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We explore the potential of a future e+e collider in the 0.5 TeV center-of-mass energy range to
detect intermediate or heavy Higgs bosons in the standard model. We first briefly assess the logistics
for finding a Higgs boson of intermediate mass, with Mz & m~ & 2M~. We then study in detail
the possibility of detecting a heavy Higgs boson, with m& & 2M~, through the production of pairs
of weak bosons. We quantitatively analyze the sensitivity of the process e+e -+ vPW+W (ZZ)
to the presence of a heavy-Higgs-boson resonance in the standard model. We compare this signal
to various backgrounds and to the smaller signal from e+e -+ ZH ~ y+p, W+W (ZZ), assum-
ing the weak-boson pairs to be detected and measured in their dominant hadronic decay modes
W W (ZZ) ~ 4 jets A.related Higgs-boson signal in 6-jet final states is also estimated. We
show how the main backgrounds from e+e W+W (ZZ), evWZ, and tt production can be reduced
by suitable acceptance cuts. Bremsstrahlung and typical beamstrahlung corrections are calculated.
These corrections reduce Higgs-boson production by scattering mechanisms but increase production
by annihilation mechanisms; they also smear out some dynamical features such as Jacobian peaks
in pT (H). With all these corrections included, we conclude that it should be possible to detect a
heavy-Higgs-boson signal in the vvW W (ZZ) channels up to mass mz = 350 GeV.

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

I. INTRODUCTION

The structure of the electroweak symmetry-breaking
mechanism is a fundamental issue in particle physics
today. A promising way to probe this structure is to
study the production of pairs of W and Z bosons at
high-energy colliders, since the longitudinally polarized
states WL and ZL, derive their origins and interactions
from the symmetry-breaking sector; in particular, heavy
Higgs bosons may appear as resonances. The prospects
for detecting heavy Higgs bosons, with m~ ) 2Mz, have
been analyzed extensively for future pp supercolliders [1].
However, it has been argued that high-energy linear e+e
colliders provide a cleaner experimental environment for
a detailed investigation of Higgs-boson characteristics [2).
In the present paper we address the problem of detect-
ing Higgs bosons at possible future e+e machines with
center-of-mass (c.m. ) energies in the 0.5 TeV range. In
a way, our analysis is complementary to Ref. [3], where
signals and backgrounds for a very heavy Higgs boson at
a 1.5 TeV e+e collider have been studied —neglecting,
however, radiative corrections due to bremsstrahlung and
beamstrahlung.

In the standard model (SM) there is a single scalar
Higgs boson H, and the principal e+e production chan-
nels are

(ZH production),

(la)

e+e ~ vP(W+)'(W )' -+ vPH (WW fusion),

(lb)

for which the Feynman diagrams are shown in Fig. 1.
The cross section of Eq. (la) peaks near c.m. energy

~s = Mz + ~2m& and falls off with increasing energy
due to the s-channel dependence of the Z-boson prop-
agator [4]. Contrariwise, the cross section of Eq. (lb),
based on t-channel vector-boson exchanges, logarithmi-
cally increases with energy and eventually surpasses that
of Eq. (la) [5]. The ZZ-fusion mechanism analogous to
Eq. (lb) has weaker couplings and hence a much smaller
cross section. Figure 2 shows the various cross sections
versus ~s for rn~ = 100 and 150 GeV. Results for other
m~ values can be found in Ref. [6]. It is interesting to
note that below the nominal ZH-production threshold
the ZH mechanism (with a subsequently decaying vir-
tual Z boson) is nevertheless dominant.

At the CERN e+e collider LEP 2, operating at
vs = 200 GeV, the Higgs-boson discovery limit will be
rn~ + 90 GeV assuming high luminosity [7]. An impor-
tant task of the Next Linear Collider (NLC) is, therefore,
the search for an intermediate-mass Higgs boson (IMHB)
in the window Mz & m~ ( 2M~. With a total decay
width of I'~ & 100 MeV, an IMHB would be relatively
long lived [1]. Thus, the cross sections for the produc-
tion of an IMHB via Eqs. (la) or (lb) and its subsequent
decay into a certain channel may be simply obtained by
multiplying the curves in Fig. 2 by the respective branch-
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FIG. 1. Feynman diagrams for Higgs-boson production
in e+e collisions via (a) ZH associated production (with
subsequent Z-boson decay) and (b) WW and ZZ fusions.
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e+e —+ ZH —+ p,+p, VV, (2)

selecting invariant mass rn(p+p ) = Mz, the Higgs-

ing fraction. In Ref. [8] the branching fractions of an
IMHB were studied in detail. We now update that anal-
ysis in the following respects. We include electroweak
radiative corrections at one loop for all fermionic rates
[9]. In addition, we include second-order /CD correc-
tions for the quarkonic widths [10] adopting the physical
input parameter mb = 4.25 GeV from Ref. [11].We also
take into account the @CD corrections to the two-gluon
mode, which are realized by H ~ gg(g) and H ~ gqq
and lead to an enhancement by some 60% [12]. Our re-
sults are illustrated in Fig. 3. Figures 2 and 3 summarize
the opportunities for an IMHB search at the NLC (up
to initial-state radiation corrections that we evaluate be-
low).

In the remainder of this work we shall focus attention
on the production of a heavy Higgs boson, with mH &
2M~. The dominant SM decay modes are then into four
quarks via H -+ VV -+ qq qq (where V denotes a generic
weak boson, V = W, Z). In our subsequent discussion it
will be assumed that the VV pairs are measured in the
corresponding four-jet final states VV ~ jqjqjsj4, with
invariant masses m(j& jz) = m(jsj4) = Mv.

At first sight, the simplest and cleanest heavy Higgs
signal appears to be in the dimuon plus four-jet channel

1-
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FIG. 2. Cross sections for Higgs-boson production in
e+e collisions vs c.m. energy ~s, assuming (a) mH
100 GeV and (b) m~ = 150 GeV. The solid curves represent
ZH associated production, allowing for Z-boson virtuality
below the nominal ZH threshold. The dashed (dot-dashed)
curves represent WW (ZZ) fusion.

boson resonance appears here as a peak in the m~~ dis-
tribution, but the event rate is suppressed by the small
branching fraction B(Z —+ p+p ) = 0.034 [13]. It is
therefore attractive to investigate also the invisible Z de-
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FIG. 3. Branching fractions vs m~ for
the decays of a Higgs boson into (a) WW,
ZZ, Zp, and pp; (b) bb, cc, w+w, and gg.
For the loop-induced decays m& ——130 GeV
has been assumed.
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cay to neutrinos, which has a six times larger branching
fraction, B(Z -+ vP) = 0.20 [13]; this leads one to con-
sider the channel

e+e -+ E+E W+W (ZZ),
e+e ~E+vW+Z,

(4a)
(4b)

when one or more charged leptons escape undetected.
Processes (3) and (4a) were previously discussed in
Ref. [14].

Another channel to consider is

e+e ~ ZH ~ ZVV ~ 6 jets (5)
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FIG. 4. Generic lowest-order Feynman diagrams for the
processes e+e —+ EqE2Vj V2.

e+e ~ vPVV,

summed over all neutrino flavors, where there is again a
resonance peak in mvv. The Higgs-boson signal in this
channel receives contributions not only from ZH produc-
tion but also from the WW-fusion mechanism. This is
both an advantage and a challenge; it further enhances
the event rate and also offers the opportunity to separate
and compare these contributions and hence to test the
relative strengths of the HZZ and HW+W couplings,
predicted by custodial SU(2) symmetry. The WW-fusion
contribution to e+e -+ vPW+W (ZZ) is not gauge in-

variant by itself however; the complete set of lowest-order
Feynman diagrams for this process is contained in the
generic set shown in Fig. 4. The Higgs-boson signal in
channel (3) thus has a background from the nonresonant
contributions of Fig. 4; it also gets backgrounds from the
processes

that benefits from a big branching fraction B(Z ~ jj) =
0.70 [13). The Higgs-boson signal here appears as a
peak in the inclusive mL v spectrum, selecting final states
where the jets reconstruct three weak bosons, and sum-
ming over all possible VV pairings. This signal is there-
fore about 20 times bigger than the ppjjjj signal, or 3.5
times bigger than the ZH component of the vPjjjj sig-
nal, and hence is roughly comparable to the total vvjjjj
signal. On the other hand, this channel suffers from a
large combinatorial background; even if the assignment
of jj pairs to weak bosons in a given event happens to
be unique, we will have to sum over three possible bo-
son pairings, obtaining signal/background = 1/2 at best.
Complications due to jet branchings, jet overlaps, and de-
marcation between jets are also more critical here than
in the four-jet final states, where only the total hadronic
invariant mass is ultimately interesting. A proper study
of this channel would require detailed jet simulations,
that we do not attempt here; however, we can infer the
potential signal approximately from our ppj jjj results.

