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We study techniques for discovering at the Superconducting Super Collider (SSC) a charged Higgs bo-
son of a two-doublet Higgs sector in the decay t ~H+b, for a variety of top-quark and charged-Higgs-
boson masses. tt events are selected by demanding a high-pT lepton and a tagged b jet. One technique is
to search for an excess of r leptons from H+ decays. For tanP—:ui /u, ~ 0.5, this technique is usually vi-

able, even for a fraction of the expected SSC yearly luminosity (depending upon m, and m +). Tech-
H

niques for approximately determining the H+ mass in this mode are discussed. We also demonstrate
that for 0. 1 tanp ~ l. 5 a peak in the two-jet mass distribution resulting from H+ ~cs can be found, and
a precise H+ mass determination is possible even in a fraction of an SSC year, provided B(t ~H+b ) is
not too small.

PACS number(s): 14.80.Gt, 13.20.Jf, 13.85.Qk, 13.87.Ce

I. INTRODUCTION

One of the most attractive extensions of the standard
Higgs sector contains two Higgs doublets and, conse-
quently, both charged and neutral physical Higgs bosons
[1]. If the charged Higgs boson is lighter than the top
quark, then the branching ratio for the decay t~H+b
could be comparable to that for t~ W+b. Since the Su-
perconducting Super Collider (SSC) [and the CERN
Large Hadron Collider (LHC)] provide very high rates of
top-quark production, detailed studies of t decays are
possible, providing a significant opportunity for detection
of the t —+H+b decays. An early discussion of the phe-
nomenology of such a situation, and the relevant tree-
level branching ratios, appeared in Ref. [1]. The present
work is an extension of the detailed study by the
Solenoidal Detector Collaboration (SDC) [2]. (See also
Ref. [3].) Related work in the context of other experi-
ments has appeared in Refs. [4—6].

The top-quark and charged-Higgs-boson branching
fractions depend upon the couplings of the two Higgs
doublets to the quarks and leptons. There are two possi-
ble models normally considered for these couplings that
are consistent with the absence of Aavor-changing neutral
currents. In one model (model II in the notation of Ref.
[1]) the neutral component of one of the doublets is re-
sponsible for generating the mass of leptons and charge

3 quarks, while the other generates the mass of charge

3 quarks . This is the mode 1 predicted by minima 1 sup er-
symmetry and will be the one upon which we primarily
focus. ' The couplings of the charged Higgs bosons to fer-

We shall, however, remark on the alterations in branching ra-
tios and search strategies that would be required in model I, in
which one of the Higgs-doublet fields couples to all quarks and
leptons, and the other Higgs field does not couple to any matter
fields.

mions are entirely determined by the quark and/or lepton
masses and by tanp=u2/u„where u, (uz) is the vacuum
expectation value of the Higgs field which couples to the
down- (up-) type fermions. Therefore, if we assume that
the decays H+~W+H; (H, z being the CP even Higg-s

scalars) are kinematically forbidden, tanp determines the
branching fractions for t ~bH+, H+ ~~v, and H+ ~cs.

The predicted branching ratios for the various H +—de-
cay modes as a function of the paraineter tanp are shown
in Fig. 1. The results shown are essentially independent
of m +. Results for B(tH+b) are given in Fig. 2 for
various top-quark and charged-Higgs-boson mass
choices. The current limit on the charged-Higgs-boson
mass from the CERN e+e collider LEP is m +)41.7H
GeV at the 95% confidence level; the 95%%uo confidence-
level limit on the top-quark mass obtained without as-
suming dominance of the t ~ 8'+b decay is I, & 55 GeV
[7].

Theory provides some prejudices concerning the likely
value of tanp. Renormalization-group analysis in the
context of a typical grand unification scheme leads to a
correct pattern of symmetry breaking with large m, only
if tanp is greater than 1 [1]. In addition, very small
values of tanp ( ~0.2) would place the H+~tb coupling
in a nonperturbative regime for m, ~ 200 GeV.

From Fig. 1 we see that H+ —+~+v is the dominant de-

Should such decays be kinematically allowed, they are very
likely to dominate, and our detection strategies for the H
would be very different.

In model I, the H+~cs, cb, ~v branching ratios are all con-

stant at 0.63, 0.015, and 0.355, respectively.
4In model I, the t~H+b branching ratio falls rapidly once

tanP increases beyond about 1, implying that all detection
modes will become difficult beyond tanP-4.
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FIG. 1. Branching fractions for H+ —+~v, cs, eb as a function
of tanP, using the model II formulas of Ref. [1]. Results are
essentially independent of m +. We take mb =4.7 GeV,
m, = 1.4 GeV, and m, =0.15 GeV.

1.000

cay mode in the preferred tanp~ 1 region. As tanp ap-
proaches 6, the t branching fraction to H+—drops to a
minimum, while the H —~~v branching ratio approaches
unity. For smaller values of tanp the rv branching ratio
is quite small, and the cs mode will provide the best hope
for H detection.

We have investigated two methods for H —detection in
tt events. The first is based on searching for an excess of
r leptons. This technique is most effective for tanp~0. 5
(where the branching ratio of H ~rv is large ). The
other method is to reconstruct the hadronic decays
H+~cs; it is useful for smaller values of tanp where
t~H+b and H+~cs are both large. In each case,
events are triggered by requiring one t quark to decay via
t~bW~blv, yielding an isolated electron or muon (I)
with pz )40 GeV/c and ~g~ &2.5. The isolation require-
ment used was that the energy (excluding that of the lep-
ton) within a cone of radius b.R—:'t/b, g +b,P =0.4
about the lepton be less than 25%%uo of the lepton momen-

turn. The results do not depend critically on the precise
isolation criterion. An example (for m, =250 GeV) of the
results for the ratio of lepton track momentum to the to-
tal energy within the cone of 0.4 appeared in Ref. [2].
The lepton isolation spectrum and resulting efficiency for
isolation do not depend very strongly on the top-quark
mass. We assume an efficiency for identifying electrons
and muons of 85%, once they have satisfied our pT and
/vg/ cuts.

The events are further selected by requiring a tagged b
jet (from the decay of the t or t) with pT) 30 GeV
within ~g~ &2.0. A b jet can be tagged either through a
semi-isolated lepton from the b decay [8], or via a secon-
dary vertex. The efficiency for tagging the b jets through
secondary vertices is discussed in Ref. [9]. For the b jet
cuts given above, a full detector simulation yields an
efficiency of 0.30/b jet for tagging a secondary vertex; it
is estimated that this would increase to -0.35 if leptonic
tags are included. The non-tt background coming from
8'bb, 8'cc, 8'cb, and &bc final states, and satisfying the
above criteria, has been computed and is small even be-
fore the H —+ signal criteria are implemented. Back-
grounds from bb+jets and cc+jets are also negligible.
Even though the uncut cross sections for these latter pro-
cesses are several orders of magnitude larger than the tt
cross section, by the time all cuts and isolation require-
ments are imposed these backgrounds are negligible com-
pared to the signal. Isolation requirements are particu-
larly powerful: for example, as studied in the SDC Tech-
nical Design Report (TDR) (Ref. [3], Table 3.6), im-
plementation of the lepton isolation requirement on a
pT )40 GeV/c lepton from b or c semileptonic decay re-
sults in a suppression factor of at least 200. Further
suppression of such backgrounds arises by virtue of cuts,
discussed later, which are employed to identify the
H+ ~~+v or H+ ~cs decays. Thus, there are no
significant non-tt backgrounds to the events of interest
when a tagged b jet is required.

