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Charged-Higgs-boson search via heavy-top-quark decay at Fermilab Tevatron collider energy
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Assuming a top-quark mass of about 150 GeV we analyze the prospects for a charged-Higgs-
boson search in top-quark decay at the Fermilab Tevatron upgrade. Universality predicts the rela-
tive size of the top decay signal via 8'boson in different decay channels, and an observable excess
over this prediction can be used as a signature for charged-Higgs-boson production. In the
charged-Higgs-boson —fermion coupling scheme suggested by minimal supersymmetry and E6
string-inspired models one expects to see an observable signal up to a charged-Higgs-boson mass of
100 CxeV throughout the allowed range of the coupling parameter tanP. The absence of such a sig-
nal would give an unambiguous charged-Higgs-boson mass limit of 100 GeV. This is not possible
however in the alternative coupling schemes of two-Higgs-doublet models.

I. INTRODUCTION

The results from the top-quark-search experiment at
the Fermilab Tevatron pp collider' as well as the Bd-Bd
mixing data suggest a heavy quark of mass m, ) 80 GeV.
Further, the radiative correction to O' Z masses suggest
a fairly narrow range for m, with a central value of about
150 GeV. It is also reasonably certain that a top quark of
about 150-GeV mass will have an observable signal" at
the Tevatron upgrade, planned for the early 1990s. Be-
sides providing the first direct evidence for the top quark
this wi11 enable one to probe for new particles in the top-
quark decay; the large mass of the top quark offers the
possibility of carrying on this probe to a hitherto unex-
plored mass range. In particular there has been a great
deal of theoretical and phenomenological interest in one
such new particle —i.e., the charged Higgs boson ap-
pearing in the two-Higgs-doublet versions of the standard
model. The present work is devoted to a systematic
study of the prospects for a charged-Higgs-boson search
at the Tevatron collider energy. In particular we shall
address ourselves to the following questions. (1) Assum-
ing a top-quark mass of 150 GeV, what range of
charged-Higgs-boson mass can be probed unambiguously
in the sense that it gives an observable signal over the full
(allowed) range of the coupling parameter? Nonobserva-
tion of this signal would then clearly imply the absence of
a charged Higgs particle over this mass range. (2) What
are the promising channels for the charged-Higgs-boson
signal over the different parts of the coupling-parameter
space and what kind of detection efficiencies are required
for these channels?

II. TWO-HIGGS-DOUBLET MODEL

The two-Higgs-doublet model contains two SU(2)
doublets of complex scalar fields

'
yO

yO

with the vacuum expectation values (VEV's)

(y', ) =u, i~Z, &y,'&=u, i~Z.
They satisfy the GF constraint

u, +u2=u (u =246 GeV) .

A key parameter of the model is the ratio of the VEV's:

tan/3 —up /u )

(2)

After removing the three Goldstone bosons one is left
with five physical Higgs bosons. They are the neutral
CP-even states h, H and CP-odd state 3 along with
the charged states H —.We shall be concerned here only
with the charged states, i.e.,

H —=Pz cosI3—
P —, sinP . (4)

The two-Higgs-doublet model is attractive for several
reasons. It is a minimal extension of the standard model
in that it adds the fewest new arbitrary parameters.
Moreover, it naturally satisfies the constraints of p=1
and the absence of fIavor-changing neutral currents at the
tree level. While the first is guaranteed by the doublet
structure of the Higgs boson the second is ensured by
choosing the Higgs-boson —fermion couplings so as to
satisfy the Glashow-Weinberg theorem. It states that
the tree-level flavor changing neutral current mediated by
Higgs bosons will be absent if all fermions of a given elec-
tric charge have Yukawa coupling to only one Higgs dou-
blet. A very important model automatically satisfying
this theorem is the minimal supersymmetric extension of
the standard model, where the up-type quarks have Yu-
kawa couplings to one Higgs doublet (P2 say) while the
down-type quarks and charged leptons couple to the oth-
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er. This particular two-Higgs-doublet model has received
wide attention since it provides the most economical
solution to the hierarchy problem of the standard model.
Moreover it offers the possibility of explaining the ob-
served quark mass hierarchy m, ))m, and m, ))mb in
terms of that of the VEV's U2))U&. In this model the
Yukawa couplings of the physical charged Higgs fields of
Eq. (4) to fermions are given in terms of the parameter p
as follows:

lower-mass bound of about 40 GeV; the exact value
varies between 35 and 43 GeV depending on the value of
tanP. (2) Validity of perturbation theory implies an
upper bound on the charged-Higgs-boson —fermion Yu-
kawa couplings of Eq. (5). In particular the coupling pro-
portional to m„appearing in the first term of Eq. (5),
can be potentially large. Requiring this to be bounded
by the size of the strong coupling +4vra, (=1.2) or
equivalently I (t +bH—+

