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Abstract

Results are presented from a search in the dijet final state for new massive narrow
resonances decaying to pairs of W and Z bosons or to a W/Z boson and a quark. Re-
sults are based on data recorded in proton-proton collisions at /s = 13 TeV with the
CMS detector at the CERN LHC. The data correspond to an integrated luminosity
of 35.9fb~!. The mass range investigated extends upwards from 1.2TeV. No ex-
cess is observed above the estimated standard model background and limits are set
at 95% confidence level on cross sections, which are interpreted in terms of various
models that predict gravitons, heavy spin-1 bosons, and excited quarks. In a heavy
vector triplet model, W and Z’ resonances, with masses below 3.2 and 2.7 TeV, re-
spectively, and spin-1 resonances with degenerate masses below 3.8 TeV are excluded
at 95% confidence level. In the case of a singlet W’ resonance masses between 3.3 and
3.6 TeV can be excluded additionally. Similarly, excited quark resonances, q*, decay-
ing to qW and qZ with masses less than 5.0 and 4.7 TeV, respectively, are excluded.
In a narrow-width bulk graviton model, upper limits are set on cross sections rang-
ing from 0.6 fb for high resonance masses above 3.6 TeV, to 36.0 fb for low resonance
masses of 1.3 TeV.
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1 Introduction

The standard model (SM) of particle physics describes with high accuracy a multitude of exper-
imental and observational data. Nevertheless, the SM does not accommodate phenomena such
as gravity or dark matter and dark energy inferred from cosmological observations, prompting
theoretical work on its extensions. Theories that address these shortcomings commonly pre-
dict new particles, which can potentially be observed at the CERN LHC. Models in which these
new particles decay to VV or qV, where V denotes either a W or a Z boson, are considered in
this work. Searches for diboson resonances have previously been performed in many different
tinal states, placing lower limits above the TeV scale on the masses of these resonances [1-20].
In addition, we consider excited quarks q* [21, 22] that decay into a quark and eithera WoraZ
boson. Results from previous searches for such signals include limits placed on the production
of q* at the LHC in the dijet [23-27], y+jet [28-30], qW, and qZ [31,32] channels.

This paper presents a search for narrow resonances with W or Z bosons decaying hadronically
at resonance masses larger than 1.2 TeV. The results are applicable to models predicting narrow
resonances and are compared to several benchmark models. The analysis is based on proton-
proton collision data at /s = 13TeV collected by the CMS experiment at the LHC during
2016, corresponding to an integrated luminosity of 35.9 fb~!. We consider final states produced
when a VV boson pair decays into four quarks or qV decays into three quarks, and each boson
is reconstructed as a single jet, resulting in events with two reconstructed jets (dijet channel).

The analysis exploits the large branching fraction of vector boson decays to quark final states.
Due to the large masses of the studied resonances, the boson decay products are highly colli-
mated and reconstructed as single, large-radius jets. Jet substructure techniques, referred to as
jet V tagging [33H35] in the following, are employed to suppress the SM backgrounds, which
largely arise from the hadronization of single quarks and gluons. As in Ref. [17] at /s = 13 TeV,
and Ref. [1] at \/s = 8TeV, the analysis presented here searches for a local enhancement in
the diboson or quark-boson invariant mass spectrum reconstructed from the two jets with the
largest transverse momenta in the event. Compared to the previous measurement [17], this
analysis not only profits from an increase in integrated luminosity of more than a factor of 13
but also uses improved substructure variables.

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal di-
ameter, providing a magnetic field of 3.8T. Contained within the superconducting solenoid
volume are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorime-
ter (ECAL), and a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel
and two endcap sections. Muons are detected in gas-ionization chambers embedded in the
steel flux-return yoke outside the solenoid. Extensive forward calorimetry complements the
coverage provided by the barrel and endcap detectors.

The particle-flow (PF) event algorithm reconstructs and identifies each individual particle with
an optimized combination of information from the various elements of the CMS detector [36].
The energy of photons is directly obtained from the ECAL measurement, corrected for zero-
suppression effects as described in Ref. [36]. The energy of electrons is determined from a
combination of the electron momentum at the primary interaction vertex as determined by the
tracker, the energy of the corresponding ECAL cluster, and the energy sum of all bremsstrahlung
photons spatially compatible with originating from the electron track. The energy of muons is
obtained from the curvature of the corresponding track. The energy of charged hadrons is de-



termined from a combination of their momentum measured in the tracker and the matching
ECAL and HCAL energy deposits, corrected for zero-suppression effects and for the response
function of the calorimeters to hadronic showers. Finally, the energy of neutral hadrons is
obtained from the corresponding corrected ECAL and HCAL energy.

