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Many theories beyond the Standard Model, for example the Two Higgs Doublet Model (2HDM),
most variants of Supersymmetry (SUSY) and the left-right symmetric model (LRSM), predict the
existence of high mass charged Higgs bosons. This document presents three recent searches for
charged Higgs bosons by the ATLAS experiment using /s = 13 TeV of pp collisions from the
LHC. The analyses presented are a search for Drell-Yan pair production of doubly charged Higgs
bosons decaying into same-sign charged electrons or muons using 36.1 fb~! of LHC data, and
searches for singly charged Higgs bosons produced in association with a top quark and decaying
either into a tau lepton and a neutrino or into a top and a bottom quark, using 13 — 15 fb~! of
LHC data. No evidence for the existence of charged Higgs bosons were found in these studies and
upper cross section limits for the production of these particles, as well as mass limits in certain

benchmark scenarios are presented.
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1. Introduction

Almost all extensions to the Standard Model (SM) contain an extended Higgs sector, e.g. Su-
persymmetry (SUSY). The simplest extension which contains a charged Higgs boson is the Two
Higgs Doublet Model (2HDM) [1], which contains a total of 5 Higgs bosons: the CP-even neutral
ones h, H, the CP-odd neutral A, and the charged bosons H", H . The free parameters of the model
are tan 3 (ratio between the vacuum expectation values of the doublets), a (the mixing between A
and H) and by convention the mass of the charged Higgs boson, my-+.

There are also more elaborate extensions to the SM. By adding a Higgs triplet to SM, a total
of 10 Higgs bosons emerge, four of them charged, H™, H~, H" ", H~~. Such an extension could
remedy the left-right asymmetry of the weak interactions in the SM [2, 3].

This contribution to the proceedings covers recent searches by the ATLAS experiment [4]
for two different models: pair-production of doubly-charged Higgs bosons decaying into charged
leptons [5], HYTH™~ — £T¢* ¢~ ¢~ (Sec. 2) and the production of singly charged Higgs bosons in
association with top quarks [6, 7], decaying into either TV or tb (Sec. 3). Figure 1 shows Feynman
diagrams of these processes.
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Figure 1: Feynman diagrams of the charged Higgs productions and decays considered. (Left) The pair
production ¢gg — H**HTT process and its subsequent decay into leptons (¢ = e or ). (Right) The associated
production of #, b and H*, gg — tbH™" and the decay of the charged Higgs boson into fermions, indicating
the alternative four-flavour scheme (4FS) production when the b-quark comes from gluon splitting.

2. HTTH™ = (06~

The ATLAS collaboration has searched for the Drell-Yan production of a H™tH ™~ pair, us-
ing 36.1 fb~! of LHC data collected at /s = 13 TeV [5]. The analysis considered a left-right
symmetric model (LRSM) [2, 3]. The doubly charged Higgs bosons of this model are HLii and
H ,:gti depending on whether they couple to left- or right-handed leptons. Since electric charge must
be conserved in the decay, the only allowed decay channels with SM particles are H** — (*¢* or
H** — W*W=*. The branching ratio (Br) of the decay depends on the Higgs boson mass ny:-
and v, (vacuum expectation value of the neutral Higgs triplet). For low my++ and low v, the decay
H** — ¢*¢* dominates. In this analysis, the masses studied were 250 < my++ < 1300 GeV, and
va = 0. Only decays into light charged same-sign leptons, H*TH ™~ — (T{T¢~{~,{ = e or U, were
considered. There is no enhanced decay into 7 leptons, since the doubly charged Higgs bosons do
not couple to the lepton mass, unlike the SM Higgs boson [5].
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The signal samples used for the analysis were Drell-Yan production of H™*H~~, simulated
with PYTHIAS8.186 [8]. The backgrounds contained either prompt leptons from Z+V or tf +V
(where V = Z,W); prompt leptons with a misidentified lepton charge such as Z, tf, WW,...; or
“fakes”, which contain non-prompt or mis-reconstructed leptons (e.g. multijets), estimated with
the help of the data-driven “fake factor” method [9].

The selection was 2, 3 or 4 charged leptons (e or 1), and a b-jet veto. Several analysis regions
were defined: signal regions where most of the signal was expected, with at least one same-sign
pair (eTe™, e u*, or uTu®), with a total of 2, 3 or 4 charged leptons; control and validation
regions to constrain the free fit parameters and compare the background model with data. Figure 2
(left) shows the background estimations and the data in one representative signal region with two
electrons, for the invariant mass of the same-sign electron pair, m2,++.

Many sources of systematic uncertainties were considered. The dominant one was the uncer-
tainty related to the fake factor method. In the 4/ channel, the statistical uncertainty was dominant,
since only one single data event was found.

A maximum-likelihood fit to a mass discriminant was performed. The discriminant was the
invariant mass of the same-sign lepton pair, m(¢=¢*) for the signal regions with two or three lep-
tons, or the average invariant mass of the same-sign lepton pairs, M = 0.5 x (m** +m~ "), for the
four-lepton signal region.

