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Abstract

A search is presented for new particles in an extension to the Standard Model that includes a heavy
Higgs boson (H'), an intermediate charged Higgs boson pair (H*), and a light Higgs boson (). The
analysis searches for events involving the production of a single heavy neutral Higgs boson which
decays to the charged Higgs boson and a W boson, where the charged Higgs boson subsequently
decays into a W boson and the lightest neutral Higgs boson decaying to a bottom—antibottom-quark
pair. Such a cascade results in a W-boson pair and a bottom—antibottom-quark pair in the final state.
Events with exactly one lepton, missing transverse momentum, and at least four jets are selected
from a data sample corresponding to an integrated luminosity of 20.3 fo~!, collected by the ATLAS
detector in proton—proton collisions at /s = 8 TeV at the LHC. The data are found to be consistent
with Standard Model predictions, and 95% confidence-level upper limits are set on the product of
cross section and branching ratio. These limits range from 0.065 pb to 43 pb as a function of H° and
H?* masses, with m fixed at 125 GeV.
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Search for a multi-Higgs-boson cascade in W+ W ~bb events
with the ATLAS detector in pp collisions at /s = 8 TeV

The ATLAS Collaboration

A search is presented for new particles in an extension to the Standard Model that includes a
heavy Higgs boson (H°), an intermediate charged Higgs boson pair (H¥), and a light Higgs boson
(ho). The analysis searches for events involving the production of a single heavy neutral Higgs
boson which decays to the charged Higgs boson and a W boson, where the charged Higgs boson
subsequently decays into a W boson and the lightest neutral Higgs boson decaying to a bottom—
antibottom-quark pair. Such a cascade results in a W-boson pair and a bottom—antibottom-quark
pair in the final state. Events with exactly one lepton, missing transverse momentum, and at least
four jets are selected from a data sample corresponding to an integrated luminosity of 20.3 fb~1,
collected by the ATLAS detector in proton—proton collisions at /s = 8 TeV at the LHC. The data
are found to be consistent with Standard Model predictions, and 95% confidence-level upper limits
are set on the product of cross section and branching ratio. These limits range from 0.065 pb to 43

pb as a function of H® and HT masses, with myo fixed at 125 GeV.

PACS numbers: 12.60.-i, 13.85.Rm, 14.80.-]

I. INTRODUCTION

Recently, a Higgs boson has been discovered by the
ATLAS [I] and CMS [2] collaborations with a mass of
approximately 125 GeV. This observation has been sup-
ported by complementary evidence from the CDF and D0
collaborations [3]. The study of such a boson, responsi-
ble for breaking electroweak symmetry in the Standard
Model (SM), is one of the major objectives of experimen-
tal high-energy physics. A vital question is whether this
state is in fact the Higgs boson of the SM, or part of an
extended Higgs sector (such as that of the minimal super-
symmetric Standard Model, MSSM [4] [5]), a composite
Higgs boson [0], or a completely different particle with
Higgs-like couplings (such as a radion in warped extra
dimensions [7, 8] or a dilaton [9]).

This Letter reports a search for particles in an exten-
sion to the SM that includes heavier Higgs bosons in
addition to a light neutral Higgs boson, h°, with mass
mpo = 125 GeV. Rather than assuming a particular the-
oretical model, this analysis follows a simplified model
approach by searching for a specific multi-Higgs-boson
cascade topology [10]. Many beyond-the-SM Higgs mod-
els introduce a second Higgs doublet. In addition to the
h®, such models contain a heavy charged Higgs boson
pair H* and a heavier neutral state H°. An additional
pseudoscalar particle, A, may also exist within the Two
Higgs-Doublet Model (2HDM) [11] framework, but this
analysis assumes it to be too heavy to participate in the
cascade decay considered here.

This letter reports the first search at the LHC for new
particles in the final state W*WTbb, via the process
gg — HO followed by the cascade, H* — WTH* —
WFWERY — WFW=Ebb, as illustrated in Fig. [1l Other
production modes, such as associated production or
vector-boson fusion lead to different final states and are
not considered here. The WEW¥bb final state also ap-
pears in top-quark pair production. In this search, one

of the W bosons is assumed to decay to hadrons lead-
ing to jets and the other one decays to an electron plus
a neutrino (e+jets) or a muon plus a neutrino (u-+jets).
The same final state has been used by CDF in a simi-
lar search for Higgs-boson cascades [12]. Other related
searches have been performed for charged Higgs bosons
in top-quark decays t — HTb [I3HIR]. Boosted decision
trees (BDTs) are used to distinguish the Higgs-boson cas-
cade events from the predominantly ¢f background.
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FIG. 1: Diagram showing the Higgs-boson cascade gg —
H° - WTH* - WFW*hr® — WFW=bb.

