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1. Introduction57

In 2012, a Higgs boson h with a mass of 125 GeV was discovered by the ATLAS and CMS collaborations58

at the LHC [1, 2]. One of the most important remaining questions is whether the newly discovered particle59

is part of an extended scalar sector as postulated by various extensions to the Standard Model (SM) such60

as the two-Higgs-doublet model (2HDM) [3] and the electroweak-singlet (EWS) model [4]. These predict61

additional Higgs bosons, motivating searches at masses other than 125 GeV.62

This paper reports four separate searches with the ATLAS detector for a heavy neutral scalar H boson63

decaying into two SM Z bosons, encompassing the decay modes Z Z → `+`−`+`−, Z Z → `+`−νν̄,64

Z Z → `+`−qq̄, and Z Z → νν̄qq̄, where ` stands for either an electron or a muon. These modes are65

referred to, respectively, as ````, ``νν, ``qq, and ννqq. Some of these searches are further divided into66

channels based on the production mode (see Table 3).67

It is assumed that additional Higgs bosons would be produced predominantly via the gluon fusion (ggF)68

and vector-boson-fusion (VBF) processes but that the ratio of the two production mechanisms is unknown69

in the absence of a specific model. For Higgs boson masses below 200 GeV, associated production (VH,70

where V stands for either a W or a Z boson) is important as well. In this mass range, only the ```` decay71

mode is considered. Due to its excellent mass resolution and high signal-to-background ratio, the ````72

decay mode is well-suited for a search for a narrow resonance in the range 140 < mH < 500 GeV. The73

```` search includes channels sensitive to VH production as well as VBF and ggF production modes. The74

``qq and ``νν searches, which start at mH = 200 GeVa nd mH = 240 GeV respecitvely, have ggF and75

VBF channels only. The ννqq search starts at mH = 400 GeV and has channels inclusive in ggF and VBF.76

When results from all four searches are combined, the ``qq, ``νν and ννqq decay modes contribute to the77

overall sensitivity, especially in the VBF production mode, and become dominant for mH > 500 GeV due78

to their larger branching fractions. All four searches are done for Higgs boson masses up to 1000 GeV.79

Searches are further divided into channels based on characteristics of the final state such as lepton flavours80

and the possible presence of heavy-flavour jets. The ggF search for the ```` decay mode is divided into 481

channels based on lepton flavour, while for ``νν both ggF and VBF channels are divided into 2 channels82

each based on lepton flavour. For the ``qq and ννqq decay modes, the ggF searches are divided into two83

channels each based on the number of b-tagged jets in the event. For Higgs boson masses above 700 GeV,84

jets from Z decay are boosted and tend to merge into single jets, so the ``qq search has an additional85

channel designed to search for Higgs events with merged jets.86

For each channel, a discriminating variable sensitive to mH is identified and used in a likelihood fit.87

The ```` and ``qq searches use the invariant mass of the four-fermion system as the final discriminant,88

while the ``νν and ννqq searches use a transverse mass distribution. Distributions of these discriminants89

for each channel are combined in a simultaneous likelihood fit which estimates the rate of heavy Higgs90

boson production and simultaneously the nuisance parameters corresponding to systematic uncertainties.91

Additional distributions from background-dominated control regions also enter the fit in order to constrain92

nuisance parameters. Unless otherwise stated, all figures show shapes and normalizations determined93

from this fit. All results are interpreted in the scenario of a new Higgs boson with a narrow width (the94

narrow-width approximation), as well as in Type-I and Type-II 2HDMs.95

The ATLAS collaboration has published results of searches for a Standard Model Higgs boson decaying96

in the ````, ``qq, and ``νν modes with 4.7–4.8 fb−1 of data collected at
√

s = 7 TeV [5–7]. A heavy97

Higgs boson with the width and branching fractions predicted by the SM was excluded at the 95%98

confidence level in the ranges 182 < mH < 233 GeV, 256 < mH < 265 GeV, and 268 < mH < 415 GeV99
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by the ```` mode; in the ranges 300 < mH < 322 GeV and 353 < mH < 410 GeV by the ``qq mode; and100

in the range 319 < mH < 558 GeV by the ``νν mode. The searches in this paper improve on the earlier101

results by using a larger data set of 20.3 fb−1 of pp collision data collected at a higher centre-of-mass102

energy of
√

s = 8 TeV, by adding the ννqq decay mode, by further optimizing the event selection and103

other aspects of the analysis, and by combining results of all four searches. The CMS Collaboration has104

also recently published a search for a heavy Higgs boson in H → Z Z decays [8].105

This paper is organized as follows. After a brief description of the ATLAS detector in Section 2, the106

simulation of the background and signal processes used in this analysis is outlined in Section 3. Section 4107

summarizes the reconstruction of the final-state objects used by these searches. The event selection and108

background estimation for the four searches are presented in Sections 5 to 8, and Section 9 discusses the109

systematic uncertainties common to all searches. Section 10 details the statistical combination of all the110

searches into a single limit, which is given in Section 11. Finally, Section 12 gives the conclusions.111

2. ATLAS detector112

ATLAS is a multi-purpose detector [9] which provides nearly full solid-angle coverage around the inter-113

action point.1 It consists of a tracking system (inner detector or ID) surrounded by a thin superconducting114

solenoid providing a 2 T magnetic field, electromagnetic and hadronic calorimeters, and a muon spectro-115

meter (MS). The ID consists of pixel and silicon microstrip detectors covering the pseudorapidity region116

|η | < 2.5, surrounded by a transition radiation tracker (TRT), which improves electron identification117

in the region |η | < 2.0. The sampling calorimeters cover the region |η | < 4.9. The forward region118

(3.2 < |η | < 4.9) is instrumented with a liquid-argon (LAr) calorimeter for electromagnetic and hadronic119

measurements. In the central region, a high-granularity lead/LAr electromagnetic calorimeter covers120

|η | < 3.2. Hadron calorimetry is based on either steel absorbers with scintillator tiles (|η | < 1.7) or121

copper absorbers in LAr (1.5 < |η | < 3.2). The MS consists of three large superconducting toroids122

arranged with an eight-fold azimuthal coil symmetry around the calorimeters, and a system of three layers123

of precision gas chambers providing tracking coverage in the range |η | < 2.7, while dedicated chambers124

allow triggering on muons in the region |η | < 2.4. The ATLAS trigger system [10] consists of three levels;125

the first (L1) is a hardware-based system, while the second and third levels are software-based systems.126

3. Data and Monte Carlo samples127

3.1. Data sample128

The data used in these searches were collected by ATLAS at a centre-of-mass energy of 8 TeV during129

2012 and correspond to an integrated luminosity of 20.3 fb−1.130

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis coinciding with the axis of the beam pipe. The x-axis points from the IP towards the centre of the LHC ring, and
the y-axis points upward. Cylindrical coordinates (r ,φ) are used in the transverse plane, φ being the azimuthal angle around
the z-axis. The pseudorapidity is defined in terms of the polar angle θ as η = − ln tan(θ/2). The distance in (η,φ) coordinates,

∆R =
√

(∆φ)2 + (∆η)2, is also used to define cone sizes. Transverse momentum and energy are defined as pT = p sin θ and
ET = E sin θ, respectively.
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Collision events are recorded only if they are selected by the online trigger system. For the ννqq search this131

selection requires that the magnitude Emiss
T of the missing transverse momentum vector (see Section 4) is132

above 80 GeV. Searches with leptonic final states use a combination of single-lepton and dilepton triggers133

in order to maximize acceptance. The main single-lepton triggers have a minimum pT (muons) or ET134

(electrons) threshold of 24 GeV and require that the leptons are isolated. They are complemented with135

triggers with higher thresholds (60 GeV for electrons and 36 GeV for muons) and no isolation requirement136

in order to increase acceptance at high pT and ET. The dilepton triggers require two same-flavour leptons137

with a threshold of 12 GeV for electrons and 13 GeV for muons. The acceptance in the ```` search is138

increased further with an additional asymmetric dimuon trigger selecting one muon with pT > 18 GeV139

and another one with pT > 8 GeV and an electron–muon trigger with thresholds of Ee
T > 12 GeV and140

pµT > 8 GeV.141

3.2. Signal samples and modelling142

The acceptance and resolution for the signal of a narrow-width heavy Higgs boson decaying to a Z boson143

pair are modelled using Monte Carlo (MC) simulation. Signal samples are generated using Powheg144

r1508 [11, 12], which calculates separately the gluon and vector-boson-fusion Higgs boson production145

processes up to next-to-leading order (NLO) in αS. The generated signal events are hadronized with146

Pythia 8.165 using the AU2 set of tunable parameters for the underlying event [13, 14]; Pythia also147

decays the Z bosons into all modes considered in this search. The contribution from Z boson decay to148

τ leptons is also included. The NLOCT10 [15] parton distribution function (PDF) is used. The associated149

production of Higgs bosons with a W or Z boson (W H and Z H) is significant for mH < 200 GeV. It150

is therefore included as a signal process for the ```` search for mH < 400 GeV and simulated using151

Pythia 8 with the LO CTEQ6L1 PDF set [16] and the AU2 parameter set. These samples are summarized152

in Table 1.153

Besides model-independent results, a search in the the context of a CP-conserving 2HDM [3] is also154

presented. This model has five physical Higgs bosons after electroweak symmetry breaking: two CP-155

even, h and H; one CP-odd, A; and two charged, H±. The model considered here has seven free156

parameters: the Higgs boson masses (mh , mH , mA, mH±), the ratio of the vacuum expectation values157

of the two doublets (tan β), the mixing angle between the CP-even Higgs bosons (α), and the potential158

parameter m2
12 that mixes the two Higgs doublets. The two Higgs doublets Φ1 and Φ2 can couple to159

leptons and up- and down-type quarks in several ways. In the Type-I model, Φ2 couples to all quarks160

and leptons, whereas for Type-II, Φ1 couples to down-type quarks and leptons and Φ2 couples to up-type161

quarks. The ‘lepton-specific’ model is similar to Type-I except for the fact that the leptons couple to Φ1,162

instead of Φ2; the ‘flipped’ model is similar to Type-II except that the leptons couple to Φ2, instead of163

Φ1. In all these models, the coupling of the H boson to vector bosons is proportional to cos(β − α). In164

the limit cos(β − α) → 0 the light CP-even Higgs boson, h, is indistinguishable from a SM Higgs boson165

with the same mass. In the context of H → Z Z decays there is no direct coupling of the Higgs boson to166

leptons, and so only the Type-I and -II interpretations are presented.167

The production cross-sections for both the ggF and VBF processes are calculated using SusHi 1.3.0 [17–168

22], while the branching ratios are calculated with 2HDMC 1.6.4 [23]. For the branching ratio calculations169

it is assumed that mA = mH = mH± , mh = 125 GeV, and m2
12 = m2

A tan β/(1 + tan β2). In the 2HDM170

parameter space considered in this analysis, the cross-section times branching ratio for H → Z Z with171

mH = 200 GeV varies from 2.4 fb to 10 pb for Type-I and from 0.5 fb to 9.4 pb for Type-II.172
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The width of the heavy Higgs boson varies over the parameter space of the 2HDM model, and may be173

significant compared with the experimental resolution. Since this analysis assumes a narrow-width signal,174

the 2HDM interpretation is limited to regions of parameter space where the width is less than 0.5% of mH175

(significantly smaller than the detector resolution). In addition, the off-shell contribution from the light176

Higgs boson and its interference with the non-resonant Z Z background vary over the 2HDM parameter177

space as the light Higgs boson couplings are modified from their SM values. Therefore the interpretation178

is further limited to regions of the parameter space where the light Higgs boson couplings are enhanced by179

less than a factor of three from their SM values; in these regions the variation is found to have a negligible180

effect.181

3.3. Background samples182

Monte Carlo simulations are also used to model the shapes of distributions frommany of the sources of SM183

background to these searches. Table 1 summarizes the simulated event samples along with the PDF sets184

and underlying-event tunes used. Additional samples are also used to compute systematic uncertainties185

as detailed in Section 9.186

Sherpa 1.4.1 [24] includes the effects of heavy-quark masses in its modelling of the production of W and187

Z bosons along with additional jets (V + jets). For this reason it is used to model these backgrounds188

in the hadronic ``qq and ννqq searches, which are subdivided based on whether the Z boson decays189

into b-quarks or light-flavour quarks. The Alpgen 2.14 W + jets and Z/γ∗ + jets samples are generated190

with up to five hard partons and with the partons matched to final-state particle jets [25, 26]. They are191

used to describe these backgrounds in the other decay modes and also in the VBF channel of the ``qq192

search2 since the additional partons in the matrix element give a better description of the VBF topology.193

The Sherpa (Alpgen) Z/γ∗ + jets samples have a dilepton invariant mass requirement of m`` > 40 GeV194

(60 GeV) at the generator level.195

The background from the associated production of the 125 GeV h boson along with a Z boson is non-196

negligible in the ``qq and ννqq searches and is taken into account. Contributions to Zh from both qq̄197

annihilation and gluon fusion are included. The qq̄ → Zh samples take into account NLO electroweak198

corrections, including differential corrections as a function of Z boson pT [27, 28]. The Higgs boson199

branching ratio is calculated using hdecay [29]. Further details can be found in Ref. [30].200

Continuum Z Z (∗) events form the dominant background for the ```` and ``νν decay modes; this is201

modelled with a dedicated qq̄ → Z Z (∗) sample. This sample is corrected to match the calculation202

described in Ref. [31], which is next-to-next-to-leading order (NNLO) in αS, with a K-factor that is203

differential in mZZ . Higher-order electroweak effects are included following the calculation reported in204

Refs. [32, 33] by applying a K-factor based on the kinematics of the diboson system and the initial-state205

quarks, using a procedure similar to that described in Ref. [34]. The off-shell SM ggF Higgs boson206

process, the gg → Z Z continuum, and their interference are considered as backgrounds. These samples207

are generated at leading order (LO) in αS using MCFM 6.1 [35] (````) or gg2vv 3.1.3 [36, 37] (``νν)208

but corrected to NNLO as a function of mZZ [38] using the same procedure as described in Ref. [6]. For209

the ``qq and ννqq searches, the continuum Z Z (∗) background is smaller so the qq̄ → Z Z (∗) sample is210

used alone. It is scaled to include the contribution from gg → Z Z (∗) using the gg → Z Z (∗) cross-section211

calculated by MCFM 6.1 [35].212

2 The VBF channel is inclusive in quark flavour and hence dominated by the Z + light-quark jet background.
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For samples in which the hard process is generated with Alpgen or MC@NLO 4.03 [39], Herwig213

6.520 [40] is used to simulate parton showering and fragmentation, with Jimmy [41] used for the214

underlying-event simulation. Pythia 6.426 [42] is used for samples generated with MadGraph [43]215

and AcerMC [44], while Pythia 8.165 [45] is used for the gg2vv 3.1.3 [36, 37], MCFM 6.1 [46], and216

Powheg samples. Sherpa implements its own parton showering and fragmentation model.217

In the ``qq and ννqq searches, which have jets in the final state, the principal background is V + jets,218

where V stands for either a W or a Z boson. In simulations of these backgrounds, jets are labelled219

according to which generated hadrons with pT > 5 GeV are found within a cone of size ∆R = 0.4 around220

the reconstructed jet axis. If a b-hadron is found, the jet is labelled as a b-jet; if not and a charmed221

hadron is found, the jet is labelled as a c-jet; if neither is found, the jet is labelled as a light (i.e., u-, d-,222

or s-quark, or gluon) jet, denoted by ‘ j’. For V + jets events that pass the selections for these searches,223

two of the additional jets are reconstructed as the hadronically-decaying Z boson candidate. Simulated224

V + jets events are then categorized based on the labels of these jets. If one jet is labelled as a b-jet, the225

event belongs to the V + b category; if not, and one of the jets is labelled as a c-jet, the event belongs to226

the V + c category; otherwise, the event belongs to the V + j category. Further subdivisions are defined227

according to the flavour of the other jet from the pair, using the same precedence order: V + bb, V + bc,228

V + bj, V + cc, V + c j, and V + j j; the combination of V + bb, V + bc, and V + cc is denoted by V+hf.229

3.4. Detector simulation230

The simulation of the detector is performed with either a full ATLAS detector simulation [66] based on231

Geant 4 9.6 [67] or a fast simulation3 based on a parameterization of the performance of the ATLAS232

electromagnetic and hadronic calorimeters [68] and on Geant 4 elsewhere. All simulated samples are233

generated with a variable number of minimum-bias interactions (simulated using Pythia 8 with the234

MSTW2008LO PDF [69] and the A2 tune [48]), overlaid on the hard-scattering event to account for235

additional pp interactions in either the same or a neighbouring bunch crossing (pile-up).236

Corrections are applied to the simulated samples to account for differences between data and simulation237

for the lepton trigger and reconstruction efficiencies, and for the efficiency and misidentification rate of238

the algorithm used to identify jets containing b-hadrons (b-tagging).239

4. Object reconstruction and common event selection240

The exact requirements used to identify physics objects vary between the different searches. This section241

outlines features that are common to all of the searches; search-specific requirements are given in the242

sections below.243

Event vertices are formed from tracks with pT > 400 MeV. Each event must have an identified primary244

vertex, which is chosen from among the vertices with at least three tracks as the one with the largest
∑

p2T245

of associated tracks.246

3 The background samples that use the parameterized fast simulation are: Sherpa W/Z+jets production with pW /Z
T < 280 GeV

(for higher pW /Z
T the full simulation is used since it improves the description of the jet mass in themerged ``qq search described

in Section 7.1.2); Powheg-Box tt̄, single top, and diboson production; and SM Pythia qq̄ → Zh and Powheg-Box gg → Zh
production with h → bb. The remaining background samples and the signal samples, with the exception of those used for the
ννqq search, use the full Geant 4 simulation.

30th June 2015 – 15:00 7



DRAFT

Physics process H → ZZ search Generator Cross-section PDF set Tune
final state normalization

W /Z boson + jets

Z/γ∗ → `+`−/νν̄
````/``νν Alpgen 2.14 [25] NNLO [47] CTEQ6L1 [16] AUET2 [14, 48]
``qq†/ννqq Sherpa 1.4.1 [24] NNLO [49, 50] NLO CT10 Sherpa default

