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Abstract

A search is presented for new resonances decaying to WW or W Z final states, where one
W boson decays leptonically (to an electron or a muon, plus a neutrino) and the other W/Z
boson decays hadronically. The data analysed comprises 3.2 fb−1 of pp collision data at
√

s = 13 TeV, recorded with the ATLAS detector at the CERN Large Hadron Collider. No
evidence for resonant diboson production is observed, and resonancemasses below 1060 GeV
and 1250 GeV are excluded at the 95% confidence level for a spin-2 Randall-Sundrum bulk
graviton and a possible new heavy vector boson coupling to the Higgs and the SM gauge
bosons, respectively. The results are also interpreted in the context of an additional Higgs-like
boson at high mass.
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1 Introduction

Several scenarios of new physics beyond the Standard Model (SM), such as warped extra dimensions [1–
3], grand unified theories [4], and technicolour [5–7], predict new particles that predominantly decay to a
pair of on-shell SM gauge bosons (W/Z). We present a search for such particles in the form of WW/W Z
resonances where one W boson decays leptonically (W → `ν with ` = e, µ) and the other W/Z boson
decays hadronically (W/Z → qq̄′/qq̄ with q, q′ = u, d, c, s or b). The analysis is based on 3.2 ± 0.2 fb−1
of pp collision data at a centre-of-mass energy

√
s = 13 TeV, collected by the ATLAS experiment at

the Large Hadron Collider (LHC). The search is optimized for a high mass resonance, where the two
jets from a highly-boosted W or Z boson have a small opening angle and become difficult to distinguish
using standard jet clustering algorithms. To mitigate the associated loss in efficiency, jets clustered with
large radius parameters (large-R jets) are used and variables based on the substructure of these jets are
employed.

Several signal models are used to optimize the analysis strategy and interpret the results. A heavy vector
triplet (HVT) model, based on a simplified phenomenological Lagrangian [8], is used to model both WW
and W Z resonances. Here, the new heavy vector boson, V ′ = W ′, Z ′, couples to the Higgs and the SM
gauge bosons via a combination of parameters gV cH and to the fermions via the combination g2/gV cF .
The redundancy of parameters is explicit, with gV representing the typical strength of the vector boson
interaction, while the parameters cH and cF describe deviations from the nominal Higgs and fermion
couplings, respectively, and are expected to be on the order of unity in most models. In this simplified
model, all fermions are assumed to have the same coupling strength cF [8]. Other combinations of
parameters, gV cVVV , g2V cVVHH and cVVW , control multiboson production and have a negligible impact
on the overall cross sections for the processes of interest here.

AKaluza-Klein (KK) graviton (G∗) is used to model a narrow resonance decaying to aWW final state. The
KK graviton interpretation is based on an extended Randall-Sundrum model of a warped extra dimension
(RS1) [9] where the SM fields can propagate into the bulk of the extra dimension. This extended “bulk”
RS model, referred to as bulk RS hereafter, avoids constraints on the original RS1 model from limits
on flavor-changing neutral currents and electroweak precision tests, and has a dimensionless coupling
constant k/M̄Pl ∼ 1, where k is the curvature of the warped extra dimension and M̄Pl = MPl/

√
8π is the

reduced Planck mass.

Results for the WW final state are also interpreted in the context of an additional Higgs-like boson at
high mass. Two different heavy Higgs-like boson hypotheses are tested: a narrow width approximation
(NWA), where the Higgs-like width is set to 4 MeV, and a large width assumption (LWA). For the NWA
hypothesis, the interference effects of the heavy Higgs-like boson with the SM diboson production are
negligible. For the LWA hypothesis, widths of 5-15% of the heavy Higgs-like boson mass are considered
and the effects of the interference with the SM diboson continuum and the light Higgs boson have been
neglected.

The choice of the width range for the Higgs-like boson is motivated by the fact that, for the majority of the
most relevant BSM models, widths above 15% of mH are already excluded by the experimental data [10].
This is the case for the Electroweak Singlet Model, where Run 1 ATLAS data exclude large widths [11].
The parameter space not yet excluded in two-Higgs-doublet models constrains the Higgs-like width to be
< 10% of mH. In Higgs triplet models [12] indirect constraints from the mass of the W boson significantly
restrict the available range of Higgs-like widths.
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Searches for new particles have been performed in several decay channels at the Tevatron and the LHC,
but no evidence of such a resonance has been observed [13–20]. Results from the ATLAS and CMS
experiments exclude such particles formasses ranging fromapproximately 700 GeV to 1.7 TeV, depending
on the final state and the theoretical model used as a benchmark.

2 ATLAS detector

The ATLAS detector [21] is a general-purpose particle detector used to investigate a broad range of
physics processes. The ATLAS detector includes inner tracking devices surrounded by a superconducting
solenoid, electromagnetic and hadronic calorimeters and a muon spectrometer inside a system of toroid
magnets. The inner detector (ID) consists of a silicon pixel detector including the newly-installed Insertable
B-Layer [22], a silicon strip detector and a straw tube tracker. It is situated inside a 2 Tesla field from the
solenoid and provides precision tracking of charged particles with pseudorapidity1 |η | < 2.5. The straw
tube detector also provides transition radiation measurements for electron identification. The calorimeter
system covers the pseudorapidity range |η | < 4.9. It is composed of sampling calorimeters with either
liquid argon or scintillator tiles as the active medium. The muon spectrometer (MS) provides muon
identification and measurement for |η | < 2.7. The ATLAS detector has a two-level trigger system to
select events for offline analysis.