In addition to intrinsic nonresonant backgrounds and
the processes of Eq. (4), significant backgrounds are to
be expected from top-quark pair production,

e+e -+ tt ~ (bW+) (bW ), (6)
that can fake vPVV, p+p, VV, and ZVV final states
through various decay modes of the b quarks and W
bosons. These backgrounds cannot be precisely predicted
until the top quark is discovered, but for the energies of
present interest they depend rather weakly on the mass
m& in the range mq ——135 + 35 GeV indicated by SM
studies [15] and consistent with the experimental bound
[16] mq & 91 GeV. For illustration we shall show the
case mq ——150 GeV. We ignore backgrounds arising from
/CD interactions, where continuum light-quark or gluon
jets fake V ~ jj decays; their cross section is suppressed
by additional coupling factors n2 and also by the exper-
imental requirement that m(jj) = mL .

At high-luminosity e+e colliders, the actual c.m. en-
ergy and c.m. frame in which the hard e+e collisions of
present interest take place are strongly afFected by elec-
tromagnetic radiation in the initial state, including both
bremsstrahlung (which is universal) and so-called beam-
strahlung efFects [17) (which depend on properties of the
beams near their intersection). Any practical calculation
of signals and backgrounds referring to laboratory condi-
tions should therefore take account of these corrections
[18].

In the present paper we evaluate the SM Higgs signals
and backgrounds in the channels (2)—(6) above, including
the contributions of all Feynman diagrams of Fig. 4. We
discuss how cleanly the ZH-production and WW-fusion
contributions can be separated in the vvVU channel and
how their event rates compare (after selection cuts) with
the ZH-production signals in the p+p, VV and six-jet
channels. We take the example of an e+e collider with
c.m. energy ~s = 0.5 TeV, which is at the lower end of
the energy range 0.5—2.0 TeV currently being considered
and is arguably the easiest to achieve. We include ef-
fects of initial-state electromagnetic bremsstrahlung plus
beamstrahlung, taking typical examples of beam param-
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eters for illustration. After incorporating suitable selec-
tion cuts and the initial-state radiation corrections, we
conclude that it should be possible to detect a heavy-
Higgs-boson signal in the vPW+W (ZZ) channels up to
mass mH = 350 GeV.

ceptionally large due to photon exchange processes. The
vvW+W channel is particularly sensitive to Higgs-
boson contributions. The pronounced edges at mH =
2Mttr and mH = 2Mz in Fig. 6 indicate the onset of the
resonance region for the s-channel Higgs-boson exchange.

II. WEAK-BOSON PAIR PRODUCTION IN THE
STANDARD MODEL

A. e+e —+ vP W+W

The contributing Feynman diagrams are depicted in

(a)—(d), (f), (h) —(o), (p), (q), (s), (t), and (v)—(y) of
Fig. 4 for the "scattering" channel, where fermion lines
1 and 4 are taken to represent incoming particles, and
in (a), (c), (f), (g), (h), (j), and (1)—(y) of Fig. 4 for
the "annihilation" channel, where fermion lines 1 and 2
represent incoming particles. The corresponding helic-
ity amplitudes are given in Appendices A1 and A2, re-
spectively. Diagrams (a)—(g) contribute via W+W
W+W scattering, but of these only (a) and (b) contain
Higgs-boson exchanges and represent the dynamics of the
symmetry-breaking sector that we wish to separate. The
other diagrams depend on scattering or bremsstrahlung
via the standard gauge couplings.

We stress that both the "scattering" and "annihila-
tion" channels of e+e -+ vPW+W contribute to the
Higgs-boson signal. In Fig. 5 the curve for this process
includes both contributions; their interference is found to
be negligible. Previous calculations at +s = 1.5 TeV [3]
neglected all annihilation-channel contributions; this ap-
proximation is not justified at +s = 0.5 TeV as Fig. 7(a)
illustrates. We note in passing that our calculations of
the scattering contribution at v s = 1.5 TeV reproduce
the results of Ref. [3].

Figure 7(a) shows separately the "scattering" and "an-
nihilation" contributions to the der/dPT distribution ver-
sus missing transverse momentum PT for mH = 200 GeV.
From simple kinematics the distributions terminate at
(P&) = (s —4Mvss, ) /(2~s) = 224 GeV. The lo-

We first consider in turn the leading contributions at
tree level to the production of weak-boson pairs plus two
leptons. An array of generic Feynman diagrams is shown
in Fig. 4; a detailed explanation of the diagrams for the
various processes is given in Appendix A. The external
fermion lines can be labeled e, v, or p and the external
weak bosons are labeled W or Z. When the external par-
ticles are specified, standard selection rules determine the
labeling of almost all the other lines. However, a virtual
neutral-boson line sometimes represents both Z and p,
while the flavor of the final neutrinos is sometimes v, and
sometimes to be summed over v„v„,and v~. The cor-
responding helicity amplitudes are given in Appendix A,
using the techniques of Ref. [19]. All the electron masses
are kept finite in the formulas and in the calculations in
order to regulate the mass singularities.

The differential cross sections da /drnv v for the various
reactions are shown for the case rnH = 200 GeV in Fig. 5;
the total integrated cross sections are shown versus mH
in Fig. 6. No cuts are imposed here except in the yyVV
channel, where we require

rn (p.
+p ) —Mz ( 15 GeV, (7)

since we are interested only in muon pairs from Z de-
cay. Here and in subsequent figures we omit all smearing
effects arising from experimental resolution in measure-
ments of invariant masses and transverse momenta.

The cross section for e+e W+W production is ex-

l I

(b) =(a)
Js =0.5 TeV m„=200GeV'IO

zl
& iss~v

-I
10

""...ee-eeWW

II
'~ee-tt

II

il

II
I~

/

/ =

/
j

/

l

10 ee —pp. W W
10

b

ee-p.p,

10

/

-/
/

103/ I

200

I

I

1

I

200

l
l
'l

1
I li

400
I

30010 500400

myy (GeV)mvv (GeV)

F1G. 5. Differential cross sections der/dmvv for the production of two leptons plus two weak bosons vs the VV invariant

mass m~~, where V = R' or Z, for the case mH ——200 GeV. No cuts are imposed apart &om the dimuon mass requirement

of Eq. (7) in ppVV channels and the fake-V mass requirement of Eq. (8) in tt background cases. All contributions from both
scattering and annihilation processes are included: (a) vPVV signal and background channels, (b) p+y, VV channels.
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cation of the Jacobian peak in the annihilation chan-
nel corresponds approximately to the maximum PT for
which the intermediate Z and H bosons in e+e
ZH ~ vPWW are both on mass shell, (PT), k

1/2
( a —(Mz + m~) a —(Mz —mrs) /a) /2
198 GeV. For higher PT one or both bosons are off mass
shell, which explains the sharp fall beyond the peak. We
conclude that the scattering and annihilation contribu-
tions can be separated by their PT spectra [or equiva-
lently by their PT (VV) spectra, since ~PT ~

= ~P2 (VV)~
in the vPVV final state]. In Fig. 7(b) we also sepa-
rate the PT spectrum of e+e ~ vPH into the contri-
butions from WW-fusion and ZH associated produc-
tion; see Fig. 1. Now the distributions terminate at
QT) = (a —M&2) /(2+a) = 210 GeV, but the posi-
tion of the Jacobian peak in the ZH curve is unchanged.

For m~ = 200 GeV, a PT ) 175 GeV cut can single out
the contribution of the ZH diagram, assuming the c.m.
energy to be 0.5 TeV. We shall see later that initial-state
radiation corrections smear the c.m. energy and with it
the/ dependence; nevertheless, it remains true that ZH
production and VV fusion contribute in distinctively dif-
ferent ways and can in principle be separated by a de-
tailed study of the P& dependence of the signal.

B. e+e -+ vPZZ

The contributing Feynman diagrams are depicted in
(a), (c), and (f)—(u) of Fig. 4 for the scattering channel
and in (a), (b), (h)—(k), and (p)—(u) for the annihilation
channel with appropriate particle labeling. The helicity
amplitudes are given in Appendices AS and A4. This
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case too has contributions from "scattering" and "an-
nihilation" channels, and both contain the Higgs-boson
signal. However, the cross section is much smaller than
that for e+e ~ vvW+W .The major background
in this channel arises in the annihilation channel from
e+e ~ ZH with H —+ ZZ -+ Zvv decay [Fig. 4(b)]; it
comes from the Higgs boson itself, via a different decay
mode from the one we are studying, and gives the broad
enhancement at large mdiv in Fig. 5(a).

C. e+e —+ e+e W+W

The contributing Feynman diagrams are depicted in

(a), (c), (f), (g), (i), (k), and (1)—{y) of Fig. 4 and ex-
plained in Appendix A5. Although this channel has
contributions from Higgs-boson-exchange diagrams, it is
essentially a background to the Higgs signal, because it
is overwhelmingly due to p-exchange contributions. In
Figs. 5(a) and 6(a) we can see that this background is po-
tentially much bigger than the signal in the vvW+W
channel. But with a suitable p2 (VV) cut and central-
electron vetoing, we shall show that this background
can be reduced to an unnoticeable level. The calcula-
tion of this process together with the process e+e
vv W+W above is almost identical to the case qq ~
W+W q'q~ discussed in Ref. [20], where matrix elements

are, however, not listed.

D. e+e ~ e+e ZZ

The contributing Feynman diagrams are (a), (b), (h)—
(k), and (p)—(u) of Fig. 4 with the appropriate substitu-
tions (see Appendix A6). This channel has characteris-
tics similar to Sec. II C, but the cross section is exceed-

ingly small because of the small Zee coupling.

