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1 Introduction
Over the past half-century, searches for progressively heavier resonances in two-body decays
have resulted in discoveries of several new states at particle colliders. At the LHC, searches
for massive gauge bosons (W′ and Z′, collectively referred to as V′) that couple through elec-
troweak (EW) interaction to SM particles have been performed by ATLAS and CMS in final
states with two SM bosons [1–18], two leptons [19–22], two light-flavored quarks [23] or heavy
flavor quarks [24–28], setting limits on the mass and the couplings of the resonances. The new
states may couple predominantly to either SM fermions, as in the case of minimal W′ and Z′

models [29–31], or the SM bosons, as in strongly coupled composite Higgs and little Higgs
models [32–38]. Warped extra dimensional (WED) models also provide a candidate for large-
mass resonances such as the spin-2 first Kaluza-Klein (KK) excitation of the graviton (G) [39–
41], which has a sizable branching fraction to pairs of W, Z, and H bosons.

This article describes the statistical combination of CMS searches for heavy resonances decay-
ing to a pair of bosons or leptons [1–10], and provides the most competitive exclusion limits
from the CMS experiment on beyond-the-SM theories that foresee heavy vector resonances
or a Bulk Graviton. Due to the resonances having large masses that exceed 1 TeV, the SM
bosons produced in their decay should have large Lorentz boosts. The decay products of the
SM bosons are thus very collimated, requiring dedicated reconstruction techniques for their
identification and reconstruction. In the case of hadronic decays, the pair of quarks are recon-
structed using a single large-cone jet with a two-pronged structure originating from the two
hadronized quarks. Additionally, Higgs boson decays may also be identified by tagging the b
quarks originating from its decay. In models where the heavy vector bosons couple predom-
inantly to fermions, the contribution from leptonic decays W′ → `ν and Z′ → `` dominates,
and these channels are included in the combination [19, 20]. The analyses considered are based
on 35.9 fb−1 of integrated luminosity at

√
s = 13 TeV collected during the 2016 data-taking pe-

riod by the CMS experiment. A similar combination performed on a comparable dataset has
been recently published by ATLAS [42].

2 The CMS detector and event reconstruction
The CMS detector features a silicon pixel and strip tracker, a lead tungstate crystal electromag-
netic calorimeter (ECAL), and a brass and scintillator hadron calorimeter (HCAL), each com-
posed of a barrel and two endcap sections. Forward calorimeters extend the pseudo-rapidity
coverage up to |η| < 5.2. These detectors reside within the superconducting solenoid, which
provides a magnetic field of 3.8 T. Muons are measured in gas-ionization detectors embedded
in the steel flux-return yoke outside the solenoid. A detailed description of the CMS detector,
together with a definition of the coordinate system and the relevant kinematic variables, can be
found in Ref. [43].

The information from the various elements of the CMS detector is used by the particle-flow
(PF) algorithm [44] to identify stable particles reconstructed in the detector as electrons, muons,
photons, and charged or neutral hadrons. The energy of electrons is determined from a combi-
nation of the electron momentum, as determined by the tracker, the energy of the correspond-
ing ECAL cluster, and the energy sum of all bremsstrahlung photons spatially compatible with
originating from the electron track [45]. The energy of muons is obtained from the curvature of
the corresponding track [46]. Hadronically decaying τ leptons are reconstructed by combining
one or three charged particle PF candidates with up to two neutral pion candidates [47]. The
energy of charged hadrons is determined from a combination of their momentum measured in
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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. Finally, the en-
ergy of neutral hadrons is obtained from the corresponding corrected ECAL and HCAL energy.

Jets are reconstructed from PF candidates clustered with the anti-kT algorithm [48] and a dis-
tance parameter R = 0.4 (AK4 jets) or R = 0.8 (AK8 jets) using the FASTJET 3.0 package [49].
The four-momenta of the AK4 and AK8 jets are obtained by clustering candidates passing the
charged hadron subtraction (CHS) algorithm [50]. The contribution of neutral particles origi-
nating from pileup interactions is proportional to the jet area and is estimated using the median
area method implemented in FASTJET [51], and then subtracted from the jet energy. The jet en-
ergy resolution, after the application of corrections to the jet energy, amounts to 4% at 1 TeV [52].
The associated missing transverse momentum ~pmiss

T is taken as the negative vector sum of the
pT of the AK4 jets.

