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We study the extraction of the heavy-Higgs-boson signal H ~ W W ~ Ev, Ev (l = e or ts) from
the standard-model background at hadron supercolliders. By tagging a single forward jet with energy
Es ) 3 TeV and pseudorapidity 3 & ~gs ~

& 5 and by vetoing central jets of transverse momenta
pT~ ) 60 GeV in the pseudorapidity range 0 & ~rtz~ & 3, the +CD WWj and ttj ~ WWbbj
backgrounds are suppressed. For mH = 1 TeV there are about 46 signal events from electroweak-
vector-boson scattering (of which 36 events are of Higgs-boson origin) at the Superconducting Super
Collider (SSC) for an integra. ted luminosity of 10 fb ' and 10 other events from the WWj and

tlat backgrounds for m~ ——140GeV. The experimental separation of the vector-boson-scattering
subprocess is thereby possible. At the CERN Large Hadron Collider, with an E~ ) 2TeV jet energy
cut, all cross sections are about a factor of 10 below the SSC values.

I. IXrn.ODUCrIOX

The nature of the electroweak-symmetry-breaking
mechanism is a fundamental question in contemporary
high-energy physics. Experimental searches for the neu-
tral Higgs boson (H), the relic of electroweak symmetry
breal&ing in the standard model (SM), presents a. ma-
jor challenge [1]. The mass of the Higgs boson is unde-
termined in t, he SM so one must be prepared to search
over a ITlass range extendi ng up to the unitarity bou nd
of order n&II ——1 TeV and possibly beyond for strong
VV (V: lV, Z) scattering effects [2—4] if a resonant
scalar state is not found at lower mass:

If the Higgs boson has a mass rnH ) Mg, then the
CERN Large Hadron Collider (LHC) and Superconduct-
ing Super Collider (SSC) will be the first generation of
machines capa, hie of finding it, . For rn~ in the range
2Mz & mII ( 800 GeV, the decay mode of principal
interest is H —+ ZZ ~ EE, Il (l = e or p), since these
modes provide especially distinctive signatures. How-
ever, t, he four-charged-lepton mode has a rather small
rate, since the II ~ ZZ ~ 48 bianching fraction is only
0.14%. The mode H ~ H~+lV ~ Ev,jj with one W
decaying into jets, has been intensively studied as a. possi-
ble alternative signal [3] since this mode has a branching
fraction of 20%. Unfortunately the SM backgrounds from
QCD lWjj production [5] (with a dijet invariant mass
close to Mty) and from top-quarl& pairs [6—8] are daunt, —

ing. Extensive studies have found a, signal-to-background
ratio smaller than unity [9].

The double leptonic mode H ~ 8'+IV ~ 8v/v has a

branching fraction of 3.1% and is free from the QCD Wjj
background. The major disadvantage of this channel is
that the Higgs-boson mass cannot be precisely recon-
structed, because two neutrinos are missing. However,
this is not such an important consideration since a heavy
IIiggs boson has a very broad resonance struct, ure. In ad-
dit, ion, one would like to measure the H —+ W+W chan-
nel not only to find the Higgs boson, but also to study
its properties, such as determining the relative coupling
strength of the Higgs boson to ZZ and to WW.

In this paper, we study the feasibility of a heavy-Higgs-
boson search in the N~+N~ leptonic channel. The SM
background from lV+W' production in association with
QCD jets [10, 11] can be eliminated by tagging a single
high-energy jet in the forward region. A much larger
background arises from ttj ~ W+W bbj. The Collider
Detector at Fermilab (CDF) bound [12] mt ) M~ im-
plies that the t ~ b W branching fr action in the SM is
essentially 100%. At the outset this background is several
orders of magnitude larger than the Higgs-boson signal
but it can be reduced to the level of the signal by tag-
ging a single energetic forward jet. In addition, there
is considerable jet activity in the central region due to
6 quarks from t decays, By a, central-jet veto the ttj
background can be suppressed by another order of mag-
nitude. After imposing appropriate jet-selection criteria. ,

there are about 46 electroweak signal events (of which 36
events are of mH = 1TeV origin) and 10 WWj and tt j
background events at, the SSC (V s =40 TeV) for an inte-
grated luminosity of 10fb . At the LHC (V s =16TeV)
the corresponding numbers are about 5 electzoweak sig-
nal events and 1 background event per 10fb
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The paper is organized as follows. In Section II we
describe the calculations for the signal and the back-
grounds. The implementation of kinematical jet cuts to
enhance the signal over the background is discussed in
Section III. In Section IV we give an overview of the lep-
tonic observables after forward-jet tagging and central-
jet vetoing and we discuss to what extent they may serve
to suppress the electroweak background from transverse
W-boson production. Section V gives a summary of our
results. The calculation of the qq ~ qqWW electroweak
subprocess is described in the Appendix.

II. CALCULATIONS OF PROCESSES
PRODUCING R +W + 3ETS

qq ~ qqH ~ qqlY+fV

Although for a hea.vy t,op qua. rk the gg ~ H ~ iV+8'
cross section [13] is dominant for mH up to —1TeV, this
contribution cannot be separated from the large back-
grounds from gg ~ tt - W+H~ bb and qq ~ lV+W
product, ion. Hence, jet,-inclusive searches for the Higgs
signal are not feasible in the W'+N channel, unlike the
situation for H ~ ZZ.