) ( —,'m, gives '"

H+ (cot/3 V; m„; u; d L + tan/3 y; md u, d ~2Mw

+ tanP mi v l .~ ) +H. c. ,

where V„. are the Kobayashi-Maskawa (KM) matrix ele-
ments. One has identical charged-Higgs-boson couplings
to fermions in E6 superstring-inspired models as well.
The main phenomenological difference between the
minimal-supersymmetry (SUSY) and E6 models is that
while the former predicts a mass bound m~ )m w (Ref. 6)
the latter gives a less restrictive bound m& )53 GeV.

In addition to Eq. (5), there are three other combina-
tions of charged-Higgs-boson couplings to fermions al-
lowed by the Glashow-Weinberg theorem —i.e., where
the T3 2 quarks or leptons or both are assumed to
have Yukawa couplings to $2 instead of P, . They corre-
spond to replacing tan/3 by —cotp in the second or third
or both the terms in Eq. (5). In the last case all the fer-
mions couple to the same Higgs doublet as in the minimal
Higgs model while the other doublet decouples complete-
ly from the fermion sector (due to some discrete symme-
try). In the other two cases the T3 = —

—,
' quarks and lep-

tons have Yukawa couplings to different Higgs doublets.
There is no theoretical motivation for this as far as we
know. In the present analysis we shall concentrate on the
charged-Higgs-boson —fermion coupling scheme of Eq. (5)
in view of the considerable theoretical interest behind it.
We shall however discuss how the results change when
one moves over to the alternative schemes. In particular,
we shall see that one expects an unambiguous charged-
Higgs-boson signal over a significant mass range for the
coupling scheme of Eq. (5) but not for any of the alterna-
tive schemes.

There are already some constraints on the charged-
Higgs-boson mass' and the coupling parameter tanp. "
(1) A charged-Higgs-boson search at the CERN e+e
collider LEP at the ALEPH Collaboration' has given a

I

tanp) m, /600 GeV (=—,') .

The size of the tbH+ coupling has also been constrained
by the contribution of the H exchange box diagram to
Bd-Bd mixing or the corresponding loop diagrams to
busy decay and the e'/e ratio. Thus a lower bound of
tan/3) 0.3 —0.4 has been obtained in Ref. 9, for m, =150
GeV and mH ( 100 GeV. (3) Applying an analogous per-
turbative limit for the coupling proportional to mb, ap-
pearing in the second term of Eq. (5), gives an upper
bound on tanP, " i.e.,

tan/3(600 GeV/mb (=120) .

One should note that there is no such upper bound in the
alternative coupling scheme where all the fermions have
Yukawa couplings to the same Higgs doublet —i.e., all
the terms in Eq. (5) are proportional to cotp. In contrast
the lower bound is valid for all the alternatives since it is
controlled by the first term of Eq. (5), which remains the
same in each case. In view of the above-mentioned
bounds on mH and tan/3, the region of phenomenological
interest is mH )40 GeV and tanp=0. 5 —100. We shall
restrict our analysis to this region. It may be noted that
this range of charged-Higgs-boson mass is also of theoret-
ical interest to the minimal-SUSY and E6 superstring-
inspired models. We should add that there is a stronger
bound on tanp ( ) 1.6) from the LEP constraints on
Higgs-boson masses, ' which is, however, highly model
dependent and hence shall not be used here.

