:

«7 (3) pT &I T
'" and Iz I

Ix'
I

&I 5 (4)
(5) il&g '" and Iy I, Iy+

I

&1.5. In all
cases we require that the observable jets or lepton from
the 8'decays have laboratory rapidities between —4 and
+4

In Fig. 6 we give the value of do. /dm~~ at m~~
=mH for reactions (1) and (2) after imposing the various
cuts listed above, in cases (i), (ii), and (iii). From these
results the eSciency and effectiveness of each of the cuts
may be judged. Our goal is to achieve a relatively
efficient cut [i.e., one that does not remove too much of
the reaction (1) signal] which effectively eliminates the
reaction (2) background. In terms of the symbols of the
plots we require either that the square be substantially
below the diamond (for a Higgs resonance being present)
or that the plus be below, or at least no larger than, the
cross (for mH ——ce ). A glance at the plots indicates im-
mediately the effectiveness of the pT and g cuts, given
that the background starts at a level which is much
above the upper limits of the graphs. We also note that
the combination cuts No. 2 and No. 5 begin to reveal a
small (but obviously unusable) Higgs-boson signal in the
background process (2). We will analyze each of our
three cases in detail. An overall summary of the results
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outlined below appears in Tables I and II. Before
proceeding we note that in discussing the mixed decay
modes we will neglect m~~ reconstruction. The reader
should keep in mind that for these modes the net nurn-
ber of events obtained in the specified m ~~ bins would
actually be spread out over a somewhat larger range in
the reconstructed WW mass, m~~.

In case (i) we see that the pT or i) cuts, No. 1 or No.
4, achieve background rejection with good efficiency.
Since we had only —150I Higgs events and —30l WW
continuum events (for 0.2 TeV &mii, ii, &0.4 TeV) to be-
gin with this is fortunate. Let us imagine that all purely
hadronic WW decay modes (net B =

—,
'

) and mixed
hadronic-leptonic modes with light quarks and a stable
charged lepton (net B=0.16) are usable, and employ the
pz- cut in the first instance and the g cut in the second.
From Fig. 6 we find that if a Higgs boson is present the
efficiency weighted B is -0.32 in the pure hadronic
mode and -0.05 for the mixed mode. The mixed chan-
nel is clearly very marginal but the pure hadronic mode
channel should provide a reasonable signal. In both
cases background at the Higgs peak will be very small.
The mH ——oo 8'8' scattering continuum has efficiency
weighted branching ratios of -0.39 and -0.05 in the
pure hadronic and mixed decay channels, respectively,
resulting in rather few background free events-boson.

Turning to case (ii) we recall that we begin with 1900l
Higgs-boson events and 760l, mH ——oo WW scattering
continuum events. Again a pure pT or g cut suffices
to reveal the Higgs resonant peak or, in its absence, the
8 8 scattering continuum. For m~~ ——mH ——0.5 TeV,
the pure hadronic channel has an efficiency weighted B
of -0.23, and the mixed mode channel, -0.05. Thus
even the mixed modes contain some 95l events in the
Higgs peak after cuts, above a very much smaller back-
ground. The efFiciency-weighted B's for the mH = ap

continuum are even larger; -0.32 for the pure hadronic
modes with cut No. 1, and -0.065 for the mixed mode
with cut No. 4. Clearly we are left with a significant
number of usable WW scattering continuum events in
the W8' pair mass region 0.3 TeV(m~~(0. 7 TeV.
For instance, in the pure hadronic 8'8' decay mode we
have -2401 8'W scattering events compared to a back-
ground from reaction (2) of —951. One could even imag-
ine imposing a combination cut, such as No. 2, yielding
-95l hadronic mode 8'W scattering continuum events
over a background of —301. However, even if I =1 is
achievable, no improvement of the signal s statistical
significance results despite the improved ratio of signal
over background.

In our final sample case (iii), the efficiencies of our
pT and q cuts are smaller, as one might anticipate
from Fig. 5. However, even if the integrated luminosity
is characterized by only I =0.25, the surviving number
of events is competitive with the previous case. At
1=0.25 we begin with 3500 Higgs peak events, and 1850
8'8 scattering events in the range 0.5 TeV & m~~ (1.5
TeV. At the Higgs peak we obtain efficiency weighted
B's for process (1) of -0.17 for the pure hadronic mode
and cut No. 1 and of -0.06 for the mixed mode and cut

0
—2

Cross Sections After Various Cuts
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No. 4. For 1=0.25 these correspond to -600 pure ha-
dronic mode and -210 mixed mode events in the Higgs
peak, with small backgrounds. At mH ——~ the corre-
sponding efficiency weighted B's are -0.25 for the ha-
dronic mode and —0.07 for the mixed mode. For
I =0.25, the m~~ bin specified above contains -460 ha-
dronic mode events and —130 mixed mode events, with
backgrounds of —230 and —115, respectively.

