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Three different searches for charged Higgs bosons with the ATLAS detector are presented. The

first one is a search for a charged Higgs boson intt̄ decays, where one of the top quarks decays

via t → H+b, followed byH+ → cs̄ [1]. 95% confidence level (CL) upper limits onB(t → bH+)

varying between 5% and 1% forH+ masses between 90 GeV and 150 GeV, assumingB(H+ →
cs̄) = 100% are obtained. The second one is a search for charged Higgs bosons through the

violation of lepton universality intt̄ events, where signatures containing leptons (e/µ) and/or a

hadronically decayingτ (τhad) were used [2]. No significant deviation from the Standard Model

predictions is observed. With the assumption that the branching fractionB(H+ → τν) is 100%,

upper limits in the range 3.2% to 4.4% on the branching fraction B(t → bH+) for charged Higgs

boson masses in the range 90− 140 GeV are obtained. Finally, a search for new particles in

an extension to the Standard Model that includes a heavy Higgs boson (H0), an intermediate

charged Higgs-boson pair (H±), and a light Higgs boson (h0) [3], is presented. The data is found

to be consistent with Standard Model predictions, and 95% confidence-level upper limits on the

product of cross section and branching ratio are obtained. The limits range from 0.065 to 43 pb

as a function ofH0 andH± masses, withmh0 fixed at 125 GeV.
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1. Introduction

Recently, a Higgs boson has been discovered by the ATLAS [4] and CMS[5] Collaborations
with a mass of approximately 125 GeV. This particle seems to have the characteristics of the stan-
dard model (SM) Higgs boson so far. Beyond the SM, many models have been proposed, extending
the Higgs sector to explain electroweak symmetry breaking. The newly discovered boson is com-
patible with many of these models so that discovering its true nature is crucial to understanding
EWSB. Two Higgs-doublet models (2HDM) [6] are simple extensions of the SM with five observ-
able Higgs bosons, of which two are charged (H+ andH−), and three are neutral (h0, H0 andA0).
The discovery of a charged Higgs boson would be a signal for new physics beyond the SM. In
several models, e.g. a type-II 2HDM describing the Higgs sector of the Minimal Supersymmetric
extension of the Standard Model (MSSM) [7], the main production mode forcharged Higgs bosons
with a massmH+ smaller than the top quark mass (mt) is through top quark decayst → bH+. The
dominant source of top quarks at the Large Hadron Collider (LHC) is throughtt̄ production.
At tree level, the MSSM Higgs sector is determined by two independent parameters, which can
be taken to be the massmH+ and tanβ . In the MSSM, a lightH+ (defined asmH+ < mt) decays
predominantly tocs̄, τν , andbb̄W+, with the respective branching ratios depending on tanβ and
mH+ . For tanβ < 1, cs̄ is an important decay mode withB(H+ → cs̄) near 70% [8] formH± = 110
GeV, whereas for tanβ > 3, H+ → τν dominates (90%). For higherH+ masses at low tanβ ,
the decay modeH+ →Wb̄b can be dominant. Three different searches for charged Higgs bosons
with the ATLAS detector [9] exploring these scenarios are presented, thefirst two (theH+ → cs̄
search [1] and theH+ → τν-ratio method search [2]), were done using a dataset corresponding
to an integrated luminosity of 4.7 fb−1 recorded by the ATLAS detector in proton-proton colli-
sions at a centre-of-mass energy of

√
s= 7 TeV. The multi-higgs-boson cascade search [3] uses the

dataset corresponding to 20.3 fb−1 recorded by the ATLAS detector in proton-proton collisions at
a centre-of-mass energy of

√
s= 8 TeV.

