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Abstract

A search is presented for a heavy resonance decaying into either a pair of Z bosons
or a Z boson and a W boson (ZZ or WZ), with a Z boson decaying into a pair of neu-
trinos and the other boson decaying hadronically into two collimated quarks that are
reconstructed as a highly energetic large-cone jet. The search is performed using the
data collected with the CMS detector at the CERN LHC during 2016 in proton-proton
collisions at a center-of-mass energy of 13 TeV, corresponding to a total integrated
luminosity of 35.9 fb−1. No excess is observed in data with regard to background ex-
pectations. Results are interpreted in scenarios of physics beyond the standard model.
Limits at 95% confidence level on production cross sections are set at 0.9 fb (63 fb)
for spin-1 W′ bosons, included in the heavy vector triplet model, with mass 4.0 TeV
(1.0 TeV), and at 0.5 fb (40 fb) for spin-2 bulk gravitons with mass 4.0 TeV (1.0 TeV).
Lower limits are set on the masses of W′ bosons in the context of two versions of the
heavy vector triplet model of 3.1 TeV and 3.4 TeV, respectively.
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1 Introduction
Many models of physics beyond the standard model (BSM) predict the existence of additional
heavy resonances that may decay into a pair of vector bosons. A particular class of models
addresses the divergence of quantum mechanical corrections to the Higgs boson mass, known
as the hierarchy problem, by introducing extra spatial dimensions (such as warped extra di-
mensions models [1, 2]), which predict the presence of additional massive particles.

The Randall–Sundrum model [3, 4] introduces one warped extra dimension to solve the hier-
archy problem. In the four-dimensional bulk space, two branes are hypothesized: one whose
fundamental scale is the Planck scale, and one at the TeV scale, where the standard model (SM)
particles are confined. Spin-2 gravitons, expected to have a mass at the TeV scale, are allowed
to propagate from the Planck brane to the TeV brane via the warped fourth spatial dimension.
In the bulk warped extra dimension model, the SM particles can also propagate through the
bulk multidimensional space. In this context, spin-2 bulk gravitons can be produced at a sig-
nificant rate via gluon fusion, and can decay into a pair of vector bosons [5]. Two parameters
are used to describe the model: the mass of the proposed spin-2 particle and k̃ = k/MPl, where
k is the curvature parameter of the five-dimensional space-time metric, and MPl = MPl/

√
8π

is the reduced Planck mass.

Other theories extend the SM by adding fields to the SM Lagrangian, resulting in a larger sym-
metry. New vector bosons arise from the breaking of this symmetry. The heavy vector triplet
(HVT) model [6] provides a framework for many BSM models, in particular those where heavy
spin-1 partners of the vector bosons (W′ and Z′ bosons) [7, 8] are expected to be weakly cou-
pled to SM particles (referred to as the “HVT model A” scenario), and the composite Higgs
model [9, 10], where exotic vector bosons are strongly coupled to ordinary particles (the “HVT
model B” scenario). Both scenarios are described by three Lagrangian parameters: the cou-
plings of spin-1 particles to SM fermions (cF) and to SM bosons (cH), and the strength of the
interaction (gV). In the HVT model A scenario, gV = 1, cF = −1.316, and cH = −0.556; in HVT
model B, gV = 3, cF = 1.024, and cH = 0.976 [6]. Previous searches performed at the CERN
LHC looking for evidence for these models have set limits on the production cross section of
the new heavy bosons (46.1 fb at a mass of 1.4 TeV and 0.7 fb at a mass of 4.1 TeV), and mass
lower limits of 3.3 TeV (3.6 TeV) for HVT model A (model B) [11–15].

In this article, we present the results of a search for heavy resonances decaying into a pair of
vector bosons, where one vector boson is a Z boson decaying into neutrinos, while the other
boson V (either a W or Z boson) decays hadronically. The vector bosons are mostly produced
in a back-to-back topology with large Lorentz boosts because of the large mass of the new
particle (on the order of 1 TeV); this implies that the two quarks originating from the vector
boson decay are close enough to be reconstructed within one single large-cone jet, an approach
that, in this kinematic region, is more efficient than building the vector boson candidate as two
distinct standard jets. Since neutrinos do not leave any visible signature in the detector, they are
reconstructed as a large amount of missing transverse momentum (~pmiss

T ) recoiling against the
hadronic component. The sensitivity of the search is enhanced by the relatively high branching
fraction of the Z boson into neutrinos (20%) and of the other vector boson into a pair of quarks
(≈70%). Jet substructure techniques [16] are exploited to improve the discrimination between
signal events and SM background processes.

The contributions of the SM backgrounds, composed mainly of Z+jets and W+jets events, are
estimated using a method that interpolates the data from control regions into the signal region
with a fit constrained by the simulation.
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2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, 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 scintilla-
tor 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 detec-
tors. Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke
outside the solenoid. Events of interest are selected using a two-tiered trigger system [17]. The
first level, composed of custom hardware processors, uses information from the calorimeters
and muon detectors. The second level, known as the high-level trigger (HLT), consists of a
farm of processors running a version of the full event reconstruction software optimized for
fast processing.

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. [18].

3 Data and simulated samples
The analysis is performed on data collected in 2016 with the CMS detector during proton-
proton collisions at the LHC at a center-of-mass energy of 13 TeV, corresponding to a total
integrated luminosity of 35.9 fb−1.