III. CHARGED-HIGGS-BQSQN SIGNAL VERSUS
W-BOSON BACKGROUND IN TOP-QUARK DECAY

The size of the charged-Higgs-boson signal vis a vis the
W-boson background is controlled by the relative decay
widths of t~bH+ and tabb@' . In the approximation
of a diagonal KM matrix, one gets'

2r
64mm2 m8' t

1. .. [mw(mt +mb)+(m~ —mb) 2mw] .
mt mf

The corresponding decay width into charged Higgs boson can be calculated from Eq. (5), i.e.,

2

64~m2 I8'

2 2Pl I, mH
1, , [(m, cot P+mb tan P)(m, +mb2 —mH )+4m, mb ] .I/ fly t
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Thus one gets the branching fraction tanp =+m, /m &
-—5. 5 . (14)

B(t bH+)=I", „ /(I, +I, „). (10)

3 2

I ~ = (m, cot /3+m, tan P),
32~m w

(12)

and the branching fraction

B (H+ ~r+v) =m, tan P/3(m, cot P+m, tan P)

+m, tan p,
where the factor 3 is the quark color factor and we have
neglected a kinematic factor of (1 —m, /m~) in Eq. (11)
along with a similar factor in Eq. (12).' The correspond-
ing branching fractions for 8' decay are of course given
by the universality of 8' coupling to leptons and quarks;
i.e., = —,

' for each lepton species and =—', into hadrons.
One should note the striking difference between the two
sets of branching fractions. We shall come back to this
point later on. Like 8'the charged Higgs boson has also
to be identified through its leptonic (i.e., r) decay in view
of the large QCD background for the hadronic channel.

Figure 1 shows the branching fraction of t ~bH+ as a
function of tanp for several values of charged-Higgs-
boson mass in the range 60—120 GeV. For I&—m~ the
charged-Higgs-boson branching fraction is comparable to
that into the W boson for tanp-1; however, it has a very
strong dependence on tanP. At the two extreme values of
this parameter (tanp=O and =100), the t~bH+ be-
comes the dominant decay mode since the corresponding
coupling becomes large as we have seen before. On the
other hand this branching fraction becomes very smaH in
the region tanP =5.5. This is due to a deep minimum in
the t ~bH+ partial width of Eq. (9) at

From Eq. (5) one can also calculate the two significant de-
cay widths of charged Higgs bosons: i.e.,

2
III ~ ~ =

~
m 'tall p,

32&m ~

gg(qq )~tt~bH ( W )

bH (W+) .
(15)

This is the lowest-order QCD process for tt production,
which is known to be adequate for the large quark mass
of our interest. Besides we will be primarily interested in
the relative contribution from the H and 8 channels
from which the tt production cross section factors out.
To avoid QCD background, at least one of the two
charged bosons is required to decay into the ~ channel;
1.e.)

Figure 1 also shows the branching fraction for charged-
Higgs-boson decay H+ —+~+v, calculated with I =1.8
GeV, m, =1.5 GeV, and m, =0.2 GeV. However, it is
not sensitive to the exact value of the strange-quark mass.
It rises steadily from 0 to nearly 1 as tan/3 increases from
0 to 2 and remains practically constant thereafter. It is
the product of the above two branching fractions that
controls the size of the observable charged-Higgs-boson
signal. It is evident from Fig. 1, that the tanP=O region
would be bad not only for the charged Higgs boson but
for the top-quark search as well, since the dominant de-
cay mode is into the unobservable channel
t ~bH+~bcs. Fortunately the worst part is disallowed
by the constraints on tbH coupling from perturbation
theory as well as the low-energy processes. '" Of the al-
lowed part of tanp space, the potentially problematic re-
gions are tan/3=0. 5 and tanp-5 where the H+~r+v
and t~bH+ branching fractions are small, respectively.
Fortunately the small value of one branching fraction is
partly compensated by the large value of the other. Con-
sequently the size of the charged-Higgs-boson signal will
be at least comparable to the W-boson background
throughout the allowed range of tan/3 for m~ —mii, .

The basis process of interest is tt production through
gluon-gluon or quark-antiquark fusion followed by their
decay into charged-Higgs-boson or 8'-boson channels;
s.e.,

H+( W+ ) +r+v, , —

H ( W )~qq',
(16)

1.0

0.8

B (t~bH)—
(+mal p) ~ ~ ~ o ~ or vice versa. Finally the ~ is to be observed in its ha-

dronic or muonic decay

'T~ Vgg )

0.6
1~v v+ (19)

0.4

0.2

IO 100

FIG. 1. The branching fraction of top-quark decay into
charged Higgs boson for m, =150 GeV and m~=60 —120 GeV.
The branching fraction of charged-Higgs-boson decay into ~
lepton is also shown (dotted line). The allowed range of
tan/3 ( + 0.4) is indicated by the hatched line in all the figures.

as a narrow jet or a relatively soft muon, accompanied by
a large missing pT.