3 Simulation samples

Samples of simulated events are used to optimize the event selection and help estimate the background from
various SMprocesses. Benchmark signal samples of the bulk RS graviton and theHVT are generated using
MadGraph-2.2.2 [23] interfaced to Pythia 8.186 [24] with the NNPDF23LO [25] parton distribution
functions (PDF) set for a range of resonance masses from 0.5 to 5 TeV. For the bulk RS graviton model,
the parameter k/M̄Pl is assumed to be 1. The simulation sample of the NWA heavy Higgs-like boson is
produced using Powheg-Box 2.0 [26] interfaced with Pythia 8.186 and the CTEQ6L1 PDF set [27] is
used. For the LWA heavy Higgs-like boson, events are simulated using MadGraph5_aMC@NLO [23]
with Pythia 8.186 and the NNPDF23LO PDF set. The mass range of the heavy Higgs-like boson
considered in this analysis spans from 0.8 TeV and 3 TeV. For NWA, samples between 0.8 TeV and 3 TeV
have been generated in steps of 100 GeV up to 1 TeV, and in steps of 400 GeV thereafter. For LWA, 200
GeV steps have been adopted. In the latter case, the SM NLO calculation involves two W ’s or two Z’s and
any possibile soft or hard QCD radiation and is thus entirely determined by the matrix elements, which
feature a spin-0 propagator squared, while the choices adopted for the Higgs-like boson mass and total
width do not follow the SM.

The main SM background arises from W bosons produced in association with jets (W+jets). Additional
sources of SM background include events from the production of top-quarks, multijets, dibosons and
Z+jets. Production of W and Z bosons in association with jets is simulated using Sherpa 2.1.1 [28] with

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 along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points
upwards. Cylindrical coordinates (r, φ) are used in the transverse plane, φ being the azimuthal angle around the beam pipe.
The pseudorapidity is defined in terms of the polar angle θ as η = − ln tan(θ/2). Angular distance is measured in units of

∆R ≡
√
∆η2 + ∆φ2.
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the CT10 PDF [29], where b− and c−quarks are treated as massive particles. Single-top and tt̄ simulated
events are generated with Powheg-Box 2.0 using CT10 PDF interfaced to Pythia 6.428 [30] for parton
showering, using the Perugia2012[31] tune with CTEQ6L1 PDF for the underlying event description.
EvtGen 1.2.0 [32] is used for properties of the bottom and charm hadron decays. The mass of the top
quark is set to mt = 172.5 GeV. Diboson samples (WW ,W Z and Z Z) are generated with Sherpa 2.1.1.

The effect of multiple pp interactions in the same and neighbouring bunch crossings (pile-up) is included
by overlaying minimum-bias events simulated with Pythia 8.186 on each generated signal and background
event. The number of overlaid events is such that the distribution of the average number of interactions
per pp bunch crossing in the simulation matches that observed in the data (on average 13 interactions per
bunch crossing). The generated samples are processed through a Geant4-based detector simulation [33,
34], and the standard ATLAS reconstruction software used for collision data.

4 Object definition

Events are required to have at least one primary vertex that has no less than two associated tracks, each
with transverse momentum pT > 400 MeV where the pT is defined as the magnitude of the component of
the momentum orthogonal to the beam axis. If there is more than one primary vertex reconstructed in the
event, the one with the largest track

∑
p2T is chosen as the hard-scatter primary vertex and is subsequently

used for calculation of the main physics objects in this analysis: electrons, muons, jets and missing
transverse momentum.

Electrons are selected from clusters of energy deposits in the calorimeter that match a track reconstructed
in the ID. They are identified using a likelihood identification criterion described in Ref. [35]. The
levels of identification are categorized as “LooseLH", “MediumLH" and “TightLH", which correspond to
approximately 96%, 94% and 88% identification efficiency for an electron with transverse energy (ET)
of 100 GeV, where ET is defined as the energy projected into the transverse plane. The electrons used
in this analysis are required to pass “LooseLH" selection and have transverse momentum pT > 25 GeV
and |η | < 2.47, excluding the transition region between the barrel and endcaps in the LAr calorimeter
(1.37 < |η | < 1.52). Muons are reconstructed by combining ID and MS tracks that have consistent
trajectories and curvatures [36]. Based on the quality of the reconstruction and identification, muon
candidates are defined as “Loose", “Medium" and “Tight", with increasing purity. The muon candidates
used in this analysis are required to pass "Loose" selection and also have pT > 25 GeV and |η | < 2.5.

In this analysis, jets are reconstructed from three-dimensional clusters of energy deposits in the calorimeter
using the anti-kt algorithm [37] with two different distance parameters of R = 1.0 and R = 0.4, hereafter
referred to as large-R jets (denoted as "J") and small-R jets (denoted as " j"), respectively. The four
momenta of the jets are calculated as the sum of the four momenta of their constituents, which are assumed
to be massless. For the large-R jets, the original constituents are clustered using the kt algorithm [38]
with a distance parameter of Rsub−jet = 0.2 to form a collection of sub-jets. The sub-jets are discarded if
they carry less than 5% of the pT of the original jet. The constituents in the remaining sub-jets are then
used to recalculate the large-R jet four-momentum, and the jet energy and mass are further calibrated to
particle-level using correction factors derived from simulation [39]. The resulting "trimmed" [40] large-R
jets are required to have pT > 200 GeV, |η | < 2.0. The momenta of small-R jets are corrected for losses in
passive material, the non-compensating response of the calorimeter, and contributions from pile-up [41].
They are required to have pT > 20 GeV and |η | < 2.4.

4



For small-R jets with pT < 50 GeV, the “Jet vertex tagger" (JVT) variable [42] is required to be larger
than 0.64, where the JVT is a multivariable tagger used to suppress jets from pile-up events. In addition,
small-R jets are discarded if they are within a cone of size ∆R < 0.2 of an electron candidate, or if
they have less than three associated tracks and are within a cone of size ∆R < 0.2 of a muon candidate.
However, if a small-R jet with three or more associated tracks is within a cone of size ∆R < 0.4 of a
muon candidate, or any small-R jet is within 0.2 < ∆R < 0.4 of an electron candidate, the corresponding
electron or muon candidate is discarded. Large-R jets are required to have an angular separation ∆R > 0.1
from electron candidates.

