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1 Introduction

The discovery of a Higgs boson at the CERN LHC [1–3] marked the success of fifty years

of scientific investigation, during which the standard model (SM) [4–6] was first proposed

and then consolidated with experimental evidence. However, an outstanding issue is the

so-called hierarchy problem, i.e. the large difference between the energy scale at which

electroweak symmetry breaks and the Planck scale at which gravity becomes important.

Following a reasoning based on naturalness [7–9], which has been successful in guiding

physics discoveries in the last century [10], physics effects beyond the standard model

(BSM) are expected at the electroweak scale.

Different kinds of BSM mechanisms have been proposed to solve the hierarchy problem.

Several of these models predict the existence of new heavy particles coupled to the vector

bosons V = W,Z. Examples include models based on extra spatial dimensions [11–14] or

on a composite nature of the Higgs boson [15–18]. From previous searches at colliders [19–

33] and indirect bounds from precision measurements, the masses of these hypothetical

particles (spin-2 bulk gravitons Gbulk and spin-1 W′ and Z′ bosons) are expected to be

above ≈1 TeV [34]. With such a large mass, the resonance decay would result in two

bosons of high momentum, which would give rise to distinctive signatures in the LHC

detectors. For instance, a high-momentum W boson decaying to leptons (W → `ν with

` = e, µ) would lead to the observation of a lepton aligned with the undetected neutrino.

A vector boson decaying to a qq(′) pair would result in a single, massive jet, which could

be identified using techniques that reveal the substructure of the jet.
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Figure 1. A Feynman diagram for the production of a generic resonance X decaying to the

WW/WZ→ `νqq(′) final state.

In this paper, we describe a search for a heavy resonance decaying to a pair of vector

bosons, one being a W boson decaying to an electron or muon and a neutrino, the other

being a vector boson decaying to a qq(′) pair (see figure 1). The analysis is based on the

proton-proton collision data set collected by the CMS experiment at the LHC in 2016,

at a centre-of-mass energy of 13 TeV. The collected data correspond to an integrated

luminosity of 35.9 fb−1. Previous searches for these final states were performed by the

ATLAS [30, 33, 35] and CMS [20, 25] Collaborations, resulting in stringent bounds on the

masses of new resonances, e.g. mW′ > 2.99 TeV for W′ particles in the heavy-vector triplet

model B [35], but these searches have no sensitivity for bulk gravitons for the parameters

used here (see section 3).

The dominant SM backgrounds to this search arise from lepton+jets events where the

jets either originate from high-momentum vector boson decays to quark-antiquark pairs,

V → qq(′), or are ordinary quark- or gluon-initiated jets. In this analysis, a new signal

extraction method using a maximum likelihood fit is deployed, whereby the SM background

contributions are estimated from data during the fit process. The fit is performed in

the plane defined by the mass of the V → qq(′) boson candidate and the mass of the

reconstructed diboson system. This two-dimensional (2D) approach further exploits the

statistical power of the sideband and signal regions in a simultaneous fit, improving the

discovery sensitivity across a large range of resonance masses. In addition, the new strategy

increases the analysis flexibility, allowing a simultaneous search for WW and WZ resonances

without having to focus on pre-defined jet mass search windows. The new method is checked

against the previously employed background prediction method [20, 25], referred to as the

α method.

This paper is organized as follows: the CMS detector is described in section 2. Sec-

tion 3 introduces the BSM benchmark models utilized to interpret the result and the

simulated samples used. Section 4 describes the event selection. Section 5 discusses the

background model fit and its cross-check, based on the α method. The systematic uncer-

tainties considered are given in section 6. The interpretations of the analysis results in

terms of benchmark BSM models are presented in section 7. We conclude in section 8.
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2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal

diameter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel

and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass

and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap

sections. Forward calorimeters extend the pseudorapidity (η) coverage provided by the

barrel and endcap detectors. Muons are detected in gas-ionization chambers embedded

in the steel flux-return yoke outside the solenoid. A more detailed description of the

CMS detector, together with a definition of the coordinate system used and the relevant

kinematic variables, can be found in ref. [36].

3 Benchmark signal models and simulated background samples

To interpret the results of this study, two BSM benchmark scenarios are considered: a spin-

2 bulk graviton model in which Gbulk decays to WW [13] and a heavy vector triplet (HVT)

model with a charged spin-1 W′ decaying to WZ [34]. For the bulk graviton interpretation,

the ratio of the unknown curvature scale of the extra dimension, k, and the reduced Planck

mass, MPl ≡ MPl/
√

8π, is set to k̃ ≡ k/MPl = 0.5. This parameter choice ensures

that the graviton natural width is negligible with respect to the experimental resolution

(narrow-width approximation) [37]. The HVT model is a generic framework incorporating

several models that predict additional gauge bosons, including composite Higgs models [18,

38–41], which are relevant to this analysis. The specific models are expressed in terms

of a few parameters: the strength of the couplings to fermions, cF, the strength of the

couplings to the Higgs boson and longitudinally polarized SM vector bosons, cH, and the

interaction strength gV of the new vector boson. For the analysis presented here, samples

were simulated in HVT model B, corresponding to gV = 3, cH = −0.98, and cF = 1.02 [34].

For these parameters, the new resonances are narrow and have large branching fractions to

boson pairs, while the fermionic couplings are suppressed. For each hypothesis, we consider

resonance masses in the range 1.0–4.4 TeV. Simulated signal events are generated at leading

order (LO) accuracy with MadGraph5 amc@nlo v2.2.2 [42] with a relative resonance

width of 0.1%. The LO production cross section for Gbulk resonances is rescaled by a

mass-dependent K-factor, to match next-to-leading order (NLO) cross section values [37].

SM background samples are generated using Monte Carlo (MC) simulation. The

W+jets process is simulated with MadGraph5 amc@nlo at LO and normalized to the

next-to-next-to-leading-order (NNLO) cross section, computed using fewz v3.1 [43]. The

W boson transverse momentum (pT) spectrum is corrected to account for NLO quantum

chromodynamics (QCD) and electroweak contributions [44]. Top quark-antiquark (tt)

events are generated with powheg v2 [45–50] and rescaled to the NNLO cross section

value computed with Top++ v2.0 [51]. Single top quark events are generated with both

MadGraph5 amc@nlo (s-channel) and powheg (associated tW and t-channel produc-

tion) at NLO, while diboson processes are generated at NLO with MadGraph5 amc@nlo

using the merging scheme in ref. [52] for WZ and ZZ, and with powheg for WW. The
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simulated single top quark and diboson background is normalized using inclusive cross

sections calculated at NLO, or NNLO in QCD, where available, using mcfm v6.6 [53–55].

