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1. Introduction

One major task for the Large Hadron Collider (LHC) and the ATLAS experiment will be the
exploration of the Higgs sector, in the Standard Model (SM) and beyond it [1]. Several extensions
of the SM, so-called Two-Higgs Doublets Models (2HDM), such as the Minimal Supersymmetric
extension of the Standard Model (MSSM), require at least two isodoublets of scalar fields in the
Higgs sector. Electroweak symmetry breaking through two complex Higgs doublets lead to five
physical states, out of which two are charged (H' and H™). A priori, the mass of the charged
Higgs bosons is not predicted by theory. However, at tree level, the MSSM Higgs sector is fully
determined by two parameters: mpy+ and the ratio of the two Higgs doublet vacuum expectation
values tanf3. Note that some extensions of the SM, based on the Higgs Triplet Model, predict
(doubly) charged Higgs, but those are not addressed in this paper.

The discovery of a charged Higgs boson would undoubtedly prove the existence of new physics
beyond the SM. Search strategies depend on the hypothesized mass of the charged Higgs boson,
since it determines both its production and the decay modes. This note first presents the ATLAS
discovery potential for a heavy H* (close to or beyond the top quark mass) when the LHC will
operate at full energy (14 TeV). On the other hand, if H* is lighter than the top quark, it can be
copiously produced in 7 pairs during the early LHC data-taking period, even with a centre-of-mass
energy of 7 TeV. Search strategies for light charged Higgs bosons in ATLAS will therefore be
discussed in detail.

2. ATLAS search strategies for heavy charged Higgs bosons in 14 TeV pp collisions

If the charged Higgs boson is heavier than the top quark, then it is dominantly produced via
gg — thbH™ or gb — tH™ at the LHC, with cross sections in the pb range'. The dominant decay
channel is H* — tb (with a branching ratio above 90%, depending on the values of my+ and tan 3).
Still, H* — v remains sizeable and offers a significantly cleaner signature. Discovery prospects
for heavy charged Higgs bosons in ATLAS with a 14 TeV LHC centre-of-energy and an integrated
luminosity in the 1-30 fb~! range were previously discussed in e.g. [2] and [3]: only a summary of
the main results is given here.

The most promising channels are gg — tbH™ — bggbt™Vv and gh — tH™ — bgqt™ Vv, for
which the event selection consists of a hard 7 jet, large missing Er, one or two b-tagged jets, as
well as a hadronic W boson, which can be fully reconstructed and combined with a b-tagged jet in
order to form a top quark. The background is dominated by #7 and it can be reduced by using an un-
correlated likelihood approach with five variables: pr(t), EFS, the azimuthal angle A¢ (T, EZSS),
Y j2zpr(Jj), and the pr ratio between the 7 jet and the hardest jet not coming from the top quark.
The discovery prospect for this channel covers a region with m g+ up to 350 GeV and high values
of tan 3.

'In the following, the charged Higgs bosons will only be denoted as H but charge conjugated processes are always
implicitly included.
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The other channels investigated by ATLAS for the discovery of heavy charged Higgs bosons
are gg — tbH+ — b{vbbqqb and gb — tH+ — blvbqqb, for which the event selection is based on
an isolated lepton and at least 5 jets (three of them b-tagged), with a successful reconstruction of a
leptonic W boson. A combinatorial likelihood is first used in order to suppress the combinatorial
background, followed by a selection likelihood aimed at reducing the physical background (which
is dominated by t7+jets events). Although this channel does not offer a discovery potential for H ™
in ATLAS on its own, it contributes to the combined sensitivity and may allow to measure m g+
upon discovery of the charged Higgs boson using another, more sensitive, channel.

Figure 1 shows the ATLAS discovery and exclusion sensitivity contours for a heavy H™ in pp
collisions at 14 TeV, in a model-independent way, i.e. as a function of mg+ and of the production
cross section for H™ — 7%V in gg or gb fusion. A total systematic uncertainty of 10% is assumed
for the tf background. As for the signal, the dominant theoretical and experimental uncertainties
(dominated by the jet energy scale) reach 20% to 40%, depending on the channel used for H
discovery/exclusion.
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Figure 1: ATLAS combined discovery and exclusion sensitivities for heavy charged Higgs bosons, in terms
of the production cross section for H™ — 77 v in gg or gb fusion.

