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A statistical combination of searches is presented for massive resonances decaying to WW, WZ, ZZ, WH,
and ZH boson pairs in proton-proton collision data collected by the CMS experiment at the LHC. The
data were taken at centre-of-mass energies of 8 and 13TeV, corresponding to respective integrated
luminosities of 19.7 and up to 2.7fb~!. The results are interpreted in the context of heavy vector
triplet and singlet models that mimic properties of composite-Higgs models predicting W' and Z’ bosons
decaying to WZ, WW, WH, and ZH bosons. A model with a bulk graviton that decays into WW and ZZ is
also considered. This is the first combined search for WW, WZ, WH, and ZH resonances and yields lower
limits on masses at 95% confidence level for W and Z’ singlets at 2.3 TeV, and for a triplet at 2.4 TeV. The
limits on the production cross section of a narrow bulk graviton resonance with the curvature scale of
the warped extra dimension k = 0.5, in the mass range of 0.6 to 4.0 TeV, are the most stringent published
to date.

© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Hypotheses for physics beyond the standard model (SM) predict
the existence of heavy resonances that decay to any combination
of two among the massive vector bosons (W or Z, collectively re-
ferred to as V) or to a V and the scalar SM Higgs boson (H). Among
the considered models are those dealing with warped extra di-
mensions (WED) [1,2] and composite-Higgs bosons [3-6]. Searches
for such VV and VH resonances in different final states have pre-
viously been performed by the ATLAS [7-12] and CMS [13-20]
experiments at the CERN LHC. As all of these searches have similar
sensitivities, a statistical combination of the CMS results is pro-
vided to improve the overall result. The current status of heavy
diboson searches at CMS is also of interest in this respect, with
recent work in the all-jet VV [21] and lepton+jet WH [16] decay
channels showing possible enhancements.

The benchmark models considered in combining the results
are a heavy vector triplet (HVT) model [22] and the bulk sce-
nario [23-25] (Gpyk graviton) in the Randall-Sundrum (RS) WED
model [1,2]. The HVT model generalizes a large number of models
that predict spin-1 resonances, such as those in composite-Higgs
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theories, which can arise as a singlet, either W' or Z' [26-28],
or as a V' triplet (where V' represents W' and Z’' bosons) [22].
The HVT and Gpyx models are considered as benchmarks for dibo-
son resonances with spin 1 (W — WZ or WH, Z’ — WW or ZH),
and spin 2 (Gpyk — WW or ZZ), respectively, produced via quark-
antiquark annihilation (q@ — W', qq — Z’) and gluon-gluon fu-
sion (gg — Gpulk)-

The analyses included in this statistical combination are based
on proton-proton (pp) collision data collected by the CMS ex-
periment [29] at /s =8 and 13TeV, corresponding to respective
integrated luminosities of 19.7 and 2.3-2.7fb~'. Of the 2.7fb~!
recorded at 13TeV, the detector was fully operational for 2.3fb™!,
while 0.4fb~! were collected with only the central part of the de-
tector (|n| < 3) in optimal condition. The signal corresponds to a
narrow charge 0 or 1 resonance with a mass >0.6TeV that decays
to any of the two high energy W, Z, or Higgs bosons, where narrow
refers to the assumption that the natural relative width is smaller
than the typical experimental resolution of 5%, which is true for a
large fraction of the parameter space of the reference models. For
the mass range under study, the particles emerging from the bo-
son decays are highly collimated, requiring special reconstruction
and identification techniques that are in common in these kinds of
analyses.
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Table 1

Summary of the properties of the heavy-resonance models considered in the combination. The polarization of the produced W and Z bosons in these models is primarily

longitudinal, as decays to transverse polarizations are suppressed.

Model Particles Spin Charge Main production mode Main decay mode
HVT model A, gy =1 W' singlet 1 +1 qq’ qq

7' singlet 1 0 qq qq

W’ and Z' triplet 1 +1,0 qq, qq qq, qq
HVT model B, gy =3 W’ singlet 1 +1 qq WZ, WH

7' singlet 1 0 qq WW, ZH

W’ and Z’ triplet 1 +1,0 qq’, qq WZ, WH, WW, ZH
RS bulk, k=0.5 Ghulk 2 0 gg WW, 7Z