Parton showering and hadronization are implemented through pythia v8.205 [56, 57] using

the CUETP8M1 tune (CUETP8M2 for tt samples) [58, 59]. The NNPDF 3.0 [60] parton

distribution functions (PDFs) are used for all simulated samples. All events are processed

through a Geant4-based [61] simulation of the CMS detector.

Simulated minimum bias interactions are added to the generated events to match the

additional particle production observed in the large number of overlapping proton-proton

interactions within the same or adjacent bunch crossings (pileup). The simulated events

are weighted to reproduce the distribution of the number of pileup interactions observed in

data, with an average of 21 reconstructed collisions per beam crossing. Furthermore, the

simulated events are corrected for differences between data and simulation in the efficiencies

of the triggers, lepton identification and isolation [62], and selection of jets originating from

hadronization of b quarks (b jets) [63].

4 Event reconstruction and selection

Event reconstruction is based on the particle-flow (PF) algorithm [64], which reconstructs

and identifies each individual particle with an optimized combination of information from

the various elements of the CMS detector. All events are required to have at least one

primary vertex reconstructed within a 24 cm window along the beam axis, with a transverse

distance from the nominal pp interaction region of less than 2 cm [65]. The reconstructed

vertex with the largest value of summed physics-object p2T is taken to be the primary

pp interaction vertex. The physics objects are the jets, clustered using the jet finding

algorithm [66, 67] with the tracks assigned to the vertex as inputs, the charged leptons,

and the associated missing transverse momentum, taken as the negative vector sum of the

pT of those jets and leptons.

The curvature of muon tracks is obtained by a global fit using measurements from

the inner tracker and the muon detectors. The energy of electrons is determined from a

combination of the electron momentum at the primary interaction vertex as determined

by the tracker, the energy of the corresponding ECAL cluster, and the energy sum of all

bremsstrahlung photons spatially compatible with originating from the electron track. The

energy of charged hadrons is determined from a combination of their momentum measured

in the tracker and the matching ECAL and HCAL energy deposits, corrected for zero-

suppression effects and for the response function of the calorimeters to hadronic showers.

The energy of neutral hadrons is obtained from the corresponding corrected ECAL and

HCAL energy. The missing transverse momentum vector ~pmiss
T is defined as the projection

onto the plane perpendicular to the beam axis of the negative vector sum of the momenta

of all reconstructed PF objects in the event, and its magnitude is denoted as pmiss
T .

Events are selected by the trigger system [68] if a muon is present in the event with

pT > 50 GeV and |η| < 2.4, or if an electron is identified within |η| < 2.5 with thresholds of

pT > 27, 55 and 105 GeV for tight, loose, or no isolation criteria applied [69], respectively. In
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addition, events with pmiss
T > 120 GeV are included to further increase the trigger efficiency

by exploiting the high pT of the neutrino present in the leptonic W boson decay.

The offline muon and electron event selection requires pT > 55 GeV with the same

η-acceptance cuts as applied in the trigger. Requirements on lepton reconstruction quality

and lepton identification are optimized to maintain a high reconstruction efficiency over

the whole energy spectrum [69, 70]. The muons are required to be isolated from other

particles by requiring that the pT sum of charged and pileup-corrected neutral particles

in a cone of ∆R =
√

(∆η)2 + (∆φ)2 = 0.3 (where the azimuthal angle φ is measured

in radians) around the muon direction is less than 5% of the muon pT, to reject muons

from heavy-flavour processes and decays in flight. For electrons, the selection cuts include

requirements on the geometrical matching between ECAL depositions and the positions

of reconstructed tracks, the ratio of the energies deposited in the HCAL and ECAL, the

distribution of the ECAL depositions, and the number of reconstructed hits in the silicon

tracker. Requirements on the impact parameters of electron and muon tracks with respect

to the primary interaction vertex are applied to suppress the contributions from secondary

decays and pileup interactions. Events with only one identified electron or muon are

considered; those with additional muons (electrons) with pT > 20(35) GeV are discarded.

Two kinds of jets are clustered: large-radius jets are formed by clustering the PF

particles with the anti-kT algorithm [66, 67] using a distance parameter R = 0.8, while

for standard jets R = 0.4 is used. Large-radius jets with pT > 200 GeV and standard jets

with pT > 30 GeV are considered. The jet momentum is determined as the vectorial sum

of all particle momenta in the jet, and is found from simulation to be within 5 to 10%

of the true momentum over the whole pT spectrum and detector acceptance. Jet energy

corrections are derived from simulation, and are confirmed with in situ measurements of

the energy balance in dijet, multijet, γ+jet, and leptonically decaying Z+jets events [71].

To suppress jets originating from pileup interactions and to mitigate the impact of pileup

on jet-related observables, we take advantage of the PUPPI algorithm [72], which uses local

shape information to rescale the momentum of each particle according to its compatibility

with the primary interaction vertex. Quality criteria are applied to the jets to remove

spurious jet-like features originating from isolated noise [73]. In addition, global filters

are applied to remove events with instrumental noise, which would result in artificially

large values of pmiss
T [74]. Both standard and large-radius jets are required to lie within

the tracker acceptance of |η| < 2.5 where the pileup jet identification and jet substructure

algorithms have optimal performance. Since the signal is expected to be produced centrally,

this angular requirement has no significant effect on the signal selection efficiency. Large-

radius jets located within ∆R < 1.0 of a selected lepton are discarded, as well as standard

jets located within ∆R < 0.8 of a large-radius jet or ∆R < 0.4 of a selected lepton.

Events of the muon (electron) channel are considered in the analysis if the pmiss
T in

the event is greater than 40(80) GeV. The ~pmiss
T is considered as an estimate of the ~pT

of the neutrino coming from the W boson decay, and the longitudinal component pz of

the neutrino momentum is estimated by imposing a W boson mass constraint to the lep-

ton+neutrino system and solving the corresponding quadratic equation. The solution with

smallest magnitude of the neutrino pz is considered. When no real solution is found, only
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the real part is considered. The leptonically decaying W boson candidate is then required

to have pT > 200 GeV, and is combined with the most energetic large-radius jet in the

event to form a WV resonance candidate.