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. [37].

3 Simulated samples

Signal samples were generated for the following benchmark models for resonant diboson pro-
duction: the bulk scenario (Gpyx) [38H40] of the Randall-Sundrum (RS) model of warped extra
dimensions [41} 42], as well as vector singlets (W’ or Z') [43], and excited quark resonances
q* [21,22] decaying to qW or qZ.

The bulk RS model is described by two free parameters: the mass of the first Kaluza-Klein (KK)
excitation of a spin-2 boson (the KK bulk graviton) and the ratio k = k/Mp,, where k is the
unknown curvature scale of the extra dimension and Mp; = Mp,/ /87 is the reduced Planck
mass. The samples used in this study have k = 0.5 [44].

The heavy vector triplet (HVT) model generically subsumes a large number of models predict-
ing additional gauge bosons, such as composite Higgs [45-49] and little Higgs [50, 51] models.
The specific models that predict W’ [52], Z' [53], or W’ and Z' [43] resonances are expressed
in terms of a few parameters: the strength of the couplings to fermions, cg, couplings to the
Higgs and longitudinally polarized SM vector bosons, cy, and the interaction strength gy of
the new vector boson. Samples were simulated in HVT model B with gy = 3, cy = —0.976243,
and cg = 1.02433. For these model parameters, the new resonances are narrow and have large
branching fractions to boson pairs, while the fermionic couplings are suppressed. This scenario
is the most representative of a composite Higgs model. In the HVT and bulk graviton models,
the vector bosons are produced with a longitudinal polarization in more than 99% of the cases,
resulting in a ~24% higher acceptance per boson than for models producing transversally po-
larized vector bosons [17,33]. In the case of excited quarks, unpolarized bosons are simulated
with the compositeness scale A equal to the resonance mass.

We restrict the analysis to scenarios where the natural width of the resonance is sufficiently
small to be neglected when compared to the detector resolution. This makes our modeling of
the detector effects on the signal shape independent of the actual model used for generating the
events. All simulated samples are produced with a relative resonance width of 0.1%, in order
to be firmly in the regime where the natural width is much smaller than the detector resolution.
The Monte Carlo (MC) simulated samples of signal events for HVT and bulk graviton produc-
tion are generated with the leading-order (LO) mode of MADGRAPH5_.aMC@NLO v5.2.2.2 [54].
The q* to qW and qZ processes are generated to LO using PYTHIA version 8.212 [55]].

Simulated samples of the SM background processes are used to optimize the analysis. The pro-
duction of quantum chromodynamics (QCD) multijet events as well as of SM W+jets and Z+jets
processes is simulated to leading order with MADGRAPH5_aMC@NLO [54, 56]. The NNPDF
3.0 [57] parton distribution functions (PDF) are used for all simulated samples. All samples are
processed through a GEANT4-based [58] simulation of the CMS detector. To simulate the effect
of additional proton-proton collisions within the same or adjacent bunch crossings (pileup), ad-
ditional inelastic events are generated using PYTHIA and superimposed on the hard-scattering
events. The MC simulated events are weighted to reproduce the distribution of the number of



pileup interactions observed in data, with an average of 21 reconstructed collisions per beam
crossing.

4 Reconstruction and selection of events

4.1 Jet reconstruction

Hadronic jets are constructed from the four-momenta of the PF candidates in an event, using
the FASTJET software package [59]. Jets used for identifying the hadronically decaying W and
Z bosons are clustered using the anti-kt algorithm [60] with a distance parameter R = 0.8 (AK8
jets). Charged particles identified as originating from pileup vertices are excluded. A correction
based on the area of the jet, projected on the front face of the calorimeter, is used to take into
account the extra energy clustered in jets due to neutral particles coming from pileup [59].
The jet momentum is determined as the vectorial sum of all particle momenta in this jet. The
jet energy resolution amounts typically to 8% at 100 GeV, and 4% at 1TeV [61]. Additional
quality criteria are applied to the jets in order to remove spurious jetlike features originating
from isolated noise patterns in the calorimeters or the tracker. The efficiency of these jet quality
requirements for signal events is above 99%. All jets must have transverse momentum pr >
200GeV and pseudorapidity || < 2.5 in order to be considered in the subsequent steps of
the analysis, ensuring that sufficient boson decay products are contained in the jets to allow V
tagging.