II. METHOD 1: SEARCH FOR SX+~rv
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In method 1 we search for l-r events (e.g. ,
t ~b W+ +bl +v, t ~—bH, or b 8' ~b r v) in which
the r decays to a single m

— (or K —
) with pz )pT"'

(pz."'=50 or 100 GeV). We do this for two reasons.
First, the signature of a very hard isolated pion from
r+ ~m. +v (or E+v) is distinctive; this signature is an iso-
lated charged hadron whose momentum (from tracking)
and energy (from calorimetry) agree within errors. The
isolation requirement used was that the energy (excluding
that of the pion), within a cone of radius b,R =0.4 about
the pion, be less than 25% of the pion momentum. (Or,
equivalently, the pion must carry more than 80% of the
total energy found within the cone. ) The probability for a

FIG. 2. Branching ratios for t +H+b as a function —of tanP
for a variety of top-quark and charged-Higgs-boson masses.
Solid curves indicate results obtained for m, =100, 150, and 200
GeV with m + =m, —25 GeV. The dashed curve gives

B(t~H+b ) for m, =200 GeV and m + = 125 GeV.

5We shall later discuss the increased significance of the
charged Higgs signal that would occur in the absence of any b-

tagging requirement (though this would require that back-
grounds eliminated by b tagging remain small).
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QCD jet with pT ) 50 GeV to satisfy this requirement is
less than 0.1% [10]. For one-prong ~ candidates pro-
duced via H+ decays, the distribution of the ratio of pion
track momentum to the total energy within a cone of 0.4
is given in Fig. 3 for the sample case of m, = 150 GeV,
m + =125 GeV. As discussed below, this distribution is

sensitive to whether the ~ candidate arises from H+ vs
W+ decays, as well as the H+ mass in the first case.

The second reason for using the single m decay of the ~
is that the spectrum for the ~ from a ~ that originates
from the H* is much harder than for a m from a ~ which
originates from a W +—. Since the coupling of W to ~v
conserves chirality and the v are left handed, the ~ (~ )

are left (right) handed (up to corrections of order
m, /mii, ). In contrast, as first emphasized in Ref. [2], the
v.+—from the decay of H+—would have the opposite polar-
izations, since the H —is a scalar and its couplings maxi-
mally violate chirality; as in Ref. [2], we shall employ this
difference in polarizations of the ~ in order to enhance
the signal for the charged Higgs boson [11]. In W de-
cays, the w polarization results in the preferred direction
for emission of the m

—being opposite the momentum of
the ~. In H —decays, since the ~* has the opposite polar-
ization, the m* tends to be emitted parallel to the z
momentum. Consequently, the pz spectrum of the isolat-
ed pion from the charged Higgs decay is shifted to higher
pT. Furthermore, for any choice of charged-Higgs-boson
mass such that m + is significantly larger than m~, the

pT of ~'s from the H —decay will already be larger on
average than that from W decay. These effects will
enhance the H —signal over the W background. Since a
m. from W+ decay is softer than that from H+ decay, not
only will it have a smaller probability of passing a given
pT(~) cut, but also it will be less isolated in the sense that
it will be less likely to pass the pT(m)/ET(cone) ).0. 8 iso-
lation cut. In short, polarization correlations and kine-
matic effects both enhance the relative number of events
containing a H*.

Our study was performed using the ISAJET 6.31 Monte
Carlo program, including a modification to produce the
correct v. polarization in the decays of W +—and H +—. Im-

plementation of the correct polarization correlations for
the t-quark decay chain is crucial in obtaining an accu-
rate result. The detector response was simulated by
smearing the produced energy and momenta with the as-
sumed calorimeter and tracking resolutions [12].
Multiple-event pileup was not simulated, since it is not
expected to affect our results at the nominal SSC lumi-
nosity. The main effect of multiple events would be to de-
crease slightly the efficiencies for observing isolated lep-
tons and ~'s, but this should be a small effect for the pT
thresholds used in this study.

A. Universality argument in the search for H+ ~v.v

where eII and e& are the overall efficiencies for detecting
the two different types of events, and B(W~lv)
=B(W~ev)+B(W —+pv). In Eq. (1) the factor of 2 is
due to either W being able to decay to ~. Assuming that
Bit,

=B(t ~ W—+b ) = 100%%uo, Nll is related to the number
of tt events (N, —, ) by

Nll =N, —,B ( W~lv)ell,

and the actual number of l-~ events observed would be

(2)

Nl, =2N, ,B( W' —+lv)B( W~—rv)el,=Nil
ell

where the factor of 2 arises since either W can decay to
the ~.

If top quarks can decay to H b as well as to W+b,
then we consider W+ W bb, W +—H+ bb, and H+H bb
final states, so that the number of observed l-w events
would be

The most sensitive means of detecting the presence of a
charged Higgs boson decaying to ~'s is to employ lepton
universality in W decays. If t quarks decay only to W+b,
then the observed number Nl& of l+-l events plus lepton
universality in W decays allows us to compute the num-
ber NI of l-~ events expected:

B(W~rv)el,
ls ll B(W

=2N

l I I I

(
I I I 1

f

I 1 I I

I

I I
N N ww+N wH+NHH

Iv. I~ l~ l~ (4)
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p~(vr))50 Gev
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(the mixture depends on the branching ratio BH). The
contribution from H+H bb final states, NI, can be ig-
nored because the lepton trigger then requires
H~~v~lvv, but, in the range where t~bH+ is large,
the branching ratio B(H+ +rv) (and—consequently the
lepton trigger efficiency) is very small.

The preference for H+ to decay to ~v rather than e v or
pv implies that an excess of l-~ events over the universali-

pT(rr)/E~(cone)

FICx. 3. The ratio of measured single-track momentum to en-
ergy within a cone of radius R —=+(tidal) +(Ap) =0.4 for pions
from the decay of ~'s in H+ ~~+v. The arrow indicates the cut
adopted.

Of course, determination of these efficiencies requires a
Monte Carlo computation of the efficiency for triggering on the
leptons and for whatever other cuts may be appropriate. In the
case of ell, the necessary studies have been done elsewhere [3]
and are not described here. e~ will be discussed in detail short-
1y.
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ty prediction would be detected. Not only are I-~ events
enhanced, but l+-l events are depleted. In this pro-
cedure, one first employs l-l events to determine the
number 1V,—, of tt events as a function of
BH =B(t~H b)=1 —B~ using

NII=N, , (1 —BH—) 8 (W~lv)e« . (5)

Again, ~'s from H decays are not an important source of
1's because, for tanP values where B(t~H+b) is large,
8(H+~rv) is small.