2. H+ → cs̄ search

A set of requirements is imposed to select events containingtt̄ decays in the lepton+jets chan-
nel. First, events are required to contain a primary vertex with at least five associated tracks to
suppress non-collision backgrounds. Exactly one electron with a large transverse energy (ET > 25
GeV) and|η |< 2.5, excluding the barrel−endcap transition region 1.37< |η |< 1.52, or one muon
with large transverse momentum (pT > 20 GeV) and|η |< 2.5 is required. The selected lepton must
match a lepton trigger object that caused the event to be recorded. Jets present inW/Z+jet events
tend to originate from soft gluon emissions. These backgrounds are therefore reduced by requiring
at least four jets withpT > 25 GeV and|η |< 2.5. At least two jets must be identified as originating
from ab-decay. To suppress backgrounds from QCD multi-jet events, the missingtransverse mo-
mentum is required to beEmiss

T > 20(30) GeV in the muon (electron) channel. Further reduction of
the multi-jet background is achieved by requiring the transverse mass (mT) of the lepton andEmiss

T

to satisfymT > 30 GeV in the electron channel and(Emiss
T +mT) > 60 GeV in the muon channel.

In the selected events, the two jets originating from the decay of theH+ must be identified in or-
der to reconstruct the mass. A kinematic fitter [10] is used to identify and reconstruct the mass
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of dijets fromW/H+ candidates, by fully reconstructing thett̄ system. In the kinematic fitter, the
lepton,Emiss

T (assumed to be from the neutrino), and four jets are assigned to the decayparticles
from thett̄ system. The longitudinal component of the neutrino momentum is calculated fromthe
constraint that the invariant mass of the leptonicW boson decay products must be the experimen-
tal value. The fitter also constrains the invariant mass of the two systems (blν , b j j) to be within
Γt = 1.5 GeV of the top-quark mass 172.5 GeV. When assigning jets in the fitter,b−tagged jets
are assumed to originate from theb−quarks. The bestbb j j combination is found by minimising a
χ2 for each assignment of jets to quarks and for the choice of solution for thelongitudinal neutrino
momentum, where the five highest-pT jets are considered as possible top-quark decay products.
The combination with the smallestχ2 value,χ2

min, is selected as the best assignment.

min 2χFit 
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Figure 1: (a) Comparison of the distribution ofχ2 from the kinematic fitter for data and the expectation from
the background estimates for the combined electron and muonchannels. (b) The dijet mass distribution from
data and the expectation from the SM (B = 0). (c) The extracted 95% C.L. upper limits onB(t → H+b) are
shown in the range of the charged Higgs mass from 90 to 150 GeV.The limits shown are calculated using
the CLs limit-setting procedure [1].

The χ2
min distribution for selected events in the data agrees well with the expectation from

the simulation as shown in Figure 1(a). Events are required to haveχ2
min < 10 to remove poorly

reconstructedtt̄ events. This selection has an efficiency of 63% for SMtt̄ events. The fit results in
a 12 GeV dijet mass resolution. This is a 20 to 30% improvement, depending on themass of the
boson studied, compared to the resolution obtained when the same jets are used with their original
transverse momentum measurements. After the fit, there is better discrimination between the mass
peaks of theW boson from SM decays oftt̄ and a 110 GeVH+ boson in this example.

The background estimates and the estimate of the signal efficiency are subject to a num-
ber of systematic uncertainties. The QCD multi-jet background is estimated usinga data-driven
method [11] that employs a likelihood fit to theEmiss

T distribution in the data, using a template for
the multi-jet background and templates from MC simulations for all other processes. The dijet mass
distribution of multi-jet events (Figure 1(b)) is obtained from a control region in the data, where
leptons are required to be semi-isolated [1].The rate ofW+jets events is estimated by a data-driven
method [12] that uses the observed difference in the number ofW+ andW− bosons in the data
and the charge asymmetry(W+ −W−)/(W+ +W−), which is calculated to good precision by the
MC simulation ofW+jets events. Uncertainties on the modelling of the detector and on theory
give rise to systematic uncertainties on the signal and background rate estimates. The effects of
the systematic uncertainties are comparable, within 10%, between the SM and signal tt̄ samples.
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The combined uncertainty on the single top-quark and diboson backgrounds is 15%, which comes
mostly from the uncertainties on the cross-section, jet energy scale, andb-tagging. The total un-
certainty on the overall normalisation of the non-tt̄ backgrounds is 30%.
The limits on the branching ratio are extracted using the confidence level technique (CL) at 95%
[13]. The consistency of the data with the background model can be determined by comparing
the value of the test statistic in the data with the expectation from background-only Monte Carlo
simulated experiments. The corresponding probability (p-value) for the background to produce the
observed mass distribution varies from 67% to 71% as a function ofmH+ , indicating that there is
no significant deviation from the background hypothesis. The observed limits, including both sta-
tistical and systematic uncertainties, vary between 1% and 5% (Figure 1(c)). The extracted limits
are stringent on the branching ratioBr(t → H+b), assumingBr(H+ → cs̄) = 100%.

