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1 Introduction

The discovery of a Higgs boson h with a mass of approximately 125 GeV in 2012 [1, 2] rep-

resents a major milestone in the understanding of electroweak symmetry breaking. Sub-

sequent studies [3–6] have shown that the properties of the new particle are consistent

with those of the Standard Model (SM) Higgs boson. Nevertheless, the possibility that
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Figure 1. Representative Feynman diagrams for the production of heavy resonances X with their

decays into a pair of vector bosons.

the particle is part of an extended Higgs sector or other extension of the SM cannot be

ruled out. Many of these models, motivated by hierarchy and naturalness arguments [7–9],

predict the existence of new heavy resonances decaying into dibosons. In models with

an extended Higgs sector, such as the two-Higgs-doublet models (2HDM) [10] and the

electroweak-singlet model [11], a heavy spin-0 neutral Higgs boson (H) can decay into a

pair of Z bosons. In extended gauge models [12], a heavier version of the SM W boson (W ′)
is predicted to decay into ZW , and in models with warped extra dimensions [13, 14], spin-2

Kaluza-Klein (KK) excitations of the graviton (GKK) are expected to decay into ZZ.

This paper reports searches for heavy resonances X decaying into pairs of vector

bosons, ZV (V = W,Z). Production through gluon-gluon fusion (ggF), Drell-Yan (DY)

and vector-boson fusion (VBF) processes are considered, depending on the assumed model.

Representative Feynman diagrams of these processes are shown in figure 1. Two ZV decay

modes are explored: one in which there is a Z boson decaying into a pair of light charged

leptons (electrons or muons, denoted by `), Z → ``,1 and the other in which a Z boson

decays into a pair of neutrinos, Z → νν. In both cases, the vector boson V is required to

decay into a pair of quarks, V → qq, leading to X → ZV → ``qq and X → ZV → ννqq

decay modes.

Two different reconstruction techniques for the V → qq decay are considered: resolved

and merged. The resolved reconstruction attempts to identify two separate small-radius

jets (small-R jet, or j) of hadrons from the V → qq decay, while the merged reconstruction

uses jet substructure techniques to identify the V → qq decay reconstructed as a large-R jet.

When the resonance mass is significantly higher than the V boson mass, the qq pair from

the V boson decay can be collimated. In this case, hadrons from the two quarks overlap

in the detector and are more efficiently reconstructed as a single large-radius jet (large-R

jet, or J). The X → ZV → ``qq searche utilises both reconstruction techniques for the

V → qq decay, whereas the X → ZV → ννqq search uses only the merged reconstruction.

1To simplify the notation, antiparticles are not explicitly labelled in this paper.
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Heavy resonances would manifest themselves as resonant structures above the SM

background in the invariant-mass distributions of the ``qq final state and as broad en-

hancements in the transverse-mass distributions of the ννqq final state. Thus for the

ZV → ``qq decay mode, the invariant masses of the ``J system (m``J) from the merged

reconstruction and of the ``jj system (m``jj) from the resolved reconstruction are used as

the final discriminants for signal-background separation. For the ZV → ννqq decay mode,

the final discriminant used is the transverse mass (mT) of the large-R jet and the missing

transverse momentum (Emiss
T ).

Both the ATLAS and CMS collaborations have reported searches for heavy resonances

in ZV decays in proton-proton (pp) collisions at
√
s = 8 TeV and 13 TeV [15–19]. In addi-

tion to ``qq and ννqq, these searches include fully hadronic (qqqq), semileptonic (qq`ν), and

fully leptonic (````, ```ν, ``νν) final states. This paper extends previous ATLAS searches

for ZV resonances in the ``qq and ννqq final states at
√
s = 13 TeV reported in ref. [18]

and uses a dataset more than ten times larger.

2 ATLAS detector

The ATLAS detector [20] at the Large Hadron Collider (LHC) [21] covers nearly the

entire solid angle2 around the collision point, and consists of an inner tracking detector

surrounded by a thin superconducting solenoidal magnet producing a 2 T magnetic field,

electromagnetic and hadronic calorimeters, and a muon spectrometer incorporating three

large toroid-magnet assemblies. The inner detector (ID) consists of a high-granularity sili-

con pixel detector, including an insertable B-layer [22, 23], and a silicon microstrip tracker,

together providing precision tracking in the pseudorapidity range |η| < 2.5, complemented

by a transition radiation tracker, providing tracking and electron identification informa-

tion for |η| < 2.0. A lead/liquid-argon (LAr) electromagnetic calorimeter covers the region

|η| < 3.2, and hadronic calorimetry is provided by steel/scintillator-tile calorimeters for

|η| < 1.7 and by copper/LAr hadronic calorimeters for 1.7 < |η| < 3.2. The forward region

is covered by additional LAr calorimeters with copper and tungsten absorbers. The muon

spectrometer (MS) consists of precision tracking chambers covering the region |η| < 2.7,

and separate trigger chambers covering |η| < 2.4. A two-level trigger system [24] reduces

the event rate to approximately 1 kHz for offline investigations.

3 Data, signal models and simulation

3.1 Data

The data used in the searches were collected with the ATLAS detector in 2015 and 2016

pp collisions at a centre-of-mass energy of 13 TeV, corresponding to a total integrated

luminosity of 36.1 fb−1.
2ATLAS 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 along the beam pipe. The x-axis points from the IP to 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).
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Events used in the X → ZV → ``qq search were recorded with a combination of mul-

tiple single-electron or single-muon triggers with varying transverse energy ET (electron)

and transverse momentum pT (muon), quality, and isolation requirements. The lowest ET

or pT requirement without trigger prescaling was 26 GeV for both the electrons and muons.

Events for the X → ZV → ννqq search were recorded with an Emiss
T trigger of varying

threshold. The lowest threshold without prescaling is 100 GeV. This trigger is fully efficient

for events passing the selection described below.

Events are retained for analysis if they were recorded with all detector systems oper-

ating normally and pass data-quality requirements [25]. Collision vertices are formed from

tracks with pT > 400 MeV. If an event contains more than one vertex candidate, the one

with the highest
∑
p2T of its associated tracks is selected as the primary vertex. All events

are required to contain a primary vertex with at least two associated tracks.

3.2 Signal models and simulation

Three classes of models of physics beyond the Standard Model are used as benchmarks for

the interpretation of the results. Different resonances are predicted by each of these: a

neutral heavy spin-0 Higgs boson H using the narrow-width approximation [26], a spin-1

W ′ boson of the heavy vector triplet (HVT) model [27, 28], and a spin-2 KK graviton

GKK from the bulk Randall-Sundrum model [13, 29, 30]. The new HVT bosons couple

to the SM Higgs boson and gauge bosons with coupling strength cHgV and to the SM

fermions with coupling strength (g2/gV )cF , where g is the SM SU(2)L coupling constant.

The parameter gV characterises the interaction strength of the new vector bosons, while

the dimensionless coefficients cH and cF parameterise departures of this typical strength

from interactions with the SM Higgs and gauge bosons and with fermions, respectively, and

are expected to be of order unity in most models. In Model A with gV = 1, the branching

ratios of the new heavy vector boson to known fermions and gauge bosons are comparable,

while in Model B with gV = 3, fermionic couplings to the new heavy vector boson are

suppressed, giving rise to larger branching ratios for decays into ZW final states than in

Model A. In a third model, VBF Model, the couplings to gauge bosons are similar to those

in Model A, but the couplings to fermions are set to 0. In the bulk RS graviton model,

the GKK couplings to light fermions are suppressed and decays into final states involving

heavy fermions, gauge bosons or Higgs bosons are favoured. The strength of the coupling

depends on k/MPl, where k corresponds to the curvature of the warped extra dimension

and MPl is the effective four-dimensional Planck scale MPl = 2.4 × 1018 GeV. The cross

section and intrinsic width scale as the square of k/MPl.

Monte Carlo (MC) samples of H → ZZ were generated by Powheg-Box v1 [31–34]

with the CT10 [35] parton distribution functions (PDF) assuming a Higgs boson with width

far smaller than the experimental resolution. Both the ggF and VBF production processes

are considered. Benchmark samples of HVT W ′ → ZW and RS graviton GKK → ZZ

were generated with MadGraph5 aMC@NLO 2.2.2 [36], using the NNPDF23LO [37]

PDF set. For the HVT model, two production modes of the charged vector triplet W ′, DY

and VBF, are considered. The W ′ resonance from DY production of Model A has a width

approximately 2.6% of its mass, while for VBF production the width is much narrower,
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since its couplings to fermions are set to 0 in the VBF signal. For HVT Model B, the

resonance widths and experimental signatures are similar to those obtained for Model A.

Thus results derived from Model A can be directly applied to benchmark Model B by

rescaling the relevant branching ratios. The GKK has a mass-dependent width, 3.7% at

500 GeV and 6.4% at 5000 GeV relative to its mass, for k/MPl = 1. An RS graviton with

k/MPl = 0.5 is also considered and the samples were obtained by reweighting the generated

samples for k/MPl = 1 to account for the resonance width and cross-section differences.