When B~ is nonzero, the prediction of universality,
[Eq. (3)] for the number of detected I-r events originating
in tt ~ 8'+ 8' bb must be modified by inserting
(1 BH )—, yielding

NI~~ =2(1 B~)2N—,,B( W~l v)8( W~7v)e~, =N«
elI

(6)

B. Formulas ingredients

We now detail the various ingredients required in com-
puting actual numbers of events. In our computations,
we assume the branching ratios 8 ( 8'~ Iv ) /2
=8( W~rv) = ,' We sha—l.l also use 8(~~mv) =11.5%.
[In practice, one would also include Kv decays; the
current value for B(~~mv+Kv) is 12.7% [7]]. In com-

puting the efficiencies in the above formulas, we employ
IsA JET, including the earlier-described modification.

where N« is given in Eq (5.). Similarly, for
tt ~8'—H+bb events,

NI =2BH(1 BH —)N, ,B( W~lv)8(H ~wv)ei',
I

BH B(H~rv) ei~"
1 BH B(W~—lv) e«

where the factor of 2 arises from the presence of both
tt~H+ 8' and tt —+ 8 +H events. The efficiency for
detecting the l-~ events in the mixed O'K decays, e&', will
generally be quite different than that for 8 8'events, e&,.
Note that the parameter tanP of the two-doublet Higgs
model enters the above equations via both BH and
B(H+~rv).

These predictions for XI, and XI are independent
of the theoretical calculation of the tt cross section. Ob-
servation of a violation of universality consists of detect-
ing the Xl excess events above the number XI pre-
dicted on the basis of universality. Our ability to do so
clearly depends upon the efficiencies appearing in Eqs. (6)
and (7), to which we now turn.

and similarly for eI', . For given choices of the various pz-
and g cuts, etc., the efficiencies eI, eb, and e can depend
onm, and m

The efficiencies for the various cases that we consider
in this paper are given in Table I. Several features of
these efficiencies are noteworthy. First, in practice, we
find that, for the lepton-tagging cuts specified earlier, eI
depends solely on m, . Regarding e„, we see that it de-
pends relatively weakly on the K+ mass choice. This
occurs, in part, because many of the tagged b jets are as-
sociated with the t~8'b~lvb side of the event. The
slow decrease of eb with increasing m + is a consequence
of the increasingly soft spectrum of the b quark on the
t ~H b side of the event. This is illustrated in Fig. 4,
where we compare the pT spectrum of the b jet from
t~ 8'+6 to the pT spectrum of the b jet from t ~H+b.

TABLE I. The efficiencies for lepton triggering, for b tagging
[including the pz (b) cut], and for finding a n from the decay of
the v for the given pT(m) cut (units are GeV). The quoted
efficiencies do not include the branching ratios for the t-quark
decays. For m, = 100, 150, and 200 GeV, the numbers of events
before efficiencies are 4X 10, 1 X 10', and 4X 10, respectively.

m,
(GeV)

t~ 8 —or+

H —(mass) pT(~) & 50 pT(~) & 100

100
100
100
100

8—
H —(75)
H* (85)
H —(95)

0.35 0.j.0
0.35 0.13
0.35 0.087
0.35 0.066

0.044
0.16
0.18
0.27

0.0022
0.020
0.040
0.077

IswJET yields the standard QCD predictions for N, , At
SSC energies, we have %,—,

=4.2X 10, 1. 1 X 10, 3.6X 10,
and 1.5X10 events/SSC year ( JXdt =10 pb ') for
m, =100, 150, 200, and 250 GeV, respectively.

The efficiencies eI, (for WW events) and e/, (for WH
events) are determined by our procedure for tagging and
isolating the l-~ events of interest. As outlined earlier, we
first tag a lepton for the W (efficiency eI); then we tag a
b qu-ark jet coming from either t decay (efficiency eb); and
finally we tag a fast isolated pion coming from the ~~+v
decay [efficiency 8(w~mv)e„]. These latter two
efficiencies are conditional: eb is computed given that the
l has already been tagged, and e is obtained assuming
that both the l and the b have been tagged. All these
efficiencies include the eA'ects of the p z- and g cuts
specified earlier, and in the case of eI and e, the
efficiency for achieving the given isolation criteria. We
thus have

e&, =8(~derv)eieae

7An I in either I+-I or I-~ events can also originate from a
leptonic r decay. This contribution is small because of the com-
bination of the branching ratio and the high-pT cut on the lep-

ton. Using IsAJET, we find a correction to the predicted I+-I
rate from 8 8'of approximately 10% for the pT &40 GeV lep-
ton cut, and this correction can be determined with high pre-
cision.

150
150
150
150

200
200
200

F-
H* (75)
H —(125)
H —(140)

re+
H (125)
H+—(175)

0.39 0.27
0.39 0.28
0.39 0.22
0.39 0.20

0.46 0.31
0.46 0.30
0.46 0.26

0.065
0.18
0.29
0.32

0.091
0.31
0.39

0.011
0.043
0.090
0.12

0.018
0.11
0.16
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FIG. 4. The pT spectrum of a tagged b jet from t~H+b is
compared to that for t~ W+b. We plot results for WW, WH
with m +=75 GeV, and WH with m +=125 GeV. We have

taken m, =150 GeV. The normalizations of the different spec-
tra have been chosen so as to best illustrate the shape
differences. The true spectrum for the b associated with the ~v
side of the event requires combining with appropriate (tanP-
dependent) relative normalizations, the t ~W+b spectrum with
a t ~H+b spectrum. Plots of this type will appear later.

Finally, we see explicitly that, as discussed at the end of
the last section, the efficiency e for observing the pion or
kaon above the pT cut is substantially higher for the WH
cases than for the WW case, for any given choice of m, .

To illustrate further the importance of the difference
between the polarization of the ~ in 8'H vs WW events,
we plot in Fig. 5 the pT(n. ) spectra for m, =150 GeV,
comparing results for WWevents and WH events. From
the m ~=75 GeV spectrum we see that the pion spec-
trum for WH events is shifted to substantially higher
pT(m) values compared to WW events, even when the H
and W have comparable masses. This is a direct
reAection of the transmission of the ~ polarization to the
spectrum of the m to which it decays. When m y is sub-
stantially larger than m~, pT(m. ) for 8'H events is shifted
to even larger values (see the M ~=125 GeV curves),

and the resulting efticiency e for observing the pion or
kaon above a given pT cut is then even higher, as illus-
trated in Fig. 6. Note that even for a cut at pT(m ) =0, the
e for the H+ is higher than for the 8'+ as a result of the
fact (noted earlier) that the m's from the H+ will, being
more energetic on average, tend also to be more isolated.

Of course, in actuality we must combine WW and WH
events according to the preceding formulas. The ap-
propriate weighting depends upon tanP. For illustration,
in Fig. 7 we compare the predicted (from universality)
and observed pT spectrum of the isolated pion coming
from r decay for the case tanP = 1.2 [which yields
B~-0.075 and B(H+ ~rv) -0.50], where the influence
of the H* would be large. In this favorable case, the ex-
cess due to the t ~H+b decays over the universality pre-
diction is more than a factor of 4. Also shown are the
predictions for tanP =5.5, which is the least favorable
case (B~-0.009).