3. H+ → τν (ratio method) search

This search used an alternative technique forH+ searches in the mass range 90−160 GeV.
Instead of using the shape of discriminating variables in order to search for a local excess of events
above the predicted SM background, this analysis is based on the measurement of a ratio of event
yields between twott̄ final states, which in turn allows for the cancellation of most of the systematic
uncertainties. In top quark decays,W bosons decay equally to leptons of the three generations,
while H+ may decay predominantly intoτν . Hence, an excess oftt̄ events with at least one
hadronically decayingτ lepton (τhad) in the final state, as compared to the rate fortt̄ events with
only electrons and/or muons, is a signature for charged Higgs bosons. Ameasurement of event
yield ratiosRl for tt̄ → bb̄+ lτhad+Nν andtt̄ → bb̄ll

′
+Nν , whereNν stands for any number of

neutrinos and wherel andl
′
are electrons and muons, withl 6= l

′
, was presented:

Rl =
B(tt̄ → bb̄+ lτhad+Nν)

B(tt̄ → bb̄ll ′ +Nν)
(3.1)

This analysis used events passing a single-lepton trigger with anET threshold of 20 GeV or 22
GeV for electrons and apT threshold of 18 GeV for muons. In order to select a sample enriched in
tt̄ events, the following selection was used: one charged leptonl(e,µ) havingET > 25 GeV (e) or
pT > 25 GeV (µ) and matched to the corresponding trigger object; at least two jets havingpT > 20
GeV and|η | < 2.4, including exactly twob−tags; either exactly oneτ jet with pτ

T > 25 GeV and
|η | < 2.3 with no additional charged lepton, or exactly one additional charged lepton l with ET or
pT above 25 GeV and a different flavour than the trigger−matched lepton;Emiss

T > 40 GeV. The
selected events are then classified into two categories according to the single−lepton trigger that
they fire: an electron trigger (EL) or a muon trigger (MU). Each categorycontainsτhad+lepton
and dilepton (ll

′
) events. The lepton appearing first in the final state is, by convention, matched to

the corresponding trigger object. The EL category therefore consists of e+ τhad ande+ µ events,
while the MU category containsµ + τhad and µ + e events. A significant background consists
of events with reconstructed electrons and muons arising from the semileptonicdecay of hadrons
with b− or c−quarks, from the decay−in−flight of π or K mesons and, in the case of electrons,
from π0 mesons, photon conversions or shower fluctuations. These are referred to as misidentified
leptons. Two data samples are defined, which differ only in the lepton identification criteria. The
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tight sample corresponds to the selection used in the analysis and contains mostly events with real
leptons. The loose sample is obtained by loosening the isolation and identificationrequirements,
and it contains mostly events with misidentified leptons. The efficiencies for a real or misidentified
lepton, respectively, to be detected as a tight lepton, are determined from data. About 51% of the
simulatedtt̄ events in theτhad+lepton final state contain aτ jet matched to a hadronically decaying
τ lepton at the generator level. In the other events, theτ jet is misidentified. Data−driven methods
are used in order to determine the probability of misidentification from electronsand hadronic jets.
The majority of misidentifiedτ jets in the final event selection originate from jets, for which the
misidentification probability depends on the initial parton (light quark, heavy−flavour quark or
gluon). All jet types occur intt̄ events, and it is not possible to accurately predict the fraction of
each of them, potentially leading to a large systematic uncertainty on the jet→ τhadmisidentification
probability. However, the influence of all jet types other than light−quark jets can effectively
be eliminated by categorising all events in terms of the charge of the lepton relative to theτ jet
as opposite− sign (OS) or same−sign (SS) events. All processes with gluon andb−quark jets
produce positively and negatively charged misidentifiedτ objects at the same rate. On the other
hand, the light−quark jet component in SS events represents both charge misreconstruction and
quarks which fragment such that the leading charged particle does not have the same charge as
the initial quark. Giving a negative weight to the SS events therefore cancels, on average, the
gluon and heavy−flavour−quark jet contributions from the OS events, leaving only light−quark
jets misidentified asτ jets. The rate at which light−quark jets are misidentified asτ candidates is
derived using a region enriched withW+ → 2 jets events in the data. TheW+ → 2 jets events are
classified as OS and SS events using the charges of the lepton and theτ candidate. Figures 2 (a,b)
show themT distribution for OS, SS and OS−SS events fulfilling theW+ → 2 jets selection. This
demonstrates the cancellation of heavy−flavour−quark and gluon contributions. The number of
tracks associated to jets misidentified asτ candidates is found to be poorly modelled in simulation.
In order to correct theτ candidate selection efficiencies in simulation,τ track multiplicity scale
factors are derived using OS−SS events fulfilling theW+ → 2 jets selection, and are then applied
to all jets misidentified asτ candidates in the simulation. The probability for a light−quark jet to
be misidentified as aτ jet is measured in the data. OS events are given a weight+1 and SS events
are given a weight−1, in both the numerator and denominator of the jet→ τhad misidentification
probability. After OS−SS subtraction, the selected events mostly containτ candidates coming from
light− quark jets and, to a much lesser extent, electrons, muons, and true hadronically decayingτ
leptons.

