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Abstract. We report on detailed Monte Carlo comparisons of selection variables to separate tbH± signal
events from the standard model tt̄ background using an iterative discriminant analysis (IDA) method. While
kinematic differences exist between the two processes whenever mH± �=mW± , the exploration of the spin
difference between the charged Higgs and theW± gauge boson becomes crucial in the particularly challeng-
ing case of near degeneracy of the charged Higgs boson mass with theW± mass. The TAUOLA package is
used to decay the tau leptons emerging from the charged Higgs and W± boson decays taking the spin dif-
ference properly into account. We demonstrate that, even if the individual selection variables have limited
discriminant power, the IDAmethod achieves a significant separation between the expected signal and back-
ground. For both Tevatron and LHC energies, the impact of the spin effects andH± mass on the separation
of signal and background has been studied quantitatively. The effect of a hard transverse momentum cut
to remove QCD background has been studied and it is found that the spin effects remain important. The
separation is expressed in purity versus efficiency curves. The study is performed for charged Higgs boson
masses between theW± mass and near the top mass.

1 Introduction

The importance of charged Higgs boson searches has in the
recent years been emphasized [1–4] for LEP, a future inter-
national linear collider (ILC), the Tevatron and the Large
Hadron Collider (LHC), as the detection of a charged
Higgs boson would be a definite signal for the existence
of new physics beyond the standard model (SM). Charged
Higgs bosons naturally arise in non-minimal Higgs scenar-
ios, such as two-Higgs doublet models (2HDMs). A super-
symmetric version of the latter is the minimal supersym-
metric standard model (MSSM). It is a Type II 2HDM
with specific relations among neutral and charged Higgs
boson masses and couplings, dictated by supersymmetry
(SUSY) [5–7].
The Tevatron collider at Fermilab is currently in its

second stage of operation, so-called Run 2, with a center-
of-mass (CM) energy of

√
s= 1.96 TeV. This machine will

be the first one to directly probe charged Higgs boson
masses in the mass range up to mH± ∼mt. Starting from
2008, the LHC at CERN will be in a position to confirm
or rule out the existence of such a particle over a very
large portion of both the 2HDM and MSSM parameter
space, mH±

<
∼ 400GeV, depending on tanβ, the ratio of
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the vacuum expectation values of the two Higgs doublets
(see the reviews [8–10] and a recent study [11]).
At present, a lower bound on the charged Higgs boson

mass exists from LEP [12], mH±
>
∼mW± , independently

of the charged Higgs boson decay branching ratios (BRs).
This limit is valid within any Type II 2HDM whereas, in
the low tanβ region (below about 3), an indirect lower
limit on mH± can be derived in the MSSM from the one
on mA (the mass of the pseudoscalar Higgs state of the
model):m2

H±
≈m2

W±
+m2A

>
∼ (130GeV)

2.
If the charged Higgs boson mass mH± satisfies mH± <

mt−mb, where mt is the top quark mass and mb the bot-
tom quark mass, H± bosons could be produced in the
decay of on-shell (i.e., Γt→ 0) top (anti-)quarks t→ bH+,
the latter being in turn produced in pairs via gg fusion and
qq̄ annihilation. This approximation is the one customar-
ily used in event generators whenmH± <∼mt. Throughout
this study we adopt the same notation as in [13]: charged

Higgs production is denoted by qq̄, gg → tt̄→ tbH± if
due to (anti-)top decays and by qq̄, gg→ tbH± if fur-
ther production diagrams are included. In fact, owing
to the large top decay width (Γt � 1.5GeV) and due to
the additional diagrams which do not proceed via dir-
ect tt̄ production [14–16], charged Higgs bosons could
also be produced at and beyond the kinematic top de-
cay threshold. The importance of these effects in the
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so-called ‘threshold’ or ‘transition’ region (mH± ≈ mt)
was emphasized in Les Houches proceedings [17, 18] as
well as in [13, 19–21], so that the calculations of [14, 15]
(based on the appropriate qq̄, gg→ tbH± description) are
now implemented in HERWIG [22–25] and PYTHIA [26–
30]. A comparison between the two generators was car-
ried out in [13]. For any realistic simulation of H± pro-
duction with mH±