E. e+e —+ e+vW+Z

The contributing Feynman diagrams are (b)—(r), (t),
(u), and (w)—(y) of Fig. 4; the corresponding amplitudes
are listed in Appendix A7. This process gives another
background to the signal; the cross section depends on
mH because of the Higgs-boson-exchange diagram 4(b).
With a pT (VV) cut and central-electron vetoing it can
be greatly reduced, as explained below. Furthermore, if
it became possible to distinguish accurately between W
and Z from the invariant masses of their decay dijets,
then this background could be removed.

F. e+e -+ @+p W+W (ZZ)

The amplitudes in these cases precisely equal the
lepton annihilation amplitudes for the e+e —+

e+e W+W (ZZ) cases, described in Secs. IIC and

IID above. In addition to the H ~ W+W (ZZ) di-

agrams that give the Higgs-boson mass peaks in the

m~v distributions, there are weak-boson scattering and

bremsstrahlung diagrams that contribute backgrounds.
In the p+p ZZ channel there is also a contribution

from e+e —+ ZH production with H ~ ZZ ~ p+p, Z

decays [Fig. 4(b)]; this appears as a background to the
Higgs signal in the rnzz distribution, if both these Z
bosons are assumed to decay hadronically. Since we

have here a ZZZ final state, the event rate in the Higgs
peak (and background) could be tripled if we included
all three ZZ pairings in the rnzz distribution. However,
this procedure would make sense only if the hadronically
decaying Z bosons could be clearly distinguished from
W bosons {itwould be nonsensical in @+p W+W final

states) and we do not pursue it here.

G. e+e ~ tt ~ bbW+W ~ bbfifsfsf4

We calculate this background process at the tree level,

including full spin correlations down to the final W ~
f;f~ decays into fermions, following the techniques of
Ref. [19]. Very heavy quarks decay before they have

time to hadronize or depolarize [21], so we treat the
t -+ bW decays at the quark level with 100% branch-

ing fraction. When semileptonic b decays are needed, we

first hadronize the b quark to a B hadron in the labora-

tory frame via the Peterson [22] model with parameter
e = 0.05, consistent with LEP studies [23], and then use

the free-quark b ~ cEv decay matrix elements following

the spectator model of heavy-quark decays. The basic
e+e ~ tt cross section is relatively large, of order 700—

500 fb for rnid
——100—200 GeV at +s = 500 GeV.

This final state can be mistaken for vPVV if (a) one
W boson decays leptonically W -+ Ev, (b) the charged

lepton escapes detection while the neutrino gives large

PT, and (c) the final bb pair fakes a V ~jj decay. This
background can be reduced by requiring large PT and by
vetoing central leptons, the same criteria that suppress
the other backgrounds. We note that leptonic 7. decays
give final e or p while hadronic r decays give identifi-
able narrow jets; although the technical details for veto-

ing central w's must differ from those for vetoing central
electrons and muons, we shall here treat them all the
same as a first approximation. In Figs. 5(a) and 6(a) we

show the potential tt background in the vPVV channel,
before making selective cuts, for the case rnid ——150 GeV.
We first calculate the cross section for Evjjjj production,
summing the contributions from l = e, y, , ~, and requir-

ing that the fake V generated by b and b jets has invariant
mass within 15 GeV of the W or Z mass:

Mgr —15 GeV & m(bb) & Mz + 15GeV. (8)

This cross section is divided by the square of the branch-

ing fraction B(V ~ jj) = 0.70 to convert it to an effec-

tive vvVV cross section. Then m~v denotes the invari-

ant mass of the hadronically decaying W plus the fake
V.

These tt final states faking vvVV —+ vvj jjj all have

the property that three of the jets have invariant mass

m(jjj) = m&. We could therefore in principle sup-

press this background completely by vetoing final states
where any three jets satisfy ~m(jjj) —m&~ & 15 GeV,
say, once the top quark has been discovered and mq is

known. The price paid would be the loss of some of the
0 —+ VV ~ jjjj signal, but this price varies greatly
according to the values of mi and mH. If mi = 150 GeV,
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for example, this invariant mass veto would destroy about
90% (70%) of the Higgs-boson signal for m~ = 200 GeV
(250 GeV), which is probably too much to pay. But if
m~ ——100 GeV, the corresponding Higgs signals would be
reduced by only 45% (20%) instead, while for m~ = 300
or 350 GeV the loss of signal would be less than 10%. All
this assumes of course that the eventual detectors would
allow sufficiently accurate multijet invariant mass recon-
structions. In our present analysis we do not apply this
three-jet mass veto, since it would introduce a confus-

ing multiplicity of cases to discuss; however, it remains a
potentially helpful cut for future application.

Top-quark pair production can also be mistaken for

ppVV production if two of the heavy fiavors decay into
muons. Two primary top semileptonic decays give the
wrong jet multiplicity, but one primary t decay plus
one secondary b decay to muons can fake ppVV if the
hadronic debris from the two b quarks (after one semilep-
tonic decay) combines to fake V ~ jj. With smaller
probability, two secondary b decays to muons can also
fake ppVV, if the hadronic debris from the b quarks does
not obscure the two remaining genuine W bosons; we
shall ignore this contribution and other small effects aris-
ing from semileptonic charm decays. These backgrounds
can be suppressed by requiring the dimuon invariant mass
to be close to Mz and by vetoing events with large PT .
They can be suppressed further by adding some isolation
requirement on the muons, since Z ~ pp typically gives
isolated muons whereas b and c decays give muons in or
near jets, but we do not pursue this further here.

In Figs. 5(b) and 6(b) we show the potential tt back-
ground in the ppVV channel, before making selective
cuts, for the case me ——150 GeV. We calculate the cross
section for ppj jjj production, requiring that the dimuon
invariant mass satisfies the constraint Eq. (7) and that
the fake V from 5+ b hadronic debris satisfies the con-
straint Eq. (8). This cross section is divided by the square
of the branching fraction B(V ~ jj) = 0.70, to reduce it
to an effective ppVV cross section. Then my' denotes
the invariant mass of one true W plus one fake V, as
before.

Finally, tt production can also be mistaken for ZVV -+
6-jet production if all the W bosons and B hadrons decay
hadronically and the two b jets fake a V -+ jj configura-
tion. This background is suppressed a little by the decay
branching fractions and rather more by the constraint
m(bb) - Mv. It could be suppressed completely by ve-

toing m(jjj) mq configurations, as discussed above,
but we do not apply this veto in our present work.

III. RESULTS AFTER KINEMATIC CUTS

At ~s = 0.5 TeV there are seldom any events for W
bosons having absolute rapidity ~y~ )1.5, and there is not
much difference between rapidity cuts of 1.0 and 1.5. Fur-
thermore, experimental acceptance will force some such
cut upon us anyway, since jet measurements will be im-
possible close to the beam axis. In our calculations we
shall therefore make the cut

ly(V)l &1

E,+ ) 50 GeV and
~
cos(e,+)~ ( cos(0.15) . (11)

This proves to be very effective in reducing the
e+e W+W background, but less in suppressing the
evWZ background. The tt background is little sup-
pressed by the pT (VV) cut but is considerably reduced
by vetoing all central leptons; for this we extend the cri-
teria of Eq. (11) to apply to all charged leptons e, p„and
w. Our cuts are very similar to the ones used in Ref. [3].

The results for vvV V signal and background channels
are summarized in Fig. 8 for the difFerential cross sec-

)0
I I

~e=0.5 TeV m„=200 GeV

pT(VV) & 45 GeV I y(V) I
& (

Central lepton vetoing for
E& &50 GeV and )cose~(& cos(0.15)
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to ee-evWZ

E
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b
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ee-eeWW

to
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fl
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300

ee

400 500

m„„(GeV)
FIG. 8. Contributions to the vvVV signals and back-

grounds, with acceptance cuts but without initial-state ra-
diative corrections, for the case mH = 200 GeV. Differential
cross sections sre shown for e+e ~ vP(e+e, ev) VV vs the
VV invariant mass mv v, where V = W, Z; here ~y(V) ~

( 1,
pT (VV) ) 45 GeV, snd central e+ vetoing by F,+ & 50 GeV
snd

~
cos(e,+) ~

( cos(0.15) hss been applied. These curves
receive contributions Rom both scattering and annihilation
channels. The background from e+e ~ tt production is
also shown, with the fske-V mass constraint of Eq. (8) plus
the corresponding pr(VV) snd ~y(V) ~

cuts snd s veto on sll
central leptons e, p, , ~.

to approximate the experimental acceptance, with no se-
rious loss in signal.