W → `ν
``νν Alpgen 2.14 NNLO [47] CTEQ6L1 AUET2
ννqq Sherpa 1.4.1 NNLO [49, 50] NLO CT10 Sherpa default

Top quark

t t̄
````/``qq/ννqq Powheg-Box r2129 [51–53] NNLO+NNLL NLO CT10 Perugia2011C [54]
``νν MC@NLO 4.03 [39] [55, 56] AUET2

s-channel andWt
````/``qq/ννqq Powheg-Box r1556 NNLO+NNLL NLO CT10 Perugia2011C
``νν MC@NLO 4.03 [57, 58] AUET2

t-channel all AcerMC 3.8 [44] NNLO+NNLL CTEQ6L1 AUET2
[59]

Dibosons

qq̄ → ZZ (∗)
``qq/ννqq Powheg-Box r1508 [60] NLO [35, 61] NLO CT10 AUET2
````/``νν Powheg-Box r1508 [60] NNLO QCD [31] NLO CT10 AUET2

NLO EW [32, 33]
EW qq̄ (→ h) → ```` MadGraph 5 1.3.28 [43] CTEQ6L1 AUET2

ZZ (∗) + 2 j

gg (→ h∗) → ZZ
```` MCFM 6.1 [46] NNLO [38] NLO CT10 AU2
``νν GG2VV 3.1.3 [36, 37] (for h → ZZ ) NLO CT10 AU2