II. ATLAS DETECTOR AND DATA SAMPLE

The ATLAS experiment [I9] at the LHC is a multi-
purpose particle physics detector with approximately
forward-backward symmetric cylindrical geometry [20].
It consists of an inner tracking detector surrounded by
a thin superconducting solenoid, electromagnetic and
hadronic calorimeters, and a muon spectrometer incor-
porating three large superconducting toroid magnet as-
semblies.



The data used in this analysis were collected during
2012 from pp collisions at a centre-of-mass energy of 8
TeV using triggers designed to select high transverse mo-
mentum (pr [20]) electrons or muons. The data sample
corresponds to an integrated luminosity of 20.3 fb=1.

III. SIGNAL AND BACKGROUND
SIMULATION

The production of H® bosons via gluon fusion with
mgo = 325-1025 GeV and subsequent decays H® —
WTH* with my= = 225925 GeV and H* — W*hO
with mpuo = 125 GeV, is modelled using the MAD-
GRAPH [2I] Monte Carlo (MC) event generator with
an effective vertex to model the fermion loop and a
narrow natural width of 50 MeV. Additional radiation,
hadronization, and showering are described by PYTHIA
v6.4 [22]. Thirty-six different mass pairs are tested for
the Higgs-boson cascade signal within the above mg+
and mpgo mass ranges.

The dominant SM background to this signature is top-
quark pair production. This background is modelled
using simulated events from the MC@QNLO v4.01 [23]
event generator with the CT10 [24] parton distribution
functions (PDFs). The parton shower and the under-
lying event simulation are performed with HERWIG
v6.520 [25] and JIMMY v4.31 [26], respectively, using
the AUET?2 tune [27]. The ¢t cross section for pp col-
lisions at a centre-of-mass energy of /s = 8 TeV is as-
sumed to be o7 = 253ﬂ§ pb for a top-quark mass of
172.5 GeV. It has been calculated at next-to-next-to-
leading order (NNLO) in QCD including resummation
of next-to-next-to-leading-logarithmic soft gluon terms
with Top++2.0 [28H33]. The PDF and «y uncertain-
ties are calculated using the PDFALHC prescription [34]
with the 68% confidence level (C.L.) of the MSTW2008
NNLO [35, 36], CT10 NNLO [24] [37] and NNPDF2.3
5f FFN [38] PDF sets, added in quadrature to ob-
tain the normalization and factorization scale uncertain-
ties. Additional tf samples used to estimate various
systematic effects are generated with POWHEG [39-
41] interfaced to HERWIG/JIMMY, POWHEG inter-
faced to PYTHIA, and ACERMC v3.8 [42] interfaced to
PYTHIA. The tf modelling is also checked with samples
generated by ALPGEN [43] interfaced with HERWIG.

Other backgrounds are expected to originate from
vector-boson production with associated jets (W-
boson+jets and Z-boson/~v*+jets), as well as single top-
quark, diboson (WW, WZ, ZZ), and multi-jet produc-
tion. All background predictions, except that for multi-
jet production, are obtained from simulated events.

The W/Z-boson+jets contribution is simulated using
ALPGEN interfaced to HERWIG/JIMMY, and is nor-
malized to NNLO theoretical cross sections [44] 45]. The
contribution from single top-quark production is simu-
lated using MC@QNLO interfaced to HERWIG/JIMMY
for the s-channel top-quark production and Wt produc-
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tion, and with ACERMC interfaced to PYTHIA for the
t-channel, and normalized to approximate NNLO theo-
retical cross sections [46H48]. Finally, diboson production
is simulated with HERWIG and normalized to NLO the-
oretical cross sections [49].

All generated events are passed through the detailed
ATLAS detector simulation [50] based on GEANT4 [51],
with the exception of the additional samples used to ac-
count for systematic effects in t£ production, for which a
parameterized simulation [50] of the calorimeter response
is used. The events are then processed with the same
reconstruction software as the data. MC events are over-
laid with additional minimum bias events generated with
PYTHIA to simulate the effect of pile-up (additional pp
interactions in either the same or closeby bunch cross-
ings as the primary interaction); the number of overlaid
proton—proton interactions is chosen to match the distri-
bution of the number of additional interactions observed
in the data.

Multi-jet production may mimic the presence of a lep-
ton, but the contribution from these processes is found
to be small. It is estimated from the data by the ma-
trix method [52] in the u+jets and e+jets channels. The
matrix method is a technique to estimate the number
of events with a fake, isolated lepton in the signal se-
lection, and uses loose and tight isolation definitions for
leptons. The tight isolation definitions are those used in
this analysis, and tight leptons are a subset of the loose
leptons. In a selection dominated by real leptons, the
efficiency (€rea) of a loose lepton to also pass the tight
isolation requirements is measured. The rate (€gye) of
loose leptons passing the tight requirements is measured
in a multi-jet-dominated selection. These rates, €., and
€fake, are used to estimate the multi-jet contribution to
the analysis selection.