In the vvVV channel, the backgrounds from e+e
e+e W+W (mainly due to 7-exchange processes), from
e+e -+ evWZ, and from e+e ~ tt are potentially
dangerous; see Figs. 5 and 6. Our strategy to reduce the
first two backgrounds is similar to that in Ref. [3]. We
first suppress the contribution from the p-exchange poles
by a cut

pz (VV) ) 45 GeV,

which efFectively removes the double-7 pole contribution
to e+e -+ e+e W+W . In addition, we veto events
with a visible electron. We assume that e+ will be iden-
tifiable if they have high energy and are emitted in the
central region (neglecting the possibility of losing elec-
trons in jets); we therefore veto all events that contain
e+ with
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tion versus the invariant mass mv~ of the weak-boson
pair, and in Fig. 9 for the total cross section versus mH.,
see also upper entries of Table I. With the above cuts
the total cross sections for e+e ~ e+e W+W and
e+e ZZ are now exceedingly small, being of order 0.1
and 0.01 fb, respectively. We see that there is an excel-
lent Higgs-boson signal with little background, especially
for the mass range 160 GeV & m~ & 225 GeV, where
the H ~ WW, ZZ resonance signal exceeds 20 fb with
a total nonresonant background of about 40 fb. For an
assumed annual integrated luminosity of 50 fb, 2-jet
branching fractions B(W ~jj) = B(Z —+jj ) = 0.7, and
perhaps 50% instrumental efficiency, a 20 fb signal trans-
lates into 250 signal events per year in the H —+ UV ~ 4-

jet channels. It should be possible to detect much smaller
signals than this.

Further details of the e+e ~ vPVV signals and
backgrounds are given in the upper entries of Table I,
where total cross sections are listed for a range of Higgs-
boson mass values (excluding bremsstrahlung and beam-
strahlung corrections, as do all our calculations so far).
The intrinsic background in the vPWW channel, i.e. ,

the cross section without the resonance peak in miv~,
may be estimated by calculating with some small Higgs-
boson mass, rrEH = 50 GeV say; this approximation
agrees closely with the heavy-Higgs-boson calculations
outside the resonance peak and interpolates smoothly un-
der the peak. Subtracting this background from the total
ijPWW cross section gives an estimate of the Higgs sig-
nal in this channel. The sum of the intrinsic and other
(misidentification) backgrounds gives the total integrated
background. In the vPZZ channel, the principal intrinsic
background comes from ZH production with H —+ ZvP
decay, which cannot be obtained from any light-H calcu-
lation; a rough estimate of this background is provided
by taking 2/3 of the integrated vPZZ production, with
the remaining 1/3 being due to the signal. Note however
that for discussions of the significance of each signal, we
should compare with the part of the background lying

50

~s = 0.5 TeV

pr(VV) &45 GeV ~y(V)
~

& f

central lepton vetoing

30—
-vvW W

b 20—

10—
PE,

vzz

ee-tt

ee-evWZ

0
0 0.2 0.4 0.6 0.8 1.0

m„(TeV)
FIG. 9. Total cross sections for the vvVV signals and

backgrounds vs mH from e+e —+ vv W+ W, vvZZ,
evW+Z, and tt, imposing the same cuts as in Fig. 8. The
e+e ~ e+e W+W and e+e ZZ contributions after cuts
are extremely small, of order 0.1 and 0.01 fb.

]7 & 40GeV . (12)

under the resonance peak that is an order of magnitude
smaller than the integrated background in each channel
given by our tables.

The Higgs-boson signals in the ZH ~ rupVV chan-
nels do not suffer from potentially large backgrounds
and therefore do not need strong cuts for their extrac-
tion. However, the tt background has typically large

PT
——pz (VV) due to the leptonic W-boson decay, un-

like the signal or the other backgrounds; we therefore
choose to suppress tt contributions by requiring

TABLE I. Cross sections in fb for the various channels contributing to the vvVV Higgs-boson
signals and backgrounds, demanding ~y(V) ~

& 1, pT (UV) & 45 GeV, and vetoing central leptons
[with Eza & 50 GeV and

~
cos8&+

~
& cos(0.15)j. For each channel and value of mH, the upper

entry does not include the effects of beamstrahlung and bremsstrahlung. In the lower entry, these
effects are taken into account for the Palmer G (DESY/Darmstadt narrow-band) design. The
corresponding numbers for the continuum production of vvWW, simulated by the choice mH = 50
GeV, are 5, 2.9 (4.5). Subtracting this from the vPWW result leaves the corresponding Higgs-boson
signal. In the vvZZ channel, the signal is about 3 of the given cross section. The numbers for the
tt background are 16, 31 (19), assuming mq ——150 Gev.

vvZZ

e+e WW

e+e ZZ

mH = 175 GeV
42

31 (42)
1.3

0.62 (0.83)
0.15

0.15 (0.15)
0.016

0.08 (0.02)
13

13 (14)

m~ = 200
29

18 (25)
13

6.9 (9.5)
0.15

0.16 (0.16)
0.014

0.05 (0.02)
12

9.2 (10)

mH = 250
16

8.9 (14)
8.8

4.0 (6.1)
0.14

0.15 (0.16)
0.01

0.016 (0.015)
9.4

6.6 (8.5)

mH ——300
9.8

5.0 (8.9)
5.4

1.8 (3.5)
0.13

0.15 (0.16)
0.009

0.011 (0.011)
8.5

4.8 (7.4)

mH = 350
6.9

3.5 (5.9)
2.7

0.69 (1.6)
0.12

0.15 (0.15)
0.009

0.008 (0.011)
7.4

4.1 (6.7)
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In addition to the p+p mass constraint of Eq. (7) and
the fake-V mass constraint of Eq. (8), we also impose the
rapidity cut of Eq. (9), approximating the likely exper-
imental acceptance, both on the vector bosons and on
the p,+p system. The total cross section and m~v de-
pendence differ little from the uncut distributions shown
in Figs. 5(b) and 6(b) (apart from tt contributions), so
we do not plot them again. Details of the integrated
ppVV signals and backgrounds are given in Table II.
In the ppWW channel the background is estimated by
calculating with a light Higgs boson, as in the vPWW
channel (Table I). In the ZZZ -+ ppZZ channel, where
the final ZZ are assumed to decay into four jets, the
principal background comes from H -+ ZZ -+ ppjj de-

cays; this accounts for about 2/3 of the integrated cross
section while the remaining 1/3 comes mostly from the
H ~ ZZ -+ jjjj signal. We note that the net signal
cross sections in the ppVV channels (Table II) are about
10—20 times smaller than those in the vPVV channels
(Table I).

The net Higgs signal in the ZH -+6-jet channel is re-
lated to that in the ZH -+ ppj jjj channel by the ratio
of branching fractions B(Z ~ jj)/B(Z ~ p p ) 20,
as remarked in Sec. I, if we continue to apply essentially
the same acceptance cuts both to the muons and to the
jets. We can therefore use the latter signal to estimate
the former; folding in the V -+ jj branching fractions,
we see from Table II that the Higgs-boson signal in 6-jet
final states falls from about 15 fb at m~ = 175 GeV to
about 3 fb at m~ = 350 GeV. The e+e -+ VVV ~ 6-jet
background is harder to estimate; it depends on detailed
questions of jet resolution, etc. However, the minimal
combinatorial background from the ZH -+ ZVV process
is at least twice the signal. Also, we find that the effective
tt ~ VVV -+ 6-jet background (with bb faking a V) is of
order 75 fb for mt ——150 GeV, if we simply impose the
mass and rapidity cuts of Eqs. (8) and (9). Compared to
the vPVV case, the signals in this channel have similar
strength but the backgrounds are much bigger and more
problematical.

Finally we recall that the effects of experimental res-
olution, arising from calorimeter fluctuations, semilep-
tonic decays in jets, etc. , remain to be added to our
present calculations. These effects will somewhat smear
the sharp peaks in invariant masses and transverse mo-

menta that we show. There are also important correc-
tions from initial-state radiation, that we now discuss.

IV. EFFECTS OF BREMSSTRAHLUNG AND
BEAMSTRAHLUNG

It is wel1 known that cross sections measured in high-
energy e+e collisions are greatly afFected by @ED radia-
tive corrections. (However, we can as a first approxima-
tion neglect weak corrections, which are known to vary
between —7% and +6% for the e+e -+ ZH cross sec-
tion at v s = 0.5 TeV [24].) In general, the main efFect is
due to bremsstrahlung from the initial state, which low-
ers the effective c.m. energy available in the main process
and leads to a typical smearing of the distributions in the
subprocess c.m. energy v s. The size of the effect can be
easily estimated by considering the large leading logs
rithms. In O(n") they are of the form (o./vr)" ln" (s/m~)
(n = 1, 2, . . .), which follows from Sudakov's theorem
[25]. In an inclusive experiment there are no similar loga-
rithms due to final-state particles. This is guaranteed by
the Kinoshita-Lee-Nauenberg theorem [26), which states
that mass singularities associated with outgoing parti-
cles cancel when all final states with the same invari-
ant mass are summed up. For +s = 0.5TeV one has
(a/ir) ln(s/m2) = 7%. It is, therefore, clear that any
predictions for processes at the NLC that ignore initial-
state bremsstrahlung will vary from crude to completely
inadequate. By analogy to the situation at the Z peak
it is clear that in the presence of a not-too-broad Higgs
resonance even a rigorous treatment to O(n) would still
fail to lead to reliable predictions. An O(nz) calcula-
tion in connection with soft-photon exponentiation [27]
would be in order. Unfortunately, full O(n2) results
are only available for the class of processes where the
electron-positron pair annihilates into a neutral gauge
boson [28]. However, the pattern in which the leading
logarithms arrange themselves is universal for all reac-
tions with an e e initial state. Leading-order initial-
state bremsstrahlung is most conveniently included by
convoluting the reduced cross section with exponentiated
splitting functions for the incident electron and positron
beams [29]. These splitting functions characterize the
probability of finding an electron (positron) with a given
longitudinal-momentum fraction inside the original elec-