Two signal models are simulated: the first considers a spin-1 HVT W′ boson decaying into a W
and a Z boson for both A and B scenarios, and the second considers a spin-2 bulk graviton G
decaying into two Z bosons. Both processes are generated at leading order (LO) with the MAD-
GRAPH5 aMC@NLO v2.2.2 [19] matrix element Monte Carlo (MC) generator for a range of dif-
ferent mass hypotheses for the resonances from 0.6 to 4.5 TeV. Signals are generated assuming
the resonances have negligible width (0.1% of their masses) compared to the experimental res-
olution (4–8% depending on their masses); this assumption is the so-called “narrow-width ap-
proximation”. The actual width of the spin-2 resonances may be larger depending on the value
of the curvature parameter k̃ in the model [1, 2], but this effect is only significant for values of
k̃ larger than 1, which are not considered in this analysis. For the background, events with a
vector boson produced with additional partons are generated at next-to-leading order (NLO)
in αS with MADGRAPH5 aMC@NLO, using the FxFx merging scheme [20]. Electroweak correc-
tions at NLO [21] are applied to these samples as a function of the transverse momentum pT of
the vector bosons. Top quark-antiquark (tt) and single top quark events are simulated at NLO
in the five-flavor scheme with POWHEG v2 [22–26]. Inclusive diboson production (WW, WZ,
ZZ) is considered as well, and generated with PYTHIA 8.212 [27] at LO. The hadronization and
fragmentation steps of all simulated samples are handled by PYTHIA with the CUETP8M1 [28]
tune. The NNPDF3.1 [29] parton distribution functions are used in the simulations. The effect
of additional proton-proton interactions within the same or nearby bunch crossings (pileup)
is accounted for by adding simulated minimum bias events to the hard interaction. The fre-
quency distributions of the pileup events are reweighted to match those observed in data. The
simulation of the CMS detector is performed with GEANT4 [30].

4 Event reconstruction
The particle-flow (PF) event algorithm [31] reconstructs and identifies each individual particle
with an optimized combination of information from the various elements of the CMS detector.
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The energy of photons is obtained directly from the ECAL measurement, corrected for zero-
suppression effects. 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 com-
patible with originating from the electron track. The energy of muons is obtained from the
curvature of the corresponding track.

The energy of charged hadrons is determined from a combination of their momentum mea-
sured 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. Fi-
nally, the energy of neutral hadrons is obtained from the corresponding corrected ECAL and
HCAL energies.

Jets are reconstructed from PF inputs, using FASTJET 3.1 [32] to cluster jets with the anti-kT
algorithm [33], with two distance parameters: 0.4 (“AK4” jets) and 0.8 (“AK8” jets). The jet mo-
mentum is determined as the four-vector sum of all particle momenta in the jet, and is found
from simulation to be within 2 to 10% of the momentum of the quark that initiated the jet, over
the whole pT spectrum and detector acceptance. The raw jet energies are further corrected to
establish a relative uniform response of the calorimeter in η and a calibrated absolute response
in pT [34]. Charged particles not associated to the primary vertex are removed from the jet [35].
An additional offset correction is applied to the jet energies to subtract the contribution from
pileup [35]. The jet energy scale (JES) is calculated using a detailed MC simulation of the de-
tector, and further adjusted using the pT balance in dijet, multijet, photon+jet and leptonically
decaying Z+jet events in data [36]. A smearing procedure has been applied to jets in the simu-
lated samples in order to account for small differences between the jet momentum resolutions
observed in simulation and in data. The jet energy resolution (JER) is ≈15% at 10 GeV, 8% at
100 GeV, and 4% at 1 TeV [36].

A minimum threshold on the energy recorded in the HCAL is applied to remove spurious jet-
like features originating from isolated noise patterns in certain regions. Jets are required to
have more than one PF constituent, and they are required to have less than 80% of their total
energy originating from neutral hadrons, less than 99% from electrons, and more than 20%
from charged hadrons.

The jet mass reconstruction is optimized for this analysis using a combination of a jet grooming
technique [37, 38] and pileup mitigation [39]. In the jet grooming algorithm, the constituents
of the AK8 jets are reclustered using the Cambridge–Aachen algorithm [40, 41]. The “modi-
fied mass drop tagger” algorithm [37], also known as the “soft drop” algorithm, with angular
exponent β = 0, soft cutoff threshold zcut < 0.1, and characteristic radius R0 = 0.8 [38], is ap-
plied to remove soft, wide-angle radiation from the jet. The pileup mitigation is performed by
the “pileup per particle identification” algorithm [39], a method that assigns a weight to each
charged or neutral particle, which is determined by the probability for the particle to have orig-
inated from the primary vertex of the hard interaction. Finally, the jet mass is corrected with
pT-dependent factors [42] to account for the small difference observed in the reconstructed vec-
tor boson mass between data and simulated events in a tt control sample, in which one W
boson, originating from the top or antitop quark, decays into leptons and the other W boson
decays hadronically.

The missing transverse momentum vector is defined as the negative sum of the pT of all PF
candidates in the event: ~pmiss

T = −Σi~p i
T; its magnitude is referred to as pmiss

T . This raw quantity
is corrected by propagating the effect of the jet energy corrections. Uncertainties in the ~pmiss

T
determination arise from mismeasurements caused by detector alignment, unclustered energy
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deposits, and contributions coming from pileup [43]. Events with spurious missing momentum
related to detector noise and badly reconstructed events are rejected [43].