IV. EVENT SELECTION

This analysis relies on the measurement of jets, elec-
trons, muons and the missing transverse momentum
(Emiss ) [53]. Since this analysis investigates a final state
dominated by top-quark pair production, a selection sim-
ilar to the top-quark cross-section measurement by the
ATLAS collaboration [54] is used.

Jets are reconstructed using the anti-k; algorithm [55]
with a radius parameter R = 0.4, and are calibrated
at the energy cluster level [56] to compensate for differ-
ing calorimeter response to hadronic and electromagnetic
showers. A correction for pile-up is applied to the jet en-
ergy [67]. Jets are required to have pr > 25 GeV and
In| < 2.5. Jets from additional pp interactions are sup-
pressed by requiring the jet vertex fraction (JVF) to be
larger than 0.5 for jets with pr < 50 GeV and |n| <2.4.
The JVF variable is defined as the transverse momen-
tum weighted fraction of tracks associated with the jet
that are compatible with originating from the primary
vertex. The primary vertex is defined as the vertex
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FIG. 2: Distributions of reconstructed masses in simulation for the three Higgs bosons in the cascade; the lightest Higgs boson,
h° (left, as my;), the charged Higgs boson, H* (middle, as myzy ), and the heavy Higgs boson, H® (right, as myz1), shown

for three example mass hypotheses.

with the largest > p2 of associated tracks. Jets are b-
tagged (identified as the product of a b-quark) using the
MV1 tagger [58], which combines several tagging algo-
rithms [59] using an artificial neural network. A 70% tag-
ging efficiency is achieved in identifying b-jets with pp >
20 GeV and |n| < 2.5 in simulated ¢t events, while the
light-jet rejection factor is 130. Additional corrections
to the tagging efficiency and mistagging rate are derived
from data and applied to all simulated samples [58] [60-
62].

Electrons are identified [63] as energy clusters in the
electromagnetic calorimeter matched to reconstructed
tracks in the inner detector. Selected electrons are re-
quired to pass stringent selection requirements that pro-
vide good discrimination between isolated electrons and
jets. Isolation requirements are imposed in cones of
calorimeter energy deposits (AR(e, deposit) < 0.2) and
inner-detector tracks (AR(e,track) < 0.3) around the
electrons direction where AR = /(An)? + (A¢)?2. The
calorimeter isolation is corrected for leakage of the en-
ergy of the electron into the isolation cone and for en-
ergy deposits from pile-up events. Both the calorimeter
and the inner detector isolation requirements are chosen
to give 90% efficiency. Selected electrons are required to
have transverse momentum pt > 25 GeV and pseudora-
pidity in the range |n| < 2.47, excluding the calorimeter
barrel/end-cap transition region 1.37 < |n| < 1.52.

Muons are reconstructed [64] using information from
the muon spectrometer and the inner detector and are
required to fulfil isolation requirements. Muons are re-
quired to have transverse momentum pr > 25 GeV and
In| < 2.5. The isolation variable [65] [66] for muons is
defined as I, = > pirec* /ph., where the sum runs over
all tracks (except the one matched to the muon) that
pass quality requirements and have pﬁl’“k > 1 GeV and
AR(p, track) < 10 GeV /pf.. Muons with I, < 0.05 are
selected.

The transverse momentum of neutrinos is inferred from
the magnitude of the missing transverse momentum in
the event. The missing transverse momentum is con-

structed from the negative vector sum of the recon-
structed jets, the topological calorimeter energy deposits
outside of jets, and the muon momenta, all projected
onto the transverse plane.

Overlapping objects are subject to a removal proce-
dure. The jet closest to a selected electron is removed, if
it is within AR(e, jet) < 0.2. Electrons with AR(e, jet) <
0.4 to any remaining jets and muons with AR(u,jet) <
0.4 between the muon and nearest jet are removed since
their likely origin is hadron decays.

Events are selected using single-lepton triggers with pt
thresholds of 24 GeV or 36 GeV for muons and 24 GeV
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 with
pr > 400 MeV. At least four jets with pr > 25 GeV
and |n] < 2.5 are required, of which at least two must be
identified as b-jets. Additional requirements to reduce
the multi-jet background are applied:

e in the etjets channel: EX > 30 GeV and

mi¥ > 30 GeV,

e in the pu+jets channel: ERS > 20 GeV and

mY +ERS > 60 GeV.

defined as
where pr is the

W-boson mass is
V2 (1 = cos(of — ¢7)),
transverse momentum, ¢ is the azimuthal angle, and
¢ and v refer to the charged lepton and the neutrino,
respectively. Different requirements are used for the
muon and electron channels due to different levels
of multi-jet background contamination. The signal
pre-region (SPR) is defined to contain events that pass
these requirements. Table [[] illustrates the expected
yields of the background and the observed number of
events in this region.