No significant excess of data above the expected SM background was observed, and 95%
CL upper cross section limits with the CLs method [10] were set assuming various Br into e*e™,
etu*, pTu* or X, where X is anything not accessible by the analysis, and couplings to left- or
right-handed leptons, HLijt or HRii. Figure 2 (right) illustrates the mass range excluded by the
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Figure 2: (Left) Distribution of m+,+ in a representative signal region with one same-sign electron-
electron pair, SR 1P2L (e*e®). Solid blue, red or green lines correspond to the H*TH ™~ signal at var-
ious masses with the indicated Br, normalised to the theoretical cross-section. The uncertainty bands in-
clude all systematic uncertainties. (Right) Limits for the Drell-Yan production of doubly charged Higgs
bosons and their decay into same-sign charged lepton pairs. The figure shows lower mass limits de-
pending on Br into leptons as a function of H** mass. The lowest mass limit for all combinations of
Br(¢*4*) = Br(e*e®) + Br(e*u*) +Br(u*u®) for each fixed Br(¢*¢*) value is given. X is any final state
not accessible by the analysis. Figures are taken from Ref. [5].

analysis. For the assumption Br(e*e®) + Br(e*u*) + Br(u*u*) = 100%, the lower mass limit
was found to be m,j_E,;—L > 770 — 870 GeV, where the range depends on the Br composition.
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3. H- > tvand H™ —tb

The ATLAS experiment has searched for singly charged Higgs bosons H using between 13
and 15 fb~! of LHC data collected at \/s = 13 TeV [6, 7].

The dominant production of singly charged Higgs bosons in most models happens in asso-
ciation with top quarks, as illustrated in Fig. 1 (right). In the following studies, the signal was
modelled with MADGRAPHS [11] using a 4FS approach [12]. The cross sections were combined
for both 5FS (when the b-quark can be a sea quark in the proton) and 4FS (gluon—gluon production
only) with Santander matching [13]. Only my+ values above the top quark mass were considered
in these studies. For the benchmark models considered, H* — th or H* — TV are the dominant
decay modes'. The H* — tv final state is important especially at high tan 8, while H* — tb is the
most accessible final state at low tan f3.

In the 7V final state analysis, the masses considered were 200 < my+ < 2000 GeV. The signal
selection required exactly one hadronically decaying T lepton, while vetoing e and (. The neutrino
gives rise to missing transverse momentum, E‘Tniss, which was also used for triggering the events. At
least three jets were required, of which at least one was b-tagged”. The SM backgrounds can either
contain prompt 7 leptons from processes such as 17, W /Z+jets, Z, WW, WZ, ZZ, or non-prompt T
leptons from mis-identified jets or mis-identified e or u.
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Figure 3: (Left) Expected SM background and data, in the discriminating variable mr. (Right) Model-
independent upper cross section limits as a function of the H™ mass. Figures are taken from Ref. [6].

Many sources of systematic uncertainties were considered, where the 7 modelling was dom-
inant at low my+, and the 7 leptons mis-identification estimation was dominant at high mgy+. A
profile likelihood fit to the discriminating variable mt = \/ 2pTE%niSS(1 —cosA¢, ETmiss) was done.
No deviation from the expected SM background was found, and upper 95% CL limits with the CLs
method were set on the cross section. Figure 3 shows the expected background composition and
the data for the mr variable, and the upper cross section limits of the analysis.

I'Since neither of the discussed analyses makes any distinction between the charges of the final state particles, a
short-hand notation is used: H* — tb is taken to mean both H* — tb and its conjugate H~ — 7b, while H* — 7V
means both HY - ttv;and H- — 177V,

2A jet which originates from the hadronisation of a b-quark can be identified as such by the procedure called b-
tagging [14], using multivariate techniques. The b-tagged jets used here are tagged at the 70% efficiency working point.
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For the H™ — tb decay, the {+jets final state was considered, when one of the top quarks in
tbH™ — tbtb decays semi-leptonically. In the analysis, exactly one e or i was selected in events
with least 4 jets of which at least 2 were b-tagged. The most challenging SM background was the
irreducible ¢ + bb. Several signal and control regions (SR, CR) were defined based on jet and b-jet
multiplicity, counting 4, 5 or 6 or more jets and 2, 3 and 4 or more b-tagged jets.

To suppress the #f background, Boosted Decision Trees (BDT) were trained for each mass
point and SR. The background in the training was tf+ > 1b for my+ < 500 GeV, and all #f back-
grounds for my+ > 500 GeV. The analysis was done through a simultaneous profile likelihood fit
in all SR and CR. The fitted variable was the BDT output in the SR, and H%ad (the scalar sum of
the pr of all jets) in the CR. Many systematic uncertainties were considered, where the main ones
originate from the modelling of ## produced in association with heavy flavour jets, b-tagging and
jet energy scale and resolution. No significant excess of data over the expected background was
found and upper 95% CL limits on the cross section as a function of my+ were set using the CLs
method. Figure 4 shows a comparison between the expected SM background and data, as well as
the upper cross section limits as a function of mass.
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Figure 4: (Left) The output for a BDT trained at the H™ mass of 800 GeV after a fit to data, comparing

the expected SM background and data. (Right) The upper cross section limits as a function of the H™ mass,

indicating theoretical cross sections for three tan 8 values in the m{ln"d_ scenario [15, 16, 17]. Figures are

taken from Ref. [7].

Additionally, interpretations in the AIMSSM [18, 19] and MSSM mﬁ“’d_ [15, 16, 17] models
were given. Many H™ mass points at high tan 8 were excluded, as indicated in Fig. 5.

4. Summary and conclusions

Charged Higgs bosons are needed in many BSM scenarios. The work presented in Ref. [5] and
referred in this contribution improves the previous ATLAS limits on the H™TH™~ — £1(T¢~ ¢~
production and decay based on /s = 8 TeV LHC data [9]. For the searches of singly charged
Higgs bosons [6, 7], the tb and TV final states are complementary, together excluding certain BSM
scenarios at very high and very low tan 8. While no signal has been found yet, there is plenty of
parameter space left to explore.
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Figure 5: Model exclusion limits for the n;"
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