We have computed the above tt production cross sec-
tion and sequential decay for the pp collider energy of 2
TeV and integrated luminosity of 100 pb ', as expected
for the Tevatron upgrade. A luminosity of several hun-
dred pb ', which seems plausible now, will help to com-
pensate for the detection (in)efficiency factors. The basic
tt production cross section of Eq. (15) is convoluted with
the gluon (quark) densities of Ref. 14. This corresponds
to a three-dimensional integration. Since every 2-
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(3-)body decay corresponds to a 2- (5-)dimensional in-
tegration, we have a 13 dimensional integration for the
sequential decay involving H+H . The corresponding
number is 15 for the 8'+ 8 channel, since the two-body
decays of Eqs. (15)—(17) have to be handled as three-
body decays

:b~+v

:bqq'

(20)

to take care of the 8' polarization. Thus one has a
total of 16- (18-)dimensional integration for the
H+H ( W+ W ) channel. These are done, of course, us-

ing a Monte Carlo program.
We have found that for m& 100 GeV the charged-

Higgs-boson contribution is at least as large as the 8'-
boson contribution over the allowed tanP range, apart
from a gap around tan/3-5. This corresponds to the re-
gion in Fig. 1, where the t ~bH branching fraction has
a minimum. However, this gap can be closed by consid-
ering the decay of both the charged bosons into ~ leptons.
Moreover, the size of the charged-Higgs-boson contribu-
tion remains sufficiently large for observation over the en-
tire range of tan/I. But it is very hard to distinguish the
charged-Higgs-boson signal from the 8'-boson back-
ground on the basis of their kinematic distributions. Al-
though the two charged bosons have different spins the
resulting difference in the observable kinematic distribu-
tions are very marginal. Moreover for the mass range of
our interest, mH=60 —100 GeV, the mass difference be-
tween H and 8' is not large enough to give a clear kine-
matic distinction. The best way to separate the H and 8
contributions is to look for the departure from universali-
ty as suggested by the distinctive charged-Higgs-boson
couplings to quarks and different species of leptons —in
particular its preferential coupling to the ~ lepton. This
results in the charged-Higgs-boson branching fractions
into these channels being very different from those of the
8'boson as we have seen in the beginning of this section.

production. We shall assume a working definition for an
observable signal as one corresponding to ~10 signal
events and a signal/background ratio ~ 1.

Figures 2 —6 show the predicted size of the 8' back-
ground and the charged-Higgs-boson signal in different
channels of tt decay for

m, =150 GeV, &s =2 TeV, J X dt =100 pb
' . (2l)

The predictions are shown for two values of the charged-
Higgs-boson mass (mH =60, 100 GeV) and for the full al-
lowed range of the coupling parameter (tan/3=0. 5 —100).
It should be noted that in each figure the peak value of
the W background at tang = 5 is approximately the same
as the prediction in the absence of a charged Higgs bo-
son.

A. Hard dipleton channel

In Fig. 2 the dotted lines show the predicted 8'back-
ground for the hard dilepton channel with p, „)15 GeV,
for which there is no charged-Higgs-boson contribution.
The prediction of a model without the charged Higgs bo-
son can be read off from the peak value of the curves.
Compared to this value the prediction of a model with
charged Higgs bosons can be significantly smaller for cer-
tain ranges of mH and tanP. However, a similar variation
could also arise from the uncertainties in the QCD pre-
diction and the top-quark mass. Therefore any mismatch
between the observed event rate and the peak value of the
prediction should not be regarded as a charged-Higgs-
boson signal. Instead the observed event rates should be
used to normalize the 8 background, so that the 8' back-
ground in all other channels is unambiguously predicted
via universality. It should be emphasized here that while
the predicted 8' background in all the channels shows
substantial variation with mH and tang, their relative
magnitudes are independent of these parameters and
unambiguously predicted via universality. A sizeable ex-
cess (by ~ 100%) over the predicted value in any of these