The parton showering and hadronisation were modelled with Pythia 8.186 [38] using the

A14 set of the tuned parameters (tune) for the underlying event [39] for the W ′ and GKK

samples and the AZNLO tune [40] for the H samples. Potential signal and background

interference effects were ignored in the signal modelling.

MC simulated events are also used to model background processes. The main back-

ground sources are Z andW bosons produced in association with jets (Z+jets andW+jets),

with significant contributions from top quark production (both tt̄ pair and single-top) and

non-resonant vector-boson pair production (ZZ, WZ and WW ). The Z+jets and W+jets

events were simulated using the Sherpa 2.2.1 [41] event generator. Matrix elements were

calculated for up to two partons at NLO and up to four partons at LO using the Comix [42]

and OpenLoops [43] programs. Diboson processes with one of the bosons decaying hadron-

ically and the other leptonically were simulated using Sherpa 2.1.0. They were simulated

for up to one (ZZ) or zero (WZ, WW ) additional partons at NLO and up to three addi-

tional partons at LO using the Comix and OpenLoops programs. For both Z+jets and

diboson simulation, the matrix-element calculations were merged with the Sherpa parton

shower using the ME+PS@NLO prescription [44]. The CT10 PDF set was used in con-

junction with a dedicated parton shower tuning developed by the Sherpa authors. The

Z → ττ and W → τν events were included in the Z+jets and W+jets samples. For the

generation of top quark pairs, the Powheg-Box v2 [45] event generator with the CT10

PDF set in the matrix element calculations was used. Electroweak t-channel, s-channel

and Wt-channel single-top quark events were generated using the Powheg-Box v1 event

generator [46–48]. This event generator uses the four-flavour scheme for the NLO matrix-

element calculations together with the fixed four-flavour PDF set CT10f4 [35]. For all top

quark processes, top quark spin correlations were preserved (for t-channel, top quarks were

decayed using MadSpin). The parton shower, fragmentation, and underlying event were

simulated using Pythia 6.428 [49] with the CTEQ6L1 [50] PDF set and the corresponding

Perugia 2012 tune (P2012) [51]. The top quark mass was set to 172.5 GeV. The EvtGen

v1.2.0 program [52] was used to decay bottom and charm hadrons for the Powheg-Box

samples.

Cross sections were calculated with up to next-to-next-to-leading order (NNLO) QCD

corrections for Z+jets and W+jets production [53]. Cross sections for diboson production

were calculated at NLO including LO contributions with two additional partons [41, 54].

The tt̄ production cross section is calculated at NNLO in QCD, including resummation

of next-to-next-to-leading logarithmic (NNLL) soft-gluon terms [55, 56]. The single-top

production cross sections were calculated to NLO in QCD [57], including the soft-gluon

resummation at NNLL [58] for the Wt process.
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In the simulation of the Z+jets events for the ZV → ``qq search, jets are labelled

according to the true flavours of the hadrons with pT > 5 GeV found within a cone of

size ∆R =
√

(∆η)2 + (∆φ)2 = 0.3 around the reconstructed jet axes. If a b-hadron is

found, the jet is labelled as a b-jet; if one is not found and a charmed 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-, or

s-quark, or gluon) jet. A simulated Z+jets event is labelled as Z+heavy-flavour if a b- or

c-jet is found in the event, and otherwise as Z+light-flavour. The classification allows for

flavour-dependent corrections for differences between data and MC.

MC events were processed with a detailed detector simulation [59] based on

Geant4 [60]. Additional inelastic simulated pp collisions generated with Pythia 8.186

were overlaid to model both the in- and out-of-time effects from additional pp collisions

in the same and neighbouring bunch crossings (pile-up). MC samples were reweighted to

match the pile-up conditions in the data. All simulated events were processed using the

same reconstruction algorithms as the data.

4 Event reconstruction

Electrons are identified as isolated energy clusters in the electromagnetic calorimeter

matched to ID tracks, with requirements that the transverse energy ET > 7 GeV and

pseudorapidity |η| < 2.47. A likelihood-based requirement [61] is imposed to reduce the

background from misidentified or non-prompt electrons. Electrons are classified as either

‘loose’, ‘medium’ or ‘tight’ according to the likelihood-based identification criteria described

in ref. [61].

Muons are reconstructed by a combined fit to the ID and MS tracks, and are required to

have pT > 7 GeV and |η| < 2.5. Muons must pass identification requirements, based on the

numbers of hits in the ID and MS subsystems, and the significance of the difference |q/pMS−
q/pID| [62], where q is the charge and pMS (pID) is the momentum of the muon measured

in the MS (ID). Similar to electrons, muons are classified as either ‘loose’, ‘medium’ or

‘tight’, following the criteria in ref. [62].

All electrons and muons are required to be isolated using selections on the sum of track

pT (excluding the track associated with the lepton) in a pT-dependent cone around their

directions. The isolation selection criteria are designed to maintain a constant efficiency of

99% in the pT–η plane for the reconstructed leptons from Z → `` decays, and to minimise

efficiency loss for highly boosted Z bosons in the relevant kinematic range. Furthermore,

leptons are required to have associated tracks satisfying |d0/σd0 | < 5 (3) and |z0 × sin θ| <
0.5 mm for electrons (muons), where d0 is the transverse impact parameter with respect to

the beam line, σd0 is its uncertainty, and z0 is the distance between the longitudinal position

of the track along the beam line at the point where d0 is measured and the longitudinal

position of the primary vertex.

Small-R jets are reconstructed using the anti-kt algorithm [63, 64] with a radius pa-

rameter of R = 0.4. Energy- and η-dependent correction factors derived from MC simu-

lations are applied to correct jets back to the particle level [65]. Jets are required to have

pT > 20 GeV for |η| < 2.5 and pT > 30 GeV for 2.5 < |η| < 4.5. Jets with pT > 30 GeV
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and |η| < 2.5 are called ‘signal’ jets. To suppress jets from pile-up interactions, a jet vertex

tagger [66] is applied to jets with pT < 60 GeV and |η| < 2.4, based on information about

tracks associated with the primary vertex and pile-up vertices.

The ‘signal’ jets containing b-hadrons are identified using a multivariate algorithm (b-

tagging) [67] which is based on information such as track impact-parameter significances

and positions of explicitly reconstructed secondary decay vertices. The b-tagging is used

for identifying Z → bb decays. The chosen b-tagging algorithm has an efficiency of 70%

for b-quark jets in simulated tt̄ events, with a light-flavour jet rejection factor of about

380 and a c-jet rejection of about 12 [68]. Correction factors are applied to the simulated

event samples to compensate for differences between data and simulation in the b-tagging

efficiency for b-, c- and light-jets. The correction for b-jets is derived from tt̄ events with

final states containing two leptons, and the corrections are consistent with unity with

uncertainties at the level of a few percent over most of the jet pT range.

Large-R jets are reconstructed with the anti-kt algorithm, but with the radius param-

eter increased to R = 1.0. To mitigate the effects of pile-up and soft radiation, the large-R

jets are trimmed [69]. Trimming takes the original constituents of the jet and reclusters

them using the kt algorithm [70] with a smaller radius parameter, Rsubjet, to produce a

collection of subjets. These subjets are discarded if they carry less than a specific frac-

tion (fcut) of the original jet pT. The trimming parameters optimised for this search are

Rsubjet = 0.2 and fcut = 5%. The large-R jet four-momenta are recomputed from the se-

lected subjets, and the jet energies are calibrated to particle-level using correction factors

derived from MC simulations [71]. The mass of a large-R jet (mJ) is computed using a

combination of calorimeter and tracking information [72]. The large-R jets are required to

have pT > 200 GeV and |η| < 2.0.

A default ATLAS-wide overlap-removal procedure is applied to the selected leptons

and jets to prevent double-counting. For nearby electrons and small-R jets, the jet is

removed if the separation between the electron and jet is within ∆R < 0.2; the electron

is removed if the separation is within 0.2 < ∆R < 0.4. For nearby muons and small-R

jets, the jet is removed if the separation between the muon and jet is within ∆R < 0.2

and if the jet has less than three tracks or the energy and momentum differences between

the muon and the jet are small; otherwise the muon is removed if the separation satisfies

∆R < 0.4. To prevent double-counting of energy from an electron inside the large-R jet,

the large-R jet is removed if the separation between the electron and the large-R jet is

within ∆R < 1.0.

Boson tagging [73, 74] is applied to the large-R jets to select those from the V →
qq decays. A pT-dependent requirement is applied to the jet substructure variable D2,

which is defined as a ratio of two- and three-point energy correlation functions [75, 76]

that are based on the energies and pairwise angular distances of particles within a jet.