In order to identify large-radius jets as Lorentz-boosted vector bosons, we define

a V tagging algorithm, based on an estimate of the jet mass and the ratio of the N -

subjettiness [75] variables τ21 = τ2/τ1. The jet mass is determined by applying a modified

mass-drop algorithm [76, 77], known as the soft-drop algorithm [78], to large-radius jets,

with parameters β = 0, zcut = 0.1, and R0 = 0.8. The N -subjettiness variables are com-

puted fixing the values of the input parameters to β = 1.0 and R0 = 0.8. Jets coming from

two-prong W or Z decays are characterized by lower values of τ21 than one-prong jets from

SM backgrounds. Large-radius jets with soft-drop mass mjet between 30 and 210 GeV and

having τ21 < 0.75 are tagged as V jets. The use of a large window for mjet allows W, Z,

and boosted top quark large-radius jet candidates to be selected, while retaining a sizeable

low-mass sideband for background characterization.

Standard jets originating from b quarks are identified by applying the combined sec-

ondary vertex algorithm (CSVv2) [63]. Events are rejected if a selected standard jet passes

the medium working point of this algorithm. This working point has a probability for

light-flavour jets (attributed to u, d, s, or g partons) to be misidentified as b jets of about

1%, and a b jet identification efficiency of about 70%.

The lepton is required to be well separated from the V-tagged jet, requiring an angular

distance ∆R > π/2 between them. In addition, the difference in azimuthal angle between

the V-tagged jet and both the ~pmiss
T and the W→ `ν boson candidate directions is required

to be ∆φ > 2. The diboson mass mWV is computed from the sum of the four-momenta

of the W → `ν boson candidate and the V-tagged jet. Events with mWV > 800 GeV,

for which a monotonically decreasing mWV spectrum is guaranteed, are considered in the

analysis. The overall selection efficiency times acceptance ranges from 47 to 57% for the

Gbulk signal, and from 45 to 60% for the W′ signal, increasing with resonance mass.

The selected sample is separated into four mutually exclusive categories. First, the

sample is split by lepton flavour, distinguishing muon from electron events. This facili-

tates accounting for the differences introduced by the different lepton reconstruction and

selection. Subsequently, events are classified as high-purity (HP) or low-purity (LP), by

requiring the V-tagged jet to have τ21 ≤ 0.55 or 0.55 < τ21 ≤ 0.75, respectively. The

definition of the HP and LP event categories was optimized by maximizing the expected

significance for a bulk graviton signal over the full mass range using simulated events with

65 < mjet < 105 GeV.

A control sample of tt events with similar kinematic distributions to the events in the

signal region is selected by inverting the b jet veto. This sample is used to quantify the

agreement between data and simulation in describing the mjet and τ21 variables. Figure 2

shows the distributions of these variables in the b-enriched sample, as an example in the

electron channel. The observed disagreement between data and simulation is reasonable,

since both variables are sensitive to hadronization, which is difficult to model. After apply-

ing the jet mass window and τ21 selection cuts, this sample is used to derive scale factors

for the efficiency of the τ21 selection, and the resolution and scale of the jet mass peak.
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Figure 2. Jet soft-drop mass (left) and N -subjettiness ratio τ21 (right) for data and simulated

events in the top quark enriched region in the electron channel. The contribution labelled as “Top

quark” includes tt and single top processes, and the “V+jets” contribution is dominated by W+jets

events with a small contribution from Z+jets events. The vertical bars correspond to the statistical

uncertainties of the data.

Consequently, a correction factor to the tt event rate of 0.88 ± 0.12 is used, which is not

applied in figure 2.

5 Signal extraction

For this analysis, a novel signal extraction method based on a 2D maximum likelihood fit is

introduced. As a cross-check, the prediction obtained with the α method, used in previous

versions of this analysis [20, 25], is also presented.

The signal and background yields are determined through a maximum likelihood fit,

performed in the portion of the (mWV, mjet) plane defined by the event selection described

in section 4. The fit is performed using 2D templates for signal and background processes,

starting from simulation and introducing shape uncertainties that model the difference

between data and simulation in the full search range.

The probability density function (pdf) of X → WV events in the (mWV, mjet) plane

is modelled as:

Psig(mWV,mjet|mX) = PWV(mWV|mX, θ1)Pj(mjet|mX, θ2). (5.1)

The pdfs PWV and Pj are represented by double Crystal Ball [79, 80] functions, and an

additional exponential function is used in the jet mass dimension in LP events to model the

tails of the soft-drop jet mass distribution. The parameters of the functions are described

by uncorrelated polynomial interpolations, obtained by fitting the simulated signal sample

distributions with the pdfs for different values of the resonance mass mX. The experimental

resolution for mjet is around 10%, and for mWV it ranges from 6% at 1 TeV to 4% at 4 TeV.
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For the signal, the dependence of the shape parameters on the resonance mass is found

to depend on the nature of the V jet (e.g. W or Z) and the lepton flavour. The signal yields

in the different signal categories are expressed as a function of the integrated luminosity

of the sample and the product of the signal acceptance and efficiency, treated as nuisance

parameters, so that the resonance production cross section is determined in a combined fit

to data in the four categories.

Two classes of background events are considered:

i. A W+jets background, consisting of a lepton and at least one jet arising from a quark

or gluon mistagged as a V jet. In addition to W → `ν+jets, this background also

includes tt production where the leptonically decaying W boson was reconstructed,

but the merged jet corresponds to a random combination of jets in the event and not

to a W boson or a top quark decay.

ii. A W+V/t background, peaking in mjet while smoothly falling in mWV. This back-

ground is dominated by tt production while sub-dominant contributions include SM

diboson and single top production.

Each background is modelled by a separate shape pdf based on its properties.

