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Three different searches for charged Higgs bosons with TieAS detector are presented. The
first one is a search for a charged Higgs bosott olecays, where one of the top quarks decays
viat — H*b, followed byH ™ — cs[1]. 95% confidence level (CL) upper limits d&{t — bH™)
varying between 5% and 1% fét™ masses between 90 GeV and 150 GeV, assumiht” —

cS) = 100% are obtained. The second one is a search for charged Hagpns through the
violation of lepton universality int events, where signatures containing leptagj and/or a
hadronically decaying (1hag were used [2]. No significant deviation from the Standardiislo
predictions is observed. With the assumption that the ragdractionB(H™ — tv) is 100%,
upper limits in the range 3.2% to 4.4% on the branching foadfi(t — bH™) for charged Higgs
boson masses in the range-9240 GeV are obtained. Finally, a search for new particles in
an extension to the Standard Model that includes a heavysHiggon K°), an intermediate
charged Higgs-boson pairi(), and a light Higgs bosornf) [3], is presented. The data is found
to be consistent with Standard Model predictions, and 9586idence-level upper limits on the
product of cross section and branching ratio are obtaindé. limits range from 0.065 to 43 pb
as a function oH® andH* masses, withn,o fixed at 125 GeV.
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1. Introduction

Recently, a Higgs boson has been discovered by the ATLAS [4] and [BIMSollaborations
with a mass of approximately 125 GeV. This particle seems to have the chastactef the stan-
dard model (SM) Higgs boson so far. Beyond the SM, many models havepseposed, extending
the Higgs sector to explain electroweak symmetry breaking. The newly @issbboson is com-
patible with many of these models so that discovering its true nature is cruciabtrsianding
EWSB. Two Higgs-doublet models (2HDM) [6] are simple extensions of ten&h five observ-
able Higgs bosons, of which two are chargeid (andH ), and three are neutrat, H® andAP).

The discovery of a charged Higgs boson would be a signal for newiggypeyond the SM. In
several models, e.g. a type-ll 2HDM describing the Higgs sector of thairSupersymmetric
extension of the Standard Model (MSSM) [7], the main production modehfarged Higgs bosons
with a masany+ smaller than the top quark mass) is through top quark decays— bH™. The
dominant source of top quarks at the Large Hadron Collider (LHC) isutiirtt production.

At tree level, the MSSM Higgs sector is determined by two independent psene/hich can

be taken to be the mass,+ and tarB . In the MSSM, a lightH™ (defined asny+ < m) decays
predominantly tacs, tv, andbbW+, with the respective branching ratios depending ortand
my-+. For tanB < 1, cSis an important decay mode wiB{H ™ — cs) near 70% [8] form+ = 110
GeV, whereas for tgh > 3, H" — tv dominates (90%). For highéd®™ masses at low tg8),

the decay modéel ™ — Wb can be dominant. Three different searches for charged Higgs $oson
with the ATLAS detector [9] exploring these scenarios are presentedirshéwo (theH™ — cs
search [1] and thél* — tv-ratio method search [2]), were done using a dataset corresponding
to an integrated luminosity of 4.7 B recorded by the ATLAS detector in proton-proton colli-
sions at a centre-of-mass energy&= 7 TeV. The multi-higgs-boson cascade search [3] uses the
dataset corresponding to 20.3 fbrecorded by the ATLAS detector in proton-proton collisions at
a centre-of-mass energy ofs= 8 TeV.