On the other hand, the qq ~ qqH subprocess provides
an additional handle for identification via the final-state
quarks emitted at high energies and forward angles. The
primary backgrounds in this case are

gg ~ t't

gg ~ttg,
qg ~ttq,
qq~Wg )

(»)
(3b)
(3c)
(3d)

The Higgs boson can be produced at hadron supercol-
liders via the subprocesses

gg ~ H ~ f4'+N~

Fig. 1. The major interest here is in the scattering
of longitudinal vector bosons occurring in subprocesses
such as the ones shown in Fig. 1{a) that include Higgs-
boson resonance production. A full tree-level calcula-
tion of qqW+8 production must include the contri-
butions to N~+lV production in which the W bosons
are radiated from external quark lines [see Figs. 1(b) and
1(c)]. These electroweak processes have been evaluated
previously in Refs. [14] and [15]. AVe have independently
performed a, full calculation using the helicity-amplitude
techniques of Ref. [16], and have checked against the cal-
culation of Ref. [15] and find numerical agreement. In
our calculation, we have also included the W-boson de-
cays lV+N~ ~ Ev/v, which was not done in previous
analyses. For completeness our formulas are given in the
Appendix. All our results are obtained with a Breit-
Wigner form of the Higgs-boson propagator for the s-
channel Higgs-boson exchange i&.. Fig. l(a), taking an s-
independent width I'~.

Ma.ny aspects of the electrowea. k calculation for qq ~
qqlV+R' production are similar to that for qq ~ qqZZ
and we refer the reader to our recent discussion of the
latter [17]. We impose a Q" ) 5GeV cutoff'on t-channel
photon propagators and require a. jet-jet separation cut
AR&& ) 0.7 for final-state partons t, hroughout th&s paper.

The dominant electroweak contribution arises from the
vector-boson fusion graphs of Fig. 1(a). As seen by each
of the two incoming protons this process resembles deep-
inelastic lepton-proton scattering via W-boson exchange.
This strongly suggests a scale choice in the structure
functions which is related to the average virtuality of
the incoming weak bosons. Thus we use Q = M~ as
the scale in the calculation of the electroweak signal pro-
cesses [18]. For the parton distribution functions we use

W W

W W

qg~W+W q,
qq ~ W+R' g.

(4a)
(4b)

lH
I

W Z, Z W

We generally refer to the processes in Eq. (3) as ttj and
to those in Eq. (4) as @CD WWj production, where j
denotes a jet.

Jet tagging involves forward jets, and hence it is nec-
essary to consider the backgrounds from O(ns) ttj pro-
duction rather than just O(n2) tt production. An O(n, )
calculation [6,7] is sufficient here because we will tag only
one forward jet.

In the following we briefly present t,he basis of our sig-
nal and background calculations.

7;Z,W

ql

qI

(a)

W W q q'

, Z, W

A. The electroweak processes qq ~ W'+W qq
(b) (c)

At O(n~), electroweak processes contribute signifi-
cantly to W+ W production in association with two
quarks giving up to two visible jets. An incomplete
set of Feynman graphs for these processes is shown in

FIG. 1. I'eynman diagrams for the electroweak processes
qq —+ qqW+ W . Representative diagrams are shown for {a)
vector-boson fusion, {b) t;channel photon, Z, or W exchange,
and {c)s-channel electroweak boson exchange.
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the parametrization HMRS(B) of Harriman e$ al. [19].
The above scale argument is very important in con-

nection with the vetoing of central jets. In determining
the acceptance of the qq ~ qqR'W signal we consider
the second final-state parton (after forward-jet tagging)
as a candidate for a central jet, but we need not take into
account additional central parton radiation from higher-
order QCD processes. In the lowest-order qq ~ qqWW
process the two final-state quarks have an average trans-
verse momentum pT M~. Any additional radiation
of partons with pz & Mii j2 occurs via hard processes
which will be suppressed by additional powers of n, and
hence can be neglected.

We are principa. lly interested in the electrowea. k con-
tribution due to a heavy Higgs boson or other longitu-
dinal weak-boson scattering mechanisms, In this con-
text the electroweak production of transversely pola, rized
W bosons may obscure the longitudinal R'-boson scat-
tering signal. Because of import, ant interference eAects
between all the contributing Feynman graphs, the Higgs-
boson contribution cannot be directly isolated. Rather,
we use the SM perturbative calculation with a light Higgs
boson (mme = 0.1TeV), where the W bosons are primar-
ily tra. risverse, to estimate contamination from transverse
N~-boson production; henceforth we ca.ll this the elec-
troweak qq IVVV background.

B. QCD VV+W j background

section formulas are given in Ref. [6]. We also want to
reproduce the full one-loop corrected tt production cross
section [7] when the extra jet becomes soft. The trun-
cated shower (TS) approximation [20] incorporates the
above features. The tree-level tt + 1jet diA'erential cross
section do'(ttj)Tr, is replaced by

with the constant e properly chosen to correctly repro-
duce the full O(cps) total cross section. As pT& ~ 0 the
final factor in Eq. (5) acts as a regulator. For both SSC
and LHC energies, we find that

20 GeV

gives the desired result fol' AY~: 140 GeV. In eAect
our calculat, ions are very insensitive to this regulator:
our final jet acceptance criteria. of E&(tag) & 3TeV,
3 & lg, (tag)l ( 5 always give lpT~ l

& 40GeV and then
the regulator in Eq. (5) is nearly unity. iVe choose the
transverse energy squared m, + pT of the top qua. rk as
the Q scale in the structure functions and in n, .

In calculating the distributions of the final-state par-
ticles in t ~ Wb ~ Sub decays, we include full spin cor-
relations in the decay mat, rix element, s, but we neglect
the polarization eA'ects of the parent top quark which are
known to be small [21].