C. Results

Let us now quantify the amount of deviation from
universality that would be caused by the presence of a
charged Higgs boson in t decays. Universality predicts
that the number of l-~ events with an isolated single had-
ron (rr+ or K+) is just Nll(el /el!)=Nl, , and the ob-
served excess is obviously XI —NI =NI, . We can
compute the significance of this excess as the number of
standard deviations by which the observed number of iso-
lated pions exceeds the prediction from universality:

NI Nll l ~ l! Nl
WH

NsD =
QN wH+N ww

NsD is a function of the Higgs model parameter tanP. A
sample plot of NsD as a function of M + for the particu-
lar choices of m, =150 GeV and tanP=5. 5 appears in
Fig. 8. Figure 8 illustrates the extent to which a viable
signal survives as we approach the kinematic threshold
for t ~H+b decay.

Results for NsD at other tanP values (above 0.5) are
generally substantially larger. This is illustrated in Fig. 9,

2500
Q

2000

S S

f

S S & r

WW
----- WH(

WH(

V5)—
1Z5)

0.6

g 0.5

I I

I

I 1 I

1500
0

1000
I
J

500

0
100

p, ( ) (G.v)

150 200

(D
0.40
0.3

g 0.2
Q

~ ~
0.1

- 0.0
0 50 ioo

p, (~) (GeV)

WH(75)

WH(125)

FIG. 5. The pT(m. ) spectrum for WW events is compared to
that for WH events for the choices m ~ =75 GeV andH
m ~=125 GeV. We have taken m, =150 GeV. A b tag has
been required, and an isolation cut of pT(m)/ET(cone) &0.8 on
the ~ has been imposed.

FIG. 6. Efficiency for pions from v. decays to pass a pT
threshold cut in WWbb decays and WHbb decays. We have tak-
en m, =150 GeV. A b tag has been required, and an isolation
cut of pT(m. )/ET(cone) &0.8 on the m has been imposed. Re-
sults for the WHbb case are given for m + =75 and 125 GeV.
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FIG. 7. The transverse momentum distributions for isolated
pions coming from tt events where m, =150 GeV. The dotted
histogram is the prediction from universality [i.e., correspond-
ing to N~~~ in Eq. (6)]. The solid and dashed histograins would
be the actual observed spectra if a charged Higgs boson of mass
m +=125 GeV is present [corresponding to the sum of N,~~

and N,~, see Eqs. (6) and (7)]. These figures employ the
branching ratios specified for tanP= 1.2 and 5.5 in the text. For
these plots a b tag is required, and an isolation cut of
p T(~)/ET(cone) & 0.8 on the ~ has been imposed.

F&G. 9. Statistical significance Nso [see Eq. (9)] of the excess
of isolated pions due to t ~H+b, H+ ~~v, and r~~v relative
to expectations for t ~W+b (assuming lepton universality) as a
function of tanP. For this figure, we require an isolated lepton
with pT) 40 GeV, an isolated pion with pT & 100 GeV, and a
single b tag. The dip in NSD is caused by the dip in the t ~H b
branching ratio (see Fig. 2). The curves correspond to the vari-
ous different top-quark and charge-Higgs-boson mass choices
considered in Fig. 2. Solid curves indicate results obtained for
m, =100, 150, and 200 GeV with m +=m, —25 GeV. The

dashed curve is for m, =200 GeV and m + = 125 GeV.
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where XsD is plotted for a pT cut on the isolated pion of
100 GeV (with b tagging). As already detailed, we have
employed the eSciencies listed in Table I, as obtained
from IsAJET. We remark again that it is critical to keep
track of the polarization of the ~'s in the Monte Carlo
analysis; ignoring the polarization reduces the statistical
significance by at least a factor of 2 in most cases. Given
the b-tagging requirement, we have estimated that the
backgrounds from 8'bb reduce the number of standard
deviations by less than 3%; all other Wjet-jet back-
grounds together are smaller than this because the b-jet-
tagging requirement more than compensates for the

larger production cross sections of some of these chan-
nels.

Requiring 5 standard deviations above background, we
conclude that after 1 yr of SSC running we could detect
the presence in top decays of the charged Higgs boson de-
caying to ~'s for all tanp) 0.5 in almost all cases studied.
The only marginal cases among those that we have inves-
tigated are m, =100 GeV, m + ~95 GeV and m, =150
GeV, m + 140 GeV. For these m„m + mass choices,

NsD drops somewhat below 5 when tanp is such that
B(t~H+b) is near its minimum. For m, =100 GeV,
m +=95 GeV, B(t~H+b) reaches a minimum of
2. 1 X 10 at tanp-4. 7, at which point we find
NsD-4. 7 when one b tag is required and a cut of
pz (m. ) & 100 GeV is imposed. For m, = 150 GeV,
m +=140 GeV, B(t~H b) reaches a minimum of
l. 7 X 10 at tanp- 5.5, at which point we obtain
NsD-3. From these and other slightly less marginal
cases we find the rough rule of thumb that this discovery
technique achieves a Nso = 5 signal so long as
B(t~H+b ) )0.003.

0 I

75 80 85 90 95
0 I I I I I I I I i I I I I I I I

80 100 120 140

rnH (GeV)

FIG. 8. Statistical significance NsD as a function of m ~ for
H

m, = 100 and 150 GeV, with and without a b tag and pT(m) cuts
of 50 and 100 GeV (the upper and lower lines for a given b-tag
number, respectively}. The unfavorable tanP=5. 5 value is ein-
ployed in computing NsD. We have taken mb =4.7 GeV in our
computations.

D. Impact of eliminating b-tagging requirement

The b-tag requirement was included in the previous
analysis to ensure that all non-tt backgrounds are negligi-
ble. Even higher NsD values are potentially achievable in
the absence of any b tagging. This could be of particular
importance in the regions where B(t~H+b) is small,
and the one-b-tag requirement leads to a marginal value
of NsD. In Fig. 8 we compare results with and without b
tagging, for both pT(m) )50 GeV and pT(m. ) ) 100 GeV
(the upper and lower curves of each pair of curves, re-
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spectively).
In Table II we focus on an example in the region of

tanP-6 where NsD is minimum. We have assumed that
the 8 8' l-~ events are the only background to the 8'H
I-~ events. As we have discussed, this is certainly the case
when a b-quark jet is tagged. However, a very thorough
analysis of several additional potential backgrounds
would be required before one could claim that the level of
backgrounds remaining is small in the absence of any b
tagging. Potential new backgrounds include 8'+jets
backgrounds of aO types and ~~+jets. The former might
be adequately suppressed by the high-pT isolated pion re-
quirement. The latter could produce a high-pT isolated
pion (and lepton) if the initial ~ s are sufficiently energet-
ic, but would not automatically have associated jets with
high pT. Even when b tagging is not employed, the b and
b jets automatically present in the tt events tend to have
high pT. In contrast, cuts that required high jet activity
would not be easily satisfied by either the 8'+jets or
~~+jets backgrounds. Thus, it may be worth pursuing
the no-b-tag option. But it must certainly be emphasized
that a detailed study would be required to determine if,
for instance, the 2061 O'H l-~ events with no b tag and
pT(vr) ) 50 GeV would constitute a reliable signal in the
presence of these backgrounds.

