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Abstract A search for a WZ resonance, in the fully lep-
tonic final state (electrons or muons), is performed using
139 fb~! of data collected at a centre-of-mass energy of
13 TeV by the ATLAS detector at the Large Hadron Col-
lider. The results are interpreted in terms of a singly charged
Higgs boson of the Georgi—Machacek model, produced by
W Z fusion, and of a Heavy Vector Triplet, with the reso-
nance produced by WZ fusion or the Drell-Yan process.
No significant excess over the Standard Model prediction is
observed and limits are set on the production cross-section
times branching ratio as a function of the resonance mass for
these processes.
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1 Introduction

Searches for diboson resonances provide an essential test of
theories of electroweak symmetry breaking beyond the Stan-
dard Model (BSM): new charged scalar diboson resonances
arise in various models with an extended Higgs sector [1-3]
and vector resonances are predicted in various BSM scenar-
ios [4-9]. In this article, a search for a WZ resonance pro-
duced via either the Drell-Yan process or vector-boson fusion
(VBF) is conducted in the fully leptonic decay channel £v£¢
(€ = e or w) in proton—proton (pp) collisions. The pp col-
lision data, with an integrated luminosity of 139 fb~!, were
collected by the ATLAS detector [10] at the Large Hadron
Collider (LHC) at a centre-of-mass energy of /s = 13 TeV.

In the Minimal Supersymmetric Standard Model the tree-
level coupling of the charged Higgs boson to WZ is loop-
induced [11], and therefore strongly suppressed compared
to fermionic couplings. Tree-level coupling to massive vec-
tor bosons, is, however, present in extensions of the Stan-
dard Model (SM) with higher-isospin scalar fields [12-14].
In this article, the Georgi-Machacek (GM) model [15,16] is
used as a benchmark. Because it preserves custodial sym-
metry at tree level, it is not strongly constrained [17]. The
GM model extends the Higgs sector of the Standard Model
by including one real and one complex triplet. A parame-
ter, sin 6, representing the mixing of the vacuum expecta-
tion values, determines the contribution of the triplets to the
masses of the W and Z bosons. The physical scalar states
are organized into different custodial multiplets: a fiveplet
(H5++, HT, HSO, Hs , Hy ™) that is fermiophobic but cou-
ples to W and Z bosons, a triplet, and two singlets, one of
whichisidentified as the observed 125 GeV Higgs boson with
SM properties. Single production of H5i occurs by vector-
boson fusion and, in this analysis, the assumption that the
triplet states are heavier than the fiveplet scalars implies that
it can only decay to W* Z. The cross-section is proportional
to sin” 0. The singly charged members of this fiveplet are
the object of the present search in the VBF channel.
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Parameterized Lagrangians [ 18—20] incorporating a Heavy
Vector Triplet (HVT) allow the results of searches for vector
resonances to be interpreted in a generic way. In this article,
a simplified phenomenological Lagrangian [19] is used. The
new heavy vector resonance, W', couples to the Higgs field
and longitudinally polarized SM gauge bosons by virtue of
the equivalence theorem [21], and this coupling is parame-
terized by the product of two parameters gycpy. It couples
to the fermions via the combination (g2/gy)cr, where g is
the SM SU(2) gauge coupling. The parameter gy represents
the typical strength of the vector-boson interaction, while
the parameters cy and cr are expected to be of the order
of unity in most models. The vector-boson scattering pro-
cess, pp — W'jj — WZjj, is only sensitive to the gauge
boson coupling and, in this case, the benchmark model used
to interpret the results assumes no coupling of the heavy vec-
tor resonance to fermions.

In nearly all of the parameter space explored in the present
analysis and for both benchmark models, the intrinsic width
of the resonance is below 4%, which is less than the exper-
imental resolution. Results are provided for the VBF and
Drell-Yan production modes separately for the HVT pro-
cess, neglecting possible signal leakage between them since
the VBF contribution is quite small relative to Drell-Yan,
always below 1%, and since the VBF benchmark model con-
sidered here assumes no coupling to fermions. Representa-
tive Feynman diagrams for the production and decay of the
heavy resonances searched for in the present analysis are
shown in Fig. 1.

Searches fora W' in an extended gauge model, decaying to
WZ in the fully leptonic mode, at /s = 8 TeV with 20fb~! of
data have been performed by the ATLAS [22] and CMS [23]
Collaborations. The present analysis extends searches for res-
onant WZ production, performed by ATLAS in Run 2 of the
LHC using pp collision data at /s = 13 TeV [24], with
36 fb~! of integrated luminosity.

Exclusion limits from searches of diboson resonances with
different final states are summarized in Refs. [25-27]. The
results from searches for heavy VV and V H vector res-
onances (V = W or Z) and their combination, based on
Run 1 data and on Run 2 data in the fully hadronic (gqqq),
semileptonic (Yvqq, £€qq, vvqq), and fully leptonic (€££¢,
Lvee, LLvv) final states are given in Refs. [28—33]. The vari-
ous decay channels generally differ in sensitivity in different
mass regions. The fully leptonic channel is found to be more
sensitive to resonances with mass below ~ 1 TeV because
of the low background, in spite of the low branching ratio.
For the VBF process, the present analysis aims to comple-
ment previous explorations of the HVT phase space since
other channels are mostly insensitive when the coupling of
the heavy vectors to fermions is close to zero.