The tree-level results foi W+W +1jet production [10,
ll] are the basis for our estimates of the QCD background
to single jet tagging. Gluon emission from a. quark leg
leads to both infrared and collinear singularities in the
tree-level cross-section formulas. These singularities can
be avoided by implementing experimental acceptances in
the calculation. As discussed in Ref. [17],we impose a, cut,
on the jet energy E& .„, as measured in the lab frame, in
order to regularize the soft divergencies, and the collinear
singularities are eliminated by requiring the jet to have
a pseud»apidity liljl & liljl, , = 5 '+'e choose a ~~~l~

Q = A~Iiviv in both the strong coupling constant n,
and in the structure functions for all our QCD WWj
b ackground calculations.

In our analysis we do not consider W+W' + jet pro-
duction via pentagon, box, and triangle loops because no
full calculation of these O(ns) processes exists. However,
we expect these contributions to be smaller than the tree-
level contributions since the lowest-order loop result, for
the gg ~ W+g cross section is somewhat sma11ei than
t, he tree-level qq ~ W+W cross section [13]. Further-
more, our jet,-tagging procedure will efkctively eliniina. te
the tree-level QCD contributions to W+ W j final states,
and we expect equally eH'ective suppression of the loop
contributions with jets.

C. Hj Background

We wish to calculate the tt background in such a way
that it generates the dynamical distributions of the O(n, )
processes listed in Eqs. (3b)-(3d). The relevant cross-

III. EVEXT-SKI,ECrmN Ca.IBERIA

pTe & 100 GeV, lvel & 2,
and include the branching fraction of W leptonic decays
in the results.

We have recently shown that single jet tagging provides
an eff'ective means of suppressing the QCD backgrounds
to the qq ~ qqZZ signal from heavy-Higgs-boson pro-
duction [17]. In a completely analogous fashion we expect
to be able to suppress the QCD WW j background to the
Higgs-boson signal in qq ~ qqR'+W . A more serious
concern is the tt j ~ W+W bbj background which is ini-
tia, lly 2—3 orders of magnitude la.rger tha. n the signal. We
will employ jet t, agging to help suppress this background
as well. In the study of strong vector-boson scattering
signals in the qq ~ qqW+W+ process [4], it was found
that, a veto of events in which there was a hard central
jet was eAective in suppressing the OW'+ background. In
this vein we shall use jet vetoing in the central region
[4, 22] together with forward-jet, tagging to achieve the
necessary suppression of the background.

Throughout this paper, we are studying the purely lep-
tonic decay mode 0 ~ W+W ~ Ev'n& (E = e, p). AVe

incorporate the full matrix elements of t, he W decays in
the calculations of both signal and backgrounds. In order
to simulate the detector coverage for the leptons and to
enhance the signal-to-background ratio, we will, unless
stated otherwise, implement the following lepton accep-
tance cuts on the transverse momentum and rapidity,
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FIG. 3. Pseudorapidity distributions of the tagged jet for the ttj, @CD WWj, and electroweak qqWW (mrs = 0.1TeV)
backgrounds and the SM Higgs-boson signal for mH = 1TeV at the SSC for (a) E~ & 1TeV, (b) E~ & 3TeV. The lepton
acceptance is given in Eq. (6).

using jet-tagging requirements of

E&(tag) & 3TeV and 3 & ltl~(tag)I & 5

at, the SSC and

E (tag) & 2TeV and 3 & (g (tag)( & 5 (8b)

B. Central jet vetoing

at the LINC, we succeed in reducing the bacl&grounds to
the level of the m~ ——I TeV signa. l.

minimum transverse-moment, um requirement of identi-
fied central jets. To avoid jets of minimum bias origin we

choose pz»(cut) = 60GeV. Then the bulk of the signal
events contain no extra, such central jets.

In contrast, the tt j background has copious jet activity
in the central region due to the 6 jets from t ~ W~b

decays. Only W bosons produced in the cent, ral region
(e.g. , 0 & ~pIv) & 2) can be identified via W Ev, and
tl1en tile 6 quarks frolTl 5 ~ 6H~ decay will also populate
the central region. Thus a veto of events with extra jets
ln t, lie centi'al region satlsfylng

The major jet activity in the signal is at high pseu-
dorapidities and low pT&. The radiation of additional
jets in the central region is suppressed by factors of
cr, (M~ ) in [M~ /pT (cut)] where pT (cut) refers to the

pz, (veto) & 60GeV and ~g~(veto)~ & 3

will greatly suppress this background at little cost to the
signal. The pseudorapidity distribution in I"ig, 4 for the
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FIG. 4. Pseudorapidity distributions of the second jet (veto candidate) for the ttj, electroweak qqWW (m~ = 0.1 TeV)
backgrounds and the SM Higgs-boson signal for mH = 1 TeV at the SSC with a tagged jet requirement of (a) Ei & 1 TeU, (b)
E~ & 3 TeV. The acceptance cuts as listed in (b) are imposed in both figures.
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additional jets in tagged events substantiate this expecta-
tion. The ttj events largely populate the pseudorapidity
range it7& i

& 2.5 while t, he signal contribution is primarily
at itl~ i

& 2.5. Note that I"'ig. 4 does not show the com-
plete signal nor the complete tt j background: only events
having additional jets with pT~ & 60 GeV are included.

Figure 5 compares the signal and background distri-
butions dc7/dpT&(veto) of the central jet with the largest
transverse momentum; this jet is the veto candidate.
From I' ig. 5(b) we see that after imposing a forward-jet
tagging requirement of Ez(tag) & 3TeV, most of the 1tj
events have a veto candidate above 60GeV, while this is
not the case for the heavy-Higgs-boson signal.