qq̄ →WZ
``νν/``qq/ννqq Powheg-Box r1508 NLO [35, 61] NLO CT10 AUET2
```` Sherpa 1.4.1 Sherpa default

qq̄ →WW all Powheg-Box r1508 NLO [35, 61] NLO CT10 AUET2

mh = 125 GeV SM Higgs boson (background)‡

qq̄ → Zh → ``qq/ννqq Pythia 8.165 NNLO [62–64] CTEQ6L AU2
`+`−bb̄/νν̄bb̄

gg → Zh → ``qq/ννqq Powheg-Box r1508 NLO [65] CT10 AU2
`+`−bb̄/νν̄bb̄

Signal

gg → H → ZZ (∗) all Powheg-Box r1508 — NLO CT10 AU2
qq̄ → H + 2 j ; all Powheg-Box r1508 — NLO CT10 AU2

H → ZZ (∗)
qq̄ → (W /Z )H ; ```` Pythia 8.163 — CTEQ6L1 AU2

H → ZZ (∗)

Table 1: Details of the generation of simulated signal and background event samples. For each physics process, the
table gives the final states generated, the H → Z Z final states(s) for which they are used, the generator, the PDF set,
and the underlying-event tune. For the background samples, the order in αS used to normalize the event yield is also
given; for the signal, the normalization is the parameter of interest in the fit. More details can be found in the text.
†The H → Z Z → `+`−qq̄ VBF search uses Alpgen instead.
‡For the H → Z Z → `+`−`+`− and H → Z Z → `+`−νν̄ searches, the SM h → Z Z boson contribution, along with
its interference with the continuum Z Z background, is included in the diboson samples.
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Muon candidates (’muons’) [70] generally consist of a track in the ID matched with one in the MS.247

However, in the forward region (2.5 < |η | < 2.7), MS tracks may be used with no matching ID tracks;248

further, around |η | = 0, where there is a gap in MS coverage, ID tracks with no matching MS track249

may be used if they match an energy deposit in the calorimeter consistent with a muon. In addition to250

quality requirements, muon tracks are required to pass close to the reconstructed primary event vertex.251

The longitudinal impact parameter, z0, is required to be less than 10 mm, while the transverse impact252

parameter, d0, is required to be less than 1 mm to reject non-collision backgrounds. This requirement is253

not applied in in the case of muons with no ID track.254

Electron candidates (‘electrons’) [71–73] consist of an energy cluster in the EMcalorimeterwith |η | < 2.47255

matched to a track reconstructed in the inner detector. The energy of the electron is measured from the256

energy of the calorimeter cluster, while the direction is taken from the matching track. Electron candidates257

are selected using variables sensitive to the shape of the EM cluster, the quality of the track, and the258

goodness of the match between the cluster and the track. Depending on the search, either a selection is259

made on each variable sequentially or all the variables are combined into a likelihood discriminant.260

Electron and muon energies are calibrated from measurements of Z → ee/µµ decays [70, 72]. Electrons261

and muons must be isolated from other tracks, using p`,isolT /p`T < 0.1, where p`,isolT is the scalar sum of the262

transverse momenta of tracks within a ∆R = 0.2 cone around the electron or muon (excluding the electron263

or muon track itself), and p`T is the transverse momentum of the electron or muon candidate. The isolation264

requirement is not applied in the case of muons with no ID track. For searches with electrons or muons in265

the final state, the reconstructed lepton candidates must match the trigger lepton candidates that resulted266

in the events being recorded by the online selection.267

Jets are reconstructed [74] using the anti-kt algorithm [75] with a radius parameter R = 0.4 operating on268

massless calorimeter energy clusters constructed using a nearest-neighbour algorithm. Jet energies and269

directions are calibrated using energy- and η-dependent correction factors derived using MC simulations,270

with an additional calibration applied to data samples derived from in situmeasurements [76]. A correction271

is also made for effects of energy from pile-up. For jets with pT < 50 GeV within the acceptance of the ID272

(|η | < 2.4), the fraction of the summed scalar pT of the tracks associated with the jet (within a ∆R = 0.4273

cone around the jet axis) contributed by those tracks originating from the primary vertex must be at least274

50%. This ratio is called the jet vertex fraction (JVF), and this requirement reduces the number of jet275

candidates originating from pile-up vertices [77, 78].276

In the ``qq search at large Higgs boson masses, the decay products of the boosted Z boson may be277

reconstructed as a single anti-kt jet with a radius of R = 0.4. Such configurations are identified using the278

jet invariant mass, obtained by summing the momenta of the jet constituents. After the energy calibration,279

the jet masses are calibrated, based on Monte Carlo simulations, as a function of jet pT, η, and mass.280

The missing transverse momentum, with magnitude Emiss
T , is the negative vectorial sum of the transverse281

momenta of all clusters in the calorimeters with |η | < 4.5, calibrated appropriately based on their282

identification as contributing to electrons, photons, hadronic decays of τ leptons, jets, or unassociated283

calorimeter clusters, and all selected muons in the event [79]. Calorimeter deposits associated with muons284

are subtracted from Emiss
T to avoid double counting.285

Jets containing b-hadrons (b-jets) can be discriminated from other jets (‘tagged’) based on the relatively286

long lifetime of b-hadrons. Several methods are used to tag jets originating from the fragmentation of287

a b-quark, including looking for tracks with a large impact parameter with respect to the primary event288

vertex, looking for a secondary decay vertex, and reconstructing a b-hadron → c hadron decay chain.289

For the ``qq and ννqq searches, this information is combined into a single neural-network discriminant290
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(‘MV1c’). This is a continuous variable that is larger for jets that are more like b-jets. A selection is then291

applied that gives an efficiency of about 70%, on average, for identifying true b-jets, while the efficiencies292

for accepting c-jets or light-quark jets are 1/5 and 1/140 respectively [30, 80–83]. The ``νν search uses293

an alternative version of this discriminant, ‘MV1’ [80], to reject background due to top-quark production;294

compared with MV1c it has a smaller c-jet rejection. Tag efficiencies and mistag rates are calibrated295

using data. For the purpose of forming the invariant mass of the b-jets, mbb , the energies of tagged jets296

are corrected to account for muons within the jets and an additional pT-dependent correction is applied to297

account for biases in the response due to resolution effects.298

In channels which require two b-tagged jets in the final state, the efficiency for simulated events of the299

dominant Z + jets background to pass the tagging selection is low. To effectively increase the sizes of300

simulated samples, jets are ‘truth tagged’: each event is weighted by the flavour-dependent probability of301

the jets to actually pass the tagging selection.302

5. H → ZZ → `+`−`+`− event selection and background estimation303

5.1. Event selection304

The event selection and background estimation for the H → Z Z → `+`−`+`− (````) search is very similar305

to the analysis described in Ref. [84]. More details may be found there; a summary is given here.306

Higgs boson candidates in the ```` search must have two same-flavour, opposite-charge lepton pairs.307

Muons must satisfy pT > 6 GeV and |η | < 2.7, while electrons are identified using the likelihood308

discriminant corresponding to the ‘loose LH’ selection from Ref. [73] and must satisfy pT > 7 GeV.309

The impact parameter requirements that are made for muons are also applied to electrons, and electrons310

(muons) must also satisfy a requirement on the transverse impact parameter significance, |d0 |/σd0 < 6.5311

(3.5). For this search, the track-based isolation requirement is relaxed to p`,isolT /p`T < 0.15 for both the312

electrons and muons. In addition, lepton candidates must also be isolated in E`,isolT , the sum of the313

transverse energies in calorimeter cells within a ∆R = 0.2 cone around the candidate (excluding the314

deposit from the candidate itself). The requirement is E`,isolT /p`T < 0.2 for electrons, < 0.3 for muons with315

a matching ID track, and < 0.15 for other muons. The three highest-pT leptons in the event must satisfy,316

in order, pT > 20, 15, and 10 GeV. To ensure well-measured leptons, and reduce backgrounds containing317

electrons from bremsstrahlung, same-flavour leptons must be separated from each other by ∆R > 0.1, and318

different-flavour leptons by ∆R > 0.2. Jets that are ∆R < 0.2 from electrons are removed. Final states in319

this search are classified depending on the flavours of the leptons present: 4µ, 2e2µ, 2µ2e, and 4e. The320

selection of lepton pairs is made separately for each of these flavour combinations; the pair with invariant321

mass closest to the Z boson mass is called the leading pair and its invariant mass, m12, must be in the322

range 50–106 GeV. For the 2e2µ channel, the electrons form the leading pair, while for the 2µ2e channel323

the muons are leading. The second, subleading, pair of each combination is the pair from the remaining324

leptons with invariant mass m34 closest to that of the Z boson in the range mmin < m34 < 115 GeV.325

Here mmin is 12 GeV for m```` < 140 GeV, rises linearly to 50 GeV at m```` = 190 GeV, and remains326

at 50 GeV for m```` > 190 GeV. Finally, if more than one flavour combination passes the selection,327

which could happen for events with more than four leptons, the flavour combination with the highest328

expected signal acceptance is kept; i.e., in the order: 4µ, 2e2µ, 2µ2e, and 4e. For 4µ and 4e events, if an329

opposite-charge same-flavour dilepton pair is found with m`` below 5 GeV, the event is vetoed in order to330

reject backgrounds from J/ψ decays.331
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To improve the mass resolution, the four-momentum of any reconstructed photon consistent with having332

been radiated from one of the leptons in the leading pair is added to the final state. Also, the four-momenta333

of the leptons in the leading pair are adjusted by means of a kinematic fit assuming a Z → `` decay; this334

improves the m```` resolution by up to 15%, depending on mH . This is not applied to the subleading335

pair in order to retain sensitivity at lower mH where one of the Z boson decays may be off-shell. For 4µ336

events, the resulting mass resolution varies from 1.5% at mH = 200 GeV to 3.5% at mH = 1 TeV, while337

for 4e events it ranges from 2% at mH = 200 GeV to below 1% at 1 TeV.338

Signal events can be produced via ggF or VBF, or associated production (VH, where V stands for either339

a W or a Z boson). In order to measure the rates for these processes separately, events passing the event340

selection described above are classified into channels, either ggF, VBF, or VH. Events containing at least341

two jets with pT > 25 GeV and |η | < 2.5 or pT > 30 GeV and 2.5 < |η | < 4.5 and with the leading two342

such jets having m j j > 130 GeV are classified as VBF events. Otherwise, if a jet pair satisfying the same343

pT and η requirements is present but with 40 < m j j < 130 GeV, the event is classified as VH, providing344

it also passes a selection on a multivariate discriminant used to separate the VH and ggF signal. The345

multivariate discriminant makes use of m j j , ∆η j j , the pT of the two jets, and the η of the leading jet. In346

order to account for leptonic decays of the V (W or Z) boson, events failing this selection may still be347

classified as VH if an additional lepton with pT > 8 GeV is present. All remaining events are classified as348

ggF. Due to the differing background compositions and signal resolutions, events in the ggF channel are349

further classified into subchannels according to their final state: 4e, 2e2µ, 2µ2e, or 4µ. The selection for350

VBF is looser than is optimal, however the effect on the final results is fairly small (< 5% for large mH ).351

The m```` distributions for the three channels are shown in Fig. 1.352

5.2. Background estimation353

The dominant background in this channel is continuum Z Z (∗) production. Its contribution to the yield is354

determined from simulation using the samples described in Section 3.3. Other background components355

are small and consist mainly of tt̄ and Z + jets events. These are difficult to estimate fromMC simulations356

due to the small rate at which such events pass the event selection, and also because they depend on357

details of jet fragmentation, which are difficult to model reliably in simulations. Therefore, both the358

rate and composition of these backgrounds are estimated from data. Since the composition of the these359

backgrounds depends on the flavour of the subleading dilepton pair, different approaches are taken for the360

``µµ and the ``ee final states.361

The ``µµ non-Z Z background comprises mostly tt̄ and Z + bb̄ events, where in the latter the muons arise362

mostly from heavy-flavour semileptonic decays, and to a lesser extent from π/K in-flight decays. The363

contribution from single-top production is negligible. The normalization of each component is estimated364

by a simultaneous fit to the m12 distribution in four control regions, defined by inverting the impact365

parameter significance or isolation requirements on the subleading muon, or by selecting a subleading eµ366

or same-charge pair. A small contribution from W Z decays is estimated using simulation. The electron367

background contributing to the ``ee final states comes mainly from jets misidentified as electrons, arising368

in three ways: light-flavour hadrons misidentified as electrons, photon conversions reconstructed as369

electrons, and non-isolated electrons from heavy-flavour hadronic decays. This background is estimated370

in a control region in which the three highest-pT leptons must satisfy the full selection, with the third371

lepton being an electron. For the lowest-pT lepton, which must also be an electron, the impact parameter372

and isolation requirements are removed and the likelihood requirement is relaxed. In addition, it must373

have the same charge as the other subleading electron in order to minimize the contribution from the Z Z (∗)
374
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Figure 1: The distributions of m```` used in the likelihood fit for the H → Z Z → `+`−`+`− search in the (a) ggF,
(b) VBF, and (c) V H channels. The ‘Z + jets, tt̄’ entry includes all backgrounds other than Z Z , as measured from
data. No events are observed beyond the upper limit of the plots. The simulated mH = 200 GeV signal is normalized
to a cross-section corresponding to five times the observed limit given in Section 11 (a single limit is derived for the
VBF and V H modes combined; the relative normalizations for these modes are taken from theoretical predictions).
Figure (b) shows both the VBF and VH signal modes as there is significant contamination of VH events into the
VBF category.

background. The yields of the background components of the lowest-pT lepton are extracted with a fit375

to the number of hits in the innermost pixel layer and the ratio of the number of high-threshold to low-376

threshold TRT hits (which provides discrimination between electrons and pions). For both backgrounds,377

the fitted yields in the control regions are extrapolated to the signal region using efficiencies obtained from378

simulation.379

For the non-Z Z components of the background, the m```` shape is evaluated for the ``µµ final states380

using simulated events, and from data for the ``ee final states by extrapolating the shape from the ``ee381
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control region described above. The fraction of this background in each channel (ggF, VBF, VH) is382