The investigation of the AK8 jet mass (mj) and substructure relies on the pileup per particle
identification (PUPPI) algorithm [50, 53]. The contributions from soft radiation and additional
interactions are removed using the soft-drop algorithm [54, 55], with algorithm parameters
β = 0 and zcut = 0.1. Dedicated mass corrections, derived from simulation and data in a
region enriched with tt events with merged W(qq′) decays, are applied to the jet mass in order
to remove residual jet pT dependence [5, 56], and to match the jet mass scale and resolution
observed in data. The measured soft-drop jet mass resolution is approximately 10%. Exclusive
mj intervals mW, mZ, mH, which range from 65 to 85, 85 to 105, and 105 to 135 GeV, respectively,
are defined according to the nominal mass of the SM bosons.

The N-subjettiness [57] variable τ21 is used to identify jets that result from the merger of more
than one parton jet. The performance of selection criteria using τ21 is measured from data in a
sample enriched in tt events [56]. The decay of a Higgs boson to a pair of b quarks are identified
using two different b tagging algorithms, depending on the background composition. The first
consists of a dedicated b tagging discriminator, specifically designed to identify a pair of b
quarks clustered in a single jet [58]. The second relies on the splitting of the AK8 jet into two
subjets, and the application of the combined secondary vertex algorithm [59] to the subjets.

3 Signal models and simulation
The response of the CMS detector to the production and decay of the heavy resonances is eval-
uated through simulated events, which are reconstructed with the same algorithms used in
collision data. The spin-1 gauge bosons, W′ and Z′, are simulated at leading order (LO) us-
ing the MADGRAPH5 aMC@NLO v2.4.2 matrix element generator [60] within the heavy vector
triplet (HVT) framework [61], which introduces a triplet of heavy vector bosons, one neutral
(Z′) and two electrically charged (W′±), which are degenerate in mass. In the HVT framework,
gV is the coupling strength of the new interaction, cH is the coupling between the HVT bosons,
the Higgs boson, and longitudinally polarized SM vector bosons, cF is the coupling between
the HVT bosons and the SM fermions, and g is the SM SU(2)L gauge coupling. The coupling
strength of the heavy vector bosons to SM bosons and fermions is determined by combinations
gVcH and g2cF/gV, respectively. The HVT framework is presented in two scenarios, hence-
forth referred to as model A and model B, depending on the couplings to the SM particles [61].
In the former, the coupling strengths to the SM bosons and fermions are comparable and the
new particles decay primarily to fermions. In the latter, the couplings to the SM fermions are
small, and the branching fraction to the SM bosons is nearly 100%. Samples are simulated in
HVT model B, and different mass hypotheses in the range of 800 to 4500 GeV are considered,
assuming a negligible resonance width compared to the experimental resolution.
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The bulk graviton samples are simulated at LO with the same generator. In the bulk sce-
nario [62, 63], the cross section and width of the graviton mainly depend on its mass and the
ratio κ̃ ≡ κ/MPl , where κ is a curvature factor of the model and MPl is the reduced Planck
mass. The graviton signals are generated assuming κ̃ = 0.5, which guarantees that the gravi-
ton resonance width is smaller than the experimental resolution.

The signal samples are generated using the NNPDF 3.0 [64] parton distribution functions
(PDFs), and are interfaced with PYTHIA 8.205 [65, 66] for the parton showering and hadron-
ization adopting the MLM matching scheme [67]. Additional pp interactions within the same
or neighboring bunch crossings (pileup) are superimposed on the simulated processes, and the
frequency distribution of the additional events is weighted to match the number of interactions
per bunch crossing that was observed in 2016 data. Generated events are processed through a
CMS detector simulation based on GEANT4 [68].

4 Search channels
Diboson and dilepton resonances have been sought in several final states, depending on the
decay modes of the bosons. Searches have been performed targeting VV [4], VH [5], and HH
final states [2, 10] with both bosons decaying to quarks. The two bosons are reconstructed
as two-pronged large-cone jets, recoiling against each other. The diboson resonance is recon-
structed from the dijet invariant mass. The W and Z bosons are identified through their mass
and τ21, and b tagging is used to identify H boson candidates. Although the signal yield is
large, due to the large branching fraction of the bosons decaying to hadrons or b quarks, these
channels are subject to the overwhelming background represented by QCD multijet produc-
tion. In the VV and VH analyses, the background is estimated directly from data, assuming
that the background invariant mass distribution can be described by a smooth, parametrizable,
monotonically decreasing function. The signal template, based on a Gaussian core, is fitted to
the data simultaneously with the background function. The HH analyses also use an additional
region in the fit, derived by inverting the b tagging selection on the H candidates to constrain
the parameters of the background function.