5 Event selection
Events are required to satisfy criteria at the HLT trigger level on either pmiss

T or the missing
hadronic activity, Hmiss

T , which is defined as the magnitude of the transverse component of
the negative sum of the three-momenta of all the objects identified as jets at trigger level. To
avoid inefficiencies due to the prescaling of the triggers during high-luminosity LHC operation,
several triggers are used, variously requiring Hmiss

T or pmiss
T > 90, 110, 120 GeV, or pmiss

T >
170 GeV, in order to have at least one nonprescaled trigger at any given time.

The pmiss
T trigger efficiency has been measured with data events satisfying one or more single-

muon triggers. A W leptonic decay topology is selected (W→ µν), since it ensures the presence
of pmiss

T in the event, due to the neutrino. One muon identified by offline algorithms is required:
this not only guarantees that the sample does not overlap with the search region of the analysis
(where events with muons are rejected), but also reduces the contamination from particles or
jets misidentified as leptons at the trigger level. The additional condition of having at least
one AK8 jet is applied, in order to select events with a topology similar to that of the consid-
ered search. The combination of pmiss

T triggers reaches a plateau in efficiency of 96% around
pmiss

T > 200 GeV, which is chosen as the minimum pmiss
T threshold for the event selection. An

independent efficiency measurement has been performed using a data set satisfying single-
electron triggers, and the discrepancy with the result based on the muon data set is taken as a
systematic uncertainty, which amounts to 1%.

The AK8 jets are required to satisfy pT > 200 GeV and |η| < 2.4. The largest-pT AK8 jet in the
event is assumed to be the hadronically decaying boson (V) candidate.

The jet mass (mj) is used to define the search region. Since the analysis searches for a diboson
resonance where one vector boson decays hadronically, the mass of the jet candidate is expected
to lie within a window around the nominal masses of the W and Z bosons, chosen to be between
65 and 105 GeV. Two control regions are defined that are expected to be depleted in signal: the
“low sideband”, which lies in the mj range 30–65 GeV, and the “high sideband”, with mj above
135 GeV. These sidebands play a crucial role in the background estimation. The region 105–
135 GeV is excluded from the sideband selections in order to not overlap with other diboson
searches aiming at a final state containing a hadronically decaying Higgs boson. This exclusion
allows the results to be combined with those of other searches in a straightforward manner.
The region under 30 GeV is discarded, since jets are not reconstructed sufficiently well in this
region.

Jet substructure is exploited to further improve the ability to identify signal events. The τ21
N-subjettiness ratio [16] distinguishes jets with two separable substructure components from
jets with only one substructure component. In the former case, the τ21 distribution is peaked
towards a small fraction of unity; in the latter case, it has a broader shape, centered around
larger values closer to 1. Two exclusive search categories are defined: a low-purity category
(0.35 < τ21 < 0.75) and a high-purity category (τ21 < 0.35). In principle, the high-purity
category is the most sensitive to the signals explored; nevertheless, the low-purity category
allows us to retain a significant part of the signal efficiency, especially for very heavy reso-
nances (3–4 TeV). As a consequence, the signal sensitivity improves by up to 40% when the
categories are combined. Multiplicative scale factors [42] are used to correct observed discrep-
ancies between data and simulation, and are measured to be 0.99± 0.11 for events falling into
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the high-purity category and 1.03± 0.23 for those in the low-purity category. They have been
measured with MC simulation and top quark-enriched data samples, and are applied to simu-
lated backgrounds.

The reconstructed ~pT of the invisibly decaying Z boson is set equal to ~pmiss
T . Thus, instead of

the invariant mass, the resulting reconstructed VZ candidate mass is the transverse mass mVZ
T :

mVZ
T =

√
2Ej

T pmiss
T

(
1− cos ∆φ(~p j

T,~pmiss
T )

)
, (1)

where Ej
T = Ej sin θ and ∆φ(~p j

T,~pmiss
T ) is the azimuthal angle between the ~pmiss

T and the leading
AK8 jet transverse momentum vector.

The AK4 jets are used for background suppression; they are required to satisfy pT > 30 GeV
and |η| < 2.4. If the event contains an AK4 jet passing a loose b tagging criterion using the
combined secondary vertex (CSVv2) [44, 45] algorithm, and it does not overlap with the AK8
jet identified as the V candidate, the event is discarded, since this suggests that the event is
more likely to have originated from a top quark decay. Scale factors are applied to correct for
the different b tagging efficiency in data and simulated samples [44, 45].

A set of selection criteria has been applied to improve the background rejection. By requiring a
minimum azimuthal angular separation of 0.5 between ~pmiss

T and the ~pT of the AK4 jets outside
the cone of the leading AK8 jet, the contribution of background events originating from soft
multijet radiation is reduced from 30% to 2% or 3%, depending on the purity category. The
single top quark and tt contributions are approximately halved by applying the loose b tag
veto described above. Background contributions are further suppressed by requiring a back-
to-back topology in the transverse plane between the V and Z candidates, specifically, ∆φ > 2.