In order to mitigate the effect of pileup on the two jet observables used in the identification
of hadronic W and Z decays (see below for details), we take advantage of pileup per particle
identification (PUPPI) [35, 62], obviating area-based pileup corrections. This method uses lo-
cal shape information such as the local shape of charged pileup, event pileup properties, and
tracking information together in order to rescale the four-momentum of neutral PF candidates
according to the degree to which the particle is compatible with an origin outside of the pri-
mary interaction. Using the PUPPI method for the calculation of these jet observables leads to
a greater robustness against additional hadronic activity.

4.2 W — qq’ and Z — qq identification using jet substructure

The variables used to identify W and Z jet candidates are reconstructed from AKS jets with
PUPPI pileup mitigation applied, decreasing the dependence on pileup of these variables as
shown in Ref. [35]. In order to discriminate against multijet backgrounds, we exploit both the
reconstructed jet mass, which is required to be close to the W or Z boson mass, and the two-
prong jet substructure produced by the particle cascades of two high-pr quarks merging into
one jet [33]. Jets that are identified as coming from the merged decay products of a single V
boson are hereafter referred to as V jets.

As the first step in exploring potential substructure, the jet constituents are subjected to a jet
grooming algorithm that eliminates soft, large-angle QCD radiation and thereby improves the
resolution in the V jet mass, lowers the mass of jets initiated by single quarks or gluons coming
from multijet background, and reduces the residual effect of pileup [34, |63]. In this paper,
we use a modified mass-drop algorithm [64} [65], known as the soft-drop algorithm [66]. This
method accomplishes jet grooming in a way that ensures the absence of nonglobal logarithmic
terms in the jet mass [64,67] in contrast to the jet-pruning algorithm [68,69] used in the previous
version of this analysis [17], while providing similar discrimination power [35]. The soft-drop
algorithm starts from a Cambridge-Aachen (CA) [70, [71] jet j clustered from the constituents
of the original AKS8 jet. It breaks the jet into two subjets. If the subjets pass the soft-drop



condition defined in Ref. [66], j is considered as the final soft-drop jet, otherwise the procedure
is iteratively continued on the subjets using the harder of the two subjets as new j and dropping
the other subjet until the soft-drop condition is met. This algorithm is used for the offline
analysis while the jet-trimming algorithm [72] is used at trigger level. Jet trimming reclusters
each AKS jet starting from all its original constituents using the kt algorithm [70, 73] to create

subjets with a size parameter R, set to 0.2, discarding any subjet with p%UbJet /Pt ' < 0.03. The
algorithm is used at the trigger level, since it can be tuned such that it is slightly more inclusive
than the more powerful pruning and soft-drop algorithms, which are used in the subsequent
offline analysis where their performance can therefore be studied in detail.

The soft-drop jet mass mje; used in the analysis is computed from the sum of the four-momenta
of the constituents passing the grooming algorithm and weighted according to the PUPPI algo-
rithm; it is then corrected by a factor derived in simulated W boson samples to ensure a pr- and
n-independent jet mass distribution centered on the nominal V mass. The corrections are fac-
torized into two contributions, one of which is applied to data and simulation and represents
a global calibration factor, and another factor which is only applied to simulation that corrects
for discrepancies between data and simulation. The jet is considered as a V jet candidate if ;e
falls in the range 65 < mje; < 105 GeV, which we define as the signal jet mass window.

We additionally employ the so-called N-subjettiness [35| [74] variable, 7,1 = T/7, to reject
background jets arising from the hadronization of single quarks or gluons. Jets coming from
hadronic W or Z decays in signal events are characterized by lower values of 71 compared to
jets from the SM backgrounds.

