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Sharpening up the charged Higgs boson signature usingt polarization at the CERN LHC

Sreerup Raychaudhuri and D. P. Roy*

Theoretical Physics Group, Tata Institute of Fundamental Research, Homi Bhabha Road, Bombay 400 005, India
~Received 17 October 1995!

The opposite states of thet polarization resulting from the charged Higgs boson and theW boson decays
can be exploited to enhance theH6 signal in the inclusive one-prong hadronic decay channel oft. We suggest
practical methods of sharpening up theH6 signature in the top quark decay at the CERN LHC using this idea.
As a result one can carry on the charged Higgs boson search to within;20 GeV of the parent top quark mass
over the full parameter space of the MSSM.@S0556-2821~96!04409-8#
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I. INTRODUCTION

A direct top quark signal has been recently observed
the Fermilab Tevatron collider@1# with

mt.175 GeV, ~1!

which also agrees with the indirect estimate of top qua
mass from the CERNe1e2 collider LEP@2#. One expects a
couple of dozens of clearly identifiable top quark events
the end of the current Tevatron run, which would go up to
few hundred following the upgradation of its luminosity vi
the main injector. The corresponding number of identifiab
top quark events at the CERN Large Hadron Collider~LHC!
is expected to be of the order of 106 per year, i.e., similar to
the rate ofZ boson events at LEP. Thus, the LHC is expect
to serve as a top quark factory, which will enable us to ma
a detailed study of its decay and, in particular, to search
new particles in top quark decay. There has been a good d
of recent interest in the search for one such new particle,
which the top quark decay provides by far the best discove
limit, i.e., the charged Higgs bosonH6 of the supersymmet-
ric standard model@3#.

There have been several exploratory works onH6 search
in the top quark decay at Tevatron and LHC energies@4–7#.
They are based on one of the two distinctive properties
H6 vis-à-vis theW6 boson—~i! the preferentialH6 decay
into the tn channel relative toen or mn @4,5#, and ~ii ! the
opposite states oft polarization resulting fromH6 andW6

decays@6,7#. In a recent work@8#, we have suggested meth
ods of sharpening up theH6 signature in top quark decay by
combining these two properties and applied them toH6

search at Tevatron upgrade. Even with the best signat
however, the prospect ofH6 search at Tevatron upgrade wa
seen to be limited to a small part of the parameter space
the present work, we shall analyze the prospect ofH6 search
in top quark decay at LHC using these ideas. We shall s
below that in this case one gets a viable signature over pr
tically the full parameter space ofH6 coupling. Moreover,
with a supplementary constraint on the accompanying h
ronic jets, the signature remains viable over most of the
nematically allowed range ofH6 mass.
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II. CHARGED HIGGS BOSON SIGNAL IN TOP QUARK
DECAY

We shall concentrate on the charged Higgs boson of t
minimal supersymmetric standard model~MSSM!. Its cou-
plings to fermions are given by

L5
g

A2mW

H1$cotbVi jmui
ūidjL1tanbVi jmdj

ūidjR

1tanbml j
n̄ j l jR%1H.c., ~2!

where Vi j are the Kobayashi-Maskawa~KM ! matrix ele-
ments and tanb is the ratio of the vacuum expectation value
of the two Higgs doublets. The QCD corrections are take
into account in the leading log approximation by substitutin
the quark mass parameters by their running masses evalu
at theH6 mass scale@5#. Perturbative limits on thetbH
Yukawa couplings of Eq.~2!, along with the constraints from
the low energy processes, such asb→sg andBd

0-B̄d
0 mixing,

imply the limits @9#

0.4,tanb,120. ~3!

In the most predictive form of the MSSM, characterized by
common supersymmetry-~SUSY-! breaking mass term at the
grand unification point, one gets stronger limits@10#:

1,tanb,mt /mb . ~4!

Such a lower bound also follows from requiring the pertu
bative limit on thetbH Yukawa coupling to hold up to the
unification point@11#. However, we shall consider the full
range ~3! of the phenomenologically allowed tanb param-
eter.

In the diagonal KM matrix approximation, one gets th
decay widths

G t→bW5
g2

64pmW
2 mt

l1/2S 1,mb
2

mt
2 ,
mW
2

mt
2 D @mW

2 ~mt
21mb

2!