Limits on the GM model have also been set, based on an
analysis of opposite-charge WW production by ATLAS [34],

@ Springer

using data at /s = 13 TeV. Searches [35,36] by the CMS
Collaboration for a singly-charged and a doubly-charged
Higgs boson, produced via VBF and decaying respectively
into WZ and WW in the fully leptonic mode, using an inte-
grated luminosity of 137 fb~!, have yielded limits on the
coupling parameter of the GM model, assuming degenerate
masses of H5lL and Hsii. Upper bounds at 95% confidence
level (CL) on sinfy vary between ~ 0.2 and 0.55 in the
mass range 200-2000 GeV. In the present analysis, in addi-
tion to the larger data set, several improvements relative to the
previously published analysis [24] have been implemented,
most notably the implementation of multivariate techniques
for the VBF signal selection.

2 The ATLAS detector

The ATLAS detector [10] has a cylindrical geometry with a
nearly 47 coverage in solid angle.! The inner detector (ID),
consisting of silicon pixel, silicon microstrip and transition
radiation detectors, is surrounded by a thin superconducting
solenoid providing a 2 T axial magnetic field. It allows precise
reconstruction of tracks from charged particles and measure-
ment of their momenta up to a pseudorapidity of |n| = 2.5.
High-granularity lead/liquid-argon (LAr) sampling electro-
magnetic and steel/scintillator-tile hadron calorimeters, at
larger radius, provide energy measurements in the central
pseudorapidity range || < 1.7. In the endcap and forward
regions, LAr calorimeters for both the electromagnetic and
hadronic energy measurements extend the region of angu-
lar acceptance up to |[n| = 4.9. Outside the calorimeters,
the muon spectrometer incorporates multiple layers of trig-
ger and tracking chambers in a magnetic field produced by a
system of superconducting toroid magnets, enabling an inde-
pendent precise measurement of muon track momenta for
In| < 2.7. The ATLAS trigger system consists of a hardware-
based level-1 trigger followed by a software-based high-level
trigger [37]. An extensive software suite [38] is used in the
reconstruction and analysis of real and simulated data, in
detector operations, and in the trigger and data acquisition
systems of the experiment.

I ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point (IP) in the centre of the detector and the z-
axis along the beam pipe. The x-axis points from the IP to the centre of
the LHC ring, and the y-axis points upwards. Cylindrical coordinates
(r, @) are used in the transverse plane, ¢ being the azimuthal angle
around the z-axis. The pseudorapidity is defined in terms of the polar
angle 6 as n = — Intan(6/2). Angular distance is measured in units of
AR =/(An)? + (Ag)2.
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Fig. 1 Representative Feynman diagrams for heavy resonance production and decay to WZ bosons a HVT W’ production via Drell-Yan, b HVT
W’ production via vector boson fusion and ¢ GM H5i production via vector boson fusion. The subsequent decays to the £ £~ ¢*v are also shown

3 Data and Monte Carlo samples

The data used were collected from 2015 to 2018 with the
ATLAS detector from pp collisions at a centre-of-mass
energy of 13 TeV at the LHC, and initially selected by requir-
ing that a set of quality criteria for detector and data condi-
tions be satisfied [39].

Events were required to pass combinations of single-
electron or single-muon triggers [40,41]. The transverse
momentum (pt) thresholds of the leptons in 2015 were
24 GeV for electrons and 20 GeV for muons, with both sat-
isfying a loose isolation requirement based only on ID track
information. Due to the higher instantaneous luminosity in
2016-2018 the trigger threshold was increased to 26 GeV for
both the electrons and muons, and tighter isolation require-
ments were applied. An additional electron (muon) trigger
with a pt threshold of 60 (50) GeV and no isolation require-
ment, and a single-electron trigger requiring pt > 120 GeV
with less restrictive electron identification criteria, were used
to increase the selection efficiency, which reached almost
100%, relative to the offline selections [40,41]. With these
conditions, the integrated luminosity used in this analysis is
139 fb~ 1.

Simulated signal events and background processes with
prompt leptons were used to model the benchmark physics
processes and optimize the selection cuts. They were pro-
duced by Monte Carlo (MC) generators with the detec-
tor response modelled by the GEANT toolkit [42,43] inte-
grated into the ATLAS simulation infrastructure. For some
samples, the calorimeter response is obtained from a fast
parameterized detector simulation [44], instead of full sim-
ulation by GEANT. The effect of multiple interactions in
the same and neighbouring bunch crossings (pile-up) was
modelled by overlaying the simulated hard-scattering event
with inelastic pp events generated with PYTHIA 8.186 [45]
using the NNPDF2 . 3LO set of parton distribution functions
(PDF) [46] and the A3 set of tuned parameters (tune) [47].
The distribution of the number of pile-up events reproduces
the bunch structure and the average number of interactions
per bunch crossing in the various run periods. A pileup weight

is defined, which is applied to Monte Carlo to correct for
the difference between the distribution of average number of
interactions used to produce the sample and that measured
for the recorded data. For all samples, except those generated
with SHERPA [48], the EVTGEN 1.2.0 program [49] was used
to simulate the properties of the b- and c-hadron decays.