For each of the four final states considered, the OS−SS event yieldN can be split into two
contributions: fromtt̄ events and from all other SM processes excepttt̄ → bb̄W+W−. The event
yield ratios are defined as:

Re =
N(e+ τhad)

N(e+ µ)
Rµ =

N(µ + τhad)

N(µ +e)
(3.2)

Systematic uncertainties arise from the simulation of the electron and muon triggers, from the re-
construction and identification efficiencies of the physics objects, as well as from the energy/momentum
scale and resolution for these objects. The total systematic uncertainty is around 10% for both ra-
tiosRe andRµ , where the largest uncertainties come from theτ−ID efficiency, thett̄ generator and
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Figure 2: (a,b) Distributions of the transverse massmT for events fulfilling theW+ → 2 jets selection. The
SS events are subtracted from the OS events. (c) Upper limitson B(t → bH+) derived from the event yield
ratioR(e+µ), as a function of the charged Higgs boson mass, obtained withthe assumptionB(H+ → τν) = 1.
The solid line in the figure is used to denote the observed 95% CL upper limits, while the dashed line
represents the expected exclusion limits. The green and yellow regions show the 1σ and 2σ error bands [2].

parton shower variations, and backgrounds with misidentified leptons. To test the compatibility
of the data with the background−only or the signal+background hypotheses, a profile likelihood
ratio [13] is used withRe and Rµ as the discriminating variables. The systematic uncertainties
are incorporated via nuisance parameters, and the one−sided profile likelihood ratio is used as a
test statistic. No significant deviation from the SM prediction is observed in thedata. Exclusion
limits are set on the branching fractionB(t → bH+) by rejecting the signal hypothesis at the 95%
CL [14]. They are first set for electron−triggered and muon−triggered events separately, and then
using a global event yield ratioRe+µ . Using this global event yield ratio, upper limits in the range
3.2%4.4% are obtained onB(t → bH+) for charged Higgs boson masses in the range 90− 140
GeV, as shown in Figure 2 (c).

4. Multi-Higgs-boson cascade search

This search looks for particles in an extension to the SM that includes heavier Higgs bosons
in addition to a light neutral Higgs boson,h0, with massmh0 = 125 GeV. Rather than assum-
ing a particular theoretical model, this analysis follows a simplified model approach by searching
for a specific multi−Higgs−boson cascade topology. New particles are searched for in the final
stateW±W∓bb̄, via the processgg→ H0 followed by the cascade,H0 →W∓H± →W∓W±h0 →
W±W∓bb̄. This final state also appears in top−quark pair production. In this search, one of theW
bosons is assumed to decay to hadrons leading to jets and the other one decays to an electron plus
a neutrino (e+jets) or a muon plus a neutrino (µ+jets). Boosted decision trees (BDTs) are used
to distinguish the Higgs−boson cascade events from the predominantlytt̄ background. Events are
selected using single−lepton triggers withpT thresholds of 24 or 36 GeV for muons and 24 or 60
GeV for electrons (the lower momentum triggers also apply isolation requirements). Events are
required to have exactly one reconstructed isolated electron or muon matching the corresponding
trigger object and a primary vertex reconstructed from at least five tracks, each withpT > 400
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MeV. At least four jets withpT > 25 GeV and|η |< 2.5 are required, of which at least two must be
identified as b jets. Additionally, in thee+jets channelEmiss