1~mt
22mb

2!222mW
4 #, ~5!
4902 © 1996 The American Physical Society
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53 4903SHARPENING UP THE CHARGED HIGGS BOSON SIGNATURE . . .
G t→bH5
g2

64pmW
2 mt

l1/2S 1,mb
2

mt
2 ,
mH
2

mt
2 D @~mt

2cot2b1mb
2tan2b!

3~mt
21mb

22mH
2 !24mt

2mb
2#, ~6!

GH→tn5
g2mH

32pmW
2 mt

2tan2b, ~7!

GH→c s̄5
3g2mH

32pmW
2 ~mc

2cot2b1ms
2tan2b!. ~8!

From these, one can construct the relevant branching fr
tions

Bt→bH5G t→bH/~G t→bH1G t→bW!, ~9!

BH→tn5GH→tn/~GH→tn1GH→c s̄!. ~10!

It is the product of these two branching fractions that co
trols the size of the observable charged Higgs boson sig
The t→bH branching fraction has a pronounced dip at

tanb5~mt /mb!
1/2.6, ~11!

where~6! has a minimum. Although this is partly compen
sated by a large value of theH→tn branching fraction,
which is.1 for tanb.2, the product still has a significan
dip at~11!. Consequently, the predicted charged Higgs bos
signal will be very weak around this point as we shall s
below.

The basic process of interest ist t̄ pair production through
gluon-gluon ~or quark-antiquark! fusion followed by their
decay into charged Higgs orW boson channels: i.e.,

gg→t t̄→bb̄~H1H2,H6W7,W1W2!. ~12!

The t decay of one or both the charged bosons leads t
single t, tt, or l t final state, wherel denotese andm.
Each of these final states is accompanied by several hadr
jets and a large missingET ~transverse energy! because of
the neutrinos.

A brief discussion of thet identification at hadron collid-
ers is in order here. Starting with a missing-ET trigger, the
UA1, UA2, and CDF experiments have been able to ident
t as a narrow jet in its hadronic decay mode@12,13#. In
particular, the CDF experiment has used the narrow jet cu
reduce the QCD jet background by an order of magnitu
while retaining most of the hadronict events. Moreover,
since the hadronict and QCD jet events dominantly popu
late the one-prong and multiprong channels, respectively,
prong distribution of the narrow jets can be used to disti
guish the two. In particular, restricting to one-prong jets r
duces the QCD background by another order of magnitu
with very little loss to the hadronict signal. In this way, the
CDF group @13# has been able to reduce the QCD bac
ground to a few tens of events in a data sample of integra
luminosity;4 pb21, which could be subtracted out by ex
trapolation from higher prong channels. Consequently, th
were able to identify theW→tn events and testW univer-
sality as well as put some modest constraints on top a
H6 masses from the level of the residualtn events. In the
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present case, however, one would be looking for a few te
of hadronict events in a data sample of over 1000 time
higher integrated luminosity and 10 times higher QCD je
cross section. So the QCD jet background cannot be co
trolled by the above method, even withb identification.
Therefore, one cannot use the singlet channel for the
charged Higgs boson search and even thett channel can be
at best marginal. The best charged Higgs boson signature
provided by thel t channel. The largest background come
fromW→l n, accompanied by QCD jets, which can be eas
ily controlled by the above-mentioned jet angle and mult
plicity cuts. Besides, the hard isolated leptonl provides a
more robust trigger than that by the missingET , particularly
at the LHC. Therefore, we shall concentrate mainly on th
l t channel.

The l t andtt channels correspond to the leptonic deca
of both the charged bosons in~12!: i.e.,

H1 H2, H1 W2, H2 W1, W1 W2,

↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓
tL

1 tR
2 tL

1 tL
2 ,l2 tR

2 tR
1 ,l1 tR

1 ,l1 tL
2 ,l2

~13!
whereL andR stand for left- and right-handed helicities of
t. By convention,

Pt[Pt252Pt1, Pt65
st

R
62st

L
6

st
R
61st

L
6
. ~14!

For thel t channel of our interest, the signal and the back
ground come from theHW andWW terms, respectively.
They correspond to exactly opposite states oft polarization:
i.e.,

Pt
H511, Pt

W521. ~15!