The transverse
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V. EVENT RECONSTRUCTION AND
MULTIVARIATE ANALYSIS

A. Event Reconstruction

The Higgs-boson cascade event reconstruction begins
with identification of the leptonically decaying W boson.
It is assumed that the missing transverse momentum is
due to the resulting neutrino. The neutrino pseudorapid-
ity is set to the value which results in an invariant mass of
the lepton and neutrino closest to the nominal W-boson
mass [67]; in the case of degenerate solutions, the small-
est magnitude of pseudorapidity is chosen. Next, the two
b-tagged jets are used to reconstruct the lightest Higgs-
boson candidate, h?; if there are more than two b-tagged
jets, the two jets with the highest b-tagging scores [58] are
used. The hadronically decaying W boson is identified
from the remaining jets as the pair with reconstructed
dijet mass closest to the nominal W-boson mass. The
charged Higgs-boson candidate H* is constructed from
the light 2° and the W-boson candidate which gives the
larger value of myg+. The heavy neutral Higgs-boson
candidate HY is then formed as bbWW. Fig. illustrates
the reconstructed mass distributions for the h?, H*, and
H? in simulation for selected mass values.

Since the dominant background is top-quark pair pro-
duction, the two b-quarks and two W bosons are com-
bined in Wb pairs to give top-quark candidates. The
combination which minimizes the sum of the absolute
value of their differences from the nominal top-quark
mass [67] for both pairs is chosen. The invariant masses
of the top-quark candidates are useful to discriminate £
events from the Higgs-boson signal. The masses (m¢, m;)
of the two top-quark candidates and the absolute values
of their differences (Jm; — mg|) are calculated.

B. Multivariate Analysis

A multivariate analysis is performed to distinguish
the Higgs-boson cascade from tt events. Several re-
constructed 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 [68] 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 each split occurrence by the square of the
gain in signal-to-background separation it has achieved
and by the number of events in that node. Several com-
binations of input variables are tested in training the
BDTs. The inputs for the BDTs are optimized for the
best expected cross-section limits while avoiding over-
training, and the variable rankings of TMVA are used as
heuristics in choosing the BDT inputs. Seven kinematic
variables are chosen to achieve the best expected result
across the entire signal mass grid:

o myp, My and Mgy, as described above;

e AR(b,b), the angular distance between the pair of
b-tagged jets used to reconstruct the light Higgs-
boson candidate;

e leptonic m;, the top-quark mass reconstructed us-
ing the leptonically decaying W boson;

e hadronic my, the top-quark mass reconstructed us-
ing the hadronically decaying W boson;

o |my —mgl.

For cascades originating from a high-mass Higgs boson,
the reconstructed top-quark masses along with my 5
are the highest-ranked input variables. For the low-mass
Higgs-boson cascades, m,; and AR(b, b) have the highest
rank. Since the kinematics of the Higgs-boson cascade
vary greatly with the masses of the heavy and interme-
diate Higgs bosons, a different BDT is trained for each
signal mass hypothesis.

Only MC events that pass the SPR requirements
are used in the training of the BDTs. Each BDT is
constructed as a forest with 750 decision trees, and
is trained against simulated background event samples.
The stochastic gradient boosting method [68] is used to
improve classification accuracy and its robustness against
statistical fluctuations. Each BDT is checked for over-
training with a statistically independent test sample.

For each of the 36 signal mass points, a final thresh-
old is chosen for its respective BDT output which gives
the best expected sensitivity, measured using the same
confidence-level calculations as applied to the data and
described below. A counting experiment is then per-
formed using events that pass those BDT output thresh-
olds. In this way, the BDT thresholds divide the SPR
into 36 non-orthogonal signal regions, one for each signal
mass point.

VI. BACKGROUND VALIDATION IN
CONTROL REGIONS

The modelling of the SM backgrounds is validated in
three background-dominated control regions. The con-
trol regions retain the requirements of one lepton and at
least four jets, and each region has additional require-
ments. In control regions with fewer than two b-tagged
jets, the two jets with the highest b-tagging scores are
used to reconstruct the lightest Higgs boson, h®. The
following control regions are used:

e Control Region 1 (CR1): at least four jets, exactly
one lepton and no b-tagged jets. This region vali-
dates primarily the W-boson+jets modelling. This
region is background-enriched relative to the hypo-
thetical signal due to the b-tag veto.
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FIG. 3: Distributions of m,; with uncertainties in the con-
trol regions CR1 (top) and CR2 (bottom). The data (black
points) are compared to the background model (stacked his-
togram). In control regions with fewer than two b-tagged jets,
the two jets with the highest b-tagging scores are used. The
final bin contains any overflow events. Two choices of signal
hypotheses are also shown.