2. HT — cSsearch

A set of requirements is imposed to select events contathitgcays in the lepton-+jets chan-
nel. First, events are required to contain a primary vertex with at least$as@ceted tracks to
suppress non-collision backgrounds. Exactly one electron with a laagsvierse energ¥f > 25
GeV) andn| < 2.5, excluding the barrelendcap transition region37 < |n| < 1.52, or one muon
with large transverse momentumpy(> 20 GeV) andn| < 2.5 is required. The selected lepton must
match a lepton trigger object that caused the event to be recorded. ekgatgnV /Z+jet events
tend to originate from soft gluon emissions. These backgrounds asfdahereduced by requiring
at least four jets withpr > 25 GeV andn| < 2.5. At least two jets must be identified as originating
from ab-decay. To suppress backgrounds from QCD multi-jet events, the misaimgyerse mo-
mentum is required to bEMSS > 20(30) GeV in the muon (electron) channel. Further reduction of
the multi-jet background is achieved by requiring the transverse ma3of the lepton andE%niSS
to satisfymr > 30 GeV in the electron channel a(ﬁ?“SSJr mr) > 60 GeV in the muon channel.
In the selected events, the two jets originating from the decay dfithenust be identified in or-
der to reconstruct the mass. A kinematic fitter [10] is used to identify anchsteat the mass
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of dijets fromW /H* candidates, by fully reconstructing titesystem. In the kinematic fitter, the
Iepton,E{‘“iSS (assumed to be from the neutrino), and four jets are assigned to the pt@ajes
from thett system. The longitudinal component of the neutrino momentum is calculatedtieom
constraint that the invariant mass of the leptdnidoson decay products must be the experimen-
tal value. The fitter also constrains the invariant mass of the two systadmgh(jj) to be within

't = 1.5 GeV of the top-quark mass 172.5 GeV. When assigning jets in the bttéagged jets

are assumed to originate from the quarks. The begibjj combination is found by minimising a

x? for each assignment of jets to quarks and for the choice of solution féoigéudinal neutrino
momentum, where the five highest-jets are considered as possible top-quark decay products.
The combination with the smallegt value,x2;,, is selected as the best assignment.
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Figure1: (a) Comparison of the distribution g from the kinematic fitter for data and the expectation from
the background estimates for the combined electron and whenmels. (b) The dijet mass distribution from
data and the expectation from the SBI- 0). (c) The extracted 95% C.L. upper limits Bt — H™b) are
shown in the range of the charged Higgs mass from 90 to 150 G&¥limits shown are calculated using
the CLs limit-setting procedure [1].

The x?,, distribution for selected events in the data agrees well with the expectation fro
the simulation as shown in Figuff 1(a). Events are required to k&ye< 10 to remove poorly
reconstructedit events. This selection has an efficiency of 63% for $Mvents. The fit results in
a 12 GeV dijet mass resolution. This is a 20 to 30% improvement, depending amat®of the
boson studied, compared to the resolution obtained when the same jetschvéthgeeir original
transverse momentum measurements. After the fit, there is better discriminati@ebehe mass
peaks of th&V boson from SM decays of and a 110 Ge\H ™ boson in this example.

The background estimates and the estimate of the signal efficiency aretsigbge num-
ber of systematic uncertainties. The QCD multi-jet background is estimated aislata-driven
method [11] that employs a likelihood fit to t}EéF“SSdistribution in the data, using a template for
the multi-jet background and templates from MC simulations for all other psesed he dijet mass
distribution of multi-jet events (Figurg 1(b)) is obtained from a control negiothe data, where
leptons are required to be semi-isolated [1]. The rai®& efets events is estimated by a data-driven
method [12] that uses the observed difference in the numb®/foindW ™ bosons in the data
and the charge asymmetftW ™ —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 ratetestinthe effects of
the systematic uncertainties are comparable, within 10%, between the SM aattisgamples.
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The combined uncertainty on the single top-quark and diboson baclkigasit5%, which comes
mostly from the uncertainties on the cross-section, jet energy scald-taggding. The total un-
certainty on the overall normalisation of the niarbackgrounds is 30%.

The limits on the branching ratio are extracted using the confidence leveideeh(CL) at 95%
[13]. The consistency of the data with the background model can bemiatat by comparing
the value of the test statistic in the data with the expectation from backgraupdvmnte Carlo
simulated experiments. The corresponding probabifitydlue) for the background to produce the
observed mass distribution varies from 67% to 71% as a functionyef indicating that there is
no significant deviation from the background hypothesis. The obddimés, including both sta-
tistical and systematic uncertainties, vary between 1% and 5% (Hipure I{®)extracted limits
are stringent on the branching raBo(t — H*b), assumindr(H" — cs) = 100%.