TABLE II. Cross sections in fb for the p+p VV channels after imposing the cuts
Iy(V)i, iy(p+p, )i & 1, m(p+y, ) —Mz & 15 GeV, PT & 40 GeV. For each channel and value
of mH, the upper entry does not include the e6'ects of beamstrahlung and bremsstrahlung. In the
lower entry, these effects are taken into account for the Palmer G (DESY/Darmstadt narrow-band)
design. The corresponding numbers for the continuum production of ppR W, simulated by the
choice mH = 50 GeV, are 0.64, 0.26 (0.55). Subtracting this from the ppWW result leaves the
corresponding Higgs-boson signal. In the ppZZ channel, the signal is about 3 of the given cross
section. The numbers for the tt background are 0.26, 0.23 (0.26), assuming mg ——150 GeV.

pp, lVTV

ppZZ

mH = 175 GeV
2.2

0.87 (1.8)
0.11

0.19 (0.13)

m~ ——200
1.5

0.71 (1.4)
1.2

0.57 (1.0)

mH = 250
1.2

0.54 (1.1)
0.86

0.42 (0.8)

mH = 300
1.0

0.41 (0.87)
0.56

0.24 (0.51)

mH = 350
0.82

0.31 (0.7)
0.28

0.092 (0.24)
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tron (positron) after multiple-photon emission and can
be obtained by solving @CD-like evolution equations.
In our analysis we adopt Eq. (20) of the first paper of
Ref. [29] neglecting the numerically insignificant contri-
bution of those P terms which do not participate in the
exponentiation. For e+e reactions in the continuum it
is evident that initial-state bremsstrahlung should tend
to reduce (enhance) a cross section which is increasing
(decreasing) with increasing energy.

A completely novel feature which will be faced at the
NLC is the so-called beamstrahlung phenomenon [17],
which is an unavoidable consequence of the quest for lu-

minosities which exceed current achievements by 3 orders
of magnitude. It occurs when particles in one bunch un-

dergo bremsstrahlung upon entering the electromagnetic
field of the other bunch. These particles thus interact
coherently with a sizable part of the opposite bunch.
The intensity of the emitted beamstrahlung therefore
increases with the strength of the fields generated by
the bunches, which in turn grows with the particle den-
sity of the bunches and hence with the luminosity per
bunch crossing. Beamstrahlung effects delicately depend
on the details of the machine operation and a realistic
estimate of their characteristics can only be obtained
through Monte Carlo simulation. In our analysis we gen-
erate beamstrahlung (and bremsstrahlung) events using
the program package BEAMSPEC by Barklow [30].

The optimization of a linear-collider design proceeds
in a multidimensional parameter space with a network
of constraints [31]. The currently existing concepts for a
500 GeV NLC fall into three broad categories [32]. (1)
SLAG and KEK propose a traveling-wave copper struc-
ture at room temperature, operating at 11.4 GHz (X
band), and a gradient of 50—100 MV/m. There is an
option with high luminosity but strong beamstrahlung
(Palmer G) and an alternative with moderate beam-
strahlung at the cost of a factor 2—4 in luminosity (Paliner

F) [31]. (2) DESY/Darmstadt proposals extend the
present SLAG Linear Collider (SLC) technology to higher
energies, using a warm traveling-wave copper structure,
operating at 2.8 GHz, and a gradient of 17 MV/m. The
original wideband version [33] suffers from a large intrin-
sic linac energy spread, which impairs the resolving power
for very narrow structures. This drawback has been
largely removed in the narrow-band version [34]. (3) The
Cornell TeV Energy Superconducting Linear Accelerator
(TESLA) design [35] proposes to use a superconducting
standing-wave radio-frequency structure at 1.3 0Hz with
a gradient of 25 MV/m. Thanks to very long bunches
and large spot sizes, beamstrahlung is reduced to a level

comparable to initial-state bremsstrahlung.
It has become customary [36] to characterize the beam-

strahlung spectrum by a dimensionless beamstrchlung pa-
rameter T, which is defined by T = pB/B„where p =
Rb/m, c is the ratio of the initial beam energy to the elec-
tron mass, B is the average magnetic field inside a bunch,
and B, = macs/eh = 4.4 x 10is G is the Schwinger crit-
ical field. For T ( 1, the beamstrahlung energy loss is

a monotonically increasing function of T [31]. For the
above designs the numbers are 0.385 (Palmer G), 0.108
(Palmer F), 0.065 (DDwb), 0.013 (DDnb), and 0.008

(TESLA) [32]. To start with, we consider the Palmer G
design to mark the most disadvantageous scenario. Fig-
ures 10—13 and the lower entries in the tables display
the characteristic features of bremsstrahlung and beam-
strahlung for a collider of this type. For comparison, we
then repeat the central parts of our analysis assuming
the more favorable DESY/Darmstadt narrow-band de-

sign; see Figs. 14, 15 and parenthesized entries in the
tables. The corresponding results for TESLA are very
similar to those for DESY/Darmstadt.

We first illustrate the implications for intermediate-
and high-mass Higgs-boson production rates. Figure 10
shows the e+e ~ vvH cross sections via the ZH
production and WW-fusion subprocesses versus mH
at +s = 0.5 TeV, before and after corrections for
bremsstrahlung and beamstrahlung. We see that these
corrections enhance the ZH-production mechanism for

mH + 200 GeV; here the increase in cross section from
smearing to lower c.m. energy wins over threshold effects,
but for higher mH the threshold suppression takes over.
Production via WW fusion is reduced for all m~ val-

ues, since the cross section falls monotonically as v s is
decreased.

Figure ll illustrates some characteristic features of
beamstrahlung and bremsstrahlung on the vvH signals
from WW fusion and ZH associated production, assum-

ing rnH = 200 GeV. Figure 11(a) shows the +s de-
pendence after these corrections are taken into account;
without corrections the entire process would occur at
~s = 0.5 TeV. As expected, the WW-fusion process,
which has a cross section rising with s, contributes mostly
at the top of the 8 range; the ZH-production process,

200

ohtung

hg

6)

)00

50

0
0 )00 200

mH {GeV}
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FIG. g0. Total cross sections at ~s = 500 GeV for

e+e —+ vvH, before and after bremsstrahlung and beam-

strahlung (Palmer G) corrections, as a function of mH. Both
WR'-fusion and ZH-production channels are shown. Dashed

(solid) curves denote results with (without) QED radiative

corrections.
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with a falling cross section, contributes across a wide

range of s. Figure 11(b) shows the PT distributions before
and after corrections; we see that contributions from the
upper $7 range (that require close-to-maximum values of
+s) are strongly suppressed, and the Jacobian peak near
maximum Pz is smeared out.

In Fig. 12 we investigate the impact of bremsstrahlung

and beamstrahlung on e+e ~ vPW+W difFerential
cross sections, distinguishing between the scattering and
annihilation channels; this contains the Higgs-boson sig-
nals previously shown in Fig. 11, but now the intrinsic
backgrounds are also present. Figures 12(a) and 12(d)
display the v s dependences. Figures 12(b) and 12(e)
show the distributions versus invariant mass m~~, ob-
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FIG. 15. Same as Fig. 13 but for the DESY/Darmstadt narrow-band design.
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viously, the smearing in s has no effect on locations and
widths of the Higgs resonance peaks, but the height of
each peak and the distribution of its intrinsic background
can be changed. Figures 12(c) and 12(f) show the smear-
ing of the PT distributions.

The lower entries in Tables I and II give the final cross
sections for the signals and backgrounds in the vPVV
and ppVV channels, after adding bremsstrahlung and
Palmer G-type beamstrahlung corrections to the previ-
ous results shown in the respective upper entries; we re-
call that this is the worst beamstrahlung scenario. In the
vPVV channels, the Higgs signal is appreciably reduced
while the background from evWZ is somewhat less re-
duced (or even increased). The tt background is doubled,
partly because tt production is increased but mostly be-
cause the cuts become less efFective at lower +s. Never-
theless, a healthy signal remains right through the mass
range illustrated here. For rn~ = 300 (350) GeV the
total signal would amount to 2.7 (0.8) fb compared to a
total background of 40 (39) fb, of which the component
under the mass peak would be only about 4 (1.3) fb; see
Fig. 13. If we assume as before an annual integrated lu-
minosity of 50 fb i and 50%%uo instrumental efficiency and
take dijet branching fractions B(V -+jj ) = 0.7, then for
m~ = 300 GeV there would be about 30 events/year in
the combined vPVV -+ vvj jjj channels, with a back-
ground of about 50 events/year in the mass bin below
the Higgs resonance peak. For rn~ = 350 GeV there
would be about 10 signal events/year, with about 15
background events/year below the peak. It appears that
a Higgs signal would be detectable in this channel for
a mass up to m~ = 300 GeV quite readily, and up to
rnH = 350 GeV eventually. The net Higgs-boson signal
in the A@VV channels is smaller by a factor of 15—40,
depending on mH.