3. ATLAS search strategies for light charged Higgs bosons in 7 TeV pp collisions

If H™ is lighter than the top quark, it can appear in t — bH ™ and thus be searched for in the
cascade decays of 7 pairs, which will be copiously produced at LHC, via gg or ¢4 fusion. Here, we
summarize two sensitivity studies for light charged Higgs bosons, with an integrated luminosity of
1 fb~! and /s = 7 TeV, in semi-leptonic and di-lepton ¢7 events [4].

3.1 H" — ¢§ in semi-leptonic 7 events

For tan 8 < 1, the branching ratio Z(H" — ¢§) may reach 40% for a charged Higgs boson
mass close to 130 GeV in the MSSM, making this decay channel a viable one for charged Higgs
boson searches in ATLAS. For this purpose, a pre-selection for semi-leptonic 77 events is first
performed. Events passing a high p7 lepton trigger are required to have an electron or a muon with
pr > 20 GeV within |n| < 2.5, some missing transverse energy larger than 20 GeV, and the four
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leading jets (with two b-tagged jets) must have pr > 20 GeV and be within |n| < 2.5. The largest
background comes from W bosons in SM 7 events (95% of the total background). In the preselected
events, the mass of the H" — ¢§ candidate (or of the hadronic W boson in the background events)
is directly reconstructed using the two untagged jets. The resolution of the resulting di-jet mass
distributions can be improved by using a kinematical fitter based on the full reconstruction of the
leptonic W boson and the two top quarks, where the transverse energies of the final state objects
(Iepton, jets) are allowed to vary within measurement uncertainties, see Figure 2.
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Figure 2: Left: the normalised di-jet mass templates directly reconstructed from the two untagged jets.
Right: the improved, normalised di-jet mass templates using the kinematical fitter.

Assuming that we find no signal beyond the SM, a binned maximum likelihood fit is applied
on the di-jet mass distribution to compute the upper limit at 95% confidence level for the branching
ratio Z(t — bH™). In the fit, (r — bH™) and the total number of ¢7 events are free parameters,
while the amount of non-#7 background has a Gaussian constraint, 67 & 20 events for an integrated
luminosity of 1 fb~!. The upper limit on %(t — bH™") at 95% confidence level is extracted using
pseudo-experiments, assuming Z(H* — ¢§) = 1 and taking into account both statistical and sys-
tematic uncertainties, the latter being represented by a nuisance parameter in the likelihood, that
adds to the branching ratio Z and has a Gaussian prior probability density function with a width
AZ. We eliminate this nuisance parameter by Bayesian marginalisation and obtain a posterior
probability density function in 4, assuming a uniform prior in 0 < %(r — bH™) < 1. Note that, in
this analysis, the jet energy scale is calibrated by using the peak position of the unfitted di-jet mass
distribution, hence the corresponding systematic error is very small.

The expected upper limits on Z(t — bH ') at 95% confidence level, for H masses between 90
to 150 GeV, are shown in Table 1. The expected limits in the second row are based on the statistical
errors only, while the expected limits in the third row include both statistical and systematic errors.

my+ (GeV) 90 110 130 150
Expected upper limit (t — bH™) (stat. only) | 4.0% 2.5% 23% 1.5%
Expected upper limit 2(t — bH™) (stat + syst) | 14.8% 4.7% 3.4% 3.7%

Table 1: Expected upper limits on B(t — bH™) at 95% confidence level, for H™ masses between 90 to
150 GeV, for an integrated luminosity of 1 fb~! at 7 TeV.
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3.2 H" — 1.,V in di-lepton 7 events

In the MSSM, for tan 8 > 1, H" — v dominates other decays. If tanf3 >3, B(H™ — t7Vv)
exceeds 90%. Here, we only consider leptonic 7 decays and we report on light H * search strategies
in di-lepton ¢ events. For this purpose, two new tools have been considered [5, 6]:

® cosf ~ nj%p_"—‘m”év — 1, where p;, and p; can be advantageously chosen in the laboratory frame,

o the generalised transverse mass mI}I; , computed using with numerical methods and defined

as the maximum of the invariant mass (p " )% subjected to the following constraints:
+
(pH +ph)2 = mtzopv
(0 " = iy
0 v b
(" +p"+p")? = mp,,
(P")* =0,