3. H* — tv (ratio method) search

This search used an alternative techniqueHor searches in the mass range-4®0 GeV.
Instead of using the shape of discriminating variables in order to searadoal excess of events
above the predicted SM background, this analysis is based on the mmeastigf a ratio of event
yields between twit final states, which in turn allows for the cancellation of most of the systematic
uncertainties. In top quark decayd, bosons decay equally to leptons of the three generations,
while H* may decay predominantly intov. Hence, an excess of events with at least one
hadronically decaying lepton (fhag) in the final state, as compared to the ratetfoevents with
only electrons and/or muons, is a signature for charged Higgs bosonsea&urement of event
yield ratiosR, for tt — bb -+ Thad+ NV andtt — bbll’ + Nv, whereNv stands for any number of
neutrinos and whereand|’ are electrons and muons, witk: |, was presented:

R B(tt — bb+ I Thag+ NV)
~ B(tt — bbll'+Nv)

(3.1)

This analysis used events passing a single-lepton trigger withrahreshold of 20 GeV or 22
GeV for electrons and gr threshold of 18 GeV for muons. In order to select a sample enriched in
tt events, the following selection was used: one charged ldpéop) havingEr > 25 GeV §) or

pr > 25 GeV (u) and matched to the corresponding trigger object; at least two jets hpying20
GeV and|n| < 2.4, including exactly twd—tags; either exactly onejet with p; > 25 GeV and
|n| < 2.3 with no additional charged lepton, or exactly one additional chargednéptith Et or

pr above 25 GeV and a different flavour than the triggeatched IeptonE?"SS> 40 GeV. The
selected events are then classified into two categories according to the-$apgéa trigger that
they fire: an electron trigger (EL) or a muon trigger (MU). Each categomntainst,aq¢+lepton
and dilepton ') events. The lepton appearing first in the final state is, by conventionhethto
the corresponding trigger object. The EL category therefore consists$ o,,g ande+ u events,
while the MU category containg + Thag @and ¢ + e events. A significant background consists
of events with reconstructed electrons and muons arising from the semilegemay of hadrons
with b— or c—quarks, from the decayin—flight of T or K mesons and, in the case of electrons,
from 1° mesons, photon conversions or shower fluctuations. These anedeferas misidentified
leptons. Two data samples are defined, which differ only in the lepton idexitificcriteria. The
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tight sample corresponds to the selection used in the analysis and contattysavessts with real
leptons. The loose sample is obtained by loosening the isolation and identificagi@inements,
and it contains mostly events with misidentified leptons. The efficiencies fal arenisidentified
lepton, respectively, to be detected as a tight lepton, are determined &t@amAbout 51% of the
simulatedt events in thanhag+lepton final state containmajet matched to a hadronically decaying
T lepton at the generator level. In the other eventsrtjet is misidentified. Datadriven methods
are used in order to determine the probability of misidentification from electmodidadronic jets.
The majority of misidentified jets in the final event selection originate from jets, for which the
misidentification probability depends on the initial parton (light quark, hedayour quark or
gluon). All jet types occur irt events, and it is not possible to accurately predict the fraction of
each of them, potentially leading to a large systematic uncertainty on thejgtmisidentification
probability. However, the influence of all jet types other than hginark jets can effectively
be eliminated by categorising all events in terms of the charge of the leptorvediatinet jet
as opposite sign (OS) or samesign (SS) events. All processes with gluon dnedquark jets
produce positively and negatively charged misidentifieabjects at the same rate. On the other
hand, the light-quark jet component in SS events represents both charge misrectostama
qguarks which fragment such that the leading charged particle doesametthe same charge as
the initial quark. Giving a negative weight to the SS events thereforeetgnen average, the
gluon and heawyflavour—quark jet contributions from the OS events, leaving only hgipark
jets misidentified as jets. The rate at which lightquark jets are misidentified ascandidates is
derived using a region enriched wiiti* — 2 jets events in the data. ThNét — 2 jets events are
classified as OS and SS events using the charges of the lepton andahéidate. Figurdg 2 (a,b)
show themy distribution for OS, SS and OSSS events fulfilling th&V"™ — 2 jets selection. This
demonstrates the cancellation of heafavour—quark and gluon contributions. The number of
tracks associated to jets misidentifiedrasandidates is found to be poorly modelled in simulation.
In order to correct the candidate selection efficiencies in simulatiantrack multiplicity scale
factors are derived using @SS events fulfilling th&V™ — 2 jets selection, and are then applied
to all jets misidentified ag candidates in the simulation. The probability for a lighjuark jet to
be misidentified as a jet is measured in the data. OS events are given a weijignd SS events
are given a weight-1, in both the numerator and denominator of the-jet,,q misidentification
probability. After OS-SS subtraction, the selected events mostly contaandidates coming from
light— quark jets and, to a much lesser extent, electrons, muons, and trueiballiiyaecayingr
leptons.