The GM VBF benchmark signal samples, pp — H5jE jj —
W*Zjj — ¢Fvete~jj, vetoing W or Z bosons in the
s-channel, were produced with MADGRAPH 2.7.2 [50] at
next-to-leading order (NLO) in QCD [1,51]; the generator is
referred to as MADGRAPH hereafter. The signal simulation
is produced for the mass range 200 GeV to 1 TeV in the Hs-
plane defined in Refs. [1,52], using the tool GMCALC [53].
The parameter sin 6y was set to 0.5 for masses up to 800 GeV
and 0.25 for higher masses to be compatible with present con-
straints [52]. The matrix element calculation employed the
NNPDF3 . 0NLO [54] set of PDFs. Events were interfaced
to PYTHIA 8.186 for the modelling of the parton shower,
hadronization, and underlying event, using the A14 tuning
parameters [55] and with the dipole recoil shower scheme
to prevent the generation of excess central jet radiation [56].
For these samples, a minimum pt of 15 GeV (10 GeV) for
the jets (leptons) was required during event generation. The
signal samples were produced in 25 GeV mass steps up to
600 GeV and 100 GeV mass steps up to 1 TeV.

Two benchmark models of HVT production via the Drell—
Yan process, g¢ — W' — WZ — (vé{, are used to
interpret the results. Model A is typical of weakly cou-
pled vector resonances arising from an extension of the SM
gauge group [57] with an additional SU(2) symmetry, and
the branching ratios to fermions and gauge bosons are com-
parable. Model B is representative of an HVT produced
in a strongly-coupled scenario, as in a Composite Higgs
model [58] with suppressed fermionic couplings. The param-
eter gy was set to 1 for Model A and to 3 for Model B.
For both models, cg is set to 1 and is assumed to be the
same for all types of fermions. The simulated signal sam-
ples for Model A were generated at leading order (LO)
in QCD with MADGRAPH 2.6.5 using the model file pro-
vided by the authors of Ref. [19]. The parton-level simu-
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lated events were hadronized with PYTHIA 8.186, using the
NNPDF23_lo_as_0130_gedPDF setand Al4 tune. The
signal samples were produced for vector resonances with
masses ranging from 250 to 5 TeV, in steps of 25 GeV below
600 GeV, 100 GeV between 600 GeV and 2 TeV, 200 GeV
from 2 TeV to 3 TeV and 500 GeV above. For interpretation
in terms of Model B, the Model A simulation is used and
the cross-sections were simply scaled. This is justified since
the intrinsic resonance width remains well below the experi-
mental resolution and the angular distributions are the same
for both models.

For the VBF production mode of heavy vector resonances,
which is expected to have a low cross-section, the benchmark
model used is also based on the HVT parameterization. The
coupling parameters gy and cg are set to 1 and all other cou-
plings of the heavy triplet, including cr, are set to 0 in order to
maximize the VBF contribution. The simulated signal sam-
ples were generated at LO in QCD with MADGRAPH 2.6.5
using the model file provided by the authors of Ref. [19].
The parton-level simulated events were hadronized with
PyTHIA 8.186, using the NNPDF23_1lo_as_0130_ged
PDF set and A14 tune. A dijet invariant mass of at least
150 GeV is required in this case at event generation. The
simulation samples were generated for masses ranging from
300 GeV to 2 TeV, in steps of 25 GeV (100 GeV) up to
(beyond) 600 GeV.

The background sources include processes with two or
more electroweak gauge bosons, namely VV and VVV
(V = Z, W) as well as processes with top quarks, such
as 11, 11V, and single top-quark, and processes with gauge
bosons produced in association with jets or photons.

The dominant background for this search is the SM
QCD mediated WZ process, referred to as WZ-QCD
here. It includes processes up to order four in the elec-
troweak coupling constant, «gw, and is modelled using
SHERPA 2.2.2 [48]. The WZ sample includes up to one
jet calculated at NLO in QCD, while second and third jets
were calculated at LO in QCD and merged with the parton
shower. In order to estimate an uncertainty due to genera-
tor and parton shower modelling, an alternative NLO WZ-
QCD sample was produced using MADGRAPH 2.6.5 with
FxFx merging [59] of up to two extra jets, using the PDF set
NNPDF30_nlo_as_118. The hadronization was performed
with PYTHIA 8.186 with the A14 tune. A sample of the purely
electroweak process WZjj — £v ££ jj,including processes
of order six in agw ( WZ-EWK), was generated separately
with MADGRAPH 2.7.3 together with PYTHIA 8.244 using
the Al4 tune [55] and the NNPDF3 . 0ONLO [54] PDF set.
To estimate an uncertainty due to the parton shower mod-
elling, a sample using the same MADGRAPH 2.7.3 matrix
element but HERWIG 7.2.1 for the parton shower was pro-
duced. According to the SM, a small amount of interference
occurs between electroweak and QCD WZ production. This
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was modelled with MADGRAPH 2.7.3 + PYTHIA 8.244 using
the A14 tune [55] and the NNPDF3 . ONLO [54] PDF set and
combined with the simulated WZ-EWK sample.

Samples of gqg — ZZ — 4¢,qq — ZZ — £l vy
and triboson events were generated with SHERPA 2.2.2 [60]
using matrix elements at NLO accuracy in QCD for up to
one additional parton and at LO accuracy for up to three
additional parton emissions. The simulation included off-
shell effects and Higgs boson contributions. The purely elec-
troweak process qq — ZZjj — 4{jj and the gg —
ZZ process were also generated with SHERPA 2.2.2 [60].
The LO-accurate matrix elements were matched to a par-
ton shower based on Catani-Seymour dipole factoriza-
tion [61,62] using the MEPS@LO prescription [63—66].
Samples were generated using the NNPDF3.0NNLO PDF
set [54], and SHERPA parton-shower parameter values.