%e present a survey of the resulting efficiency and
branching ratio weighted event rates in Tables I and II.
In Table I we give the rates for ee~vvH(~ WW) (in-
tegrated over the entire Higgs peak) and for ee ~vv WW
and ee~ee8'8' at m~ ——oo integrated over the m~~
ranges specified in Eq. (10). Results are presented for all
three energies and for both the pure hadronic mode with
cut No. 1 imposed and the mixed mode with cut No. 4
imposed. This Table indicates that measurement of the
mH ——ao WW scattering continuum of reaction (1) over
the background reaction (2) will be feasible for the
higher two &s values we consider, provided back-
grounds we have not considered, e.g. , from random ha-
dronic jet production, can be equally suppressed.

In Table II we present results for the efficiency and
branching ratio weighted hadronic mode events for the
above three cases, but with m~~ restricted to lie within
+b,miiii /2 [see Eq. (11)] of the mH value we have
chosen to explore at each given energy. This Table is
appropriate for assessing backgrounds to Higgs-boson
detection in the pure hadronic mode coming from the
underlying mH ——oo WW' continuums of reactions (1) and
(2). Table II makes it clear that Higgs-boson detection
will be relatively straightforward unless other back-

Cut Number
&&, (:): m„=.3, . 5, or 1 TeV; ee~vv WW, ee~ee%% &,+: m„=—~; ee~vv WW, ee~eeWW

FIG. 6. In this figure we give the cross section do. /dm~~
at m ~~ ——0.3 TeV and &s =0.5 TeV, at m ~~ ——0.5 TeV and
&s =1 TeV, and at m~~ ——1 TeV and &s =2 TeV, for reac-
tions (1) and (2) after imposing various cuts as listed in the text.
Results are given both in the presence of a Higgs boson with
mH ——m~~ [indicated by the diamonds and squares for reac-
tions (1) and (2), respectively] and for mH ——oo [indicated by
the crosses and pluses for reactions {1) and (2), respectively].
Also given in each case, as the cut number=0 values, are the
uncut cross sections for reaction (1) both for mH ——m~~ (dia-
mond) and for mH ——oo (cross).
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TABLE I. We tabulate event rates for the pure hadronic WW decay modes (with the indicated
pT

'" cut in units of GeV) and for the mixed hadronic-leptonic decay modes (with the indicated

g
'" cut). The event rates incorporate efficiency weighted branching ratios and are obtained by in-

tegrating over the indicated mww ranges. The "H peak" event rate is the number of events in the
presence of a given Higgs resonance peak that is in excess of the number of events obtained for
mH ——ao. The multiplier 1 specifies the luminosity according to the definition of Eqs. (5) and (6).

&s =0.5 TeV
(0.2 & m ww (TeV) & 0.4)

Hadronic
(pT'" ——50)
Mixed
(Yj '"=—0.25)

ee ~vv WW
H peak: mH ——0.3 TeV

481

91

ee ~vv WW
mH ——~

121

1.51

ee ~ee WW
mH ——~

31

1.41

Hadronic
(pr'" =90)
Mixed
(q-"= —1.s)

&s =1 TeV
(0.3&mww (TeV) &0.7)

ee ~vvWW
H peak: m~ ——0.5 TeV

4401

951

ee ~vv WW
mH ——~

2401

501

ee ~ee WW
mH ——~

951

351

Hadronic
(pT

'"——150)
Mixed
(/max 2 0)

&s =2 TeV
(0.5 & m ww(TeV) & 1.5)

ee ~vv WW
H peak: mH ——1 TeV

23801

8401

ee ~vv WW
m~ ——~

18501

5201

ee ~ee WW
mH= op

9401

4601

TABLE II. We tabulate the number of events in the purely hadronic decay modes of the WW pair,
after imposing the indicated p T

'" cut on the WW transverse momentum. The event numbers in-
corporate the appropriate efficiency weighted branching ratio and correspond to integrating over the
indicated mww range. The "H peak" event rate is the number of events in the presence of a given
Higgs resonance peak that is in excess of the number of events obtained for mH ——oo. The multiplier 1

specifies the luminosity according to the definition of Eqs. (5) and (6). The mww range is chosen so
that a comparison of the H peak rate with the sum of the two mH ——ao rates gives a rough indication
of the significance of the Higgs signal with respect to the WW continuum backgrounds from reactions
(I) and (2).