Small-R jets containing b-hadrons are identified using theMV2 b-tagging algorithm [43]with an efficiency
of 85%, determined from tt̄ simulated events. The small-R jets recognized as b-quark-induced are called
b-jets in this note. The corresponding misidentification rate for selecting jets originating from a light
quark or gluon is less than 1%. The misidentification rate for selecting jets containing c-hadrons is
approximately 17%.

The missing transverse momentum, with magnitude Emiss
T , is calculated as the negative vectorial sum

of the transverse momenta of all calibrated selected objects, such as electrons, muons, and jets. Tracks
compatible with the primary vertex and not matched to any of those objects are also included in the
reconstruction [44, 45].

5 Event selection

The data used in the analysis were recorded by single-electron and single-muon triggers, which are
approximately 100 (70)% efficient for selected electron (muon) candidates in this analysis. The large
inefficiency of the muon trigger is due to limited η coverage of the ATLAS muon trigger. Data quality
criteria are applied to ensure that events were recorded with stable beam conditions and with all relevant
subdetector systems operational.

The analysis selects events that contain exactly one reconstructed electron or muon matching a lepton
trigger candidate, with Emiss

T > 100 GeV. The selected electron (muon) candidate is then required to satisfy
the "TightLH" ("Medium") identification criterion, with the exception of electrons with pT > 300 GeV,
which are required to pass the "MediumLH" identification. In addition, the leptons are required to be
isolated from other tracks and calorimetric activity. This is done by applying "Tight" isolation criteria,
which provides approximately 99% selection efficiency for leptons from W/Z boson decays. The criteria
are based on the scalar sum of transverse momenta of tracks with pT > 1 GeV within ∆R = 0.2 of the
lepton, as well as the sum of ET deposits in the calorimeter within ∆R = 0.2, excluding the ET from
the lepton and corrected for the expected pile-up contribution. In order to ensure that leptons originate
from the interaction point, a requirement of |d0 |/σd0 < 5 (3) and |z0 sin θ | < 0.5 mm is imposed on
the electrons (muons), where d0(z0) is the transverse (longitudinal) impact parameter of the lepton with
respect to the reconstructed hard-scatter primary vertex and σd0 is the uncertainty on the measured d0.

The leptonically-decaying W candidate is required to have pT(`ν) > 200 GeV, where pT(`ν) is the
transverse momentum of the lepton-neutrino system. The pT of the neutrino from the leptonically-
decaying W boson is assumed to be equal to the Emiss

T . The momentum of the neutrino in the z-direction,
pz , is obtained by imposing a W boson mass constraint on the lepton and neutrino system, which leads to
a quadratic equation. The pz is defined as either the real component of the complex solution or the smaller
in absolute value of the two real solutions.
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The large-R jet with the highest pT is selected as the candidate for the hadronically-decaying W/Z boson.
A boson tagger [46] is subsequently applied to further distinguish the boosted hadronically decaying W/Z
boson from jets originating from non-top quarks or gluons. The tagger is based on the mass of the jet
(mJ ) and a variable D(β=1)

2 , where

D(β)
2 =

ECF3(β)ECF1(β)3

ECF2(β)3
.

In the formula, the functions ECF1(β), ECF2(β) and ECF3(β) are 1-point, 2-point and 3-point energy
correlation functions of the jet that are given by:

ECF1(β) =
∑
i∈J

pTi,

ECF2(β) =
∑

i< j ∈J

pTipT j (∆Ri j )β,

ECF3(β) =
∑

i< j<k ∈J

pTipT j pTk (∆Ri j∆Rik∆Rjk )β,

where the parameter β, set to 1, is used to give weight to the angular separation (∆R) between the clusters
of energy deposits in the jet, the sum is over the constituents (i, j and k) in the jet J. In this analysis, the
boson tagger is configured to have 50% identification efficiency of the hadronically decaying W/Z boson
and to reject more than 90% of background.

In the signal case, the two bosons are coming from a two-body decay of a resonance and they are mostly
reconstructed in the central part of the detector. As such, their pT are expected to be close to half of the
resonance mass (m`νJ ), defined as the invariant mass of the `νJ system. As a result, selected events are
further required to satisfy pT(J)/m`νJ > 0.4 and pT(`ν)/m`νJ > 0.4.

The events that pass all the event selection above are categorized into background (control) and signal
regions. They are defined as follows:

• W Z signal region: the large-R jet is identified by the boson tagger as a Z candidate with its mass
within 13GeV of the expected Z mass peak (93.4 GeV) from simulated events. In addition, events
are rejected if there is a small-R jet that is identified as a b-jet with a separation of ∆R > 1.0 from
the hadronically decaying Z candidate. This selection rejects more than 70% of background events
from tt̄ production while keeping more than 95% of signal events.

• WW signal region: the large-R jet is identified by the boson tagger as a W candidate with its mass
within 13GeV of the expected W mass peak (83.2 GeV) from simulated events. As for the W Z
signal region, events are rejected if there is a small-R jet that is identified as a b-jet with a separation
of ∆R > 1.0 from the hadronically decaying W candidate.

• Top control region: an event is considered to be in the top control region if it satisfies the selection
criteria defined for the WW or W Z signal region except for the b-jet requirement. Instead, events
are explicitly required to have at least one b-tagged small-R jet with a separation from the selected
large-R jet larger than 1.0. Studies using samples of simulated events show that most events selected
in the top control region are from tt̄ production (∼ 86%), where the rest are from the single top,
W/Z+jets or diboson production.
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• W+jets control region: an event is considered to be in the W+jet control region if it satisfies the
selection criteria defined for the WW and W Z signal regions but the boson tagger is modified such
that the D(β=1)

2 criterion remains the same but the jet mass requirement is inverted. The lower
(higher) mass sideband region is defined as 50 < mJ < 70.2 GeV (mJ > 96.4 GeV). Based on
simulated events, roughly 78% of events in the lower mass sideband are from W+jets production.
However in the higher mass sideband, the fraction of events from the W+jets production is smaller
(52%) while contribution from the tt̄ production (37%) is more significant.