Analyses were performed using all-lepton, lepton+jet, and all-
jet final states that include decays of W and Z bosons into charged
leptons (¢ =e or ©) and neutrinos (v), as well as the reconstructed
jets evolved from the q@” products of the boson decays. The lat-
ter include W — qq’ and Z — qq. The analyses use H — bb and
H — WW — qq'qq’ decays of the Higgs boson, which are labeled
as bb or qqqq, together with a vector boson decaying to hadrons.
Final states with the Higgs boson decaying into a T 7~ lepton pair
are also considered. In all, we combine results from the following
final states: 3¢v (8TeV) [13]; ££qq (8 TeV) [14]; £vqq (8 TeV) [14];
qqqq (8TeV) [15]; ¢vbb (8 TeV) [16]; qqrt (8TeV) [17]; qgbb and
6q (8TeV) [18]; £vqq (13TeV) [19]; qqqq (13 TeV) [19]; and £¢bb,
£vbb, and vvbb (13TeV) [20]. Since some more forward parts of
the detector, which provide information for the calculation of the
missing transverse momentum, were not in optimal condition for a
fraction of the 2015 data-taking period, the analyses of 13 TeV data
in the £vqq, ¢vbb, ¢¢bb, and vvbb decay channels are based on
the dataset corresponding to the integrated luminosity of 2.3 fb™!
rather than 2.7fb~1.

Given the limited experimental jet mass resolution, the W —
qq’ and Z— qq candidates cannot be fully differentiated, and indi-
vidual analyses can be sensitive to several different interpretations
in the same model. For example, the final state £vqq is sensitive
to HVT W’ decays to a WZ boson pair as well as to Z' decays to
WW boson pairs. The sum of contributions from multiple signals
with their respective efficiencies is sought in the combination. For
this reason, separate interpretations are given below for a vector
triplet V' and for vector singlets (W’ or Z).

This letter is structured as follows. After a brief introduction
to the benchmark models in Section 2, a summary of the analy-
ses entering the combination is given in Section 3. The combining
procedure is described in Section 4, and finally the results and
summary are provided in Sections 5 and 6.

2. Theoretical models

As indicated above, heavy diboson resonances are expected in a
large class of models that attempt to accommodate the difference
between the electroweak and Planck scales. We perform the com-
bination in the context of seven benchmark theories formulated to
cover different spin, production, and decay options for resonances
decaying to VV and VH. The properties of models for spin-1 and
spin-2 resonances are briefly discussed in the following two sub-
sections, with benchmark resonances summarized in Table 1. For
both spin-1 and spin-2 resonances, the signal cross sections used
in this paper are given in Tables A.1 and A.2 of the Appendix.

2.1. Spin-1 resonances

Several extensions of the SM such as composite-Higgs [3-6]
and little Higgs [30,31] models can be generalized through a phe-

nomenological Lagrangian that describes the production and decay
of spin-1 heavy resonances, such as a charged W’ and a neutral Z/,
using the HVT model.

The HVT couplings are described in terms of four parameters:

(i) cy describes interactions of the new resonance with the Higgs
boson or longitudinally polarized SM vector bosons;
(ii) cg describes the interactions of the new resonance with
fermions;
(iii) gy gives the typical strength of the new interaction and
(iv) my, is the mass of the new resonance.

The W’ and Z' bosons couple to the fermions through the com-
bination of parameters g2cp/gy and to the H and vector bosons
through gycy, where g is the SU(2);, gauge coupling. The Higgs
boson is assumed to be part of a Higgs doublet field. Therefore,
its dynamics are related to the Goldstone bosons in the same dou-
blet by SM symmetry. Those Goldstone bosons are equivalent to
the corresponding longitudinally polarized W and Z bosons in the
high energy limit according to the “Equivalence Theorem” [32]. The
coupling of the Higgs boson to the W' and Z' resonances can thus
be described by the same coupling as used for the longitudinal W
and Z bosons.

The production of W' and Z' bosons at hadron colliders is ex-
pected to be dominated by the process qq@”> — W’ or Z'. Two
benchmark models are studied, denoted A and B, that were sug-
gested in Ref. [22]. In model A, weakly coupled vector resonances
arise from an extension of the SM gauge group. In model B, the
heavy vector triplet is produced by a strong coupling mechanism,
as embodied in theories such as in the composite-Higgs model.
Consequently, in model A the branching fractions to fermions and
SM massive bosons are comparable, whereas in model B, fermionic
couplings are suppressed. Therefore, in the context of WW, WZ,
ZH, and WH resonance searches, model B is of more interest, since
model A is strongly constrained by searches in final states with
fermions. In both options, the heavy resonances couple as SM cus-
todial triplets, so that W' and Z' are expected to be approximately
degenerate in mass, and the branching fractions B(W' — WH) and
B(Z' — ZH) to be comparable to B(W' — WZ) and B(Z' — WW).
We consider model A (cy = —g2/g2, cp = —1.3) with parameter
gy =1, and model B (cy = —1, cg = 1) with parameter gy = 3.
A value of gy =3 is chosen for model B to represent strongly cou-
pled electroweak symmetry breaking, e.g. composite-Higgs models,
while assuring small natural widths relative to the experimental
resolution. We also consider heavy resonances that couple to W’
and Z' as singlets, i.e. expecting only one charged or neutral reso-
nance at a given mass, as summarized in Table 1.

