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A search for heavy resonances decaying into WW, ZZ or WZ is performed, using proton—proton
collision data at a centre-of-mass energy of 4/s = 13 TeV. The data, corresponding to an integrated
luminosity of 139 fb~!, were recorded with the ATLAS detector from 2015 to 2018 at the Large
Hadron Collider. The search is performed for final states in which one W or Z boson decays
leptonically, and the other W boson or Z boson decays hadronically. The data are found to be
described well by expected backgrounds. Upper bounds on the production cross sections of heavy
resonances are derived in the mass range 300-5000 GeV within the context of Standard Model
extensions with a neutral scalar, a heavy vector triplet or warped extra dimensions. Production
through gluon—gluon fusion, Drell-Yan or vector-boson fusion are considered, depending on the
assumed model.
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1. Introduction

Many BSM models like the two-Higgs-doublet model [1], composite Higgs models [2, 3],
technicolour [4, 5, 6] models, and warped extra dimensions [7, 8] predict the existence of heavy
resonances decay into vector boson pairs. On the Large Hadron Collider (LHC). This search
focuses on diboson resonance produced by through gluon—gluon fusion (ggF), Drell-Yan (DY),
or vector-boson fusion (VBF) processes figurel and decaying into Semileptonic VV final states
which one vector boson decays leptonically (Vy;: W — v, Z — €€ or Z — vv) while the other
decays hadronically (Vi: V — ¢qgq). The hadronic V — gq decays can result in either two separate
small-radius jets (small-R jet, or j) or as one large-radius jet (large-R jet, or J) depending on the
transverse momentum (pr) of the boson. The further details can be find in the paper [9].

2. Signal and background

Monte Carlo (MC) simulations were used for background modellings and estimations, eval-
uations of signal efficiencies, optimisations of event selections, and estimations of systematic un-
certainties. Three different models corresponding to different spins are considered in this searches.
The first one is a scalar neutral radion, introduced in some bulk RS models to stabilise the radius
of the compactified extra dimension r. [10, 11]. The second type considered comprises two heavy
vector bosons described in the HVT framework [12]: an electrically charged W’ boson and an
electrically neutral Z’ boson produced through the DY and VBF processes. The third benchmark
resonance searched for is a spin-2 bulk RS graviton Ggk which appears as the first KK excitation
of the gravitational field in a bulk RS graviton model [7, 13, 14].

The most background comes from processes having similar final states which are hard to
distinguish or easy to mis-identify, including W and Z boson production in association with jets
(W+jets and Z+ets), top-quark production (both top-quark pair, , and single-top-quark), non-resonant
diboson production (WW,WZ and ZZ), and multijet production. MC samples were produced to
model these background processes with the exception of multijet production, for which data were
used to estimate its contribution. Multijet contribution is estimated by template method using
multijet enriched control regions.

3. Object reconstruction and identification

The study focus on leptons, jets, and E%“SS. For leptons, only electron and muon are considered
in this search. The neutrino in the final state results in a large missing transverse momentum. For
jets, small-R jets and large-R jets are considered to face different decay scenarios. Electrons are
reconstructed from energy clusters that are consistent with EM showers in the ECAL and are matched
to tracks in the ID. They are required to have transverse energy Et > 7 GeV and pseudorapidity
|7| < 2.47, excluding the ECAL barrel-endcap transition region: 1.37 < |p| < 1.52. Muons are
identified by matching MS tracks with those in the ID and are required to have transverse momentum
pr > 7 GeV and pseudorapidity || < 2.5. Both electron and muon require to have pt > 30 GeV
and pass the corresponding isolation requirement. Details can be found in Refs. [15, 16].

Small-R jets are reconstruced by using anti-k, algorithm [17, 18] with a radius parameter of
R = 0.4 with the extra requirement of pr > 30 GeV and |n| < 4.5. The jet vertex tagger [19] is
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Figure 1: The Feynman diagrams explaining the production of heavy resonances X with their decays into a
pair of vector bosons. The hashed circles represent direct or effective couplings.

applied to Jet with pt < 120 GeV and |f| < 2.5 to suppress pile-up effect. For identification of
small-R jets containing b-hadrons (b-tagging), a multivariate algorithm [20] is used. Due to ID
coverage, only |7| < 2.5 jets are tagged. The effciency of b-tagging algorithm is 85% according
to simulated test. Large-R jets are reconstructed from track-calo clusters [21] with the anti-k,
algorithm, but with the radius parameter increased to R = 1.0.The large-R jets are required to have
pr > 200 GeV, |n| < 2.0, and a jet mass (m ) greater than 50 GeV. Variable-radius (VR) jets are
used to identify b-jets from boosted hadronic V' — gqg decays that are reconstructed as large-R jets,
which details can be see in public note [22].

The missing transverse momentum (E%‘iss) is calculated as the negative vectorial sum of the
transverse momenta of calibrated electrons, muons, small-R jets, and unassociated tracks. Large-R
jets are not included in the ETmiSS calculation to avoid double-counting of energy between the small-R
jets and large-R jets. Details can be found in the publication [23].

4. Event Selection

The search selection begins with leptonically decay boson V;. Events are selected with certain
prand E%“SS requirement lepton number and categorized into 0/1/2 lepton channel while extra lepton
events veto. Though the selection requirement differs between different channels, the selection flows
are the same. All channel then go through the hadronically decay boson selection, which requires
one large-R jets or two small-R jets with 7 and pt requirement. Events are further categorized into
b-tagged/untagged by whether two VR(small-R) jets pass b-tagging requirement. Last, a cleaning
cut based ratio between p¥” and my V is applied for extra QCD background rejection.

A mass windows cut on V}, with different requirement between merged and resolved analysis is
used to define signal region (SR). The merged analysis uses pt dependent mass window cut while
resolved analysis uses a fixed mass window cut. Two kind of CRs are selected to estimate different
background modeling. The mass window sideband regions are selected as W +jets and Z +jets
control region for its enriched W +jets and Z+jets contribution and simliar kinematics with SRs.
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Figure 2: Illustration of the selection flow and signal regions of the X — VV — V,V}, search.

5. Result

The statistical analysis is based on the framework described in Refs. [24, 25, 26]. Maximum-
likelihood fits are made to the observed binned distributions of the final discriminants in SRs, m
in O-lepton, m¢,; or me,j; in 1-lepton and mee; or mee;; in 2-lepton, and to the numbers of
observed events in CRs simultaneously. The mass ranges fitted are 300-3000 GeV for the resolved
analysis and 500-6000 GeV for the merged analysis. No significant excess is found in the post-fit
distribution, so a limit setting with 95% CLs are made.

Table 1 summarises the observed and expected 95% confidence level (CL) lower limits on the
masses of the resonances in the benchmark models studied in this paper. These mass limits and
the cross-section upper limits presented above are significantly more stringent than those published
previously. Compared to the searches with the 36.1 fb~! data set in the same leptonic final states [27,
28], an improvement of a factor of three or more in the cross-section upper limits is obtained for

most of the searches at the highest masses.

Table 1: Observed (expected) 95% CL lower limits on the mass, in TeV, of different resonances in the

benchmark models studied. The symbol “—” means no limit is set.

Production RS radion HVT
process w’ z’

Model A 3.9 (3.8) 3.5(3.4)
Model B 4.3 (4.0) 3.9 (3.7)

VBF - Model C - - 0.76 (0.77)

RS graviton

oeF/DY | 3.2 (2.9) 2.0 (2.2)
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