SHT St | =V = miss

pr —Pr TPy =DPr

The general selection of di-lepton ¢ candidate events first relies on the positive decision of a
high pr lepton trigger. We then require the presence of two oppositely charged leptons (electron
or muon) with || < 2.5, as well as py > 20 GeV (leading) and pr > 10 GeV (sub-leading). The
remaining events must have at least two jets with pr > 15 GeV and |n| < 5. The two jets with
the highest likelihood of being b-tagged jets are assumed to be daughters of the top and anti-top
quarks. At this stage, the four-fold ambiguity in assigning the leptons and the b-jets to their parents
is resolved using cos 6;" and mI}I; , thereby defining a W side and a H™ side for each event. We
then apply selection cuts on the h-weight and EJ** in order to isolate di-lepton ¢7 events. Figure 3
shows the cos 6, distributions on the H T side in the SM case (dashed line) or with a 130 GeV
charged Higgs boson and #(t — bH™') = 17%, which is the upper limit from Tevatron at the time
of writing. A significant excess of events in the bin closest to -1 can show evidence for the presence
of a charged Higgs boson in the top quark decays.
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Figure 3: Comparison of the cos 6" distribution on the H™ side in the SM case (dashed line) and as obtained
when assuming my+ = 130 GeV and #(t — bH™) = 17% (filled histogram). All selection cuts are applied.
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Assuming that we find no signal beyond the SM, and that Z(H ™ — t"v) = 1, the upper limit
on the branching ratio (r — bH™) is given by:

. Nobs — Nbg
- M
2 X O X Lipt X Esig

where Nyps is the number of observed events surviving the di-lepton ¢7 selection criteria together
with cos 6 < —0.6 on the H* side, with an expectation value Ny, for the background.

We evaluate % with toy Monte-Carlo experiments, varying the input parameters Ngps, Npg and
&g by their uncertainties (note that 6,7 X .Z,, is measured from data in a specific sideband). A
probability weight for each 2 is determined by:

W%’(NobsaNbgagsig) = P(Nobs) X P(Nbg) X P(gsig)-

Here, P(x) are modelled by Gaussian probability density functions. The width of the Nops
distribution is the Poisson uncertainty +/Nops, While the widths of Npg and &g, are determined by
Monte-Carlo statistics and systematic uncertainties. The branching ratios % were evaluated with
and without the systematic uncertainties. Each value of % is multiplied by the corresponding
probability weight W4 before solving for the 95% confidence level upper limit:

@95%

0.95 = BdAB.
0

The expected upper limits on Z(t — bH™) at 95% confidence level, for H* masses between
90 to 150 GeV, are shown in Table 2. The expected limits in the second colum are based on the
statistical errors only, while the expected limits in the third column include both statistical and
systematic errors.

Mass | Expected upper limit on Z(r — bH™)

(GeV) | without systematics | with systematics
90 6.5% 8.9%
110 5.6% 7.4%
130 5.6% 7.4%
150 6.6% 8.6%

Table 2: Expected upper limits on %(t — bH™) at 95% confidence level, for H masses between 90 to
150 GeV, for an integrated luminosity of 1 fb~! at 7 TeV.

4. Conclusion

In this note, ATLAS search strategies for charged Higgs bosons were summarized, focusing
first on the high mass range (i.e. when H™ is produced with an associated top quark via gg or
gb fusion) for an integrated luminosity greater than 1 fb~! at 14 TeV. We then presented recent
ATLAS simulation studies of the production of light charged Higgs bosons in semi-leptonic and
di-lepton 7 events. Assuming separately a 100% branching ratio for H" — ¢§ or Ht — 17V,
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we derived upper limits on Z(r — bH™) at 95% confidence level for an integrated luminosity of
1 fb=! at 7 TeV. Those upper limits are summarized graphically in Figure 4, where we also show
that ATLAS can substantially improve the upper limits on %(t — bH ") from the Tevatron at the
time of writing [7, 8, 9].
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Figure 4: Expected upper limits on %(t — bH™) at 95% confidence level in early data (i.e. with 1 fb~!
at 7 TeV) versus the charged Higgs boson mass assuming Z(H" — ¢5) = 1 (left) or Z(HT — 1tv) =1
(right). The green and yellow bands correspond to the range in which we expect the limit to lie, depending
upon data.
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