This variable is optimised to distinguish between jets originating from a single parton

and those coming from the two-body decay of a heavy particle. A detailed description

of the optimisation can be found in refs. [73, 74]. The V boson jets are then selected

by requiring the large-R jet mass mJ to be in a pT-dependent window centred around

the expected value of the boson mass from simulations. The boson tagging is designed

– 7 –
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to provide a constant efficiency (working point) independent of the large-R jet pT for the

signals studied. Two such working points, 50% efficiency and 80% efficiency, are used,

with corresponding misidentification rates for jets from multijet production of ∼ 2% and

∼ 10%, respectively. For the 50% working point, the width of the W (Z) mass window

varies from 23 (28) GeV at pT = 500 GeV to 33 (37) GeV at pT = 2000 GeV; the maximum

D2 value for the W (Z) tagger varies from 1.25 (1.22) at pT = 500 GeV to 1.97 (1.85) at

pT ≥ 2000 GeV. For the 80% working point, the width of the W (Z) mass window varies

from 33 (42) GeV at pT = 500 GeV to 54 (57) GeV at pT = 2000 GeV; the maximum

D2 value for the W (Z) tagger varies from 1.92 (1.90) at pT = 500 GeV to 2.76 (2.62) at

pT ≥ 2000 GeV.

The missing transverse momentum ( ~Emiss
T ) is calculated as the negative vectorial sum

of the transverse momenta of calibrated electrons, muons, and small-R jets. Large-R jets

are not included in the ~Emiss
T calculation to avoid double-counting of energy between the

small-R jets and large-R jets. Energy depositions due to the underlying event and other soft

radiation are taken into account by constructing a ‘soft term’ from ID tracks associated with

the primary vertex but not with any reconstructed object [77–79]. The track-based missing

transverse momentum, ~p miss
T , is the negative vectorial sum of the transverse momenta of

all good-quality inner detector tracks that are associated with the primary vertex.

5 X → ZV → `` qq search

The X → ZV → ``qq search explores the VBF and ggF production of a heavy Higgs boson

H, the VBF and DY production of an HVT W ′ boson, and the ggF production of a bulk

RS graviton GKK. It also utilises both the merged and resolved reconstruction for the

V → qq decay. The search begins with the identification of the Z → `` decay, followed by

classifying events into the VBF or ggF/DY categories and finally the selection of either the

ZV → ``J or ZV → ``jj final states. Multiple signal regions (SRs) are defined to enhance

the sensitivity of the search. Figure 2 shows a schematic view of the selection. The event

selection, the expected signal performance and background estimations are described below.

5.1 Selection of Z → ``

The Z → `` candidates are identified by requiring two isolated same-flavour leptons (elec-

trons or muons) satisfying the ‘loose’ criteria. The leading electron (muon) must sat-

isfy ET (pT) > 28 GeV. Opposite charges are required for the muon pairs but not for

the electron pairs. Electrons are more susceptible to charge misidentification due to the

conversions of photons from bremsstrahlung, especially at high ET. The dilepton in-

variant mass m`` is required to be consistent with the Z boson mass. For electrons,

a fixed m`` window [83, 99] GeV is applied. To account for the effect of dimuon mass-

resolution degradation at high transverse momentum (p``T ), a p``T -dependent mass window

[85.6 GeV − 0.0117p``T , 94.0 GeV + 0.0185p``T ] is used for muons. For both electrons and

muons, the mass windows are chosen to ensure that the Z → `` selection efficiency is

approximately 95% and independent of the heavy resonance mass. Events with additional

leptons passing the ‘loose’ criteria are vetoed.
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Figure 2. Illustration of the selection flow and seven signal regions of the X → ZV → ``qq search.

The VBF category is targeted for VBF production whereas the ggF/DY category is for the rest,

including events failing the selection for the VBF category. The selected VBF tag-jets are removed

from the subsequent selection for the VBF category. However, if an event fails to be selected for

the VBF category, these jets are kept for the ggF/DY category selection. The H → ZZ search

utilises all seven signal regions and the W ′ → ZW search uses six signal regions by combining the

b-tagged and untagged regions of the ggF/DY category. The GKK → ZZ search bypasses the VBF

selection, so it has only four signal regions.

5.2 VBF and ggF/DY categories

Signal events from VBF production possess unique kinematic signatures. In addition to

the presence of a pair of vector bosons from the resonance decay, VBF events have two

additional jets (referred to as tag-jets). These jets typically have a large separation in pseu-

dorapidity and a large dijet invariant mass. They offer a powerful means for background

rejection. Hence for the H → ZZ and W ′ → ZW searches, for which the VBF production

is considered, two categories are introduced. Events are subject to the selection designed

for VBF production first (VBF category), and if they fail, to the selection designed for ggF

or DY production (ggF/DY category). For the GKK → ZZ search, the VBF selection is

bypassed as VBF production is not considered.

For the VBF category, events are required to have two tag-jets identified from the

small-R jets that fail the b-tagging described in section 4. The two jets must be in opposite

pseudorapidity hemispheres, i.e., η1 ·η2 < 0, with a pseudorapidity separation |∆ηtagjj | > 4.7,

and have an invariant mass mtag
jj > 770 GeV. Those values are chosen to optimise the search

sensitivity to VBF signals for all masses considered. If there is more than one pair of jets

satisfying these requirements, the one with the highest mtag
jj value is chosen. These jets
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are not considered in the ZV → ``qq selection, and large-R jets lying ∆R < 1.5 of either

of these two small-R jets are not considered either.

For the ggF/DY category, no tag-jets requirement is applied. Events in the VBF and

ggF/DY categories are subject to an identical ZV → ``qq selection. All events not selected

for the VBF category are passed to the ggF/DY selection. This includes events that contain

jets satisfying the VBF requirements but which fail the ZV → ``qq selection, cf. figure 2.

In this case, jets excluded from consideration for the ZV → ``qq candidate in the VBF

category are considered for the ggF/DY category.

5.3 Selection of ZV → ``qq

Identification of ZV → ``qq decays proceeds by applying the merged ZV → ``J selection

followed by the resolved ZV → ``jj selection. The order is motivated by a smaller back-

ground expectation in the ZV → ``J final states. These selection criteria are summarised

in table 1 and are explained below.

5.3.1 Merged ZV → ``J selection

The ZV → ``J candidates are selected from the Z → `` events containing at least one

large-R jet, among which the one with the highest pT is assumed to be from the V → qq

decay. Events are further required to have min(p``T , p
J
T)/m``J > 0.3 for the H → ZZ search

and > 0.35 for the W ′ → ZW and GKK → ZZ searches. The criteria are optimised to

reduce backgrounds while retaining high efficiencies for signals. The looser requirement for

the H → ZZ search is motivated by the expected softer p``T and pJT spectra resulting from

a spin-0 resonance. This requirement suppresses background significantly at large m``J

while maintaining high efficiencies for signal events.

Figure 3(a) shows the distribution of the large-R jet mass mJ of the H → ZZ search,

comparing data with the expected backgrounds. Next the boson tagging discussed in

section 4 is applied to select the V → qq decays. Two signal regions are defined, one for

events passing the 50% working point of the boson tagging requirement and the other for

events failing the 50% but passing the 80% working point requirement. The former is called

the high-purity (HP) SR, and the latter the low-purity (LP) SR. Background contributions

are mostly from the Z+jets, top quark and diboson production (section 5.5).

5.3.2 Resolved ZV → ``jj selection

The ZV → ``jj candidates are selected from the Z → `` events that have failed the

ZV → ``J selection, by requiring at least two small-R ‘signal’ jets. The leading jet pT is

required to be greater than 60 GeV.

Similarly to the merged ZV → ``J selection, the kinematic quantity

√(
p``T
)2

+
(
pjjT

)2/
m``jj is required to be greater than 0.4 for H → ZZ and 0.5 for W ′ → ZW and GKK → ZZ.

Here pjjT is the transverse momentum of the dijet system. Signal events are expected to

have a dijet invariant mass, mjj , consistent with a V → qq decay. Figure 3(b) shows the

mjj distributions of the H → ZZ search. The dijet invariant mass must be in the window

[70, 105] GeV for Z → qq and in the window [62, 97] GeV for W → qq. The choice of

– 10 –



J
H
E
P
0
3
(
2
0
1
8
)
0
0
9

10

102

103

104

105
E

ve
nt

s
/5

G
eV ATLAS√

s = 13 TeV, 36.1 fb−1

H → ZZ → ``qq
Merged, before boson tagging

Data
ggF H 1 TeV (2 pb)
Z + jets
Top Quarks
SM Diboson
Total Uncertainty

0.8
1.0
1.2

D
at

a/
Po

st
fit

50 75 100 125 150 175 200
mJ [GeV]

0.8
1.0
1.2

Po
st

fit
/P

re
fit

(a)

10

102

103

104

105

106

107

E
ve

nt
s

/5
G

eV ATLAS√
s = 13 TeV, 36.1 fb−1

H → ZZ → ``qq
Resolved,
before V → qq mass window

Data
ggF H 1 TeV (2 pb)
Z + jets
Top Quarks
SM Diboson
Total Uncertainty

0.8
1.0
1.2

D
at

a/
Po

st
fit

50 100 150 200 250
mj j [GeV]

0.8
1.0
1.2

Po
st

fit
/P

re
fit

(b)

Figure 3. Observed and expected distributions of (a) the large-R jet mass mJ of the ZV → ``J

candidate and (b) the dijet mass mjj of the ZV → ``jj candidate. These distributions are for

the H → ZZ search before the identification of the V → qq decay, combining VBF and ggF/DY

categories. Background contributions are obtained from the combined likelihood fit to the data, as

explained in section 8. For illustration, expected distributions from the ggF production of a 1 TeV

Higgs boson with σ×B(H → ZZ) = 2 pb are also shown. The middle panes show the ratios of the

observed data to the background predictions. The uncertainty in the total background prediction,

shown as bands, combines statistical and systematic contributions. The bottom panes are the ratios

of the post-fit and pre-fit background predictions.

asymmetric windows around mV is motivated by the asymmetry of the mjj distribution

expected from V → qq.