IV. CHARGED-HIGGS-BOSON DETECTION
THROUGH DEPARTURE FROM UNIVERSALITY

IN TOP-QUARK DECAY

We shall see now that the departure from universality
in the different tt decay channels provides an effective sig-
nature for charged-Higgs-boson production. This can be
exploited to give an observable signal for charged-Higgs-
boson production up to m~ ——100 GeV throughout the al-
lowed range of tanP. We shall proceed as follows. In a
given channel of tt decay the 8 background corresponds
to the 8'8' contribution while the charged-Higgs-boson
signal corresponds to the (HH+ WH) contribution. The
dilepton channel (e+e, /t, +p, e +—p+) for tt decay pro-
vides an unambiguous normalization for the 8' back-
ground because of the negligible charged-Higgs-boson
couplings to these leptons. Then universality simply pre-
dicts the size of the 8'background in any other channel
relative to the above; and a sizeable excess over this pre-
diction will constitute a signal for charged-Higgs-boson
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FIG. 2. The charged-Higgs-boson signal (solid line) and W-

boson background (dashed line) for mH =60 and 100 GeV in the
hard-muon + multijet channel of tt decay. The W background
in the hard dilepton channel is shown (dotted line) for normali-
zation. The cuts are given in Table I.
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FIG. 3. The charged-Higgs-boson signal (solid line) and W-

boson background (dashed line) for mH =60 and 100 GeV in the
soft-muon + multijet channel of tt decay. The 8'background
in the hard-dilepton channel is shown (dotted line) for normali-
zation. The cuts are given in Table I.

channels can be regarded as a signal for charged-Higgs-
boson contribution.

B. Hard-muon + multijet channel

It corresponds to muonic decay of one charged boson
(W) and hadronic decay of the other (W, H) Figure 2.
shows the charged-Higgs-boson signal (8'& along with
the W background (O'W) for p„& 15 GeV and the fol-
lowing cuts on the jet parameters:

X ~2, p, )40 GeV, pz&30 GeV. (22)

The cuts on the jet parameters have practically no effect
on the above signal or background (increasing the p ~ cut
to 40 GeV would reduce them by =20%). But they help
to suppress the background from 8'+QCD jets, as we
shall see later. One sees from Fig. 2 that this channel
provides an observable charged-Higgs-boson signal up to
mH = 100 GeV only over a limited range of

FIG. 5. The charged-Higgs-boson signal (solid line) and W-

boson background (dashed line) for m& =60 and 100 GeV in the
large-missing-pr + multijet channel of tt decay. The cuts are
given in Table I.

tanp=0. 5 —0.7. The reason for the relatively modest size
of the charged-Higgs-boson signal is, of course, the ab-
sence of the HH contribution in this channel. To include
this contribution one must look at the channels which
correspond to ~ decay of at least one of the charged bo-
sons. %'e consider a few such channels below.

C. Soft-muon + multijet channel

This corresponds to ~ decay of one of the charged bo-
sons followed by its muonic decay, while the other decays
into hadrons IEqs. (16), (17), and (19)j. Of course one has
to add the contribution from the low pz- tail of the rnuons
coming from the direct 8'decay. Figure 3 shows the re-
sulting charged-Higgs-boson signal along with the 8'
background for p„=5—15 GeV and the jet cuts of Eq.
(22). The W background for the hard dilepton channel,
to be used for normalization, is also shown for conveni-
ence. As we see from Fig. 3, this channel provides an ob-
servable charged-Higgs-boson signal upto mH =100 GeV
over a somewhat wider range of tanp, i.e., tanp=0. 5 —1

and )25. Nonetheless there is a huge gap over the range
1 (tanp(25. This channel has two limitations —(1) sig-
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FIG. 4. The charged-Higgs-boson signal (solid line) and W-

boson background (dashed line) for mH =60 and 100 GeV in the
~-jet + multijet channel of tt decay. The cuts are given in Table
I.

FIG. 6. The charged-Higgs-boson signal (solid line) and W-

boson background (dashed line) for mH =60 and 100 GeV in the
two-~-jet channel of tt decay. The cuts are given in Table I.
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nal size is small due to the small muonic branching frac-
tion of r (=0.18) and (2) the contribution to low pT
muons from direct 8' decay roughly doubles the size of
the background.