For each of the four final states considered, the-SS event yield\N can be split into two
contributions: frontt events and from all other SM processes extept bbWHW~. The event
yield ratios are defined as:

N(e+ Thad) ~ N(H + Thad)

Re= N(e+ ) ™ N(u+e)

(3.2)
Systematic uncertainties arise from the simulation of the electron and muon triffgerghe re-
construction and identification efficiencies of the physics objects, as sviebiia the energy/momentum
scale and resolution for these objects. The total systematic uncertaintyisdak6% for both ra-
tiosRe andR;, where the largest uncertainties come fromtheD efficiency, thett generator and
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Figure 2: (a,b) Distributions of the transverse mawssfor events fulfilling thew™ — 2 jets selection. The
SS events are subtracted from the OS events. (c) Upper limiggt — bH™) derived from the event yield
ratioR e, ), as a function of the charged Higgs boson mass, obtainedhvéthssumptioB(H™ — 1v) = 1.
The solid line in the figure is used to denote the observed 9%%ugper limits, while the dashed line
represents the expected exclusion limits. The green atalwyetgions show thed and 2 error bands [2].

parton shower variations, and backgrounds with misidentified leptons. sTdhiee compatibility

of the data with the backgrouranly or the signal+background hypotheses, a profile likelihood
ratio [13] is used withR. and R, as the discriminating variables. The systematic uncertainties
are incorporated via nuisance parameters, and the sided profile likelihood ratio is used as a
test statistic. No significant deviation from the SM prediction is observed idlate Exclusion
limits are set on the branching fracti@&tt — bH™) by rejecting the signal hypothesis at the 95%
CL [14]. They are first set for electrertriggered and muontriggered events separately, and then
using a global event yield ratie, ,. Using this global event yield ratio, upper limits in the range
3.2%4.4% are obtained oB(t — bH™) for charged Higgs boson masses in the range 2@0
GeV, as shown in Figurlg 2 (c).

4. Multi-Higgs-boson cascade search

This search looks for particles in an extension to the SM that includes hédigigs bosons
in addition to a light neutral Higgs bosoh?, with massmy, = 125 GeV. Rather than assum-
ing a particular theoretical model, this analysis follows a simplified model approwa searching
for a specific multi-Higgs—boson cascade topology. New patrticles are searched for in the final
stateW=WThbb, via the procesgg — H° followed by the cascadé]® — WFH* — WFW=ho —
WEWbb. This final state also appears in teguark pair production. In this search, one of e
bosons is assumed to decay to hadrons leading to jets and the other oygetdexraelectron plus
a neutrino €+jets) or a muon plus a neutrinpi{-jets). Boosted decision trees (BDTs) are used
to distinguish the Higgsboson cascade events from the predominanthackground. Events are
selected using singldepton triggers withpr thresholds of 24 or 36 GeV for muons and 24 or 60
GeV for electrons (the lower momentum triggers also apply isolation requitsinevents are
required to have exactly one reconstructed isolated electron or muon ngatiohicorresponding
trigger object and a primary vertex reconstructed from at least fivékdyaeach withpr > 400
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MeV. At least four jets withpt > 25 GeV andn| < 2.5 are required, of which at least two must be
identified as b jets. Additionally, in thetjets channeElsS > 30 GeV andn¥’ >30 GeV, while