mH —~mww/2 & mww & mB+6m ww/2
H peak ee ~vv WW

mH ——0.3, 0.5, or 1 m~ ——oo

ee ~ee WW
mH ——oo

&s =0.5 TeV
(p, '"=so)
&s =1 TeV
(pT'"=90)
&s =2 TeV
(pT'" ——150)

341

2201

11901

31

201

4301

81

2201
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grounds, such as random four-jet production processes
are more important than those given.

To summarize, we see that the pT and g cuts No. 1

and No. 4, are of primary utility. Cuts in cosO, w and y
alone do not yield adequate signal to background ratios.
Combination cuts involving pT or g and cosO, w or y —,
generally merely reduce the event rate without
significantly improving the statistical significance of the
signal. Indeed, our results indicate that a detector with
limited cos0, w or y

—acceptance would be undesirable,
both from this standpoint and that of not allowing impo-
sition of our basic background cuts (17).

Finally, since the resulting purely hadronic mode
event rates are relatively modest, it is important to re-
turn to the question of whether this mode can, in fac',
be used in the presence of random four-jet backgrounds
from yy scattering, e e+ ~yy+4 jets and e e+ an-
nihilation events with substantial energy in the beam
pipes and/or detector holes. Aside from the earlier men-
tioned reduction in these backgrounds obtained by look-
ing for two pairs of jets, each with pair mass near m w, it
is important to recognize that the pT and q cuts are
probably nearly as effective in eliminating these back-
grounds as they are in eliminating the true WW back-
grounds. A detailed Monte Carlo study is clearly desir-
able, and is in progress, but beyond the scope of the
present work. It should also be noted that both the sig-
nal rate would worsen and the random four-jet back-
grounds would increase if there is substantial probability
that the colliding e and e+ will have lost energy as
part of the bunch crossing process. It is probable that if
the total energy loss averages more than 25% observa-
tion of Higgs-boson production would be severely im-
pacted and detection of WW scattering would become
impossible.

IV. SIGNALS FOR LONGITUDINAL S"s

sin 0*, (18)

while averaging over the two helicities corresponding to
transverse 8' polarization yields

In the preceding considerations we have not made any
use of one of the primary signals for a WW pair from
the decay of a Higgs boson —namely, the longitudinal
polarization of both 8 s. In this section we wish to ex-
plore several ways for recognizing longitudinally polar-
ized Ws, and, in the process, demonstrate that still fur-
ther, highly e%cient cuts against the continuum com-
ponent of the backgrounds, all of which primarily pro-
duce transversely polarized 8"s, are possible. Of course,
these cuts will not be useful in isolating the WW scatter-
ing continuum in the mH ——oo case, since it also contains
primarily transversely polarized 8 s in the energy and
m ww range being considered.

One technique for recognizing a longitudinally polar-
ized 8' boson has been particularly stressed in Ref. 10.
If we define the angle 0' to be the angle in the 8' rest
frame of one W decay product with respect to the direc-
tion of motion of the W in the laboratory, a longitudi-
nally polarized W will have a decay distribution of the
form

1+ cos 0 (19)

That (18) really is typical of Higgs-boson decay, while
(19) is dominant for both WW scattering continuum pro-
cesses and the mH ——oo component of the background re-
action (2) is illustrated in Fig. 7. There we focus on case
(ii) and present plots of drr ld

I

cos8* I, after the imposi-
tion of the pT cut No. 1.

A different, and apparently more powerful discrimina-
tion between longitudinally and transversely polarized
8 s produced by processes of the type being considered
was developed in Ref. 11. We first define the variables

max
maxrT

mww

min
min PT
T

mww
(20)

cosO Distributions: vs =1 TeV, m~=. 5 TeV
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FIG. 7. Plots at m ~~ ——0.5 TeV and &s = 1 TeV of
do/d

~
cos8*(, after the imposition of the pr cut No. 1.