About 21% of the Z → qq decays have two b-quark jets, whereas the dominant back-

ground, Z+jets, has a smaller heavy-quark content. To exploit this, the ZV → ``jj

candidates are divided into two signal regions: events with two b-tagged jets (b-tagged SR)

and events with fewer than two b-tagged jets (untagged SR). Events with more than two

b-tagged jets are rejected. No enhancement of b-tagged jets is expected from the W → qq

decay, thus the two signal regions are combined for the W ′ → ZW search. Due to the

small number of events, the two regions are also combined for the VBF category.

5.4 Signal regions, selection efficiencies and mass resolutions

Signal regions used in the search depend on the signal model under study. There are seven,

six and four signal regions, respectively, for the searches for H → ZZ, W ′ → ZW and

GKK → ZZ.
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Selection ZV → ``J ZV → ``jj

Z → `` Two opposite-flavour leptons with pT(ET) > 7 GeV

leading lepton with pT(ET) > 28 GeV

83 < mee < 99 GeV

85.6 GeV − 0.0117× p``T < mµµ < 94.0 GeV + 0.0185× p``T
Tag-jet selection for Two non-b-tagged small-R jets with

VBF category η1 · η2 < 0,
∣∣∣∆ηtagjj

∣∣∣ > 4.7 and mtag
jj > 770 GeV

Jet requirements ≥ 1 large-R jet ≥ 2 ‘signal’ jets with pT > 30 GeV

with pT > 200 GeV pT > 60 GeV for the leading jet

no events with > 2 b-tagged jets

Kinematic criteria min(p``T , p
J
T) /m``J

√(
p``T
)2

+
(
pjjT

)2
/m``jj

H > 0.3 > 0.4

W ′ or GKK > 0.35 > 0.5

V boson tagging pT-dependent criteria 70 < mjj < 105 GeV (V = Z)

in D2 and mJ 62 < mjj < 97 GeV (V = W )

Table 1. Summary of the X → ZV → ``qq selection criteria.

Signal selection efficiencies are dependent on the signal model, the production process

and the mass of the heavy resonance. As an example, figure 4 shows the acceptance times

efficiency (A× ε) of the H → ZZ → ``qq search as a function of the Higgs boson mass for

both ggF and VBF production. The ZV → ``J selection is more efficient for masses over

approximately 500 GeV, while the ZV → ``jj selection contributes more at lower masses.

This reflects the expected large Lorentz boost of the Z bosons from heavy Higgs boson

decays and the higher priority given to the ZV → ``J selection. The A × ε values of the

W ′ → ZW and GKK → ZZ searches are similar with the exception of noticeable decreases,

by about 40% from 2 TeV to 4 TeV, due to the merging of the electrons from the Z → ee

decays for resonance masses above approximately 3 TeV.

Distributions of the invariant masses m``J and m``jj are used to search for potential

signals. To mitigate the impact of muon momentum-resolution degradation at high pT, a

scale factor of mZ/mµµ is applied to the four-momentum of the dimuon system in Z → µµ

events, effectively fixing its mass to mZ = 91.187 GeV [80]. The scaling improves the m``J

resolution of the dimuon final state by approximately 13% (40%) for a heavy Higgs boson

at 1 (3) TeV. For the ZV → ``jj final states, a scale factor of mV /mjj is also applied

to the dijet four-momentum to fix the dijet mass to mV , 91.187 GeV for the Z boson

and 80.385 GeV for the W boson [80]. The mjj scaling improves the m``jj resolution by

approximately 14% for a 600 GeV Higgs boson. No mV /mJ scale factor is applied to the

ZV → ``J final states as the expected improvement in the m``J resolution is negligible.
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Figure 4. Selection acceptance times efficiency for the H → ZZ → ``qq events from MC

simulations as a function of the Higgs boson mass for (a) ggF and (b) VBF production, combining

the HP and LP signal regions of the ZV → ``J selection and the b-tagged and untagged regions

of the ZV → ``jj selection. The hatched band represents the total statistical and systematic

uncertainties.

The reconstructed m``J and m``jj distributions have widths of 2–3% of the resonance

mass for the Higgs boson and HVT W ′ boson of VBF production for the entire mass range

studied. Given the negligible intrinsic widths of these resonances, the widths largely reflect

the detector resolution. For DY-produced HVT W ′ signal, the widths of the m``J and

m``jj distributions are slightly larger at 3–4% since the W ′ boson in this production mode

has an intrinsic width of approximately 2.6% of its mass. The widths of the m``J and m``jj

distributions are 4% at 500 GeV for the bulk RS graviton signal with k/MPl = 1 and rise

to 8% at 5000 GeV. The increase can be attributed to the increase in the intrinsic width

of the signal. For a given resonance mass, the m``J distributions are narrower than those

of m``jj .

5.5 Data control regions and background estimation

The dominant backgrounds to the X → ZV → ``qq search are the Z+jets, top quark

and diboson processes. Their contributions are estimated from a combination of MC and

data-driven techniques. In all cases, the shapes of kinematic variables, including those

of the final discriminants m``J and m``jj , are taken from MC simulations. The multijet

background is estimated to be negligible.

The Z+jets events are expected to have smooth distributions of mJ and mjj , while the

signal events should exhibit resonance structures at the mass of the vector-boson V . Thus,

a Z+jets control region (CR) is defined for every signal region by reversing the mJ or mjj

requirement. Events in the control regions are selected in exactly the same way as those

in their corresponding signal regions except for the requirement on mJ or mjj . For the

ZV → ``J selection, the leading large-R jet mass is required to be outside the large-R jet

mass window of the 80% working point of the boson tagging. For the ZV → ``jj selection,
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V → qq Signal H (1TeV) Background estimates
Data

recon. regions ggF VBF Z+jets Diboson Top quarks Total

VBF category

Merged HP 0.42 (±) 0.08 5.1 (±) 1.0 29.0 (±) 2.6 3.8 (±) 0.6 1.1 (±) 0.4 33.9 (±) 2.7 32

LP 0.33 (±) 0.08 3.4 (±) 0.4 113 (±) 7 8.4 (±) 1.2 1.8 (±) 0.6 123 (±) 7 109

Resolved 0.23 (±) 0.05 2.3 (±) 0.4 1307 (±) 34 60 (±) 9 66 (±) 7 1433 (±) 34 1434

ggF/DY category

Merged HP 14.2 (±) 1.6 11.0 (±) 2.1 1728 (±) 34 177 (±) 21 20.6 (±) 2.2 1926 (±) 32 1906

LP 10.0 (±) 0.9 7.5 (±) 0.8 6060 (±) 60 285 (±) 31 69 (±) 6 6420 (±) 60 6375

Resolved b-tagged 1.02 (±) 0.12 0.62 (±) 0.08 1740 (±) 40 167 (±) 22 908 (±) 24 2810 (±) 40 2843

Untagged 3.31 (±) 0.34 2.5 (±) 0.5 82200 (±) 400 2280 (±) 250 1500 (±) 130 86030 (±) 280 85928

Table 2. Numbers of events observed in the data and predicted for background processes from

background-only fits to the signal and control regions (section 8) in the seven signal regions of the

H → ZZ → ``qq search. The numbers of signal events expected from the ggF and VBF production

of a heavy Higgs boson with mass of 1 TeV are also shown. The signal yields are calculated using

σ × B(H → ZZ) = 20 fb for both processes. The uncertainties combine statistical and systematic

contributions. The fit constrains the background estimate towards the observed data, which reduces

the total background uncertainty by correlating those from the individual backgrounds.

a requirement of 50 < mjj < 62 GeV or 105 < mjj < 150 GeV is applied. These CRs are

dominated by the Z+jets contribution, with a purity higher than 96% in all regions, except

for the b-tagged CR where the top quark and Z+jets contributions are comparable. They

are therefore used to constrain its contribution in signal regions through simultaneous fits

as discussed in section 8.

Top quark production is a significant background source in the b-tagged signal region

of the resolved ZV → ``jj selection. Its contribution is constrained using a top-quark-

enhanced control region. Events in this control region must have two different-flavour

leptons, eµ, with their invariant mass within [76, 106] GeV, and two b-tagged jets with

their invariant mass in the range [50, 150] GeV. The leading b-tagged jet is required to

have pT > 60 GeV. This selection yields a sample of top quark events with a purity higher

than 99%. This top quark control region is used to constrain top quark contributions for

all signal regions.

Diboson production, mainly from the SM ZZ and ZW processes, is also a significant

background source. The contribution from those processes is estimated completely from

MC simulation.