Consequently, the use of thet polarization effect for enhanc-
ing the signal to background ratio is particularly simple in
this case as we shall see below. It may be noted here that
tt channel has a better signal to background ratio because
the HH contribution as well as the enhancement ofWH
relative toWW by a combinatorial factor of 2@5#. On the
other hand, the polarization distinction is less simple. Whil
both thet ’s in the background have negative polarization
one or both of them have positive polarization in the signa
Nonetheless, the method of enhancing the signal to bac
ground ratio by thet polarization effect discussed below can
be extended to this channel, provided one can identify th
tt events from the QCD background.

III. t POLARIZATION EFFECT

We shall concentrate on the one-prong hadronic dec
channel oft, which is best suited fort identification. It
accounts for 80% of hadronict decays and 50% of overall
t decays. The main contributors to the one-prong hadron
t decay are@2#

t6→p6nt ~12.5%!, ~16!

t6→r6nt→p6p0nt ~24%!, ~17!
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4904 53SREERUP RAYCHAUDHURI AND D. P. ROY
t6→a1
6n→p6p0p0nt ~7.5%!, ~18!

where the branching fractions for thep andr channels in-
clude the small contributions from theK andK! channels,
respectively, since they have identical polarization effec
Note that only half of thea1 decay channel contributes to th
one-prong configuration. The masses and widths ofr and
a1 are @2#

mr~Gr!5770~150! MeV, ma1
~Ga1

!51260~400! MeV.
~19!

One sees that the three decay processes~16!, ~17!, ~18! ac-
count for about 90% of the one-prong hadronic decay oft.
Thus, the inclusion oft polarization effect in these processe
will account for its effect in the inclusive one-prong hadron
decay channel to a good approximation.

The formalism relatingt polarization to the momentum
distribution of its decay particles in~16!, ~17!, ~18! has been
widely discussed in the literature@6–8,14,15#. We shall only
discuss the main formulas relevant for our analysis. A mo
detailed account can be found in a recent paper by Bullo
Hagiwara, and Martin@7#, which we shall closely follow. For
t decay intop or a vector meson (r,a1), one has

1

Gp

dGp

dcosu
5
1

2
~11Ptcosu!, ~20!

1

Gv

dGvL

dcosu
5

1
2 mt

2

mt
212mv

2 ~11Ptcosu!, ~21!

1

Gv

dGvT

dcosu
5

mv
2

mt
212mv

2 ~12Ptcosu!, ~22!

where v stands for the vector meson andL,T denote its
longitudinal and transverse polarization states. The anglu
measures the direction of the meson in thet rest frame rela-
tive to thet line of flight, which defines its polarization axis
It is related to the fractionx of the t energy momentum
carried by the meson in the laboratory frame: i.e.,

cosu5
2x212mp,v

2 /mt
2

12mp,v
2 /mt

2 . ~23!

Here, we have made the collinear approximationmt!pt ,
where all the decay products emerge along thet line of flight
in the laboratory frame.

The above distribution~20!–~22! can be simply under-
stood in terms of angular momentum conservation. F
tR(L)

2 →nLp
2, vl50

2 , it favors forward~backward! emission
of p or longitudinal vector meson, while it is the other wa
around for transverse vector meson emissi
tR(L)

2 →nLvl521
2 . Thus, thep6s coming fromH6 and

W6 decays peak atx51 and 0, respectively, and
^xp&H52^xp&W52/3. Although the clear separation betwee
the signal and the background peaks disappears after co
lution with thet momentum, the relative size of the averag
p momenta remains unaffected, i.e.,

^pp
T&H.2^pp

T&W for mH.mW . ~24!
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Thus, thet polarization effect~20! is reflected in a signifi-
cantly harderp6 momentum distribution for the charged
Higgs boson signal compared to theW boson background.
The same is true for the longitudinal vector mesons; but th
presence of the transverse component dilutes the polarizat
effect in the vector meson momentum distribution by a facto
@see Eqs.~21! and ~22!#

mt
222mv

2

mt
212mv

2 . ~25!

Consequently, the effect oft polarization is reduced by a
factor of;1/2 in r momentum distribution and practically
washed out in the case ofa1 . Thus, the inclusive one-prong
t jet resulting from~16!–~18! is expected to be harder for the
H6 signal compared to theW boson background; but the
presence of the transverser anda1 contributions makes the
size of this difference rather modest. We shall see below th
it is possible to suppress the transverser and a1 contribu-
tions and enhance the difference between the signal and
background in the one-prong hadronict channel even with-
out identifying the individual mesonic contributions to this
channel.