The W+jets background shape is described as a conditional probability of mWV as a

function of mjet:

PW+jets(mWV,mjet) = PWV(mWV|mjet, θ1)Pj(mjet|θ2). (5.2)

The conditional probability is essential to take into account the large correlations between

mjet and mWV. Those correlations arise from the strong dependence of the jet mass on

the jet pT during the hadronization process. The 2D conditional templates, PWV, are

constructed from simulated events, starting before the detector simulation stage. For each

event in the background samples, jets are clustered from stable particles using the same

substructure algorithms as during event reconstruction. Consequently, a scale and resolu-

tion model is derived for both mjet and mWV as a function of generated jet pT by comparing

the reconstructed and generated variables. Smooth templates are then populated as sums

of 2D Gaussian distributions, where the mean values of the Gaussians correspond to the

true value of mjet and mWV, shifted by the derived scale model, and the 2D covariance

matrix is given by the resolution model. This technique is similar to the kernel-estimation

procedure given in ref. [81] but uses the simulation and the exact resolution model instead

of starting from reconstructed events. The final step is to smooth the tails for high values

of mWV ensuring there are no empty bins in the templates. The smoothing is performed

by fitting events in each mjet bin with mWV > 2.0 TeV using an exponential function and

then using the function values to populate the tails for mWV > 2.5 TeV. The Pj shapes are

one-dimensional (1D) histograms derived directly from reconstructed simulated events, in

contrast to the PWV shapes discussed above.

For both the Pj and PWV components, nuisance parameters are introduced to account

for differences between data and simulation. The most important difference is attributed

to the different pT spectrum of the jets in the simulation. The template construction is

– 8 –
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repeated by adding event weights corresponding to a harder (softer) spectrum, and the pdf

is interpolated between these alternative templates. An additional uncertainty lies in the

choice of the scale/resolution model, which is estimated by varying the scale as functions

of mjet and mWV. The derived shapes are found to be in agreement with the simulated

events, validating the template construction procedure. This procedure implicitly assumes

that a single component can account for the sum of the tt events with an arbitrary fraction

of reconstructed W+V jet and W+jets contributions. A variation of the relative fractions

is found to translate into a change in the average pT spectrum, which is taken into account

as a systematic uncertainty.

The W+V/t background is modelled as:

PW+V/t(mWV,mjet) = PWV(mWV|θ1)Pj(mjet|mWV, θ2). (5.3)

In this case, PWV is a 1D template constructed in the same way as for the W+jets

background, and the smoothing of its tail with an exponential function is performed for

mWV > 1.2 TeV. Pj is described by two peaks: a peak around the W boson mass dominated

by top quark events where only the W → qq′ was reconstructed inside the large-radius jet,

and a peak around the top quark mass where the W boson and the b quark decays are

merged. These peaks are modelled by two double Crystal Ball plus one exponential func-

tion, whose parameters are described by uncorrelated polynomial functions of mWV. The

presence of both jet peaks allows additional scrutiny, since the relative fraction of the two

peaks as a function of the resonance mass provides a robust validation of the top quark pT
spectrum convolved with effects from jet grooming. Different shapes are used in the indi-

vidual event categories to account for differences in the event kinematic distributions. The

mjet distribution for the W+V/t background in the region of the W boson peak is found

to differ from the corresponding signal distribution. Indeed, this background component

mainly consists of high-momentum tt events, in which a part of the b jet from the t→Wb

decay overlaps with the V jet from the W → qq′ decay. This special kinematic configura-

tion induces a modification in the mjet shape, which is taken into account using different

functions to describe the mjet distributions of the signal and the W+V/t background.

The background estimation method employed in previous versions of this analysis is

also applied, to cross-check the novel fit method. A full description of this α method, used

to estimate the W+jets background from data, is presented in refs. [20, 25]. An unbinned

fit to the mWV distribution in data is performed, for events with 40 ≤ mjet < 65 GeV or

135 ≤ mjet < 150 GeV. In this fit, the other background processes (tt, single top quark,

etc.), which are modelled using functional shapes, are fixed to the prediction from simulated

samples. Using a transfer factor α(mWV), estimated from a ratio derived from simulated

samples, the result of the mjet sideband fit is extrapolated to the W and Z signal regions,

defined by requiring 65 ≤ mjet < 85 GeV and 85 ≤ mjet < 105 GeV, respectively. The

separate W and Z boson mass windows double the number of signal categories to eight for

the α method. The 2D fit approach provides an improvement to the expected sensitivity

of the search by 20% compared to the α method, relying exclusively on data to predict the

shape and the normalization of the backgrounds.
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6 Systematic uncertainties

Several systematic uncertainties affect the overall normalization and shape of the signal

and backgrounds. Each effect is modelled by a nuisance parameter, which is profiled in the

likelihood minimization. When specified, the uncertainty size represents the width of the

function used to constrain the nuisance parameter (a log-normal function for systematic

uncertainties related to normalization, and Gaussian functions for shape uncertainties).

The signal shape for the 2D fit in the (mjet,mWV) plane is affected by several systematic

uncertainties: the jet energy scale (2% in the mWV peak position) and resolution (5% in the

mWV peak width), pmiss
T energy scale and resolution (2% in both the mWV peak position

and width). Additional nuisance parameters are introduced to allow for variations of the

soft-drop jet mass peak due to the effects of grooming on the scale and the resolution: a jet

mass scale uncertainty of 1% and a resolution uncertainty of 2% are applied. Both values

were estimated by fitting the W peak from tt events in an orthogonal control region defined

by requiring the presence of a b-tagged jet. The jet mass scale and resolution are correlated

across all resonant components including the signal and the W+V/t background.

The signal modelling for both methods is furthermore subject to uncertainties in the

lepton modelling, as the uncertainty in the lepton energy scale is correlated with the ob-

tained signal efficiency. Changes in lepton energy are propagated to the reconstructed pmiss
T ,

and through the entire analysis. The relative change in the number of selected signal events

is taken as a systematic uncertainty in the signal normalization. These uncertainties are

smaller than 1% for both lepton flavours, and are uncorrelated for different lepton flavours.

In addition, the induced change in the peak position and width are added as systematic

uncertainties in the distribution of the signal with an effect below 1%. The systematic un-

certainties in the lepton trigger, identification, and isolation efficiencies are obtained using

a “tag-and-probe” method in Z → ee/µµ events [62]. An uncertainty of 1–3% is assigned

to the trigger efficiency for both lepton flavours, depending on the lepton pT and η. For

identification and isolation efficiencies, the systematic uncertainty is estimated to be 1–2%

for muons and 3% for electrons.