As an example, table 2 shows the numbers of events observed in the data and estimated

from background processes in the seven signal regions of the H → ZZ → ``qq search. The

numbers of background events are extracted through a background-only fit of the signal

and control regions discussed in section 8.
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6 X → ZV → νν qq search

Events containing a X → ZV → ννqq signal are characterised by a hadronically decay-

ing V boson recoiling against a large missing transverse momentum. Only the merged

reconstruction of the V → qq decay is considered. The selection closely follows that of the

X → ZV → ``qq search as illustrated in figure 2 with additional requirements to remove

multijet backgrounds but without the resolved selection.

6.1 Selection of ZV → ννqq

An initial selection is made by requiring Emiss
T > 250 GeV, and vetoing events with

electrons or muons passing the ‘loose’ quality requirements. The multijet background,

originating primarily from the presence of mismeasured jets, and non-collision backgrounds

are suppressed by using a track-based missing transverse momentum, ~p miss
T , as defined in

section 4. The requirements are pmiss
T > 50 GeV and the azimuthal separation between

~Emiss
T and ~p miss

T directions satisfies ∆φ( ~Emiss
T , ~p miss

T ) < 1. An additional requirement is

imposed on the azimuthal separation between the directions of ~Emiss
T and the nearest small-

R jet with min[∆φ( ~Emiss
T , small−R jet)] > 0.4. The multijet background is found to be

negligible after these selections.

As in the ``qq search, both the VBF and ggF categories are considered in the signal

event selection for the H → ZZ and W ′ → ZW searches; the VBF selection is not

motivated by the GKK → ZZ search. The VBF tag-jets are selected in the same manner

as in the ``qq search, but they are required to satisfy mtag
jj > 630 GeV and |∆ηtagjj | > 4.7.

Those values are chosen to optimise the search sensitivity for signals from VBF production,

considering all signal masses. Events failing the VBF tag-jets selection are kept in the ggF

category. For both the VBF and ggF categories, events are then subject to the selections

described below.

Unlike the ``qq search, this search utilises only the merged selection of the V → qq

decay, i.e., considering only the ZV → ννJ final state, since the resolved selection has little

acceptance for the given high Emiss
T trigger threshold. The selection of the large-R jets and

the boson tagging are identical to those of the ``qq search and are described in section 4.

Similarly, candidate events are split into HP and LP signal regions. The H → ZZ search

and the W ′ → ZW search use all the four signal regions, while the GKK → ZZ search

bypasses the VBF selection, so has only two signal regions. The distributions of the mass

and D2 of the leading large-R jet before the boson tagging are shown in figure 5. There

is a small overprediction of the background at high mass region, but those events are not

selected in any signal regions and sidebands. The selection criteria for the ννqq search are

summarised in table 3.

It is not possible to fully reconstruct the invariant mass of the ννJ system due to

the presence of neutrinos in the final state, so the transverse mass is used as the final

discriminant:

mT =

√(
ET,J + Emiss

T

)2 − (~pT,J + ~Emiss
T

)2
,
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Figure 5. Observed and expected distributions of (a) mass of the large-R jet and (b) D2 of the

large-R jet in ZV → ννJ candidates in the ggF category. All selections other than the requirements

on the mass and D2 are applied. Background contributions in these distributions are after applying

the combined likelihood fit to the data, as explained in section 8. For illustration, expected distri-

butions from the ggF production of a 1.6 TeV Higgs boson with σ × B(H → ZZ) = 60 fb are also

shown. The middle panes show the ratios of the observed data to the background predictions. The

uncertainty in the total background prediction, shown as bands, combines statistical and systematic

contributions. The bottom panes are the ratios of the post-fit and pre-fit background predictions.

Z → νν Emiss
T > 250 GeV

Multijet removal

pmiss
T > 50 GeV

∆φ( ~Emiss
T , ~p miss

T ) < 1

min[∆φ( ~Emiss
T , small−R jet)] > 0.4

Tag-jet selection for Two non-b-tagged small-R jets with

VBF category η1 · η2 < 0,
∣∣∣∆ηtagjj

∣∣∣ > 4.7 and mtag
jj > 630 GeV

Jet requirements ≥ 1 large-R jet with pT > 200 GeV

V boson tagging pT-dependent criteria on D2 and mJ

Table 3. Summary of the X → ZV → ννqq selection criteria.

where ET,J =
√
m2
J + p2T,J . The resolution of the transverse mass is about 10% of the

signal mass and the ratio of the resolution to the signal mass has little dependence on the

signal model or the resonance mass.
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Figure 6. Selection acceptance times efficiency for the H → ZZ → ννqq events from MC

simulations as a function of the Higgs boson mass for (a) ggF and (b) VBF production, combining

the HP and LP signal regions. The hatched band represents the total statistical and systematic

uncertainties.

The signal selection efficiency strongly depends on the signal model and the mass of

the resonance. As an example, figure 6 shows the selection acceptance times efficiency as

a function of m(H) for H → ZV → ννqq. Similar results are obtained for the W ′ → ZW

and GKK → ZZ searches.

6.2 Background estimation

The main backgrounds for this search arise from Z+jets, W+jets and tt̄ production. Data

control regions are defined to check the modelling of each contribution. As in the ``qq

search, the shapes of kinematic variables, including the final discriminant mT, are taken

from MC simulations.

The normalisation of the Z+jets background is determined using the Z+jets control

region from the ``qq search (section 5.5). Control regions specific to the ννqq search are

also defined to constrain the W+jets and top quark backgrounds. Events in these control

regions are selected in the same way as those in the signal regions except that they must

have exactly one muon passing the ‘tight’ quality requirement. These events are then split

into the top quark and W+jets control regions according to the number of b-tagged jets that

do not overlap with the large-R jet. Events in the top quark control region must have at

least one b-tagged jet and events in the W+jets control region must not have any b-tagged

jets. For the W+jets control region, the jet mass requirement used in the signal region

selection is inverted, to ensure that there is no resonant diboson signal contamination via

X → WV → `νqq decay, while for the top quark control region, the leading large-R jet is

required to be consistent with the mass of the W boson.

For the W+jets and top quark CRs, the muon is treated as a missing particle to make

the boson pT acceptance more similar to the signal region, and because the trigger does

not include muons in the Emiss
T calculation. Specifically, Emiss

T,no µ (pmiss
T,no µ) is computed by

– 17 –



J
H
E
P
0
3
(
2
0
1
8
)
0
0
9

Signal H (1.6TeV) Background estimates
Data

regions ggF VBF Z+jets W+jets Diboson Top quarks Total

VBF category

HP 0.49 (±) 0.15 4.9 (±) 1.1 35.0 (±) 3.3 25 (±) 4 6.7 (±) 1.1 37 (±) 4 104 (±) 6 105

LP 0.36 (±) 0.09 3.2 (±) 0.5 137 (±) 10 94 (±) 13 12.7 (±) 2.0 70 (±) 8 315 (±) 13 335

ggF category

HP 15.5 (±) 3.3 14.5 (±) 3.2 2880 (±) 80 1990 (±) 100 490 (±) 60 1500 (±) 90 6870 (±) 70 6888

LP 10.6 (±) 1.5 9.7 (±) 1.4 11160 (±) 210 7200 (±) 300 830 (±) 90 2710 (±) 180 21910 (±) 140 21936

Table 4. Numbers of events predicted from background processes and observed in the data in the

signal regions of the H → ZZ → ννqq search from the background-only fit of both the signal and

control regions (section 8). The numbers of signal events expected from a Higgs boson with mass

of 1.6 TeV are also shown. The signal yields are calculated assuming σ × B(H → ZZ) = 6 fb for

both ggF and VBF at 1.6 TeV. The uncertainties combine statistical and systematic contributions.

removing the muon pT contribution from the Emiss
T (pmiss

T ) calculation. The requirements

on Emiss
T and pmiss

T in the signal regions are used for Emiss
T,no µ and pmiss

T,no µ respectively for

the control regions.

Table 4 summarises the numbers of events observed in the data and estimated from

background processes in the signal regions from the background-only fit of both the signal

and control regions discussed in section 8. The expected numbers of events from both ggF

and VBF production of a 1.6 TeV heavy Higgs boson, assuming σ × B(H → ZZ) = 6 fb,

are also included for comparison.

7 Systematic uncertainties

Systematic uncertainty sources impacting the search can be divided into three categories:

experimental uncertainties related to the detector or to the reconstruction algorithms,

uncertainties in the estimations of background contributions, and uncertainties in modelling

the signal. Unless explicitly stated, the uncertainties quoted below are the uncertainties in

the quantities themselves, not the impact on the search sensitivity.

The uncertainty in the integrated luminosity of the dataset is determined to be 3.2%.

It is derived, following a methodology similar to the one detailed in ref. [81], from a pre-

liminary calibration of the luminosity scale using a pair of x–y beam-separation scans

performed in August 2015 and May 2016. This uncertainty is applied to the normalisation

of the signal and also to background contributions whose normalisations are derived from

MC simulations. A variation in the pile-up reweighting of MC events is included to cover

the uncertainty in the ratio of the predicted and measured inelastic cross section in ref. [82].

The efficiencies of the lepton triggers for events with selected leptons are high, nearly

100% in the electron channel and approximately 96% in the muon channel. The cor-

responding uncertainties are negligible. For the selection used in the ννqq search, the

efficiency of the Emiss
T trigger is also close to 100% with negligible associated uncertainty.