Using the central-jet veto but relaxing the forward-
jet-tag requirement, the E~ (tag) distributions in Fig. 6
for SSC and LHC energies are obtained. The tt j back-
ground produces a steeply falling distribution; this rapid
decrease with increasing E&(tag) is largely due to the be-
havior of the gluon-gluon luminosity. The heavy-Higgs-
boson signal produces a sharp break near Ez 2.5 TeV
at the SSC and near E& 1.8 TeV at the LHC. The fact
that the signal appears as a distinct break in the E& dis-
tribution means that its discovery does not depend on a
precise knowledge of the normalization of the background
cross sections.

IV. RESULTS COMBINING FORWARD-JET
TAGGING AND CENTRAL-JET VETOING

A. Event rates and jet characteristics

We have shown above that the tie and WW j bacl»-

grounds can be efI'ectively suppressed by imposing
the jet-tagging and central-jet-vetoing requirements of
Eqs. (8) and (9). The cross sections are summarized in

Table I(a) for the SSC and in Table I(b) for the LHC. The

results with single jet tagging alone are given in paren-
theses for various minimal values of E& of the tagged jet.
At the SSC the ftj background with m, = 140 GeV is
reduced by a factor of 50 from 350 fb for E~ (tag) & 1 TeV
to 6.6fb for E&(tag) & 3TeV, which is just below the
value of the mH = 1TeV signal. Even an E&(tag) cut
of 1TeV reduces the O'W'j background to an accept, able
level. The ~nH ——1 TeV signal is only reduced by a factor
of 2 upon increasing the jet-tag requirement from 1 to
3 TeV.

Including the eA'ects of central-jet vetoing, a further
order of magnitude reduction of the ttj backgrottnd is
achieved while the signal rate is reduced by only a fac-
tor of 2. After these considerations the largest remain-
ing contamination is t, he electroweak production of trans-
verse W' bosons via the process qq ~ qqWf4'. Its cont, ri-
bution is estimated by the n~~ ——0.1TeV column in Ta-
ble I. For a standard SSC year of 10 fb t integrated lumi-
nosity there would be 36 heavy-Higgs-boson signal events
(for mH = 1TeV) compared to 10 electroweak events
(for mH ——0.1TeV) and 4 ttj background events for
m& ——140 GeV. In addition there may be up to 6 events
of WWj origin as determined from the QCD column of
Table I. At the LHC with the same integrated luminosity,
the corresponding numbers are 3.7 heavy-Higgs-boson
signal events, 0.9 transverse H~ events, 0.5 ttj and 0.8
R'lVj background events. )Vith higher luminosity the
event rates would be correspondingly increased, but ad-
ditional backgrounds from overlapping events may have
to be considered.

As this point, the top-quarl'-mass dependence of the
ttj background calculation needs to be addressed. AVe

also give the results for mt ——100 GeV in Table I and
Fig. 7 shows the ttj cross sect, ion versus nx& after forward-
jet tagging and central-jet vetoing at (a) the SSC and (b)
the LHC. AVe see that the ttj contribution is about a fac-

TABLE I. Cross sections in fb, after vetoing of central jets with pT~(veto) & 60GeU, i'(veto)i & 3 and tagging forward

jets. Cross sections without. the central-jet veto are given in parentheses. Lepton acceptance cuts pTg & 100 GeV and ay&i & 2

are imposed everywhere. The four leptonic channels Eil vv2with E; = e, p are summed. (a): SSC (+s = 40 TeV). (b) LHC

(vs = 16 TeV).

(1) E, &1TeV
0& i', i&5

(2) E~ & 1TeU
3& i', i &5

(3) E, & 3TeV
3&its, i&5

(1) E & 1TeV
0& [~, i&5

(2) E~ & 1 TeU
3& itl, i&5

(3) E, & 2TeV
3& iy, ]&5

1.0 TeV

('-3)

ll (18)

4.6 (8.4)

(2 7)

1.0 (2.0)

0.46 (0.78)

mH
0.6 TeV

(25)

ll (18)

4.6 (8.4)

(3.4)

1.3 (2.5)

0.53 (0.98)

0.1 TeV

(a)
(10)

2.0 (5.8)

1.0 (3.2)

(b)
(1.2)

0.20 (0.68)

0.09 (0.20)

@CD

(3.4)

(0.60)

(2.24)

(0.50)

(0.076)

m] —140

(920)

53 (350)

0.42 (6.6)

(43)

2.9 (17)

0.045 (0.48)

m, =1OO GeV

(1700)

270 (790)

1.6 (9.6)

(86)

16 (39)

0.18 (0.84)
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FIG. 7. Cross section for ttj events after forward-jet tagging and central-jet vetoing as a. function of m& (a) at the SSC and

(b) at the LHC. Acceptance criteria are given in Eqs. (6), (8), and (9).

tor of 4 larger for mq —100 GeV than for mq —140 GeV.
When mq is close to M~@, the 6 quark from t ~ bW is
relatively soft, so that the jet-veto requirement is less ef-
fective. However, even for m& ——100 GeV our approach
is successful in isolating the heavy-Higgs-boson signal.
If we also require lepton isolation from hadrons, the ttj
background for m~ ——100 GeV will be further reduced,
with essentially no reduction of the heavy-Higgs-boson
signal.

We show in Fig. 8 the transverse-momentum distri-
bution of the tagged jet. The pT& distribution for the
mII —1TeV signal is relatively softer than for both the
mH = 0.1TeV electroweak and the [VWj QCD baclc-
grounds, due to helicity suppression of transverse W~ pro-
duction in the forward direction.

B. Leptou. characteristics

Having succeeded in isolating the M~+ tY elect, roweak
signa1 we proceed to a discussion of the characteristics of
the resulting lepton distributions. Our purpose is to com-
pare the features of the heavy-Higgs-boson signal with
those expected from transverse H~-pair production or the
QCD backgrounds.