Final states with photons, electrons, muons, and hadronically decaying tau leptons are rejected
in this analysis. The identification of these objects is performed using the variables described in
Ref. [31]. An event is discarded if it contains at least one photon with pT > 15 GeV and |η| < 2.5,
at least one electron with pT > 10 GeV and |η| < 2.5, at least one muon with pT > 10 GeV and
|η| < 2.4, or at least one hadronically decaying tau lepton with pT > 18 GeV and |η| < 2.4.

The main discriminating variables used to perform the background prediction, mj and τ21, are
compared in data and MC simulation in Fig. 1. Two signal hypotheses, a spin-1 W′ boson and a
spin-2 bulk graviton, are displayed as well. They are characterized by jet mass spectra peaking
at the W mass and at the Z mass, respectively, and by a τ21 distribution reflecting the two-
prong structure of the jet produced in the vector boson hadronic decay, significantly different
from the background. The discrepancy visible between the data and the background prediction
is due to the imperfect modeling of the jet substructure and momentum in simulation. Agree-
ment is achieved when a hybrid data/simulation background estimation approach, described
in Section 6, is applied.

6 Background estimation
This analysis searches for a localized excess in data in the transverse mass spectrum of the VZ
system. Hence, accurate background modeling is crucial to the analysis.

The main irreducible background is from events in which a Z boson is produced along with
additional jets (“Z+jets”) and decays into neutrinos. The second dominant contribution comes
from events in which a W boson is produced along with additional jets (“W+jets”) and decays
leptonically, with the charged lepton falling outside the detector acceptance or not correctly
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Figure 1: Comparison of data and simulated events. Left: the corrected mass of the leading AK8
jet, interpreted as the hadronically decaying vector boson. Right: the distribution of the τ21 sub-
jettiness of the vector boson candidate, which is used to define low- and high-purity categories.
The background processes predicted by the SM are depicted as colored filled histograms. The
shaded area on top of the histograms represents the statistical uncertainty associated to MC
simulations. Overflows are shown in the rightmost bin. Two possible signal hypotheses are
shown: a spin-1 W′ boson with a mass of 3 TeV and a spin-2 bulk graviton with a mass of 1 TeV.
The data points are shown by the black markers, along with their associated statistical uncer-
tainties. In the bottom panels, the ratio between data and MC predictions is calculated for each
bin.

identified. Since the production mechanisms of these two processes are the same, these two
categories of events are grouped together as “V+jets” events. Smaller background contribu-
tions come from events in which at least one top quark (either a tt pair or a single top quark,
indicated as “Top” background) or a pair of vector bosons (WW, WZ, or ZZ, which we call
“VV” background) is produced; these are referred to as “secondary backgrounds”.

The background estimation technique [46], which is now known as the “α method”, takes ad-
vantage of the data sidebands to predict the normalization and mVZ

T shape of the V+jets back-
ground distributions, which are poorly populated by simulations in phase space regions with
large transverse momentum. The normalization and shape of the secondary backgrounds are
determined from MC simulation. This data-driven approach allows us to improve the agree-
ment between data and predictions, especially in the higher tails of the momentum distribu-
tions.

The background prediction is performed in two steps for each of the two purity categories.
First, the mass spectrum of the AK8 jet is the variable chosen to predict the background event
yield in the signal region. Then, once the normalization is determined, the transverse mass
distribution of the diboson candidates is used to predict the background shapes in the signal
region.

To perform the normalization prediction, the mj distribution of each background is fitted in
simulated samples with an empirical probability density function (pdf), converted into an ex-
tended likelihood in order to allow the event yield to vary in the fit. The main background is
modeled by using two alternative functional forms, and the difference between the two yield
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predictions is considered as a systematic uncertainty and propagated to the final results. The
mj spectrum of the V+jets background is smoothly falling in the low-purity category; hence,
it is modeled as a power law (main function) or as a Gaussian peak added to a falling expo-
nential (alternative function), in order to check that a different description of the slope of the
spectrum near the signal region does not significantly affect the final result. In the high-purity
category, the mj spectrum has a peaking component, so it is described by a broad Gaussian
peak, centered at approximately 150 GeV, added to a falling exponential (main function), or by
an exponential function convolved with an error function to describe the turn-on effect at low
mass (alternative function). The top quark and diboson backgrounds are modeled as Gaussian
peaks, centered on the top quark and W or Z masses, respectively, added to a smoothly falling
exponential background.

Once the extended likelihoods for the main and secondary backgrounds are added together, an
extended maximum likelihood fit is performed in the data sidebands. The parameters related
to the V+jets background and its normalization are allowed to vary according to data, whereas
those describing the secondary backgrounds are fixed to the theoretical predictions. The ex-
pected number of background events in the signal region is then evaluated by integrating the
final extended likelihood that describes the total background.

The results of the background estimation are presented in Fig. 2 as smooth functions, and are
compared to data. The fit to the data is performed in the sideband regions described in Sec-
tion 5. Data are compared to the α method background predictions in the signal region (SR),
while the Higgs region is excluded from the analysis. It can be seen that the data agree with
the background estimates.
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Figure 2: Background yield prediction in the signal region obtained with the α method, in the
low-purity (left) and high-purity (right) categories. Background processes predicted by the
SM are depicted as colored areas bounded by smooth functions. The bottom panels show fit
residuals normalized to their uncertainties.