Previous searches for a W’ boson decaying into a pair of SM
massive bosons (WZ, WH) provide a lower mass limit of 1.8 TeV
in model A (gv =1) and 2.3TeV in model B (gy = 3), where the
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results from 8TeV data [7-9,13,15,16] are most stringent at low
resonance masses, while 13 TeV analyses [10,11,19,20] dominate at
higher resonance masses. Searches for a Z’ boson decaying into a
pair of SM massive bosons (WW, ZH) yield lower mass limits of 1.4
and 2.0TeV in models A and B, respectively, based on 8 TeV [12,17,
18] and 13TeV [10,11,19,20] data. For a heavy vector triplet reso-
nance, the most stringent lower mass limits of 2.35TeV (model A)
and 2.60TeV (model B) are obtained from a combination of VV
searches at 13 TeV [10].

2.2. Spin-2 resonances

Massive spin-2 resonances can be motivated in WED models
through Kaluza-Klein (KK) gravitons [1,2], which correspond to a
tower of KK excitations of a spin-2 graviton. The original RS model
(here denoted as RS1) can be extended to the bulk scenario (Gpyjk),
which addresses the flavor structure of the SM through the local-
ization of fermions in the warped extra dimension [23-25].

These WED models have two free parameters: the mass of the
first mode of the KK graviton, m¢, and the ratio k = k/mpj, where
k is the curvature scale of the WED and mp = mpy/~/87 is the
reduced Planck mass. The constant k acts as the coupling constant
of the model, on which the production cross sections and widths
of the graviton depend quadratically. For models with k < 0.5, the
natural width of the resonance is sufficiently small to be neglected
relative to detector resolution.

In the bulk scenario, coupling of the graviton to light fermions
is highly suppressed, and the decay into photons is negligible,
while in the RS1 scenario, the graviton decays to photon and
fermion pairs dominate. In the context of WW and ZZ resonance
searches, the bulk scenario is of great interest, since RS1 is already
strongly constrained through searches in final states with fermions
and photons [33-35]. The production of gravitons at hadron collid-
ers in the bulk scenario is dominated by gluon-gluon fusion, and
the branching fraction B(Gpyx — WW) ~ 2 B(Gpyxk — ZZ). The de-
cay mode into a pair of Higgs bosons, which is not studied in this
paper, has a branching fraction comparable to B(Gpuix — ZZ).

For k =1, where the bulk graviton has comparable or larger
width than the detector resolution, the most stringent lower limit
of 1.1 TeV on its mass is set by a combination of searches in the
diboson final state [10]. The most stringent limits on the cross
section for narrow bulk graviton resonances for k < 0.5 are also
determined through searches in the diboson final state [14,15,
19]; however, the integrated luminosity of the dataset is not large
enough to allow us to obtain mass limits for this resonance.

3. Data analyses
3.1. The CMS detector

The central feature of the CMS apparatus is a superconduct-
ing 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, and
a brass and scintillator hadron calorimeter, each composed of a
barrel and two endcap sections. Forward calorimeters extend the
pseudorapidity coverage provided by the barrel and endcap detec-
tors. Muons are measured in gas-ionization detectors 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. [29].

3.2. Analysis techniques

This paper combines searches for heavy resonances over a back-
ground spectrum described by steeply falling distributions of the
invariant mass of two reconstructed W, Z, or Higgs bosons in sev-
eral decay modes. The Z — ¢¢ candidates are reconstructed from
electron [36] or muon [37] candidates, while W — ¢v candidates
are formed from the combination of electron or muon candidates
with missing transverse momentum [38], where the longitudinal
momentum of the neutrino is constrained such that the ¢v invari-
ant mass is equal to the W mass [39]. The selection criteria for
leptons are such that they ensure disjoint datasets for the searches
in lepton+jet final states with 0, 1, and 2 leptons. The contributions
from H — t1 candidates are constructed from e and u decays of
T — €U,V and from T — qq'v; candidates, in combination with
missing transverse momentum. The W — qq’, Z — qq, H — bb,
and H - WW — qq'qq’ candidates are reconstructed from QCD-
evolved jets [40], as described in detail in the following.

Since the W, Z, and Higgs bosons originating from decays of
heavy resonances tend to have large Lorentz boosts, their decay
products have a small angular separation, requiring special recon-
struction techniques. For highly boosted W, Z, and Higgs bosons
decaying to electron, muon, and tau candidates, identification and
isolation requirements are formulated such that any other nearby
reconstructed lepton is excluded from the computation of quanti-
ties used for identification and isolation. This method retains high
identification efficiency, while maintaining the same misidentifica-
tion probability when two leptons are very collimated.