in the p+jets channeEMss > 20 GeV andny 4 Ess >60 GeV. The Higgs boson cascade event
reconstruction begins with identification of the leptonically decayhgoson. It is assumed that
the missing transverse momentum is due to the resulting neutrino. The neuturaopapidity is
set to the value which results in an invariant mass of the lepton and neutrsestto the nominal
W-—boson mass. Next, the twi-tagged jets are used to reconstruct the lightest Hidpgson
candidateh®. The hadronically decayirigy boson is identified from the remaining jets as the pair
with reconstructed dijet mass closest to the nomiialboson mass. The charged Higdsoson
candidateH* is constructed from the light® and thew—boson candidate which gives the larger
value ofmy: . The heavy neutral Higgsboson candidatel® is then formed abbW W, Figure[B
illustrates the reconstructed mass distributions forftheH*, andH? in simulation for selected
mass values.
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Figure 3: Distributions of reconstructed masses in simulation ferttiree Higgs bosons in the cascade; the
lightest Higgs bosorh? (left, asmy;), the charged Higgs bosoH;* (middle, asm,,,), and the heavy Higgs
bosonHO (right, asmypww) shown for three example mass hypotheses [3].

A multivariate analysis is performed to distinguish the Higgsson cascade froth events.
Several reconstructed kinematic quantities, including the invariant magsks bliggs-boson
candidates as described above, are used as inputs to a BDT classifieted in the TMVA [15]
package. TMVA provides a ranking for the input variables, which isvddrby counting how often
an input variable is used to split decision tree nodes, and by weightingspéitloccurrence by
the square of the gain in signaio—background separation it has achieved and by the number of
events in that node. Seven kinematic variables are chosen to achievstte&fmxted result across
the entire signal mass gridn.,;, Mysw, Mobww: AR(bb) and the hadronic and leptonic masses
of the top-quarks, and their difference. Since the kinematics of the Hidpgson cascade vary
greatly with the masses of the heavy and intermediate Higgs bosons, ardit8d®d is trained
for each signal mass hypothesis. For each mass point, a final threskblusisn for its respective
BDT output which gives the best expected sensitivity, measured usirgathe confidencelevel
calculations as applied to the data. A counting experiment is then perforrimgdavents that pass
those BDT output thresholds. In this way, the BDT thresholds divide tti8# nonorthogonal
signal regions, one for each signal mass point. The modelling of the Skjlmacds is validated
in three backgrounddominated control regions. The control regions retain the requirements of
one lepton and at least four jets, and each region has additional regmit® In control regions
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with fewer than twob—tagged jets, the two jets with the highdsttagging scores are used to
reconstruct the lightest Higgs bosdf, The following control regions are used:

e Control Region 1 (CR1): at least four jets, exactly one lepton arm+tagged jets. Validates
primarily theW+-jets modelling.

e Control Region 2 (CR2): at least four jets, exactly one lepton and exactip—tagged jet.
This region validates primarily the modelling of tttebackground.

e Control Region 3 (CR3): at least four jets, exactly one lepton, at leasbtvwagged jets,
andmy; > 150 GeV. This region focuses primarily on validation of the modelling oftthe
background with kinematics similar to the hypothetical signal, but is backdreariched
due to themy; > requirement.