4.3 Trigger and primary vertex selection

Events are selected online with a range of different jet-based triggers sensitive to the scalar sum
of the transverse momenta of all jets in the event (Hr) as well as to the invariant mass of the
two leading jets. Additionally, triggers requiring the presence of one or more jets satisfying
loose substructure criteria are used. Events must satisfy a baseline requirement of Ht > 800
or 900 GeV, depending on the instantaneous luminosity during data taking. Alternatively, a
combined requirement of Ht above a threshold of 650-700 GeV and a single jet with pr above
360 GeV and trimmed jet mass (as defined in Sec. mjer > 30-50 GeV qualifies an event to
be considered in the analysis. The combination of triggers is chosen to optimize the value of
the dijet invariant mass, m;;, above which the triggers are highly efficient. The trigger selection
reaches an efficiency of at least 99% for events in which m;; is greater than 1050 GeV and at least
one of the two leading-pr jets has a soft-drop jet mass (as defined in Sec. above 65GeV.
The trigger efficiencies comparing substructure and Hr triggers are illustrated in Fig. |1 using
an orthogonal single muon data set. The individual 99% efficiency thresholds for events with
one and two jets with jet mass above 65GeV are 1043 GeV and 1049 GeV, respectively. If no
jet mass requirements are applied, as is the case for some control distributions in Figure [} the
more stringent mass cut of 1080 GeV is used.

Offline, all events are required to have at least one primary vertex reconstructed within a 24 cm
window along the beam axis, with a transverse distance from the nominal pp interaction region
of less than 2 cm [75]. The reconstructed vertex with the largest value of summed physics object
p4 is taken to be the primary pp interaction vertex. The physics objects are the objects returned
by a jet finding algorithm [59,60] applied to all charged tracks associated with the vertex, plus
the corresponding associated missing transverse momentum.
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Figure 1: Trigger efficiencies for jets passing the inclusive triggers (black), the Hr triggers (blue)
or the substructure triggers only (green) as a function of dijet mass for the data-taking period
with the highest trigger thresholds. Events are required to contain one jet with a soft-drop mass
mije; (left), or two jets with soft-drop masses m;,,1 and mje; 5 (right), within the signal window
of the analysis. The vertical red line marks the selected threshold value.

4.4 Substructure variable corrections and validation

Since discrepancies between data and simulation in the jet substructure variables ey and 121
could bias the signal efficiency estimated from the simulated samples, the modeling of the sig-
nal efficiency is cross-checked in a signal-free sample with jets having characteristics that are
similar to those expected for a genuine signal [33]. A sample of high-pr W bosons that decay
hadronically and are reconstructed as a single AKS8 jet is studied in semileptonic tt and sin-
gle top quark events. Scale factors for the 1; selection efficiency are extracted following the
method described in Ref. [33]]. In this method, a simultaneous fit to the jet mass distributions
for different ranges of 1 is performed to separate the W boson signal from the combinato-
rial components in the top quark enriched sample, in both data and simulation. The scale
factors are summarized in Table (1| and are used to correct the total signal efficiency and the
VV background normalization predicted by the simulation. The uncertainties quoted on the
scale factors for the 7,1 selection include systematic uncertainties due to the simulation of the
tt topology (nearby jets, pr spectrum), computed comparing different combinations of matrix
element and shower generators (for details see Ref. [33]), and due to the choice of the signal
and background fit model. The W jet mass peak position and resolution are also extracted to
obtain data versus simulation scale factors for the soft-drop jet mass, as described in Ref. [35].
An additional uncertainty to account for the extrapolation to higher momenta of the scale fac-
tor obtained from tt samples with jet pr ~ 200GeV is calculated, with a resulting factor of
8.5% x In(pr/200GeV) for 11 < 0.35 and 65 < mjer < 105GeV. This uncertainty is estimated
based on the difference between PYTHIA8 and HERWIG++ 2.7.1 [76] showering models. For the
0.35 < 11 < 0.75and 65 < mjer < 105 GeV selection, this uncertainty is 3.9% x In(pr/200GeV)
and is treated as correlated with the uncertainty for 7; < 0.35. As the kinematic properties of
W and Z jets are very similar, the same corrections are also used in the case where the V jet is
assumed to come from a Z boson.



Table 1: Data versus simulation scale factors for the efficiency of the 11 selection used in this
analysis, as extracted from a top quark enriched data sample and from simulation.