Figures 9 and 10 give rapidity and pT distributions
of the leptons. We see from these figures that our lep-
ton acceptance cuts of Eq. (6) optimize the signal-to-
bacliground ratio, while retaining a sizable signal event
rate. The shapes of the rapidity distributions are dis-
tinctly diff'erent for the electroweal& and QCD processes,
allowing a verification tha, t the signa. l has in fact been

10 I l I ) I

forward jet tag + central jet veto

() ssc

10
I '

I

forward jet tag+ central jet veto

-2
IO )0

~~I-
CL

lO
ba

—4
l0

lo O'
)00 200 300 400 500 0

p .(tag) (GeV}
100 200 500

p (tag} (GeV)
400

FIG. 8. Transverse-momentum distribution of the tagged jet in the Higgs-boson signal for m~ = 1 TeV, and the ttj, the
@CD WW j, and the electroweak qqWW (mH = 0.1 TeV) backgrounds at (a) the SSC and (b) the LHC. Jet and lepton
acceptances are the same as in Fig. 7.
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isolated. In the pT distributions the myI ——1TeV signal
gives a much broader distribut, ion than t, he transverse W
or QCD backgrounds.

In all our considerations we have adopted pTt ) 100
GeV and ~yt~ ( 2 lepton cuts. It is appropriate to ask
whether an improved signal-to-background ratio would
be achieved by relaxing the lepton acceptance require-
ments. The results of relaxed pry cuts are presentecl in
part (a) of Table II. A smaller lepton pz cut yields a sub-
stantially higher rate from qq —qqWlV but this increase
is mostly due to contributions from transverse lV-boson
production.

FIG. 9. Rapidity distribution ~yt~ „of the leptons with
pT& ) 100 GeV for the ttj, QCD WWj, and electroweak
qqWW (mH = 0.1 TeV) backgrounds and the SM Higgs-
boson signal for mH = 1 TeV at the SSC. Acceptance criteria,
are given in Eqs. (8a) and (9).

&pTtt —IPTt, —PTt. I (10)

have been used [18 23] to distinguish the transverse H~

background from the longitudinal l'V signal. The clistri-
butions in these variables for the H'+W ~ SvPv event, s
are shown in Fig. 11 at the SSC energy. Because of the
success of our jet cuts, additional cuts on these variables
would not, improve the back~round suppression ayprecia-
bly. Ikon ever these distribut, ions of the mH ——1TeV sig-
nal have a shape diA'erent from that of the transverse H~

contributions and the QCD backgrounds and can hence
serve as another inclepenclent, verification that the back-
grouncls have indeed been suppressed.

Quantitative effects of cuts on Ptt and Apztt are given
in part (b) of Table II. A Ptt ) 140' or ApTtt ) 300 CeV
cut increases the significance S/~B by 1 or 2o, with a
15% reduction in the signal. It seems likely that we can
obtain an overall significance level above 10o. by fully
exploring the characteristics of' the lepton distributions.

We may define the signa. l of a heavy Higgs boson with
mass mH as S = [o(mH) —o(mH = 0.1TeV)] f 2 dt,
with f 2 dt the integrated luminosity, since the cross
section with a light Higgs boson (mH 0.1TeV) can
be considered as a. measure of electroweak contributions
to qqWH~ involving transverse W's only. Correspond-
ingly we may define a background as B = [o.(m~
0.1TeV) +. o(ttj) + o(IVWj)] JZdt. Then S/~B is a
measure of the significance of t, he signal. We give the
significance values for various pT~ cuts in Table II for
mH = 1TeV, mt ——140GeV, and f Ldt = 10 fb i. The
significance decreases as the pry cut decreases. The 8o.
significance for pTt ) 100 GeV should allow an unam-
biguous heavy-Higgs-boson discovery.

In the case of W'+N + ~ Evlv events, distributions in
the angle Ptt between the leptons in the transverse plane
and in the transverse-momentums diff'erence,

I ) &

(
I

1
I 20

10

4P
C9

v 2
10

C
~~ QgE~

CL

&b 10
a

10

A

5

b

10
100 200 500 400 500

p
mill ( Gey)
TN

0 I

0 50 100 150

p (cut) (Gey)
200

FIG. 10. (a) Transverse-momentum distributions do'/dpT&" and (b) integrated cross section versus pzg(cut), of the W
decay leptons with ~yz~ ( 2 for the ttj, QCD WWj, and electroweak qqWW (mH = 0.1TeV) backgrounds and the SM
heavy-Higgs-boson signal for m~ = 1 TeV at the SSC. Acceptance criteria are given in Eqs. (8a) and (9).
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TABLE II. SSC cross section in fb for modified acceptance cuts on t, he final-state leptons. The forward-jet tagging and
central-jet vetoing requirements of Eqs. (8a) and (0) are imposed everywhere. The significance S/~B is for m~ = 1 TeV,
m& ——140 GeV, and an integrated luminosity of 10 fb

1.0
mH (TeV)

0.6 0.1

(a.) Relaxed pri cut

mg ——140 mc —100 GeV
Sl~B

pgg cllt
0

60
100

19
7.0
4.6

19
8.6

12
3.2
1.0

ll
1.9
0.60

14
1.2
0.42

39
4.5
1.6

3.7
4.8
8.0

Pgg & 140'
DpTgg & 300 Gev

3.9
3.6

(b) Added Per or DpTre cut (pTg & 100 GeV and (yr( ( 2)
3.5 0.58 0.26 0.33
3.1 0.59 0.27 0 26

1.3
0.96

9.7
9.0

The invariant-mass distributions of the decay leptons
from H~+H~ are shown in I'ig. 12. The 8+8 invariant-
mass distribution of the ~nyy ——1TeV signal has a broad
peak at about mH/2 while the electroweak and @CD
backgrounds fall with increasing ~n~g above the eH'ective
kinematic threshold set by the pTr & 100 GeV cut. An-
other useful variable is the cluster transverse mass of the
W+!V —Evlv system, defined by [24]