The key feature of vector meson decay, relevant for th
above purpose, is the correlation between its state of pol
ization and the energy sharing among the decay pions. T
transverser and a1 decays favor even sharing of energy
among the decay pions, while the longitudinalr anda1 de-
cays favor asymmetric configurations where the charge
pion carries either very little or most of the vector meso
energy. It is easy to derive this quantitatively for ther decay.
But a1 decay is more involved. One can show from genera
considerations that thea1T(L)→3p decay favors the plane of
the three pions in thea1 rest frame being normal to~coinci-
dent with! thea1 line of flight @15#. This agrees qualitatively
with the above pattern of energy sharing. But one has
assume a dynamical model fora1 decay to get a more quan-
titative result. We shall follow the model of Kuhn and San
tamaria @16#, based on the chiral limit~conserved axial-
vector current approximation!, which provides a good
description of thea1→3p data. One gets very similar pion
energy distributions from the alternative model of Isguret al.
@17#, as shown in@7#. A detailed account of ther and a1
decay formalisms can be found in@7,8#, along with the pre-
scriptions for incorporating the finiter and a1 widths. We
shall only summarize the results below.

Figure 1 shows ther and a1 decay distributions in the
energy momentum fractionx8, carried by the charged pion.
The distributions are shown for both longitudinal and trans
verse polarization states of the vector mesons. The transve
r anda1 distributions are clearly seen to vanish at the en
points and peak in the middle, reflecting equipartition of en
ergy momentum among the decay pions. In contrast, the lo
gitudinal r distribution shows pronounced peaks near th
end pointsx850 and 1, and the longitudinala1 at the former
point. Note also that the direct pionic decay oft ~16! can be
formally looked upon as a delta function contribution a
x851 in this figure. Thus, one can suppress the unwant
rT anda1T contributions while retaining thep and at least
good fractions ofrL and a1L by restricting to the regions
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x8.0 and 1. We shall see below how this can be achiev
even without identifying the individual mesonic contribu
tions in t decay.

IV. STRATEGY, RESULTS, AND DISCUSSION

As mentioned earlier, we are interested in the inclusi
one-prong hadronic decay oft, which is dominated by the
p6, r6, anda1

6 contributions~16!, ~17!, ~18!. It results in a
thin one-prong hadronic jet (t jet! consisting of a charged
pion along with 0, 1, or 2p0’s, respectively. Since all the
pions emerge in a collinear configuration, one can neith
measure their invariant mass nor the number ofp0’s. Thus it
is not possible to identify the three mesonic states. But it
possible to measure the energy of the charged track and
accompanying neutral energy separately by measuring
momentum of the former in the tracking chamber and t
total energy deposit in the electromagnetic and hadro
calorimeters surrounding it@18#. Thus, one has to devise a
strategy to suppress the transverse vector meson contr
tions using these two pieces of information. We shall co
sider two such strategies below. In either case, a rapidity a
a transverse energy cut of

uhu,3 and ET.20 GeV ~26!

will be applied on thet jet as well as the tagging lepton
l , whereET includes the neutral contribution to the forme
@18#. We shall also apply isolation cuts to ensure th
there is no hadronic jet within a cone of radiu
DR5(Dh21Df2)1/250.4 around thet jet and the tagging
lepton. It follows from~20!–~22! that, after the aboveET cut,
the t jet is dominated by therT anda1T (rL , a1L , andp)
contributions for theW6 background (H6 signal!. Thus, the

FIG. 1. Distributions of ther6→p6p0 anda1
6→p6p0p0 de-

cay widths in the energy fraction carried by the charged pio
shown separately for the transverse and longitudinal states ofr and
a1 polarization.
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suppression ofrT and a1T components leads to a better
signal-to-background ratio besides enhancing the kinemat
difference between the two.

The first strategy is to impose a calorimetric isolation cu
on thet jet, which requires the neutralET accompanying the
charged track within a cone ofDR50.2 to be less than 5
GeV @19#, i.e.,

ET
ac[ET

0,5 GeV. ~27!