T»1 selection Efficiency scale factor
0 <1 <035 0.99+0.1(stat) £ 0.04 (syst)
0.35 <11 <075 1.03 £0.2(stat) == 0.11 (syst)
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Figure 2: The PUPPI soft-drop jet mass distribution (left) after preselecting and requiring 71 <
0.35, and the PUPPI N-subjettiness 1; distribution (right) for data and simulated samples after
preselection and requiring a soft-drop mass of 65 < mjet < 105GeV. The multijet production
is shown for three different event generators. The W+jets and Z+jets events are stacked with
the multijet sample generated with PYTHIAS8. For the PUPPI soft-drop jet mass distribution, the
m;; requirement has been raised from the analysis threshold of 1050 GeV to 1080 GeV, since no
requirements on the jet mass are applied. The lower subplots show the data over simulation
ratio per bin.

4.5 Final event selection and categorization

After reconstructing the vector bosons as V-tagged AK8 jets, we apply the final selections used
for the search. For the excited quark search the selections of the VV case are loosened so that
the quark jet candidate is not subjected to a groomed mass or substructure requirement. Any
V boson candidate, as well as the q jet candidate for the qV analysis, must have pp > 200 GeV.
If more than two such candidates are present in the event, which is the case for approximately
16% of selected events, the two jets with the highest pr are selected. The event is rejected if
at least one of the two jets has an angular separation AR smaller than 0.8 from any electron or
muon in the event, to allow future use of the results in a combination with studies in the semi-
or all-leptonic decay channels [4}[77]. Leptons used for this veto need to have a pr greater than
35 (30) GeV, an absolute pseudorapidity smaller than 2.5 (2.4), and pass identification criteria
that were optimized for high-momentum electrons (muons) [77]. In addition, we require the
two jets to have a separation of |Az;;| < 1.3 to reject multijet background, which typically
contains jets widely separated in 7. Furthermore, m;; must be above 1050 GeV in order to be on
the trigger plateau. Fig.[2|shows the distribution of the soft-drop jet mass and N-subjettiness
variable for the leading jet in the event after this initial selection.

To enhance the analysis sensitivity, the events are categorized according to the characteristics
of the V jet. The V jet is deemed a W boson candidate if its soft-drop mass falls into the range



65-85 GeV, while it is deemed a Z boson candidate if it falls into the range 85-105GeV. This
leads to three mass categories (WW, WZ, and ZZ) for the double-tag analysis and two mass
categories (QW and qZ) for the single-tag analysis. Owing to jet mass resolution effects, up to
30% of W/Z bosons are reconstructed in the Z /W mass window. For this reason, all three (two)
mass categories are considered for all signal categories in the double-tag (single-tag) analysis,
respectively. We select high-purity (HP) V jets by requiring 7; < 0.35, and low-purity (LP) V
jets by requiring 0.35 < 11 < 0.75. The threshold of 0.35 is chosen to gain significance for mass
points below 2.5 (2.2) TeV in the double- (single-) tag region, where the significance achieved
with this selection is within 10% of the maximal significance attained using the optimal selec-
tion value for each mass point. The threshold of 0.75 is chosen to reject less than 1% of signal
events so that the expected significance at high invariant masses is close to maximal. Events
with just one V tag are classified according to these two categories. For the double-tag analy-
sis, events are always required to have one HP V jet, and are divided into HP and LP events,
depending on whether the other V jet is of high or low purity. Although it is expected that the
HP category dominates the total sensitivity of the analysis, the LP category is retained since it
provides improved signal efficiency with acceptable background contamination at high reso-
nance masses. The final categorization in V jet purity and V jet mass category (WW, WZ, ZZ,
qW, and gZ) yields a total of six orthogonal classes of events for the double-tag analysis and
four classes of events for the single-tag analysis.

The two boson (boson and quark jet) candidates, are then combined into a diboson (boson-
quark) candidate; the presence of signal events could then be inferred from the observation of
localized excesses in the mj; distribution.

5 Modeling of background and signal
5.1 Signal modeling

Figure |3| shows the simulated mj; distributions for resonance masses from 1.3 to 6 TeV. The
experimental resolution is about 4%. We adopt an analytical description of the signal shape,
choosing the sum of a crystal-ball (CB) function [78] (i.e., a Gaussian core with a power law tail
to low masses) and a Gaussian function to describe the simulated resonance distributions. The
parameters of the analytic shapes are extracted from fits to the signal simulation. Statistical
uncertainties in the parameters are negligible. A cubic spline interpolation between a set of
reference distributions (corresponding to masses of 1.2, 1.4, 1.6, 1.8, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5,
5.0, 5.5, 6.0, and 6.5 TeV) is used to obtain the expected distribution for intermediate values of
resonance mass.

