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ABSTRACT

A search for new heavy resonances decaying to WW, WZ, ZZ, WH, or ZH boson pairs in the all-jets
final state is presented. The analysis is based on proton-proton collision data recorded by the CMS
detector in 2016-2018 at a centre-of-mass energy of 13TeV at the CERN LHC, corresponding to an
integrated luminosity of 138fb~1. The search is sensitive to resonances with masses between 1.3 and
6TeV, decaying to bosons that are highly Lorentz-boosted such that each of the bosons forms a single
large-radius jet. Machine learning techniques are employed to identify such jets. No significant excess
over the estimated standard model background is observed. A maximum local significance of 3.6 standard
deviations, corresponding to a global significance of 2.3 standard deviations, is observed at masses of 2.1
and 2.9TeV. In a heavy vector triplet model, spin-1 Z' and W’ resonances with masses below 4.8 TeV are
excluded at the 95% confidence level (CL). These limits are the most stringent to date. In a bulk graviton
model, spin-2 gravitons and spin-0 radions with masses below 1.4 and 2.7 TeV, respectively, are excluded
at 95% CL. Production of heavy resonances through vector boson fusion is constrained with upper cross
section limits at 95% CL as low as 0.1 fb.

© 2023 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

The CERN LHC allows the probing of new phenomena in inter-
actions of elementary particles at energies of multiple TeV. While
the standard model (SM) of particle physics describes these high-
energy interactions very successfully, it leaves several questions
unresolved, such as the nature of dark matter and the origin of the
large difference between the electroweak and Planck scales. The-
ories beyond the SM that can address these questions introduce
new particles and interactions that could be observed in proton-
proton (pp) collisions at the LHC. A wide range of models predicts
the production of new heavy resonances decaying to pairs of W, Z
(jointly referred to as V), and Higgs bosons (H). Examples of such
resonances are spin-0 radions (Rad) and spin-2 gravitons (Gpyg) in
the Randall-Sundrum model with warped extra dimensions [1-7],
and spin-1 vector boson resonances (W' and Z') [8,9] appearing
in composite Higgs [10-14] and little Higgs [15,16] models and
forming a heavy vector triplet (HVT) [17]. Previous searches by
the CMS Collaboration in the VV [18-29] and VH [18,30-36] chan-
nels, and corresponding searches by the ATLAS Collaboration in the
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VV [37-45] and VH [46-49] channels, have not observed signifi-
cant deviations from the SM. The most stringent lower limits at
95% confidence level (CL) [18,37] for spin-1 resonances decaying
to a WZ (WH) boson pair exclude masses up to 4.3 (4.0)TeV in the
HVT model B [17].

This Letter presents a search in the all-jets final state for
new heavy resonances using a pp collision data set collected
by the CMS experiment at a centre-of-mass energy of 13TeV in
2016-2018 corresponding to an integrated luminosity of 138 fb~!.
Resonances decaying to a VV or VH boson pair with masses be-
tween 1.3 and 6TeV and produced via Drell-Yan (DY), gluon fusion
(ggF), or vector boson fusion (VBF) are targeted. Representative
Feynman diagrams for the aforementioned processes are shown in
Fig. 1.

Because of the large Lorentz boost of the H, W, and Z bosons
from the resonance decay, each boson decay is typically clustered
as a single large-radius jet. The final state thus consists of two
large-radius jets (distance parameter R = 0.8) in the case of DY
and ggF production, with two additional small-radius (R = 0.4) jets
in the case of VBF production. The SM background estimation and
signal extraction procedure is based on a three-dimensional (3D)
maximum likelihood fit to the mass of the two large-radius jet
systems and the two individual large-radius jet masses, as intro-
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Fig. 1. Feynman diagrams of the signal processes ggF or DY produced (upper) and VBF produced (lower): (left) graviton or radion decaying to WW or ZZ; (center) Z' and W’
decaying to ZH and WH, respectively; (right) Z' and W’ decaying to WW and WZ, respectively.

duced in a previous search by the CMS Collaboration in the VV
channel [19]. The sensitivity to VV and VH resonances is signif-
icantly improved compared to previous searches by categorizing
events according to jet tagging algorithms based on machine learn-
ing [50] that analyze the substructure of the large-radius jets to
separate jets that originate from boosted H, W, and Z bosons from
other jets. Events are further categorized based on the presence
of additional small-radius jets, enhancing the sensitivity to VBF-
produced resonances.