>
∼mt the use of these implementa-

tions is important. In addition, in the mass region near
the top quark mass, a matching of the calculations for
the qq̄, gg → tbH± and gb→ tH± processes might be
required [30].
A charged Higgs boson with mH±

<
∼mt decays predom-

inantly into a τ lepton and a neutrino. For large values
of tanβ(>∼ 5) the corresponding BR is near 100%. For
mH±

>
∼mt, H

±→ τντ is overtaken by H±→ tb, but the
latter is much harder to disentangle from background than
the former. The associated top quark decays predomin-
antly into aW± boson, or at times a second charged Higgs
boson, and a b quark. The reaction

qq̄, gg→ tbH± (t→ bW ) (H±→ τ±ντ ) (1)

is then a promising channel to search for a charged Higgs
boson at both the Tevatron (where the dominant pro-
duction mode is qq̄) and the LHC (where gg is the lead-
ing subprocess). If the H±→ τντ decay channel is used
to search for Higgs bosons, then a key ingredient in the
signal selection process should be the exploitation of de-
cay distributions that are sensitive to the spin nature
of the particle yielding the τ lepton (H± in the sig-
nal or W± in the background), as advocated in [31–34]
(see also [35, 36]). The τ spin information affects both
the energy and the angular distribution of the τ decay
products.
In the search for a charged Higgs boson signal contain-

ing a τ lepton, not only the magnitude of the production
cross section is important, but also the efficiency of iden-
tifying the τ lepton in the hadronic environment plays
a crucial role. Since τ leptons have a very short life-time
(∼ 10−6 s), they decay within the detectors and can only
be identified through their decay products. In about 35%
of the cases they decay leptonically and about 65% of the
times they do so hadronically. Both of these decay modes
are usually addressed in charged Higgs boson searches by
employing dedicated τ lepton triggers. The identification
of taus in hadronic pp̄ collisions has recently been studied,
e.g. Z → τ+τ− events [37] and further details are given
in [38].
It is the purpose of this note to outline the possible

improvements that can be achieved at the Tevatron and
LHC in the search for charged Higgs bosons, with mass
below the top mass and including the appropriate de-
scription of the spin effects in the H±→ τντ decay. In
order to quantify the spin effect an iterative discrimi-
nant analysis (IDA) method has been applied, which is
a powerful tool to separate signal and background, even
in cases such as the one presently under study when sev-
eral selection variables with limited discriminant power are
present.

2 Tevatron energy

We start by studying charged Higgs production qq̄, gg→
tbH± with subsequent decays t→ bW , H±→ τντ at the
FNAL Tevatron with

√
s = 1.96 TeV. In the following we

analyze hadronic decays of the W± boson and τ lepton
(W±→ qq̄′, τ → hadrons+ ντ ), which results in the sig-
nature 2b+2j+ τjet+ p

miss
t (2 b jets, 2 light jets, 1 τ jet

and missing transverse momentum). The most important
irreducible background process is qq̄, gg→ tt̄ with the sub-

sequent decays t→ bW+ and t̄→ b̄W−, one W± boson
decaying hadronically (W± → qq̄′) and one leptonically
(W∓→ τντ ), which results in the same final state particles
as for the expected signal.

2.1 Simulation and detector response

The signal process qq̄, gg → tbH± is simulated with
PYTHIA [26–29]. The subsequent decays t→ bW± (or
its charge conjugate), W±→ qq̄′ and H∓→ τντ are also
carried out within PYTHIA, whereas the τ leptons are
decayed externally with the program TAUOLA [39, 40],
which includes the complete spin structure of the τ de-
cay. The background process qq̄, gg→ tt̄ is also simulated
with PYTHIA with the built-in subroutines for tt̄ produc-
tion. The decays of the top quarks and W± bosons are
performed within PYTHIA and that of the τ lepton within
TAUOLA.
The momenta of the final b and light quarks from the

PYTHIA event record are taken as the momenta of the
corresponding jet, whereas for the τ jet the sum of all
non-leptonic final state particles as given by TAUOLA is
used. The energy resolution of the detector and parton
shower and hadronization effects are emulated through
a Gaussian smearing (∆(pt)/pt)