e Control Region 2 (CR2): at least four jets, ex-
actly one lepton and exactly one b-tagged jet. This
region validates primarily the modelling of the ¢t
background. This background is fractionally larger,
compared to a hypothetical signal, here than in the
signal region due to the b-tagging cut, which pref-
erentially selects the higher pt b-quarks from top-
quark decay. Although a potential signal would
not be absent in this control region, the different
levels of signal and ¢t contributions allow a test of
tt modelling by comparing levels of agreement be-
tween data and prediction in the signal and CR2
regions.

e Control Region 3 (CR3): at least four jets, ex-
actly one lepton, at least two b-tagged jets, and
my; > 150 GeV. This region focuses primarily on
validation the modelling of the ¢t background with
kinematics similar to the hypothetical signal, but

TABLE I: Expected background contributions with their to-
tal (systematic and statistical) uncertainties and the observed
number of events with exactly one lepton and at least four
jets, and in the SPR region, which additionally requires at
least two b-tagged jets. In the table, contributions from pro-
cesses with light-flavour (LF) u, d, s-quarks and heavy-flavour
(HF) ¢, b-quarks are distinguished.

Source e/u + > 4 jets SPR Yields
tt 36.0755-10* 14.0725-10*
W-boson + jets LF 16.0752-10* 6.0752.10?
W-boson + jets HF 8.6744-10* 4.6%25-10°
Z-boson + jets LF  26.015%-10° 11.0132.10"
Z-boson + jets HF 4.9715-10°  6.7715-10?
16.0729.10° 46.077:5.10?

Single top-quark

WW,WZ,2Z 26.072%.10%2 6.9759-10"
Fake leptons 1.8718.10" 8.6756.10
Total 68.0712:0.10* 15.1722.10*
Observed 664876 151123

is background-enriched due to the my; > 150 GeV
requirement.

Figs. 3] and [ illustrate 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. This is important, as the BDT
may utilize any part of this phase space to build a pow-
erful discriminant. 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 system-
atic uncertainties.

VII. SYSTEMATIC UNCERTAINTIES

Several sources of systematic uncertainties are relevant
to this analysis.

Instrumental systematic uncertainties are related to
the reconstruction of physics objects. For jets, system-
atic uncertainties on the jet energy scale, energy resolu-
tion, and reconstruction efficiency are included. For lep-
tons, the systematic uncertainties from the momentum
or energy scale and resolution, trigger efficiency, recon-
struction, and identification efficiency are incorporated.
Systematic uncertainties related to the performances of
the b-tagging and JVF requirements are also included.

Due to the presence of multiple (>4) jets and the
dominant ¢t background (roughly 90% in the signal re-
gion), significant systematic uncertainties are associated
with jets and the modelling of the ¢ background. Ta-
ble [ lists the impact of these uncertainties on the back-
ground estimates and signal efficiency for an example sig-
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points) are compared to the background model (stacked his-
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choices of signal hypotheses are also shown.

nal region given by the BDT threshold for a signal with
mpygo, Mg+ = 425,225 GeV.

Several sources of uncertainty on the jet energy scale
calibration are considered, such as uncertainties due
to pile-up and the light-quark and gluon composition.
These sources are added in quadrature and listed as one
systematic uncertainty in Table [l As a further uncer-
tainty, the jet energy is smeared to cover any disagree-
ments in the jet energy resolution measured in data and
in simulated event samples. A jet reconstruction ef-
ficiency [69] systematic uncertainty is applied by ran-
domly discarding a fraction of low-pr jets in the simu-
lated events. The jet b-tagging efficiencies are evaluated
in data and MC [58]. The difference is corrected with a
scale factor, the uncertainty of which is treated as a sys-
tematic uncertainty. A small discrepancy in the efficiency
of the JVF requirement has been observed between data
and MC simulation. The JVF requirement is varied to
cover this observed discrepancy, and the resulting change
in the expected background is taken as a systematic un-
certainty.