Figure 13 shows the total Higgs signals and back-
grounds in the vPVV and ppVV channels versus invari-
ant mass mdiv. All the cuts (8)—(11) for vPVV and
(7), (8), (9), (12) for py, VV have been applied here,
and bremsstrahlung and Palmer G beamstrahlung cor-
rections have been included. In Fig. 13(a) all the sig-
nals and backgrounds for vvVV channels are shown for
rn~ = 200 GeV. In Fig. 13(b) we show the sum of vvWW
and vPZZ difFerential cross sections, since these channels
would be practically indistinguishable in their hadronic
decay modes VV -+jjjj, for m, H = 200, 250, 300, and
350 GeV. At the same time the major backgrounds from
e+e ~ evWZ and from e+e ~ tt, for the same choices
of mH, are added to the corresponding Higgs-boson sig-
nal. Similarly, Fig. 13(c) shows the combined difFerential
cross sections of the ppWW and ppZZ signals and the
tt background for the same choices of mH. This figure
neatly summarizes our principal heavy-Higgs-boson re-
sults in the Palmer G' case.

We now examine the performances of the
DESY/Darmstadt and TESLA designs with regard to
beam&rahlung suppression. In Fig. 14 we compare for
mH = 200 GeV the v s dependences of the differential
cross sections do'/dv s for vvH production which arise
from Palmer G and DESY/Darmstadt (narrow band).
We consider separately the contributions from WW fu-

sion in Fig. 14(a) and from ZH associated production
in Fig. 14(b). The curves for Palmer G are the same
as in Fig. 11(a). We see that the distributions for
DESY/Darmstadt are much more massed close to the
nominal value vts = 500 GeV, i.e., the average energy
loss of the incident beams by beamstrahlung is drasti-
cally reduced. In particular, the plateau in the curve of
ZH production is absent for this design.

The parenthesized numbers in the tables have been ob-
tained by adopting the DESY/Darmstadt design param-
eters; the TESLA design gives almost identical results.
The results lie throughout much closer to the uncorrected
case than to the case of Palmer G. We conclude that the
smearing effects of beamstrahlung do not necessarily rep-
resent a serious danger for Higgs hunting at a 500 GeV
NLC. It is an issue of machine architecture and opera-
tion to reduce unwanted beamstrahlung to the level of
(unavoidable) bremsstrahlung.

Finally, in Fig. 15 we repeat the analysis of Fig. 13 for
the DESY/Darmstadt design. The

mdiv

distributions
shown in Fig. 15(a) are much closer to the uncorrected
case of Fig. 8 than to the Palmer G case of Fig. 13(a). In
particular, the bumps at the upper end of the my v range
in the distributions of the eeVV (VV = WW, ZZ) chan-
nels, which can be traced to those annihilation diagrams
where the V bosons are emitted from the initial state
[see Figs. 4(x) and 4(y)], are much less washed out here
than in the case of Palmer G. Furthermore, the signal
peaks are more prominent than for Palmer G; however,
as we have noted already in the context of Figs. 12(b)
and 12(d), their locations and widths are insensitive to
beamstrahlung. These observations are substantiated by
Figs. 15(b) and 15(c). The signals are somewhat bigger
and the backgrounds are somewhat smaller than for the
Palmer G design; we conclude once more that a Higgs
signal would be detectable in the vPVV channel up to
rn~ = 350 GeV.

V. SUMMARY

We have studied standard-model Higgs-boson signals
at a possible future e+e collider with c.m. energy +s =
0.5 TeV. Our results may be summarized as follows.

(i) For an intermediate-mass Higgs boson in the range
Mz & m~ & 2Miv, the ZH-production channel
ofFers the biggest production cross section, even be-
low the nominal ZH threshold; see Fig. 2. We have
updated the branching fractions into different de-
cay modes, which determine the detectability, for
this mass range; see Fig. 3.

(ii) For a heavy Higgs boson, with m~ ) 2M~, the
most promising signals are in the channels e+e —+

vvH —+ vvVV, where V = W, Z and V —+ jj
dijet decays are detected. Various backgrounds
from other vvVV, evVV, eeVV, and tt produc-
tion mechanisms can be greatly suppressed by a
V-rapidity cut, a missing transverse momentum
[= pp(VV)] cut, and a central-lepton veto. A de-
tectable vvj jjj signal is predicted up to masses
of order mH = 300—350 GeV; see Table I and



3738 BARGER, CHEUNG, KNIEHL, AND PHILLIPS 46

Figs. 13(b) and 15(b). Assuming an annual inte-
grated luminosity of 50 fb, 5070 instrumental ef-
ficiency, and a pessimistic beamstrahlung scenario,
a mass value mH = 300 (350) GeV would im-

ply about 30 (10) signal events per year in a nar-
row m(jj jj) peak, with about 50 (15) background
events under this peak.

Another, smaller, Higgs-boson signal appears in the
channel e+e ~ ZH —+ p,+p, VV. This is not
threatened by large backgrounds and requires no
stringent cuts. For the same assumed luminosity
and efficiency as above a ppj jjj signal of about 5

(3) events/year above a relatively small background
may be expected for mH = 250 (300) GeV; see
Table II and Figs. 13(c) and 15(c). This signal
arises entirely from the ZH diagram. The cross
section for this signal is a factor of 10—40 times
smaller than that in the vPVV channels.

energy and momentum, enhancing annihilation
channels and suppressing scattering channels of
Higgs-boson production, and smearing out some
kinematical features such as Jacobian peaks in

pT (VV). Our calculations of heavy-Higgs-boson
signals include both initial-state bremsstrahlung ef-
fects and illustrative calculations of beamstrahlung.
The net effect in our present cases is to reduce sig-
nals and increase backgrounds.

(viii) The measurability of heavy-Higgs-boson signals at
an e+e collider with +s = 0.5 TeV is illustrated
most dramatically in Figs. 13 and 15. Here all
major backgrounds and all our selection cuts plus
bremsstrahlung and illustrative beamstrahlung ef-
fects are fully included; experimental smearing in
the H ~ VV invariant mass distribution is still to
be added.

(iv)

(v)

(vi)

(Vll)

A third Higgs-boson signal appears in the channel
e+e -+ ZH —+ 6 jets. The signal here is compa-
rable in size with the vvjj jj signal, but the back-
ground is much larger; precise predictions would
require detailed jet simulation studies.

We have used minimal illustrative cuts to bring the
backgrounds under control. Further suppression of
the tt backgrounds can in principle be achieved by
vetoing vPVV candidate events where m(jjj) =
mq, and ppVV candidate events where one muon
is not isolated. The m(jjj) cut can however be
damaging to the Higgs-boson signal, depending on
mq and m~.

The vPH signal receives contributions both from
ZH-production and from WW-fusion mechanisms.
These contributions can in principle be separated
on the basis of their diferent pz (VV) dependences
in the vPVV channel, or by comparing the vPVV
and A@VV signals. If these contributions are mea-
sured separately, they will allow a direct compari-
son of the ZZH and WWH coupling strengths.

Bremsstrahlung and beamstrahlung corrections are
very important. They lower the subprocess c.m.
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APPENDIX A: FEYNMAN AMPLITUDES

In this appendix we list the matrix elements for all the
considered processes, from which explicit helicity ampli-
tudes can be directly computed. To start with, we intro-
duce some general notation:

(f) =az
1 2

—.Qr~n ),
~~ (f) = —~zz sf

2

g~(f) = eQy,

ag(f) =o
u (f) = u. (f) + ~o (f)~'

D (k) =
kz —Mz + iI'x (kz) Mx '

k k~

(V =p, W, Z),
I' (k ) = I' 8(k ) (with X =p, W, Z, H),

(A2)

(A3)

(A4)

(A5)

(A6)

(A7)

(A8)
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r (kl, k2,'6l, 2) =(kl —k2) 1 2+(2k2+kl) 1 —(2kl+k2) (A9)

ecot8w for V = 2,
gVWW =

for V=p. (A1O)

Here Qy and Tsf are the electric charge (jn units of
the positron charge) and the third component of weak
isospin of the fermion f, g is the SU(2) gauge coupling,
and gz = g/cos8w, xw = sin28w, with 8w being
the weak mixing angle in the standard model. Dots be-
tween four-vectors denote scalar products and g~p is the
Minkowskian metric tensor with gss = —gll = —g22 =

g33 = 1; ( is a gauge-fixing parameter.
In Fig. 4, p; (i = 1, . . . , 4) denote the momenta flowing

along the corresponding fermion lines in the direction
of the arrows. We shall always denote the associated
spinors by the symbols u(p;) and G(p;) for the ingoing
and outgoing arrows, which is usual for the annihilation
and creation of fermions, respectively. When an ingoing
arrow represents the production of an antifermion with
physical momentum p, (momentum label —p, ), the sym-
bol u( —p;) is defined to mean v(p;). A similar convention
applies to fermion (antifermion) spins, although the spin
labels are not written explicitly below. The symbols )(+
in Figs. 4(e) and 4(g) denote the Goldstone bosons in Rj
gauge.