2 = (0.80/
√
pt)
2 of the

transverse momentum pt for all jets in the final state,
including the τ jet [3]. As typical for fast simulation
studies, no effects of underlying events, are simulated.
Events are removed which contain jets with less than
20GeV transverse momentum,1 corresponding to about
|η|> 3. The transverse momentum of the leading charged
pion in the τ jet is assumed to be measured in the
tracker independently of the transverse momentum of
the τ jet. The identification and momentum measure-
ment of the pion is important to fully exploit the τ spin
information. In order to take into account the tracker
performance we apply Gaussian smearing on 1/pπt with

σ(1/pπt )[TeV
−1] =

√
0.522+222/(pπt [GeV])

2 sin θπ, where
θπ is the polar angle of the π. The missing transverse
momentum pmisst is constructed from the transverse mo-
menta of all visible jets (including the visible τ de-
cay products) after taking the modelling of the detec-
tor into account. The generic detector description is
a good approximation for both Tevatron experiments,
CDF and D0.

1 In order to be largely independent of the specific detector
performance, no requirement on the jet resolution is applied.
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Table 1. Tevatron cross sections of background qq̄, gg→ tt̄ and signal qq̄, gg→
tbH± for tan β = 30 and mH± = 80, 100, 130 and 150 GeV into the final state
2b+2j+ τjet+p

miss
t before (σth) and after (σ) the basic cuts (pt > 20 GeV for

all jets) and the hard cut (pmisst > 100 GeV)

qq̄, gg→ tt̄ qq̄, gg→ tbH±

mH± (GeV) 80 80 100 130 150

σth (fb) 350 535 415 213 85

σ (fb) for pjetst > 20 GeV 125 244 202 105 32

σ (fb) for (pjetst , p
miss
t )> (20, 100) GeV 21 30 25 18 7

Fig. 1. pt distributions of the τ jet for the tbH
± signal and the tt̄ background for

√
s= 1.96 TeV (left) and the respective differ-

ences between signal and background (right). The lower plots show distributions without spin effects in the τ decays

2.2 Expected rates

For completeness we present a brief discussion of the
expected cross section of the charged Higgs boson sig-
nature under investigation. The signal cross section has
been calculated for tanβ = 30 andmH± = 80, 100, 130 and
150GeV with PYTHIA, version 6.325, using the imple-
mentation described in [30], in order to take the effects
in the transition region into account. Furthermore, it has
been shown in [13] that the signal cross section for tbH±

agrees with the one from the top-decay approximation
tt̄→ tbH± for charged Higgs boson masses up to about

160GeV if the same factorization and renormalization
scales are used. Thus, we have used everywhere in this
study the factorization scale (mt+mH±)/4 and the renor-
malization scalemH± for both signal and background (i.e.,
those recommended in [30] as most appropriate for the
tbH± signal),2 since the primary purpose of our study is
to single out variables that show a difference between our

2 Clearly, for a proper experimental study, factorization and
renormalization scales for our background process qq̄, gg→
tt̄→ tbW± ought to be chosen appropriately, i.e., unrelated to
the charged Higgs boson mass.
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Fig. 2. pt distributions of the leading π
± from the τ decay for the tbH± signal and the tt̄ background for

√
s= 1.96 TeV (left)

and the respective differences between signal and background (right). The lower plots show distributions without spin effects in
the τ decays

W± and H± data samples and that this can unambigu-
ously be ascribed to the different nature of the two kinds
of bosons (chiefly, their different mass and spin state). In
addition, the running b quark mass entering in the Yukawa
coupling of the signal has been evaluated at mH± . This
procedure eventually results in a dependence of our back-
ground calculations on tanβ and, especially, mH± that
is more marked than the one that would more naturally
arise as only due to indirect effects through the top de-
cay width. Hence, the cross sections have been rescaled
with a common factor such that the total tt̄ cross sec-
tion is σprod

tt̄
= 5.2 pb [41]. To be more specific, we have

first calculated the total cross section σprod,PYTHIA
tt̄

(mH±)
with the built-in routine for tt̄ production in PYTHIA
for all mH± = 80, 100, 130 and 150GeV and then calcu-
lated from this the respective rescaling factors c(mH± ) =
5.2 pb/σprod,PYTHIA

tt̄
(mH± ) for each mH± . Then we have

calculated the background cross section formH± = 80GeV
into the final state with the signature 2b+2j+ τjet+p

miss
t

by enforcing the respective decay channels in PYTHIA
using the built-in routine for tt̄ production and multiplied
it with c(80 GeV). In the same manner we have calculated
the signal cross sections with the PYTHIA routines for

tbH± production by enforcing the respective decay chan-
nels in PYTHIA and multiplying with the rescaling factors
c(mH±) for mH± = 80, 100, 130 and 150GeV. The result-
ing cross sections are given in Table 1 before (σth) and after
(σ) applying the basic cuts pjetst > 20 GeV and the hard cut
pmisst > 100 GeV. For the four signal masses, the tbH± and

tt̄→ tbH± cross section calculations agree numerically.