Searches for VV, VH, and HH resonances have been performed in final states where one of
the SM bosons decays to leptons (Z → νν, W → `ν, Z → ``, or H → ττ), and the other to
quarks (W, Z → qq or H → bb) [3, 6–9]. These final states represent an attractive alternative
to hadronic channels, thanks to the large selection efficiency and the natural discrimination of
the multijet background due to the presence in the signal of high-momenta, isolated leptons.
The decay of a Z boson to neutrinos can be identified by a large amount of pmiss

T , and the
resonance mass can be inferred from the transverse mass summed with the visible jet. For the
W→ `ν decay, a single, isolated lepton and a moderate amount of missing energy will emerge,
and the vector boson can be reconstructed by imposing a constraint on the W boson mass to
recover the longitudinal momentum of the neutrino. In Z → `` decays, two opposite sign,
same-flavor leptons whose invariant mass is compatible with the Z boson mass mZ are used
to accurately determine the Z boson four-momentum. Higgs bosons decaying to τ leptons are
identified through dedicated hadronic τ reconstruction and their expected value of isolation
from other particles [8]. The hadronically decaying bosons are reconstructed as AK8 jets. In
the semi-leptonic analyses, the main V+jets background is estimated from a fit to data in the
jet mass sidebands of the hadronic jet, and extrapolated to the signal region using a transfer
function (“α-function”) derived from simulated samples. Since the background contribution
from top quark pair production can be large, its normalization is derived from appropriate
control regions. In addition, the WV → `νqq [3] analysis introduces a novel signal extraction
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method based on a two-dimensional fit to data. The backgrounds are separated into non-
resonant or resonant categories depending on the presence of genuine resonances (W bosons
and top quarks) in the jet mass spectrum, and fitted simultaneously in the space of the jet mass
and the resonance mass, accounting for the correlation between the two variables.

Searches for diboson resonances decaying to a pair of Z bosons have been performed in fully
leptonic final states, with one boson decaying Z→ `` and the other Z→ νν [1]. The presence of
the bosons defines a very clean final state with reduced backgrounds, but the small branching
fraction makes this channel competitive only for low mass values.

The decay of a heavy resonance to a pair of fermions may be sizable if the couplings to SM
fermions are large. If the resonance is electrically charged, as is the W′±, the decay to an electron
or muon, and a neutrino yields a broad excess in the transverse mass spectrum [20]. If the new
state is neutral, a narrow resonance would emerge from the dielectron or dimuon invariant
mass [19]. The analyses of these fermionic decays extend to masses above 5 TeV, and employ
dedicated selection techniques to identify and measure leptons with very high momenta.

5 Event selection
The analyses entering in the combination are required to be statistically independent. The
considered channels are orthogonal due to exclusive selections on lepton number and flavor,
number of AK8 jets, and jet mass intervals. Analyses with hadronic final states reject events
with isolated leptons or large missing transverse energy reconstructed in the detector. Chan-
nels that share the same lepton multiplicity avoid overlaps by selecting different jet mass in-
tervals. The W′ → `ν search does not share any event with the W′ → VW and W′ → WH
selections due to requirements on the angular separation between the missing energy and the
lepton, ∆φ(`,~pmiss

T ). The Z′ → `` analysis selects events with dilepton invariant mass larger
than 120 GeV, which is incompatible with the 70 < m`` < 110 GeV selection used in the di-
boson channels, in which the Z boson is on-shell. Finally, the two searches for resonant HH
bosons decaying to b quarks manually remove common events. In the WV → `νqq chan-
nel [3] the background is estimated using the 2D fit technique, which scans the full jet mass
range, and therefore is not independent from the WH → `νbb channel. For this reason, in the
W′, Z′, and V′ interpretations, where the two signals simultaneously coexist, the alternate “α-
function” background estimation is used instead [3]; this method only considers events in the
jet mass regions of the W and Z bosons, preventing the double-counting of data events in the
H-mass region. The results of the alternate background estimation method is consistent with
the ones derived with the 2D fit, but about 10% less stringent. The main selections that define
the orthogonality among the analyses are summarized in Table 1.