2. The CMS detector and event reconstruction

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. [51].

Event reconstruction is based on a particle flow algorithm [52],
which reconstructs and identifies individual particles (photon, elec-
tron, muon, charged hadron, neutral hadron) with information
from the various elements of the CMS detector. Jets are recon-
structed from these particles, using the anti-kt jet clustering al-
gorithm [53] with distance parameters of R = 0.4 (AK4 jets) and
R = 0.8 (AK8 jets), as implemented in the FASTJET package [54]. To
mitigate the effect of additional pp interactions within the same
or nearby bunch crossings (pileup) on the reconstructed jet mo-
mentum, tracks identified as originating from pileup vertices are
discarded and an offset correction is applied to correct for remain-
ing contributions. Jet energy corrections are derived from simu-
lation studies. In situ measurements of the momentum balance
in dijet, photon+jet, Z+jets, and multijet events are used to de-
termine any residual differences between the jet energy scale in
data and in simulation, and appropriate corrections are made [55].
Additional selection criteria are applied to each jet to remove jet

measurements potentially arising from instrumental effects or re-
construction failures [56].

Events of interest are selected using a two-tiered trigger sys-
tem [57]. The first level, composed of custom hardware processors,
uses information from the calorimeters and muon detectors to se-
lect events at a rate of around 100 kHz within a fixed time interval
of less than 4 ps. The second level, known as the high-level trigger,
consists of a farm of processors running a version of the full event
reconstruction software optimized for fast processing, and reduces
the event rate to around 1kHz before data storage. Events are se-
lected online with a variety of different jet triggers based on the
highest jet transverse momentum (pt) or the pr sum of all jets in
the event (Hrt). For some of these triggers additional requirements
on the trimmed jet mass [58] are applied to allow lower the pr
and Ht thresholds [19,25]. The trigger efficiency as a function of
the invariant mass of the two highest pr AK8 jets (mﬁKg) is >99%
above 1250 GeV for all three data-taking years, and the subsequent
analysis thus requires m£*® to be above this threshold.

3. Signal and background simulation

Each signal model is characterized by key parameters. The bulk
graviton model is characterized by two free parameters: the mass
of the first Kaluza-Klein excitation of a spin-2 boson (the Kaluza-
Klein bulk graviton), and the ratio ¥ = k+/87 /Mp, with x being
the unknown curvature scale of the extra dimension and Mp, the
Planck mass. A scenario with ¥ = 0.5, resulting in resonances with
a width smaller than the detector resolution is considered in this
analysis, as motivated in Ref. [59]. The radion model is also charac-
terized by two parameters: r, the compactification radius, and Ag,
the ultraviolet cutoff of the theory. The scenario with xrc.mr = 35
and Ar =3TeV [59] is considered in this analysis. The HVT model
is characterized in terms of four parameters: the mass of the W’
and Z' resonance; a coefficient cg, which scales the couplings of
the additional gauge bosons to fermions; cy, which scales the cou-
plings to the Higgs boson and longitudinally polarized SM vector
bosons; and gy, representing the typical strength of the new vec-
tor boson interaction. Two scenarios are considered in this anal-
ysis: HVT model B, corresponding to gy = 3, cy = —0.98, and
cg = 1.02 [17]; and HVT model C [17], corresponding to gy =1,
cy=1-3, and cg = 0. In both scenarios, the new resonances have
a narrow decay width and large branching fraction to vector boson
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pairs, while the fermionic couplings are suppressed. In the HVT
model C, which has no fermionic couplings, the resonances would
be produced at the LHC exclusively via the VBF mode.