The modelling of the electron and muon reconstruction, identification and isolation efficien-

cies is studied with a tag-and-probe method using Z → `` events in data and simulation
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at
√
s = 13 [83, 84]. Small corrections are applied to the simulation to better model the

performance seen in data. These corrections have associated uncertainties of the order of

1%. For the ννqq search, the uncertainty is instead in the efficiency of the lepton veto, and

is at the sub-percent level. Uncertainties in the lepton energy (or momentum) scale and

resolution are also taken into account.

Uncertainties in the jet energy scale and resolution for small-radius jets are estimated

using MC simulation and in situ techniques [65]. For central jets (|η| < 2.0), the total

uncertainty in the jet energy scale ranges from about 6% for jets with pT = 25 GeV to

about 2% for pT = 1 TeV. There is also an uncertainty in the jet energy resolution [85],

which ranges from 10% to 20% for jets with a pT of 20 GeV to less than 5% for jets

with pT > 200 GeV. Uncertainties in the lepton and jet energy scales and resolutions are

propagated into the uncertainty in Emiss
T . Uncertainties in the energy scale and resolution

of the track soft term are also propagated into the uncertainty in Emiss
T [79], which is about

2% for the ννqq search. Uncertainties in the efficiency for tagging b-jets and in the rejection

factor for light jets are determined from tt̄ samples [86, 87].

The uncertainties in the scale of the large-R jet pT, mass and D2 are of the order

of 2–5%. They are estimated using comparisons of data and simulation in ref. [73]. An

absolute uncertainty of 2% is assigned to the large-R jet energy resolution, and relative

uncertainties of 20% and 15% are assigned to the resolution of the large-R jet mass and

D2, respectively.

For the ``qq search the uncertainty in the spectrum of the final discriminant, m``J

or m``jj , for Z+jets, is assessed by comparing the shape difference between data and MC

simulations in the control regions. The uncerainty is found to be approximately 20% for

m``jj and varies from 3% at low mass to 20% at high mass for m``J . For the ννqq search

the uncertainty in the modelling of the mT distribution for Z+jets and W+jets production

is assessed by comparing the nominal Sherpa MC sample with alternative samples gen-

erated by doubling or halving the renormalisation, resummation and factorisation scales

independently and varying the matrix-element matching. The uncertainties are of the order

of 5–30%. The approach is different from that used in the ``qq search, since it is difficult

to obtain a pure control region for Z+jets or W+jets in the ννqq search.

An uncertainty in the shape of the m``J or mT distribution for the tt̄ background

is derived by comparing the Powheg-Box sample with the distribution obtained using

MadGraph5 aMC@NLO 2.2.2. This uncertainty is found to be approximately 15%. Addi-

tional systematic uncertainties are estimated by comparing the nominal sample showered

with Pythia 6.428 using the P2012 tune to one showered with Herwig++ 2.7.1 [88] and

using the UEEE5 underlying-event tune. The uncertainty varies between 10–40%. Samples

of tt̄ events with the factorisation and renormalisation scales doubled or halved are com-

pared to the nominal, and the differences observed are taken as an additional uncertainty.

These uncertainties are small, typically less than 3%.

The uncertainties in the diboson cross sections are estimated to be 10% [41, 89], and

the shape uncertainty is obtained by comparing MC samples generated by Sherpa and

Powheg-Box.
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The signals acceptance uncertainty due to PDF uncertainties is estimated by taking

the uncertainty from the PDF error sets, CT10 for the heavy Higgs boson signal and

NNPDF23LO for the HVT and bulk RS signals, and adding it in quadrature to the accep-

tance difference obtained with the use of alternative PDF sets: MMHT2014LO [90] and

NNPDF30NLO [91] for the Higgs boson, and CT10 and MMHT2014LO for the HVT and

bulk RS graviton. For the HVT signal, the uncertainty ranges from 1% (2%) to 6% (12%)

for the ``qq (ννqq) search depending on the mass being tested. Similar results are obtained

for the heavy Higgs boson signal, while for the bulk RS signal, the uncertainty is generally

less than 1%. The signal acceptance uncertainty due to initial- and final-state radiation

(ISR/FSR) is estimated by varying relevant parameters in the A14-NNPDF tune [39] for

the HVT and bulk RS signals. This uncertainty ranges from less than 1% to 4% (6%)

for the ``qq (ννqq) search depending on the mass being tested. The effect of the QCD

scale uncertainty on the heavy Higgs boson signal acceptance is estimated by varying the

factorisation and renormalisation scales. It ranges from 1% (2%) to 4% (8%) for the ``qq

(ννqq) search depending on the mass being tested.

8 Results

8.1 Statistical and fit procedures

The statistical analysis is based on the framework described in refs. [92–94]. A binned

likelihood function L(µ, θ) is constructed as a product of Poisson probability terms over

all bins of the fit templates considered in the search. This function depends on the signal-

strength parameter µ, a multiplicative factor applied to the theoretical signal production

cross section, and θ, a set of nuisance parameters that encode the effects of systematic

uncertainties in the signal and expected backgrounds, described in section 7. The binning

is chosen based on the expected mass resolution and numbers of events. The nuisance

parameters are either free to float, or constrained using Gaussian terms defined by external

studies. The likelihood function for the combination of the ``qq and ννqq channels is

the product of the Poisson likelihoods of these individual channels. However, only one

constraint term per common nuisance parameter is included in the product.

For each signal process considered, a simultaneous maximum-likelihood fit is performed

to the observed distributions of the final discriminants in the signal regions, m``J or m``jj

for the X → ZV → ``qq search and mT for the X → ZV → ννqq search, to extract

the signal rate information. The shapes of the signal distributions are interpolated using

the moment-morphing method [95] for intermediate mass points where simulated signal

samples are not available. The product of acceptance and efficiency for each interpolated

signal mass point is obtained from an interpolation with cubic splines between the simulated

mass points. The Z+jets, W+jets and top quark control regions are included in the fit’s

likelihood calculation with one bin per region, i.e., using only their event-count information.

Background contributions, including their shapes in the signal regions, are taken from MC

simulations. However, they are allowed to vary independently within their uncertainties in

each bin. Moreover, normalisation scale factors (SFs) are applied to the MC estimates of

the Z+jets, W+jets and top quark contributions. These scale factors are free parameters in
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the fit and are therefore constrained by the data in both the signal and control regions. The

diboson contribution is constrained to the theoretical estimate within the corresponding

uncertainties.

In general, one SF is introduced per control region for its intended background com-

ponent with the following exceptions to take into account different MC modellings in the

different phase spaces of the same background component. One common Z+jets SF is used

for HP and LP regions of the merged selection of both the ZV → ``qq and ZV → ννqq

searches. However, independent SFs are used for the VBF and ggF categories. For the

resolved ZV → ``qq selection, two independent Z+jets SFs are used for the b-tagged and

untagged regions: one for the Z+heavy-flavour component and the other for the Z+light-

jet component (section 3). The ZV → ``qq search defines a top quark control region and

consequently applies one top quark SF to all regions. The ZV → ννqq search shares the

Z+jets control regions with ZV → ``qq and hence applies the same SFs to its Z+jets

background contributions. The ZV → ννqq search has its own W+jets and top quark con-

trol regions. Similar to Z+jets, one common W+jets SF is used for HP and LP regions,

but independent SFs are used for the VBF and ggF categories. All the top quark control

regions in the ZV → ννqq search share one common SF and it is distinguished from the

top quark SF in the ZV → ``qq search.

The test statistic qµ is defined as the profile likelihood ratio [96], qµ =

−2ln(L(µ,
ˆ̂
θµ)/L(µ̂, θ̂)), where µ̂ and θ̂ are the values of the parameters that maximise the

likelihood function (with the constraint 0≤ µ̂ ≤ µ), and
ˆ̂
θµ are the values of the nuisance

parameters that maximise the likelihood function for a given value of µ. The test statistic

qµ is used to measure the compatibility of the observed data with the background-only

hypothesis. In the absence of a signal, constraints on the production of a heavy resonance

decaying into ZV pairs are derived. The exclusion limits are calculated with a modified

frequentist method [97], also known as CLs, in the asymptotic approximation [98] for reso-

nance masses below 2 TeV. Above 2 TeV, the small number of events makes the asymptotic

approximation unreliable and the limits are calculated using pseudo-experiments. All limits

are set at the 95% confidence level (CL).

8.2 Limits on the production of heavy resonances

The observed distributions of m``J or m``jj from the H → ZZ → ``qq search are compared

with the background estimates in figure 7 for the three signal regions of the VBF category

and in figure 8 for the four signal regions of the ggF category. Similarly, figures 9 and 10

show the mT distributions from the H → ZZ → ννqq search in the signal regions of the

VBF and ggF categories, respectively. There are no events in the data beyond the ranges of

the distributions shown. Background contributions shown are obtained from background-

only fits described previously. The numbers of events observed and estimated in control

regions are summarised in figure 11.