As we see from Fig. 1, this cut eliminates therT and a1T
contributions along with thex8.0 peaks ofrL anda1L . It
retains only thep and thex8.1 peak of therL contribution.
This results in a substantially harder signal cross section rel
tive to the background as well as a better signal-to
background ratio, but at the cost of a factor of;2 drop in
the signal size@20#.

The second strategy is to plot thet-jet events satisfying
~26! as a function of

DET5uET
ch2ET

0u, ~28!

i.e., the difference between theET of the charged track and
the accompanying neutralET instead of their sum. It is clear
from Fig. 1 that the even sharing of the transverser and
a1 energies among the decay pions imply a significantly
softer DET distribution for rT and a1T relative to rL and
a1L . This results in a substantially harder signal cross sec
tion relative to the background when plotted againstDET
instead ofET . Moreover, this is achieved at no cost to the
signal size unlike the previous case.

In comparing the two methods, one notes that the first i
easier to implement and, besides, it helps to suppress t
level of QCD jet background as well. On the other hand, the
second method has the advantage of a factor of;2 larger
cross section. While studying theH6 signature at the Teva-
tron upgrade in@8#, we had found the second method more
viable in view of the limited size of thet t̄ signal there. Since
the size of this signal will be very large at the LHC, how-
ever, both the methods will be equally viable as we shall se
below.

We have estimatedH6 signal and theW6 background
cross sections at the LHC energy of

As514 TeV, ~29!

using a parton level Monte Carlo program with the recen
structure functions of@21#. Instead of the differential cross
section inET ~or DET), we have plotted the corresponding
integrated cross sections

s~ET!5E
ET

` ds

dET
dET ~30!

against the cutoff value ofET ~or DET). Figure 2 shows
these cross sections for

tanb53 andmH5120,140 GeV ~31!

n,
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FIG. 2. The integrated one-prong hadronict-jet cross sections are plotted against cutoff values of the jetET in ~a! without and~b! with
the isolation cut. They are plotted against the cutoff-value ofDET of the jet in~c!. TheH6 signal (W6 background! contributions are shown
as solid~dashed! lines formH5120 GeV and dot-dashed~dotted! lines formH5140 GeV. We takeAs514 TeV and tanb53.
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~a! for the raw signal,~b! using the calorimetric isolation cut
~27!, and~c! usingDET instead ofET .

There is a clear hardening of the signal curves relative
the background as one goes from Fig. 2~a! to 2~b! or 2~c!.
One could of course see a similar hardening in the cor
sponding differential cross sections. But the present plots
better suited to compare the relative merits of the three me
ods in extracting the signal from the background. For th
purpose, the cutoff value ofET (DET) is to be so chosen that
one gets a viable signal to background ratio, i.e.,

H6 signal/W6 background>1. ~32!

The resulting signal cross section, as given by the crosso
point between the signal and background curves, is a reas
able criterion for the merit of the method. One clearly se
that this point is reached at a much larger value of the cut
in Fig. 2~a!, corresponding to a far greater sacrifice to th
signal size, than in Fig. 2~b! or 2~c!. The resulting signal
cross sections formH5120 and 140 GeV are;20 fb and
to

re-
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e

less than 1 fb in Fig. 2~a!, going up to;300 and 50 fb
respectively, in Fig. 2~b! and about double these values i
Fig. 2~c!. It is remarkable that a simple calorimetric isolatio
cut ~27! can enhance the signal-background separation
much and increase the effective signal cross section by o
an order of magnitude. Of course, the signal cross sect
obtained via theDET distribution is still larger by a factor of
;2, as anticipated earlier.

To probe theH6 discovery limits at LHC using the three
methods, we have estimted the corresponding signal cr
sections, satisfying~32!, as functions of tanb. These are
shown in Figs. 3~a!–3~c! for a set ofH6 masses:

mH580,100,120,140,150,160 GeV. ~33!

There is a clear dip at tanb.6 as anticipated in~11!. One
sees a gap in the tanb space around this region where th
raw signal of Fig. 3~a! is clearly not viable. But the improved
signals obtained via the calorimetric isolation cut@Fig. 3~b!#
or theDET distribution @Fig. 3~c!# remain*100(1) fb for
ely.