Monte Carlo (MC) simulated events of the radion, bulk gravi-
ton, and HVT resonance signal processes are generated at leading
order (LO) in perturbative quantum chromodynamics (QCD) with
MADGRAPH5_aMC@NLO versions 2.4.2 and 2.6.0 [60]. The parton
showering and hadronization is simulated with PYTHIA versions
8.205 and 8.230 [61], for 2016 and 2017-2018 detector conditions,
respectively. The NNPDF 3.0 [62] LO parton distribution functions
(PDFs) are used together with the CUETP8M1 [63] and CP5 [64]
underlying-event tunes in PYTHIA for 2016 and 2017-2018 condi-
tions, respectively. The signal cross sections are computed at next-
to-LO (NLO) with MADGRAPH5_amMc@NLO with the PDF4LHC15_100
PDF set [62,65-69].

Simulated event samples of the SM background processes are
used to develop the analysis strategy and create templates for dis-
tributions used in the comparison with data. The QCD multijet pro-
duction is simulated with three generator configurations: PYTHIA
only, the LO mode of MADGRAPH5_aMc@NLO [70] interfaced with
PYTHIA for the parton shower evolution and matching (MG+PYTHIA8
in the following), and HERwIG++ 2.7.1 [71] with the CUETHS1
tune [63]. Top quark pair (tt), single top quark, and boson pair
production are modeled at NLO with PowHEG v2 [72] interfaced
with PYTHIA. The production of W+jets and Z+jets (V+jets) is simu-
lated at LO with MADGRAPH5_aMc@NLo interfaced with PYTHIA. The
same underlying-event tunes as used in the signal event samples
are used in the background event samples. A correction [73] is ap-
plied to the simulated V+jets events to match the pr distribution
of the vector bosons computed at LO in QCD to the one predicted
at NLO in QCD, and another correction [74] is used to account for
NLO electroweak effects at high pr. The NNPDF 3.1 [75] next-to-
NLO (NNLO) PDFs are employed for simulated V+jets events.

All samples are processed through a GEANT4-based [76] simula-
tion of the CMS detector. To simulate the effect of pileup collisions,
additional inelastic events are generated using PYTHIA and super-
imposed on the hard-scattering events. The simulated events are
weighted to reproduce the distribution of the number of recon-
structed pileup vertices observed in the 2016, 2017, and 2018 data
separately. While the detector components and conditions varied
across the three years of data taking, the detector performance rel-
evant to this analysis, in particular with regard to the mSKS and

m;\elgs scale and resolution, was very similar [77,78]. We therefore

combine the simulated event samples corresponding to the three
years of data taking, weighting them according to the correspond-
ing integrated luminosity of 36.3, 41.5, and 59.7 fb~! for 2016,
2017, and 2018 [79-81], respectively.

4. Event selection

All events are required to have at least one primary vertex
reconstructed within a region extending 24cm along the beam,
centered on the centre of the detector, and extending 2cm from
the mean beam axis in the transverse direction [82]. The primary
vertex is taken to be the vertex corresponding to the hardest scat-
tering in the event, evaluated using tracking information alone, as
described in Section 9.4.1 of Ref. [83].

Events are selected by requiring at least two AK8 jets with pt >
200GeV and || < 2.5. The two AKS jets with the highest pt in the
event are selected as potential vector boson or Higgs boson candi-
dates and are required to have a separation of |An*¥®| < 1.3 in
order to reduce the QCD multijet background. The invariant mass

of the two AKS8 jets is required to fulfill mﬁKs > 1250 GeV, based on
the trigger selection discussed in Section 2. Given the mf*® reso-

lution of about 10%, the lowest resonance mass that passes this
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selection with high efficiency is 1.3 TeV. Jets originating from the
misreconstruction of a high-momentum lepton are rejected by re-
quiring an angular separation AR = v/ (An)? + (A¢?) > 0.8 (where
¢ is the azimuthal angle) from muons (electrons) with pp > 20
(35)GeV and satisfying identification criteria optimized for high-
momentum leptons [84,85].