D. v-jet + multijet channel

This corresponds to ~ decay of one of the charged bo-
sons and hadronic decay of the other, followed by the ha-
dronic decay of r [Eqs. (16)—(18)]. The narrow jet com-
ing from r decay (r jet) is expected to provide a tag for r.
The identification of the ~ jet seems to be facilitated in
the presence of a sizable missing pT ( )20 GeV). ' We
have therefore imposed the cuts p (r jet)) 10 GeV,
p;„)20 GeV and those of Eq. (22) for the remaining
jets. The resulting charged-Higgs-boson signal and 8'
background are shown in Fig. 4. The size of the signal is
larger compared to the previous channel due to the large
hadronic branching fraction of r ( =0.64); and the signal
to background ratio is also somewhat larger. It provides
an observable charged-Higgs-boson signal up to
mH = 100 GeV over a major part of the tan/3 space —i.e. ,

except the range 2 & tan/3 & 15.

E. Missing-pT + multijet channel

This corresponds to w decay of one of the charged bo-
sons and hadronic decay of the other, followed by ~ decay
into both hadronic and leptonic channels [Eqs. (16)—(19)].
The multiple neutrino emission in these processes gives
rise to a sizable missing pT, which can be used as an
effective signature for ~. We assume that the 8'~ev, pv
events would be recognized by the hard lepton and hence
do not include their contribution. Figure 5 shows the
charged-Higgs-boson signai and 8' background for
p;„)40 GeV along with the jet cut of Eq. (22). The
missing-pT cut costs about 30'Fo of the signal. The size of
the signal and the signal-to-background ratio for this
channel are very similar to the previous one. As in the
previous case it also provides an observable charged-
Higgs-boson signal up to IH=100 GeV throughout the
allowed tan/3 range except 2&tan/3&15. In order to
close this gap one has to look at a channel corresponding
to ~ decay of both the charged bosons, as we see below.

strongly, however, on the efficiency of ~-jet detection.
While the signal-to-background ratio is not sensitive to
this efficiency factor the size of the signal is evidently
very sensitive. Of course a loss of signal size due to this
(in)efficiency factor can be compensated for if one has an
integrated luminosity significantly larger than 100 pb
at the Tevatron upgrade, as mentioned before.

G. W'+ QCD jets background

This is known to be the most serious background for
the heavy top-quark signal in lepton-plus-multijet chan-
nels. Several prescriptions for suppressing this back-
ground have been suggested using the fact that the QCD
jets are generally soft or collinear. We have found that
the most efficient way of suppressing this background is
the straight pT cut on the jets. Increasing the pT cut for
the two hardest jets from 10 to 40 GeV reduces this back-
ground by a little over an order of magnitude while re-
ducing the top-quark signal by only 20%. We have es-
timated this background using the formalism of Ref. 16
for

X~ 2 and pji pj~)40GeV

for the multijet channels 8 —E above. The background
cross sections are 5 pb for the multijet channel with hard
lepton (Fig. 2) and about 3 pb each for the multijet chan-
nels with r jet (Fig. 4) and missing pT (Fig. 5). These are
still large compared to the top-quark signal shown in
these figures, particularly after its splitting into the
charged-Higgs-boson and 8' channels. Moreover, with
the above jet-pT cuts the kinematic distributions of back-
ground are very similar to those of the top-quark signal
(including the two-jet invariant-mass distribution), so that
it cannot be significantly reduced by any more kinematic
cuts. The best way of doing this is to increase the num-
ber of jets to X 3. As noted by several authors' be-
fore, this would reduce the background by a factor of 5
or more while removing only 20% of the top-quark sig-
nal. This level of background contribution to the multijet
channels with r jet or missing pT (i.e., —0.6 pb) will be
tolerable compared to the cross sections of our interest,
shown in Figs. 4 and 5.