The final step consists in predicting the functional shape of the mT spectrum of the total back-
ground. First, the distribution of mVZ

T is described separately for each background using MC
simulation, both in the signal region and sidebands. The general background shape expected
for all SM processes is an exponentially falling function with two parameters, of the form
e−x/(a+bx).
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The α function is defined as the ratio between the V+jets background pdf in the signal region
( f V+jets

SR ) and that in the sidebands ( f V+jets
SB ), predicted from simulation:

α(mVZ
T ) =

f V+jets
SR (mVZ

T )

f V+jets
SB (mVZ

T )
. (2)

The α ratio can be interpreted as a transfer function from the sidebands to the signal region,
accounting for the small kinematical differences in the two regions of the V+jets background.
The typical correction resulting from using the α ratio is on the order of 1–5 per mil. A simulta-
neous fit to MC simulation and data sidebands is performed in order to extract the α function
and the main background parameters respectively, while the secondary background shapes are
taken from predictions from MC simulation, as described in the following equation:

f data
SR (mVZ

T ) =
[

f data
SB (mVZ

T )− f Top
SB (mVZ

T )− f VV
SB (mVZ

T )
]

α(mVZ
T ) + f Top

SR (mVZ
T ) + f VV

SR (mVZ
T ). (3)

The background estimation obtained with the α method, i.e., the predicted spectrum of mVZ
T in

the background-only hypothesis, is compared with data in Fig. 3, and no significant excess is
observed with regard to the SM expectations.

 (GeV)T
VZm

E
ve

nt
s 

/ 1
00

 G
eV

2−10

1−10

1

10

210

310

  (13 TeV)-135.9 fb

CMS

νν qq→ VZ →X 

Low purity

Data

V + jets

Top quark

VV

Bkg. unc.

 = 3 TeV (10 fb)W'm

 (GeV)T
VZm

1000 1500 2000 2500 3000 3500 4000S
ta

t. 
U

nc
. (

da
ta

)
bk

g
 -

 N
da

ta
N 4−

2−
0
2
4  (GeV)T

VZm

E
ve

nt
s 

/ 1
00

 G
eV

2−10

1−10

1

10

210

310

  (13 TeV)-135.9 fb

CMS

νν qq→ VZ →X 

High purity

Data

V + jets

Top quark

VV

Bkg. unc.

 = 3 TeV (10 fb)W'm

 (GeV)T
VZm

1000 1500 2000 2500 3000 3500 4000S
ta

t. 
U

nc
. (

da
ta

)
bk

g
 -

 N
da

ta
N 4−

2−
0
2
4

Figure 3: Expected background shapes as a function of the transverse mass of the diboson can-
didate obtained using the α method in the low-purity (left) and high-purity (right) categories,
represented as colored areas bounded by smooth functions. As a reference, the expected distri-
bution of a W′ with a mass of 3 TeV decaying into a W boson and a Z boson is displayed. Data
are shown as black markers.

The robustness of the α method is tested by splitting the low sideband into two sub-regions,
one considered as a narrower lower sideband (30–50 GeV) and the other (50–65 GeV) taken as
a validation region. The predictions obtained by applying the α method in the narrow lower
sideband and the high sideband are then compared to data distributions in the validation re-
gion, and are found to agree.

7 Systematic uncertainties
The background normalization is predicted from a set of simultaneous fits to the simulated and
data samples, so the uncertainty in the normalization is estimated by propagating all the uncer-
tainties affecting the main and the secondary background fits. The statistical uncertainty in the
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fit, determined by the number of data events in the sidebands, contributes to the uncertainty
in the main background event yield by 5% and 15% for the low- and high-purity categories,
respectively. A second source of uncertainty is the absolute difference in the V+jets event yield
prediction between the main function and the alternative function used to fit the mj spectrum
of the V+jets background in the simulated samples. It amounts to 5% and 4% for the low-
and high-purity categories, respectively. The uncertainties related to the number of expected
events from the secondary backgrounds amount to 68% and 48% for the low- and high-purity
categories, respectively, for the top quark background yield, and to 11% and 19%, respectively,
for the diboson background yield. Given that the secondary backgrounds are a small fraction
of the total, the overall impact of the uncertainties in their event yields is negligible.

The uncertainties in the parameters describing the shape of the mVZ
T distribution of the main

background are obtained by propagating the uncertainties related to each parameter of the
simultaneous fit to simulation and data sidebands. These parameters are then decorrelated by
diagonalizing their covariance matrix with a linear transformation.

The normalizations of the secondary backgrounds and of the signal are affected by a 1% uncer-
tainty in the trigger efficiency, calculated as described in Section 5.

The impact of the uncertainties in the pT of the reconstructed bosons is evaluated by simultane-
ously varying their pT within their uncertainties, since ~pmiss

T is influenced by the pT corrections
applied to all the hadronic objects present in the event. The uncertainties related to JES and
JER are evaluated by varying their numerical values within their uncertainties. They have a
negligible impact (less than 1%) on both the normalization of the signal and secondary back-
grounds, and on their shape; namely, on the parameters describing the exponential behavior of
the spectra. The uncertainty in ~pmiss

T arising from unclustered energy deposits is also negligibly
small. Uncertainties related to the mj corrections are considered, and they affect the signal and
background yields by 1%. Uncertainties related to the jet mass smearing affect the signal yield
by 5.1%, the top quark backgrounds by 3.1%, and the diboson backgrounds by 2.0%. Jet mass
smearing uncertainties affect the parameters describing the top quark and diboson background
shapes by 4% and 1%, respectively.