evaluated using simulation. The non-Z Z background contribution for m```` > 140 GeV is found to be383

approximately 4% of the total background.384

Major sources of uncertainty in the estimate of the non-Z Z backgrounds include differences in the results385

when alternative methods are used to estimate the background [84], uncertainties in the transfer factors386

used to extrapolate from the control region to the signal region, and the limited statistical precision in387

the control regions. For the ``µµ (``ee) background, the uncertainty is 21% (27%) in the ggF channel,388

100% (117%) in the VBF channel, and 62% (79%) in the VH channel. The larger uncertainty in the VBF389

channel arises due to large statistical uncertainties on the fraction of Z + jets events falling in this channel.390

Uncertainties in the expected m```` shape are estimated from differences in the shapes obtained using391

different methods for estimating the background.392

6. H → ZZ → `+`−νν̄ event selection and background estimation393

6.1. Event selection394

The event selection for the H → Z Z → `+`−νν̄ (``νν) search starts with the reconstruction of either a395

Z → e+e− or Z → µ+µ− lepton pair; the leptons must be of opposite charge and must have invariant mass396

76 < m`` < 106 GeV. The charged lepton selection is tighter than that described in Section 4. Muons397

must have matching tracks in the ID andMS and lie in the region |η | < 2.5. Electrons are identified using a398

series of sequential requirements on the discriminating variables, corresponding to the ‘medium’ selection399

from Ref. [73]. Candidate leptons for the Z → `+`− decay must have pT > 20 GeV, and leptons within a400

cone of ∆R = 0.4 around jets are removed. Jets that lie ∆R < 0.2 of electrons are also removed. Events401

containing a third lepton or muon with pT > 7 GeV are rejected; for the purpose of this requirement, the402

‘loose’ electron selection from Ref. [73] is used. To select events with neutrinos in the final state, the403

magnitude of the missing transverse momentum must satisfy Emiss
T > 70 GeV.404

As in the ```` search, samples enriched in either ggF or VBF production are selected. An event is405

classified as VBF if it has at least two jets with pT > 30 GeV and |η | < 4.5 with m j j > 550 GeV and406

∆η j j > 4.4. Events failing to satisfy the VBF criteria and having no more than one jet with pT > 30 GeV407

and |η | < 2.5 are classified as ggF. Events not satisfying either set of criteria are rejected.408

To suppress the Drell–Yan background, the azimuthal angle between the combined dilepton system and409

the missing transverse momentum vector ∆φ(p``T , E
miss
T ) must be greater than 2.8 (2.7) for the ggF (VBF)410

channel (optimized for signal significance in each channel), and the fractional pT difference, defined as411

|pmiss,jet
T − p``T |/p``T , must be less than 20%, where pmiss,jet

T = ��~Emiss
T +

∑
jet ~pT

jet��. Z bosons originating412

from the decay of a high-mass state are boosted; thus, the azimuthal angle between the two leptons ∆φ``413

must be less than 1.4. Events containing a b-tagged jet with pT > 20 GeV and |η | < 2.5 are rejected in414

order to reduce the background from top-quark production. All jets in the event must have an azimuthal415

angle greater than 0.3 relative to the missing transverse momentum.416

The discriminating variable used is the transverse mass mZZ
T reconstructed from the momentum of the417

dilepton system and the missing transverse momentum, defined by:418

(mZZ
T )2 ≡ *

,

√
m2

Z +
���p
``
T

���
2
+

√
m2

Z +
���E

miss
T

���
2+

-

2

−
���~p
``
T +

~Emiss
T

���
2
. (1)
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The resulting resolution in mZZ
T ranges from 7% at mH = 240 GeV to 15% at mH = 1 TeV.419

Figure 2 shows the mZZ
T distribution in the ggF channel. The event yields in the VBF channel are very420

small (see Table 2).421
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Figure 2: The distribution of mZZ
T used in the likelihood fit for the H → Z Z → `+`−νν̄ search in the ggF

channel. The simulated signal is normalized to a cross-section corresponding to five times the observed limit given
in Section 11. The contribution labelled as ‘Top’ includes both the tt̄ and single-top processes. The bottom pane
shows the ratio of the observed data to the predicted background.

6.2. Background estimation422

The dominant background is Z Z production, followed by W Z production. Other important backgrounds423

to this search include the WW , tt̄, Wt, and Z → τ+τ− processes, and also the Z + jets process with424

poorly reconstructed Emiss
T , but these processes tend to yield final states with low mT. Backgrounds from425

W + jets, tt̄, single top quark (s- and t-channel), and multijet processes with at least one jet misidentified426

as an electron or muon are very small.427

The Powheg simulation is used to estimate the Z Z background in the same way as for the ```` search. The428

W Z background is also estimated with Powheg and validated with data using a sample of events that pass429

the signal selection and that contain an extra electron or muon in addition to the Z → `+`− candidate.430

TheWW , tt̄,Wt, and Z → τ+τ− processes give rise to both same-flavour as well as different-flavour lepton431

final states. The total background from these processes in the same-flavour final state can be estimated432

from control samples that contain an electron–muon pair rather than a same-flavour lepton pair by433

Nbkg
ee =

1
2
× Ndata,sub

eµ × α,

Nbkg
µµ =

1
2
× Ndata,sub

eµ ×
1
α
,

(2)

where Nbkg
ee and Nbkg

µµ are the number of electron and muon pair events in the signal region and Ndata,sub
eµ434

is the number of events in the eµ control sample with W Z , Z Z , and other small backgrounds (W + jets,435
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tt̄W/Z , and triboson) subtracted using simulation. The factor of two arises because the branching ratio436

to final states containing electrons and muons is twice that of either ee or µµ. The factor α takes into437

account the different efficiencies for electrons and muons and is measured from data as α2 = Ndata
ee /Ndata

µµ ,438

the ratio of the number of electron pair to muon pair events in the data after the Z boson mass requirement439

(76 < m`` < 106 GeV). The measured value of α is 0.94 with a systematic uncertainty of 0.04 and a440

negligible statistical uncertainty. There is also a systematic uncertainty from the background subtraction441

in the control sample; this is found to be less than 1%. For the VBF channel, no events remain in the eµ442

control sample after applying the full selection. In this case, the background estimate is calculated after443

only the requirements on Emiss
T and the number of jets; the efficiencies of the remaining selections for this444

background are estimated using simulation.445

The Z + jets background is estimated from data by comparing the signal region (A) with regions in which446

one (B, C) or both (D) of the∆φ`` and∆φ(p``T , E
miss
T ) requirements are reversed. An estimate of the number447

of background events in the signal region is then Nest
A = Nobs

C × (Nobs
B /Nobs

D ), where Nobs
X is the number448

of events observed in region X after subtracting non-Z boson backgrounds. The shape is estimated by449

taking Nobs
C

(the region with the ∆φ`` requirement reversed) bin-by-bin and applying a correction derived450

from MC to account for shape difference between regions A and C. Systematic uncertainties arise from451

differences in the shape of the Emiss
T and mZZ

T distributions among the four regions, the small correlation452

between the two variables, and the subtraction of non-Z boson backgrounds.453

The W + jets and multijet backgrounds are estimated from data using the fake-factor method [85]. This454

uses a control sample derived from data using a loosened requirement on Emiss
T and several kinematic455

selections. The background in the signal region is then derived using an efficiency factor from simulation456

to correct for the acceptance. Both of these backgrounds are found to be negligible.457

Table 2 shows the expected yields of the backgrounds and signal, and observed counts of data events. The458

expected yields of the backgrounds in the table are after applying the combined likelihood fit to the data,459

as explained in Section 10.460

Process ggF channel VBF channel

qq̄ → Z Z 110 ± 1 ± 10 0.13± 0.04± 0.02
gg → Z Z 11 ± 0.1 ± 5 0.12± 0.01± 0.05
W Z 47 ± 1 ± 5 0.10± 0.05± 0.1
WW /tt̄/Wt/Z → τ+τ− 58 ± 6 ± 5 0.41± 0.01± 0.08
Z (→ e+e−, µ+µ−)+jets 74 ± 7 ± 20 0.8 ± 0.3 ± 0.3
Other backgrounds 4.5 ± 0.7 ± 0.5 —

Total background 310 ± 9 ± 40 1.6 ± 0.3 ± 0.5

Observed 309 4

ggF signal (mH = 400 GeV) 45 ± 1 ± 3 —
VBF signal (mH = 400 GeV) 1 ± < 0.1 ± 2 10 ± 0.5 ± 1

Table 2: Expected background yields and observed counts of data events after all selections for the ggF and VBF
channels of the H → Z Z → `+`−νν̄ search. The first and second uncertainties correspond to the statistical and
systematic uncertainties, respectively.
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7. H → ZZ → `+`−qq̄ event selection and background estimation461

7.1. Event selection462

As in the previous search, the event selection starts with the reconstruction of a Z → `` decay. For463

the purpose of this search, leptons are classified as either ‘loose’, with pT > 7 GeV, or ‘tight’, with464

pT > 25 GeV. Loose muons extend to |η | < 2.7, while tight muons are restricted to |η | < 2.5 and must465

have tracks in both the ID and theMS. The transverse impact parameter requirement for muons is tightened466

for this search to |d0 | < 0.1 mm. Electrons are identified using a likelihood discriminant very similar467

to that used for the ```` search, except that it was tuned for a higher signal efficiency. This selection468

is denoted ‘very loose LH’ [73]. To avoid double counting, the following procedure is applied to loose469

leptons and jets. First, any jets that lie ∆R < 0.4 of an electron are removed. Next, if a jet is within470

a cone of ∆R = 0.4 of a muon, the jet is discarded if it has less than two matched tracks or if the JVF471

recalculated without muons (see Section 4) is less than 0.5, since in this case it is likely to originate from a472

muon having showered in the calorimeter; otherwise the muon is discarded. (Such muons are nevertheless473

included in the computation of the Emiss
T and in the jet energy corrections described in Section 4.) Finally,474

if an electron is within a cone of ∆R = 0.2 of a muon, the muon is kept unless it has no track in the MS,475

in which case the electron is kept.476

Events must contain a same-flavour lepton pair with invariant mass satisfying 83 <m`` < 99 GeV. At477

least one of the leptons must be tight, while the other may be either tight or loose. Events containing any478

additional loose leptons are rejected. The two muons in a pair are required to have opposite charge, but479

this requirement is not imposed for electrons because larger energy losses from showering in material in480

the inner tracking detector lead to higher charge misidentification probabilities.481

Jets used in this search to reconstruct the Z → qq̄ decay, referred to as ‘signal’ jets, must have |η | < 2.5482

and pT > 20 GeV; the leading signal jet must also have pT > 45 GeV. The search for forward jets in the483

VBF production mode uses an alternative, ‘loose’, jet definition, which includes both signal jets and any484

additional jets satisfying 2.5 < |η | < 4.5 and pT > 30 GeV. Since no high-pT neutrinos are expected485

in this search, the significance of the missing transverse momentum, Emiss
T /
√

HT (all quantities in GeV),486

where HT is the scalar sum of the transverse momenta of the leptons and loose jets, must be less than487

3.5. This requirement is loosened to 6.0 for the case of the resolved channel (see Section 7.1.1) with488

two b-tagged jets due to the presence of neutrinos from heavy-flavour decay. The Emiss
T significance489

requirement rejects mainly top-quark background.490

Following the selection of the Z → `` decay, the search is divided into several channels: resolved ggF,491

merged-jet ggF, and VBF, as discussed below.492

7.1.1. Resolved ggF channel493

Over most of the mass range considered in this search (mH . 700 GeV), the Z → qq̄ decay results in494

two well-separated jets that can be individually resolved. Events in this channel should thus contain at495

least two signal jets. Since b-jets occur much more often in the signal (∼ 21% of the time) than in the496

dominant Z + jets background (∼ 2% of the time), the sensitivity of this search is optimized by dividing it497

into ‘tagged’ and ‘untagged’ subchannels, containing events with exactly two and fewer than two b-tagged498

jets, respectively. Events with more than two b-tagged jets are rejected.499
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In the tagged subchannel, the two tagged jets form the candidate Z → qq̄ decay. In the untagged500

subchannel, if there are no tagged jets, the two jets with largest transverse momenta are used. Otherwise,501

the b-tagged jet is paired with the untagged jet with the largest transverse momentum. The invariant502

mass of the chosen jet pair m j j must be in the range 70–105 GeV in order to be consistent with Z → qq̄503

decay. To maintain orthogonality, any events containing a VBF-jet pair as defined by the VBF channel504

(see Section 7.1.3) are excluded from the resolved selection.505

The discriminating variable in this search is the invariant mass of the `` j j system, m`` j j ; a signal should506

appear as a peak in this distribution. To improve the mass resolution, the energies of the jets forming the507

dijet pair are scaled event-by-event by a single multiplicative factor to set the dijet invariant mass m j j to508

the mass of the Z boson (mZ ). This improves the resolution by a factor of 2.4 at mH = 200 GeV. The509

resulting m`` j j resolution is 2–3%, approximately independent of mH , for both the untagged and tagged510

channels.511

Following the selection of the candidate ``qq decay, further requirements are applied in order to optimize512

the sensitivity of the search. For the untagged subchannel, the first requirement is on the transverse513

momentum of the leading jet, p j
T, which tends to be higher for the signal than for the background. The514

optimal value for this requirement increaseswith increasingmH . In order to avoid having distinct selections515

for different mH regions, p j
T is normalized by the reconstructed final-state mass m`` j j ; the actual selection516

is p j
T > 0.1×m`` j j . Studies have shown that the optimal requirement on p j

T/m`` j j is nearly independent of517

the assumed value of mH . Second, the total transverse momentum of the dilepton pair also increases with518

increasing mH . Following a similar strategy, the selection is p``T > min[−54 GeV+0.46×m`` j j, 275 GeV].519

Finally, the azimuthal angle between the two leptons decreases with increasing mH ; it must satisfy520

∆φ`` < (270 GeV/m`` j j )3.5 + 1. For the tagged channel, only one additional requirement is applied:521

p``T > min[−79 GeV + 0.44 × m`` j j, 275 GeV]; the different selection for p``T increases the sensitivity of522

the tagged channel at low mH . Figures 3(a) and 3(b) show the m`` j j distributions of the two subchannels523

after the final selection.524

7.1.2. Merged-jet ggF channel525

For very large Higgs boson masses, mH & 700 GeV, the Z bosons become highly boosted and the jets526

from Z → qq̄ decay start to overlap, causing the resolved channel to lose efficiency. The merged-jet527

channel recovers some of this loss by looking for a Z → qq̄ decay that is reconstructed as a single jet.528

Events are considered for the merged-jet channel if they have exactly one signal jet, or if the selected jet529