When W, Z, or Higgs bosons decay to quark-antiquark pairs,
the showers of hadrons originating from these pairs merge into
single large-radius jets that are reconstructed using two jet al-
gorithms [41]. The Cambridge-Aachen [42] and the anti-kt [43]
algorithms with a distance parameter of 0.8 are used for the 8 and
13TeV data, respectively, providing comparable jet reconstruction
performance. Jet momenta are corrected for additional pp colli-
sions (pileup) that overlap the event of interest, as specified in
Ref. [44]. To discriminate against quark and gluon jet background,
selections on the pruned jet mass [45,46] and the N-subjettiness
ratio 7p/ty [47] are applied. The jet pruning algorithm reclus-
ters the jet constituents, while applying additional requirements
to eliminate soft, large-angle QCD radiation that increases the jet
mass relative to the initial V or H, quark, or gluon jet mass. The
variable 13/t indicates the probability of a jet to be composed of
two hard subjets rather than just one hard jet. A jet is a candi-
date V jet if its pruned mass, mje, is compatible within resolution
with the W or Z mass. The specific selection depends on the anal-
ysis channel. For example, the 13 TeV analyses define the window
in the range 65 < mje; < 105GeV. In the 13TeV data, to further
enhance analysis sensitivity to different signal hypotheses, two dis-
tinct categories enriched in W or Z bosons are defined through
two disjoint ranges in mje. Sensitivity is then further improved
in both 8 and 13TeV data by categorizing events according to
the 72/7t¢ variable into a low purity (LP) and a high purity (HP)
category. Although the HP category dominates the total sensitiv-
ity of the analyses, the LP category is retained, since it provides
improved sensitivity for high-mass resonances. The optimal selec-
tion criteria for mje; and 7/71 depend on signal and background
yields and therefore differ across analyses. As a consequence, the
efficiencies for identifying W and Z bosons can be different. The
total efficiency of the mjer and t2/71 HP selection criteria for a
jet with pr of 1TeV originating from the decay of a heavy reso-
nance ranges from 45% to 75%, with a mistagging rate of 2% to 7%
[40,48].

A category enriched in Higgs bosons is identified through a
pruned-jet mass window around the Higgs boson mass, ensuring a
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Table 2

Summary of signal efficiencies in analysis channels for 2 TeV resonances in the different models under study. For analyses that define high-purity (HP) and low-purity (LP)
categories, both efficiencies are quoted in the form HP/LP. Signal efficiencies are given in percent, and include the SM branching fractions of the bosons to the final state
in the analysis channel, effects from detector acceptance, as well as reconstruction and selection efficiencies. Dashes indicate negligible signal contributions that are not
considered in the overall combination. Channels marked with an asterisk have been reinterpreted for this combination, as described in the text later.

Channel Ref. Efficiency [%]

HVT RS bulk

w z Gbulk

wz WH ww ZH WwW 7z
3¢v (8TeV) [13] 0.6 - - - - -
£0qq (8 TeV) [14] *1.1/- - - *0.2/- - 3.0/1.0
£vqq (8TeV) [14] *4.8/- - *9.4/- - 10.6/7.1 -
qqqq (8TeV) [15] 5.9/5.5 *0.8/0.7 *5.7/5.3 *0.8/0.7 3.8/3.1 5.7/4.2
£vbb(8TeV) [16] - 0.9 - - - -
qqrt (8TeV) [17] - *1.2 - 13 - -
qqbb/6q (8TeV) [18] - 3.0/1.8 - 1.7/11 - -
£vqq (13TeV) [19] 10.2 17 19.4 - 18.1 -
qqqq (13 TeV) [19] 9.7/123 1.8/2.5 8.2/10.6 1.9/2.6 8.7/12.4 11.0/135
£¢bb (13 TeV) [20] - - - 15 - -
2vbb (13 TeV) [20] - 4.0 - - - -
vwbb (13TeV) [20] - - - 42 - -

separate selection relative to V jet identification. For example, the
searches in the vvbb, ¢vbb, and £¢bb final states at 13TeV [20]
define the window in the range 105 < mjer < 135GeV. In addition,

for the bb final state, further discrimination against background
is gained by applying a b tagging algorithm [49-51] to the two
individual subjets into which the H-jet candidate is split. The b tag-
ging algorithm discriminates jets originating from b quarks against
those originating from lighter quarks or gluons. To distinguish
H— WW — qq'qq jets from background, a technique similar to
V jet identification is applied using the t4/72 N-subjettiness ra-
tio [18]. The selection efficiencies for each signal and channel are
summarized in Table 2.