Hadronic decays of H, W, and Z bosons are identified using two
variables computed from the AKS8 jet constituents: the “groomed”
mass of the jet and the score from the DeepAK8 neural net-
work [50] jet tagging algorithm. When computing these jet vari-
ables, the pileup per particle identification algorithm [86,87] is
used to mitigate the effect of pileup at the reconstructed particle
level, making use of local shape information, event pileup proper-
ties, and tracking information.

To improve the resolution of the jet mass, the groomed jet
mass (mﬁ,‘ﬁs) is calculated with the soft drop algorithm [88], which
removes soft and wide angular radiation by reclustering the jet
constituents using the Cambridge-Aachen algorithm [89,90] with
parameters 8 =0, zcyt = 0.1, and Ryp =0.8.

The DeepAKS tagger is trained on multiple properties of the re-
constructed jet constituents and secondary vertices. For each jet
constituent, measured properties such as prt, charge, and angular
separation between the particle and the jet axis, are included. Ad-
ditional properties of charged particles and secondary vertices are
used to extract features related to the presence of heavy-flavor (b
or c) quarks. The DeepAKS8 tagger features a two-step customized
deep neural network architecture, developed to handle the high
number of input features and their correlations. In the first step,
two separate convolutional neural networks extract the helpful
characteristics of the constituent particles and the secondary ver-
tices. The jet categorization happens in the second step, where a
simple, fully connected network combines and processes the out-
put of the two convolutional networks.

Jets are categorized according to their origin from single quarks
or gluons, or H, W, and Z bosons decaying to bottom, charm, or
light quark pairs. Two tagger discriminants based on the DeepAK8
categorization are used in this search. The qq tagger considers W
and Z bosons decaying to light quark pairs as signal and single
quarks and gluons as background. The bb tagger considers H and Z
bosons decaying to bottom quark pairs as signal and single quarks
and gluons as background. As the background estimation proce-
dure of this search relies on a smooth shape for the groomed jet
mass after the DeepAK8 tagger selection criteria are applied, an
adversarial training of the DeepAK8 tagger [50] with a reduced
correlation between groomed jet mass and neural network out-
put is used, and an additional decorrelation procedure [50,91] is
applied. The selection on the neural network output is chosen
such that it yields a constant tagging rate as a function of pr
and groomed jet mass for the quark or gluon jet with the highest
pt in MADGRAPH5_aMc@NLo QCD multijet simulation. The taggers
are labeled according to their expected average misidentification
rate in percent for quark and gluon jets estimated with the MAD-
GRAPH5_aMc@NLO QCD multijet simulation. The groomed jet mass,
the qq tagging efficiency, and the probability of the qq tagger to
misidentify hadronically decaying top quarks are calibrated in a
tt event sample enriched in hadronically decaying W bosons [50].
The bb tagger is calibrated in a sample enriched with g — bb jets
using a double-muon tag [92].

To reduce the QCD multijet background, we require each AK8
jet mass to be between 55 and 215 GeV. Finally, a loose require-
ment of p = ln((mj’.“:gg)z/p%) < —1.8 [91] is applied in order to veto
events in which the jet mass is high, but the jet pt is low. In those
cases, the cone size of AR =0.8 is too small to contain the full jet,
affecting both the jet mass resolution and the qq tagging efficiency,
which are consequently not well modeled in the simulation.
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Table 1
Summary of the event category definitions. The categories are listed
from the highest to the lowest sensitivity in each production mode. The
percentages correspond to the maximum misidentification rate associ-
ated with the high (HP) and low (LP) purity working points.
Event category VBF AK8 jety or2 tag AKS jety or1 tag
VBF VH HPHP pass (5% qq or 2% bb) 2% bb
VBF VV HPHP pass 5% qq B 5% q(:q
VBF VH LPHP pass  (20% qq or 10% bb) 2% bb_
VBF VH HPLP pass 5% qq 10% bb
VBF VV HPLP pass 5%4qq 20% qq
DY/ggF VH HPHP fail (5% qq or 2% bb) 2% bb
DY/ggF VV HPHP fail 5% qq B 5% qg
DY/ggF VH LPHP fail (20% qq or 10% bb) 2% bb
DY/ggF VH HPLP fail 5% qq 10% bb
DY/ggF VV HPLP fail 5% qq 20% qq
To simplify the modeling of the 3D shapes in the (mﬁKS, m}“e'gf, to prevent fluctuations due to the limited number of generated
. H H H i AK8 AKS8 AK8
m;\elg) space, the two AKS8 jets are labeled at random so that the events. While the signal is resonant in the mi™®, mj..y, and mje;
o . . H AK8
mass distributions of the first and second selected jet, mi% and ~ observables, all backgrounds are nonresonant in m;™. The QCD
m;\elg' have the same shape. The selected events are subdivided multijet background is nonresonant in all three dimensions. Zl?se