pair has an invariant mass outside the range 50–150 GeV (encompassing both the signal region and the530

control regions used for studying the background). Thus, the merged-jet channel is explicitly orthogonal531

to the resolved channel.532

To be considered for the merged-jet channel, the dilepton pair must have p``T > 280 GeV. This not only533

ensures that the Z bosons are highly boosted, but also ensures that the MC simulation for the Z + jets534

background consists mainly of the Sherpa samples with pZ
T > 280 GeV, which were processed with the535

full detector simulation (Section 3.4). The leading jet must also satisfy pT > 200 GeV and m/pT > 0.05,536

where m is the jet mass, in order to restrict the jet to the kinematic range in which the mass calibration537

has been studied. Finally, the invariant mass of the leading jet must be within the range 70–105 GeV. The538

merged-jet channel is not split into subchannels based on the number of b-tagged jets; as the sample size539

is small, this would not improve the expected significance.540
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Figure 3: The distributions of m`` j j used in the likelihood fit for the H → Z Z → `+`−qq̄ search in the (a) untagged
and (b) tagged resolved ggF subchannels. The dashed line shows the total background used as input to the fit. The
simulated signal is normalized to a cross-section corresponding to thirty times the observed limit given in Section 11.
The contribution labelled as ‘Top’ includes both the tt̄ and single-top processes. The bottom panes show the ratio
of the observed data to the predicted background.

Including this channel increases the overall efficiency for the ``qq signal at mH = 900 GeV by about a541

factor of two. Figure 4(a) shows the distribution of the invariant mass of the leading jet after all selections542

except for that on the jet invariant mass; it can be seen that the simulated signal has a peak at the mass of543

the Z boson, with a tail at lower masses due to events where the decay products of the Z boson are not544

fully contained in the jet cone. The discriminating variable for this channel is the invariant mass of the545

two leptons plus the leading jet, m`` j , which has a resolution of 2.5% for a signal with mH = 900 GeV546

and is shown in Fig. 4(b).547

7.1.3. VBF channel548

Events produced via the VBF process contain two forward jets in addition to the reconstructed leptons549

and signal jets from Z Z → `+`−qq̄ decay. These forward jets are called ‘VBF jets’. The search in the550

VBF channel starts by identifying a candidate VBF-jet pair. Events must have at least four loose jets, two551

of them being non-b-tagged and pointing in opposite directions in z (that is, η1 · η2 < 0). If more than552

one such pair is found, the one with the largest invariant mass, m j j,VBF, is selected. The pair must further553

satisfy m j j,VBF > 500 GeV and have a pseudorapidity gap of |∆η j j,VBF | > 4. The distributions of these554

two variables are shown in Fig. 5.555

Once a VBF-jet pair has been identified, the Z Z → `+`−qq̄ decay is reconstructed in exactly the same556

way as in the resolved channel, except that the jets used for the VBF-jet pair are excluded and no b-tagging557

categories are created due to the small sample size. The final m`` j j discriminant is shown in Fig. 6. Again,558
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Figure 4: Distributions for the merged-jet channel of the H → Z Z → `+`−qq̄ search after the mass calibration.
(a) The invariant mass of the leading jet, m j , after the kinematic selection for the ``qq merged-jet channel. (b) The
distribution of m`` j in the signal region used in the likelihood fit. It is obtained requiring 70 < m j < 105 GeV. The
dashed line shows the total background used as input to the fit. The simulated signal is normalized to a cross-section
corresponding to five times the observed limit given in Section 11. The contribution labelled as ‘Top’ includes both
the tt̄ and single-top processes. The bottom panes show the ratio of the observed data to the predicted background.
The signal contribution is shown added on top of the background in (b) but not in (a).

the resolution is improved by constraining the dijet mass to mZ as described in Section 7.1.1, resulting in559

a similar overall resolution of 2–3%.560

7.2. Background estimation561

The main background in the ``qq search is Z + jets production, with significant contributions from both562

top-quark and diboson production in the resolved ggF channel, as well as a small contribution frommultijet563

production in all channels. For the multijet background, the shape and normalization is taken purely from564

data, as described below. For the other background processes, the input is taken from simulation, with565

data-driven corrections for Z + jets and tt̄ production. The normalizations of the Z + jets and top-quark566

backgrounds are left free to float and are determined in the final likelihood fit as described below and567

in Section 10.568

The Z + jets MC sample is constrained using control regions that have the same selection as the signal569

regions except thatm j j (m j in the case of themerged-jet channel) lies in a region just outside of that selected570

by the signal Z boson requirement. For the resolved channels, the requirement for the control region is571

50 < m j j < 70 GeV or 105 < m j j < 150 GeV; for the merged-jet channel, it is 30 < m j < 70 GeV. In the572

resolved ggF channel, which is split into untagged and tagged subchannels as described in Section 7.1.1,573

the Z + jets control region is further subdivided into 0-tag, 1-tag, and 2-tag subchannels based on the574

number of b-tagged jets. The sum of the 0-tag and 1-tag subchannels is referred to as the untagged control575

region, while the 2-tag subchannel is referred to as the tagged control region.576
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Figure 5: Distribution of (a) invariant mass and (b) pseudorapidity gap for the VBF-jet pair in the VBF channel
of the H → Z Z → `+`−qq̄ search before applying the requirements on these variables (and prior to the combined
fit described in Section 10). The contribution labelled as ‘Top’ includes both the tt̄ and single-top processes. The
bottom panes show the ratio of the observed data to the predicted background.
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Figure 6: The distribution of m`` j j used in the likelihood fit for the H → Z Z → `+`−qq̄ search in the VBF
channel. The dashed line shows the total background used as input to the fit. The simulated signal is normalized
to a cross-section corresponding to thirty times the observed limit given in Section 11. The contribution labelled
as ‘Top’ includes both the tt̄ and single-top processes. The bottom pane shows the ratio of the observed data to the
predicted background.
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The normalization of the Z + jets background is determined by the final profile-likelihood fit as described577

in Section 10. In the resolved ggF channel, the simulated Z + jets sample is split into several different578

components according to the true flavour of the jets as described in Section 3.3: Z + j j, Z + c j, Z + bj,579

and Z+hf. The individual normalizations for each of these four components are free to float in the fit580

and are constrained by providing as input to the fit the distribution of the “b-tagging category” in the581

untaged and tagged Z + jets control regions. The b-tagging category is formed from the combination of582

the MV1c b-tagging discriminants of the two signal jets as described in Appendix B. In the VBF and583

merged-jet ggF channels, which are not divided into b-tag subchannels, the background is dominated by584

Z+light-jets. Thus, only the inclusive Z + jets normalization is varied in the fit for these channels. Since585

these two channels probe very different regions of phase space, each has a separate normalization factor in586

the fit; these are constrained by providing to the fit the distributions of m`` j j or m`` j for the corresponding587

Z + jets control regions.588

Differences are observed between data and MC simulation for the distributions of the azimuthal angle589

between the two signal jets, ∆φ j j , and the transverse momentum of the leptonically-decaying Z boson, p``T ,590

for the resolved region, and for the m`` j j distribution in the VBF channel. To correct for these differences,591

corrections are applied to the Sherpa Z + jets simulation (prior to the likelihood fit) as described in592

Appendix A. The distributions of m`` j j or m`` j in the various Z + jets control regions are shown in Fig. 7;593

it can be seen that after the corrections (and after normalizing to the results of the likelihood fit), the594

simulation provides a good description of the data.595

The simulation models the m j j distribution well in the resolved ggF and VBF channels. An uncertainty596

is assigned by weighting each event of the Z + jets MC simulation by a linear function of m j j in order to597

cover the residual difference between data and MC events in the control regions.598

Top-quark production is a significant background in the tagged subchannel of the resolved ggF channel.599

This background is predominantly (> 97%) tt̄ production with only a small contribution from single-top600

processes, mainly Wt production. Corrections to the simulation to account for discrepancies in the pt t̄T601

distributions are described in Appendix A. The description of the top-quark background is cross-checked602

and normalized using a control region with a selection identical to that of the tagged ggF channel except603

that instead of two same-flavour leptons, events must contain an electron and a muon with opposite charge.604

The m`` j j distribution in this control region is used as an input to the final profile-likelihood fit, in which605

the normalization of the top-quark background is left free to float (see Section 10). There are few events606

in the control region for the VBF and merged-jet ggF channels, so the normalization is assumed to be the607

same across all channels, in which the top-quark contribution to the background is very small. Figure 8608

shows that the data in the control region are well-described by the simulation after the normalization.609

Further uncertainties in the top-quark background arising from the parton showering and hadronization610

models are estimated by varying the amount of parton showering in AcerMC and also by comparing611

with Powheg+Herwig. Uncertainties in the tt̄ production matrix element are estimated by comparing612

the leading-order MC generator Alpgen with the NLO generator aMC@NLO. Comparisons are also613

made with alternate PDF sets. A similar procedure is used for single-top production. In addition, for the614

dominant Wt single-top channel, uncertainties in the shapes of the m j j and leading-jet pT distributions615

are evaluated by comparing results from Herwig to those from AcerMC.616

The small multijet background in the H → Z Z → eeqq decay mode is estimated from data by selecting617

a sample of events with the electron isolation requirement inverted, which is then normalized by fitting618

the mee distribution in each channel. In the H → Z Z → µµqq decay mode, the multijet background is619

found to be negligible. The residual multijet background in the top-quark control region is taken from the620
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(c) Merged-jet ggF channel
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Figure 7: The distributions of m`` j j or m`` j in the Z + jets control region of the H → Z Z → `+`−qq̄ search in
the (a) untagged ggF, (b) tagged ggF, (c) merged-jet ggF, and (d) VBF channels. The dashed line shows the total
background used as input to the fit. The contribution labelled as ‘Top’ includes both the tt̄ and single-top processes.
The bottom panes show the ratio of the observed data to the predicted background.

opposite-charge eµ data events, which also accounts for the small W + jets background in that region. An621

uncertainty of 50% is assigned to these two normalizations, which are taken to be uncorrelated.622

The diboson background, composed mainly of Z Z and W Z → `` j j production, and the SM Zh → ``bb623

background are taken directly fromMonte Carlo simulation, as described in Section 3.3. The uncertainty in624

the diboson background is estimated by varying the factorization and renormalization scales in an MCFM625
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Figure 8: The distribution of m`` j j in the eµ top-quark control region of the H → Z Z → `+`−qq̄ search in the
tagged ggF channel. The dashed line shows the total background used as input to the fit. The contribution labelled
as ‘Top’ includes both the tt̄ and single-top processes. The bottom pane shows the ratio of the observed data to the
predicted background.

calculation [35]. The method described in Refs. [86, 87] is used to avoid underestimating the uncertainty626

due to cancellations. Differences due to the choice of alternate PDF sets and variations in the value of627

αS are included in the normalization uncertainty. Additional shape uncertainties in the m j j distribution628

are obtained by comparing results from Herwig, an LO simulation, with those from Powheg+Pythia, an629

NLO simulation.630

The rate of the SM V h(V = W/Z, h → bb) process, relative to the SM expectation, has been measured631

by ATLAS as µ = σ/σSM = 0.52 ± 0.32 (stat.) ± 0.24 (syst.) [30]. Since this is compatible with the632

SM expectation, the small Zh(h → bb) background in this channel is normalized to the SM cross-section633

and a 50% uncertainty is assigned to cover the difference between the prediction and the measured mean634

value.635

8. H → ZZ → νν̄qq̄ event selection and background estimation636

8.1. Event selection637

Events selected for this search must contain no electrons or muons as defined by the ‘loose’ lepton638

selection of the ``qq search. To select events with neutrinos in the final state, the magnitude of the639

missing transverse momentum vector must satisfy Emiss
T > 160 GeV; the trigger is 100% efficient in this640

range. Events must have at least two jets with pT > 20 GeV and |η | < 2.5; the leading jet must further641

satisfy pT > 45 GeV. To select a candidate Z → qq̄ decay, the invariant mass of the leading two jets must642

satisfy 70 < m j j < 105 GeV.643

The multijet background, due mainly to the mismeasurement of jet energies, is suppressed using a644

track-based missing transverse momentum, ~pmiss
T , defined as the negative vectorial sum of the transverse645
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momenta of all good-quality inner detector tracks. The requirements are pmiss
T > 30 GeV, the azimuthal646

angle between the directions of ~Emiss
T and ~pmiss

T satisfy ∆φ(~Emiss
T ,~pmiss

T ) < π/2, and the azimuthal angle647

between the directions of ~Emiss
T and the nearest jet satisfy ∆φ(~Emiss

T , j) > 0.6.648

As in the resolved ggF channel of the ``qq search, this search is divided into ‘tagged’ (exactly two b-tagged649

jets) and ‘untagged’ (fewer than two b-tagged jets) subchannels. Events with more than two b-tags are650

rejected.651

The sensitivity of this search is improved by adding a requirement on the jet transverse momenta. As in652

the ``qq search, the optimal threshold depends on mH . However, due to the neutrinos in the final state,653

this decay mode does not provide a good event-by-event measurement of the mass of the diboson system,654

mZZ . So, rather than having a single requirement on the jet transverse energy which is a function of the655

measured mZZ , instead there is a set of requirements, based on the generated mH , with the background656

estimated separately for each of these separate jet requirements. The specific requirement is found by657