T > 30 GeV andmW
T >30 GeV, while

in theµ+jets channelEmiss
T > 20 GeV andmW

T +Emiss
T >60 GeV. The Higgs−boson cascade event

reconstruction begins with identification of the leptonically decayingW boson. It is assumed that
the missing transverse momentum is due to the resulting neutrino. The neutrino pseudorapidity is
set to the value which results in an invariant mass of the lepton and neutrino closest to the nominal
W−boson mass. Next, the twob−tagged jets are used to reconstruct the lightest Higgs−boson
candidate,h0. The hadronically decayingW boson is identified from the remaining jets as the pair
with reconstructed dijet mass closest to the nominalW−boson mass. The charged Higgs−boson
candidateH+ is constructed from the lighth0 and theW−boson candidate which gives the larger
value ofmH+ . The heavy neutral Higgs−boson candidateH0 is then formed asbb̄WW. Figure 3
illustrates the reconstructed mass distributions for theh0, H+, andH0 in simulation for selected
mass values.

(a) (b) (c)

Figure 3: Distributions of reconstructed masses in simulation for the three Higgs bosons in the cascade; the
lightest Higgs boson,h0 (left, asmbb̄), the charged Higgs boson,H± (middle, asmbb̄W), and the heavy Higgs
boson,H0 (right, asmbb̄WW) shown for three example mass hypotheses [3].

A multivariate analysis is performed to distinguish the Higgs−boson cascade fromtt̄ events.
Several reconstructed kinematic quantities, including the invariant masses of the Higgs−boson
candidates as described above, are used as inputs to a BDT classifier, provided in the TMVA [15]
package. TMVA provides a ranking for the input variables, which is derived by counting how often
an input variable is used to split decision tree nodes, and by weighting eachsplit occurrence by
the square of the gain in signal−to−background separation it has achieved and by the number of
events in that node. Seven kinematic variables are chosen to achieve the best expected result across
the entire signal mass grid:mbb̄, mbb̄W, mbb̄WW, ∆R(bb̄) and the hadronic and leptonic masses
of the top−quarks, and their difference. Since the kinematics of the Higgs−boson cascade vary
greatly with the masses of the heavy and intermediate Higgs bosons, a different BDT is trained
for each signal mass hypothesis. For each mass point, a final threshold ischosen for its respective
BDT output which gives the best expected sensitivity, measured using thesame confidence−level
calculations as applied to the data. A counting experiment is then performed using events that pass
those BDT output thresholds. In this way, the BDT thresholds divide the SPR into nonorthogonal
signal regions, one for each signal mass point. The modelling of the SM backgrounds is validated
in three background−dominated control regions. The control regions retain the requirements of
one lepton and at least four jets, and each region has additional requirements. In control regions
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with fewer than twob−tagged jets, the two jets with the highestb−tagging scores are used to
reconstruct the lightest Higgs boson,h0. The following control regions are used:

• Control Region 1 (CR1): at least four jets, exactly one lepton and nob−tagged jets. Validates
primarily theW+jets modelling.

• Control Region 2 (CR2): at least four jets, exactly one lepton and exactlyoneb−tagged jet.
This region validates primarily the modelling of thett̄ background.

• Control Region 3 (CR3): at least four jets, exactly one lepton, at least two b−tagged jets,
andmbb̄ > 150 GeV. This region focuses primarily on validation of the modelling of thett̄
background with kinematics similar to the hypothetical signal, but is background enriched
due to thembb̄ > requirement.