The uncertainty related to the τ21 scale factors, as described in Section 5, has the largest single
impact on the final results. An additional source of uncertainty comes from the jet pT depen-
dence of the τ21 scale factors. The τ21 distributions are modeled at higher pT regimes (above
200 GeV), where the event yield is very small in data, by using an alternative showering scheme
(HERWIG++ [47]) and compared to PYTHIA. The discrepancy between the predictions is param-
eterized as a function of the jet pT. In this analysis, the uncertainties due to the τ21 scale factor
extrapolations at high pT amount to 9–20%, depending on the purity category.

The uncertainty in the b tagging efficiency affecting the veto applied to AK4 jets impacts the
signal normalization by 1%, the diboson background normalization by less than 1%, and the
top quark background normalization by 2%.

A minor source of uncertainty comes from the uncertainty in the total inelastic proton-proton
cross section at 13 TeV, which affects the pileup distribution, and thus the normalization of the
simulated samples. It amounts to less than 1% for diboson, top quark, and signal samples.

A 3% uncertainty is assigned to the efficiency of vetoing hadronically decaying tau leptons.
The uncertainty in the measurement of the integrated luminosity amounts to 2.5% [48].

The renormalization and factorization scales used in the simulation are varied by a factor of
2 and a factor of 0.5, both separately and independently. Per-event weights are extracted and
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propagated to the invariant mass distributions. These scale variations affect the shape of the
top quark background by a total of 1%, and its normalization by 7% (renormalization scale)
and 3% (factorization scale); they both affect the diboson background normalization by 1%.
The uncertainty related to the choice of the parton distribution functions used in simulation is
estimated by following the prescriptions in Ref. [49], using the NNPDF3.1 [29] set. The param-
eters describing the parton distribution functions are varied together within their uncertainties,
and the resulting variations are used as a set of per-event weights, applied to the invariant mass
distributions. These uncertainties affect the normalization of the top quark and diboson back-
grounds by 0.3% each; the effect on the top quark and diboson background shapes is negligibly
small. Uncertainties of 15% [50, 51] and 10% [52–54] are assigned to the normalization of the
diboson and top quark backgrounds, respectively, from the knowledge of the production cross
section.

8 Results
An unbinned profile likelihood fit is performed on the final spectra of the transverse mass of
the diboson candidates. The signals are modeled with a Crystal Ball function [55], i.e., a func-
tion with a Gaussian core and a power-law behavior in the low tail. Systematic uncertainties
are treated as nuisance parameters constrained with a log-normal distribution and profiled
during the minimization. The background-only hypothesis is tested in the data, where the
low- and high-purity categories have been combined. The asymptotic modified frequentist
approach [56–58], or CLs criterion, is used to quote 95% confidence level (CL) limits.

The observed and expected limits on the product of the cross section and branching fraction
(σB(W′ → WhadZinv)) for a spin-1 W′ decaying into W and Z bosons that in turn decay in
the hadronic and invisible channels, respectively, as a function of the mass of the resonance,
are shown in Fig. 4 (left). The hypothesis of a heavy spin-1 resonance, predicted by the HVT
model A scenario, is rejected at 95% CL for masses smaller than 3.1 TeV, while the W′ described
in the HVT model B context is excluded up to 3.4 TeV. At these mass values, the product of
cross section and branching fraction are expected to be 1.4 fb and 1.1 fb, respectively.

The observed and expected limits on the product of the cross section and branching fraction
(σB(G → ZhadZinv)) for a spin-2 bulk graviton decaying into a pair of Z bosons, where one Z
boson decays hadronically and the other invisibly, are shown in Fig. 4 (right), as a function of
the mass of the resonance. The theoretical predictions for the curvature parameter hypothesis
k̃ = 0.5 are shown for comparison.

The results of this search complement those published by the ATLAS Collaboration [59], which
were obtained from an investigation of the same final state, using different jet substructure and
background estimation techniques. The limits obtained here are the best single limits obtained
in this final state.

9 Summary
A search has been made for heavy diboson resonances (WZ, ZZ) decaying into a pair of vector
bosons, one of which is a Z boson decaying into νν and the other is a W or Z boson that decays
into qq. The data were collected by the CMS detector from proton-proton collisions produced
at the LHC at a center-of-mass energy of 13 TeV. In this analysis, the hadronically decaying W
or Z boson is reconstructed as a large-cone jet. The invisible decay of the Z boson manifests
itself as a large amount of missing transverse momentum recoiling against the jet. The trans-
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Figure 4: The observed and expected limits on the product of the cross section and branching
fraction σB(W′ → WhadZinv) for a spin-1 HVT signal hypothesis (left) and σB(G → ZhadZinv)
for a spin-2 bulk graviton signal hypothesis (right), as a function of the W′ and G mass, re-
spectively. The low- and high-purity categories have been combined. The inner and outer
shaded bands indicate the 68% and 95% uncertainty intervals associated with the expected
limits. Theoretical predictions are shown for: (left) the two HVT models considered, model A
(blue dotted-and-dashed line) and model B (red solid line), and (right) a graviton model with
a curvature parameter of k̃ = 0.5 (violet solid line).