rounding the generated mH to the nearest 100 GeV; this is called mbin
H . Then the subleading jet must658

satisfy p j2
T > 0.1 × mbin

H in events with no b-tagged jets, and p j2
T > 0.1 × mbin

H − 10 GeV in events with at659

least one b-tagged jet.660

The discriminating variable for this search is the transverse mass of the ννqq system, shown in Fig. 9,661

defined as in Eq. (1) with p j j
T replacing p``T . To improve the transverse mass resolution, the energies of662

the leading two jets are scaled event-by-event by a multiplicative factor to set the dijet invariant mass663

m j j to the Z boson mass, in the same manner as in the ``qq search. This improves the transverse mass664

resolution by approximately 20% at mH = 400 GeV and by approximately 10% at mH = 1 TeV. The665

resulting resolution in mT ranges from about 9% at mH = 400 GeV to 14% at mH = 1 TeV.666

8.2. Background estimation667

The dominant backgrounds for this search are Z + jets, W + jets, and tt̄. The Z + jets background is668

estimated using a control sample selected in the same way as the signal sample except that events must669

contain exactly two loose muons. The Emiss
T is calculated without including the muons and must satisfy670

the same requirement as for the signal: Emiss no µ
T > 160 GeV. The Z + jets MC simulation is corrected671

as a function of ∆φ j j and p``T in the same manner as in the resolved ggF channel of the ``qq search, as672

described in Section 7.2 and Appendix A.673

The W + jets background estimate similarly uses a control sample with the same selection as the signal674

sample except that there must be exactly one loose muon and the Emiss
T requirement is again on Emiss no µ

T .675

As in the case of Z + jets background, the flavour components of the W + jets background are free to float676

in the fit, and are constrained by providing as input to the fit the distribution of the b-tagging category,677

described in Appendix B, in the 0-b-tag and 1-b-tag control regions.678

Agreement between simulation and data for this background is improved by applying the correction on679

∆φ j j for W + j and W + c j, with half the correction assigned as a systematic uncertainty, in the same680

manner as in Ref. [30]. For W+heavy-flavour-jets, no correction is applied, but a dedicated systematic681

uncertainty is assigned as described in Ref. [30].682

Even after these corrections, the simulation does not accurately describe the data in the Z + jets and683

W + jets control sample with no b-tagged jets (which is dominated by Z/W + j j) for important kinematic684

distributions such as Emiss
T and jet transverse momenta. Moreover, because the resolution of the transverse685
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(c) Untagged, mH = 900 GeV
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Figure 9: The distributions of mT, the transverse mass of the Z (νν)Z ( j j) system, used in the likelihood fit for the
H → Z Z → νν̄qq̄ search in the (a, c) untagged and (b, d) tagged channels, for Higgs boson mass hypotheses of
(a, b) mH = 400 GeV and (c, d) mH = 900 GeV. The dashed line shows the total background used as input to the
fit. For the mH = 400 GeV hypothesis (a, b) the simulated signal is normalized to a cross-section corresponding to
twenty times the observed limit given in Section 11, while for the mH = 900 GeV hypothesis (c, d) it is normalized
to thirty times the observed limit. The contribution labelled as ‘Top’ includes both the tt̄ and single-top processes.
The bottom panes show the ratio of the observed data to the predicted background.

mass of the Z Z → νν̄qq̄ system is worse than that of m`` j j , the ννqq search is more sensitive to Emiss
T (i.e.686

Z/W boson pT) than the ``qq search. Therefore, a further correction is applied, as a linear function of687

Emiss
T , derived from measuring the ratio of the Emiss

T distributions from simulation and data in the control688
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sample with no b-tagged jets after non-Z/W + j j backgrounds have been subtracted. An uncertainty of689

50% is assigned to this correction. Following this correction, there is good agreement between simulation690

and data, as shown in Figs. 10 and 11.691
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Figure 10: The distributions of (a) Emiss
T and (b) leading-jet pT from the untagged (Z → µµ)+ jets control sample of

the H → Z Z → νν̄qq̄ search. The dashed line shows the total background used as input to the fit. The contribution
labelled as ‘Top’ includes both the tt̄ and single-top processes. The bottom panes show the ratio of the observed
data to the predicted background.

The tt̄ background is treated in the same manner as in the ``qq search; in particular, pt t̄T is corrected in692

the same way.693

Backgrounds from diboson and single-top production are estimated directly from MC simulations, both694

for shapes and normalization. The multijet background is estimated using a method similar to that used for695

the Z + jets background in the ``νν search (Section 6.2), except that the variables used are ∆φ(~Emiss
T ,~pmiss

T )696

and ∆φ(~Emiss
T , j) [30]. It is found to be negligible.697

9. Systematic uncertainties698

The systematic uncertainties can be divided into three categories: experimental uncertainties, related to the699

detector or to the reconstruction algorithms, uncertainties in the modelling of the signal, and uncertainties700

in the estimation of the backgrounds. The first two are largely common to all the searches and are treated701

as fully correlated. The uncertainties in the estimates of most backgrounds vary from search to search,702

and are summarized in the background estimation sections above. The estimation of the uncertainty of703

the Z Z (∗) background is outlined in Section 9.3.704
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Figure 11: The distributions of (a) Emiss
T and (b) leading-jet pT from the untagged (W → µν)+ jets control sample of

the H → Z Z → νν̄qq̄ search. The dashed line shows the total background used as input to the fit. The contribution
labelled as ‘Top’ includes both the tt̄ and single-top processes. The bottom panes show the ratio of the observed
data to the predicted background.

9.1. Experimental uncertainties705

The following detector-related systematic uncertainties are common to all the searches unless otherwise706

stated.707

The uncertainty in the integrated luminosity is determined to be 2.8% in a calibration following the708

methodology detailed in Ref. [88] using beam-separation scans performed in November 2012. This709

uncertainty is applied to the normalization of the signal and also to backgrounds forwhich the normalization710

is derived fromMC calculations, and is correlated between all of the searches. There is also an uncertainty711

of 4% in the average number of interactions per bunch crossing, which leads to an uncertainty on712

distributions sensitive to pile-up.713

There are small systematic uncertainties of O(1%) in the reconstruction and identification efficiencies714

for electrons and muons [70–73]. For the ννqq search, the uncertainty is instead in the efficiency of the715

lepton veto, and is also O(1%). Uncertainties in the lepton energy scale and resolution are also taken into716

account. These uncertainties are treated as uncorrelated between all of the searches due to differences in717

lepton selections optimized for each search.718

The uncertainty in the jet energy scale has several sources, including uncertainties in the in situ calibration719

analysis, corrections for pile-up, and the flavour composition of the sample [76, 89]. These uncertainties720

are decomposed into independent components. For central jets, the total relative uncertainty on the721

jet energy scale ranges from about 3% for jets with a pT of 20 GeV to about 1% for a pT of 1 TeV.722

The calibration of the b-jet transverse energy has an additional uncertainty of 1–2%. There is also an723

uncertainty in the jet energy resolution [90], which ranges from 10–20% for jets with a pT of 20 GeV to less724

than 5% for jets with pT > 200 GeV. The uncertainty associated with the pile-up rejection requirement725
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(Section 4) is evaluated by varying the nominal value of 50% between 47% and 53% [78]. The jet726

energy scale uncertainties are correlated between the ``qq and ννqq searches, and separately between727

the ```` and ``νν searches. They are not correlated between the two pairs of searches because although728

the ``qq and ννqq control regions have the power to constrain the jet energy scale uncertainties, these729

constraints do not necessarily apply to the ```` and ``νν searches due to differences in the jet kinematics730

and composition.731

Uncertainties on the lepton and jet energy scales are propagated into the uncertainty on Emiss
T . A732

contribution to Emiss
T also comes from energy deposits that are not associated with any identified physics733

object; uncertainties on the energy calibration (8%) and resolution (3%) of the sum of these deposits are734

also propagated to the uncertainty on Emiss
T [91].735

Uncertainties in the efficiency for tagging b-jets and in the rejection factor for light jets are determined736

from tt̄ and dijet control samples [81–83]. Additional uncertainties account for differences in b-tagging737

efficiency between simulated samples generated with sherpa and pythia and for differences observed738

between standard b-tagging and truth tagging (defined at the end of Section 4) for close-by jets [30].739

The efficiencies for the lepton triggers in events with reconstructed leptons are nearly 100%, and hence740

the related uncertainties are negligible. For the selection used in the ννqq search, the efficiency for the741

Emiss
T trigger is also close to 100% with negligible associated uncertainties.742

The merged-jet channel of the ``qq search relies on measuring single-jet masses. To estimate the743

uncertainty in this measurement, jets reconstructed as described in Section 4 are compared with jets744

constructed using the same clustering algorithm but using as input charged-particle tracks rather than745

calorimeter energy deposits. The uncertainty is found using a procedure similar to that described in746

Ref. [92] by studying the double ratio of masses of jets found by both the calorimeter- and track-based747

algorithms: Rm
trackcalo = rm,datatrackcalo/r

m,MC
trackcalo, where rm,Xtrackcalo = mX

calo/m
X
track, X = data or MC simulation, and748

m is the jet mass. The uncertainty is taken as the deviation of this quantity from unity. Studies performed749

on dijet samples yield a constant value of 10% for this uncertainty. Applying the jet mass calibration750

derived from single jets in generic multijet samples to merged jets originating from boosted Z bosons751

results in a residual topology-dependent miscalibration. This effect can be bounded by an additional752

uncertainty of 10%. Adding these two effects in quadrature gives a total uncertainty on the jet mass scale753

of 14%. The uncertainty on the jet mass resolution has a negligible effect on the final result.754

9.2. Signal acceptance uncertainty755

The uncertainty in the experimental acceptance for the Higgs boson signal due to the modelling of756

Higgs boson production is estimated by varying parameters in the generator and re-applying the signal757

selection at generator level. The renormalization and factorization scales are varied up and down both758

independently and coherently by a factor of two; the amounts of initial- and final-state radiation (ISR/FSR)759

are increased and decreased separately; and the PDF set used is changed from the nominal CT10 to either760

MSTW2008 or NNPDF23.761

9.3. ZZ (∗) background uncertainties762

Uncertainties on the Z Z (∗) background are treated as correlated between the ```` and ``νν searches.763
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Uncertainties in the PDF and in αS are taken from Ref. [93] and are derived separately for the qq̄ → Z Z764

and gg → Z Z backgrounds, using the envelope of the CT10, MSTW, and NNPDF error sets following765

the PDF4LHC prescription given in Refs. [94, 95], giving an uncertainty parameterized in mZZ . These766

uncertainties amount to 3% for the qq̄ → Z Z process and 8% for the gg → Z Z process and are found767

to be anti-correlated between the two processes; this is taken into account in the fit. The QCD scale768

uncertainty for the qq̄ → Z Z process is also taken from Ref. [93] and is based on varying the factorization769

and renormalization scales up and down by a factor of two, giving an uncertainty parameterized in mZZ770

amounting to 4% on average.771

The deviation of the NLO electroweak K-factor from unity is varied up and down by 100% in events772

with high QCD activity or with an off-shell Z boson, as described in Ref. [96]; this leads to an additional773

overall uncertainty of 1–3% for the qq̄ → Z Z process.774

Full NLO and NNLO QCD calculations exist for the gg → h∗ → Z Z (∗) process, but not for the gg → Z Z775

continuum process. However, Ref. [97] showed that higher-order corrections affect gg → WW and776

gg → h∗ → WW similarly, within a 30% uncertainty on the interference term. This yields about a 60%777

uncertainty on the gg → WW process. Furthermore, Ref. [97] states that this conclusion also applies to778

the Z Z (∗) final state, so the gg-induced part of the off-shell light Higgs boson K-factor from Ref. [38]779

is applied to the gg → Z Z background. The uncertainty on this K-factor depends on mZZ and is about780

30%. An additional uncertainty of 100% is assigned to this procedure; this covers the 60% mentioned781

above. This uncertainty corresponds to the range considered for the gg → Z Z background K-factor in782

the ATLAS off-shell Higgs boson signal-strength measurement described in Ref. [96].783

Acceptance uncertainties for the ggF and VBF (and VH for ````) channels due to the uncertainty on the784

≤1-jet and 2-jet cross-sections are estimated for the qq̄ → Z Z background by comparing the acceptance785

upon varying the factorization and renormalization scales and changing the PDF set. For ```` this leads to786

uncertainties of 4%, 8%, and 3% on the ggF, VBF, and VH channels, respectively, where the uncertainty787

is fully anti-correlated between the ggF channel and the VBF and VH channels. For the gg → Z Z process788

where only LO generators are available, the VBF jets are simulated only in the parton shower, and so789

the acceptance uncertainty is estimated by taking the difference between the acceptances predicted by790

MCFM+Pythia8 and Sherpa, which have different parton shower simulations; this amounts to 90% for791

the VH channel.792

10. Combination and statistical interpretation793

The statistical treatment of the data is similar to that described in Refs. [98–102], and uses a simultaneous794

profile-likelihood-ratio fit to the data from all of the searches. The parameter of interest is the cross-795

section times branching ratio for heavy Higgs boson production, assumed to be correlated between all796

of the searches. It is assumed that an additional Higgs boson would be produced predominantly via the797

ggF and VBF processes but that the ratio of the two production mechanisms is unknown in the absence798

of a specific model. For this reason, fits for the ggF and VBF production processes are done separately,799

and in each case the other process is allowed to float in the fit as an additional nuisance parameter. The800

VH production mechanism is included in the fit for the ```` search and is assumed to scale with the VBF801

signal since both the VH and VBF production mechanisms depend on the coupling of the Higgs boson to802

vector bosons.803
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Search Channel SR Z CR W CR Top CR