Figure 4 illustrates the modelling of the Higgs−boson mass reconstruction in CR1, CR2 and
CR3. The data and simulation agree within total uncertainties over the entire phase space. In
addition, the BDT output in each of the three control regions is compared to the predicted output
and found to agree within statistical and systematic uncertainties. The observed yields are found to
be consistent with SM background expectations, within uncertainties. The BDT outputs for three
example signal mass points are illustrated in Figure 5.

(a) (b) (c)

Figure 4: Distributions ofmbb̄ with uncertainties in the control regions (a) CR1, (b) CR2 and (c) CR3. The
data (black points) are compared to the background model (stacked histogram) [3].

The 95% CL production cross−section upper limits for the various signal hypotheses are ob-
tained, with the profile likelihood ratio of the number of events that pass the BDTthreshold as the
test statistic [13]. Systematic uncertainties are treated as nuisance parameters and the calculation
uses the asymptotic approximation [13]. Since the signal regions are correlated, background−only
pseudoexperiments are used to estimate the expected distribution of thep values in all the signal
regions, accounting for the correlations. The observed distribution ofp values is found to be consis-
tent with the expectation from pseudoexperiments. The expected and observed limits as a function
of theH0 andH+ masses are illustrated in Figure 6. The limits are the weakest in low Higgs−boson
mass regions due to the poorer separation betweentt̄ and signal events. The observed cross−section
limits are compared to the predictions for a heavy Higgs boson with SM−like gg−fusion produc-
tion (Figure 6). The theoretical production cross section of a heavy SM−like Higgs boson (only
gluon fusion is considered) is calculated in the complex−pole scheme using the dFG [16] program,

8
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(a) (b) (c)

Figure 5: Distributions of the BDT output in the signal regions for three example signal mass points, (a)
mH0,mH± = 1025,225 GeV, (b)mH0,mH± = 625,325 GeV, and (c)mH0,mH± = 1025,625 GeV. Signal
histograms have been scaled to a production cross section of1 pb. BDT thresholds are shown as dashed
lines for each mass point. The background model is shown as the coloured stacked histogram [3].

to NNLO in QCD. NLO electroweak corrections are also applied, as well as QCD soft−gluon re-
summations up to next−to−next−to−leading log. Using this benchmark, the cross−section upper
limits observed are greater than the theoretical cross sections of the heavyHiggs boson,H0, for
all mass points tested. Therefore, the current limits are not stringent enough to exclude mod-
els with SM−like production rates even with 100% branching ratios for bothH0 → H+W− and
H+ → h0W+ and SM values forB(h0 → bb̄). The limits are most stringent in the highH0 andH+

mass regions, where the ratio of the limits to the theoretical cross section is nearly unity.

(a) (b) (c)

Figure 6: The expected (a) and observed (b) 95% C.L. upper limits on thecross section forgg→ H0 →
WH± →WWh→WWbbas a function ofmH0 andmH± . The ratio (c) of the observed 95% C.L. upper limits
on the cross section to the theoretical cross section for a heavy Higgs boson produced via gluon-gluon fusion
at the SM rate [3].

5. Conclusions

Searches for charged Higgs bosons with the ATLAS detector [1-3] arepresented. Using a
dataset corresponding to an integrated luminosity of 4.7 fb−1 recorded by the ATLAS detector in
proton-proton collisions at a centre-of-mass energy of

√
s = 7 TeV, 95% confidence level (CL)

upper limits onB(t → bH+) varying between 5% and 1% forH+ masses between 90 GeV and
150 GeV, assumingB(H+ → cs̄) = 100% are obtained, as well as upper limits in the range 3.2% to
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4.4% on the branching fractionB(t → bH+) for charged Higgs boson masses in the range 90−140
GeV (assumingB(H+ → τν)=100%). Finally, using a dataset corresponding to 20.3 fb−1 recorded
by the ATLAS detector in proton-proton collisions at a centre-of-mass energy of

√
s = 8 TeV,

upper limits on the cross section to the theoretical cross section for a heavy Higgs boson produced
via gluon-gluon fusion at the SM rate are obtained, in a search for a multi-Higgs-boson cascade
topology. Those limits range from 0.065 to 43 pb as a function ofH0 andH± masses, withmh0

fixed at 125 GeV. No deviation from the SM predictions is observed.
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