In all-jet final states [15,18,19], the background expectation
is dominated by multijet production, which is estimated through
a fit of a signal+background hypothesis to the data, where the
background is described by a smoothly falling parametric func-
tion. In lepton+jet (£vqq, ££qq, vvbb, £vbb, £¢bb, and qqr ) final
states [14,16,17,19,20], the dominant backgrounds from V+jets pro-
duction are estimated using data in the sidebands of mje. The
contamination from WH and ZH resonances decaying into lep-
ton+jet final states in the high sideband defined in the ¢vqq and
££qq analyses has been evaluated considering the cross sections
excluded by the ¢vbb and €¢bb searches. The impact of this con-
tamination on the resulting background estimate is found to be
negligible. In all-lepton final states [13], the dominant background
from SM diboson production is estimated using simulated events.

3.3. Reinterpretations

In this subsection, we discuss analyses that have been reinter-
preted for this paper since not all signal models presented in this
combination were considered in the originally published analyses.

In the searches for new heavy resonances decaying into pairs
of vector bosons in lepton+jet (¢vqq and £€qq) final states [14]
at /s = 8TeV, 95% confidence level (CL) exclusion limits are ob-
tained for the production cross section of a bulk graviton. Using a
parametrization for the reconstruction efficiency as a function of
W and Z boson kinematics, a reinterpretation is performed in the
context of the HVT model described in Section 2.1, which predicts
the production of charged and neutral spin-1 resonances decaying
preferably to WW and WZ pairs. This reinterpretation is obtained

by rescaling the bulk-graviton signal efficiencies by factors taking
into account the different kinematics of W and Z bosons from W’
and Z' production relative to graviton production. The scale factors
are obtained for each value of the sought resonance by means of
the tables published in Ref. [14]. Signal shapes are unchanged by
the combination process, and the effect of the scaling factor on the
signal efficiency takes into account the differences in acceptance
for the various signals and masses. Since the parametrization is re-
stricted to the HP category of the analyses, the LP category is not
used for the HVT W’ and Z’ interpretations of these channels. The
mjer window that defines the signal regions of the analysis chan-
nels is chosen such that the ¢vqq channel is sensitive to both the
charged and the neutral resonances predicted in the HVT model.
This additional signal efficiency is taken into account in the com-
bination presented in Section 5.2.

The searches for heavy resonances decaying into pairs of vec-
tor bosons in the leptontjet (¢vqq and ¢¢qq) [14,19] and all-jet
(qqqq) [15,19] final states at 8 and 13TeV are also sensitive to
the WH and ZH signatures, since a small fraction of jets initiated
by Higgs bosons have a pruned jet mass in the W or Z range.
These searches are therefore reinterpreted for WH and ZH signals,
to profit from this additional sensitivity. The efficiencies of these
additional signals for the analyses selections are calculated and in-
dicated in Table 2 with an asterisk. This contribution is found to
be negligible for the search in the ¢vqq final state at 8 TeV, as in
this analysis events are rejected if the boson jet satisfies b tagging
requirements. The fraction of jets initiated by Z bosons that have
a pruned jet mass in the Higgs boson mass range is found to be
negligible and therefore this contribution is not taken into account
in the combination.

The search for resonances in the qqrt final state [18] is opti-
mized for a Z' resonance decaying to a ZH pair. However, given the
large mje; window (65 < mjer < 105GeV) used to tag the Z — qq
decays, this analysis channel is also sensitive to the production of
the charged spin-1 W’ resonance decaying to a WH pair predicted
in HVT models. Similarly, the search in the all-jet final state with
8TeV data is optimized for the W — WZ signal hypothesis, while
being sensitive as well to a Z’ resonance decaying to WW. This
overlap is taken into account in the statistical combination de-
scribed in Section 5.2. For all the other analyses, limits have been
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Table 3

Correlation across analyses of systematic uncertainties in the signal prediction affecting the event yield in the signal region and the reconstructed diboson invariant mass

distribution. A “yes” signifies 100% correlation, and “no” means uncorrelated.

Source Quantity 8 and 13TeV eand pu HP and LP W-, Z-, and H-enriched
Lepton trigger yield no no yes yes
Lepton identification yield no no yes yes
Lepton momentum scale yield, shape no no yes yes
Jet energy scale yield, shape no yes yes yes
Jet energy resolution yield, shape no yes yes yes
Jet mass scale yield no yes yes yes
Jet mass resolution yield no yes yes yes
b tagging yield no yes yes yes
W tagging 121 (HP/LP) yield no yes yes yes
Integrated luminosity yield no yes yes yes
Pileup yield no yes yes yes
PDF yield yes yes yes yes
g and pup scales yield yes yes yes yes

previously obtained in the same models as those considered in this
letter and a reinterpretation is not needed.