The distributions from reaction (1) for mH ——0.5 TeV and for
mH ——oo are presented, as we11 as that from reaction (2) for
mH ——oo.

where pr '"(pT '") is the transverse momentum of the W
decay jet with largest (smallest) transverse momentum
with respect to the collision axis. For the purely ha-
dronic decay mode we first boost to the W8' center of
mass before computing rT'" and rT". For the mixed de-
cay mode we define rT'" and rT'" in the laboratory
frame. We will give results for the former case, in the
presence of the pT cut No. 1. (Results for the latter
case, with the g cut No. 4 imposed, are not very
different. ) Before proceeding, let us recall that longitudi-
nally polarized W's tend to decay to two jets with mo-
menta of similar magnitude in the moving 8' frame. In
contrast, transversely polarized W's prefer to decay in
such a way that one jet is emitted opposite the W direc-
tion of motion, while the other is along the direction of
motion, resulting in one hard and one soft jet. As a re-
sult, a sharp distinction between energetic 8 s polarized
longitudinally and ones polarized transversely emerges
through correlations in the two-dimensional rT"—rT'"
space. Decays of a longitudinally polarized W populate
a region along a line of constant r T '"+r T '", with few
events at small rT'". In contrast, decays of a transverse-
ly polarized W accumulate near rT'" ——0 over a range of
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Plots of da/dmw„drT '" drT""" (pb/('eV)
at Vs = 1 TeV, m~-=. 5 TeV

0.02 0.002 0.002

min
r~

minrr

e e+~vv WW

mH-——.5 TeV

e e ~vvWW e e ~e e+WW

FIG. 8. We present three-dimensional plots in r ~ '"-rT
'"

space for the same three situations considered in Fig. 7.

rT". This is illustrated in Fig. 8 where we present
three-dimensional plots in r~'" —r~'" space for the same
three situations considered in Fig. 7. In order to further
illustrate the differences between the Higgs-boson signal
and the O'W scattering continuum and ee ~ee 8'8
backgrounds it is useful to take a slice through the
three-dimensional plots at fixed rT'". Plots for such a
slice are given in Fig. 9. The peaking of the Higgs-
resonance events at large values of rT'" is apparent.
These plots demonstrate that by retaining only events
with

max min minrT +rT ) rsum~ rp + rmin (21)

rT""" Distrjbutjons
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one can further enhance the Higgs-boson decays relative
to background events with good efficiency. We have not
attempted to optimize such a cut but r,„=0.35 and
r,„=0.125 would be typical choices.

For an infinitely massive Higgs boson and at values of
m~~ in the TeV range, accessible for Vs ~ 2 TeV, one

might hope that the W~ 8'L ~8'I WL portion of the
WW scattering amplitudes would begin to emerge over
the contributions involving one or more transversely po-
larized 8 s. However, for the m~ ——oo, &s =2 TeV
case which we have studied, the cosO* and rT '"—rT '"
distributions are very similar to those we have presented
for the mH ——0o, &s =1 TeV case. They do not give any
visible indication of longitudinal polarization for the
final W's. Further investigation is required to determine
how high in energy and WW mass it will be necessary to
go before longitudinal modes will become observable.

Finally we note that in the Superconducting Super
Collider studies of Ref. 11 it was found that random jet
backgrounds tended to be even more peaked at small
rz'" than transversely polarized 8 s. Anticipating that
the same will be true here it is clear that the cuts of Eq.
(21) are likely to provide another powerful means for
eliminating such backgrounds to WW pairs coming from
Higgs-boson decay.

V. BEAM POLARIZATION

It is conceivable that beam polarization could be of
considerable utitility in separating the Higgs boson or
WW scattering continuum from random jet back-
grounds. Higgs-boson production, WW scattering and,
indeed, all processes contributing to reaction (1) derive,
of course, entirely from the left-handed e 's and right-
handed e+'s in the colliding beams. They can be turned
on and off by an appropriate helicity choice for either
beam. In contrast, backgrounds deriving from random
jet production, as opposed to real W production, are
likely to be insensitive to beam polarization. However,
backgrounds deriving from real 8 s may behave in a
similar fashion to the processes of interest. For instance,
many of the uninteresting diagrams contributing to reac-
tion (2) involve 8' bremsstrahlung from the beam parti-
cles. These could be just as important as the polariza-
tion insensitive two-photon diagrams once the pT or g
cut is imposed, and will, of course, be turned on and off
in the same manner as the subprocesses of interest.
Measurement of the mww spectrum using, for example,
a right-handed e beam would then not yield a reliable
background determination if this type of real WW back-
ground is important.

