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1. Introduction

With the Higgs boson of 125 GeV mass discovered [1, 2], the Standard Model (SM) of parti-
cle physics was complemented by the last missing piece. However, the SM can not explain many
phenomena, e.g. the Higgs boson mass hierarchy problem, neutrino masses, baryon genesis, dark
matter, etc. Therefore, many Beyond SM (BSM) theories have been proposed to solve these prob-
lems. Many of these theories predict a more complex Higgs sector featuring more, usually heavier,
Higgs bosons. For example, a generic BSM model in the Higgs sector, Two Higgs Doublet Model
(2HDM), introduces two Higgs doublets and predicts five Higgs bosons: two neutral CP-even & and
H, one neutral CP-odd A, and two charged H*. The ratio of the vacuum expectation values of the
two doublets is defined as tanf3. The Higgs sector of Minimum Supersymmetric Standard Model
(MSSM) can be considered as one type of 2HDM models. In 2015, ATLAS started to take data at
the center-of-mass energy of /s = 13 TeV which is about two times higher than the energy of the
previous data-taking. The increased collision energy enlarges the accessible phase space of high
mass resonances. In this report, the results of the searches for a heavy neutral Higgs boson by the
ATLAS experiment [3] are presented. The heavy neutral Higgs boson can couple to SM particles
in a similar way as the SM Higgs boson. Therefore, all the SM Higgs boson search channels, like
the decay into a pair of fermions, vector bosons or SM-like Higgs bosons, need to be exploited.
Section 3 presents the searches for a heavy Higgs boson decaying into fermions. Section 4 presents
the searches for a heavy Higgs boson decaying into vector bosons. Section 5 discusses the heavy
Higgs boson searches in the di-Higgs final state.

2. Status after LHC Run 1

References [4, 5] summarize the results of many BSM Higgs boson searches performed by the
ATLAS experiment after LHC Run 1. Exclusion limits of different searches have been interpreted
consistently in several models within the extended Higgs sector. As discussed in Refs. [4, 5],
Figure 1 depicts the constrained parameter space of hMSSM which is one type of MSSM model
with my, set as 125 GeV. The different colors represent the 95% confidence level exclusion limits
of different BSM Higgs boson searches. One can clearly observe that those different analyses con-
strain different parts of the parameter space. This originates from the differing coupling structure
of the heavy Higgs boson to the up-/down-type fermions, vector bosons, and Higgs bosons in those
different models. This example underlines the importance of a wide search program for new heavy
Higgs boson as pursued within the ATLAS collaboration.

3. Decays into fermions

One of the standard search channels in the MSSM is the decay H — 77, as very often down-
type fermion couplings are enhanced and the di-tau final state provides a rather clean search topol-
ogy. ATLAS has performed an analysis based on an integrated luminosity of about 13.3 fb~!at
a center of mass energy of /s = 13 TeV in Ref. [6]. The analysis is divided into two channels
according to the decay modes of the tau-lepton: one leptonic tau decay plus one hadronic tau decay
(Tiep Thad) O two hadronic tau decays (Thad Thad). TO enhance the sensitivity to the b quark associated
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Figure 1: Run 1 summary: Regions of the [ma,tanf3] plane excluded in the hMSSM via direct
searches for heavy Higgs bosons and fits to the measured rates of observed Higgs boson production
and decay modes. Plot from Refs. [4, 5].

production mode, both channels further categorize events based on whether they have b-tagged jets
or not. Figure 2a shows the distribution of the final discriminant variable, the total transverse mass
defined in Ref. [6], in the TjepThag channel. In the explored high mass region, no excess in the data
compared to the expected background is found. Figure 2b shows the exclusion limit in the hMSSM
model parameter space.
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Figure 2: Search for a heavy Higgs decaying into 77. Plots from Ref. [6].

Another important channel in the sector of searches for heavy Higgs bosons decaying fermion-
ically is the decay into a pair of up-type fermions, e.g. top quarks. As a complement to the 7T
channel, the #7 channel is sensitive to the high mass and the low tanf3 region. With the same event
selection applied as that in Ref. [7], ATLAS 8 TeV Run 1 data are re-analyzed with the 2HDM
interpretation [8]. A large effort has been spent to properly take into account the interference be-
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tween the signal and the SM 7 process. The results exclude tanf3 < 0.85 for my = 500 GeV and
tanf8 < 0.45 for myg = 500 GeV, while no value of tanf} can be excluded for the second considered
masses point above 750 GeV.

4. Decays into vector bosons

Heavy Higgs bosons decaying into vector bosons, i.e. ZZ/WW, are predicted by various BSM
scenarios. In light of an 2.5 ¢ excess found around 2 TeV in the hadronic final state by the ATLAS
experiment in the LHC Run 1 [9], a search for a heavy Higgs boson decaying into ZZ/WW has
been performed in the final state with hadronic jets based on the data collected by ATLAS in 2015.
No excess in the data compared to the expected background was found, and exclusion limits were
reported [10]. This report will focus on the updated results based on data collected by ATLAS
before August 2016.