2

Mr'(ii iir) = ( ~C+x4u + krlI —(vr~e+P~)

After imposing a missing transverse momentum accep-
tance cut of PT & 75 GeV, we obtain the cluster trans-
verse mass distributions in I'ig. 13, The MT distribution
also shows a broad peak for the signa, l with its maximum
near

@
AVH .3

The dependence of the peak position on the Higgs-
boson mass is displayed in Fig. 14, where the I+E

invariant-mass and the cluster transverse-mass distribu-
tions are compared for m~ ——0.6 TeV, 0.8 TeV, and
1.0 TeV. These distributions for the W+W ~ Sv/v de-
cay channel will provide useful information on the heavy-
Higgs-boson mass.

V. CONCLUSIONS

AVe have studied the possibility of isolating the signal of
a heavy Higgs boson in the process qq ~ W W qq with
both lV bosons deca.ying to ev or pv final states. This
channel has a sizable event rate at hadron supercolliders
but there are potentially severe backgrounds from @CD
production of B + W j and from tt j production where
both top quarks decay into real W's. Our results may be
summarized as follows.

(a) The requirement of a single energetic forward jet
having 3 ( jr)&(tag)~ ( 5 and Ez(tag) & 3 TeV for the
SSC and E& (tag) & 2 TeV for the I HC largely eliminates
the N~ lV j background and reduces the ttj bacl. ground

10

0)

OP

-2
10

I
I I

IO

O
ED

C9

10

10

O
10

b

10 60

~ ~

I

120

(degrees)

180
'IO l I I I I ) I

100 200 300 400 500

b, p (GeV)

I'IG. 11. Distribution in (a) the opening angle and (b) momentum difference of the leptons in the transverse plane at the
SSC. Acceptance criteria are the same as in Fig. 7.
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FIG. 12. Lepton pair invariant-mass distribution for the Higgs-boson signal (mH = 1 TeV), the electroweak gqWW back-
ground (mH = 0.1 TeV), the QCD WWj background, and the ttj background at (a) the SSC and (b) the LHC. Acceptance
criteria are the same as in Fig. 7.

to a level comparable to the heavy-Higgs-boson signal.
(b) The further imposition of a. veto on jets in the cen-

tral region, having pT& (veto) ) 60 GeV and ~iI& (veto)
~
(

3, reduces the

tlat

background by another order of mag-
nitude.

(c) The surviving heavy-higgs-boson signal rate for
mII ——1 TeV is 36 events per nominal SSC year with
an integrated luminosity of 10 fb '. The remaining back-
grounds are estimated to be 10 electroweak qqW W back-
ground events (calculated as the m~ = 0.1 TeV cross
section), 6 WWj events and 4 ttj events. At the LIIC
with the same luminosity, the corresponding numbers for
the signal and backgrounds are about an order of magni-

tude sma, lier with a slight, ly snaaller signa. l-to-background
ra, t,io.

(d) AVe find that H ~ IV+W ~ EvEv is a, viable
discovery channel for the heavy Higgs boson, with event
rates exceeding the H ~ ZZ ~ 4Z signal even in the
jet-inclusive mode of the lat, ter, which suAers from large
QCD background contributions.

(e) Measurement of both H ~ WW and H ~ ZZ
signals is important to verify the relative factor of 2 in
the partial widths predicted by the electroweak SU(2)
symmetry.

(f) The kinematical distributions of the final-state
leptons and jets for a. heavy-Higgs-boson signal, after

SSC lou l'&
I

(b) LHC

10

10

-3
10

10
0 0.5 1.0 1.5

MT(&&, y'T) (TeV)

-4
2.0 0

I l I (
~

I

0.5 1.0 1.5

MT(l)1I, gT) (TeV)

2.0

FIG. 13. Cluster transverse-mass distribution in W W events for the Higgs-boson signal (mar = 1 TeV), and the ttj, the
QCD WWj, and the electroweak qqWW (mH = 0.1 TeV) backgrounds at (a) the SSC and (b) the LHC. Acceptance criteria
are the same as in Fig. 7; in addition a missing-transverse-momentum cut of PT ) 75 GeV is imposed.
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FIG. 14. Mass distributions (a) M(EE) and (b) MT(EE, )T) at the SSC energy from the qq ~ qqW+W subprocess for
mH ——0.6, 0.8, and 1.0 Tev. Acceptance criteria are the same as in Fig. 7.

forward-jet, tagging and central-jet vetoing, have distin-
guishing characteristics from that of electroweak trans-
verse W-boson production; this allows positive identifi-
cation of the hea.vy-Higgs-boson signa. l.

(g) The default value for the top-quark mass in our
analysis was 140C~eV, but we found that the above con-
clusions a,re va, lid for n~.

& ) 100C.eV.
(h) Our jet-tagging and jet-vetoing conditions are sim-

ilarly useful in sorting out the signal for a, lighter Higgs
boson. For example, for &nJI ——0.b TeV the same accep-
tance cuts also give 36 7Iiggs-boson signal events.

(i) If nature has chosen some strong electroweak-
symmetry-breaking mechanism other than a heavy Higgs
boson, the jet,-tag and jet-veto techniques developed in
this paper will be useful in separating the WL le scat-
tering signal from the tt j, @CD WWj, and electroweak
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FIG. 15. Feynman graphs for the electromeak qq

qqW R' process at order o involving charged-current, ex-
cha, nge.

FIG. 16. Feynman graphs for the electroweak gq

qqW W process at order o. involving neutral-current, ex-
change.
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qqWW backgrounds.
In summary, our procedures give the first definitive

isolation of the heavy-Higgs-boson signal in the H
$&+g ~ Zv/v channel.