Figure 1 shows a comparison of the jet mass distribution of data and expected backgrounds when all the
selection requirements, except for the jet mass requirement, are applied.

Studies using simulated events show that the dominant background in each of the signal regions are events
from tt̄ production (∼ 30%) and W+jets production (∼ 60%). The signal acceptance times efficiency
after all selection requirements varies between about 15% to around 25% for the WW/W Z resonances
decaying to `νqq̄ final states with ` = e, µ, depending on the choices of the benchmark model and the
resonance mass.

6 Background determination

The reconstructed WW/W Z invariant mass, m`νJ , is an observable used to search for a localized excess
of events beyond the SM prediction. It is reconstructed on an event-by-event basis using the kinematic
constraint m(`ν) = m(W ) that provides an estimate of the component of the neutrino momentum along
the beam axis. The shapes from SM production of W/Z+jets, tt̄ and single-top events are modeled using
simulated events. Their normalizations are determined from a combined fit to the events in the signal and
control regions. Since the background contribution from SM diboson production is very small, both its
shape and normalization are taken from simulation. Its cross section is fixed to the value obtained by an
inclusive next-to-leading order calculation with a 11% systematical uncertainty assigned.

The contribution of multijet production to the selected samples originates from events where either
another object is incorrectly identified as lepton, or a real but non-prompt lepton is produced in heavy
flavor decays. The shapes of kinematic distributions in multijet background events are obtained from
an independent data sample that satisfies the signal selection criteria except for the lepton requirement:
the electrons are required to satisfy a looser identification criterion (“MediumLH" but not meet the
“TightLH" selection criteria) and fail the isolation requirement; the selected muons are required to satisfy
all the selection criteria but inverting the transverse impact parameter significance cut. The contributions
of other processes with real leptons are subtracted from data using samples of simulated events in the
extraction of the multijet background shape. The normalization of the multijet background is estimated
by a fit to the transverse mass (mT) distribution of the leptonically decaying W candidates using data
events in the signal region. The transverse mass is defined as mT =

√
2pT(`)pT(ν) · (1 − cos∆φ`,ν ),

where ∆φ`,ν is the azimuthal angle between the lepton and the missing transverse momentum. In the fit,
the normalizations of the W/Z+jets and the multijet components are allowed to float, but all the other
backgrounds are taken from their respective predictions from simulation. The background contribution
from multijet production in the signal region is found to be negligible.
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Figure 1: The jet mass distribution for signal regions and W+jets control region (a) and Top control region (b). The
events shown here are required to pass all selection requirements except the one on the jet mass. The hatched band
represents the statistical and systematic uncertainties.

7 Systematic uncertainties

The main systematic uncertainties on the background estimate arise from the potential mismodeling
of background components. An uncertainty on the shape of the W/Z+jets background is obtained by
comparing the m`νJ shape in simulation and in data in the W+jets control region after the expected tt̄ and
diboson contributions are subtracted. The ratio is fitted with a first order polynomial and its deviation
from unity is used as the W/Z+jets shape modeling uncertainty.

The data and simulation show a very good agreement for events in the top control region. The uncertainty
in the shape of the m`νJ distribution from the tt̄ background is estimated by comparing a sample generated
by the aMC@NLO [23] interfaced with Pythia 8.186 to the nominal sample. Additional systematic
uncertainties are evaluated by comparing the nominal sample showered with Pythia to one showered
with Herwig [47]. Samples of tt̄ with the factorization and renormalization scales doubled and halved are
compared to the nominal sample, and the largest difference observed is taken as an additional uncertainty.

Other systematic uncertainties such as on the small-R jet energy scale and resolution, trigger efficiencies,
lepton reconstruction and identification efficiencies, lepton momentum scales and resolutions, b-tagging
efficiency and misidentification rate, and missing transverse momentum are considered when evaluating
possible systematic effects on the shape or normalization of the background estimation, as well as the
shape and efficiency of the signal yield. They are found to have a minor impact on the analysis.

The large-R jet energy and mass scale uncertainties are evaluated with ATLAS Run 1 data, by comparing
the ratio of calorimeter-based to track-based measurements in dijet data and simulation [46], and are
validated by in-situ data of high-pT W boson production in semi-leptonic top pair events.
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Figure 2: Reconstructed m`νJ distributions for different signal models.

The dominant uncertainties on the signal acceptance arise from the choice of PDF and from the uncertainty
on the amount of initial and final state radiation present in simulated signal events. The PDF uncertainties
are estimated by taking the acceptance difference between the NNPDF23LO and MSTW2008LO PDF
and adding it in quadrature to the difference between the NNPDF23LO error sets.

The uncertainty on the integrated luminosity is 5%. It is determined, following the same methodology
as that detailed in Ref. [48], from a preliminary calibration of the luminosity scale using a pair of x − y

beam-separation scans performed in June 2015.

8 Results

A simultaneous binned maximum-likelihood fit to m`νJ distributions of the events in the signal region,
the top control region and the W+jets control region is performed using a statistical analysis package
RooStats [49]. The fit includes five contributions: signal, W+jets, Z+jets, top and diboson. The W+jets
and tt̄ normalizations are left free to float in the global fit while the diboson and Z+jets are constrained
within their uncertainties, 11% [50] and 10% [51] respectively. The fit is performed simultaneously for
the electron and muon channels. Systematic uncertainties are taken into account as nuisance parameters
with Gaussian sampling distributions. For each source of systematic uncertainty, the correlations across
bins and between different kinematic regions, as well as those between signal and background, are taken
into account. Nineteen m`νJ bins between 500 and 3500 GeV are used in the fit with variable bin width
in order to account for the expected resolution of a resonance peak as a function of the resonance mass
while still keeping reasonably high statistics in each bin. The signal resonance distributions are shown in
Figure 2.