4. Combination procedure

We search for a peak on top of a falling background spectrum
by means of a fit to the data. The likelihood function is con-
structed using the diboson invariant mass distribution in data, the
background prediction, and the resonant line-shape, to assess the
presence of a potential diboson resonance. We define the likeli-
hood function £ as

L(data | ws(@) + b)) =P(data | us®) + b(9)) p(619), (1)

where “data” stands for the observed data; 6 represents the full
ensemble of nuisance parameters; s(f) and b(9) are the expected
signal and background yields; w is a scale factor for the signal
strength; P(data | ps(®) + b(#)) is the product of Poisson prob-
abilities over all bins of diboson invariant mass distributions in
all channels (or over all events for channels with unbinned dis-
tributions); and p(9|6) is the probability density function for all
nuisance parameters to measure a value § given its true value 6
[52]. After maximizing the likelihood function, the best-fit value
of 14 = Opest-fit/Otheory COTrTesponds therefore to the ratio of the
best-fit signal cross section opest_fir to the predicted cross section
Otheory, assuming that all branching fractions are as predicted by
the relevant signal models.

The treatment of the background in the maximum likelihood
fit depends on the analysis channel. In the qqqq, qqbb, and 6q
analyses, the parameters in the background function are left float-
ing in the fit, such that the background prediction is obtained
simultaneously with g, in each hypothesis [15]. In the remaining
analyses (£vqq, €£qq, ¢¢bb, ¢vbb, vvbb), the background is esti-
mated using sidebands in data, and the uncertainties related to
its parametrized distribution are treated as nuisance parameters
constrained through Gaussian probability density functions in the
fit [14]. The likelihoods from all analysis channels are combined.

The asymptotic approximation [53] of the CLs criterion [54,55]
is used to obtain limits on the signal scale factor wu that take into
account the ratio of the theoretical predictions for the production
cross sections at 8 and 13 TeV.

Systematic uncertainties in the signal and background yields
are treated as nuisance parameters constrained through log-normal
probability density functions. All such parameters are profiled (re-
fitted as a function of the parameter of interest p) in the maxi-
mization of the likelihood function. When the likelihoods from dif-
ferent analysis channels are combined, the correlation of system-
atic effects across those channels is taken into account by treating

the uncertainties as fully correlated (associated with the same nui-
sance parameter) or fully uncorrelated (associated with different
nuisance parameters). Table 3 summarizes which uncertainties are
treated as correlated among 8 and 13 TeV analyses, e and p chan-
nels, HP and LP categories, and mass categories enriched in W,
Z, and Higgs bosons in the combination. Additional categorization
within individual analyses is described in their corresponding pa-
pers. The nuisance parameters treated as correlated between 8 and
13TeV analyses are those related to the parton distribution func-
tions (PDFs) and the choice of the factorization (uf) and renormal-
ization (j;) scales used to estimate the signal cross sections. The
signal cross sections and their associated uncertainties are reevalu-
ated for this combination at both 8 and 13 TeV, estimating thereby
their full impact on the expected signal yield rather than just the
impact on the signal acceptance. The PDF uncertainties are evalu-
ated using the NNPDF 3.0 [56] PDFs. The uncertainty related to the
choice of ¢ and w; scales is evaluated following [57,58] by chang-
ing the default choice of scales in six combinations of (i, ;) by
factors of (0.5,0.5), (0.5,1), (1,0.5), (2,2), (2,1), and (1,2). The
experimental uncertainties are all treated as uncorrelated between
8 and 13TeV analyses. The case where the most important uncer-
tainties are treated as fully correlated among 8 and 13 TeV analyses
has been studied and found to have negligible impact on the re-
sults. After the combined fit, no nuisance parameter was found to
differ significantly from its expectation and from the fit result in
individual analyses.

5. Results

We evaluate the combined significance of the 8 and 13TeV
CMS searches for all signal hypotheses. The ATLAS Collaboration
reported an excess in the all-jet VV — qqqq search, corresponding
to a local significance of 3.4 standard deviations (s.d.) for a W’ res-
onance with a mass of 2TeV [21]. Similarly, the CMS experiment
reported a local deviation of 2.2 s.d. in the lepton+jet WH — £vbb
search for a W’ resonance with a mass of 1.8 TeV [16]. The present
combination does not confirm these small excesses (within the
context of the models considered), as the highest combined sig-
nificance in the mass range of the reported excesses is found to
be for a W’ resonance at 1.8 TeV with a local significance of 0.8
standard deviations.

In the following, we present for each channel 95% CL exclusion
limits on the signal strength w in Eq. (1), expressed as the exclu-
sion limit on the ratio ogsy/0theory Of the signal cross section to
the predicted cross section, assuming that all branching fractions
are as predicted by the relevant signal models.
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Fig. 1. Exclusion limits at 95% CL for HVT models A (left) and B (right) on the signal strengths for the singlets W — WZ and WH (upper), and Z’' — WW and ZH (lower) as a
function of the resonance mass, obtained by combining the 8 and 13TeV analyses. The signal strength is expressed as the ratio ogsy/0theory Of the signal cross section to the
predicted cross section, assuming that all branching fractions are as predicted by the relevant signal models. The curves with symbols refer to the expected limits obtained
by the analyses that are inputs to the combinations. The thick solid (dashed) line represents the combined observed (expected) limits.