E. Indirect determination of the charged-Higgs-boson mass

While it is clear from the above results that the
~v~~vv decays mode of the charged Higgs boson leads
to a level of universality violation that is generally easily
detected, the neutrinos emerging from the Higgs-boson
and ~ decays would seem to make a determination of
m ~ impossible. In this section we shall demonstrate
that there are distributions that allow a crude determina-
tion of the charged-Higgs-boson mass. In particular, we
will define two mass variables that exhibit peaks which
can reflect the charged-Higgs-boson mass rather directly.

First, we should not forget that the number of extra ~v
events observed, Xl, will itself provide strong con-
straints. This is because the l-l and other channels will
allow a very accurate determination of m, . For a Axed
choice of tanP, the observed value of N& will then only
be achieved for a fairly well-determined value of m

But, since we do not know in advance the value of tanP
(and, hence, the t ~H+b and H ~rv branching ratios),
this constraint will only determine an allowed set of
correlated m + and tanP values.

As seen from Fig. 4, for a known m, value, the b-quark
spectrum from t~H b decay will reflect the value of
m~+. However, because of the need for a minimum pT in
order to tag a b jet, and because of the fact that the
t ~8' b channel will, in general, contaminate the distri-
bution, the shapes of the observable parts of the pT spec-
tra need not be strongly correlated with m +. To illus-

sAs noted earlier, the probability for a QCD jet to look like an
isolated m with pT(m) )S0 GeV is about 0.1%.

NI [pr(vr) & 50 GeV]
N, fpr(m) & 50 GeV]
N ,I[pr(m)) 100 GeV]
NI, [pr(m. ) & 100 GeV]

409
3949

135
668

2061
14 852

656
2700

&so
NsD

[pr(vr) &50 GeV]
[pr(m. l & 100 GeV]

6.2
4.76

15.8
11.3

trate the situation, we focus on m, = 150 GeV and present
in Fig. 10 the pT spectra of the tagged b in which the b
has been associated with the ~v side of the event by re-
quiring that (p +ps) (m, and (pl+ps) )m, . Events
in which the tagged b do not satisfy these two criteria are
discarded. In this way, the only combinatoric back-
ground is that which arises from extra b quarks not asso-
ciated with the primary t decays. From Fig. 10 we see
that if tanP is such that B( t ~H+ b ) is large, then as
m + is increased from low to moderate values the b-

quark spectra show a significant softening (compare the
m +=75 GeV and m +=125 GeV curves). However,
once B(t~H+b) becomes small, either because m + be-
gins to approach the t~H+b threshold (i.e., m + & 135
GeV for the m, = 150 GeV choice being considered), or,
because tanP is near the tang-5. 5 dip in B(t~H+b),
the b's from the t~S'+b decays obscure those from
t ~H+b so as to wash out any clear differences in the b
spectra shapes. Thus, if the pT spectrum of the b jet has
a shape like that expected for t~8'+b decays, we can
only conclude that either tanP is near the tanP-5. 5 re-
gion or that m + is fairly near to m, . Of course, whatev-
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FIG. 10. The pT spectra of a single tagged b jet from the ~v
side of the event (using the criteria described in the text) are
compared for the cases of m + =75 GeV (dashed curve) andH
m +=12S GeV (dotted curve). WWbb and WHbb events are0
combined as appropriate for tang=1. 2 and tanP=5. 5. Also
shown (solid curve) is the spectrum from WW events alone. We
have taken m, = 150 GeV and required pT(~) ~ 50 GeV.

TABLE II. An example of the number of events found with
and without b tagging in WWbb and WHbb events where we
have chosen m, =150 GeV and m +=135 GeV and tanP=6.
We have only calculated the background from the WW l-~
events in finding XsD.

With b tagging No b tagging
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er information we do glean from the b-quark spectrum
can be combined with the overall normalization con-
straint discussed in the previous paragraph to better
determine the best tanP, m + value(s).

We turn now to the mass variables. Let us suppose
that the charged Higgs boson emerges from t~H+b,
while the other side of the event provides the
t~8' b~l vb leptonic trigger. Our two mass vari-
ables are based on two distinct approximations to the
top-quark momentum p, . For both approximations we
must identify the b jet associated with the t ~H+b de-
cay. Experimentally, this means that we must adopt an
algorithm (to be discussed below) for deciding whether
the tagged 6 jet is that coming from the t~H+b decay.
Further, in constructing our approximations it is neces-
sary to neglect the momentum carried by any jets that are
radiated from the b and b and that also do not appear in
the corresponding cluster as found in the ISAJET analysis.
With this latter assumption, we may write

m + =(p, —
pi, ) =m, +mb —2p, pb . (10)

(1) For the first approximation to the top-quark
momentum p, we note that p, = —

p-,
—g'p~, where g'p.

is the sum over all jets except those from the t and t de-
cay products. Neglecting jets radiated from the b, we
have p-, =pb+pI +p and, hence,

p = (pb+pl+p ) ypJ
(pt.~+p. —

pb p.»— —

where p„, is the sum of the momenta of all final-state
particles (other than neutrinos). This approximation to
p, consists of determining p„, by summing only over the
four-momenta of the final-state clusters found in the
~g~ &5 region by the isaJEr simulation (including the
trigger l and the m.), and neglecting p in Eq. (11). The es-
cape of particles down the beam hole (~il~ )5) implies
that there will be a small error in the transverse corn-
ponent of p„, and, of course, that the longitudinal corn-
ponent of ptpt cannot be determined in this way with any
significant accuracy. Thus, we employ only transverse
energies and momenta in computing p, pb in Eq. (10),
and find

m2+ s —m2+m2 2ETET+2pT pT
H (12)

where p, = —(p„,—pb
—p„), E, =Qm, +(p, ), and

ET Qm 2+( T)2—
(2) Our second approximation to p, is obtained by

neglecting the neutrinos that emerge in the H+ —+mvv de-
cay [the strong pr(~) cut tends to suppress their energies,
thereby reducing the error from this approximation].
Thus, we take

of p, is obtaining Eq. (10) prior to the substitution of Eq.
(13) we would have simply obtained the triviality
s b

=m .] Since both approximations rely to some extent
on the neutrinos from the H+ decay being soft, it is not
surprising that for adequate event samples these mass
variables are best able to distinguish between different
H+ masses for the larger of the two pz. (m) cuts studied.

Of course, an important ingredient in our procedure is
the specification of which tagged b jet is to be employed
in computing values for s,b and s b. To reduce combina-
toric background, we need to impose constraints such
that a tagged b that is used has a high probability of com-
ing from the t~H+b decay. If both (p +pb) &m,
and (pi +pb ) )m, are satisfied, we follow the above out-
lined determination of s,b and s b. If either criteria is not
satisfied, then the event is discarded. ' With these re-
quirements imposed simultaneously, there is a high prob-
ability that the b jet is properly identified, the only back-
ground being that arising from extra b jets produced in
ISAJET that came from neither t decay.