Tables 1 and 2 show the number of events predicted and observed in each region and when fitting to the
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WW signal region and W Z signal region, respectively. The reconstructed m`νJ distributions for data and
predicted background events as well as selected benchmark signal models in the signal and control regions
are shown in Fig. 3. Good agreement is observed between the data and the background prediction.

Table 1: Event yields in WW signal and control regions for data and predicted background contributions after the
fit. The expected yield for the HVT benchmark signal model are shown. Uncertainties are calculated after the fit to
the data. The uncertainties on the total background correspond to the full statistical and systematic uncertainty.

WW signal region W+jets control region Top control region
W+jets 280 ± 40 643 ± 65 48 ± 14
Top quark 181 ± 38 243 ± 55 633 ± 31
Z+jets 7 ± 3 26 ± 7 1 ± 1
Diboson 68 ± 15 63 ± 14 9 ± 3.4
HVT (m = 1.6 TeV) 6 ± 1 1 ± 1 0.5 ± 0.5
Backgrounds 536 ± 24 976 ± 31 691 ± 26
Data 533 980 690

Table 2: Event yields in W Z signal and control regions for data and predicted background contributions after the fit.
The expected yield for the HVT benchmark signal model are shown. Uncertainties are calculated after the fit to the
data. The uncertainties on the total background correspond to the full statistical and systematic uncertainty.

W Z signal region W+jets control region Top control region
W+jets 314 ± 52 655 ± 82 39 ± 18
Top quark 191 ± 43 270 ± 75 644 ± 32
Z+jets 5 ± 3 14 ± 5 1 ± 1
Diboson 55 ± 16 44 ± 11 7 ± 2.5
HVT (m = 1.6 TeV) 6 ± 1 1 ± 1 0.4 ± 0.1
Backgrounds 564 ± 34 983 ± 31 692 ± 26
Data 568 980 690

In the absence of a statistically significant excess in the data over the background prediction, the result is
used to evaluate an upper limit at the 95% confidence level (CL) on the production cross section times
the branching fraction for various benchmark models. The exclusion limits are calculated with a modified
frequentist method [52], also known as CLs , and the profile-likelihood test statistic [53], using the binned
m`νJ distributions in signal and control regions. Systematic uncertainties and their correlations are taken
into account as nuisance parameters. None of the systematic uncertainties considered are significantly
constrained or pulled in the likelihood fit. Figures 4 and 5 show the 95%CL upper limits on the production
cross section multiplied by the branching fraction into W Z and WW , as a function of the resonance mass,
for the HVT and heavy Higgs-like boson hypotheses respectively. For the Higgs-like boson the branching
ratios scale with mH as in the SM. A comparison of the result obtained with different widths is shown
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Figure 3: Reconstructed m`νJ distributions in data and the predicted background in the (a) WW signal region, (b)
W Z signal region, (c) top control region and (d) W+jets control region. The background expectation is shown after
the profile likelihood fit to the data. The band denotes the statistical and systematic uncertainty on the background
after the fit to the data. The lower panels show the ratio of data to the SM background estimate. The benchmark
model HVT with m = 1600 GeV is normalized to the expected cross section.
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Figure 4: Observed and expected 95% CL upper limits on the production cross section of an HVT and a Graviton
multiplied by the branching fraction into (a) W Z and (b-c) WW as a function of the resonance mass. The theoretical
cross sections for the HVT and Graviton benchmark resonance model are shown. The inner and outer bands around
the expected limits represent ±1σ and ±2σ variation respectively.

in Figure 6.

The theoretical predictions for the HVT benchmark model with coupling constant gV = 1 and the bulk RS
G∗ with coupling constant k/M̄Pl = 1 allow masses below 1250GeV for the neutral and charged V ′ and
1060GeV for the G∗ to be excluded. The lower limit on the graviton mass has improved by approximately
350 GeV with respect to the most stringent limit previously provided by the LHC experiments.

In the context of the Higgs-like LWA analysis, to check the possibility of interpreting the results within
a wide range of models, the signal has been also restricted to the mass window | m −mH |≤ ΓH at truth
level, with ΓH being the intrinsic width of the Higgs-like boson. In this sub-range, interference effects
with the low mass Higgs and the SM diboson continuum background are expected to be limited for several
models [54]. Using these samples results in stronger cross section times branching ratio limits than the
ones quoted in this note, which are therefore conservative and can be applied when the interference effects
in a region | m −mH |≤ ΓH are small, typically below 10%.
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Figure 5: Observed and expected 95% CL upper limits on the production cross section multiplied by the branching
fraction into WW as a function of the resonance mass, for the (a) NWA and (b,c,d) LWA (for the 5%, 10%, and 15%
relative-mass-widths, respectively) Higgs-like boson hypotheses. The inner and outer bands around the expected
limits represent ±1σ and ±2σ variation respectively.
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Figure 6: Observed and expected 95% CL upper limits on the production cross section multiplied by the branching
fraction into WW as a function of the resonance mass for different signal widths.

9 Conclusions

A search is presented for new resonances decaying to WW or W Z final states, where one W boson decays
leptonically (to an electron or a muon plus a neutrino) and the other W/Z boson decays hadronically,
using 3.2 fb−1 of pp collision data at

√
s = 13 TeV, recorded with the ATLAS detector at the CERN

Large Hadron Collider. No evidence for resonant diboson production is observed, and resonance masses
below 1060 GeV and 1250 GeV are excluded at the 95% confidence level for a spin-2 Randall-Sundrum
bulk graviton and a possible new heavy vector boson coupling to the Higgs and the SM gauge bosons,
respectively. Upper limits on the cross section times branching ratio to H→WW of a heavy Higgs with
narrow width and large width (namely for widths of 5%, 10% and 15% of mH) have been obtained and
range between 0.02 and 0.3 pb.

References

[1] L. Randall and R. Sundrum, A Large mass hierarchy from a small extra dimension,
Phys. Rev. Lett. 83 (1999) 3370, arXiv: hep-ph/9905221 [hep-ph].