6 Systematic uncertainties
The systematic uncertainties that affect the normalization or shape of the background distribu-
tions are considered as uncorrelated, since the background estimation is performed in statis-
tically independent regions. The uncertainties arising from reconstruction and calibration are
modeled with a single nuisance parameter per uncertainty, in common across different mea-
surements, when applicable, and are thus correlated among the different channels. These in-
clude the uncertainties on the jet energy and resolution, the electron, muon and τ lepton recon-
struction, identification, and measurement of the energy or the momentum. The uncertainties
on the identification of the hadronically decaying SM bosons are the dominant ones in the final
states with at least one such decay, and originate from the jet mass and resolution, the selection
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Table 1: Summary of the main selections that guarantee the orthogonality between analyses.
The symbol ` represents an electron or a muon; τ leptons are considered separately. The AK4
b jets are additional b tagged AK4 jets that do not geometrically overlap with AK8 jets.

Final state ` τ AK8 jets AK8 jet mass SR AK4 b jets other selections
VV→ qqqq [4] veto - 2 2× [mW, mZ] -
VZ→ ννqq [7] veto veto 1 1×mV veto
VW→ `νqq [3] 1 - 1 mj shape/1× [mW, mZ] veto ∆φ(W, j) > 2
VZ→ ``qq [9] 2 - 1 1×mV - 70 < m`` < 110 GeV
ZZ→ ``νν [1] 2 - - - -
VH→ qqbb [5] veto veto 2 1× [mW, mZ], 1×mH -
VH→ ννbb [6] 0 veto 1 1×mH veto
VH→ `νbb [6] 1 veto 1 1×mH veto ∆φ(`, pmiss

T ) < 2
VH→ ``bb [6] 2 veto 1 1×mH - 70 < m`` < 110 GeV
VH→ ττbb [8] - 2 1 1× [mW, mZ] veto
HH→ bbbb [2] - - 2 2×mH - shared events are
HH→ bbbb [10] - - 1 1×mH 2 manually removed
HH→ ττbb [8] - 2 1 1×mH veto
`ν [20] 1 - - - - ∆φ(`, Emiss

T ) > 2.5
`` [19] 2 - - - - m`` > 120 GeV

on the N-subjettiness, the b tagging, or a combination of the two. Uncertainties covering the
extrapolation to very high jet pT of the N-subjettiness selection and the selection of events in
jet mass window of the Higgs boson are also included. The uncertainties on the proton-proton
inelastic cross section, the delivered luminosity during the 2016 data-taking, and the kinematic
acceptance of the final-state particles affect the signal normalization, and are taken as corre-
lated among channels as well. Theory uncertainties on the cross section and signal geometric
acceptance are considered related to the choice of PDFs used by the event generators [69] and
are derived according to the PDF4LHC recommendations [69], as well as uncertainties on the
factorization and renormalization scales, obtained by varying the corresponding scales up and
down by a factor of 2. The impact on the signal cross section can be as large as 50%, depending
on the signal mass and the initial state (qq or gg). These uncertainties are not profiled in the
fit when presenting the results as upper limits on the cross sections, and are included in the
uncertainty band of the theoretical cross section line. When placing constraints on the HVT
model parameters, the uncertainties are instead profiled in the fit.

7 Results and interpretation
No significant excess above the background expectation has been observed in the individual
channels, and upper limits at 95% confidence level (CL) are set on the cross sections of heavy
resonances using the modified frequentist approach (CLs), and taking the likelihood as the
test statistic [70–72] in the asymptotic approximation [73]. This approximation leads to up
to 30% stronger limits compared to the CLs, depending on the resonance mass. Systematic
uncertainties are treated as nuisance parameters that are modeled through log-normal priors.

The exclusion limits on the cross section of each diboson final state (WW, WZ, ZZ, WH, ZH,
HH) are depicted in Fig. 1 according to the spin of the exotic particle. The generated signal may
be either a spin-1 heavy vector (W′ or Z′, as in the HVT model) or a spin-2 boson (as in Graviton
models). In fact, the spin and polarization of the heavy resonance affect the final state, signal
acceptance, and selection efficiencies. The exclusion limits are presented up to 4.5 TeV, because
above these value the background estimation procedure used in diboson analyses becomes less
reliable due to the lack of events in data.
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Figure 1: Observed and expected 95% CL upper limits on the product of the cross section and
branching ratio of a spin-1 (left) or spin-2 resonance (right) decaying to a pair of bosons.