F. Two-~-jet channel

This corresponds to ~ decay of both the charged bo-
sons followed by hadronic decay of both the ~'s. The
cross sections have been calculated with a pr cut of 10
GeV for both the ~ jets along with a missing-p~ cut of 20
GeV. The resulting charged-Higgs-boson signal and the
8' background are shown in Fig. 6. We see now that
there is practically no gap left in the tan/3 space. The
two-~-jet channel provides an observable charged-Higgs-
boson signal up to m~=100 GeV for essentially the en-
tire range of allowed tan/3 values. Only at the extreme
end of tan/3=0. 5 —0.7 does the signal fall below the 10-
event level. Thus the two-~-jet channel provides the most
promising channel for charged-Higgs-boson search in
heavy top decay at the Tevatron upgrade. It depends

V. SUMMARY AND CONCLUSION

We have seen how one can search for charged-Higgs-
boson in heavy-top-quark decay at the Tevatron upgrade,
by comparing the size of the tt signal in different decay
channels. We have assumed a top-quark mass of 150
GeV and the charged-Higgs-boson —fermion coupling
scheme [Eq. (5)] suggested by the minimal-SUSY and the
E6 superstring-inspired models; and investigated the
charged-Higgs-boson discovery potential of various chan-
nels as a function of the charged-Higgs-boson mass and
coupling parameter tan/3. The results are summarized in
Table I, which shows that different channels can probe
charge-Higgs-boson mass up to 100 GeV over different
ranges of the tan/3 space. The most promising channels
are the multijet channels accompanied by a ~ jet or a siz-
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TABLE I. Charged-Higgs-boson search potential of various top-quark decay channels for I,=150
CseV. Each channel can probe charged-Higgs-boson mass up to 100 GeV over the tanP range indicated.

Channel

A. Hard dilepton
B. Hard muon + multijet
C. Soft muon + multijet
D. ~ jet + multijet
E. Missing pT + multijet
F. Two v. jets

Basic cuts
(GeV)

p„",) 15
pr)15;N, )2,p,T)40 p 2) 30

tanP range

Background norm.
0.5-0.7
0.5 —1 d' )25
02—2 d' )15
0.2 —2 8 )15
0.7 &

Figs.

2,3
2
3
4
5

6

able missing pT and the two-~-jet channel. The first two
can probe charged-Higgs-boson masses up to 100 GeV
over a major part of the allowed tanP space (i.e., for
tang(2 and ) 15) while the last channel can do this for
essentially the whole of the allowed tan/3 space.

If there is a charged-Higgs-boson signal one can deter-
mine the mass IIt and the coupling parameter tanP by
comparing the size of the signals in difFerent channels.
While the size of the signals in all the channels increases
with decreasing mII, their relative size depends sensitive-
ly on the tan/3 parameters as we see from Figs. 2 —6.
Moreover, one can get reasonable constraints on m~
from some of the kinematic distributions. We have
checked that the transverse mass of the ~-jet and
missing-pT system is a good kinematic variable for this
purpose. If, on the other hand, there is no observable sig-
nal in the above-mentioned channels one can raise the
charged-Higgs-boson mass limit from 40 to 100 GeV
unambiguously —i.e., without any ad hoc assumption
about the tan/3 parameter. One should note that this
range of charged-Higgs-boson mass is of interest to the
minimal-SUSY and E6 superstring-inspired models.

Finally let us brieAy discuss what happens in the alter-
native charged-Higgs-boson —fermion schemes described
in Sec. II. In none of these alternative schemes does one
expect to see an unambiguous Higgs signal —i.e., there is
always a gap in the allowed tanP space. The reasons are
the following.

(1) Models where both up- and down-type quarks have
Yukawa couplings to the same Higgs doublet correspond
to replacing tan/3 by —cot/3 in the second term of Eq. (5)
and hence in Eq. (9). Consequently the t ~bH+ branch-

ing fraction decreases continuously with increasing tan/3,
so that the top quark essentially decouples from the
charged Higgs boson over a large part of the allowed
tanP space.

(2) In the model with the same charged-Higgs-boson
coupling in the quark sector but with the charged leptons
coupling to Pz instead of (j)„one has to replace tanP by—cot/3 in the third term of Eq. (5) and hence in Eq. (11).
Consequently the region of small t —+bH+ branching
fraction in Fig. 1 (tan/3=3 —10) corresponds to small
H+~~+v branching fraction as well, so that one cannot
get an observable signal. Moreover, the H ~~+v
branching fraction essentially vanishes for tan/3) 10, so
that the charged-Higgs-boson decay becomes practically
unobservable.

Thus for each of these alternative schemes there are no
observable charged-Higgs-boson signals over large parts
of the allowed tan/3 space. ' It is the distinctive correla-
tion between the three charged-Higgs-boson coupling
terms in Eq. (5) that ensures an observble charged-
Higgs-boson signal in this model throughout the allowed
tan/3 space.
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