The data distributions are reasonably well reproduced by the estimated background

contributions in all these distributions. Similar levels of agreement are observed for the

W ′ → ZW and GKK → ZZ searches. The largest difference between the observed data
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Figure 7. Comparisons of the observed data and expected background distributions of the

final discriminants of the VBF category for the H → ZZ → ``qq search: m``J of (a) high-purity

and (b) low-purity signal regions; (c) m``jj of the resolved signal region. For illustration, expected

distributions from the VBF production of a 1 TeV Higgs boson with σ×B(H → ZZ) = 20 fb are also

shown. The middle panes show the ratios of the observed data to the background predictions. The

uncertainty in the total background prediction, shown as bands, combines statistical and systematic

contributions. The blue triangles in the middle panes indicate bins where the ratio is nonzero and

outside the vertical range of the plot. The bottom panes show the ratios of the post-fit and pre-fit

background predictions.

– 22 –



J
H
E
P
0
3
(
2
0
1
8
)
0
0
9

10−1

1.0

10

102

103

104

105

106

E
ve

nt
s

/0
.2

3
Te

V
ATLAS√

s = 13 TeV, 36.1 fb−1

H → ZZ → ``qq
ggF cat. high-purity SR

Data
ggF H 1 TeV (20 fb)
Z + jets
SM Diboson
Top Quarks
Total Uncertainty

0.8
1.0
1.2

D
at

a/
Po

st
fit

0.5 1.0 1.5 2.0 2.5
m``J [TeV]

0.8
1.0
1.2

Po
st

fit
/P

re
fit

(a)

10−1

1.0

10

102

103

104

105

106

E
ve

nt
s

/0
.2

3
Te

V

ATLAS√
s = 13 TeV, 36.1 fb−1

H → ZZ → ``qq
ggF cat. low-purity SR

Data
ggF H 1 TeV (20 fb)
Z + jets
SM Diboson
Top Quarks
Total Uncertainty

0.8
1.0
1.2

D
at

a/
Po

st
fit

0.5 1.0 1.5 2.0 2.5
m``J [TeV]

0.8
1.0
1.2

Po
st

fit
/P

re
fit

(b)

1.0

10

102

103

104

105

106

E
ve

nt
s

/0
.1

6
Te

V

ATLAS√
s = 13 TeV, 36.1 fb−1

H → ZZ → ``qq
ggF cat. b-tagged SR

Data
ggF H 1 TeV (20 fb)
Z + jets
SM Diboson
Top Quarks
Total Uncertainty

0.8
1.0
1.2

D
at

a/
Po

st
fit

0.25 0.50 0.75 1.00 1.25 1.50 1.75
m``j j [TeV]

0.5

1.0

1.5

Po
st

fit
/P

re
fit

(c)

1.0

10

102

103

104

105

106

107

E
ve

nt
s

/0
.1

6
Te

V

ATLAS√
s = 13 TeV, 36.1 fb−1

H → ZZ → ``qq
ggF cat. untagged SR

Data
ggF H 1 TeV (20 fb)
Z + jets
SM Diboson
Top Quarks
Total Uncertainty

0.8
1.0
1.2

D
at

a/
Po

st
fit

0.25 0.50 0.75 1.00 1.25 1.50 1.75
m``j j [TeV]

0.5

1.0

1.5

Po
st

fit
/P

re
fit

(d)

Figure 8. Comparisons of the observed data and expected background distributions of the

final discriminants of the ggF category for the H → ZZ → ``qq search: m``J of (a) high-purity

and (b) low-purity signal regions; m``jj of (c) b-tagged and (d) untagged signal regions. For

illustration, expected distributions from the ggF production of a 1 TeV Higgs boson with σ×B(H →
ZZ) = 20 fb are also shown. The middle panes show the ratios of the observed data to the

background predictions. The uncertainty in the total background prediction, shown as bands,

combines statistical and systematic contributions. The blue triangles in the middle panes indicate

bins where the ratio is nonzero and outside the vertical range of the plot. The bottom panes show

the ratios of the post-fit and pre-fit background predictions.
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Figure 9. Comparisons of the observed data and expected background distributions of mT in the

VBF category of the H → ZZ → ννqq search: (a) high-purity and (b) low-purity signal regions.

For illustration, expected distributions from the VBF production of a 1.6 TeV Higgs boson with

σ × B(H → ZZ) = 6 fb are also shown. The middle panes show the ratios of the observed data to

the background predictions. The uncertainty in the total background prediction, shown as bands,

combines statistical and systematic contributions. The blue triangles in the middle panes indicate

bins where the ratio is nonzero and outside the vertical range of the plot. The bottom panes show

the ratios of the post-fit and pre-fit background predictions.

and the SM background prediction is in the H → ZZ → ``qq search, high-purity signal

region, as shown in figure 8(a). A deficit in data is seen around m``J of 800 GeV, with

a local significance of 3.0σ, and by taking into account the look-elsewhere effect [99] in

the full m``J spectrum, a global significance of 1.9σ. Upper limits are set on the product

of the production cross section of new resonances and their decay branching ratio to ZV ,

σ × B(X → ZV ).

Limits are presented for both the ggF and VBF productions of H → ZZ in figure 12 in

the resonance mass range between 300 GeV and 3 TeV. The observed limit on σ ×B(H →
ZZ) varies from 1.7 (0.42) pb at 300 GeV to 1.4 (1.1) fb at 3 TeV for ggF (VBF) H → ZZ

production.

Figure 13 shows the limits on σ × B(W ′ → ZW ) for DY and VBF production of a

W ′ boson in the HVT model. The observed limit ranges from 5.7 pb at 300 GeV to 1.3 fb

at 5 TeV for DY production and from 0.98 pb at 300 GeV to 2.8 fb at 4 TeV for VBF

production. The theoretical predictions of the HVT Model A, Model B and VBF Model

are overlaid for comparison. The observed limits exclude an HVT W ′ boson produced in

the DY process lighter than 2.9 TeV for Model A and 3.2 TeV for Model B, while none of
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Figure 10. Comparisons of the observed data and expected background distributions of mT in

the ggF category of the H → ZZ → ννqq search: (a) high-purity and (b) low-purity signal regions.

For illustration, expected distributions from the ggF production of a 1.6 TeV Higgs boson with

σ × B(H → ZZ) = 6 fb are also shown. The middle panes show the ratios of the observed data to

the background predictions. The uncertainty in the total background prediction, shown as bands,

combines statistical and systematic contributions. The blue triangles in the middle panes indicate

bins where the ratio is nonzero and outside the vertical range of the plot. The bottom panes show

the ratios of the post-fit and pre-fit background predictions.

the HVT model space can be excluded for the VBF process with the current sensitivity

of the analysis. HVT models generally predict a near-by neutral vector boson (Z ′) that

decays into a Z boson and a SM Higgs boson h. The Z ′ production could contaminate both

the signal and control regions of the HVT W ′ search. Assuming the Z ′ → Zh production

having the same cross section as the observed upper limit on σ×B(W ′ → ZW ), the impacts

of the potential contamination to the W ′ → ZW search are found to be negligible.

For GKK → ZZ, limits are presented for two different couplings: k/MPl = 1 and

k/MPl = 0.5, for masses between 300 GeV and 5 TeV, as shown in figure 14. The observed

limits on σ × B(GKK → ZZ) vary from 3.3 pb at 300 GeV to 0.74 fb at 5 TeV for the bulk

RS model with k/MPl = 1. The exclusion limit on the mass in this model is 1.3 (1.6)

TeV for the observed (expected) limit. Similar results are obtained for bulk RS model

with k/MPl = 0.5, with a mass exclusion upper limit of 1.0 TeV for both observed and

expected limits.

These results are comparable or extend beyond previously published results [17, 18].
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Figure 11. Comparisons of the observed data and expected background event yields in each control

region. The middle pane shows the ratios of the observed data to the post-fit background predic-

tions. The uncertainty in the total background prediction, shown as bands, combines statistical and

systematic contributions. The bottom pane shows the ratios of the post-fit and pre-fit background

predictions.