5.2 Multijet background

The m;; distributions observed in data are dominated by SM background processes, which in
turn are dominated by multijet production where quark or gluon jets are falsely identified as
V jets. Additional subdominant backgrounds include W and Z boson production, top quark
pair production, single top quark production, and nonresonant diboson processes. Those back-
grounds are estimated from simulation to each contribute less than about 3% of the total num-
ber of background events in the signal region and are therefore not separated in the background
estimation.

We assume that the multijet SM background can be described by a smooth, monotonically de-
creasing distribution, which can be parametrized. The search is performed by fitting the sum of
the analytical functions for background and signal to the whole dijet spectrum in data. Separate
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Figure 3: Dijet invariant mass distribution for different signal mass hypotheses of the * — qZ
model (left) and the bulk graviton decaying to a pair of Z bosons (right) used to extract the
signal shape in the HP category.

tits are made for each signal mass hypothesis and each analysis category, assuming full corre-
lation between the signal normalization parameters and no correlation between background
parameters. The shape of the signal function is fixed through a fit of the signal probability dis-
tribution function to the interpolated MC simulations, as described in Sec. while the signal
normalization is left floating. Neither data control regions nor simulated background samples
are used directly by this method. The background functions are of the form:

AN _ Po(1—mj//5)" (3-par. form) v _
dm — (mj//5)M par Tormy

Py

drmjj— (mji/ /5)"™
where 1 is the dijet invariant mass (equivalent to the diboson or quark-boson candidate mass
myy or mgy for the signal), \/s is the center-of-mass energy, Py is a normalization parame-
ter for the probability density function, and P; and P, describe the shape. Starting from the
two-parameter functional form, a Fisher F-test [79] is used to check at 10% confidence level, if
additional parameters are needed to model the individual background distribution. For the VV
categories, the two-parameter functional form is found to describe the data spectra sufficiently
well. The qV channels are best described by the three-parameter functional form according
to the F-test. Alternative parameterizations and functions with up to five parameters are also
studied as a cross-check.

(2-par. form), (1)

The fit range is chosen such that it starts where the trigger efficiency has reached its plateau, to
avoid any bias from trigger inefficiency, and extends to one bin beyond the bin with the highest
m;; event. The binning [80] chosen for the fit follows the detector resolution. The results of the
fits are shown in Figs.[dland[5 The x-axis ranges have been chosen to include the most massive
observed event in each category, so there are no overflow data. The solid red curve represents
the results of the maximum likelihood fit to the data, with the number of expected signal events
fixed to zero.



5.2 Multijet background
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6 Systematic uncertainties
6.1 Systematic uncertainties in the background estimation

The background estimation for each signal mass hypothesis is obtained from a fit of the sig-
nal plus background function to the full range of the mj spectrum. As such, the only rele-
vant uncertainty originates from the covariance matrix of the dijet mass fit function. Different
parametrizations of the background fit function were studied and the observed variations of
the limit were found to be negligible. This ambiguity in the choice of the background fit func-
tion is therefore not considered as an uncertainty source.

6.2 Systematic uncertainties in the signal prediction

The dominant uncertainty in the signal selection efficiency arises from uncertainties in the V
tagging efficiency. As described in Sec. the efficiency of the V tagging selection is measured
in data using a sample enriched in semileptonic tt events. A simultaneous fit to that data
sample and to a corresponding suitable mixture of simulated top quark-antiquark pair, single
top quark and W+jets events yields both a correction factor to the V tagging efficiency in signal
samples, as well as a systematic uncertainty in that efficiency, see Table

The signal efficiency and the reconstructed mass shape of the resonance are affected by un-
certainties in the jet reconstruction. Jet scale and resolution uncertainties are propagated by
rescaling (smearing) the jet properties according to the measured scale (resolution) uncertain-
ties, respectively. Further, the soft-drop mass is rescaled (smeared) based on the uncertainty
in the jet mass scale and resolution. The selection efficiencies are recalculated on these mod-
ified samples, with the resulting changes taken as systematic uncertainties depending on the
resonance mass. The induced changes in the reconstructed mass shape of the resonances are
propagated as uncertainties in the peak position and width of both the Gaussian core of the
CB function and the Gaussian function used in the signal parametrization. Additionally, the
induced relative migration among V jet mass categories is evaluated, but this does not affect
the overall signal efficiency.