to enhance sensitivity to VBF signal production. The VBF topology
is selected by requiring at least two AK4 jets with pt > 30GeV
and |n| < 5.0 that do not overlap within AR < 1.2 with the lead-
ing two AK8 jets. A separation of |[An”**| > 4.5 and an invariant
mass of the two leading AK4 jets larger than 800GeV is required
to maximize the signal-to-background ratio and achieve the best
sensitivity.

_ Events are further grouped into categories using the qq and
bb taggers with different tagging rates, i.e. different signal-to-
background ratios (high purity “HP” and low purity “LP”), to target
specific signal decay modes, as summarized in Table 1. Purities are
expressed in terms of the maximum allowed misidentification rate.
To ensure that each event ends up only in one category, events are
required to fail the selection of all previous categories in the or-
der listed in Table 1. The overall signal efficiency depends on the
resonance type and mass, and is estimated from simulation to be
12-26% and 2-18% for DY/ggF production and VBF production, re-
spectively. For resonances decaying to a Higgs boson, the VH HPHP
category contains 40-60% of the signal, while for the other reso-
nances 10-40% of the signal is contained in the VH HPHP category
and 15-40% in the VV HPHP category. The other DY/ggF categories
contain 5-40% of the signal, depending on the resonance type and
mass. The VBF categories contain 25-40% of the VBF signals and
less than 5% of the DY/ggF signals.

5. Background estimation and signal extraction

To test for the presence of narrow resonances decaying to two
bosons, a 3D maximum likelihood fit of signal and background
templates to the data in the (mﬁKg, mjAelg, mjf\elg) space is carried
out in all event categories simultaneously. We give a brief expla-
nation of the fit model in the following, and refer to Ref. [19] for
more details.

The main SM background processes in this search are QCD mul-
tijet, tt, W+jets, and Z+jets production. The QCD multijet produc-
tion is the largest background in all categories. While in the VV
event categories the QCD multijet production is by far the most
dominant, making up more than 75% of the background, in the
VH categories tt contributes up to 41% of the background. The
background from W+jets and Z+jets contributes up to 4%, most sig-
nificantly to the LP categories. The background contribution from
single top quark and diboson production is less than 1.5 and 0.5%,
respectively, and is modeled as a part of the tt background. Sig-
nal and background templates in the (mﬁKS, mfeltﬂg, mJAeIg) space
are built from simulation with the method described in Ref. [19]

remaining backgrounds have partly resonant components in Mige”
modeled by separate templates, and partly nonresonant compo-
nents that are absorbed in the QCD multijet background template.
In the background model it is assumed that background compo-
nents resonant in mfelss containing jets from genuine V bosons
or top quarks can be reasonably well modeled by simulation
calibrated with external measurements. Nonresonant background
components with jets initiated by single quarks or gluons misiden-
tified by the qg and bb taggers may be largely mismodeled in
simulation, and are constrained in the likelihood fit to the data.
Systematic uncertainties in the signal and background models are
treated as nuisance parameters and profiled in the statistical inter-
pretation of the data.