[2] L. Randall and R. Sundrum, An Alternative to compactification, Phys. Rev. Lett. 83 (1999) 4690,
arXiv: hep-th/9906064 [hep-th].

[3] H. Davoudiasl, J. L. Hewett and T. G. Rizzo,
Experimental probes of localized gravity: On and off the wall, Phys. Rev. D63 (2001) 075004,
arXiv: hep-ph/0006041 [hep-ph].

14

http://dx.doi.org/10.1103/PhysRevLett.83.3370
http://dx.doi.org/10.1103/PhysRevLett.83.3370
http://arxiv.org/abs/hep-ph/9905221
http://dx.doi.org/10.1103/PhysRevLett.83.4690
http://arxiv.org/abs/hep-th/9906064
http://dx.doi.org/10.1103/PhysRevD.63.075004
http://arxiv.org/abs/hep-ph/0006041


[4] G. Altarelli, B. Mele and M. Ruiz-Altaba, Searching for new heavy vector bosons in pp̄ colliders,
Z. Phys. C 45 (1989) 109.

[5] E. Eichten and K. Lane, Low-scale technicolor at the Tevatron and LHC,
Phys. Lett. B 669 (2008) 235.

[6] S. Catterall et al., MCRG Minimal Walking Technicolor, Phys. Rev. D85 (2012) 094501,
arXiv: 1108.3794 [hep-ph].

[7] J. R. Andersen et al., Discovering Technicolor, Eur. Phys. J. Plus 126 (2011) 81,
arXiv: 1104.1255 [hep-ph].

[8] D. Pappadopulo et al., Heavy Vector Triplets: Bridging Theory and Data, JHEP 09 (2014) 060,
arXiv: 1402.4431 [hep-ph].

[9] K. Agashe et al., Warped Gravitons at the LHC and Beyond, Phys. Rev. D76 (2007) 036006,
arXiv: hep-ph/0701186 [hep-ph].

[10] ATLAS Collaboration, Measurements of the Higgs boson production and decay rates and
coupling strengths using pp collision data at

√
s=7 and 8 TeV in the ATLAS experiment

(2015), Accepted by JHEP, arXiv: 1509.00672 [hep-ex].

[11] ATLAS Collaboration, Constraints on new phenomena via Higgs boson couplings and invisible
decays with the ATLAS detector (2015), Accepted by EPJC, arXiv: 1507.04548 [hep-ex].

[12] D. Lopez-Vala, T. Robsens,
∆R and the W–boson mass in the Singlet Extension of the Standard Model,
Phys. Rev. D90 (2014) 114018, arXiv: 1406.1043 [hep-ph].

[13] CMS Collaboration, Search for massive resonances in dijet systems containing jets tagged as W or
Z boson decays in pp collisions at

√
s = 8 TeV, JHEP 08 (2014) 173,

arXiv: 1405.1994 [hep-ex].

[14] CMS Collaboration, Search for massive resonances decaying into pairs of boosted bosons in
semi-leptonic final states at

√
s = 8 TeV, JHEP 08 (2014) 174, arXiv: 1405.3447 [hep-ex].

[15] CMS Collaboration,
Search for new resonances decaying via WZ to leptons in proton-proton collisions at

√
s = 8 TeV,

Phys. Lett. B740 (2015) 83, arXiv: 1407.3476 [hep-ex].

[16] ATLAS Collaboration, Search for resonant diboson production in the WW /W Z → j j decay
channels with the ATLAS detector at

√
s = 7 TeV, Phys. Rev. D87.11 (2013) 112006,

arXiv: 1305.0125 [hep-ex].

[17] ATLAS Collaboration, Search for W Z resonances in the fully leptonic channel using pp collisions
at
√

s = 8 TeV with the ATLAS detector, Phys. Lett. B737 (2014) 223,
arXiv: 1406.4456 [hep-ex].

[18] ATLAS Collaboration, Search for resonant diboson production in the ``qq̄ final state in pp
collisions at

√
s = 8 TeV with the ATLAS detector, Eur. Phys. J. C75 (2015) 69,

arXiv: 1409.6190 [hep-ex].

[19] ATLAS Collaboration, Search for production of WW/W Z resonances decaying to a lepton,
neutrino and jets in pp collisions at

√
s = 8 TeV with the ATLAS detector,

Eur. Phys. J. C75.5 (2015) 209, [Erratum: Eur. Phys. J. C75 (2015) 370],
arXiv: 1503.04677 [hep-ex].

15

http://dx.doi.org/10.1007/BF01556677
http://dx.doi.org/10.1007/BF01556677
http://dx.doi.org/10.1016/j.physletb.2008.09.047
http://dx.doi.org/10.1016/j.physletb.2008.09.047
http://dx.doi.org/10.1103/PhysRevD.85.094501
http://arxiv.org/abs/1108.3794
http://dx.doi.org/10.1140/epjp/i2011-11081-1
http://arxiv.org/abs/1104.1255
http://dx.doi.org/10.1007/JHEP09(2014)060
http://arxiv.org/abs/1402.4431
http://dx.doi.org/10.1103/PhysRevD.76.036006
http://arxiv.org/abs/hep-ph/0701186
http://arxiv.org/abs/1509.00672
http://arxiv.org/abs/1507.04548
http://dx.doi.org/10.1103/PhysRevD.90.114018
http://dx.doi.org/10.1103/PhysRevD.90.114018
http://arxiv.org/abs/1406.1043
http://dx.doi.org/10.1007/JHEP08(2014)173
http://arxiv.org/abs/1405.1994
http://dx.doi.org/10.1007/JHEP08(2014)174
http://arxiv.org/abs/1405.3447
http://dx.doi.org/10.1016/j.physletb.2014.11.026
http://dx.doi.org/10.1016/j.physletb.2014.11.026
http://arxiv.org/abs/1407.3476
http://dx.doi.org/10.1103/PhysRevD.87.112006
http://arxiv.org/abs/1305.0125
http://dx.doi.org/10.1016/j.physletb.2014.08.039
http://arxiv.org/abs/1406.4456
http://dx.doi.org/10.1140/epjc/s10052-015-3261-8
http://arxiv.org/abs/1409.6190
http://dx.doi.org/10.1140/epjc/s10052-015-3593-4, 10.1140/epjc/s10052-015-3425-6
http://dx.doi.org/10.1140/epjc/s10052-015-3593-4, 10.1140/epjc/s10052-015-3425-6
http://arxiv.org/abs/1503.04677