2.3 Event preselection and discussion of discriminant
variables

The expected cross sections of the 2b+2j+ τjet+p
miss
t sig-

nature are of the same order of magnitude for the sig-
nal and background reactions, as shown in Table 1. Thus,
the same number of signal and background events is as-
sumed for the analysis of different kinematic selection vari-
ables. For the signal 5×105 events have been simulated
with PYTHIA for each charged Higgs mass at the Teva-
tron energy of 1.96 TeV using the built-in tt̄ routine in the

tt̄→ tbH± approximation, while for the tt̄ background also
5×105 events have been simulated using the built-in tt̄
routine. Then the basic cuts pjetst > 20 GeV are applied. An
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Fig. 3. Distributions of the ratio pπ
±

t /p
τjet
t for the tbH± signal and the tt̄ background for

√
s= 1.96 TeV (left) and the respective

differences between signal and background (right). The lower plots show distributions without spin effects in the τ decays

Fig. 4. pt distributions of the second (least energetic) b quark jet for the tbH
± signal and the tt̄ background for

√
s= 1.96 TeV

(left) and the respective differences between signal and background (right)

additional hard cut on the missing transverse momentum
pmisst > 100 GeV is used to suppress the QCD background,
as for example demonstrated in [35]. After the additional
anti-QCD cut about 28000 to 42000 signal events, depend-

ing on the simulated chargedHiggs bosons mass, and about
30000 tt̄ background events remain. Other background
reactions, for example W +jet production, are expected
to be negligible because they have either a much lower
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Fig. 5. Transverse mass mt =
√
2p
τjet
t p

miss
t [1− cos(∆φ)] distributions of the τjet+p

miss
t system (∆φ is the azimuthal angle be-

tween p
τjet
t and pmisst ) for the tbH± signal and the tt̄ background for

√
s= 1.96 TeV (left) and the respective differences between

signal and background (right)

Fig. 6. Invariant mass distributions of the two light quark jets and the second (least energetic) b quark jet for the tbH± signal
and the tt̄ background for

√
s= 1.96 TeV (left) and the respective differences between signal and background (right)

Fig. 7. Spatial distance ∆R(τ, b2) =
√
(∆φ)2+(∆η)2 distributions (where ∆φ is the azimuthal angle in rad between the τ and

b jet) for the tbH± signal and the tt̄ background for
√
s = 1.96 TeV (left) and the respective differences between signal and

background (right)
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Fig. 8. Distributions of the total transverse momentum of all quark jets, Hjets= p
j1
t +p

j2
t +p

b1
t +p

b2
t , for the tbH

± signal and the
tt̄ background for

√
s= 1.96 TeV (left) and the respective differences between signal and background (right)

production cross section or are strongly suppressed com-
pared to tt̄ background, as quantified for example in [35].
In addition to the previous study (based on 5000×BR(τ →
hadrons) events each) [38], the present one applies an IDA
method [42] to explore efficiencies and purities. As already
mentioned, particular attention is devoted to the study of
spin sensitive variables in the exploitation of polarization
effects for the separation of signal and background events.
Figures 1–8 show examples of the signal and back-

ground distributions of some of the kinematic variables
used in the IDA method and the respective difference be-
tween signal and background distributions, namely:

– the transverse momentum of the τ jet, p
τjet
t (Fig. 1),

– the transverse momentum of the leading π± in the τ jet,
pπ
±

t (Fig. 2)

– the ratio pπ
±

t /p
τjet
t (Fig. 3),

– the transverse momentum of the second (least ener-
getic) b quark jet, pb2t (Fig. 4),
– the transverse mass in the τjet+ p

miss
t system, mt =√

2p
τjet
t p

miss
t [1− cos(∆φ)], where ∆φ is the azimuthal

angle between p
τjet
t and pmisst (Fig. 5),3

– the invariant mass distribution of the two light quark
jets and the second b quark jet,mjjb2 (Fig. 6),
– the spatial distance between the τ jet and the second
b quark jet, ∆R(τ, b2) =

√
(∆φ)2+(∆η)2, where ∆φ is

the azimuthal angle between the τ and b jet (Fig. 7) and
– the sum of the (scalar) transverse momenta of all the
quark jets, Hjets = p

j1
t +p

j2
t +p

b1
t +p

b2
t (Fig. 8).