To account for discrepancies in the QCD multijet simulation and
data, we allow the background model (template) to adapt to the
data using physically motivated variations of the nominal shape of
the distributions obtained from the pyTHIA8-only simulations. The
templates are smooth versions of the simulations obtained from
simulated events through a forward folding approach, as described
in Ref. [19]. The alternative shapes described below are shown in
Fig. 2 together with the PYTHIA8 templates and simulation. The
normalization of the QCD multijet background is allowed to vary
within 50% and is treated as uncorrelated between all event cate-
gories to let the fit constrain the yield in each of them separately.
Alternative shapes with variations proportional to mAX8, 1/mAK8

i I
AKS AKS - . S
Mige” and 1/mjet allow for variations in the underlying jet pr

spectrum and jet mass scale. Two additional alternative shapes
that simultaneously affect the resonance mass and the groomed
jet mass are also added in order to take into account differences in
the MC generation and modeling of the parton shower. These alter-
native templates are derived using the HERWIG++ and MG+PYTHIA8
QCD multijet simulation.

For events with a large mjAeIES (>175GeV) and low m}‘}Ks
(<1400GeV), the distribution exhibits a turn-on close to the
p < —1.8 threshold that is particularly difficult to model with
the QCD multijet simulation. An additional smooth shape variation
(mj’}I<8 turn-on in Fig. 2) parameterizing any discrepancy between
the 3D template and the QCD multijet simulation in this region is
added to the fit. We neglect the uncertainties due to the choice of
PDF in the QCD multijet simulation, since it was verified that these
effects are covered by the included shape variations. All shape vari-
ations are treated as uncorrelated among the event categories with
different tagger requirements and correlated among the VBF and
DY/ggF categories.



The CMS Collaboration

13 TeV
£ 1 E [ I T 3
Q E CMS ¢+ Simulation (Pythia8) 7
-.g _, [ Simulation —— Template 1
o 107 o m**® up/down E
) . — e 1Imj‘j‘Ks up/down ]
ks 10_2 [ Herwig++ up/down |
8 E —— MG+Pythia8 up/down 3
= F — m}*® turn-on up/down
S0k DY/ggF VH HPHP cat. E
10 ¢ 3
107° 3 E
100 4

6
mAe [TeV]

Physics Letters B 844 (2023) 137813

— m}*® turn-on up/down

DY/ggF VH HPHP cat.

9008,‘ T T T T T T T T T T 13?({\/
Q r CMS + Simulation (Pythia8)

-*g 0.07F Simulation —— Template

o [ o m*K® yp/down

3 0.06 — 1Imj‘j“Ks up/down

o [ Herwig++ up/down
S50.051 —— MG+Pythia8 up/down

0.02/
0.01- :
O:\ L | L L | L L | \:
100 150 200
mAk8 [GeV]

jet1

Fig. 2. Distributions of m2¥® (left) and m2X8 (right) in the nominal QCD multijet simulation using PyTHIA8 (black markers) and three-dimensional templates (black solid line)

jetl

in the DY/ggF VH HPHP category. Superimposed are the normalized up and down variations of five alternative shapes corresponding to shape nuisance parameters in the fit

model. Each of the variations has a characteristic dependence on m#K8

jet
overall variation of the rate in the fit. The distribution of mjAeIS

Similarly, for the W+jets and Z+jets backgrounds, two alterna-
tive shapes of the mﬁKS templates derived by a variation propor-
tional to mj}KS and 1 /mj*}K8 are considered, and the normalization
is allowed to vary within 50%, uncorrelated between all event cat-
egories. We neglect the uncertainties due to the NLO QCD+EW
corrections to the V+jets simulation, since it was verified that these
effects are covered by the included shape variations. The tt back-
ground normalization is allowed to vary within 6% [93,94] and is
considered correlated between the event categories as it is dom-
inantly doubly-resonant in mJAeIﬁ and mj*\e'g. An alternative shape
where the top quark prt spectrum is reweighted to match the ob-
served pr distribution in tt data [94] is also taken into account.