8.3 Effects of systematic uncertainties

The effects of systematic uncertainties are studied for hypothesised signals using the signal-

strength parameter µ. The relative uncertainties in the best-fit µ value from the leading

sources of systematic uncertainty are shown in table 5 for ggF H → ZZ production with

m(H) = 600 GeV and 1.2 TeV. Apart from the statistical uncertainties in the data, the un-

certainties with the largest impact on the sensitivity of the searches are from the size of the

MC samples, measurements of small-R and large-R jets, Emiss
T measurement, background

modelling and luminosity. For signals with higher mass, the data statistical uncertainty be-

comes dominant. The effects of systematic uncertainties for the other searches are similar

to those shown for the ggF H → ZZ search.
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Figure 12. Observed (black solid curve) and expected (black dashed curve) 95% CL upper limits

on σ × B(H → ZZ) at
√
s = 13 TeV for the (a) ggF and (b) VBF production of a heavy Higgs

boson as a function of its mass, combining ``qq and ννqq searches. Limits expected from individual

searches (dashed curves in blue and magenta) are also shown for comparison. Limits are calculated

in the asymptotic approximation below 2 TeV and are obtained from pseudo-experiments above

that. The green (inner) and yellow (outer) bands represent the ±1σ and ±2σ uncertainty in the

expected limits.
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Figure 13. Observed (black solid curve) and expected (black dashed curve) 95% CL upper limits

on σ × B(W ′ → ZW ) at
√
s = 13 TeV for the (a) DY and (b) VBF production of a W ′ boson in

the HVT model as a function of its mass, combining ``qq and ννqq searches. Limits expected from

individual searches (dashed curves in blue and magenta) are also shown for comparison. Limits are

calculated in the asymptotic approximation below 2 TeV and are obtained from pseudo-experiments

above that. Theoretical predictions are overlaid in (a) for HVT Model A and Model B and in (b)

for HVT VBF Model. The green (inner) and yellow (outer) bands represent the ±1σ and ±2σ

uncertainty in the expected limits.
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Figure 14. Observed (black solid curve) and expected (black dashed curve) 95% CL upper limits

on σ × B(GKK → ZZ) at
√
s = 13 TeV for the production of a GKK in the bulk RS model with

couplings of (a) k/MPl = 1 and (b) k/MPl = 0.5 as a function of the graviton mass, combining

``qq and ννqq searches. Limits expected from individual searches (dashed curves in blue and

magenta) are also shown for comparison. Limits are calculated in the asymptotic approximation

below 2 TeV and are obtained from pseudo-experiments above that. The theoretical predictions for

σ×B(GKK → ZZ) as a function of resonance mass for a bulk RS graviton are also shown. The green

(inner) and yellow (outer) bands represent the ±1σ and ±2σ uncertainty in the expected limits.

m(H) = 600 GeV m(H) = 1.2 TeV

Uncertainty source ∆µ/µ [%] Uncertainty source ∆µ/µ [%]

Pseudo-data statistics 36 Pseudo-data statistics 41

Total systematics 33 Total systematics 29

MC statistics 20 Large-R jet 20

Large-R jet 16 Background modelling 13

Emiss
T uncertainties 13 MC statistics 13

Small-R jet 11 Luminosity 6.5

Background modelling 9.6 Small-R jet 5.9

Luminosity 9.1 Leptons 3.9

Table 5. The relative uncertainties from the leading uncertainty sources in the best-fit signal-

strength parameter µ of hypothesised signal production of ggF H → ZZ with m(H) = 600 GeV

and m(H) = 1.2 TeV. For this study, the H → ZZ production cross section is assumed to be 95 fb

at 600 GeV and 13 fb at 1.2 TeV, corresponding to approximately the expected median upper limits

at these two mass values.
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9 Conclusion

Searches for heavy resonances decaying into ZZ or ZW are performed using proton-proton

collision data produced at
√
s = 13 TeV and recorded by the ATLAS detector at the LHC

in 2015 and 2016. The data correspond to a combined integrated luminosity of 36.1 fb−1.
The searches explore the final states with one Z boson decaying either into a pair of charged

leptons or into a pair of neutrinos, and the other Z boson or the W boson decaying into a

pair of quarks, identified either as two separate jets or as one large-radius jet. Moreover, the

searches are performed in two event categories, targeting VBF and non-VBF production

of the resonances.

The data are found to be consistent with the SM background predictions and no

evidence of heavy resonance production is observed. Upper limits on the production cross

section times branching ratio, σ × B(X → ZV ), as a function of the resonance mass are

derived at 95% CL. In the case of a heavy Higgs boson, upper limits on σ × B(H → ZZ)

range from 1.7 (0.42) pb at m(H) = 300 GeV to 1.4 (1.1) fb at m(H) = 3 TeV for the

ggF (VBF) production process. For the phenomenological heavy-vector-triplet benchmark

Model A (Model B) with coupling constant gV = 1 (gV = 3), a spin-1 vector triplet

produced via the Drell-Yan process is excluded for m(W ′) < 2.9 (3.2) TeV. Upper limits

on σ × B(W ′ → ZW ) are also set for an HVT VBF Model with values of 0.98 pb at

m(W ′) = 300 GeV and 2.8 fb at m(W ′) = 4 TeV. For the bulk Randall-Sundrum model

with k/MPl = 1 (k/MPl = 0.5), a spin-2 Kaluza-Klein graviton is excluded for m(GKK) <

1.3 (1.0) TeV.

These results extend previously published results [18] obtained from the combinations

of ννqq, `νqq, ``qq and qqqq final states based on a data sample of 3.2 fb−1 at
√
s = 13 TeV

recorded in 2015.
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H. Herde25, V. Herget177, Y. Hernández Jiménez147c, H. Herr86, G. Herten51, R. Hertenberger102,

L. Hervas32, T.C. Herwig124, G.G. Hesketh81, N.P. Hessey163a, J.W. Hetherly43, S. Higashino69,

E. Higón-Rodriguez170, K. Hildebrand33, E. Hill172, J.C. Hill30, K.H. Hiller45, S.J. Hillier19,

M. Hils47, I. Hinchliffe16, M. Hirose51, D. Hirschbuehl178, B. Hiti78, O. Hladik129, X. Hoad49,

J. Hobbs150, N. Hod163a, M.C. Hodgkinson141, P. Hodgson141, A. Hoecker32,

M.R. Hoeferkamp107, F. Hoenig102, D. Hohn23, T.R. Holmes33, M. Homann46, S. Honda164,

T. Honda69, T.M. Hong127, B.H. Hooberman169, W.H. Hopkins118, Y. Horii105, A.J. Horton144,

J-Y. Hostachy58, A. Hostiuc140, S. Hou153, A. Hoummada137a, J. Howarth87, J. Hoya74,

M. Hrabovsky117, J. Hrdinka32, I. Hristova17, J. Hrivnac119, T. Hryn’ova5, A. Hrynevich96,

P.J. Hsu63, S.-C. Hsu140, Q. Hu36a, S. Hu36c, Y. Huang35a, Z. Hubacek130, F. Hubaut88,

F. Huegging23, T.B. Huffman122, E.W. Hughes38, M. Huhtinen32, R.F.H. Hunter31, P. Huo150,

N. Huseynov68,b, J. Huston93, J. Huth59, R. Hyneman92, G. Iacobucci52, G. Iakovidis27,

I. Ibragimov143, L. Iconomidou-Fayard119, Z. Idrissi137e, P. Iengo32, O. Igonkina109,z,

T. Iizawa174, Y. Ikegami69, M. Ikeno69, Y. Ilchenko11,aa, D. Iliadis156, N. Ilic145, F. Iltzsche47,

G. Introzzi123a,123b, P. Ioannou9,∗, M. Iodice136a, K. Iordanidou38, V. Ippolito59,

M.F. Isacson168, N. Ishijima120, M. Ishino157, M. Ishitsuka159, C. Issever122, S. Istin20a, F. Ito164,

J.M. Iturbe Ponce62a, R. Iuppa162a,162b, H. Iwasaki69, J.M. Izen44, V. Izzo106a, S. Jabbar3,

P. Jackson1, R.M. Jacobs23, V. Jain2, K.B. Jakobi86, K. Jakobs51, S. Jakobsen65,

T. Jakoubek129, D.O. Jamin116, D.K. Jana82, R. Jansky52, J. Janssen23, M. Janus57,

P.A. Janus41a, G. Jarlskog84, N. Javadov68,b, T. Jav̊urek51, M. Javurkova51, F. Jeanneau138,

L. Jeanty16, J. Jejelava54a,ab, A. Jelinskas173, P. Jenni51,ac, C. Jeske173, S. Jézéquel5, H. Ji176,
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P. Skubic115, M. Slater19, T. Slavicek130, M. Slawinska42, K. Sliwa165, R. Slovak131,

V. Smakhtin175, B.H. Smart5, J. Smiesko146a, N. Smirnov100, S.Yu. Smirnov100, Y. Smirnov100,

L.N. Smirnova101,ao, O. Smirnova84, J.W. Smith57, M.N.K. Smith38, R.W. Smith38,

M. Smizanska75, K. Smolek130, A.A. Snesarev98, I.M. Snyder118, S. Snyder27, R. Sobie172,o,

F. Socher47, A. Soffer155, A. Søgaard49, D.A. Soh153, G. Sokhrannyi78, C.A. Solans Sanchez32,

M. Solar130, E.Yu. Soldatov100, U. Soldevila170, A.A. Solodkov132, A. Soloshenko68,

O.V. Solovyanov132, V. Solovyev125, P. Sommer51, H. Son165, A. Sopczak130, D. Sosa60b,

C.L. Sotiropoulou126a,126b, S. Sottocornola123a,123b, R. Soualah167a,167c, A.M. Soukharev111,c,

D. South45, B.C. Sowden80, S. Spagnolo76a,76b, M. Spalla126a,126b, M. Spangenberg173,
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54 (a) E. Andronikashvili Institute of Physics, Iv. Javakhishvili Tbilisi State University, Tbilisi; (b)

High Energy Physics Institute, Tbilisi State University, Tbilisi, Georgia
55 II Physikalisches Institut, Justus-Liebig-Universität Giessen, Giessen, Germany
56 SUPA - School of Physics and Astronomy, University of Glasgow, Glasgow, U.K.
57 II Physikalisches Institut, Georg-August-Universität, Göttingen, Germany
58 Laboratoire de Physique Subatomique et de Cosmologie, Université Grenoble-Alpes, CNRS/IN2P3,
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