A 2.5% uncertainty in the integrated luminosity [82] applies to the normalization of

signal events. Uncertainties in the signal yield due to the choice of PDFs and factoriza-

tion and renormalization scales are also taken into account by quantifying the change in

acceptance. The scale uncertainties are evaluated following the proposal in refs. [83, 84].

The PDF uncertainties are evaluated using the NNPDF 3.0 [60] PDF set. The resulting

uncertainties in acceptance are found to be negligible for the scale variation and range

from 0.1 to 2% for the PDF evaluation. The signal cross section uncertainty arising from

the uncertainty in PDFs and scales is not taken into account in the statistical analysis,

but instead considered as an uncertainty in the theoretical cross section. These cross sec-

tion uncertainties vary from 4 to 77% and from 2 to 23%, respectively, depending on the

resonance mass, particle type, and its production mechanism.

The background normalization and shape are estimated in the fit process. Therefore,

large a priori uncertainties are assigned to the corresponding nuisance parameters, which

are then constrained by the data. For the W+jets background, a normalization uncertainty
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of 50% is assumed, even though the observed difference between data and simulation when

normalizing to integrated luminosity is significantly smaller. This large a priori uncertainty

has no impact on the sensitivity; it provides a loose initial constraint for the fit, which

precisely derives the normalization. For the W+V/t background, which is dominated by

tt production, a normalization uncertainty of 20% is assigned. Data and simulation in the

top quark enriched region defined by inverting the b jet veto agree to better than 10%. The

background normalization uncertainties are not correlated across the different categories.

Further systematic uncertainties lie in the W+jets and W+V/t mWV background

shapes derived by the template-building method described in section 5. These uncertainties

are encoded in alternative shape functions, derived by repeating the template construction

for different assumptions on the jet pT spectrum as well as on the jet and resonance mass

scale and resolution. One nuisance parameter is used to account for potential shifts of

the mWV spectrum due to uncertainties in the jet pT spectrum: each bin along the mWV

direction is shifted by ±0.1mWV/TeV to create mirrored templates in both directions.

Similarly, another parameter is motivated by the measured dependence of the mWV scale

as a function of jet mass, resulting in a bin-by-bin shift of ±400 GeV/mWV. The soft-

drop jet mass shape can be affected by additional physics effects specific to hadronization

and jet substructure: two additional nuisance parameters are therefore used, one changing

the shape by ±0.002mjet/GeV and another one by ±15 GeV/mjet. The values of these

coefficients are chosen such that the resulting alternative shapes cover any differences be-

tween data and simulation observed in control regions. Several tests were performed with

these variations and it was found that adding further parameters does not introduce any

significant bias in the signal yields.

The W+V/t soft-drop jet mass shape is varied by scale and resolution uncertainties

as is done for the signal. Additionally, a variation of the relevant fraction of the reso-

nant W boson and top quark mass peaks is taken into account. By fitting the simulated

distributions, we observed that the fraction of the two peaks can be modelled as:

f = a+ b/m2
WV. (6.1)

Two nuisance parameters are introduced to model the change of the top quark pT spectrum,

allowing a variation of a by 0.2 and of b by 25000 GeV2. With these two parameters, the

pT spectrum of the top quark can be varied by about 30%, constraining the W boson and

top quark jet mass peaks.

The event categorization based on jet substructure introduces two additional sources

of systematic uncertainties, namely the efficiency associated with the τ21 requirement (HP:

14%, LP: 33%) and the dependence of this efficiency on the jet pT (4–13%). Both effects

introduce a migration of events between the LP and HP categories. In total, 55 independent

nuisance parameters are considered in the 2D fit, 14 of which affect the normalization of

the signal and backgrounds, while 41 affect their shapes.

When applying the α method, all the normalization uncertainties listed above are

taken into account. The uncertainty in the mWV distribution is dominated by the sta-

tistical uncertainties in the simultaneous fits to the data of the sideband region, and the

simulation in sideband and signal regions. An effect of almost equal magnitude arises from

– 11 –



J
H
E
P
0
5
(
2
0
1
8
)
0
8
8

the uncertainties in the modelling of the transfer function α(mWV) between the sideband

and the signal region. The uncertainty in the normalization of the background has three

sources: the W+jets component, dominated by the statistical uncertainty of the events in

the mjet sideband, varying from 2 to 6%; the tt/single top quark component, dominated by

the scale factor obtained from the top quark enriched control region, amounting to about

1–3%, and by the b tagging scale factor, contributing 2–3%; and the diboson component,

dominated by the V tagging uncertainty, which varies in the range of 15–35%.

7 Results

For both signal extraction techniques, the fit is performed simultaneously for the purity

and lepton flavour categories. The result of the two-dimensional fit is presented in figures 3

and 4, where projections in mjet and mWV are shown for the HP and LP categories,

respectively. The inclusive jet mass distributions demonstrate excellent modelling of both

the resonant peaks and the continuum for all categories. In the LP category, the resonant

background is dominated by the merged top quark contribution. These events show mostly

a three-prong structure where both the quarks from the W boson and the b quark are

resolved inside the large-radius jet, which makes it fail the τ21 HP requirement.

Good modelling of the data is also observed in the resonance mass projections, where

the mWV distribution is plotted for events in the full jet mass range. The best fit values

of the nuisance parameters are found within the range initially associated with each un-

certainty. The quality of the fit is also quantified by forming a goodness-of-fit estimator

using the saturated model [85]. The observed value of the estimator is compared with toy

experiments and falls within the 68% interval containing the most probable results.

The search for new WW and WZ resonances is performed in the range of the resonance

mass hypothesis between 1.0 and 4.4 TeV, which ensures that a hypothetical signal bump

is contained within the mWV search region ranging from 0.8 to 5.0 TeV. The data were also

analyzed with the α method using separate W and Z boson mass windows. The results

are found to be consistent between the two methods within their respective uncertainties,

taking into account correlations.

Figure 5 shows a summary of the contributions of all categories to the signal extraction.

Each event is weighted by the fraction of the number of expected signal events (S) over

the sum of the expected signal and background events (S+B) in each category and in each

soft-drop jet mass bin. The signal is hereby normalized to the production cross section

of a graviton or W′ of mass 2 TeV as predicted by the bulk graviton and HVT models,

respectively, with parameters as defined in section 3.