[20] ATLAS Collaboration, Search for high-mass diboson resonances with boson-tagged jets in
proton-proton collisions at

√
s = 8 TeV with the ATLAS detector (2015), Submitted to JHEP,

arXiv: 1506.00962 [hep-ex].
[21] ATLAS Collaboration, The ATLAS Experiment at the CERN Large Hadron Collider,

JINST 3 (2008) S08003.
[22] ATLAS Collaboration, ATLAS Insertable B-Layer Technical Design Report

(2010), ATLAS-TDR-19.
[23] J. Alwall et al., The automated computation of tree-level and next-to-leading order differential

cross sections, and their matching to parton shower simulations, JHEP 07 (2014) 079,
arXiv: 1405.0301 [hep-ph].

[24] T. Sjostrand, S. Mrenna and P. Z. Skands, A Brief Introduction to PYTHIA 8.1,
Comput. Phys. Commun. 178 (2008) 852, arXiv: 0710.3820 [hep-ph].

[25] S. Carrazza, S. Forte and J. Rojo, ‘Parton Distributions and Event Generators’,
Proceedings, 43rd International Symposium on Multiparticle Dynamics (ISMD 13), 2013 89,
arXiv: 1311.5887 [hep-ph].

[26] S. Frixione, P. Nason and C. Oleari,
Matching NLO QCD computations with Parton Shower simulations: the POWHEG method,
JHEP 11 (2007) 070, arXiv: 0709.2092 [hep-ph].

[27] J. Pumplin et al.,
New generation of parton distributions with uncertainties from global QCD analysis,
JHEP 07 (2002) 012, arXiv: hep-ph/0201195 [hep-ph].

[28] T. Gleisberg et al., Event generation with SHERPA 1.1, JHEP 0902 (2009) 007,
arXiv: 0811.4622 [hep-ph].

[29] H.-L. Lai et al., New parton distributions for collider physics, Phys.Rev. D82 (2010) 074024,
arXiv: 1007.2241 [hep-ph].

[30] T. Sjostrand, S. Mrenna and P. Z. Skands, PYTHIA 6.4 Physics and Manual, JHEP 05 (2006) 026,
arXiv: hep-ph/0603175 [hep-ph].

[31] P. Z. Skands, Tuning Monte Carlo Generators: The Perugia Tunes, Phys. Rev. D82 (2010) 074018,
arXiv: 1005.3457 [hep-ph].

[32] D. J. Lange, The EvtGen particle decay simulation package,
Nucl. Instrum. Meth. A462 (2001) 152.

[33] S. Agostinelli et al., GEANT4: A Simulation toolkit, Nucl. Instrum. Meth. A506 (2003) 250.
[34] ATLAS Collaboration, The ATLAS Simulation Infrastructure, Eur. Phys. J. C70 (2010) 823,

arXiv: 1005.4568 [physics.ins-det].
[35] ATLAS Collaboration, Electron efficiency measurements with the ATLAS detector using the 2012

LHC proton-proton collision data, ATLAS-CONF-2014-032 (2014),
url: https://cds.cern.ch/record/1706245.

[36] ATLAS Collaboration, Measurement of the muon reconstruction performance of the ATLAS
detector using 2011 and 2012 LHC proton proton collision data,
Eur. Phys. J. C74.11 (2014) 3130, arXiv: 1407.3935 [hep-ex].

[37] M. Cacciari, G. P. Salam and G. Soyez, The Anti-k(t) jet clustering algorithm,
JHEP 04 (2008) 063, arXiv: 0802.1189 [hep-ph].

16

http://arxiv.org/abs/1506.00962
http://dx.doi.org/10.1088/1748-0221/3/08/S08003
http://dx.doi.org/10.1088/1748-0221/3/08/S08003
https://cds.cern.ch/record/1291633
http://dx.doi.org/10.1007/JHEP07(2014)079
http://arxiv.org/abs/1405.0301
http://dx.doi.org/10.1016/j.cpc.2008.01.036
http://dx.doi.org/10.1016/j.cpc.2008.01.036
http://arxiv.org/abs/0710.3820
http://arxiv.org/abs/1311.5887
http://dx.doi.org/10.1088/1126-6708/2007/11/070
http://dx.doi.org/10.1088/1126-6708/2007/11/070
http://arxiv.org/abs/0709.2092
http://dx.doi.org/10.1088/1126-6708/2002/07/012
http://dx.doi.org/10.1088/1126-6708/2002/07/012
http://arxiv.org/abs/hep-ph/0201195
http://dx.doi.org/10.1088/1126-6708/2009/02/007
http://arxiv.org/abs/0811.4622
http://dx.doi.org/10.1103/PhysRevD.82.074024
http://arxiv.org/abs/1007.2241
http://dx.doi.org/10.1088/1126-6708/2006/05/026
http://arxiv.org/abs/hep-ph/0603175
http://dx.doi.org/10.1103/PhysRevD.82.074018
http://arxiv.org/abs/1005.3457
http://dx.doi.org/10.1016/S0168-9002(01)00089-4
http://dx.doi.org/10.1016/S0168-9002(01)00089-4
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1140/epjc/s10052-010-1429-9
http://arxiv.org/abs/1005.4568
https://cds.cern.ch/record/1706245
http://dx.doi.org/10.1140/epjc/s10052-014-3130-x
http://dx.doi.org/10.1140/epjc/s10052-014-3130-x
http://arxiv.org/abs/1407.3935
http://dx.doi.org/10.1088/1126-6708/2008/04/063
http://dx.doi.org/10.1088/1126-6708/2008/04/063
http://arxiv.org/abs/0802.1189


[38] S. Catani et al., Longitudinally invariant Kt clustering algorithms for hadron hadron collisions,
Nucl. Phys. B406 (1993) 187.