Signal
Efficiency (%)
m o = 425 GeV
Mg+ =225 GeV

Uncertainty Background

Yields (%)

Jet vertex fraction + 1.6 + 2.1
b-tagging eff. + 8.8 + 14
Jet energy scale + 3.9 7
Jet energy res. + 1.1 + 11
Jet reco. eff. + <1.0 + <1.0
4 momentum + <1.0 + <1.0
e energy + <1.0 + <1.0
Lepton trigger eff. + <1.0 + 1.8
Lepton ident. eff. + 1.5 + 2.1
Lepton reco. eff. + <1.0 + <1.0
W-boson+-jets shape + <1.0 -
Quark/gluon radiation  + <1.0 + 2.8
tt modelling + 2.7 -
Bg. normalization + 5.5 -
Luminosity + 2.8 + 2.8
Total uncertainty + 12 + 20

TABLE II: Details of the systematic uncertainties relative to
the total expected background and the signal efficiency in the
signal region for a Higgs-boson cascade signal with m go, my+
= 425, 225 GeV. The signal region for this mass point is
defined as the events that pass the BDT threshold for this
mass sample. The positive and negative relative shifts have
been averaged for compactness.

Systematic uncertainties associated with leptons are
found to have a small effect, typically less than 1% rel-
ative to background estimates and signal efficiency. For
muons, the uncertainty in the momentum scale and res-
olution is accounted for. For electrons, the uncertainties
in the energy scale and resolution are included. For both
leptons, uncertainties on the trigger, identification, and
reconstruction efficiencies are incorporated.

The uncertainty due to the modelling of initial- and
final-state quark and gluon radiation (ISR/FSR) is esti-
mated using tf events produced with the ACERMC gen-
erator interfaced with PYTHIA, where the parameters
controlling ISR/FSR are varied in a range suggested by
the data in the analysis of Ref. [70]. For the signal, events
generated with varied ISR/FSR parameters in PYTHIA
are compared to the nominal simulation; the differences
in background yields and signal efficiency estimates are
taken as a systematic uncertainty.

The systematic uncertainty due to the modelling of
tt production is estimated by comparing results ob-
tained with MC@QNLO, POWHEG, and ALPGEN sig-
nal samples. An uncertainty due to the theoretical ¢
cross section [71] is applied to the overall ¢f normaliza-
tion. Since this is the dominant background the effect on
the total background uncertainty is substantial (about
5% relative to the background estimate); the total nor-
malization uncertainty on the background is 5.5%.

Since non-tt processes account for less than 10% of the
background in the signal region, systematic uncertainties



associated with them are found to have a small impact
on the overall background uncertainty. The systematic
uncertainty related to the modelling of W-boson+jets is
determined by varying the parameterization of the renor-
malization and factorization scales in ALPGEN. As de-
fault, both scales are set to (m¥, + (p¥¥)?) and this is
varied by factors of two and by changing the form to
(miy + D jeis PT)- This systematic uncertainty is found
to be small (<1%). An overall uncertainty of 4% is ap-
plied to the W-boson + jets estimate due to uncertainties
in the the cross section, with an additional 24% per jet
added in quadrature due to the uncertainty in Berends
scaling [72]. This results in a 48% uncertainty for events
with four jets, contributing to the overal 5.5% uncer-
tainty on the background normalization.

The systematic uncertainty due to single top-quark,
diboson, and Z-boson+jets production is evaluated by
varying their cross sections within their uncertainties as
described in Ref. [52]. Since these contributions are
small, the systematics associated with them are found
to be negligible (<1%).

Finally, the luminosity uncertainty, measured using
techniques similar to those described in Ref. [73], is 2.8%.

VIII. RESULTS

The yields in the signal regions are given in Table [[TI}
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 Fig. B

The 95% confidence-level production cross-section up-
per limits for the various signal hypotheses are obtained
using the CLs frequentist method [74], with the profile
likelihood ratio of the number of events that pass the
BDT threshold as the test statistic [75] as implemented
in Ref. [76]. Systematic uncertainties are treated as nui-
sance parameters and the calculation uses the asymptotic
approximation [75]. Table [[II] presents the signal efficien-
cies, the total expected background and observed event
counts for each signal case, as well as the expected and
observed limits with the local p-values. The p-values are
defined as the probabilities under the background-only
hypothesis to observe these data or data which are more
signal-like. The p-values have a maximum possible value
of 0.5, which is the case when n < b, where b is the num-
ber of events expected from the background model and
n is the number of events observed in the data.

Since the signal regions are correlated, background-
only pseudo-experiments are used to estimate the ex-
pected distribution of the p-values in all the signal re-
gions, accounting for the correlations. The observed dis-
tribution of p-values is found to be consistent with the
expectation from pseudo-experiments. The expected and
observed limits as a function of the H° and H* masses
are illustrated in Fig. [f} The limits are the weakest in
low Higgs-boson mass regions due to the poorer separa-
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FIG. 5: Distribituions of the BDT output in the signal regions
for three example signal mass points, myo, my+ = 1025, 225
GeV (top), myo, my+ = 625, 325 GeV (middle), myo, my+
= 1025, 625 GeV (bottom). Signal histograms have been
scaled to a production cross section of 1 pb. BDT thresholds
are shown as dashed lines for each mass point. The back-
ground model is shown as the coloured stacked histogram.
The final bin contains any overflow events.

tion between tt and signal events.