Systematic uncertainties in H, W, and Z boson reconstruction
and identification are dominant for the signal, and are treated
as correlated between the signal and the background components
resonant in the mJAelgs observable. The 3D fit constrains the cor-
responding nuisance parameters that are included with a prior
uncertainty from external measurements of the H, W, and Z bo-
son reconstruction and identification performance. Uncertainties in
the jet mass scale, jet mass resolution, and the qq and bb tagging
efficiencies are estimated from their calibration in a semileptonic
tt event sample [50] and in a sample enriched with g — bb jets
using a double-muon tag [92]. The jet mass scale and resolution
are allowed to vary within 2 and 8%, respectively. The tagging effi-
ciency of the 5% qq, 20% qq, 2% bb, and 10% bb taggers are allowed
to vary within 7-15%, 7-9%, 3-9%, and 2-7%, respectively, depend-
ing on the year of data taking. Uncertainties equal to 1.5 times the
nominal tagging uncertainty values are included in the fit as ad-
ditional nuisance parameters to account for the potential mismod-
eling of the pr dependence of the tagging efficiency beyond the
range of the data-to-simulation scale factor measurement. Finally,
the qq tagger’s rate for misidentification of hadronically decaying
top quarks in the tt sample is allowed to vary within 3-7%.

The uncertainty in the signal acceptance and in the mean
and width of the mSKS, mfe'g, and mfelg distributions originat-
ing from the PDFs for the signal processes are determined from
the LO NNPDF set, where the root-mean-square of 100 pseudo-
experiments obtained from the PDF set provides the uncertainty
envelope. Uncertainties related to the jet energy scale and reso-
lution are taken into account as nuisance parameters varying the

is not shown, as it is similar to the distribution of m

to allow the necessary flexibility in the fit for the template to adapt to the data. We also allow an

AK8
jetl*

mAK8

i mean and width. The uncertainty in the integrated luminos-
ity amounts to 1.6% [79-81].

Fig. 3 shows the mf‘elﬁs and m%Kg spectra in data in the category
most sensitive to the DY/ggF VH signal. The solid gray histograms
represent the results of the maximum likelihood fit to the data
under the background-only assumption. The resonant background
components are shown separately. A signal is superimposed onto
all projections corresponding to a signal yield as expected from
the theoretical prediction and the analysis selection efficiency, and
scaled by an arbitrary factor. The lower panels in Fig. 3 show the
difference between the data and the fit divided by the statistical
uncertainty in the data. It should be noted that the fit uncertainty
and the statistical uncertainty are partially correlated. Thus, it is
not ensured that the plotted quantity follows a Gaussian distribu-
tion [95] and the Gaussian assumption becomes even less valid in
bins with a low number of events, i.e. in the last few bins in each
distribution.

Prior to the analysis of the full 3D spectra in data, the fit model
was validated as follows. The capability of the fit model to ex-
tract, without a significant bias, the cross section and significance
of a potential signal resonance was confirmed with toy data dis-
tributions obtained from simulation with signal injected. In data
event samples enriched in QCD multijet and tt events, obtained
by excluding events with 65 < mf\e'g < 140GeV and 65 < mfgg <
140GeV in all categories of the analysis, a good description of the
mjAe'Ef, m}‘\elg, and mj’}'(s was found. Fig. 4 shows an example valida-
tion for the mﬁKS spectra in data in the DY/ggF HPHP categories.
Finally, a goodness of fit test based on the saturated model is per-
formed, comparing the full 3D spectra in data with the result of a
maximum likelihood fit to the data under the background-only as-
sumption. In this test, all uncertainties and their correlations are
taken into account. A p-value of 0.35 is estimated w.r.t. the ex-
pected goodness of fit, indicating a good compatibility between the
observed data and the background-only model.

6. Results

Fig. 5 shows the mﬁKS spectra in data for selected regions in
mjAe'ff and m}:‘g enriched in signal from DY/ggF VV in the two cat-

egories most sensitive to the DY/ggF VV signal. The DY/ggF VH
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HPHP category exhibits an excess of data events over the back-
ground prediction in the 1.7-3.2 TeV range, while in the DY/ggF VV
HPHP category excesses of data events around 2 and 3 TeV are visi-
ble. In Fig. 6, additional distributions of the difference between the
data and the fit divided by the statistical uncertainty in the data in
the m?*8 spectra are shown for selected regions in m;‘e't(f and m}“e'g
enriched in signal from DY/ggF VV, DY/ggF VH, and VBF VV/VH,
representing the most sensitive regions of the 3D phase space.