%'e have pursued this question by exploring the sensi-
tivity of reaction (2) to beam polarization. We have
recomputed the cross section do /dmww at mww ——0. 5
TeV and &s =1 TeV from reaction (2) (after cuts) for a
purely right-handed polarized e beam, and compared
to our unpolarized beam results. We define the
ee ~ee WW cross-section ratio

106 I I I I I I I I I I I I I I I I I I I I I I

0 0.05 0 1 0. 15 0.2 0.25
I I Ijg « I I I I I I I I I I I I I I I)

0 0.05 0. 1 0. 15 0.2 0.25

mfn

I

I I I I I t~g~l I t I I I I

0 0.05 0. 1 0. 15 0.2 0.25

Epos =

dO

dm ww
(22)

FIG. 9. We plot do. /dms~dr~'"«T'" (in pb/«V) at fixed
m ~~ ——0.5 TeV, for the rT '" bin specified by
0.225(rT'"(0.25, as a function of rz. '". The three graphs
represent fixed-rT'" slices of the three-dimensional plots of Fig.
8.

+
2 dmww dmww

and evaluate R,I after imposing the three cuts involving

pT —No. 1, No. 2, and No. 3—and find
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0.56 (0.3), cut No. 1,

R,i
—— 0.65 (0.36), cut No. 2,

0.63 (0.34), cut No. 3,
(23)

where the first number is the value for mH ——0.5 TeV
and the second number (in parentheses) is for mH ——oo.
Obviously the background from reaction (2) remaining
after our cuts is rather sensitive to beam polarization
and will decrease substantially for a purely right-handed
e beam polarization. Thus determination of the reac-
tion (2) background to Higgs-boson production and the
WW scattering continuum using beam polarization will
require relying on theoretical computations, such as the
present one, of its sensitivity to beam polarization. We
anticipate that a similar statement applies to other back-
grounds which produce real W's.

VI. CONCLUSIONS

We conclude that observation of a standard-model
Higgs boson produced via e e+~vvH with m»2m~
will be relatively straightforward at an e e+ collider
with energy &s roughly a factor of 2 above mH.
Efficient techniques for eliminating the background from
two-photon scattering and other processes contained in
e e+~e e+W W+, based on antitriggering on spec-
tators and requiring large transverse momentum for the
8'W system, have been given. These techniques require
that we are focusing on a region of m~~ substantially
below &s. They make feasible the use of both the pure-
ly hadronic and the mixed hadronic-leptonic WW decay
modes. Decay product correlations for longitudinally po-
larized 8"s from Higgs-boson decay have been detailed,
and will provide a clear signature that the cuts have
indeed isolated the Higgs boson.

The same background elimination procedures may
also make measurement of the WW scattering continu-
um possible, at least for &s ~1 TeV. However, in the
cases we have studied, this continuum is dominated by
transversely polarized W's and W decay product distri-
butions will not provide a final proof that we have isolat-
ed this class of events.

In both cases, backgrounds from processes which pro-
duce random four jets, such as yy ~4 jets,
e e+~yy+4 jets, or e e+~4 jets (with missing ener-

gy in the detector holes) are likely to be greatly reduced
by employing the same techniques which eliminate the
uninteresting direct WW production backgrounds in
combination with the requirement that the four jets
come in two pairs with mass in the vicinity of m ~ (Ref.
9). The exact level of reduction possible here will deter-
mine whether or not the WW scattering continuum will
be measureable.

The role that beam polarization can play in separating
Higgs-boson production and WW scattering from back-
grounds is uncertain. It is clear that these processes of
interest will be turned off for a purely right-handed po-
larization of the incoming e beam, while random jet
backgrounds are probably little affected. But the latter
does not seem to be true of backgrounds producing real
WW pairs. We have found that once cuts have been im-
posed to eliminate the bulk of the primary real WW pair
background, ee~eeWW, the remaining part is rather
sensitive to beam polarization and, in particular, de-
creases substantially for a purely right-handed e beam.
Undoubtedly, this is largely because of the fact that cuts
designed to eliminate the two-photon process inevitably
enhance the relative importance of' the more polarization
sensitive type of diagrams contained in the full sum of
all matrix element contributions to reaction (2). We
thus conclude that beam polarization is likely to be of
greatest utility if random jet backgrounds are dominant.

We end by reiterating that for the observation of ei-
ther the Higgs boson or the WW scattering processes it
is important that there not be too much degradation of
the initial collision energy as a result of the bunch cross-
ing dynamics. This is especially crucial for observation
of the WW scattering continuum, which is relatively
easily obscured by such effects, but is also important for
detection of a Higgs resonance. Maximum effort on the
part of machine designers to avoid beam energy loss is
appropriate.
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