The uncertainty in the knowledge of the integrated luminosity of the data sample (2.5%) [81]
introduces an uncertainty in the number of signal events passing the final selection.

We evaluate the influence of uncertainties in the PDFs and the choice of factorization (yr) and
renormalization (pr) scales on the signal cross section and acceptance by considering differ-
ences in the predicted kinematics of the resonance. Acceptance and signal cross section effects
are treated separately: while the signal acceptance uncertainty is taken into account in the sta-
tistical analysis, the signal cross section uncertainty is instead considered as an uncertainty in
the theory cross section. The NNPDF 3.0 [57] LO set of PDFs is used to estimate PDF uncer-
tainties. Following Refs. [82} 83], we evaluate the uncertainties in the signal prediction due to
missing higher order calculations by varying the default choice of scales in the following six
combinations of factors: (ug, ur) x (1/2,1/2), (1/2,1), (1,1/2), (2,2), (2,1), and (1,2). The
resulting cross section uncertainties vary from 4 to 72% and from 2 to 23%, respectively, de-
pending on the resonance mass, particle type, and its production mechanism. The uncertainty
in the signal acceptance from the choice of PDFs and of factorization and renormalization scales
ranges from 0.1 to 2% and <0.1%, respectively. In addition, the impact of PDF variations on
the signal shape are evaluated and propagated as uncertainties in the signal width and peak
position, analogously to the treatment of shape uncertainties for jet energy-momentum scale
and resolution. Table 2| summarizes the systematic uncertainties considered in the statistical
analysis.
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Table 2: Summary of the signal systematic uncertainties for the analysis and their impact on
the event yield in the signal region and on the reconstructed mj; shape (mean and width). The
jet mass and V tagging uncertainties result in migrations between event categories. The ef-
fects of the PDF and scale uncertainties in the signal cross section are not included as nuisance
parameters in the limit setting procedure, but are assigned to the theory predictions.

Uncertainty (%)

Source Relevant quantity Double-tag Single-tag

HP+HP HP+LP HP+ LP+
Jet energy scale Resonance shape 2 2 2 2
Jet energy resolution Resonance shape 6 7 4 3
PDF Resonance shape 5 7 13 8
Jet energy scale Signal yield <1 <1
Jet energy resolution Signal yield <1 <1
Jet mass scale Signal yield <2 <1
Jet mass resolution Signal yield <6 <8
Pileup Signal yield 2
PDF (acceptance) Signal yield 2
Integrated luminosity Signal yield 2.5
Jet mass scale Migration <36 <10
Jet mass resolution Migration <25 <7
V tagging 1 Migration 22 33 11 22
V tagging pr-dependence Migration 19-40 14-29 9-23  4-11
PDF and scales (W’ and Z') Theory 2-18
PDF and scales (Gpyx) Theory 8-78
PDF and scales (q*) Theory 1-61

7 Statistical interpretation

The compatibility between the m;; distribution observed in data and the smoothly falling func-
tion modeling the standard model background is used to test for the presence of narrow reso-
nances decaying to two vector bosons or to a vector boson and a quark. We follow the mod-
ified frequentist prescription (asymptotic CLs method) described in Refs. [84-86]. The limits
are computed using a shape analysis of the dijet invariant mass spectrum. Systematic uncer-
tainties are treated as nuisance parameters and profiled in the statistical interpretation using
log-normal priors, while Gaussian priors are used for shape uncertainties.

7.1 Limits on narrow-width resonance models

Exclusion limits are set for resonances that arise in the bulk graviton model and in the HVT
model B and for excited quark resonances, under the assumption of a natural width negligible
with respect to the experimental resolution (narrow-width approximation).