The largest deviation from the background hypothesis is observed for a mass hypothesis

around 1.4 TeV with a local significance of 2.4 (2.5) standard deviations for the WW (WZ)

signal, while the global significance in the search range is found to be 1.2 (1.4) standard

deviations.

Several additional checks were pursued to validate the new background estimation

technique. The range of the fit was reduced, starting at 1.0 instead of 0.8 TeV. The lower

mWV region is very important to constrain the top quark background around the W jet
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Figure 3. Comparison between the fit result and data distributions of mjet (upper) and mWV

(lower) in the muon HP (left) and electron HP (right) category. The background shape uncertainty

is shown as a shaded band, and the statistical uncertainties of the data are shown as vertical bars.

No events are observed with mWV > 4.5 TeV. Example signal distributions are overlaid, using an

arbitrary normalization that is different in the upper and lower plots.

mass peak. After reducing the range, the observed and expected local significance was

consistently lower, because of the loss in tt event count. Another test was to replace the

2D fit with a 1D binned fit on mWV after introducing soft-drop jet mass windows similar

to the α method. This test also yielded a background estimation compatible with the 2D

fit result and a maximum local significance of 2.5 standard deviations.

The results are interpreted in terms of exclusion limits for the benchmark signal models

described in section 3. We provide model-independent limits, which are not coupled to the

relative normalizations of the benchmark models. We expect any model-dependent effects

on the acceptance and selection efficiency to be covered by the PDF and scale uncertainties.

Figure 6 shows the upper exclusion limits on the product of the resonance production cross

section and the branching fraction to WW or WZ as a function of the resonance mass. The
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Figure 4. Comparison between the fit result and data distributions of mjet (upper) and mWV

(lower) in the muon LP (left) and electron LP (right) category. The background shape uncertainty

is shown as a shaded band, and the statistical uncertainties of the data are shown as vertical bars.

No events are observed with mWV > 4.5 TeV. Example signal distributions are overlaid, using an

arbitrary normalization that is different in the upper and lower plots.

observed limits for the WW signal range from 29 fb at 1.3 TeV to 0.32 fb at 4.4 TeV, while for

the WZ signal they range from 84 fb at 1.05 TeV to 0.64 fb at 4.4 TeV. By comparing these

limits to the expected cross sections from the benchmark theoretical models, WW reso-

nances lighter than 1.07 TeV and WZ resonances lighter than 3.05 TeV are excluded at 95%

confidence level (CL), using the asymptotic approximation [86] of the CLs method [87, 88].

8 Summary

A search for a new heavy resonance decaying to a pair of vector bosons is performed in

events with one muon or electron and a massive jet. Using the N -subjettiness ratio τ21,

massive jets are tagged as highly energetic vector bosons (V = W,Z) decaying to quark

pairs. The soft-drop mass is used as an estimate of the V-jet mass. The lepton momentum
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Figure 5. S/(S+B) event-weighted distributions of the resonance mass for the Gbulk →WW signal

(left) and W′ → WZ signal (right) for the 2D fit (upper) and the α method (lower). The lower

panels show the differences between the weighted data and the weighted fit results. The vertical

bars correspond to the statistical uncertainties of the data.

and missing transverse momentum are used to reconstruct the momentum of the W → `ν

boson candidate, constraining the invariant mass of the `ν pair to the W boson mass value.

A novel signal extraction technique is introduced based on a simultaneous fit of the V-jet

mass and the diboson mass, and improves the search sensitivity compared to the method

employed in previous versions of this analysis. No significant evidence of a new signal is

found. The results are interpreted in terms of upper limits on the production cross section

of new resonances decaying to WW and WZ final states. The observed limits for a WW

resonance range from 29 fb at 1.3 TeV to 0.32 fb at 4.4 TeV, while for a WZ resonance they

range from 84 fb at 1.05 TeV to 0.64 fb at 4.4 TeV. Comparing the excluded cross section

values to the expectations from theoretical calculations, spin-2 bulk graviton resonances

decaying to WW with mass smaller than 1.07 TeV and W′ →WZ resonances lighter than

3.05 TeV are excluded at 95% CL.
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de Physique Nucléaire de Lyon, Villeurbanne, France

S. Beauceron, C. Bernet, G. Boudoul, N. Chanon, R. Chierici, D. Contardo, P. Depasse,

H. El Mamouni, J. Fay, L. Finco, S. Gascon, M. Gouzevitch, G. Grenier, B. Ille, F. Lagarde,

I.B. Laktineh, H. Lattaud, M. Lethuillier, L. Mirabito, A.L. Pequegnot, S. Perries,

A. Popov14, V. Sordini, M. Vander Donckt, S. Viret, S. Zhang

– 25 –



J
H
E
P
0
5
(
2
0
1
8
)
0
8
8

Georgian Technical University, Tbilisi, Georgia

T. Toriashvili15

Tbilisi State University, Tbilisi, Georgia

Z. Tsamalaidze8

RWTH Aachen University, I. Physikalisches Institut, Aachen, Germany

C. Autermann, L. Feld, M.K. Kiesel, K. Klein, M. Lipinski, M. Preuten, C. Schomakers,

J. Schulz, M. Teroerde, B. Wittmer, V. Zhukov14

RWTH Aachen University, III. Physikalisches Institut A, Aachen, Germany

A. Albert, D. Duchardt, M. Endres, M. Erdmann, S. Erdweg, T. Esch, R. Fischer, A. Güth,
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Italy

S. Buontempoa, N. Cavalloa,c, S. Di Guidaa,d,16, F. Fabozzia,c, F. Fiengaa,b, G. Galatia,b,

A.O.M. Iorioa,b, W.A. Khana, L. Listaa, S. Meolaa,d,16, P. Paoluccia,16, C. Sciaccaa,b,

F. Thyssena, E. Voevodinaa,b

INFN Sezione di Padova a, Università di Padova b, Padova, Italy, Università di
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Laboratório de Instrumentação e F́ısica Experimental de Part́ıculas, Lisboa,

Portugal

P. Bargassa, C. Beirão Da Cruz E Silva, A. Di Francesco, P. Faccioli, B. Galinhas,

M. Gallinaro, J. Hollar, N. Leonardo, L. Lloret Iglesias, M.V. Nemallapudi, J. Seixas,

G. Strong, O. Toldaiev, D. Vadruccio, J. Varela

Joint Institute for Nuclear Research, Dubna, Russia

S. Afanasiev, P. Bunin, M. Gavrilenko, I. Golutvin, I. Gorbunov, A. Kamenev, V. Kar-

javin, A. Lanev, A. Malakhov, V. Matveev37,38, P. Moisenz, V. Palichik, V. Perelygin,