[39] ATLAS Collaboration, Performance of jet substructure techniques for large-R jets in
proton-proton collisions at

√
s = 7 TeV using the ATLAS detector, JHEP 09 (2013) 076,

arXiv: 1306.4945 [hep-ex].

[40] D. Krohn, J. Thaler and L.-T. Wang, Jet Trimming, JHEP 02 (2010) 084,
arXiv: 0912.1342 [hep-ph].

[41] ATLAS Collaboration,
Jet energy measurement with the ATLAS detector in proton-proton collisions at

√
s = 7 TeV,

Eur. Phys. J. C73.3 (2013) 2304, arXiv: 1112.6426 [hep-ex].
[42] ATLAS Collaboration, Tagging and suppression of pileup jets with the ATLAS detector,

ATLAS-CONF-2014-018 (2014), url: https://cds.cern.ch/record/1700870.

[43] ATLAS Collaboration, Performance of b-Jet Identification in the ATLAS Experiment
(2015), submitted to JINST, arXiv: 1512.01094 [hep-ex].

[44] ATLAS Collaboration, Performance of missing transverse momentum reconstruction for the
ATLAS detector in the first proton-proton collisions at at

√
s = 13 TeV,

ATL-PHYS-PUB-2015-027 (2015), url: https://cds.cern.ch/record/2037904.

[45] ATLAS Collaboration, Expected performance of missing transverse momentum reconstruction for
the ATLAS detector at

√
s = 13 TeV, ATL-PHYS-PUB-2015-023 (2015),

url: https://cds.cern.ch/record/2037700.

[46] ATLAS Collaboration, Identification of boosted, hadronically-decaying W and Z bosons in
√

s = 13 TeV Monte Carlo Simulations for ATLAS, ATL-PHYS-PUB-2015-033 (2015),
url: https://cds.cern.ch/record/2041461.

[47] G. Corcella et al., HERWIG 6.5: an event generator for hadron emission reactions with interfering
gluons (including supersymmetric processes), JHEP 0101 (2001) 010,
arXiv: hep-ph/0011363 [hep-ph].

[48] ATLAS Collaboration, Improved luminosity determination in pp collisions at sqrt(s) = 7 TeV
using the ATLAS detector at the LHC, Eur. Phys. J. C73.8 (2013) 2518,
arXiv: 1302.4393 [hep-ex].

[49] L. Moneta et al., The RooStats Project, PoS ACAT2010 (2010) 057,
arXiv: 1009.1003 [physics.data-an].

[50] J. M. Campbell and R. Ellis, MCFM for the Tevatron and the LHC,
Nucl. Phys. Proc. Suppl. 205-206 (2010) 10, arXiv: 1007.3492 [hep-ph].

[51] J. Alwall et al., Comparative study of various algorithms for the merging of parton showers and
matrix elements in hadronic collisions, Eur. Phys. J. C53 (2008) 473,
arXiv: 0706.2569 [hep-ph].

[52] A.L. Read, Presentation of search results: the CLs technique, J. Phys. G28 (2002) 2693.
[53] G. Cowan et al., Asymptotic formulae for likelihood-based tests of new physics,

Eur. Phys. J. C71 (2011) 1554, [Erratum: Eur. Phys. J.C73,2501(2013)],
arXiv: 1007.1727 [physics.data-an].

17

http://dx.doi.org/10.1016/0550-3213(93)90166-M
http://dx.doi.org/10.1016/0550-3213(93)90166-M
http://dx.doi.org/10.1007/JHEP09(2013)076
http://arxiv.org/abs/1306.4945
http://dx.doi.org/10.1007/JHEP02(2010)084
http://arxiv.org/abs/0912.1342
http://dx.doi.org/10.1140/epjc/s10052-013-2304-2
http://dx.doi.org/10.1140/epjc/s10052-013-2304-2
http://arxiv.org/abs/1112.6426
https://cds.cern.ch/record/1700870
http://arxiv.org/abs/1512.01094
https://cds.cern.ch/record/2037904
https://cds.cern.ch/record/2037700
https://cds.cern.ch/record/2041461
http://dx.doi.org/10.1088/1126-6708/2001/01/010
http://arxiv.org/abs/hep-ph/0011363
http://dx.doi.org/10.1140/epjc/s10052-013-2518-3
http://arxiv.org/abs/1302.4393
http://arxiv.org/abs/1009.1003
http://dx.doi.org/10.1016/j.nuclphysbps.2010.08.011
http://dx.doi.org/10.1016/j.nuclphysbps.2010.08.011
http://arxiv.org/abs/1007.3492
http://dx.doi.org/10.1140/epjc/s10052-007-0490-5
http://arxiv.org/abs/0706.2569
http://dx.doi.org/10.1088/0954-3899/28/10/313
http://dx.doi.org/10.1140/epjc/s10052-011-1554-0, 10.1140/epjc/s10052-013-2501-z
http://dx.doi.org/10.1140/epjc/s10052-011-1554-0, 10.1140/epjc/s10052-013-2501-z
http://arxiv.org/abs/1007.1727


[54] N. Kauer and C. O’Brien,
Heavy Higgs signal–background interference in gg → VV in the Standard Model plus real singlet,
Eur. Phys. J. C75 (2015) 374, arXiv: 1502.04113 [hep-ph].

18

http://dx.doi.org/10.1140/epjc/s10052-015-3586-3
http://dx.doi.org/10.1140/epjc/s10052-015-3586-3
http://arxiv.org/abs/1502.04113

	Introduction
	ATLAS detector
	Simulation samples
	Object definition
	Event selection
	Background determination
	Systematic uncertainties
	Results
	Conclusions