````

ggF meeee , mµµµµ ,
meeµµ , mµµee

VBF m````

VH m````

``νν
ggF mee

T , mµµ
T

VBF Nee
evt , N µµ

evt

``qq
ggF

untagged m`` j j MV1c
tagged m`` j j MV1c m`` j j

merged-jet m`` j m`` j

VBF m`` j j m`` j j

ννqq ggF untagged mT
MV1c (0 b-tags)
MV1c (1 b-tag)

tagged mT

Table 3: Summary of the distributions entering the likelihood fit for each channel of each search, both in the signal
region (SR) and the various control regions (CR) used to constrain the background. Each entry represents one
distribution; some channels have several distributions for different lepton flavours. The distributions are unbinned
for the ```` search and binned elsewhere. The VBF channels of the ``νν search use only the overall event counts.
See the text for the definitions of the specific variables used as well as for the definitions of the signal and control
regions.

The simultaneous fit proceeds as follows. For each channel of each search, there is a distribution of804

the data with respect to some discriminating variable; these distributions are fitted to a sum of signal805

and backgrounds. The particular variables used are summarized in Table 3. The distributions for the806

```` search are unbinned, since the resolution of m```` is very good, while other searches have binned807

distributions. For the VBF channels of the ``νν search, only the overall event counts are used, rather808

than distributions, as the sample sizes are very small. The ``qq and ννqq searches include additional809

distributions in control regions in order to constrain the background, using either distributions of the810

mass variable or of the MV1c b-tagging discriminant. The details of the specific variables used and the811

definitions of the signal and control regions are discussed in Sections 5 to 8.812

As discussed in Section 9, the signal acceptance uncertainties, and many of the background theoretical813

and experimental uncertainties, are treated as fully correlated between the searches. A given correlated814

uncertainty is modelled in the fit by using a nuisance parameter common to all of the searches. The815

mass hypothesis for the heavy Higgs boson strongly affects which sources of systematic uncertainty816

have the greatest effect on the result. At lower masses, the Z Z (∗) background theory uncertainties, the817

Z + jets modelling uncertainties, and the uncertainties on the jet energy scale dominate. At higher masses,818

uncertainties in the ``νν non-Z Z background, the jet mass scale, and the Z + jets background in the819

merged-jet regime dominate. The contribution to the uncertainty on the best-fit signal cross-section from820

the dominant systematic uncertainties is shown in Table 4.821
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ggF mode VBF mode
Systematic source Effect [%] Systematic source Effect [%]

mH = 200 GeV

gg → Z Z K-factor uncertainty 27 gg → Z Z acceptance 13
Z+hf ∆φ reweighting 5.3 Jet vertex fraction (``qq/ννqq) 13
Luminosity 5.2 gg → Z Z K-factor uncertainty 13
Jet energy resolution (``qq/ννqq) 3.9 Z + jets ∆φ reweighting 7.9
QCD scale gg → Z Z 3.7 Jet energy scale η modelling (``qq/ννqq) 5.3

mH = 400 GeV

qq → Z Z PDF 21 Z + jets estimate (``νν) 34
QCD scale qq → Z Z 13 Jet energy resolution (````/``νν) 6.5
Z + jets estimate (``νν) 13 VBF Z + jets m`` j j 5.5
Signal acceptance ISR/FSR (````/``νν) 7.8 Jet flavour composition (````/``νν) 5.3
Z + bb̄, Z + cc̄, p``T 5.6 Jet vertex fraction (``qq/ννqq) 4.8

mH = 900 GeV

Jet mass scale (``qq) 7 Z + jets estimate (``νν) 19
Z + j j p``T shape 5.6 Jet mass scale (``qq) 8.7
qq → Z Z PDF 4.3 Z + j j p``T shape 7.3
QCD scale qq → Z Z 3.5 Jet energy resolution (````/``νν) 4.4
Luminosity 2.6 Jet flavour composition (VV /Signal) 2.6

Table 4: The effect of the leading systematic uncertainties on the best-fit signal cross-section uncertainty, expressed
as a percentage of the total (systematic and statistical) uncertainty, for the ggF (left) and VBF (right) modes
at mH = 200, 400, and 900 GeV. The uncertainties are listed in decreasing order of their effect on the total
uncertainty; additional uncertainties with smaller effects are not shown.
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Asno significant excess is observed, exclusion limits are calculatedwith amodified frequentistmethod [103],822

also known as CLs , using the q̃µ test statistic in the asymptotic approximation [104]. The observed lim-823

its can be compared with expectations by generating ‘Asimov’ data sets, which are representative event824

samples that provide both the median expectation for an experimental result and its expected statistical825

variation in the asymptotic approximation, as described in Ref. [104]. When producing the Asimov data826

set for the expected limits, the background-only hypothesis is assumed and the cross-sections for both827

ggF and VBF production of the heavy Higgs boson are set to zero. The remaining nuisance parameters828

are set to the value that maximizes the likelihood function for the observed data (profiled). When using829

the asymptotic procedure to calculate limits it is necessary to generate an Asimov data set both for the830

background-only hypothesis and for the signal hypothesis. When setting the observed limits, the cross-831

section for the other production mode not under consideration is profiled to data before generating the832

background-only Asimov data set.833

11. Results834

Limits on the cross-section times branching ratio from the combination of all of the searches are shown835

in Fig. 12. In the mass range between 140 GeV and 1 TeV, the 95% confidence level (CL) upper limits836

on the cross-section times branching ratio for heavy Higgs boson production are between 0.19 (0.20) pb837

and 0.011 (0.013) pb for the ggF (VBF) channels. The excursions into the 2σ band around the expected838

limit originate from local deviations in the input distributions. For example, the excess occurring around839

200 GeV and the deficit occurring around 300 GeV arise from the ```` (see Fig. 1) search. Deficits at840

higher mass are driven by fluctuations in the ``qq search (see Figs. 3 and 6).841

Figure 13 shows exclusion limits in the cos(β − α) versus tan β plane for Type-I and Type-II 2HDMs,842

for a heavy Higgs boson with mass mH = 200 GeV. This mH value is chosen so the assumption of a843

narrow-width Higgs boson is valid over most of the parameter space, and the experimental sensitivity is844

at a maximum. As explained in Section 3.2, the range of cos(β − α) and tan β explored is limited to845

the region where the assumption of a heavy narrow-width Higgs boson with negligible interference is846

valid. When calculating the limits at a given choice of cos(β − α) and tan β, the relative rate of ggF847

and VBF production in the fit is set according to the prediction of the 2HDM for that parameter choice.848

Figure 14 shows exclusion limits as a function of the heavy Higgs boson mass mH and the parameter tan β849

for cos(β − α) = −0.1. The white regions in the exclusion plots indicate regions of parameter space not850

excluded by the present analysis; in these regions the cross-section predicted by the 2HDM is below the851

experimental sensitivity. Compared with recent studies of indirect limits [105], the exclusion presented852

here is considerably more stringent for Type-I with cos(β − α) < 2 and 0.5 < tan β < 2, and for Type-II853

with 0.5 < tan β < 2.854

The previously published ATLAS results using data collected at
√

s = 7 TeV [5–7] assumed a SM855

Higgs boson with the relative rate of ggF and VBF production fixed to the SM prediction. Thus, they are856

not directly comparable with the current results, which assume that the heavy Higgs boson has a narrow857

width but also allow the rates of ggF and VBF production to vary independently. These results are also not858

directly comparable with the recent results published by the CMS Collaboration [8] for similar reasons.859
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Figure 12: 95% CL upper limits on σ ×BR(H → Z Z ) as a function of mH , resulting from the combination of all of
the searches in the (a) ggF and (b) VBF channels. The solid black line and points indicate the observed limit. The
dashed black line indicates the expected limit and the bands the 1-σ and 2-σ uncertainty ranges about the expected
limit. The dashed coloured lines indicate the expected limits obtained from the individual searches; for the ``qq
and ννqq searches, only the combination of the two is shown as they share control regions.
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Figure 13: 95% CL exclusion contours in the 2HDM (a) Type-I and (b) Type-II models for mH = 200 GeV, shown
as a function of the parameters cos(β − α) and tan β. The red hashed area shows the observed exclusion, with the
solid red line denoting the edge of the excluded region. The dashed blue line represents the expected exclusion
contour and the shaded bands the 1-σ and 2-σ uncertainties on the expectation. The vertical axis range is set such
that regions where the light Higgs couplings are significantly altered from their SM values are avoided.
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Figure 14: 95% CL exclusion contours in the 2HDM (a) Type-I and (b) Type-II models for cos(β − α) = −0.1,
shown as a function of the heavy Higgs boson mass mH and the parameter tan β. The shaded area shows the
observed exclusion, with the black line denoting the edge of the excluded region. The blue line represents the
expected exclusion contour and the shaded bands the 1-σ and 2-σ uncertainties on the expectation. The grey area
masks regions where the width of the boson is greater than 0.5% of mH . For the choice of cos(β − α) = −0.1 the
light Higgs couplings are not significantly altered from their SM values.
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12. Summary860

A search is presented for a high-mass Higgs boson in the H → Z Z → `+`−`+`−, H → Z Z → `+`−νν̄,861

H → Z Z → `+`−qq̄, and H → Z Z → νν̄qq̄ decay modes using the ATLAS detector at the CERN862

Large Hadron Collider. The search uses proton–proton collision data at a centre-of-mass energy of 8 TeV863

corresponding to an integrated luminosity of 20.3 fb−1. The results of the search are interpreted in864

the scenario of a heavy Higgs boson with a width that is small compared with the experimental mass865

resolution. The Higgs bosonmass range considered extends up to 1 TeV for all four decaymodes and down866

to as low as 140 GeV, depending on the decay mode. No significant excess of events over the Standard867

Model prediction is found. Limits on production and decay of a heavy Higgs boson to two Z bosons868

are set separately for gluon-fusion and vector-boson-fusion production modes. For the combination of all869

decay modes, 95% CL upper limits range from 0.19 pb at mH = 140 GeV to 0.011 pb at mH = 1 TeV870

for the gluon-fusion production mode, and from 0.20 pb at mH = 140 GeV to 0.013 pb at mH = 1 TeV871

for the vector-boson-fusion production mode. The results are also interpreted in the context of Type-I and872

Type-II two-Higgs-doublet models, with exclusion contours given in the cos(β − α) versus tan β and mH873

versus tan β planes for mH = 200 GeV. This mH value is chosen so that the assumption of a narrow-874

width Higgs boson is valid over most of the parameter space, and so that the experimental sensitivity is875

at a maximum. Compared with recent studies of indirect limits,the two-Higgs-doublet model exclusion876

presented here is considerably more stringent for Type-I with cos(β − α) < 2 and 0.5 < tan β < 2, and877

for Type-II with 0.5 < tan β < 2.878
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A. Corrections to MC simulation for the ``qq search899

In order to improve the description of the data in the resolved ggF channel, corrections are applied to the900

Sherpa Z + jets simulation (prior to the likelihood fit) as a function of the azimuthal angle between the901

two signal jets, ∆φ j j , and the transverse momentum of the leptonic Z boson, p``T , following Ref. [30].902

The simulation does not model well the observed ∆φ j j distribution in the untagged control regions for903

p``T < 120 GeV; this is not seen at higher p``T or in the tagged control region. In order to improve the904

modelling, the Z + j j component of the background with p``T < 120 GeV is scaled by a linear function905

derived from the control region with no b-tagged jets at low p``T with non-Z boson backgrounds subtracted.906

Half the value of the correction is taken as a systematic uncertainty where it is applied. In the Z+hf sample907

with p``T < 120 GeV, the full value of the correction is taken as an uncertainty. For p``T > 120 GeV, no908

correction is applied for any sample. In this region, a linear fit is performed to the data/MC ratio of ∆φ j j909

in the untagged subchannel after subtracting the small non-Z background, and the uncertainty on the fitted910

slope taken as an uncertainty for all Z + jets samples. Following this correction, the description of the911

p``T distribution in the control region with no b-tagged jets also improves, but there is still some residual912

discrepancy seen in the control regions that have b-tagged jets. Thus, the Z+hf background component913

is scaled by a function logarithmic in p``T , determined from the combination of the control regions with914

one or more b-tagged jets (after subtracting the Z + j j and non-Z + jets background components). An915

uncertainty of half this correction is applied for all Z + jets channels. (All these uncertainties are taken to916

be uncorrelated between the Z + light-jet and Z+hf samples.) Following these corrections, the simulation917

models both the ∆φ j j and p``T distributions well in all Z + jets control regions.918

For the VBF channel, no significant differences are seen in the ∆φ j j and p``T distributions, but there is919

a small difference in the m`` j j distribution in the control region. The simulated Z + jets background920

is corrected for this bin-by-bin and the full value of this correction is taken as an uncertainty, again921

uncorrelated between light- and heavy-flavour samples. No corrections are needed for the merged-jet ggF922

channel given the small sample size available.923

It has been observed in an unfolded measurement of the pT distribution of tt̄ quark pairs that the simulation924

does not accurately describe the pt t̄T distribution [106]. To correct for this, tt̄ MC events are weighed by925