verse components of the VZ system momentum are used to define the transverse mass variable,
where a search for a localized excess is performed. The expected background is described with
a hybrid data/simulation approach that takes advantage of data sidebands to predict the back-
ground normalization and shape in the signal region. To improve the discovery potential, two
purity categories are defined, based on a jet substructure observable. An unbinned maximum
likelihood fit is performed. No excess is observed in data compared to standard model predic-
tions. Upper limits are established at 95% confidence level on the product of the production
cross section and branching fraction for a spin-1 heavy vector triplet (HVT) W′ boson and spin-
2 bulk graviton, which are in the range 0.9–63 fb and 0.5–40 fb, respectively, depending on the
resonance mass. The existence of a W′ boson is excluded at 95% confidence level up to a mass
of 3.1 TeV in the HVT model A and up to 3.4 TeV in the HVT model B.
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search grants 123842, 123959, 124845, 124850 and 125105 (Hungary); the Council of Science and
Industrial Research, India; the HOMING PLUS program of the Foundation for Polish Science,
cofinanced from European Union, Regional Development Fund, the Mobility Plus program of
the Ministry of Science and Higher Education, the National Science Center (Poland), contracts
Harmonia 2014/14/M/ST2/00428, Opus 2014/13/B/ST2/02543, 2014/15/B/ST2/03998, and
2015/19/B/ST2/02861, Sonata-bis 2012/07/E/ST2/01406; the National Priorities Research
Program by Qatar National Research Fund; the Programa Estatal de Fomento de la Investi-
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Laboratoire Leprince-Ringuet, Ecole polytechnique, CNRS/IN2P3, Université Paris-Saclay,
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G. Abbiendia, C. Battilanaa,b, D. Bonacorsia ,b, L. Borgonovia,b, S. Braibant-Giacomellia ,b,
R. Campaninia ,b, P. Capiluppia,b, A. Castroa ,b, F.R. Cavalloa, S.S. Chhibraa,b, G. Codispotia ,b,
M. Cuffiania ,b, G.M. Dallavallea, F. Fabbria, A. Fanfania,b, D. Fasanellaa,b, P. Giacomellia,
C. Grandia, L. Guiduccia ,b, S. Marcellinia, G. Masettia, A. Montanaria, F.L. Navarriaa ,b,
A. Perrottaa, A.M. Rossia,b, T. Rovellia ,b, G.P. Sirolia ,b, N. Tosia

INFN Sezione di Catania a, Università di Catania b, Catania, Italy
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L. Baronea ,b, F. Cavallaria, M. Cipriania,b, N. Dacia, D. Del Rea ,b, E. Di Marcoa,b, M. Diemoza,
S. Gellia,b, E. Longoa ,b, F. Margarolia ,b, B. Marzocchia ,b, P. Meridiania, G. Organtinia,b,
R. Paramattia,b, F. Preiatoa,b, S. Rahatloua ,b, C. Rovellia, F. Santanastasioa ,b
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E. Palencia Cortezon, S. Sanchez Cruz, P. Vischia, J.M. Vizan Garcia

Instituto de Fı́sica de Cantabria (IFCA), CSIC-Universidad de Cantabria, Santander, Spain
I.J. Cabrillo, A. Calderon, B. Chazin Quero, E. Curras, J. Duarte Campderros, M. Fernandez,
J. Garcia-Ferrero, G. Gomez, A. Lopez Virto, J. Marco, C. Martinez Rivero, P. Martinez Ruiz del
Arbol, F. Matorras, J. Piedra Gomez, T. Rodrigo, A. Ruiz-Jimeno, L. Scodellaro, N. Trevisani,
I. Vila, R. Vilar Cortabitarte

CERN, European Organization for Nuclear Research, Geneva, Switzerland
D. Abbaneo, B. Akgun, E. Auffray, P. Baillon, A.H. Ball, D. Barney, J. Bendavid, M. Bianco,
A. Bocci, C. Botta, T. Camporesi, R. Castello, M. Cepeda, G. Cerminara, E. Chapon, Y. Chen,
D. d’Enterria, A. Dabrowski, V. Daponte, A. David, M. De Gruttola, A. De Roeck, N. Deelen,
M. Dobson, T. du Pree, M. Dünser, N. Dupont, A. Elliott-Peisert, P. Everaerts, F. Fallavollita,
G. Franzoni, J. Fulcher, W. Funk, D. Gigi, A. Gilbert, K. Gill, F. Glege, D. Gulhan, P. Harris,
J. Hegeman, V. Innocente, A. Jafari, P. Janot, O. Karacheban18, J. Kieseler, V. Knünz,
A. Kornmayer, M.J. Kortelainen, M. Krammer1, C. Lange, P. Lecoq, C. Lourenço, M.T. Lucchini,
L. Malgeri, M. Mannelli, A. Martelli, F. Meijers, J.A. Merlin, S. Mersi, E. Meschi, P. Milenovic44,
F. Moortgat, M. Mulders, H. Neugebauer, J. Ngadiuba, S. Orfanelli, L. Orsini, L. Pape, E. Perez,
M. Peruzzi, A. Petrilli, G. Petrucciani, A. Pfeiffer, M. Pierini, D. Rabady, A. Racz, T. Reis,
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Çukurova University, Physics Department, Science and Art Faculty, Adana, Turkey
M.N. Bakirci50, A. Bat, F. Boran, S. Cerci51, S. Damarseckin, Z.S. Demiroglu, C. Dozen, E. Eskut,
S. Girgis, G. Gokbulut, Y. Guler, I. Hos52, E.E. Kangal53, O. Kara, U. Kiminsu, M. Oglakci,
G. Onengut54, K. Ozdemir55, S. Ozturk50, A. Polatoz, U.G. Tok, S. Turkcapar, I.S. Zorbakir,
C. Zorbilmez