The distributions of signal and background events are nor-
malized to the same number of 104 events, in order to make
small differences better visible.
The signal and background distributions for the vari-

ables shown in Figs. 4–8 are as expected rather similar for
mH± =mW± and are hence mostly important to discrimi-
nate between signal and background in the IDA formH± >

3 Strictly speaking this is not the transverse mass since there
are two neutrinos in the decay chain of the charged Higgs boson
we are considering, even so the characteristics of this mass are
very similar to that of the true transverse mass.

mW± . Especially the transverse mass, Fig. 5, shows a large
variation with the chargedHiggs bosonmass. However, the
different spin of the charged Higgs boson and the W± bo-
son has a large effect on the τ jet variables p

τjet
t and pπ

±

t

(Figs. 1 and 2) resulting in significantly different distri-
butions of signal and background even for mH± =mW± .

Moreover, the spin effects in the p
τjet
t and pπ

±

t distribu-
tions are correlated which can be seen in Fig. 3 where the
distributions of the ratio pπ

±

t /p
τjet
t [31, 33, 34] show even

larger differences. This highlights the importance of the ad-
ditional variable pπ

±

t (and hence pπ
±

t /p
τjet
t ), compared to

a previous study [38]. The large separation power of this
variable is indeed due to the different τ polarizations in sig-
nal and background as can be inferred from the lower plots
in Figs. 1–3. There the signal and background distributions
for p

τjet
t , p

π±

t and p
π±

t /p
τjet
t are shown for reference samples

where the τ decay has been performed without the inclu-
sion of spin effects with the built-in routines of PYTHIA
and hence the differences between signal and background
nearly vanish.

2.4 Iterative discriminant analysis (IDA)

The IDA method is a modified Fisher discriminant an-
alysis [42] and is characterized by the use of a quadratic,
instead of a linear, discriminant function and also involves
iterations in order to enhance the separation between sig-
nal and background.
In order to analyze our events with the IDA method,

signal and background have been split in two samples of
equal size. With the first set of samples the IDA training
has been performed and then the second set of samples has
been analyzed. We have used the following 20 variables in
the IDA study: the transverse momenta p

τjet
t , p

π±

t , p
miss
t ,

p
b1
t , p

b2
t , p

j1
t , p

j2
t , p

jj
t ; the transverse massmt; the invariant

masses mjj , mjjb1 , mjjb2 , mbb and ŝ=mjjbbτ ; the spatial
distances ∆R(τ, b1), ∆R(τ, b2), ∆R(τ, j1), ∆R(τ, j2); the
total transverse momenta of all quark jets Hjets and of all
jetsHall =Hjets+p

τjet
t . In the analysis of real data, b-quark

tagging probabilities and the reconstruction of t and W
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Fig. 9. Distributions of the IDA output variable in the first IDA step for the tbH± signal (solid, red) and the tt̄ background
(dashed, blue) for

√
s= 1.96 TeV

masses could be used to improve the jet pairing, and re-
place the allocation of least and most energetic b-jet by
a probabilistic analysis.
The results of the IDA study are shown in Figs. 9 and 10

for the event samples with spin effect in the τ decays for
mH± = 80, 100, 130 and 150GeV and for the reference sam-
ples without the spin effect for mH± = 80GeV in order to

illustrate the spin effect. In all plots of the IDA output vari-
able the number of background events has been normalized
to the number of signal events. Two IDA steps have been
performed. Figure 9 shows the IDA output variable after
the first step, where 90% of the signal is retained when
a cut at zero is applied. The signal and background events
after this cut are then passed to the second IDA step. Fig-
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Fig. 10. Upper row , middle row and lower left figure: distributions of the IDA output variable in the second IDA step for 90%
efficiency in the first IDA step (corresponding to a cut at 0 in Fig. 9) for the tbH± signal (solid, red) and the tt̄ background
(dashed, blue). Lower right figure: efficiency as a function of the purity when not taking the spin effects in the τ decay into account
for mH± = 80GeV (dashed) and with spin effects in the τ decay for mH± = 80, 100, 130 and 150 GeV (solid , from left to right).
Results are for the Tevatron