a function of pt t̄T taken from 7 TeV data from Ref. [106] in order to make the simulation match the data.926

The correction is validated for 8 TeV data using the eµ top-quark control region, and the uncertainty in927

this correction is estimated by varying it from 50% to 150% of its nominal value.928

B. Flavour tagging in the ``qq and ννqq search929

In order to constrain the normalisations of the various flavour components of the Z+jets (Z + j j, Z + c j,930

Z + bj, and Z+hf) and W+jets (W + j j, W + c j and W+hf) backgrounds in the ``qq and ννqq channels931

it is necessary to distinguish the different combinations of jet flavour. This is achived by combining the932

information from the MV1c b-tagging discriminant of the two signal jets.933

Four MV1c selection criteria (or operating points) are calibrated, corresponding to average b-efficiencies934

of 80%, 70%, 60% and 50% for b-jets with pT > 20 GeV, as measured in simulated tt̄ events. Based on935

these, 5 bins in MV1c are defined, which are referred to as:936

Very Loose (VL): > 80% b-tagging efficiency;937
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Loose (L): 80 − 70% b-tagging efficiency;938

Medium (M): 70 − 60% b-tagging efficiency;939

Tight (T): 60 − 50% b-tagging efficiency;940

Very Tight (VT): < 50% b-tagging efficiency.941

Events are then classified based on the combination of the binned MV1c operating point for the two signal942

jets, as outlined in Fig. 15.943

Figure 15: Event classification as a function of the output of the MV1c b-tagging algorithm for the two signal jets.
The bin boundaries denote the operating points (MV1c(jet) OP) corresponding to b-tagging efficiencies of 100%,
80%, 70%, 50%, i.e., the b-jet purity increases from left (bottom) to right (top). The event categories are labelled
as VL, L, M, T and LT according to the definition in the text.

The resulting MV1c event clasiffication is shown in Fig. 16 and Fig. 17 for the ``qq Z + jets and ννqq944

W + jets control regions, respectively, where the date is well described by the MC simulation after the945

combined fit described in Section 10.946
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Figure 16: The distribution of the MV1c event classification, based on the two signal jets, in the Z + jets control
region in the (a) untagged ggF and (b) tagged ggF channels of the H → Z Z → `+`−qq̄ search. The b-jet purity
generally increases from left to right. The dashed line shows the total background used as input to the fit. The
contribution labelled as ‘Top’ includes both the tt̄ and single-top processes. The bottom panes show the ratio of the
observed data to the predicted background.
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Figure 17: The distribution of the MV1c event classification, based on the two signal jets, in the W + jets (a) 0-b-tag
and (b) 1-b-tag control regions of the H → Z Z → νν̄qq̄ search. The b-jet purity generally increases from left
to right. The dashed line shows the total background used as input to the fit. The contribution labelled as ‘Top’
includes both the tt̄ and single-top processes. The bottom panes show the ratio of the observed data to the predicted
background.
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DRAFT

Auxiliary Material1228

Component Subchannel
ggF VBF V H

qq → Z Z 50 ± 20 5 ± 4 2 ± 1
gg → Z Z 280 ± 20 15 ± 2 7 ± 1
Reducible (Z + jets, top) 12 ± 3 1 ± 1 0.5 ± 0.3

SM Background 340 ± 20 21 ± 4 9 ± 1

Data 316 22 9

H → Z Z → `+`−qq̄ (1 pb)
ggF (mH = 400 GeV) 11 ± 1 2.3± 0.3 0.8 ± 0.1
VBF (mH = 400 GeV) 6 ± 1 8 ± 1 0.31± 0.04
ggF (mH = 900 GeV) 12 ± 1 5 ± 1 1.6 ± 0.2
VBF (mH = 900 GeV) 8 ± 1 10 ± 1 0.32± 0.03

Table 5: Number of selected data events compared to the fitted background predictions for the ATLAS H → Z Z →
`+`−`+`− search in the ggF, VBH, and V H channels. Also shown are the signal predictions for mH = 400 GeV and
mH = 900 GeV, normalized to σ× BR = 1 pb.

Component Subchannel
Untagged Tagged Merged-jet VBF

Z + j j 35 300 ± 700 14 ± 3 — —
Z + c j 5 210 ± 730 34 ± 3 — —
Z + bj 2 310 ± 110 59 ± 6 — —
Z + h f 1 610 ± 130 1 100 ± 30 — —
Z + jets — — 62 ± 6 600 ± 30
tt̄/Wt 332 ± 14 200 ± 9 0.32± 0.05 34 ± 4
Diboson 1 040 ± 70 140 ± 10 5.0 ± 0.5 18 ± 4
Multijet 152 ± 1 9 ± 5 — —
Zh → ``bb 10.4 ± 0.3 9 ± 4 — —

SM background 46 000 ± 210 1 600 ± 30 67 ± 6 650 ± 30

Data 46014 1542 73 644

H → Z Z → `+`−qq̄ (1 pb)
ggF (mH = 400 GeV) 251 ± 10 71 ± 4 — 0. ± 0.2
VBF (mH = 400 GeV) 1.3 ± 4.5 0.5 ± 2 — 120 ± 10
ggF (mH = 900 GeV) 202 ± 16 70 ± 7 160 ± 30 2 ± 4
VBF (mH = 900 GeV) 1.9 ± 4.2 5 ± 10 17 ± 40 100 ± 9

Table 6: Number of selected data events compared to the fitted background predictions for the ATLAS H → Z Z →
`+`−qq̄ search in the untagged (< 2 b-tagged jets), tagged (= 2 b-tagged jets), and merged-jet ggF subchannels,
along with the VBF subchannel. Also shown are the signal predictions for mH = 400 GeV and mH = 900 GeV,
normalized to σ× BR = 1 pb.
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Component
Mass and subchannel

mH = 400 GeV selection mH = 900 GeV selection
Untagged Tagged Untagged Tagged

Z + j j 12 400 ± 400 1.7± 0.3 1 590 ± 70 0.26± 0.06
Z + c j 1 800 ± 300 3.8± 0.4 250 ± 40 0.65± 0.08
Z + bj 790 ± 50 5.1± 0.7 121 ± 8 0.9 ± 0.2
Z + h f 580 ± 50 120 ± 7 120 ± 10 25 ± 2
W + l 7 800 ± 300 1.6± 0.1 990 ± 50 0.19± 0.03
W + cl 1 200 ± 100 2.9± 0.4 160 ± 20 0.44± 0.05
W + h f 450 ± 100 40 ± 10 76 ± 20 9 ± 3
tt̄/Wt 2 100 ± 100 90 ± 6 520 ± 50 16 ± 1
Diboson 1 200 ± 200 44 ± 5 270 ± 40 14 ± 2
Zh → ννbb 6.8± 0.2 5 ± 2 1.4± 0.04 1.1 ± 0.5

SM Background 28 400 ± 300 310 ± 10 4 090 ± 70 66 ± 4

Data 28573 323 4096 69

H → Z Z → νν̄qq̄ (1 pb)
ggF 320 ± 30 30 ± 3 540 ± 20 75 ± 7
VBF 2 ± 8 2 ± 8 60 ± 200 8 ± 20

Table 7: Number of selected data events compared to the fitted background predictions for the ATLAS H →

Z Z → νν̄qq̄ search in the untagged (< 2 b-tagged jets) and tagged (= 2 b-tagged jets) ggF subchannels for
the mH = 400 GeV and mH = 900 GeV selection. Also shown are the signal predictions for the corresponding
Higgs boson mass normalized to σ× BR = 1 pb.
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Figure 18: Results from the ATLAS search for a heavy, narrow Higgs boson state decaying to two Z bosons, where
each Z boson decays into a pair of either electrons or muons. The solid curve shows the observed 95% CL limits
on σ × BR(H → Z Z ). The dashed curve shows the expected limit and the coloured bands the 1- and 2-σ ranges
around the expected limit. (a) ggF mode. (b) VBF mode.
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Figure 19: Results from the ATLAS search for a heavy, narrow Higgs boson state decaying to two Z bosons, where
one Z boson decays into a pair of either electrons or muons and the other decays into a pair of neutrinos. The solid
curve shows the observed 95% CL limits on σ × BR(H → Z Z ). The dashed curve shows the expected limit and
the coloured bands the 1- and 2-σ ranges around the expected limit. (a) ggF mode. (b) VBF mode.
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Figure 20: Results from the ATLAS search for a heavy, narrow Higgs boson state decaying to two Z bosons. These
plots show the combination of two searches, one in which one Z boson decays to a pair of either electrons or muons
and the other to jets, and one in which one Z boson decays to a pair of neutrinos instead of electrons or muons. The
solid curve shows the observed 95% CL limits on σ × BR(H → Z Z ). The dashed curve shows the expected limit
and the colored bands the 1- and 2-σ ranges around the expected limit. (a) ggF mode. (b) VBF mode.
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Figure 21: The distributions of mT, the transverse mass of the Z (νν)Z ( j j) system, used in the likelihood fit for
the H → Z Z → νν̄qq̄ search in the (a) untagged and (b) tagged channels, for a Higgs boson mass hypothesis of
mH = 500 GeV with the 500 GeV signal region selection. The dashed line shows the total background used as
input to the fit. The signal is normalized to a cross-section corresponding to twenty times the observed limit given
in Section 11. The contribution labelled as ‘Top’ includes both the tt̄ and single-top processes. The bottom panes
show the ratio of the observed data to the predicted background.
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Figure 22: The distributions of mT, the transverse mass of the Z (νν)Z ( j j) system, used in the likelihood fit for
the H → Z Z → νν̄qq̄ search in the (a) untagged and (b) tagged channels, for a Higgs boson mass hypothesis of
mH = 600 GeV with the 600 GeV signal region selection. The dashed line shows the total background used as
input to the fit. The signal is normalized to a cross-section corresponding to twenty times the observed limit given
in Section 11. The contribution labelled as ‘Top’ includes both the tt̄ and single-top processes. The bottom panes
show the ratio of the observed data to the predicted background.
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Figure 23: The distributions of mT, the transverse mass of the Z (νν)Z ( j j) system, used in the likelihood fit for
the H → Z Z → νν̄qq̄ search in the (a) untagged and (b) tagged channels, for a Higgs boson mass hypothesis of
mH = 700 GeV with the 700 GeV signal region selection. The dashed line shows the total background used as
input to the fit. The signal is normalized to a cross-section corresponding to thirty times the observed limit given
in Section 11. The contribution labelled as ‘Top’ includes both the tt̄ and single-top processes. The bottom panes
show the ratio of the observed data to the predicted background.
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Figure 24: The distributions of mT, the transverse mass of the Z (νν)Z ( j j) system, used in the likelihood fit for
the H → Z Z → νν̄qq̄ search in the (a) untagged and (b) tagged channels, for a Higgs boson mass hypothesis of
mH = 800 GeV with the 800 GeV signal region selection. The dashed line shows the total background used as
input to the fit. The signal is normalized to a cross-section corresponding to thirty times the observed limit given
in Section 11. The contribution labelled as ‘Top’ includes both the tt̄ and single-top processes. The bottom panes
show the ratio of the observed data to the predicted background.
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Figure 25: The distributions of mT, the transverse mass of the Z (νν)Z ( j j) system, used in the likelihood fit for
the H → Z Z → νν̄qq̄ search in the (a) untagged and (b) tagged channels, for a Higgs boson mass hypothesis of
mH = 1000 GeV with the 1000 GeV signal region selection. The dashed line shows the total background used as
input to the fit. The signal is normalized to a cross-section corresponding to thirty times the observed limit given
in Section 11. The contribution labelled as ‘Top’ includes both the tt̄ and single-top processes. The bottom panes
show the ratio of the observed data to the predicted background.
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mH [GeV] Observed [fb] Expected [fb] +1σ [fb] +2σ [fb] −1σ [fb] −2σ [fb]

140 190 210 320 460 150 120
145 180 220 320 470 160 120
150 240 200 290 420 140 110
155 240 180 250 370 130 97
160 140 180 260 380 130 96
165 320 180 270 390 130 95
170 220 180 250 370 130 94
175 170 190 270 400 140 100
180 170 220 330 470 160 120
185 220 270 380 540 190 140
190 510 300 430 600 220 160
195 530 320 450 630 230 170
200 360 320 460 650 230 170
220 360 300 420 590 210 160
240 250 260 380 530 190 140
260 340 230 320 460 160 120
280 230 200 280 390 140 100
300 260 170 250 350 130 93
320 93 150 220 300 110 81
340 110 130 190 260 94 70
360 99 120 170 230 84 63
380 120 100 140 200 72 54
400 65 85 120 170 61 45
420 61 72 100 140 52 39
440 71 65 93 130 47 35
460 48 58 82 120 42 31
480 42 53 75 110 38 28
500 44 47 67 94 34 25
520 39 43 61 86 31 23
540 32 39 56 79 28 21
560 30 37 52 74 26 20
580 25 34 49 69 24 18
600 22 32 46 65 23 17
650 26 27 39 55 19 14
700 20 23 32 46 16 12
750 12 19 28 40 14 10
800 12 17 25 36 12 9.2
850 11 15 22 32 11 8.2
900 14 14 20 29 9.9 7.3
950 7.6 13 18 27 9.1 6.8

1 000 11 12 17 25 8.4 6.3

Table 8: Results from the ATLAS search for a heavy, narrow Higgs boson state decaying to two Z bosons, for the
ggF production mode. Decay modes considered include ````, ``νν, ``qq, and ννqq. Tabulated as a function of
mH are the observed 95% CL limits on σ × BR(H → Z Z ), the expected limits, and the 1- and 2-σ ranges around
the expected limits.
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mH [GeV] Observed [fb] Expected [fb] +1σ [fb] +2σ [fb] −1σ [fb] −2σ [fb]

140 200 160 230 350 110 84
145 270 150 230 360 110 82
150 260 140 210 320 100 76
155 160 130 200 300 96 72
160 99 130 200 310 97 72
165 130 130 200 310 96 71
170 120 130 190 300 94 70
175 95 130 200 300 97 72
180 99 140 220 330 100 77
185 140 160 230 350 110 84
190 220 170 250 370 120 89
195 310 170 260 390 130 94
200 210 140 200 290 97 72
220 160 130 190 280 94 70
240 160 120 180 270 89 67
260 160 110 160 240 81 60
280 100 100 150 220 75 56
300 100 92 130 190 66 49
320 58 80 120 170 58 43
340 42 64 88 130 46 34
360 76 63 91 130 45 34
380 88 55 79 110 40 29
400 65 56 81 120 40 30
420 63 47 67 96 34 25
440 62 44 64 92 32 24
460 48 40 58 84 29 22
480 43 38 56 80 28 21
500 37 33 47 68 24 18
520 31 28 40 57 20 15
540 29 26 38 54 19 14
560 27 25 37 52 18 14
580 25 25 36 52 18 13
600 21 24 35 50 18 13
650 18 20 28 40 14 10
700 16 18 26 37 13 9.7
750 11 16 24 34 12 8.8
800 11 15 22 32 11 8.2
850 10 13 19 28 9.7 7.2
900 14 13 19 27 9.3 6.9
950 8.8 12 18 26 8.8 6.6

1 000 13 11 17 24 8.3 6.2

Table 9: Results from the ATLAS search for a heavy, narrow Higgs boson state decaying to two Z bosons, for the
vector-boson fuson production mode. Decay modes considered include ````, ``νν, ``qq, and ννqq. Tabulated as
a function of mH are the observed 95% CL limits on σ × BR(H → Z Z ), the expected limits, and the 1- and 2-σ
ranges around the expected limits.
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Figure 26: 95% CL exclusion contours in the 2HDM (a) Type-I and (b) Type-II models for cos(β − α) = 0.1, shown
as a function of the parameters cos(β − α) and tan β. The red hashed area shows the observed exclusion, with the
solid red line denoting the edge of the excluded region. The dashed blue line represents the expected exclusion
contour and the shaded bands the 1- and 2- σ uncertainties on the expectation. The grey area masks regions where
the width of the boson is greater than 0.5% of mH .
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