Finally, when adding the contributions from annihila-
tion and scattering together, a relative sign change has to
be introduced between the two sets of formulas given be-
low. The spin labels of the spinors u and u, and the polar-
ization labels of the e are not shown explicitly. To obtain
the final cross section, we sum over all the final fermion
(antifermion) spins and weak-boson polarizations, and
average the initial fermion (antifermion) spins.

1~8
3~ &e~

Vl ~ W

2~ vg,
4~e

V2~ W+.

In this channel fermion lines 1 and 4 represent the incom-
ing particles. It is convenient to introduce the following
shorthand notation:

u' = u(p') u' = G(p') ~' = ~(k')
Jl =u2& g (e)ulD (pl —p2),

(m) ( w( )
Pi+0/ +m'

(p +k )' —m''

(~) 6 Fi +m wu, , =,
k „2(g(e)u, ,

(ns, m') (m)~ w( 1 4+f4+fj +m
'(p +k +k )' —m" '

( ) Pl P P1™y wp q ( )

(A11)

where m, m' denote the (finite) electron mass or the
(zero) neutrino mass in fermion propagators. Then the
amplitudes read

l. e+e ~ vvW+W lepton scattering contributions

Lepton scattering comes from the generic diagrams de-
picted in Figs. 4(a)—(d), (f), (h)—(o), (p), (q), (s), (t), and
(v)—(y) with the substitutions

JH = gMw D (kl—+ k2) J] J2t] ~ 62 )

g MWD (pl p2 kl)~1 ' &1~2 ' &2 ~

=g [2~2'&1J1 '&2 J2'&2~1 '&1 ~2' Jl&1'~2]

JH = ) g p (kl + k2)1 (pl p2 p3 p4 ~1 J2)1 p(kl k2 1 2)
V=p, Z

~(» = ) -
g2 P ~(p, -p, —k, )r.(p, p„ k, ; Z„.,)r—,( k-„p.-p, ;.

„

J-,),
V=y, Z

JH = ) pv (pl p2 kl) u21 Q g (&)ul + u2 7 g (v)ull(h —A:)
- ep -(m) V v (o)

V=p, Z

x u42 ppg (v)u3 + u4'Qg (e)u23
(0) (m)

) gVWW p (pl p2 kl)1 (pl p2 k Jl 1)
V=p, Z

x u42 ppg (v)u3 + 84 Qg (e)u23
-(o) v (m)

) gvwwP (pl p2 kl)l ( k2 p3 p4 J)'
V=p, Z

x u21 ppg (e)ul + u2 Ypg (v)ull
(m) (0)

(A12)
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~{P,qi 6(~ o}/ gw(e) + —
g w( )

(m, o}

421 /19 (e)u3 + u4flg (e)u1~'3(s,g) (O,m) W (Om)

) gvwwD (kl + k2)u4g (kl, k2', ~1, &2)g (8) /19 (e)us(~) V p4 + ttl + II'2 + m

p4+ kl+ k3 2 —m3
Y)

gzw—wD (kl+ k3)64/19 (e)
k k &g(kl, k2', cl, E2)g (tl)u3,() Z w 83 gl g2 z

P3 1 2

) gvww D (kl + k2)u2$29 (e) &™tI (Icl, Ic3,' el, E2)g (e)ul,
V=p, Z pl 1 2 m

9zwwD (kl + k2)u2g(kl& k2i &1 &3)g (&) $29 (e)ul .(y) Z z 83+ f1+ g3

p3 + kl + k3 3

2. e+e ~ vvW+ W lepton annihilation contributions

Lepton annihilation contributes via the generic diagrams depicted in Figs. 4(a), (c), (f), (g), (h), (j), and (l)—(y)
with the substitutions

1~6
3~ v,

Vj —+ R'

2~8 )

4 —+v,
V3-+ W+.

Here fermion lines 1 and 2 represent the incoming particles. Redefining

Jl'. = 6» 9'(e)ulD'(pl —p3)

J2a —u4'Yag (&)u3D (p3 p4)

we find the amplitudes

2

MwD (kl + ks) el esJ1 J3,
1 —~w

c V V V—gVWWgZWW 261 e2J1 ' J2 El ' Jl E2 ' J2 61 ' J2E2 ' Jl
V=p, Z

) 9VwwgZWWPW (pl p2 kl)f ( kl pl p2 &1 Jl )f p(p3 p4 k2 J3 ~2)

V=y, Z

+gVwwgzwwPW (pl p2 k3) 1 (pl p2 k2 Jl &3) f p( kl p3 p4 &1 J2)

—tan38w if V = Z
tan8w if V = p

(Pl P2 1)

= Pw (pl p2 k2) u33 7 g (e)ulu41 Ypg (e)u3ap -(o) w -(m) w

= Pw (pl —pQ kl) i» g (e)u]1 u47pg (e)ug3
(.) ~p w (p) w (m)

) gvwwPw (pl p—2 k2)l (pl p2 k2 Jlv ~2) u41 fpg ( )u3
V=p, Z

) gvwwP (pl —p—2 —kl)l' (—kl, pl pa' 1 Jl )u4'YP9 ( )u33
V=p, Z

gzwwPw (pl —pq——kq)I' (—kl, p3 p4 1 2) 3& &pg (e)»,

gzwwPw (pl p2 kl)f (p—3 —p4, k2' J2 &2) u»pg ( )ullaP (o)

= u33 /39 (V)ull + u2$29 (e)ugll + u221

(A14)
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~(s—u) u gzgz(&)u(o~ ) + ) u( )gvgv(e)u( ) + 6( io)gzgz(&)u
V=p, Z

gz—wwD (kl + k2) u41|(kl, k2i el~ e2)g (P) 2/1 g (&)u3 pi

(g) Z z 6+01+4 z z
p4+ kl+ k2 2

gzwwD (ki + k2) u4$1 g (&) 2g(kl) k2i el& e2)g (1 )u3 ~

ps —kl —k2 2

) gvwwD (kl + k2) u2$2g (e)
k k 2 2tt(ki k2 &1) &2)g (e)ui

V=p, Z pl 1 2 m

) gvwwD (kl + k2) u2$(ki, k2; ei, e2)g (e) 2 2$2g (e)ui ~

(v) v v 6+Itt'1+4+m z
P2+ 1+ 2

2 —m2

3. e+e -+ vvSZ lepton scattering contributions

Lepton scattering comes from the generic diagrams depicted in Figs. 4(a), (c), and (f)—(u) with the substitutions

1~ e ) 2-+ &eg
3~ Pe) 4~8 )

Vl -+ Z, V2 -+ Z.
Here fermion lines 1 and 4 represent the incoming particles. Redefining

(e)uiD (pi —p2)
Z,.=64~.gw(e)u, Dw(p, p.), —

(~) Pi 0j+m z,, f=( k), , k g (f) '

(A15)

(m', m)
i» f~fi

where f, fi,
amplitudes

P, +gj+m
=6&kjg (f)( +k )2 2 ti

6(m) z $2+ le+ gj+ m'=""~"")(p,+k, +k, )2- "
Ai —5' —f4+m' ( z(f )

(~)

and f2 in the subscript denote the fermions to which the external Z bosons are attached. We find the

2
HMWD (kl + k2) el e2 Jl J2,

1 xw

g (1 &w)[2el'&2~1'~2 &1'~le2'~2 ei'~2e2'J1)
= gzwwpw (pi p2 —kl)1—'n( —kl, pi —p2) ei, ~i)f'p(ps —p4, —k2; J2, e2) )

g' 2 2 (
1 Jle2 ~2 ~ '- )21 sw

=Pw (pl —p2 —kl) 62/ g (e)ull, +621„pg (e)ul~p — W (m) -(0) W

x 64ppg (e)u23 „+642,ppg (e)us(o) -(m) W

gzwwpw (pi p—2 —ki)1' (—kl —pi p2'ei ~i)—
x u47pg (e)u23 „+642,ppg (e)usw (o) -(~) w

gZWW (pi p2 ki)f (p3 p4 k2' ~2 )

6»ug (e)ull, e+621,u7Pg (e)ul(m) -(o)

—u22, s 2g (e)ull, e + u221 ~ /2g (e)ui + u2$2g (e)u21l, ee
(0) w (m) (0,0) (m, m)

42, ~lg ( ) 13, + 421,ee fig (e)us + u4Ag (e)u213,vv '(m) gr (0) (m, m) W (0,0)

(A16)
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In the case of M(f ") it is understood that similar contributions with (ki ~ k2, ei ~ e2) are to be added due to
identical Z bosons in the final state.

4. e+e —+ vvZZ lepton annihilation contributions

Lepton annihilation contributes via the generic diagrams depicted in Figs. 4(a), (b), (h)—(k), and (p)—(u) with the
substitutions

1~6
3~ v)

Vi~ ~,

2 —+e
4~ v,

Vg —+ Z.
Here fermion lines 1 and 2 represent the incoming particles. Redefining

Jl —u2'7 g (e)u 1D (pl p2)

J2 =64& g (~)usD (ps —p4),

we find the amplitudes

2

MwD (kl + k2) Jl J2 el e2,
(1 —z w)2

2
b g

(pl p2 kl) &1 ' Jl e2 ' J2 ~

2 H

(1 —x w)2

= Pg (pl p2 kl) u2 Y g (e)ull, + u21, 7 g (e)ui

x 64'7Pg (v)u23 +642 7Pg (P)usz (o) {o) z

u22, kg ( )uli, + u2/2g (e)u211, + u221. , S2g (e)ul

—u42, @fig ( )u13,v + u4$1g ( )u213, vv + u421, vv/ig (&)us ~
( — ) -(o) z (o) — z (o o) -(o o)

(A17)

(A18)

For the above amplitudes, except for JH( ), similar contributions with (ki ~ k2, ci ~ e2) have to be added due to
identical Z bosons in the final state.