In order to facilitate the comparison of these results
with those obtained by other experiments, the observed
cross-section limits are compared to the predictions for
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FIG. 6: The expected (top) and observed (middle) 95% C.L.
upper limits on the cross section for gg — H® — WTH* >
WEWTR® — WEWTbb as a function of myo and my«. The
ratio (bottom) 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.

a heavy Higgs boson with SM-like gg-fusion production
(Fig. @ The theoretical production cross section of a
heavy SM-like Higgs boson (only gluon fusion is con-
sidered) is calculated in the complex-pole scheme us-
ing the dFG [77] program, to next-to-next-to-leading
order (NNLO) in QCD. Next-to-leading order (NLO)
electroweak (EW) corrections are also applied, as well
as QCD soft-gluon resummations up to next-to-next-
to-leading log (NNLL).Using this benchmark, the cross-
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section upper limits observed are greater than the theo-
retical cross sections of the heavy Higgs boson, H°, for
all mass points tested. Therefore, the current limits are
not stringent enough to exclude models with SM-like pro-
duction rates even with 100% branching ratios for both
H° — H*W#* and H* — h°W* and SM values for
BR(h? — bb). The limits are most stringent in the high
H° and H* mass regions, where the ratio of the limits to
the theoretical cross section is nearly unity. This search
produces tighter bounds than those obtained by the CDF
collaboration [12].

Additionally, the results of this search are interpret-
ted in the context of a heavy CP-even Higgs boson of a
type-1I 2-Higgs-Doublet Model [78] produced via gluon
fusion. This model has seven free parameters: the mass
of the CP-even Higgs bosons (mpo and m o), the mass of
the CP-odd Higgs boson (m4), the mass of the charged
scalar (mp+), the mixing angle between the CP-even
Higgs bosons (), the ratio of the vacuum expectation
values of the two Higgs doublets (tanf), and the Z,-
symmetry soft-breaking-term coefficient of the Higgs po-
tential (M3%,). The parameter space of the type-11 2HDM
is sampled for given values of mpyo and my+ and as-
suming mpo = 125 GeV and sin(f — «) > 0.99. The
latter assumptions are made in order to maintain a SM-
like Higgs boson with properties similar to those ob-
served at the LHC. The gluon-fusion production cross
section is calculated with SusHi [79] at NNLO precision
in QCD corrections, and the branching ratio of the cas-
cade H* — WF¥H* — WtW~h — WTW~bb with
2HDMC [8(]. Only parameter space points that satisfy
theory constraints are considered. The theory constraints
include Higgs-potential stability, tree-level unitarity for
Higgs-boson scattering [81], and the perturbative nature
of the quartic Higgs-boson couplings, as these are imple-
mented in 2HDMC. The type-II 2HDM phase space is
scanned with a million random points per (mgo, m+)
pair. The majority of the spanned phase space violates
the theoretical constraints mentioned above. The points
with the lowest cross section times branching fraction
o xBF(excluded) /o x BF (theory) which satisfy the above
constraints are shown in Table [[V] where o is the cross
section and BF is the branching fraction. None are ex-
cluded by the limits presented here.

In conclusion, the first LHC search for a topology in
which a heavy Higgs boson decays via a cascade of lighter
charged and neutral Higgs bosons has been performed
by the ATLAS experiment using data corresponding to
an integrated luminosity of 20.3 fb=! in pp collisions at
/s = 8 TeV. No significant excess of events above the ex-
pectation from the SM background was found and limits
on the production cross section have been set.



TABLE III: Expected background and observed yield, with expected and observed cross-section upper limits for each signal
hypothesis in their respective signal regions. For the expected cross-section limits, the uncertainties describe a range which
contains the limits in 68% and 95% of simulated experiments, respectively. Also shown is the p-value for the background-only
hypothesis.