The ¢V processes were modelled using the MAD-
GRAPH 2.3.3 [50] generator at NLO in QCD with the
NNPDF3 . ONLO [54] PDF set. The events were interfaced to
PYTHIA 8.210 [67] using the A14 tune and the NNPDF2 . 3
LO [54] PDF set.

Finally, samples of SM backgrounds with at least one
misidentified or non-prompt lepton, including Zy, Wy,
Drell-Yan Z — ¢¢, W — {v as well as top-quark pairs and
single top-quark have been generated to assist in estimating
the fake/non-prompt lepton background. Events with Vy in
the final state were simulated with the SHERPA [2.2.4] [60]
generator. Matrix elements at LO accuracy in QCD for up to
three additional parton emissions were matched and merged
with the SHERPA parton shower [61-66]. The samples were
generated using the NNPDF3 . ONNLO PDF set [54], along
with the dedicated set of tuned parton-shower parameters
developed by the SHERPA authors. Drell-Yan Z — ¢4
and W — {¢v were produced with POWHEGBOX V1 gener-
ator [68-71] at NLO accuracy for the hard-scattering pro-
cesses of W and Z boson production and decay in the elec-
tron, muon, and t-lepton channels. The events were inter-
faced to PYTHIA 8.186 [45] for the modelling of the parton
shower, hadronization, and underlying event, with parame-
ters set according to the AZNLOtune [72]. The CT10NLO
PDF set [73] was used for the hard-scattering processes,
whereas the CTEQ 6L1 PDF set [74] was used for the parton
shower. The effect of QED final-state radiation was simulated
with (PHOTOS)++3.52 [75,76]. For top-quark pairs and sin-
gle top-quark productions the POWHEGBOX v2 [68-70,77]
generator was used at NLO with the NNPDF3 . ONLO [54]
PDF set. The events were interfaced with PYTHIA 8.230 [67]
using the A14 tune [55] and the NNPDF2 . 3L.0O PDF set.

SM backgrounds with Higgs bosons (H, tfH, V H) con-
tribute less than 0.1% of the total background because of the
low cross-section and the requirement of a well-reconstructed
leptonically decaying Z boson. These backgrounds were
neglected.
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4 Object reconstruction and identification

Electron candidates are reconstructed from energy deposits in
the electromagnetic calorimeter which are matched to a well-
reconstructed ID track [78]. Only electrons with transverse
energy ET >7 GeV and within the pseudorapidity range of
In] < 2.47, excluding the barrel-endcap transition region
1.37 < |n| < 1.52 are considered. Muons are identified
either by matching muon spectrometer tracks with tracks in
the ID or by using the calorimeter-based muon identifica-
tion [79,80]. They are required to have transverse momen-
tum pt > 5 GeV (pr > 15 GeV if calorimeter tagged) and
pseudorapidity |n| < 2.7.

Identification and isolation criteria, either ‘loose’, ‘medium’
or ‘tight’ as described in Refs. [78,79], are applied to elec-
tron and muon candidates. Identification criteria are based
on shower shapes and track parameters for electrons, and on
track parameters for muons. The isolation criteria use infor-
mation about ID tracks and calorimeter energy deposits in a
fixed cone of size AR = 0.2 around each lepton. Four lepton
categories are designed using the identification and isolation
criteria: Baseline electrons and muons are required to sat-
isfy ‘loose’ identification and isolation criteria (for muons
with pt > 300 GeV the dedicated ‘High pr identification’
is required [80]). The Loose, Tight Z and Tight W leptons
are defined as subsets of the Baseline lepton selection with
pt > 25 GeV. For the Tight Z leptons the ‘medium’ iden-
tification and ‘tight’ isolation criteria are applied, while for
Tight W leptons the ‘tight’ identification and ‘tight’ isola-
tion criteria are applied. The tighter identification and isola-
tion requirement applied to the lepton of the W candidate is
motivated by lower background rates for leptons from the Z
candidate, which are well constrained by the requirement on
their invariant mass.

Electron and muon candidates are required to originate
from the primary vertex. The primary vertex is defined, using
tracks with pt > 500 MeV, as the vertex candidate with
the highest 3~ pr? of its associated tracks. The transverse
impact parameter of the track (dp) is calculated relative to
the beam line. For all four lepton categories, the longitudi-
nal impact parameter, zqo (the difference between the value
of z at the point of the track where dj is defined and the
longitudinal position of the primary vertex), is required to
satisfy |zo - sinf| < 0.5 mm, where 6 is the polar angle of
the track momentum at the reference point. Furthermore, for
the Loose, Tight Z and Tight W leptons the significance of
the transverse impact parameter of the track, |do /oy, |, where
04, stands for the resolution of dy, must be smaller than 3.0
for muons and less than 5.0 for electrons.

Jets are based on particle-flow objects built from noise-
suppressed positive-energy topological clusters of cells in
the calorimeter and reconstructed tracks [81]. The anti-k;
algorithm [82,83] with a radius parameter of R = 0.4

is used. For jets, the main backgrounds are either beam-
induced, due to proton collisions upstream of the interaction
point, from cosmic-ray showers or highly coherent calorime-
ter noise. These jets are considered ‘unclean’ and nearly all
are rejected by applying a set of quality criteria. Further-
more, to mitigate contamination from the pile-up, a jet ver-
tex tagger [84,85], using information about tracks associated
with the primary vertex and pile-upvertices, is applied to jets
with pr < 60 GeV and |n| < 2.4. In the forward region,
pile-upjet tagging that exploits jet shapes and topological
jet correlations in pile-upinteractions is applied to jets with
pr < 120 GeV and 2.5 < |n] < 4.5 [85].