Table 4
Lower limits at 95% CL on the resonance masses in HVT models A and B. The 68% quantiles defined as the intervals
containing the central 68% of the distribution of limits expected under the background-only hypothesis are also reported.

Model Observed limit [TeV] Expected limit [TeV] 68% quantile

Singlet W' (model A) 23 21 [1.9,2.3]

Singlet Z' (model A) 2.2 2.0 [1.8,2.2]

Triplet W' and Z' (model A) 2.4 24 [2.1,2.7]

Singlet W’ (model B) 23 24 [2.1,2.7]

Singlet Z' (model B) 2.3 21 [1.9,2.3]

Triplet W' and Z' (model B) 2.4 2.6 [2.3,2.9]
5.1. Limits on W’ and Z' singlets nal strengths are given for the mass ranges 0.6 < my < 4.0TeV
for model A and 0.8 < myy < 4.0TeV for model B. Table 4 summa-
Fig. 1 (upper) shows a comparison and combination of results rizes the lower limits on the resonance masses. Below mass values

obtained in the 8 and 13TeV searches for a W’ singlet resonance of ~ 1.4TeV, the most sensitive channel is the 3¢v final state at
in HVT models A and B. The 95% CL exclusion limits on the sig- 8TeV. At higher masses, the qqqq search at 13 TeV dominates the
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Fig. 2. Exclusion limits at 95% CL on the signal strengths in HVT models A (upper left) and B (upper right) for the triplet V', as a function of the resonance mass, obtained by
combining the 8 and 13 TeV diboson searches. The signal strength is expressed as the ratio ogsy/0theory Of the signal cross section to the predicted cross section, assuming
that all branching fractions are as predicted by the relevant signal models. In the upper plots, the curves with symbols refer to the expected limits obtained by the analyses
that are inputs to the combinations. The thick solid (dashed) line represents the combined observed (expected) limits. In the lower plot, exclusion regions in the plane of the
HVT-model couplings (gvcy, g2cr/gy) for three resonance masses of 1.5, 2.0, and 3.0TeV, where g denotes the weak gauge coupling. The points A and B of the benchmark
models used in the analysis are also shown. The boundaries of the regions excluded in this search are indicated by the solid, dashed, and dashed-dotted lines. The areas
indicated by the solid shading correspond to regions where the resonance width is predicted to be more than 5% of the resonance mass, in which the narrow-resonance

assumption is not satisfied.

sensitivity. The overall sensitivity benefits from the combination
for resonance masses up to ~ 2TeV, lowering the exclusion limit
on the cross section by up to a factor of ~ 3 relative to the most
sensitive single channel, as several channels of similar sensitivity
are combined in this mass range. Above resonance masses of 2 TeV,
the 8TeV analyses do not have significant sensitivity compared to
the qqqq search at 13 TeV.

Fig. 1 (lower) shows the analogous results for a Z’ singlet reso-
nance for final states of WW and ZH in the HVT models A and B.
The ¢vqq channel at 8 TeV and the qqqq, ¢vqq, ¢¢bb, and vvbb
channels at 13TeV dominate the sensitivity over the whole range,
with 8 and 13TeV analyses giving almost equal contributions for
masses below 2TeV. Above this value, the sensitivity arises mainly
from the 13TeV data. As in the W’ analyses, the mass limit is not
affected by the combination compared to what is obtained from
the 13 TeV searches.

5.2. Limits on the heavy vector triplet V'

Fig. 2 (upper) shows the comparison and combination of the
results obtained in the 8 and 13 TeV searches for resonances in a
heavy vector triplet. The lower limits on the resonance masses for
HVT models A and B are quoted in Table 4. As for the W' and 7’
cases, the observed mass limit of 2.4 TeV for both models obtained
combining the 8 and 13 TeV searches is dominated essentially by
the 13 TeV analyses alone.

Fig. 2 (lower) displays a scan of the coupling parameters and
the corresponding observed 95% CL exclusion contours in the HVT
models from the combination of the 8 and 13TeV analyses. The
parameters are defined as gycy and g2cg/gy in terms of the cou-
pling strengths of the new resonance to the H and V, and to
fermions, respectively, given in Section 2.1. The range is limited by
the assumption that the resonance sought is narrow. The shaded
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Fig. 3. Exclusion limits at 95% CL on the signal strength in the bulk graviton model
with k = 0.5, as a function of the resonance mass, obtained by combining the 8 and
13TeV diboson searches. The signal strength is expressed as the ratio ogsy/0theory Of
the signal cross section to the predicted cross section, assuming that all branching
fractions are as predicted by the relevant signal models. The curves with symbols
refer to the expected limits obtained by the analyses that are inputs to the combi-
nation. The thick solid (dashed) line represents the combined observed (expected)
limits.

area represents the region where the theoretical width is larger
than the experimental resolution of the searches, and therefore
where the narrow-resonance assumption is not satisfied. This con-
tour is defined by a predicted resonance width, relative to its
mass, of 5%, corresponding to the best detector resolution of the
searches.