FIG. 3. The signal cross sections of Figs. 2~a!–2~c! satisfying a signal to background ratio>1 are shown as functions of tanb for

mH580,100,120,140,150,160 GeV by solid, dashed, dot-dashed, double dot-dashed, dotted, and multidot-dashed lines, respectiv
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FIG. 4. The signal cross sections are shown as in Fig. 3, but with an additional cut ofET
jet,30 GeV on the second hardest accompanyin

jet, formH5140,150,160 GeV by solid, dashed and dot-dashed lines, respectively.
f-
ct
a

he

of

-

,
0

p

ed
ng

e

.
ull

ne

t

mH5120(140) GeV throughout the tanb space. It may be
noted here that one expects an integrated luminosity of

E Ldt;100 fb21 ~34!

from the high luminosity run of the LHC. For a signal size o
;1 fb satisfying~32!, it corresponds toH6 signal andW6

background events of;100 each. Since the latter can b
predicted from the number oft t̄ events in the dilepton
(l 1l 2) channel usingW universality, this will correspond
to a ;10s signal for theH6 boson. Thus a signal size o
;1 fb in Fig. 3 will constitute a viable signal for the high
luminosity run of LHC. This means that the improved sign
tures for H6 boson search at LHC are viable up t
mH5140 GeV over the full tanb space.

It may appear from Fig. 3 that for extreme values
tanb(&1 or *50), where the raw signal of Fig. 3~a! is al-
ready large, there is no advantage in going to Fig. 3~b! or
3~c!. It should be noted, however, that in this case, thet
polarization effect can serve as an independent test for
H6 signal. The hardening~softening! of the signal~back-
ground! cross section of Fig. 2 or, equivalently, the corre
sponding differential cross section@8#, as one imposes the
calorimetric isolation cut or goes to theDET variable, is a
distinctive prediction of thet polarization effect that holds
independent of tanb.

Finally, one can push the viability of these two signatur
to still higher values ofmH with a suitable cut on the accom
panying hadronic jets. For this purpose, one exploits the f
that for mH.mt , the accompanyingb jet in the
t→bH(W)→btn decay is necessarily soft for theH signal
but not for theW background@5#. Thus, theWWbackground
can be suppressed without sacrificing theHW signal by im-
posing a kinematic cut of

ET
jet,30 GeV ~35!

on all but one of the accompanying hadronic jets. Of cour
in the process one would be sacrificing both the signal a
background events which are accompanied by a hard Q
f

e

f

a-
o

of

the

-
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-
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jet, which implies a reduction of the signal size without a
fecting the signal-to-background ratio. But we do not expe
this reduction factor to be very large. Moreover, if there is
reasonableb identification efficiency at the LHC, then one
can bypass this problem by imposing this cut on one of t
identifiedb jets.

Figures 4~a!–4~c! shows the tanb distribution of the sig-
nal cross sections satisfying~32!, after this kinematic cut.
The cross sections are shown only for the high values
mH ~140, 150, and 160 GeV!, for which the cut is relevant.
There is again a large gap in the tanb space where the raw
signal is not viable@Fig. 4~a!#. But the improved signals via
the calorimetric isolation cut@Fig. 4~b!# or theDET distribu-
tion @Fig. 4~c!# remain.10(1) fb formH5140(150) GeV
throughout the tanb parameter space. Thus, they provide un
ambiguous signatures forH6 boson search up tomH5140
and 150 GeV at the low and high luminosity runs of LHC
corresponding to integrated luminosities of 10 and 10
fb21, respectively. In fact, for the high luminosity run, the
signatures remain viable over the full tanb space up to a
H6 mass of 155 GeV, i.e., within 20 GeV of the parent to
quark mass.

In summary, we have explored the prospect of charg
Higgs boson search in top quark decay at the LHC, taki
advantage of the opposite states oft polarization resulting
from theH6 andW6 decays. We have concentrated on th
most promising channel forH6 search, i.e., thel t channel,
followed by the inclusive decay oft into a one-prong had-
ronic jet. Two practical methods of sharpening up theH6

signature, using thet polarization effect, have been studied
The resulting signatures are shown to be viable over the f
parameter space of tanb up to mH5140 GeV. Moreover,
with a kinematic cut on the accompanying hadronic jets, o
can stretch their viability up tomH5150–155 GeV, i.e.,
within 20 GeV of the parent top quark mass.
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