The flavour of jets is determined using a deep-learning
neural network, DL1r [86,87]. The DL1r b-tagging is based
on distinctive features of b-hadron decays in terms of the
impact parameters of the tracks and the displaced vertices
reconstructed in the inner detector. The b-tagging algorithm
has an efficiency of 85% in simulated ¢f events, a light-flavour
jet misidentification probability of 3% and a c-jet misidenti-
fication probability of about 33%.

Two levels of jet selections are used: the Baseline jets have
pt > 30 GeV and |n| < 4.5, while for VBF jets, which are
a subset of Baseline jets, the pile-upremoval using the jet
vertex tagger and a b-tagging veto are applied, as described
above, since they are mostly forward jets and not initiated by
b-quarks.

To avoid cases where the detector response to a single
physical object is reconstructed as two different final-state
objects, an overlap-removal procedure is applied to the Base-
line selected leptons and jets. If two electrons share the
same track then the lower-pt electron is discarded. Elec-
trons that share the same track as a selected muon with a
muon spectrometer track are also discarded; but in the case of
a calorimeter-tagged muon, it is the muon which is rejected.
A jet is removed if its separation from an electron satisfies
AR < 0.2; the electron is removed if the separation satisfies
0.2 < AR < 0.4. For nearly collinear muons and jets, the jet
is removed if it is separated from the muon by AR < 0.2 and
if it has less than three tracks, or if the energy and momentum
differences between the muon and the jet are small; otherwise
the muon is removed if the separation satisfies AR < 0.4.

The missing transverse momentum, E%‘iss, in an event is
calculated as the magnitude of the negative vectorial sum
of the transverse momenta of all Baseline selected and cal-
ibrated physics objects that can be matched to the primary
vertex. A component called the “soft term” is calculated from
the residual tracks that originate from the primary vertex but
are not associated with any other object and is added to the
E%‘iss calculation [88].

@ Springer
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5 Event selection 504;““_5
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leptons and E%‘iss is used as the discriminating variable. A
summary of all the selections used to define the analysis sig-
nal regions (SRs) and control regions (CRs) can be found in
Table 1.

5.1 Baseline selection of WZ events

The baseline selection is a set of event criteria applied to
data and all simulated samples before defining more specific
analysis regions. First, there is a requirement of good quality
for the recorded events, based on the working conditions of
all subdetectors. Events are vetoed if they have one or more
unclean jets. All events are required to contain a primary
vertex with at least two associated tracks.

Events are required to contain exactly three leptons meet-
ing the Loose selection criteria defined in Sect.4. In order to
reduce the ZZ background, events with four or more leptons
meeting the Baseline criteria are vetoed. To ensure that the
trigger efficiency is well determined, at least one of the three
candidate leptons must be trigger-matched and is required
to have pr>27 GeV. A Z candidate must be present. It
is defined by two leptons of the same flavour and opposite
charge with an invariant mass that is consistent with the Z
boson pole mass (mz): [mge —mz| < 20 GeV. If there is
more than one pair of leptons that can form a Z candidate,
the one with invariant mass closest to the Z boson pole mass
is chosen. The third lepton is then taken as the W boson
lepton candidate. The leptons assigned to the W and Z can-
didates are then required to satisfy the Tight W or Tight Z
selection criteria defined in Sect. 4. Finally, the missing trans-
verse momentum in the event is required to be greater than
25 GeV.

To reconstruct the four-vector of the W boson, the E‘Tnissof
the event is assumed to be due to the neutrino. The longitudi-
nal component p,(v) of the neutrino momentum is estimated
by constraining the invariant mass of the £v system to be the
pole mass of the W boson, where the charged lepton is the
one assigned to the W candidate. A quadratic equation leads
to two solutions. If they are real, the one with the smaller
magnitude of |p;(v)] is chosen, otherwise, the real part is
chosen. The choice of the solution was optimized using truth
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Fig. 2 The acceptance (A) times efficiency (¢) of the HVT W’ in the
Drell-Yan signal region for different mass points and for the individual
channels pvuu, evee, wvee, evuju, and the sum of all channels. The
uncertainty includes both the statistical and experimental systematic
components

information. The invariant mass of the WZ system is then
calculated.

5.2 Drell-Yan process selection

For a heavy resonance produced essentially at rest in the s-
channel, it is expected that the selected W and Z bosons have
transverse momenta close to 50% of the resonance mass. A
boson pt to resonance mass ratio variable is therefore defined
as the ratio pt(V)/m(W Z) of the boson transverse momen-
tum to the WZ invariant mass. To reduce the contribution
from non-resonant WZ production, events passing the WZ
preselection are required to have a boson pt to resonance
mass ratio greater than 0.35 for both bosons. The combined
detector acceptance and signal selection efficiency (A x €)
of the Drell-Yan HVT W' selection, relative to the generated
signal events, is shown in Fig.2. There, decays of W and
Z bosons into all flavours of leptons are included at event
generation. The A x € values decrease for resonance masses
above approximately 2 TeV due to the collinearity of elec-
trons from highly boosted Z — ee decays, for which the
lepton isolation is less efficient.