Middle East Technical University, Physics Department, Ankara, Turkey
G. Karapinar56, K. Ocalan57, M. Yalvac, M. Zeyrek

Bogazici University, Istanbul, Turkey
E. Gülmez, M. Kaya58, O. Kaya59, S. Tekten, E.A. Yetkin60

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. Newbold61, S. Paramesvaran, T. Sakuma,
S. Seif El Nasr-storey, D. Smith, V.J. Smith

Rutherford Appleton Laboratory, Didcot, United Kingdom
K.W. Bell, A. Belyaev62, C. Brew, R.M. Brown, L. Calligaris, 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,
M. Citron, D. Colling, L. Corpe, P. Dauncey, G. Davies, A. De Wit, M. Della Negra, R. Di Maria,



27

A. Elwood, Y. Haddad, G. Hall, G. Iles, T. James, R. Lane, C. Laner, L. Lyons, A.-M. Magnan,
S. Malik, L. Mastrolorenzo, T. Matsushita, J. Nash, A. Nikitenko6, V. Palladino, M. Pesaresi,
D.M. Raymond, A. Richards, A. Rose, E. Scott, C. Seez, A. Shtipliyski, S. Summers, A. Tapper,
K. Uchida, M. Vazquez Acosta63, T. Virdee15, N. Wardle, D. Winterbottom, J. Wright, S.C. Zenz

Brunel University, Uxbridge, United Kingdom
J.E. Cole, P.R. Hobson, A. Khan, P. Kyberd, I.D. Reid, L. Teodorescu, S. Zahid

Baylor University, Waco, USA
A. Borzou, K. Call, J. Dittmann, K. Hatakeyama, H. Liu, N. Pastika, C. Smith

Catholic University of America, Washington DC, USA
R. Bartek, A. Dominguez

The University of Alabama, Tuscaloosa, USA
A. Buccilli, S.I. Cooper, C. Henderson, P. Rumerio, C. West

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

Brown University, Providence, USA
G. Benelli, D. Cutts, M. Hadley, J. Hakala, U. Heintz, J.M. Hogan, 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, USA
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, K. Tos, M. Tripathi,
Z. Wang

University of California, Los Angeles, USA
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, USA
E. Bouvier, K. Burt, R. Clare, J. Ellison, J.W. Gary, S.M.A. Ghiasi Shirazi, G. Hanson, J. Heilman,
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

University of California, San Diego, La Jolla, USA
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. Wasserbaech64, J. Wood, F. Würthwein, A. Yagil,
G. Zevi Della Porta

University of California, Santa Barbara - Department of Physics, Santa Barbara, USA
N. Amin, R. Bhandari, J. Bradmiller-Feld, C. Campagnari, 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, USA
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



28

Carnegie Mellon University, Pittsburgh, USA
M.B. Andrews, T. Ferguson, T. Mudholkar, M. Paulini, J. Russ, M. Sun, H. Vogel, I. Vorobiev,
M. Weinberg

University of Colorado Boulder, Boulder, USA
J.P. Cumalat, W.T. Ford, F. Jensen, A. Johnson, M. Krohn, S. Leontsinis, T. Mulholland,
K. Stenson, K.A. Ulmer, S.R. Wagner

Cornell University, Ithaca, USA
J. Alexander, J. Chaves, J. Chu, S. Dittmer, 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, USA
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. Butler,
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, B. Kreis, S. Lammel, D. Lincoln, R. Lipton, M. Liu, T. Liu, R. Lopes De
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31: Also at Purdue University, West Lafayette, USA
32: Also at International Islamic University of Malaysia, Kuala Lumpur, Malaysia
33: Also at Malaysian Nuclear Agency; MOSTI, Kajang, Malaysia
34: Also at Consejo Nacional de Ciencia y Tecnologı́a, Mexico city, Mexico
35: Also at Warsaw University of Technology; Institute of Electronic Systems, Warsaw, Poland
36: Also at Institute for Nuclear Research, Moscow, Russia
37: Now at National Research Nuclear University ’Moscow Engineering Physics
Institute’ (MEPhI), Moscow, Russia



32

38: Also at St. Petersburg State Polytechnical University, St. Petersburg, Russia
39: Also at University of Florida, Gainesville, USA
40: Also at P.N. Lebedev Physical Institute, Moscow, Russia
41: Also at California Institute of Technology, Pasadena, USA
42: Also at Budker Institute of Nuclear Physics, Novosibirsk, Russia
43: Also at Faculty of Physics; University of Belgrade, Belgrade, Serbia
44: Also at University of Belgrade; Faculty of Physics and Vinca Institute of Nuclear Sciences,
Belgrade, Serbia
45: Also at Scuola Normale e Sezione dell’INFN, Pisa, Italy
46: Also at National and Kapodistrian University of Athens, Athens, Greece
47: Also at Riga Technical University, Riga, Latvia
48: Also at Universität Zürich, Zurich, Switzerland
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