Figure[4 illustrates the modelling of the Higgboson mass reconstruction in CR1, CR2 and
CR3. The data and simulation agree within total uncertainties over the entise gpace. In
addition, the BDT output in each of the three control regions is comparea tprédicted output
and found to agree within statistical and systematic uncertainties. The etisgelds are found to
be consistent with SM background expectations, within uncertainties. DiedBitputs for three
example signal mass points are illustrated in Figlire 5.
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Figure 4: Distributions ofm,g with uncertainties in the control regions (a) CR1, (b) CR# &) CR3. The
data (black points) are compared to the background modselkstl histogram) [3].

The 95% CL production crosssection upper limits for the various signal hypotheses are ob-
tained, with the profile likelihood ratio of the number of events that pass thetBEEhold as the
test statistic [13]. Systematic uncertainties are treated as nuisance pasaametd¢ne calculation
uses the asymptotic approximation [13]. Since the signal regions aréated;ebackgroundonly
pseudoexperiments are used to estimate the expected distributioni#hees in all the signal
regions, accounting for the correlations. The observed distributipivalues is found to be consis-
tent with the expectation from pseudoexperiments. The expected and@bfimits as a function
of theH? andH* masses are illustrated in Figdte 6. The limits are the weakest in low Higagon
mass regions due to the poorer separation betttesrd signal events. The observed cressction
limits are compared to the predictions for a heavy Higgs boson with-l8éd gg—fusion produc-
tion (Figure[$). The theoretical production cross section of a heavy- 18 Higgs boson (only
gluon fusion is considered) is calculated in the compleale scheme using the dFG [16] program,
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Figure 5: Distributions of the BDT output in the signal regions fordarexample signal mass points, (a)
Myo, My = 1025225 GeV, (b)myo,my+ = 625325 GeV, and (c)nyo, My+ = 1025625 GeV. Signal
histograms have been scaled to a production cross sectibrpbf BDT thresholds are shown as dashed
lines for each mass point. The background model is showneasatloured stacked histogram [3].

to NNLO in QCD. NLO electroweak corrections are also applied, as well@d Qoft-gluon re-
summations up to nextto—next-to—leading log. Using this benchmark, the cresgction upper
limits observed are greater than the theoretical cross sections of the Hems/bosonH?, for
all mass points tested. Therefore, the current limits are not stringengkrtouexclude mod-
els with SM-like production rates even with 100% branching ratios for déth— H*W~ and

H* — h®W* and SM values foB(h® — bb). The limits are most stringent in the higt andH*
mass regions, where the ratio of the limits to the theoretical cross section lig ueiay.
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Figure 6: The expected (a) and observed (b) 95% C.L. upper limits orcitbss section fogg — H? —
W H* — WW h— WW bbas a function ofno andmy+. The ratio (c) of the observed 95% C.L. upper limits
on the cross section to the theoretical cross section foaaytdiggs boson produced via gluon-gluon fusion

at the SM rate [3].

5. Conclusions

Searches for charged Higgs bosons with the ATLAS detector [1-3p@gented. Using a
dataset corresponding to an integrated luminosity of 4. fiecorded by the ATLAS detector in
proton-proton collisions at a centre-of-mass energy/ef= 7 TeV, 95% confidence level (CL)
upper limits onB(t — bH™) varying between 5% and 1% fét™ masses between 90 GeV and
150 GeV, assuminB(H™ — cs) = 100% are obtained, as well as upper limits in the range 3.2% to
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4.4% on the branching fractid®(t — bH™) for charged Higgs boson masses in the range 200
GeV (assumin@®@(H* — 1v)=100%). Finally, using a dataset corresponding to 203 fecorded
by the ATLAS detector in proton-proton collisions at a centre-of-massggnef /s = 8 TeV,
upper limits on the cross section to the theoretical cross section for a hégyy lbbson produced
via gluon-gluon fusion at the SM rate are obtained, in a search for a multjsHhigson cascade
topology. Those limits range from 0.065 to 43 pb as a functiorldandH* masses, withm
fixed at 125 GeV. No deviation from the SM predictions is observed.
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