5.3 Vector boson fusion process selection

The VBF process (pp — W'jj — WZjj) is characterized
by the presence of two jets with a large rapidity gap resulting
from quarks from which a vector boson has been radiated.
To select the signal events, an artificial neural network with
a binary classification task is used: events are categorized as
belonging either to a VBF process or to the background. The
ANN training is implemented using the Keras package [89]
running on top of the TensorFlow package [90]. An ANN
training region is defined by requiring events to have at least
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Table 1 Summary of the event selections for signal and control regions. Definitions of some variables used in this table can be found in Sects. 5.2

and 5.3
Baseline WZ selection
Event cleaning and primary vertex
Single-electron or single-muon trigger
Exactly 3 Loose leptons (e or ) with pt >25 GeV (pr >27 GeV for the trigger-matched lepton)
ZZ veto: veto events with additional Baseline leptons
Z candidate: A Tight Z same-flavour-opposite-sign lepton pair with |m¢ —mz| < 20 GeV
W candidate: Tight W lepton requirements on "non-Z leptons’ and EJ"*%> 25 GeV

Selection Drell-Yan VBF

Signal region

pr(V)/m(WZ) > 0.35

At least 2 VBF jets

mj; > 100 GeV

Veto events with b-tagged jets
ANN Output > 0.82

WZ-QCD control region

pr(V)/m(WZ) > 0.1

(pr(W)/m(WZ) < 0.35 or
pr(Z2)/m(WZ) < 0.35)

At least 2 VBF jets

mj; > 500 GeV

Veto events with b-tagged jets
ANN Output < 0.82

ZZ control region

No E{-"i“ requirement

Additional Baseline lepton

Additional Baseline lepton
No E-'rniss requirement
At least 2 VBF jets

apair of jets satisfying the VBF jets selection, and from those,
the pair with the highest-pr is required to have an invariant
mj; >100 GeV. The ANN is trained in this region with sim-
ulated H5i events as signal, against the SM WZ-EWK and
WZ-QCD events as background. The H5jE simulation is used
for the training because the kinematic variables show very
similar distributions for the GM and HVT benchmark signals
and the training yielded similar results.

In order to minimize the statistical uncertainty, a 4-fold
cross-validation technique was applied. A rectified linear
unit, or a ReL.U, was used as an activation function at each
node [91]. The space of hyperparameters was scanned and
a final set was chosen to ensure optimal performance of the
network. The training was performed with 100 epochs, Nes-
terov’s momentum of 0.7 [92], and two hidden layers of 45
neurons each. To avoid overfitting, a regularization technique
was employed. For each input sample, a hidden layer was
randomly removed with a probability parameter (dropout) of
0.2, allowing for a noisy training process.

The distributions of the loss function and of accuracy vs
epochs were monitored for the training and validations sets
and no sign of overtraining was observed.

The input variables” used for the ANN optimization are
listed in Table 2. These were chosen on the basis of their
impact in the training and such that highly correlated vari-

2 The “event centrality” is a measure of the smaller pseu-

dorapidity difference between the most forward jet and the
most forward lepton in either hemisphere. It is defined as:

Table 2 Variables used for ANN training

Training variable Definition

mjj Invariant mass of the two leading-pr jets

Agj; Difference in ¢ of the two leading-pt jets

nw, Nz Pseudorapidities of the reconstructed gauge
bosons

nj1 Leading-pr jet pseudorapidity

{Lep Event centrality

E‘T‘ﬂiss Missing transverse momentum

Hrt Scalar pr sum of the VBF jets and the

leptons from the WZ decay

ables are not used simultaneously. The loss in expected sig-
nificance when adding or exchanging some of the variables
was evaluated for each set of variables until the optimal set
was found.

All the mass samples of simulated H;E GM events are used
simultaneously to define the “signal” for the training. After
training, the threshold for the ANN output score is chosen in
such a way that it maximizes the significance for the lowest
mass point (200 GeV). The advantage of this approach is that

Footnote 2 continued
{Lep = min {[min(ne, . e, ne;) — min(nj,, n),)].
[max(nj,, nj,) — max(ne,, ey, nes)]}

with £1, €2, £3 being the three leptons from the WZ decay and jj, j the
leading- prand subleading- pt VBF jets.
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Fig. 3 Distribution of the ANN score in the WZ-QCD VBF control
region and the VBF signal region. The background predictions are
obtained from a background-only simultaneous fit to the VBF signal
region, the WZ-QCD VBF and ZZ VBF control regions as described
in Sect. 8. The uncertainty in the total background prediction, shown as
a hashed area, combines statistical and systematic contributions. The
distributions for the HVT VBF model W’ and GM H5:E simulations are
shown normalized to the data integral. The vertical dotted line shows
the threshold value for the ANN output score used to define the VBF
signal region

it greatly reduces the training effort and a single signal region
can be used. It was verified that the alternative of using one
ANN training per mass point does not significantly improve
the performance. The training is then applied to both GM and
HVT Model samples. A minimum value of 0.82 on the ANN
output maximizes the significance and is chosen to define
the signal region. After all selection cuts are applied the VBF
signal region effectively starts at mj; > 500 GeV. This signal
region was blinded until the background and its uncertainties
in the control regions had been evaluated (Sect. 6).