5.3. Limits on the bulk graviton

Fig. 3 shows a comparison and combination of results obtained
in the 8 and 13TeV VV searches in the bulk graviton model with
k = 0.5. The sensitivity arises mainly from the 13TeV qqqq and
£vqq channels. The 13TeV searches supersede the 8TeV combi-
nation down to masses of 0.7 TeV, since in this model, the signal
is produced via gluon-gluon fusion, in contrast to the qq annihi-
lation process responsible for the production of HVT resonances.
The combination yields the most stringent limits to date on sig-
nal strengths for narrow bulk graviton resonances (k =0.5) in the
mass range from 0.6 to 4.0 TeV.

6. Summary

A statistical combination of searches for massive narrow res-
onances decaying to WW, ZZ, WZ, WH, and ZH boson pairs in
the mass range 0.6-4.0TeV has been presented. The searches are
based on proton-proton collision data collected by the CMS exper-
iment at centre-of-mass energies of 8 and 13TeV, corresponding
to integrated luminosities of 19.7 and up to 2.7fb™!, respectively.
The results of the searches and of the combination are interpreted
in the context of heavy vector singlet and triplet models pre-
dicting W' and Z' bosons decaying to WZ, WH, WW, and ZH,
and a model with a bulk graviton that decays into WW and ZZ.
The small excesses observed with 8TeV data by the ATLAS and
CMS experiments [16,21] at 1.8-2.0TeV are not confirmed by the
analyses performed with 13TeV data. This is the first combined
search for WW, WZ, WH, and ZH resonances and yields 95% con-
fidence level lower limits in the heavy vector triplet model B on

the masses of W and Z' singlets at 2.3 TeV, and on a heavy vec-
tor triplet at 2.4TeV. The limits on the production cross section
of a narrow bulk graviton resonance with the curvature scale of
the warped extra dimension k = 0.5, in the mass range of 0.6
to 4.0TeV, are the most stringent published to date. The statis-
tical combination of VV and VH resonance searches in several
distinct final states was found to yield a significant gain in sensi-
tivity and therefore represents a powerful tool for future resonance
searches with the large expected diboson event data sample at the
LHC.
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Appendix A. Signal cross section tables

Table A1

Signal cross sections in units of fb at 8 TeV center-of-mass energy. HVT model A and model B cross sections are quoted in the form opjodel A/OModel B-

Mass Cross section at 8TeV [fb]
(TeV] HVT AJB RS bulk
w 7/ Gbulk
Wz WH Ww ZH Ww Y74
0.6 1786/~ 1377/- 874/- 746/ - 80.7 424
0.8 483/262 413/337 235/131 213/180 123 6.32
1.0 168/155 151/171 80.0/74.6 74.9/85.6 2.75 141
1.5 19.4/24.8 18.4/25.5 8.85/114 8.58/11.9 0.142 0.0719
2.0 2.98/4.19 2.89/4.25 1.34/1.89 1.31/1.93 0.0126 0.00627
2.5 0.494/0.725 0.485/0.731 0.227/0.333 0.224/0.338 0.00140 0.000709
3.0 0.0801/0.120 0.0791/0.121 0.0395/0.0594 0.0392/0.0600 - -
Table A.2
Signal cross sections in units of fb at 13 TeV center-of-mass energy. HVT model A and model B cross sections are quoted in the form onodel A/OModel B-
Mass Cross section at 13TeV [fb]
[Tev] HVT A/B RS bulk
w’ z Ghulk
Wz WH wWw ZH Ww 7z
0.6 4170/~ 3215/~ 2097/~ 1789/- 406.8 203.4
0.8 1258/680 1074/878 635/354 576/485 76.1 38.0
1.0 492/464 443/501 247/229 231/264 20.5 10.2
1.5 81.7/105 77.8/108 39.8/51.1 38.6/53.6 1.80 0.901
2.0 19.8/27.9 19.2/28.3 9.32/13.1 9.16/13.5 0.240 0.120
2.5 5.70/8.37 5.60/8.44 2.61/3.84 2.58/3.90 0.0449 0.0224
3.0 1.79/2.68 1.77/2.70 0.808/1.21 0.801/1.23 0.00982 0.00491
35 0.584/0.888 0.579/0.891 0.264/0.402 0.262/0.405 0.00420 0.00210
4.0 0.192/0.296 0.191/0.296 0.0887/0.136 0.0883/0.137 0.00244 0.00122
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