We can now illustrate the results obtained using s,b and

s b. Our plots will be in terms of M, i, =+s,b and

M b—=Qs i, . Events of the 8'W background type are
added to those of the 8'H type with the appropriate
weight as determined by tanP. The net distribution is
then plotted. The event numbers are absolutely normal-
ized to (event number)/(SSC year) (6 GeV). However, it
is the differences in distribution shapes upon which we
shall focus. We study various tanP and m + cases at

m, =150 GeV. We have chosen to consider three un-

equally spaced values of m +..m +=75, 105, and 125

GeV. We shall examine two representative tanP values:
tanP= 1.2, where NsD peaks, and tanP=5. 5, where XsD
is very near its minimum for all three m + choices. A

couple of generalities can be stated. In the case of the
M,b variable, the greatest significance for peak separation
for the difficult tanP=5. 5 choice is obtained for the
pr(n. ) & 100 GeV cut. For the cases where B(t~H+b)
is small, using pz (n) ) 50 GeV allows significantly more
events in the distributions, but the peak overlap increases
substantially. For the M„b variable, the peak separation
is always best for the pr (w) & 100 GeV cut.

In Fig. 11 we display M,b distributions for pr(vr) & 100
GeV, for the above-mentioned two tanP choices. We
note that for the fairly optimal tanP=1. 2 choice there
are significant peak separations between the three
different mass choices, even though the separations are
much smaller than the amount by which the differentI + masses are themselves separated. For tanP=5. 5

the m +=75 and the m +=125 GeV (and perhaps the

m +=105 GeV) distributions still look distinguishable,

but the 105- and 125-GeV histograms look similar. Turn-

Pf. Pb+P~ ~ (13)

which upon substitution into Eq. (10) yields

2 —:— 2 — 2—m~+ s b =mt —mb 2p pb (14)

[Note that had we not substituted the on-mass-shell value

This is not to say that the b jet from the t —+ W b decay does
not appear as one of the reconstructed jet clusters.

~oOf course, all of this is done at the detector level in terms of
cluster momenta.



1056 BARNETT, CRUZ, GUNION, AND HUBBARD 47

08
- tanp=5. 5

40—

Tv Decays
150

— tanp=
125

100—

I

1

I I

'~l
I

I

I

t

I

1 I

I

fL

, . ;, -r, I. . . , I. . . I I0
0 50 100 150 20

25

0 I, I

0 0 50 100 150 200

M, b (GeV)

FIG. 11. Comparison of M,b distributions for m + =75 (dot-

ted curve), 105 (dashed curve), and 125 GeV (solid curve) after
requiring one b tag and pT(m) &100 GeV. We have taken
m, = 150 GeV and present results for tanp=1. 2 and tanp=5. 5.

Since the peak separation and distribution shapes de-
pend not only on m + but also on tanP, an iterative stra-

tegy to determining these two parameters is generally re-
quired. First, as described earlier, we can use the abso-
lute value of NI to determine allowed correlated values
of tanP and m +. For example, when the t~H+b
branching ratio is not small (e.g., our tanP= 1.2 choice),

depends primarily on tanP and can be used to make
a first approximate determination of the latter. Compar-
ison between the predicted and observed mass distribu-
tion shapes in either M,& or M~b can then be used to
make a final determination of m + and a final adjustment
to the best value of tanP. The above results suggest that
we can ultimately distinguish between m + masses

separated by about 20 GeV if tanP is not in the unfavor-
able dip region around tanP-5. 5.

F. ~v conclusions
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FIG. 12. Comparison of M~b distributions for m +=75
(dotted curve), 105 (dashed curve), and 125 GeV (solid curve)
after requiring one b tag and pT(m) & 100 GeV. We have taken
rn, = 150 GeV and present results for tanP= 1.2 and tanP= 5.5.

ing to the M b variable, we see from Fig. 12 that essen-
tially the same remarks as for the M,b variable again ap-
ply. The M b variable leads to apparently narrower and
more sharply defined peaks, but the differences in their
mass discriminating powers are slight.

An interesting question is, to what extent are these dis-
tributions sensitive to the m, b, and jet resolutions. The
results presented in Figs. 11 and 12 are those obtained
with perfect resolution. We have compared the shapes of
the mass peaks generated for WW and WH events, as in-
corporated into our figures, with those found after in-
cluding resolutions similar to those of the SDC detector.
Jets were smeared using a resolution of 70%l&E +5%
and the pion mornenturn was smeared using
hp/p=0. 02% p(GeV). Although the smeared results
were generated with fewer statistics, we found no
significant change in the shapes of the mass distributions.
We believe that this can be at least partly attributed to
the fact that the M,b and M„b mass variables are ab initio
only approximate smeared-out reconstructions of m +.

Violation of I-~ universality provides a robust means
for detecting the charged Higgs boson of a model II two-
doublet Higgs sector that is sufticiently light to appear in
top decays, throughout the theoretically preferred region
of parameter space, tanP ~ 0.5, so long as B ( t
~H+b ) ~ 0.003. For low values of m, (-100 GeV), this
means that one can probe to within a few GeV of thresh-
old for t~H+b For lar.ge values of m, (-200 GeV), a
charged Higgs boson within about 10 GeV of m, general-
ly has B(t~H+b) ~0.003 (for tanP away from the
tanP =5.5 dip region) and can be detected.

While an absolutely direct determination of the H+
mass from the position of a mass variable peak is not pos-
sible in the ~v decay mode, we have seen that the two ap-
proximate mass variables M,b and M b exhibit peaks and
distributions that are sensitive to m +. When tanP is
such that B(t ~H+b ) is large, a difference between dis-
tributions for two different m + values separated by as
little as 20—25 GeV may be observed. But when
B(t~H b) is below 1%, a clear difference in distribu-
tion shapes occurs only for a m + mass difference
~ 35—40 GeV. Further, for small B(t~H+b ), the spec-
trum of the tagged b jet associated with the ~v side of the
event is dominated by the W decays and will not provide
much additional information. Only a precise determina-
tion of the NI event excess will indicate how close to
the t —+H+b threshold the H+ mass is.

It is useful to remark briefly on what happens in a
two-doublet model of type I. As noted in several earlier
footnotes, the rv branching ratio is independent of tanp,
while B(t~H+b) falls rapidly in the tanP~ 1 region.
Thus, use of the universality violation signal will not be
possible at large tanP (and, indeed, all modes will fail for
large enough tanP). A more detailed computation of NsD
in this model (using the same cuts and efftciencies, etc. as
employed for model II) shows that detection of the H* in
model I is possible for 0. 1 5 tanP 5 2—10, depending upon
the choice of m + and m, . As in the case of model II, it
is possible to give a rough rule of thumb: detection of a
model I charged Higgs boson is possible using its ~v de-
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cays, with a b tag and a cut ofpT(m ) ) 50 GeV, whenever
B(t~H+b ) ~0.01.

Returning now to the preferred model II case, it is
clear that for small values of tanP ( 5 0.5), where
B(H ~rv) becomes small, we must employ the
H+ ~cs decay mode, to which we now turn.