ure 10 shows the IDA output variable distributions after
the second step. A cut on these distributions leads to the ef-
ficiency and purity (defined as ratio of the number of signal
events divided by the sum of signal and background events)

combinations as shown in the lower right plot in Fig. 10.
These combinations define the working point (number of
expected background events for a given signal efficiency)
and the latter can be optimized to maximize the discov-
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Fig. 11. Efficiency as a function of purity for mH± = 80 GeV
and

√
s = 1.96 TeV. The black lines are the results after ap-

plying the hard cut pmisst > 100 GeV when not taking the spin
effects in the τ decay into account (dashed) and with spin ef-
fects in the τ decay (solid), as also shown in Fig. 10. The red
lines are the results without applying the hard cut on pmisst

when not taking the spin effects in the τ decay into account
(dotted) and with spin effects in the τ decay (long dashed)

Fig. 12. pt distributions of the τ jet for the tbH
± signal and the tt̄ background for

√
s= 14 TeV (left) and the respective differ-

ences between signal and background (right). The lower plots show distributions without spin effects in the τ decays

ery potential. The difference between the dashed (no spin
effects in τ decay) and solid (with spin effects in τ decay)
lines for mH± = 80GeV in the lower right plot in Fig. 10
stresses again the importance of the spin effects to separate
signal and background.
In order to illustrate the effect of the hard cut on the

missing transverse momentum (pmisst > 100GeV), which
is imposed to suppress the QCD background, the fi-
nal efficiency–purity plot of the IDA analysis is shown
in Fig. 11 for mH± = 80GeV for two reference samples
(red, long dashed: with spin effects in the τ decay; red,
dotted: without spin effects) without imposing the hard
cut. The black lines (dashed and solid) are for the sam-
ples with the hard cut as also shown in the lower right plot
in Fig. 10. As expected the achievable purity for a given
efficiency decreases with the hard cut, therefore the spin ef-
fects become even more important to separate signal and
background. In principle, by choosing the signal reduc-
tion rates in the previous IDA iterations, the signal and
background rates in the final distributions can be varied
appropriately. However, we have checked that a different
number of IDA iterations and/or different efficiencies for
the first IDA iteration have only a minor effect on the final
result.
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3 LHC energy

The simulation procedure and the emulation of the de-
tector response are the same as those outlined in Sect. 2.1
for the Tevatron, as well as, for the preselection and IDA
method, as described in Sects. 2.3 and 2.4, respectively.
Hence, only the expected LHC rates are discussed, followed
by the description of changes in the distributions of the
variables and the final IDA results.
Unlike the case of the Tevatron, where only charged

Higgs masses smaller than the top quark mass can be ex-
plored, and 2HDM/MSSM signatures practically rely on
τντ pairs only, at the LHC the phenomenology is more
varied. Here, the search strategies depend strongly on the
charged Higgs boson mass. If mH± <mt−mb (later re-
ferred to as a light Higgs boson), the charged Higgs bo-
son can be produced in top (anti-)quark decay. The main
source of top (anti-)quarks at the LHC is again tt̄ pair
production (σtt̄ = 850 pb at NLO) [43]. For the whole
(tanβ,mH± ) parameter space there is a competition be-
tween the bW± and bH± channels in top decay keeping
the sum BR(t→ bW+)+BR(t→ bH+) at almost unity.
The top quark decay to bW± is however the dominant

Fig. 13. pt distributions of the leading π
± from the τ decay for the tbH± signal and the tt̄ background for