Figure[e|shows the resulting 95% confidence level (C.L.) expected and observed exclusion limits
on the signal cross section as a function of the resonance mass, for the diboson signal hypothe-
ses. For a narrow-width spin-2 resonance the observed exclusion limits on the production cross
section range from a cross section limit of 36.0 fb at a resonance mass of 1.3 TeV to the most strin-
gent cross section limit of 0.6 fb at resonance masses higher than 3.6 TeV. In the case of charged
(uncharged) spin-1 resonances the observed exclusion limits range from 44.4 (41.6) fb at a mass
of 1.4 (1.3) TeV to 0.7 (0.6) b at high resonance masses.
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The limits are compared with the product of the theoretical cross section and the branching
fraction to WW or ZZ, for a bulk graviton with k=05 A comparison is also made with the
product of the theoretical cross section and the branching fraction to WZ and WW for spin-1
particles predicted by the HVT model B for both the singlet (W’ or Z’) and triplet (W' and Z')
hypotheses. The cross section limits for Z’ — WW and Gpyx — WW are not identical because
of the difference in acceptances for the two signals. However, since the acceptance of the Z’
resonance and the bulk graviton decaying to WW only differ by less than 11%, the difference
of the exclusion limits between the two models is negligible.

For the HVT model B singlet hypothesis we exclude W’ resonances below 3.2 TeV and between
3.3 and 3.6 TeV as well as Z' resonances below 2.7 TeV. The signal cross section uncertainties are
displayed as a red (blue) checked band and result in an additional uncertainty in the resonance
mass limits of 0.15 (0.08) TeV. For the triplet hypothesis of the HVT model B, resonances with
masses below 3.8 TeV (3.5 TeV expected) are excluded.

Figure [7|shows a scan of the 95% C.L. contours in the coupling parameter plane for the triplet
hypothesis of the HVT model. The couplings are parametrized in terms of gycy and ¢2/gvcr,
which are related to the coupling of the new resonance to the Higgs boson and to fermions,
respectively, as described in Sec. |3 Here, g represents the electroweak coupling parameter
g = e/ sinfy. The shaded areas indicate the region in the coupling space where the narrow-
width assumption is not satisfied.

Figure (8 shows the corresponding exclusion limits for excited quarks decaying into qW and
qZ. The expected cross section limits range from 317 fb for masses of 1.2 TeV to 1.2fb (1.3 fb)
at high resonance masses, while the observed limits cover a range from 287 fb (289 fb) to 1.0 fb
(1.2 fb) between the resonance masses of 1.2 and 6.0 TeV for resonances decaying to qW (qZ).
We exclude excited quark resonances decaying into qW and qZ with masses below 5.0 and
4.7 TeV, respectively. The signal cross section uncertainties are displayed as a red checked band
and result in an additional uncertainty in the resonance mass limits of 0.13-0.20 TeV.

8 Summary

A search is presented for new massive narrow resonances decaying to WW, Z2Z, WZ, qW, or
gZ, in which the bosons decay hadronically into dijet final states. Hadronic W and Z boson
decays are identified by requiring a jet with mass compatible with the W or Z boson mass,
respectively. Additional information from jet substructure is used to reduce the background
from multijet production. No evidence is found for a signal and upper limits on the resonance
production cross section are set as function of the resonance mass. The results are interpreted
in the context of the bulk graviton model, heavy vector triplet W' and Z’ resonances, and ex-
cited quark resonances q*. For the heavy vector triplet model B, we exclude at 95% confidence
level spin-1 resonances with degenerate masses below 3.8 TeV and singlet W’ and Z' resonances
with masses below 3.2 and 2.7 TeV, respectively. In the case of a singlet W’ resonance masses be-
tween 3.3 and 3.6 TeV can be excluded additionally. In the narrow-width bulk graviton model,
production cross sections are excluded in the range from 36.0 fb for a resonance mass of 1.3 TeV,
to the most stringent limit of 0.6 fb for high resonance masses above 3.6 TeV. Exclusion limits
are set at 95% confidence level on the production of excited quark resonances q* decaying to
qW and gZ for masses less than 5.0 and 4.7 TeV, respectively.
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Figure 6: Observed (black solid) and expected (black dashed) 95% C.L. upper limits on the
production cross section of a narrow-width resonance decaying to a pair of vector bosons for
different signal hypotheses. Limits are set (upper left plot) on a spin-1 neutral Z' and a spin-2
resonance decaying into WW, and compared with the prediction of the HVT model B (blue
line) and a bulk graviton model with k = 0.5 (red line). Limits are also set in the context of
a bulk graviton decaying into ZZ (upper right) with k = 0.5 and a spin-1 charged resonance
decaying into WZ (lower left) and compared with the predictions of the models. Signal cross
section uncertainties are displayed as cross-hatched bands. The plot on the lower right shows
the 95% exclusion bounds on the signal strength for the triplet hypothesis of the HVT model B.
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