III. METHOD 2: SEARCH FOR H+ —+cs

In this section, we develop a technique for detecting a
charged Higgs boson that decays to cs. We focus entirely
upon the m, = 150 GeV, m ~ = 125 GeV case. However,
the procedures developed are easily extrapolated to other
mass choices [2]. The isAJET Monte Carlo is used to gen-
erate two samples of tt events with decays to W H+bb
and W 8'+bb. The H+ is then decayed to cs and the
8'+ to ud or cs. The 8' ~lv decay is used to provide
the leptonic trigger for the events of interest. Detector
simulation is performed using the detector model de-
scribed in the recent SDC TDR [3]. Jets were recon-
structed using the clustering algorithm described in Sec.
3.1.1 of that proposal, with a cone size R =0.4 in the re-
gion ~q~ &2.5. Some of the details of our procedures
were developed for determining the mass of the top quark
using its three-jet decays and are described in depth in
the SDC TDR [3]; they will be referenced as needed here.

A. Event selection and efBciencies

Events are selected in which the t and t are produced
recoiling opposite one another with high transverse
momentum. Event rates and efficiencies for the cuts de-
scribed below are listed in Table III. For the trigger we
require an isolated electron or muon with pT &40 GeV
and ~g~ (2.5, using the isolation requirement described
previously. As seen earlier for the ~v mode study, the
efficiency for tagging the lepton is identical for the
8' H+ and 8' 8'+ events. Next, we require that at
least three jets are reconstructed, each with pT )30 GeV
(before the correction to be described below) in the oppo-
site hemisphere to the lepton (hp) 90'). One of these jets
must be a b jet within ~g~ &2, which is tagged via a sec-
ondary vertex.

As shown earlier in Fig. 4, the pT spectrum of the b jet
is much softer for the charged-Higgs-boson decay than
for the 8' decay when the mass difference assumed be-

tween the H+ and the t is small, resulting in a lower
efficiency to observe the b jet. A second difference, illus-
trated in Fig. 13, is that the two jets from the H+ decay
are typically further apart than those from the 8"+ decay
in the WW events (see Fig. 13). This difference arises
partly because of the higher H+ mass, but also because of
the W+ polarization in the t —+ S'+b decay.

The combinatoric background can be reduced by re-
quiring the transverse momentum of the three-jet system
to be large, so that the three jets are near to one another
and tend to be separated from jets arising either from
initial-state radiation or from the other t decay. In what
follows, we choose the minimum three-jet pT to be 200
GeV, resulting in 158000 [126000 B(H+~cs)] t
candidate three-jet combinations per nominal SSC year,
assuming only WW (WH) decays.

B. Invariant-mass distributions

mq ——150 GeV, rnH. ——125 GeV
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I I i i
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The invariant-mass distributions for the two jets (not
including the b jet) in WW events and WH events are
plotted in Fig. 14, and the three-jet invariant-mass distri-
butions are shown in Fig. 15. In both cases, a large
invariant-mass peak for the O' H, or t is evident, and the
combinatoric background is relatively small. Since the
jet four-momenta have not been corrected for detector
and out-of-cone effects, the peaks are at lower invariant
mass than the actual particle masses (73.9 GeV for the W,
111.4 GeV for the H, and 134.1 GeV for the t).

In general, the jet cluster momenta need to be correct-
ed for three basic effects: (1) nonlinearity and other losses
(cracks, neutrinos, leakage) that cause the energy deposit-
ed in the cluster to be measured low; (ii) energy from the
jet that goes outside the cluster cone (either produced at
large angles or bent by the magnetic field); and (iii) energy
entering the cone from the underlying event or back-
ground events. For the cone size used, the predominant
effect for these jets is calorimeter nonlinearity to low-
momentum hadrons. In subsequent plots, an average
correction factor has been applied as explained in the

TABLE III. Summary of event samples and efficiencies for
the event selection in WWbb and WHbb events for m, =150
GeV and m ~=125 GeV.

200— 200

WWbb events WHbb events 100— 100

o-(~F)

Branching ratio
Lepton, geometric
Lepton identification,

isolation
b jet, geometric
b-jet vertex tag
N(pT(3 jet)) &200 GeV

12 nb
1.2X 10

8
27

0.43
0.85

0.51
0.30

1.6X10'

4B{H+~cs )

0.43
0.85

0.30
0.30

(1.3X10 )B(H+—+cs)

0
0 0.5 1.5 2 2.5

0
0 0.5 1 1.5 2 2.5

AR between jets

FIG. 13. Distance in g-P space between the three jets (a) in

WWbb events and (b) in WHbb events. The solid histogram is

the distance between the two non-b jets, and the dashed (dotted)
histogram is the distance between the lower-pT jet (higher-pz.

jet) and the b jet.
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mt = 150 GeV, m„= 125 GeV m~= 150 GeV, rnH. = 125 GeV
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FIG. 14. Measured (uncorrected) two-jet invariant-mass dis-
tribution for a sample of (a) tt ~ 8'8'bb events and (b)
tt~ ebb events. Neither jet is the tagged b jet. Normaliza-
tion is that appropriate if the top quark decays purely to the in-
dicated channel.

FIG. 16. Corrected two-jet mass distribution for samples of
(a) tt~8'Wbb events and (b) tt~ WHbb events. In this plot the
three-jet invariant mass is required to be consistent with the t
mass, or 120 & M(3 jet) ( 150 GeV (uncorrected).

SDC TDR [3]. To reduce the background further to the
two-jet invariant-mass distribution, we require that the
corrected three-jet invariant mass be in the range
135 (M(3 jet) ( 165 GeV. The two-jet mass distributions
after this cut are shown in Fig. 16. With the jet four-
momenta corrected, the 8' mass peak appears at 80.5
GeV (the generated mass is 80.0 GeV) with a width of 7.5
GeV, and the H mass peak appears at 123.3 GeV with a
width of 8.5 GeV. Since the momentum rescaling alone
yields masses very near the correct value, it would seem
that the effects coming from the underlying event and
from energy outside the jet cone either are small or can-
cel each other out.

Likewise, if we require the two-jet invariant mass in
the 8'8'case to be in the range 65—95 GeV, the three-jet
invariant mass (see Fig. 17) shows almost no background.
And if we require the two-jet invariant mass in the O'H
case to be in the range 110—140 GeV, the three-jet invari-
ant mass plotted for this case in Fig. 17 shows almost no

background. The measured t invariant masses in the
8'8'and 8'H modes are 147.9 and 148.2 GeV, each with
a width slightly below 9 GeV. The statistical precision
for the t invariant mass for 1 SSC yr would be less than
40 MeV. Systematic uncertainties for this measurement
will be dominated by the jet energy scale (calorimeter
calibration, nonlinearity, energy outside the jet cone, and
underlying event or pileup). Much of this uncertainty
can be reduced using the 8 mass constraint, with the
remaining uncertainty due to the b-jet measurement.
Another method to reduce the uncertainty would be to
use a track-by-track jet correction for nonlinearity; in the
Collider Detector at Fermilab (CDF) Collaboration this
was shown to reduce systematic uncertainty and also to
improve the jet energy resolution by 10—15 % [10].