APPENDIX

This appendix gives all the formulas used in the calcu-
la, tion of the SM electrowea. l& subproeess
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There are two sets of Feynman graphs corresponding to
charged-current exchange and neutral-current exchange.
Here we give the helicity-amplitude expressions for the
scattering matrix elements. For notation and conven-
tions, we refer the reader to Refs. [16, 17]. All fermion
masses are neglected. For diagrams of Fig. 15, which
involve cha.rged-current excha. nge, the flavors of the ex-
ternal quarles are q = u, c and q =,s, d. The amplitudes
a,re given by

'M('l = —g M g, g, FoD (p, —p )D (p —p )D (p, —p —k, )
x & p I[/(ki)l. , lp»& p4IV(k )]-.Ip», (A2)

l~:—g Mpr g~i g~3 FDD (pj —p2) D (p3 —pq)D (ky + k2) E(kl ) E(k2)

«p I( ")., IJ»& p41(,)..lp», (A3)

iM~'1=g g g F D (p, —p )D (p —p )
x (2 & p~lV(ki)]-. lps && p IV(4)]-, Ip» —& p~lV(k2)]. .lps && p~lV(4)]. , Ipi &

-~(ki) '(k2) & p I( ")-,lp»& p~l( .)-.Ip»), (A4)

iMt"l = ) g, g, Fo(g(rw pr) D (pi —p2)D (ps —pq)D' (pg —pg —ki)P~~'(pg —pg —kg)
v=7, z

x1'c (pi —p, —ki; & p. l(0)~, lpga & ~(ki))1'i ( —k»p3 —p4 ~(k2) & pal(~)~, lps & ),
where

ecotowr if V = Z,
gvww =

if V=p, (A5)

) g~, g~~ Fo(gvwni) D (pl p2)D (ps p&)D (k& + k"-)
V=y, Z

(pl p2~ p3 p4i & p I(+) lp» & p~l(~)-. ls» )"Aki k2 (») (k2))

2~: ) ge, gaq FgD (pl p2 kl)P'y (pl p2 kl)

"
I g, (~») & p- ki l(~~)-, Ip» +g., (qi) & p2 l(~&), lk& p»]

x [g.', (q2) & p4k21(~. )..I» & +g.', (q', ) & p41(~.)..Ik»»] (A7)

i~(» = ). [ g, g", Fogvg ~y—D (pi —p~ —ki)P~ (pi —p~ —4)
V=p, Z

(p —p )1',(p —p, —k; p I( ),lp, (k ))
x[g.",(q2) & p~k2I(~. ) .I» &+g.', (q2) & p4I(~. )-.lk»s &]

+D (ps p&)1 p( k2 ps p4 ~(k&) & p~l(~)~. Ip» )
x [g.', (q[) & p2k~ 1(~.)-, lp» +g.', (qi) & p2I(~.), I» p»]}l, (A8)



2714 V. BARCxER, KINGMAN CHEUNG, T. BAN, AND D. ZEPPENFELD

i~"1= ( g, )'g~. FoD (ss —s4) & s4I(~")-.Is» [& s2&ll2I(~~), Is»+ & p21(~~)-, l&2&lp»]

+ (go, )(g..)'FDD (s l —p2) & p2I(~")o, Is» [& p41 2kll(~~) .Ip»+ & p41(~~)o. II lI 2p3 &],
(A9)

where

) ( —gVWNrg g Fo
V=p, Z

x (D (p3 —p4)D'(~l+ k2)[g.', (ql) & p2I(~")-, II l+ I:» p»& p4I(~. )-.lp3 &

+ g.', (ql) & p2, kl+ k21(~")-, lp»& p41(~w) .Ips &l

+ D" (pl —p2)D'(t'i+12)[g.'.(q2) & p4»+ k21(~") .Ips && p2l(~~), ls»
+g.', (q2) & p4I(~")..Il-l+ I-2, s»& p2l(~, )-, lp»])),

p2 i kl + k2 I g~& (p2) [g (~l ) ~2 j ~(~l) & ~(~2) )](Tg
(/2 + fl + F2)-

p2 + kl + k2 2

II' + s , s &=
~ k ,"[1'(& , & ; (k ), (k ))]-,x-, (p ) .(Pl —Fl —P2)-. ,

Pl l 2
(A10)

The neutral-current-exchange subprocesses are shown in I"ig. 16. In the case that two &'s radiate from a single
quark line, the order of W, lrv attached to the quark line depends on the init, ial flavors. In diagrams (g), (h), and

(j) special care is needed; here the I&ronecker 6 is used to denote the flavor of initial quarks (e.g. , 64, d means ql is a
d quark or an 3 quark). The individual Feynman diagrams contribute as follows (ql and q2 can now be any flavors):

2

g, (ql)g, (q2)MV D (pl —p2)D (p3 —p4)D (kl + I: )FoI

Egad

x (I-l)'(k. ) & p I( ")-.Ip»& p I( .)-, Ip» (A11)

). (—g.",'(q ).«.';(q ) q, g, «FoD" (p —p )D"(I —p )
V1 —P, Z
Vg —p, Z

x{~& p21(~")., Ip»& p4I(~„)., lp3 & ~(1,) ~(k2)
—& s II/(kl)]-, ls»& p4I[pt'(k2)]-. l» & —&»I[s'(k2)]-, I» && p4I[s(~l)]-. lp»}),

(A12)

) g VI Nr Hr g V Hr W gtri (ql)g~3 (q2) D (pl p2) D (p3 p4)PHr (pl p2 kl)
yZ1 —P Z