Masses [GeV] Yields Efficiency (%) Limits [pb] at 95% C.L. Backgr.-only
MEo0 Mp+ tt Total Bkgd. Obs. Signal Expected Obs. p-value
325 225 84719 .10° 89719 .10° 9244  0.967532 1145+ 12.8 0.36
425 225 9.8t12 .10* 10.3712 .10* 103738  2.9798 41175419 40.2 0.49
425 325 9.4t .10t 9.8%11.10* 99770  2.9797 40177419 39 0.49
525 225 11.477%.10* 12.37}:5 -10* 124802  3.870% 42717+l 42.8 0.49
525 325 115716 .10* 12,677 -10* 127702  4.67}7) 35115135 51.7 0.49
525 425 41.0753 .10% 44.0759 107 4342 03115 23T 22.6 0.49
625 225 20.3%29 -10° 23.07%5 -10° 22907  1.670% 2175130 19.6 0.5
625 325 10.0115 -10% 10.81°7 -10% 11064 15403 1154 11 0.49
625 425 20.5755 .10% 24.4753-10° 2294  0.857037 48121452 4.27 0.5
625 525 22.07%1 .10% 25.37%5 -10% 2564 1.0%53 4371555 4.22 0.5
725 225 31.8723 .10 37.7782 .10 3710 247158 26754138 2.42 0.5
725 325 36.0722 .10 41.077% .10 3980 2.7+85-8 2.1159+22 1.99 0.5
725 425 249743 102 20.675°7 -10° 2828 2.870-7 1710 T8 1.49 0.5
725 525 13.47%4 .10% 16.3753.10 1538 2.870% 08410301090 0.718 0.5
725 625 23.613% .10% 28.7733 102 2702 3.5752 1.2705% 08 1.06 0.5
825 225 717992 .10 8.9%14.10° 830 14154 09115220000 0.794 0.5
825 325 10.8112 .10% 13.02% -10% 1237 24700 0821033105 0717 0.5
825 425 10.5719 .10 127727 .10% 1186 23706 0.9215551899 0.8 0.5
825 525 8.0716 .10 9.9%24.102 901 29707 05510751052 0.457 0.5
825 625 59798 .10* 77715 .10 696 25707 0.3670 17013 0.282 0.5
825 725 51758.10% 6.6715 10> 628 1.6705  0.5610325+070 0.484 0.5
925 225 5.7152.10° 7.071%.10* 641 21795 0.5172210-58 0.441 0.5
925 325 74711102 9.3711 102 876 2.7F0T  0.58F530H06%  0.528 0.5
925 425 6.671:9 .10 8.2%16.102 796 31797 0.407015+0-46 0.38 0.5
925 525 6.0710.10* 81718 .10 787 3.375%  0.3770 174028 0.345 0.5
925 625 1.870:3 .10 2.4795.10° 185 24786 (.1773-08+9-20 0.123 0.5
925 1725 2.8197 .10 3.8%%9 102 359 27507 03010 0eT0%:  0.272 0.5
925 825 47797 .10 6.0713 102 537 3.6759  0.2270- 114028 0.172 0.5
1025 225 2.9%95 .10 3.7+11 102 306 1.979%  0.23%0lL+0.28 0.15 0.5
1025 325 71719 102 94725 .10 839 3.350% 0370110 0.292 0.5
1025 425 54198102 71712102 691 3.3570%  0.33100570%L  0.308 0.5
1025 525 24195 .10 35719102 297 3508 0.1970:021085  0.147 0.5
1025 625 43107107 57716 .10 477 3.6T59 019700002 0.132 0.5
1025 725 14192102 2.0%9%.10° 162 18505 01550081002 0.0939 0.5
1025 825 21193 .10 3.0197 102 241 26705 0147301088 0.0887 0.5

1025 925 9.4%12.10 13.7*47 .10 110 19702 0.10590510 0 0.0653 0.5
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TABLE IV: Interpretation of the results in some type-II 2HDM parameter space choices. For each value of m o, my+, where
at least one valid point is found, sample points in the space of the parameters (tan(3), sin(8 — a), ma, and M3,) which satisfy
potential stability, unitarity and perturbativity constraints and give the smallest ratio of excluded to predicted cross section

are shown.

mygo mp= tan(B) sin(f—a) ma M3, o(H®) BF(H® — hR°WTW ™) Excl/Pred
[GeV] [GeV] [GeV] [TeV? [pb]

325 225 15 0.99 303 6.9-1073 28 0.222 2.1
425 225 20 0.99 439 891073 2 0.404 41
425 325 10 0.99 486 1.8 -1072 10 0.288 14
525 325 10 0.99 384 2.7-1072 3 0.436 39
525 425 10 0.99 384 2.7-1072 5 0.136 34
625 325 10 0.99 549 3.9 -1072 1 0.501 20
625 425 10 0.99 693 3.9 1072 2 0.607 4.1
625 525 10 0.99 693 3.9 1072 3 0.219 7.7
725 325 1 0.99 675 5.9 -1072 0.3 0.009 664
725 425 10 0.99 731  5.2-1072 1 0.643 3.5
725 525 10 0.99 731  5.2-1072 1 0.659 1.1
725 625 10 0.99 396 521072 1 0.002 440
825 525 1 0.99 788 1.3 -107* 0.3 0.024 76
825 625 1 0.99 788 1.3 -107* 0.3 0.021 41
825 725 10 0.999 807 6.8-1072 1 0.168 4.1
925 725 1 0.999 921 241071 0.2 0.003 530
1025 825 1 0.999 920 3.4 -107! 0.1 0.003 243
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