The distribution shapes and correlations of all input vari-
ables to the ANN were found to be well modelled by MC
simulation in the WZ-QCD control region (see Sect.6 for
definition). This is exemplified by the good description of
the ANN output score distribution of data in the WZ-QCD
control region and VBF signal region shown in Fig. 3.

The acceptance times efficiency A x € of the ANN-based
VBEF selection as a function of the mass of the VBF H5jt and
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Fig. 4 The acceptance (A) times efficiency (¢) of VBF H5:E and HVT
W’ selection after the ANN-based VBF selection at different mass
points for the individual channels puvuu, evee, puvee, eviup, and the
sum of all channels. The uncertainty includes both the statistical and
experimental systematic components

of the HVT W’ boson, relative to the generated signal events,
is shown in Fig. 4. There, decays of W and Z bosons into all
flavours of charged leptons are included at event generation.
For the H5ﬂE and the HVT bosons the A x € value is in the
range 2—12% and 2-5% respectively for resonance masses
ranging between 200 and 1000 GeV, the difference being due,
with approximately equal importance, to the generator-level
selection and the different angular distributions of the final
products.

6 Background estimation

The backgrounds are classified into two groups: the irre-
ducible backgrounds where all reconstructed lepton candi-
dates are prompt (arise from the primary process) and the
reducible backgrounds where at least one of the lepton can-
didates is not prompt. Non-prompt leptons are also referred
to as “fake/non-prompt” leptons.
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The contributions from the irreducible backgrounds WZ-
QCD, WZ-EWK, ZZ, VVV and 1tV are estimated using
MC simulation. The normalizations of WZ-QCD and ZZ are
constrained by data in a simultaneous fit using the signal
region and dedicated control regions. Each signal region has
two associated CRs designed to match that particular SR’s
event topology and jet multiplicity, as summarized in Table 1.

The dominant source of irreducible background is QCD-
mediated production of WZ dibosons. Two CRs are created
to constrain it. One is referred to as the WZ-QCD Drell-Yan
CR and is dedicated to the Drell-Yan analysis. It is defined
by selecting the subsample of WZ events that fulfill all the
Drell-Yan event selection except the boson pt to resonance
mass ratio. The lower bound on the boson pt to resonance
mass ratio is set to 0.1 to bring this CR close to the signal
region. The second CR, referred to as the WZ-QCD VBF CR,
is dedicated to the VBF analyses. It is defined by selecting
from the WZjj subsample the events that fail the ANN output
score requirement, and have mj; > 500 GeV. The high mj;
requirement is applied in order to match the signal region’s
event topology. In both CRs the WZ-QCD contribution is
around 80%.

To extract the ZZ background normalization, two ZZ-
enriched control regions are defined after applying the WZ
event preselection described in Sect.5.1. The presence of at
least a fourth lepton candidate satisfying the Baseline identi-
fication criteria is required and no requirement on the missing
transverse momentum is applied. This region is used for the
Drell-Yan process analysis and is referred to as the ZZ Drell—
Yan CR. For the VBF selection, the events in the ZZ VBF
CR must have, in addition, at least two VBF tagged-jets.

The QCD-mediated production of ZZ events represents
91% (80%) of the ZZ Drell-Yan CR (ZZ VBF CR), while the
contribution of ZZ events from electroweak-mediated pro-
duction ZZ is small. In the following the sum of the two
components is referred as the ZZ background.

To validate the modelling of the 77V background, a dedi-
cated validation region is built by requiring the WZjj events
to have at least one b-tagged jet. Since no significant data
mis-modelling was observed, the m(WZ) shape and normal-
ization of this background are taken from simulation.

The reducible backgrounds originate from Drell-Yan
Z — tl, W — v, Zy, tt, Wrand WW processes where
jets or photons were misidentified as leptons. For both analy-
sis regions the normalizations of the reducible backgrounds
are estimated using a data-driven method. The method is
based on a global matrix which exploits differences between
the characteristics of real and fake/non-prompt leptons on
a statistical basis. Details of the method can be found in
Ref. [93]. The shape in the Drell-Yan analysis is obtained
from the data-driven method. In the VBF analysis, due to the
fewer data events, the shapes are taken from simulation.

7 Systematic uncertainties

Systematic uncertainties from the theoretical modelling and
the object and event reconstruction have an impact in the
signal and control regions used. The search sensitivity is
then affected by their effects on background estimates, signal
acceptance, and the shape of the distributions of the invariant
mass discriminant. Depending on the nature of the uncer-
tainty these can be classified into two groups: (a) theoreti-
cal uncertainties associated with the MC modelling of both
the background and signal processes and (b) experimental
uncertainties related to the detector and reconstruction per-
formance. The uncertainties and the methods used to eval-
uate them are discussed below. Unless explicitly stated, the
uncertainties quoted are the uncertainties in the quantities
themselves, not their impact on the search sensitivity.