», ( —kl, s» —s 2; ~(kl), & p I(~)., ls» )I'. (p3 —p4, —k2; & p4 l(~)~. Ip3 & ~(~2)), (A13)

i~ = ) gV, H RVgV H Wg '(ql)g '(q2)D '(pl —p2)D '(p3 —p4)P&p (pl —p2 —k2)
V1 —P, Z
Vg —p, Z

XI'p(pl —p2, —k2; & p2I(0), Ipl &, E(12))1',( —kl, p3 —p4, e(kl), & p4I(l7), lp3 & ), (A14)

) gV& Hr W gV&Nr Hr MHr go i (ql)gz~ (q2)D (pl —p2)D (p3 —p4)FO
V1 —P, Z
Vg —q, Z

& p2I[s'(kl)l. , lp»& p41[lt'(s-2)]-. Ip»
Pl P2 1

—tan g~4

x g
—1
tan Ogr

if Vg ——V2
——Z,

if Vi ——V2 ——y,
otherwise,

(A15)

iMt~) = iMt') with (kl k2), (A16)
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). [ —gvww(g, )'g, (ql)FOD (Pl —»2)

~ (D (» p-. k-)P""(» »-- ~ )I'.(- », p »-; (I." ), & p I( )-, lp & )
x [~q~ a & »4k21(0„)~3IP3 & +~q&,„&»41(+ )~
+ D (Pl —»2 —k2) pw" (Pl —»2 —k2) I'„(»l —»2, —»; & »21(~)., I»» &, ~(»))

x [&q, , «»41(~.) .Ik»» +~q. , &»4»l(~ ) .I»3 &]}]
+ ) [ g'vww(g, ) g (V2)+0D (P3 P4)

V=p, Z

x (D (Pl —»2 —I„-2)pw (Pl —»2 —&2)1', ( —&l, »3 —»4; ~(&l), &»41(~) .I»» )
x (~q„„&»21(0.)o, lk2»l & +~„,«»2&21(~,.)-, I»»)
+ + (Pl P2 1;1)pw (Pl P2 1;1)1',(»3 P4& I-„2i &»41(~) .I»3 & ~(4))

x (~q„„&»2&ll(~.), lp» +bq„«»21(cr.), l&lp» )}], (A17)

) g. , (gl)(g. , )'FoD (pl —p2) & »21(~")-, l»l

x (~q, [& »41l I(+p) lk2»3 & g (vz)+ & »41(+p) l~l jc2»3 ) g (g2)

+ & p Iq k I( .)..I». & g., (g, )]
+ ~q, d [& I «21(~~)~. Iiq»» & g..(g2)+ &»41(~i ) .1&21;»» & g-. (g2)

+ &»441-l l(~, )o.I»» g.', (g2)]}

+ ) g:, (g )(g., )'F.D "(». ») &» —I(-")-.I». &
V=p, Z

x (~q„-[&»21ll(&~)-, llq2»» g.', (gI)+ &»21(0-,)-, IIcl&2»» g. , (gl)
+ & P.j„-lI; l(~„),I» & g. , (gl)]

+ ~q, ,~[&»241(~,), lkl»» g. , (gl)+ &»21(~„),lk»»» g, (gl)
+ & »2~2I„-ll(+p)&i IPl & g (Vl)]} (A18)

) ( «, wwg-~ (g, )g~ (g, )g~, (g2)ov (1, + I„-2)ov (», —P, )F.
V1 —P, Z
Ug —y, Z

x &»41(0-")., I»3 & [& »21(~")-,11;l + k2, »» + & »2, kl + k21(0.")-,I»»]}
+ ) . (—«'-l4»g.", (~»)g.".(g2)g. ,'(g )O''(»l —» )D"(1-l + 1-2)FO

V2 —y, Z

x & p l(~"), Ip, & [& p, k, + k-, l(~„),l» & + & p l(~„),l~, + k2, p &]} (A19)

~"' = (g )'(g..)'F.
" (bq, „bq. ,„[D (Pl —» —&2) pw'(Pl —»2 —») & »21(~, ) o, lk2»»& p4kl 1(~.)., lp3 )

+ (Pl —»2 —I„-l)pw'(Pl —p2 —Iql) &»2kl 1(~„),lpl )&»41(o..),lk2»3 ))
+ ql „q"„[ (Pl »2 k2)pw (Pl P2 ~2) & 21»(&p)cry lk2»l )& p41(~~)(y31kl p3 )

+ 0 (»» I„-»pw (» —» —») &»~ll(~~)o. l»»&»«21(~. ) .Ip»]
+ ~q»~~q, ~[D (»» ~2)pw (» —J2 —&2) &»2&21(~„)- l»»&»4&l l(~-) .I»3 &

+ D (P —P —k )Pw" (» —P —1- ) &» I( )-, I&» &&» I( .)..I&» &]

+ bqi, „~q~,&[D (» —»2 —I„-2)&w"(Pl —»2 —1-„2) &»241(~„)., lp»& »41(~.)., 1&l»3 )
+ D (» —» —kl)&w (» l —»2 —I-„l) & »21(~~)-, II,lp»& J441(~.)..1»3 &]} (A20)

In both charged- and neutral-current subprocesses the complete matrix element must be antisymmetrized in (pl, crl)
(p3 03) or (p2, a2) (p4, a'4), when identical flavors occur on the two incoming or outgoing fermion lines.
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To include the subsequent decays B'+ ~ E+v, we replace

.&(1,) g4E'voD (Z +v)b.„., &E ~(o&).„. ~v&, (A'21)

.&(/;, ) - g uaS&-&O'"'(S++~)b.„., & ~~(~ ). ~Z+ ~, (A22)

in the above expressions, and we use the narrow-width approximation.
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