√
s= 14 TeV (left) and

the respective differences between signal and background (right). The lower plots show distributions without spin effects in the
τ decays

mode for most of the parameter space. Thus, the best
way to search for a (light) charged Higgs boson is by re-
quiring that the top quark produced in the tbH± pro-
cess decays to a W±. While in the case of H± decays τ ’s
will be tagged via their hadronic decay producing low-
multiplicity narrow jets in the detector, there are two dif-
ferent W± decays that can be explored. The leptonic sig-
nature bb̄H±W∓ → bb̄τνlν provides a clean selection of
the signal via the identification of the lepton l = e, µ. In
this case the charged Higgs transverse mass cannot be re-
constructed because of the presence of two neutrinos with
different origin. In this channel charged Higgs discovery
will be determined by the observation of an excess of such
events over SM expectations through a simple counting
experiment. In the case of hadronic decays bb̄H±W∓→
bb̄τνjj the transverse mass can instead be reconstructed
since all neutrinos are arising from the chargedHiggs boson
decay. This allows for an efficient separation of the signal
and the main tt̄→ bb̄W±W∓→ bb̄τνjj background (as-
suming mH± >∼mW±). The absence of a lepton (e or µ)
provides a less clean environment but the use of the trans-
verse mass makes it possible to reach the same mass dis-
covery region as in the previous case and also to extract
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Fig. 14. Distributions of the ratio pπ
±

t /p
τjet
t for the tbH± signal and the tt̄ background for

√
s = 14 TeV (left) and the re-

spective differences between signal and background (right). The lower plots show distributions without spin effects in the τ
decays

Fig. 15. pt distributions of the second (least energetic) b quark jet for the tbH
± signal and the tt̄ background for

√
s= 14 TeV

(left) and the respective differences between signal and background (right)

the charged Higgs boson mass. Both these channels show
that after an integrated luminosity of 30 fb−1 the discov-
ery could be possible up to a mass of 150GeV for all tanβ
values in both ATLAS and CMS [11, 44, 45].

If the charged Higgs is heavier than the top quark, the
dominant decay channels are H±→ τν and H±→ tb de-
pending on tanβ. They have both been studied by AT-
LAS and CMS [46–49]. The charged Higgs bosons are pro-
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Fig. 16. Transverse mass mt =
√
2p
τjet
t p

miss
t [1− cos(∆φ)] distributions of the τjet+p

miss
t system (∆φ is the azimuthal angle be-

tween p
τjet
t and pmisst ) for the tbH± signal and the tt̄ background for

√
s= 14 TeV (left) and the respective differences between

signal and background (right)

Fig. 17. Invariant mass distributions of the two light quark jets and the second (least energetic) b quark jet for the tbH± signal
and the tt̄ background for

√
s= 14 TeV (left) and the respective differences between signal and background (right)

Fig. 18. Spatial distance ∆R(τ, b2) =
√
(∆φ)2+(∆η)2 distributions (where ∆φ is the azimuthal angle in rad between the τ and b

jet) for the tbH± signal and the tt̄ background for
√
s= 14 TeV (left) and the respective differences between signal and background

(right)
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Fig. 19. Distributions of the total transverse momentum of all quark jets, Hjets = p
j1
t +p

j2
t +p

b1
t +p

b2
t , for the tbH

± signal and
the tt̄ background for

√
s= 14 TeV (left) and the respective differences between signal and background (right)

Table 2. LHC cross sections of background qq̄, gg→ tt̄ and signal qq̄, gg→
tbH± for tan β = 30 and mH± = 80, 100, 130 and 150 GeV into the final state
2b+2j+ τjet+p

miss
t before (σth) and after (σ) the basic cuts (pt > 20 GeV for

all jets) and the hard cut (pmisst > 100 GeV)

qq̄, gg→ tt̄ qq̄, gg→ tbH±

mH± (GeV) 80 80 100 130 150

σth (pb) 45.5 72.6 52.0 24.5 9.8

σ (pb) for pjetst > 20 GeV 17.3 33.9 25.7 12.2 3.8

σ (pb) for (pjetst , p
miss
t )> (20, 100) GeV 4.6 6.0 4.8 2.9 1.2

duced in the pp→ tbH± channel. For the H±→ tb decay,
a charged Higgs boson can be discovered up to high masses
(mH± ∼ 400GeV) in the case of very large tanβ values
and this reach cannot be much improved because of the
large multi-jet environment. For theH±→ τν decay mode
this reach is larger due to a cleaner signal despite a lower
BR. In this case the 5σ reach ranges from tanβ = 20 for
mH± = 200GeV to tanβ = 30 formH± = 400GeV.
For the LHC, signal and background events have been