5. e+e —+ e+e W+W: Scattering and annihilation contributions

Both scattering and annihilation contributions arise from the generic diagrams depicted in Figs. 4(a), (c), (f), (g),
(i), (k), and (l)—(y) with the substitutions

1~e
3 —+e

Vj —+ TV

2~6
4 —+e

V2~ W+,

Here fermion lines 1 and 4 (1 and 2) are taken to represent the incoming particles in the case of scattering (annihilation).
To obtain the full answer, both sets of diagrams have to be added with a relative minus sign between them. Redefining

Ji.' = 62~kg '(e)uiD '(»1 —p2)

(A19)
Jv' = u4p gv'(e)usDv'(p3 —p4),

we find the amplitudes

2
(a) g 2 0MwD (ki + k2) ei ' e2J1 J2,z z

1 Xgf

gV1WW'gVgR'W 2&1 ' &2J] J2 &]. ' Jy
V1,Vg=P, Z

gv wwgv ww+ (pl p2 kl)1 ( kl pl p;, J )I p(p p, —k; J,e )
V1,Vg=y, Z

+gv wwgv wwI (pl p2 k2) (pl p2 k2 J 2) I p( kl p3 p4' ei, J )
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,

—tan28w if Vl = V2 = Z
x& —1 if Vj ——Vg ——p

, tan 8~ otherwise

= Pw (pl p2 kl) u2'Y g (e)ull u42 Ypg ( )u3
~p — w (0) -(o)

+(kl ~ k2),

JH = ) g XWMW Jl' el J2' e2
(Pl P2 1)

~'"' =Pw (pl - p2 —k2)u22'Y 9 (e)ulu4~P9 ( ) 13'

) gv wwP (pl p2 kl)F ( kl, pl p2, 61, Jl ) 642 YP9 (e)u3,
Vj.=p, Z

(A20)
~(m) )

Vj ——p, Z
gv wwPW (pl p2 k2)l a(pl p2 k2 Jl &2) u4'Ypg (e)uls

Pl = ) gv WWPW (pl p2 k2)~ ( kl p3 p4 el J2 ) u22 Ypg (e)ul
Vg ——p, Z

) . 9v WW—PW (pl —p2 —kl)P (ps —p4, —k2, J2', &2) u2 fpg (e)ull',
Vg=p, Z

~(» —~) )
Vg=p, Z

6( )/VQg 2 (/)u( ) + 6 g Qg 2 (e)u( ) y 6( )g 29 2 (e)u

~(8—'Q) ) 6( )g 19 1 (v)u( ) + u /vlgvl (e)u(~s ) + u( &~)gv1gv& (e)u
Vj =p, Z

Vj, ,Vg=y, Z
gvgww (kl + k2) u4$(kl k2j &1) &2)g '(e) ' '2™2$, '9 '(e)us,4+ 1+ 2

2 —m2

Vj,Vg ——y, Z
gv wwD (kl + k2) u4/1 9 (e) 2 2$(kl k2 &1 e2)g '(e)us,Vg +m . V

ps 1 2 m

~(*) )
Vj, Vg ——p, Z

gv wwD (kl + k2) u2A 9 (e) 2 2$(kl k2; 61, 62)g '(e)ul,
pl 1 2 m

~(u) )
Vj»Vg ——y, Z

—gv, wwD '(kl + k2) 62/(kl, k2;E1, 62)g '(e) 2 /229 &(e)ulVj $2 + gl + $2 + m

p2+ 1+ k2 m

6. e+e -+ e+e ZZ: Scattering and annihilation contributions

Both scattering and annihilation contributions arise from the generic diagrams depicted in Figs. 4(a), (b), (h) —(k),
and (p)—(u) with the substitutions

1~8
3 —+e

Vj ~ Z,

2~e
4~e

Vg~ Z.
Here fermion lines 1 and 4 (1 and 2) are taken to represent the incoming particles in the case of scattering (annihilation).
To obtain the full answer, both sets of diagrams have to be added with a relative minus sign between them. Redefining

J1.=62~ 9 (e)»D (pl p2)-
(A21)

J2. =u4~ 9 (e)usD (ps —p4),
we find the amplitudes



3744 BARGER, CHEUNG, KNIEHL, AND PHILLIPS 46

2

MWD (kl + k2) Jl J2 el
+W

MWD (pl —p2 —kl) el Jl e2 . J2(b) & 2 H Z Z

(& —~w)2

) Pv (pl p2 kl) u2 Y g (e)ull + u21 Y g (e)ui(h-k) - ~P — V {m) -(m) V

V=p, Z
(A22)

~(p r) —)
V=p, z

" u4&ng (e)u23,.V (m)

622,.f29 (e)u», .(m) V V (m)

+u42, .~w (e)us(m)

+ u2A 9 (e)u2ii, + u221, A 9 (e)ul(m, m) (m, m)

~(8-u) )
V=p, z

u42, fl 9 (e)uis, .+ u4A 9 (e)u213, + u421, i 1 9 (e)us(m) V V (m) V V (m, m) (m, m)

For the above amplitudes, except for Pl( ), similar contributions with (kl ~ k2, el ~ e2) have to be added due to
identical Z bosons in the final state.

7. e+e -+ e+vW' Z: Scattering and annihilation channels

Both scattering and annihilation contributions arise from the generic diagrams depicted in Figs. 4(b)—(r), (t), (u),
and (w)—(y) with the substitutions

l~e
3 —+e

Vj~W

2~ v)
4 —+e

V2 —+ Z.
Here fermion lines 1 and 4 (3 and 4) are taken to represent the incoming particles in the case of scattering (annihilation).
To obtain the full answer, both sets of diagrams have to be added with a relative minus sign between them. Redefining

~-9 () D (» -p),
(A23)

J2. = u4~ 9'(e)u D (p p)-
we find for the amplitudes

2~()b ~ 2 HMw D (pl —p2 —kl)el Jle2 J2Z
1 —xw

) gVWWgZWW 2el ' Jl &2 ' J2 &1 ' J2 &2 ' Jl &1 ' &2 Jl ' J2
V=p, z

) gvwwgzwwP (kl + k2)l (k2 kii e2 el)l p(p3 p4 pi p2 J,Jl),
V=p, z

) g zwMwel e2J1 ' J2

—tan28gr if V = Z,
X

tan8w if V = p,
) gVWWgZWWP (p p2 k2)f (—k2 pl p2 2 Jl)l p( kl p3 p4 1 J )

V=p, z

). 9'*WMwei
pl —p2 —k2 —Mw

—tan28w if V = Z,X tan8g if V = p,
= Pz (pi —p2 —kl) u2p g (v)ull u42, ppg (e)us+ u4ppg (e)u23,(h —k) ~P — z (o) -(m) z Z (m)

+ ) Pv (pl p2 kl) u21 '7 g (e)ui u4'Qg (e)u23 + u42 ppg (e)u3
V=p, z

+ Pw (pi —p2 —k2) 64/ g (e)u13 u2ppg (e)u21,, + u22, „&pg (e)ui
~P — w (o) — w (m) -(o) w

(A24)
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g-P P(p, -p, - k,)r.(p, -p„-k,; Z„.,)
V=p, Z

x 642,ppg (e)us + u4ppg (e)u23
(m) (m}

gzwwP (pl p2 k2)I (—k2 pl p2 &2 ~l) u4&pg (e)u

+ ) g -P P(p, -p, —k,)r.(-k„&, p,-;.„Jv)
V=p, Z

x u22, „&pg (e)ul+ 62 Ypg (e)u»,-(o) w (m)

~(p ri ) (tn)gv v( )
itnl + (rn,—mls v( ) + —lo,migv v( )

V=p, Z

kg ( ) 211,v 22,v/2 g ( ) 11 1 2g ( ) 121,e
Z Z (O,o) -(o) Z Z (o) — Z Z (O,~}

JH '" = 642 e/lg (e)u13 + 64glg (e)u21'3, + 62glg (e)u123(g,) (m) ~ (0) ~ (0,0) ~ (O,m)

JH = gzwwpw (kl + k2)I (k2, kl', e2, el) 64/lg (e)
k k 2 7pg (e)u3( ) w 83-$1-j]l2 w

P3 1 2

gzww p (k + k2)I (k2 k &2 &1) u2$2 g (v) 7pg (e)ul(x) = eP Z Z gl 3I 1 4 W

pl —kl — 2
'

) gzww—P (k +k,)r.(k2 kl &2 e ) u21pg (e)aP w 6+It'1+I]t2+m v v
p, +k, +k, ' —m',Ag (e)ul

V=p, Z

The matrix elements for e+e ~ Pe W+Z can be obtained from those above by CP conjugation.
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