S. Shmatov, S. Shulha, N. Skatchkov, V. Smirnov, N. Voytishin, A. Zarubin

Petersburg Nuclear Physics Institute, Gatchina (St. Petersburg), Russia

Y. Ivanov, V. Kim39, E. Kuznetsova40, P. Levchenko, V. Murzin, V. Oreshkin, I. Smirnov,

D. Sosnov, V. Sulimov, L. Uvarov, S. Vavilov, A. Vorobyev

– 31 –



J
H
E
P
0
5
(
2
0
1
8
)
0
8
8

Institute for Nuclear Research, Moscow, Russia

Yu. Andreev, A. Dermenev, S. Gninenko, N. Golubev, A. Karneyeu, M. Kirsanov,

N. Krasnikov, A. Pashenkov, D. Tlisov, A. Toropin

Institute for Theoretical and Experimental Physics, Moscow, Russia

V. Epshteyn, V. Gavrilov, N. Lychkovskaya, V. Popov, I. Pozdnyakov, G. Safronov,

A. Spiridonov, A. Stepennov, V. Stolin, M. Toms, E. Vlasov, A. Zhokin

Moscow Institute of Physics and Technology, Moscow, Russia

T. Aushev, A. Bylinkin38

National Research Nuclear University ’Moscow Engineering Physics Insti-

tute’ (MEPhI), Moscow, Russia

R. Chistov41, M. Danilov41, P. Parygin, D. Philippov, S. Polikarpov, E. Tarkovskii

P.N. Lebedev Physical Institute, Moscow, Russia

V. Andreev, M. Azarkin38, I. Dremin38, M. Kirakosyan38, S.V. Rusakov, A. Terkulov

Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University,

Moscow, Russia

A. Baskakov, A. Belyaev, E. Boos, V. Bunichev, M. Dubinin42, L. Dudko, A. Gribushin,

V. Klyukhin, O. Kodolova, I. Lokhtin, I. Miagkov, S. Obraztsov, S. Petrushanko, V. Savrin,

A. Snigirev

Novosibirsk State University (NSU), Novosibirsk, Russia

V. Blinov43, D. Shtol43, Y. Skovpen43

State Research Center of Russian Federation, Institute for High Energy Physics

of NRC &quot;Kurchatov Institute&quot;, Protvino, Russia

I. Azhgirey, I. Bayshev, S. Bitioukov, D. Elumakhov, A. Godizov, V. Kachanov, A. Kalinin,

D. Konstantinov, P. Mandrik, V. Petrov, R. Ryutin, A. Sobol, S. Troshin, N. Tyurin,

A. Uzunian, A. Volkov

National Research Tomsk Polytechnic University, Tomsk, Russia

A. Babaev

University of Belgrade, Faculty of Physics and Vinca Institute of Nuclear

Sciences, Belgrade, Serbia

P. Adzic44, P. Cirkovic, D. Devetak, M. Dordevic, J. Milosevic

Centro de Investigaciones Energéticas Medioambientales y Tec-
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Çukurova University, Physics Department, Science and Art Faculty, Adana,

Turkey

A. Bat, F. Boran, S. Cerci52, S. Damarseckin, Z.S. Demiroglu, C. Dozen, I. Dumanoglu,

S. Girgis, G. Gokbulut, Y. Guler, I. Hos53, E.E. Kangal54, O. Kara, A. Kayis Topaksu,

U. Kiminsu, M. Oglakci, G. Onengut, K. Ozdemir55, D. Sunar Cerci52, U.G. Tok,

H. Topakli56, S. Turkcapar, I.S. Zorbakir, C. Zorbilmez

Middle East Technical University, Physics Department, Ankara, Turkey

G. Karapinar57, K. Ocalan58, M. Yalvac, M. Zeyrek

Bogazici University, Istanbul, Turkey

E. Gülmez, M. Kaya59, O. Kaya60, S. Tekten, E.A. Yetkin61

Istanbul Technical University, Istanbul, Turkey

M.N. Agaras, S. Atay, A. Cakir, K. Cankocak, Y. Komurcu

Institute for Scintillation Materials of National Academy of Science of Ukraine,

Kharkov, Ukraine

B. Grynyov

National Scientific Center, Kharkov Institute of Physics and Technology,

Kharkov, Ukraine

L. Levchuk

University of Bristol, Bristol, United Kingdom

F. Ball, L. Beck, J.J. Brooke, D. Burns, E. Clement, D. Cussans, O. Davignon, H. Flacher,

J. Goldstein, G.P. Heath, H.F. Heath, L. Kreczko, D.M. Newbold62, S. Paramesvaran,

T. Sakuma, S. Seif El Nasr-storey, D. Smith, V.J. Smith

– 34 –



J
H
E
P
0
5
(
2
0
1
8
)
0
8
8

Rutherford Appleton Laboratory, Didcot, United Kingdom

K.W. Bell, A. Belyaev63, C. Brew, R.M. Brown, D. Cieri, D.J.A. Cockerill, J.A. Coughlan,

K. Harder, S. Harper, J. Linacre, E. Olaiya, D. Petyt, C.H. Shepherd-Themistocleous,

A. Thea, I.R. Tomalin, T. Williams, W.J. Womersley

Imperial College, London, United Kingdom

G. Auzinger, R. Bainbridge, P. Bloch, J. Borg, S. Breeze, O. Buchmuller, A. Bundock,

S. Casasso, D. Colling, L. Corpe, P. Dauncey, G. Davies, M. Della Negra, R. Di Maria,

A. Elwood, Y. Haddad, G. Hall, G. Iles, T. James, M. Komm, R. Lane, C. Laner, L. Lyons,

A.-M. Magnan, S. Malik, L. Mastrolorenzo, T. Matsushita, J. Nash64, A. Nikitenko7,

V. Palladino, M. Pesaresi, A. Richards, A. Rose, E. Scott, C. Seez, A. Shtipliyski,

T. Strebler, S. Summers, A. Tapper, K. Uchida, M. Vazquez Acosta65, T. Virdee16,

N. Wardle, D. Winterbottom, J. Wright, S.C. Zenz

Brunel University, Uxbridge, United Kingdom

J.E. Cole, P.R. Hobson, A. Khan, P. Kyberd, A. Morton, I.D. Reid, L. Teodorescu, S. Zahid

Baylor University, Waco, U.S.A.