C. Determination of statistical significance of mass peaks

To determine the statistical significance of the H and
8'— mass peaks for a particular branching fraction

mt=150 GeV, m„=125 GeV
mt =150 GeV, rnH ——125 GeV
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FIG. 15. Measured (uncorrected) three-jet invariant-mass
distribution for a sample of (a) tt~8'8'bb events and (b)
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FIG. 17. Corrected three-jet mass distribution for samples of
(a) tt ~ 8'8'bb events and (b) tt ~ 8'Hbb events. In this plot the
two-jet invariant mass is required to be consistent with the 8'or
H+ mass.
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FIG. 18. Two-jet invariant-mass plot, after two-jet selection
criteria are imposed, for the cases of (a) tanP=0. 4 and (b)
tanp=1. 0. The plot is normalized to 1 SSC yr of running. The
dotted curve in (b) indicates the background determined as de-
scribed in the text. The three-jet mass cut in the vicinity of m,
has not been imposed. The error bars shown correspond to the
statistics for 1 SSC yr.

B(t~H+b), the ideal technique would be to fit the dijet
invariant-mass distribution obtained from the data to the
distributions obtained using a Monte Carlo simulation
that produces both WW and WH events (with a W or H
decaying to jets). This will give a best value for the frac-
tion of WH events in the data (or a limit on the amount
of WH present). This value is determined by B ( t ~bH+ )
and B(H+~cs); hence using Figs. 1 and 2 one can
determine the best value of tanp. As an example, the
two-jet invariant-mass distributions obtained after impos-
ing the selection criteria (and efficiencies) are shown in
Fig. 18 for the particular cases of tanp=0. 4 [yielding
BH =0.42 and B(H+ ~cs) =0.98] and tanp= 1.0 [yield-
ing BH =0.096 and B(H+ ~cs ) =0.59]. For tanP =0.4,
the W* and H* mass peaks are both very prominent,
and discovery of the H* is clearly possible. The
tanp=1. 0 case is somewhat marginal, since the combina-
toric background would have to be well understood to
claim a signal. The statistical significance is quite high
since the statistical errors are small; however, in this case
we would prefer to rely on method 1 (H+~rv), which is
effective down to tanp=0. 5.

Since our mass assumptions yield two reasonably well
separated mass peaks, we have adopted a simple tech-
nique to roughly estimate the statistical significance of
each peak. We consider the number of events in the two
intervals 65 &M" & 95 GeV (W interval) and
110& M. & 140 GeV (H interval). The background
beneath the H peak has a contribution from both WW
and WH events. Unlike the case in the previous study
[2], the shapes of the background beneath the peaks in
the WW and WH events are not too similar. We have es-
timated the level of background under the H peak in WH
events by using a smooth curve overlapping each histo-
gram on both edges of the H interval. This estimate is
good to about 10%. The signal in the H* peak is then
the number of events in the H* interval minus the es-

timated background. We follow the converse procedure
in determining the number of events in the W peak.
For the two mass intervals, the estimated ratios of signal
and of background events to the number of events pass-
ing the trigger, and event selection requirements in the
WW and WH processes are shown in Table IV. In ob-
taining the results of this table, we have also required
that the corrected three-jet invariant mass be in the range
135 &M(3 jet) & 165 GeV.

To quantify the statistical significance of the H —and
8'—mass peaks, we plot the number of standard devia-
tions above background as a function of tanp:

above
SD

++above ++below
(15)

D. Conclusions for H+ ~cs
As long as tanp& 1, reconstruction of a clearly distin-

guishable H+ mass peak is generally quite straightfor-
ward, and an accurate measurement of m + is possible.
For tanp-1 the product of the t~H b and H+~cs
branching ratios is of order 0.05 in the m, =150 GeV,
m +=125 GeV case explicitly studied. One can specu-H+
late that for other values of m, and m + the cs mass peak
reconstruction technique will work when the product of
branching ratios is larger than 0.05. However, such a
simple rule may not work when m + is near the thresh-

old for t ~H+b decay. Unlike the case of the ~v univer-
sality violation signal, the tagged b quark here must be
determined to be the one from t ~H+b in order to estab-
lish which two of the three jets from the t decay come
from the H+ (otherwise, we would have a large combina-
toric background to our H+ mass peak. ) This b quark
will be quite soft as the decay threshold is approached,

TABLE IV. Ratios of signal and background event numbers
to total number of events passing trigger and event selection re-
quirements. In particular, we required that the corrected
three-jet invariant mass be in the range 135(M(3 jet) & 165
GeV.

W peak signal
H peak signal
W peak bkgnd.
H peak bkgnd.

WWbb events

0.312
0
0.103
0.0185

WHbb events

0
0.296
0.059
0.055

where X,b„, is the number of "excess" events appearing
above the background curve and Xb,&, is the number
below the background curve in the two mass intervals
mentioned above. The resulting values for %so are plot-
ted as a function of tanp in Fig. 19. The highest tanp
value for which we could discover the charged Higgs bo-
son by this method would depend critically on under-
standing the shape of the combinatoric background. To
be conservative we should claim to see a signal only when
the shape of the distribution is clearly different from the
background. Hence, we argue that method 2 is valid only
for tanp & l.
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FIG. 19. The statistical significance, 1VsD of Eq. (15), of the

charged-Higgs and 8'-boson (dashed) peaks in the two-non-b-jet
invariant-mass distribution (method 2) as a function of tanP.
Also shown is the statistical significance obtained using method
1 (~v). We assume 1 SSC yr of running and have taken I,= 150
GeV and m + = 125 GeV. The dotted line at 5 standard devia-

tions indicates our assumed level for detection of the charged
Higgs boson.

making tagging dificult. Thus, 0.05 should probably be
regarded as the minimum value of B(t~H+b)
XB(H+~cs) for which the cs peak reconstruction can
work.

the H mass for tanP and I + such that B(tH+b) is

not very small. Overa11, the techniques developed illus-
trated the importance of efticiently identifying b-quark
jets and ~'s.

An important question is the extent to which these
techniques remain viable if less than full luminosity is
available (as might, for instance, be the case when the
SSC first turns on). We have seen that at full luminosity
(L =10 fb ') the rv technique is viable for tanP~0. 5 if
B(t +H —b) ~0.003, while for tanP5 1 the cs mode is vi-

able if B(t~H+b) ~0.05. Were only L =1 fb ' avail-
able, then these branching-ratio criteria would need to be
increased by about a factor of &10 in order to maintain
the same level of significance for a signal. Typical of the
impact of such a decrease in luminosity is the result ob-
tained in the case of m, =150 GeV and m + =125 GeV
illustrated in Fig. 19. If all the curves in this figure are
lowered by a factor of &10 relative to the 5 standard de-
viation criterion line, one observes that t~H b detec-
tion would continue to be possible at the 5o. level for any
value of tanP. In contrast, were only L =0. 1 fb ' avail-
able, detection of the t ~H+b decays would become ex-
tremely marginal or impossible for almost all tanP values.
In general, t~H+b detection will remain possible over
much of m +-tanP parameter space if only L =1 fb ' is

available, but would be severely impacted for L & 0. 1
fb-'.
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