The combined exclusion limits for the spin-1 singlet hypotheses (W′ or Z′) in the HVT model B
framework, where the branching fractions to SM bosons are dominating, are shown in Fig. 2.
In this scenario, the contribution of the dilepton channels is negligible due to their branching
fraction of the order of few permil. The contribution from VH decays to VV channels, caused
by an underestimation of mj, is also considered. The predictions of the HVT model B are su-
perimposed on the exclusion limits, and a W′ with mass lower than 4.3 TeV, and a Z′ with mass
lower than 3.7 TeV are excluded at 95% CL.
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Figure 2: Observed and expected 95% CL upper limits on the W′ (left) and Z′ cross section
(right) as a function of the W′ and Z′ resonance mass. The inner green and outer yellow bands
represent the ±1 and ±2 standard deviation variations on the expected limits of the statistical
combination of the considered VV and VH channels. The expected limit of the single channels
is represented by the colored dashed lines. The solid curves and their shaded areas correspond
to the cross section predicted by the HVT models B and the relative uncertainties.

The HVT hypothesis is tested by combining all diboson channels in Fig. 3, and a mass-degenerate
state with mass below 4.5 TeV can be excluded with the considered dataset in HVT model B.
The dilepton resonances provide the most stringent results within the HVT model A frame-
work, and are combined with the diboson searches in Fig. 3. A heavy triplet of V′ resonances
is excluded up to a mass of 5.0 TeV. The most significant excesses in the W′, Z′, V′, and G com-
binations have a local (global) significance of 2.8 (1.3), 2.6 (0.7), 2.4 (0.5), and 2.2 (0.7) standard
deviations, respectively. The significances are derived in the asymptotic approximation [73].

The exclusion limits on the resonance cross section shown in Fig. 3 are also interpreted as a limit
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Figure 3: Observed and expected 95% CL upper limit on the cross section as a function of the
HVT triplet mass, for the combination of all the considered channels, in the HVT model B (left)
and model A (right). The inner green and outer yellow bands represent the±1 and±2 standard
deviation variations on the expected limit. The solid curves and their shaded areas correspond
to the cross sections predicted by the HVT models A and B and the relative uncertainties.

in the
[
gVcH, g2cF/gV

]
plane of the HVT parameters. The excluded region of the parameter

space for narrow resonances obtained from the combination of all the considered channels is
shown in Fig. 4. The dilepton and diboson searches are able to constrain different regions of the
parameter space. Including the dilepton searches allows for the exclusion of the region where
the coupling to the SM bosons approaches zero. In this interpretation, the ratio between the
W′ and Z′ cross sections is assumed to be determined by the ratio of the partonic luminosities,
and to loosely depend on the model parameters. The fraction of the parameter space where
the natural width of the resonances is larger than the average experimental resolution of 5%,
and the narrow width approximation is not valid, is also indicated in Fig. 4. The extent of
the parameter space excluded significantly improves on the reach of the previous

√
s = 8 and

13 TeV CMS combination [74], which excluded a triplet of heavy resonances up to 2.4 TeV in
model B. These results represent the most stringent limits on these models presented by CMS,
and are comparable with the ATLAS combination of similar final states [42].

In the spin-2 bulk graviton model, the WW, ZZ, and HH channels are combined, setting upper
limits of up to 1.1 fb on the cross section of a graviton with mass of 4.5 TeV. In the κ̃ = 0.5
scenario, a graviton with mass smaller than 850 GeV is excluded at 95% CL, as shown in Fig. 5.
Larger κ̃ values increase the production cross sections, but also the resonance width, which
may be comparable or larger than the experimental resolution. In these cases, the narrow width
approximation is no longer valid.

8 Summary
The statistical combination of searches for heavy resonances decaying into a pair of vector
bosons, a vector boson and a Higgs boson, two Higgs bosons, or a pair of leptons, has been
presented. The searches are performed on the data collected by the CMS experiment at

√
s =

13 TeV during 2016, and correspond to an integrated luminosity of 35.9 fb−1. In models with
warped extra dimensions, upper limits of up to 1.1 fb at 95% CL are set on the production cross
section of the spin-2 bulk graviton. For models with a triplet of narrow spin-1 resonances,
heavy vector bosons with masses lower than 5.0 and 4.5 TeV are excluded at 95% CL in bench-
mark scenarios A and B, respectively.
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Figure 5: Observed and expected 95% CL upper limit on the cross section of the spin-2 Bulk
Graviton as a function of its mass for the statistical combination of the WW, ZZ, and HH chan-
nels. The inner green and outer yellow bands represent the ±1 and ±2 standard deviation
variations on the expected limit. The solid curve and its shaded area represent the cross section
derived with the parameter κ̃ = 0.5 and the associated uncertainty.
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