A. Borzou, K. Call, J. Dittmann, K. Hatakeyama, H. Liu, N. Pastika, C. Smith

Catholic University of America, Washington DC, U.S.A.

R. Bartek, A. Dominguez

The University of Alabama, Tuscaloosa, U.S.A.

A. Buccilli, S.I. Cooper, C. Henderson, P. Rumerio, C. West

Boston University, Boston, U.S.A.

D. Arcaro, A. Avetisyan, T. Bose, D. Gastler, D. Rankin, C. Richardson, J. Rohlf, L. Sulak,

D. Zou

Brown University, Providence, U.S.A.

G. Benelli, D. Cutts, M. Hadley, J. Hakala, U. Heintz, J.M. Hogan66, K.H.M. Kwok,

E. Laird, G. Landsberg, J. Lee, Z. Mao, M. Narain, J. Pazzini, S. Piperov, S. Sagir,

R. Syarif, D. Yu

University of California, Davis, Davis, U.S.A.

R. Band, C. Brainerd, R. Breedon, D. Burns, M. Calderon De La Barca Sanchez,

M. Chertok, J. Conway, R. Conway, P.T. Cox, R. Erbacher, C. Flores, G. Funk, W. Ko,

R. Lander, C. Mclean, M. Mulhearn, D. Pellett, J. Pilot, S. Shalhout, M. Shi, J. Smith,

D. Stolp, D. Taylor, K. Tos, M. Tripathi, Z. Wang, F. Zhang

University of California, Los Angeles, U.S.A.

M. Bachtis, C. Bravo, R. Cousins, A. Dasgupta, A. Florent, J. Hauser, M. Ignatenko,

N. Mccoll, S. Regnard, D. Saltzberg, C. Schnaible, V. Valuev

University of California, Riverside, Riverside, U.S.A.

E. Bouvier, K. Burt, R. Clare, J. Ellison, J.W. Gary, S.M.A. Ghiasi Shirazi, G. Hanson,

G. Karapostoli, E. Kennedy, F. Lacroix, O.R. Long, M. Olmedo Negrete, M.I. Paneva,

W. Si, L. Wang, H. Wei, S. Wimpenny, B. R. Yates

– 35 –



J
H
E
P
0
5
(
2
0
1
8
)
0
8
8

University of California, San Diego, La Jolla, U.S.A.

J.G. Branson, S. Cittolin, M. Derdzinski, R. Gerosa, D. Gilbert, B. Hashemi, A. Holzner,

D. Klein, G. Kole, V. Krutelyov, J. Letts, M. Masciovecchio, D. Olivito, S. Padhi,

M. Pieri, M. Sani, V. Sharma, S. Simon, M. Tadel, A. Vartak, S. Wasserbaech67, J. Wood,

F. Würthwein, A. Yagil, G. Zevi Della Porta

University of California, Santa Barbara - Department of Physics, Santa Bar-

bara, U.S.A.

N. Amin, R. Bhandari, J. Bradmiller-Feld, C. Campagnari, M. Citron, A. Dishaw,

V. Dutta, M. Franco Sevilla, L. Gouskos, R. Heller, J. Incandela, A. Ovcharova, H. Qu,

J. Richman, D. Stuart, I. Suarez, J. Yoo

California Institute of Technology, Pasadena, U.S.A.

D. Anderson, A. Bornheim, J. Bunn, J.M. Lawhorn, H.B. Newman, T. Q. Nguyen, C. Pena,

M. Spiropulu, J.R. Vlimant, R. Wilkinson, S. Xie, Z. Zhang, R.Y. Zhu

Carnegie Mellon University, Pittsburgh, U.S.A.

M.B. Andrews, T. Ferguson, T. Mudholkar, M. Paulini, J. Russ, M. Sun, H. Vogel,

I. Vorobiev, M. Weinberg

University of Colorado Boulder, Boulder, U.S.A.

J.P. Cumalat, W.T. Ford, F. Jensen, A. Johnson, M. Krohn, S. Leontsinis, E. MacDonald,

T. Mulholland, K. Stenson, K.A. Ulmer, S.R. Wagner

Cornell University, Ithaca, U.S.A.

J. Alexander, J. Chaves, Y. Cheng, J. Chu, A. Datta, K. Mcdermott, N. Mirman,

J.R. Patterson, D. Quach, A. Rinkevicius, A. Ryd, L. Skinnari, L. Soffi, S.M. Tan, Z. Tao,

J. Thom, J. Tucker, P. Wittich, M. Zientek

Fermi National Accelerator Laboratory, Batavia, U.S.A.

S. Abdullin, M. Albrow, M. Alyari, G. Apollinari, A. Apresyan, A. Apyan, S. Banerjee,

L.A.T. Bauerdick, A. Beretvas, J. Berryhill, P.C. Bhat, G. Bolla†, K. Burkett, J.N. But-

ler, A. Canepa, G.B. Cerati, H.W.K. Cheung, F. Chlebana, M. Cremonesi, J. Duarte,

V.D. Elvira, J. Freeman, Z. Gecse, E. Gottschalk, L. Gray, D. Green, S. Grünendahl,

O. Gutsche, J. Hanlon, R.M. Harris, S. Hasegawa, J. Hirschauer, Z. Hu, B. Jayatilaka,

S. Jindariani, M. Johnson, U. Joshi, B. Klima, M.J. Kortelainen, B. Kreis, S. Lammel,

D. Lincoln, R. Lipton, M. Liu, T. Liu, R. Lopes De Sá, J. Lykken, K. Maeshima, N. Magini,
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M. Grothe, M. Herndon, A. Hervé, U. Hussain, P. Klabbers, A. Lanaro, A. Levine, K. Long,

R. Loveless, V. Rekovic, T. Ruggles, A. Savin, N. Smith, W.H. Smith, N. Woods

†: Deceased

1: Also at Vienna University of Technology, Vienna, Austria

– 39 –



J
H
E
P
0
5
(
2
0
1
8
)
0
8
8
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