For the statistical evaluation, we follow the CLs prescription,
using the asymptotic approximation described in Refs. [96-98]. It
was verified that limits computed with a full CLs method agree
with the asymptotic approximation approach within one standard
deviation.

To check for the presence of a signal, we first compute asymp-
totic significances for all signal mass hypotheses in each signal
scenario. A maximum local significance of 3.6 standard deviations
is observed at masses of 2.1 and 2.9TeV under the W — WZ hy-
pothesis, corresponding to excesses in the spectra of the VV HPLP
and VV HPHP event categories, respectively. The size of the excess
remains above two standard deviations when increasing signifi-
cantly the V+jets and tt background uncertainties or using a looser
(10%) qq tagger requirement for the definition of the categories.
Taking into account the look-elsewhere effect, a global significance
of 2.3 standard deviations is found. Searches in the semileptonic
final states [18,37] did not observe any excesses at 2.1 and 2.9 TeV.

Upper exclusion limits on the production cross section at 95%
CL are set. Fig. 7 shows the exclusion limits as functions of the res-
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Table 2

Summary of the exclusion limits on the resonance masses for the considered models. The
numbers show the lower limit at 95% CL, with the exception of the ones given in paren-

theses quoting the ranges of exclusion.

Model Decay channel  Observed limit (TeV) Expected limit (TeV)
Radion ggF \A% 2.7 34
Gpuk (K =0.5) ggF A% 14 1.5
HVT (B) W/ Wz 44 43
HVT (B) W/ WH 4.0 43
HVT (B) Z' ww (1.3-31, 3.3-3.5) 38
HVT (B) Z/ ZH 3.9 3.8
HVT (B) V/ A% 45 45
HVT (B) V/ VH 4.2 45
HVT (B) V/ VV +VH 48 48

onance mass, compared to theoretical predictions of the product
of the production cross section and the branching fraction B. The
theoretical cross sections shown in Fig. 7 are calculated at NLO in
QCD with the models detailed in Ref. [17,59]. Table 2 summarizes
the resonance mass limits at 95% CL for all considered models.
The limits presented in this letter are the most stringent to date
in the all-jets final state. The limits on spin-1 resonances decay-
ing to a WZ (WH) boson pair in the HVT model B match or exceed
by 0.1TeV the previous published most stringent limits from the
semileptonic final states [18,37]. Considering an HVT model with
VV and VH resonances, this search sets the most stringent limit
of 4.8TeV. The improvement by 15% in the cross section exclu-
sion limits for these resonances compared to the previous result
by the CMS Collaboration in this channel [19] arises in roughly
equal measure from the increased size of the data set and the im-
proved boson tagging techniques. Tabulated results are provided in
the HEPData record for this analysis [99].

7. Summary

A search has been presented for resonances with masses be-
tween 1.3 and 6TeV that decay to WW, WZ, ZZ, WH, or ZH boson
pairs. Each of the two boson decays is clustered into one large-
radius jet, yielding a dijet final state from Drell-Yan and gluon

fusion production, complemented by two additional jets for vec-
tor boson fusion production. The hadronic decays of H, W, and
Z bosons are identified using machine learning-based jet taggers
that reduce the background from quantum chromodynamics mul-
tijet production. No evidence of a departure from the expected
background is found. A maximum local significance of 3.6 stan-
dard deviations from the standard model prediction, corresponding
to a global significance of 2.3 standard deviations, is observed at
masses of 2.1 and 2.9 TeV. Upper limits at 95% confidence level on
the resonance production cross section are set as a function of the
resonance mass. In a heavy vector triplet model, spin-1 Z' and W’
resonances with masses below 4.8 TeV are excluded. These limits
are the most stringent to date. In a bulk graviton model, spin-2
gravitons and spin-0 radions with masses below 1.4 and 2.7TeV,
respectively, are excluded. Furthermore, the exclusive production
of new heavy resonances through the vector boson fusion mode is
constrained with upper cross section limits as low as 0.1 fb.
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