Searches for a heavy Higgs boson decaying into 4/, via two Z bosons [11] are performed
based on the 13 TeV data with an integrated luminosity of 14.8 fb~!. Figure 3a shows the 4-
lepton invariant mass distribution and no sign for a heavy resonance is found. Figure 3b shows the
exclusion limit for an assumed signal with a narrow width for the gluon fusion (ggF) production
mode. The results for other signal assumptions as well as an interpretation with an Effective Field
Theory approach are reported in Ref. [11].
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Figure 3: Search for a heavy Higgs decaying into ZZ — 4l. Plots from Ref. [11].

Compared to the 4/ channel, H — ZZ events with a Z — jj decay have larger branching
fractions, but suffer from poor energy resolution and large background from multi-jet processes. At
the high explored mass region, the hadronic channel become important, as less QCD jets events can
contaminate the signal region with energetic jets from W /Z boson decays. Heavy Higgs decaying
into /lgq and vvgqq searches are performed by the ATLAS experiment, as reported in Ref. [12].
Both llgg and vvgq channels are divided into two categories: resolved category where Z — gq
is reconstructed from two jets with R = 0.4 and merged category where Z — qq is reconstructed
from one large-R jet with R = 1.0. Jet substructure techniques described in Refs. [13, 14] have
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been applied to the merged category. Figure 4a shows the /lgq invariant mass distribution and no
sign for a heavy resonance is found. Figure 4b shows the exclusion limit for the //gg channel in
the ggF production mode. The results of the vvgqg channel and the exclusion limit on other signal
hypotheses can be found in Ref. [12].
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Figure 4: Search for a heavy Higgs decaying into ZZ — [lqq. Plots from Ref [12].

A heavy Higgs boson decaying into WW has been searched in [vgq' [15] and [vIv [16] chan-
nels by ATLAS. WW — [vqq is divided into resolved and merged categories, like ZZ — 11/ vvqgq.
For the /v/v channel, in order to reduce the Drell-Yan background, only the mixed flavour channel
evuv is used. Figure 5a shows the [vgq' invariant mass for the merged category. Figure 5b shows
the transverse mass of the di-lepton and E?iss system.. No sign for a heavy resonance is found and
exclusion limits are shown in Figure 6.

Based on data collected in 2015, ATLAS [17] and CMS [18] experiments reported a slight
excess in the di-photon invariant mass spectrum. With the 15.4 fb~'newly collected data, ATLAS
updated this analysis [19], as shown in Figure 7a. The excess is not confirmed and the exclusion
limit is reported in Figure 7b.

5. Decays into Higgs boson pairs

After the discovery of the SM-like Higgs boson, with increased collision energy and integrated
luminosity, searches for a heavy resonance decaying into two SM-like Higgs bosons become more
relevant. ATLAS has published di-Higgs boson searches in several search channels, i.e. HH —
bbyy, bbtt, yyYWW™* and bbbb in Ref. [20]. As shown in Figure 8, bbyy is the most sensitive
channel in the low mass regime while bbbb is the most sensitive channel in the high mass regime.

In this report, we focus on the bbbb channel which has been updated recently based on the
collected 13.3 fb~'of data at the 13 TeV collision energy, as reported in Ref. [21]. Like hadronic
heavy Higgs to ZZ /WW search channels, the bbbb analysis is also divided into resolved and merged
categories. Figure 9a shows the 45 invariant mass distribution in the merged category. No sign for
a heavy resonance is found in any category and the exclusion limit is shown in Figure 9b.
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Figure 5: Final discriminant variables in searches for a heavy Higgs boson decaying into /vgq' and
lvlv. Plot 5a from Ref. [15] and plot 5b from Ref. [16].
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Figure 6: Exclusion limit in searches for a heavy Higgs decaying into WW. Plot 6a from Ref. [15]
and plot 6b from Ref. [16].
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Figure 7: Search for a heavy Higgs boson decaying into di-photon. Plots from Ref. [19].
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Figure 8: Model independent limits of o(gg — H) X BR(H — hh) at \/s = 8 TeV as a function
of the heavy Higgs boson mass my, combining resonant searches in hh — yybb,bbbb,bbtT and

YYWW?* final states. Plot from Ref. [20].

6. Summary

A number of searches for neutral BSM Higgs boson have been conducted by ATLAS with
the newly collected LHC 13 TeV data in various event topologies. No significant hint of BSM
physics has been found so far. However, tighter constraints have been put on BSM models, e.g.
2HDM, MSSM, which will help to find the next path for the new physics search. With more than
30.0 fb~'data by the end of 2016, more exciting results are expected.
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