simulated in the same way as for the Tevatron as described
before, however, without implying any rescaling factor to
match a measured tt̄ cross section. Table 2 lists the result-
ing cross sections before (σth) and after (σ) applying the
basic cuts pjetst > 20GeV and the hard cut pmisst > 100GeV.
The LHC rates allow for the discovery to be less challeng-
ing than at the Tevatron in the region mH± ∼mW± , yet
the separation of signal events from background remains
crucial for the measurement of the charged Higgs mass.
The kinematic distributions are shown in Figs. 12–19

for
√
s = 14TeV. The choice of variables is identical to

the one for the Tevatron and allows for a one-to-one com-
parison, the differences being due to a change in CM en-
ergy (and, to a somewhat lesser extent, due to the lead-
ing partonic mode of the production process).4 The main
differences with respect to Figs. 1–8 are that the various

4 As the latter is dominated by qq̄ annihilation at the Teva-
tron and gg fusion at the LHC.

transverse momenta and invariant masses have longer high
energy tails. In particular, it should be noted that the ef-
fect of the spin differences betweenW± andH± events can
be explored very effectively also at LHC energies, e.g. the

ratio pπ
±

t /p
τjet
t is shown in Fig. 14 which is very sensitive to

the spin effects. These observations lead to the conclusion
that the same method using spin differences can be used to
separate signal from background at both the Tevatron and
the LHC.
The distributions of the IDA output variables for the

study at
√
s= 14 TeV for two steps with 90% efficiency in

the first step are shown in Figs. 20 and 21. These distri-
butions are qualitatively similar to those for the Tevatron
(Figs. 9 and 10) and the final achievable purity for a given
efficiency is shown in Fig. 21. As for the Tevatron energy
a good separation of signal and background events can
be achieved with the spin sensitive variables and the IDA
method even in casemH± ∼mW± . For heavierH

± masses
the separation of signal and background events increases
due to the kinematic differences of the event topology.

4 Conclusions

The discovery of charged Higgs bosons would be a clear
sign of physics beyond the SM. In this case study we have
investigated charged Higgs boson topologies produced at
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Fig. 20. Distributions of the IDA output variable in the first IDA step for the tbH± signal (solid, red) and the tt̄ background
(dashed, blue) for

√
s= 14 TeV

the current Tevatron and LHC energies and compared
them against the irreducible SM background due to top-
antitop production and decay. While sizable differences
between signal and background are expected whenever
mH± �=mW± , near the current mass limit of aboutmH± ≈
80 GeV the kinematic spectra are very similar between
SM decays and those involving charged Higgs bosons. In
this case, spin information will significantly distinguish

between signal and irreducible SM background. In fact,
we have considered hadronic τντ decays of charged Higgs
bosons, wherein the τ polarization induced by a decaying
(pseudo)scalar object is significantly different from those
emerging in the vector (W±) decays onsetting in the top-
antitop case. For a realistic analysis which is not spe-
cific for a particular detector, a dedicated Monte Carlo
event generation and a simplified multipurpose detector
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Fig. 21. Upper row , middle row and lower left figure: distributions of the IDA output variable in the second IDA step for 90%
efficiency in the first IDA step (corresponding to a cut at 0 in Fig. 20) for the tbH± signal (solid, red) and the tt̄ background
(dashed, blue). Lower right figure: efficiency as a function of the purity when not taking the spin effects in the τ decay into account
for mH± = 80GeV (dashed) and with spin effects in the τ decay for mH± = 80, 100, 130 and 150 GeV (solid , from left to right).
Results are for the LHC

response approximation have been applied. The identifi-
cation of a hadronic tau-lepton will be an experimental
challenge in an environment with typically four jets be-

ing present. We have demonstrated how an IDA method
can be an applied to separate signal and background when
the differences between the signal and background distri-
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butions are small. Our results show that the IDA method
will be equally effective at both the Tevatron and LHC.
While only the dominant irreducible tt̄ background has
been dealt with in detail, we have also specifically ad-
dressed the QCD background. A suitably hard missing
transverse momentum cut has been applied to reject such
jet activity and we have demonstrated that although the
discriminative power is reduced by such a cut, the reduc-
tion is small compared to the gain from including the τ
polarization effects. Using the differences in τ polarization
between the signal and the dominant SM irreducible tt̄
background is crucial for disentangling the former from the
latter.
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