7.1 Theoretical uncertainties

Systematic uncertainties in the theoretical modelling by the
event generators used to evaluate the WZ-QCD, WZ-EWK
and ZZ templates are considered. For the WZ-QCD and ZZ
backgrounds that have data-driven normalization only the
shape variations of the reconstructed m(WZ) distribution are
considered. Uncertainties due to higher-order QCD correc-
tions are evaluated by varying the renormalization and factor-
ization scales independently by factors of two and one-half.
For the WZ-QCD background only a small shape effect is
observed and used in the fit. For the WZ-EWK background
the uncertainties in the m(WZ) shape grow with the mass
from 8 to 15%. The uncertainties due to the PDF and the «;
value used in the PDF determination are evaluated using the
PDF4LHC prescription [94]. For the WZ-QCD background
they are estimated to have a small shape component but are
nevertheless included in the fit. For the WZ-EWK they are
added in quadrature, and the total uncertainty stays between 5
to 6% in all mass bins for both the Drell-Yan and VBF selec-
tions. A modelling uncertainty in the WZ-QCD background
template including effects of the parton shower model, is esti-
mated by comparing predictions of the m(WZ) distribution
from the SHERPA and MADGRAPH MC generators. The dif-
ference between the two predicted m(WZ) distribution shapes
is used as an uncertainty band centred around the nominal
SHERPA prediction. A parton shower modelling uncertainty
in the WZ-EWK background template is estimated using two
MC samples with different parton shower models, PYTHIA
and HERWIG. This modelling uncertainty has no effect on the
m(WZ) distribution’s normalization at low mass, but grows
to 5% at high mass.

For the ZZ background the shape uncertainties originat-
ing from the renormalization and factorization scales, as well
as from the PDF and the chosen value of «; are evaluated in
a similar way.

@ Springer



633  Page 10 of 34

Eur. Phys. J. C (2023) 83:633

The theoretical uncertainties described above are evalu-
ated in all the analysis signal and control regions and treated
as uncorrelated across those regions in the statistical analysis.

An uncertainty of 20% is assigned to the 7V and VVV
cross-sections [95-97]. It consists of contributions from PDF
uncertainties and QCD scale uncertainties.

Uncertainties in the signal acceptances due to PDF and
scale choices are also evaluated. These uncertainties are cal-
culated following the procedure described above, for several
resonance mass points, and for each model, production pro-
cess and decay. The theoretical uncertainties of the HVT
signals are evaluated to be less than 20% for all production
modes and they are 30% for the GM model.

7.2 Experimental uncertainties

Experimental uncertainties arise from the determination of
the luminosity, the lepton trigger efficiency, the reconstruc-
tion and identification efficiencies of leptons and jets, and the
missing transverse momentum.

The uncertainty in the integrated luminosity is 1.7%. It
is derived following a methodology similar to that detailed
in Ref. [98], using the LUCID-2 detector for the baseline
luminosity measurements [99], and calibrating the luminos-
ity scale using x-y beam-separation scans. A variation in the
pile-upreweighting of MC events is included to cover the
uncertainty in the ratio of the predicted and measured inelas-
tic cross-sections [100].

Systematic uncertainties affecting the reconstruction and
energy calibration of jets are propagated through the analysis.
They are the dominant experimental uncertainties in the VBF
selection. Those due to the jet energy scale and resolution are
obtained from simulations and in situ techniques [101]. The
uncertainties in the b-tagging efficiency and the mis-tag rate
are also taken into account. The effect of jet uncertainties on
the expected number of events ranges up to 15% in the VBF
selection.

Uncertainties in the efficiencies of the lepton triggers are
found to be negligible. The uncertainties due to the elec-
tron and muon reconstruction, identification and isolation
requirements are estimated using tag-and-probe methods in
Z — (£ events in data and simulation [78,79]. Uncertainties
in the lepton energy scale and resolution are also assessed.
The impact of lepton uncertainties on the expected number
of events is typically below 1%.

The uncertainty in the measurement of missing transverse
momentum is estimated by propagating the uncertainties in
the transverse momenta of preselected leptons and jets, as
well as those in the soft term [88].

An uncertainty in the prediction of the fake/non-prompt
background is also taken into account because it affects the
shape and normalization of the background distributions. The
total uncertainty is about 60% (more than 100%) for the
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Drell-Yan (VBF) selections. It is larger for the VBF selection
because of the higher statistical uncertainty.

8 Results
8.1 Statistical analysis strategy

The WZ invariant mass distribution is used as the discriminat-
ing variable. The bin widths were chosen to be comparable to
the expected resolution for the resonance model under inves-
tigation, and at the same time to optimize the sensitivity of the
search while reducing the impact of statistical fluctuations.

A profile-likelihood-ratio test statistic [102] is used to test
the compatibility of the background-only hypothesis with
the data and to test the signal-plus-background hypothesis.
The binned likelihood function is constructed by consider-
ing, in each bin, the contributions of the backgrounds and of
a hypothetical signal of given strength relative to a bench-
mark model’s production cross-section. In the absence of an
observed signal, exclusion limits on the presence of a sig-
nal are then derived using the CLs method [103]. All lepton
flavours and data taking periods are combined together for
the profile-likelihood-ratio test since there was no significant
gain in splitting the samples before the statistical analysis.

Simultaneous maximum-likelihood fits to the observed
binned distributions of m(WZ) in the signal regions and their
dedicated WZ and ZZ control regions are performed. Sepa-
rate fits are performed for the Drell-Yan and VBF selections.
The normalizations of the WZ-QCD and ZZ contributions are
freely floating parameters in these fits and are constrained by
the data in both the SRs and dedicated CRs. The ratio of
the fitted contributions in the CR and SR is allowed to vary
within the theoretical uncertainties. The normalizations and
shapes of all other backgrounds are allowed to vary within
their uncertainties.

Systematic uncertainties, described in Sect.7, and their
correlations are incorporated in the likelihood as nuisance
parameters with Gaussian constraints. Most of the system-
atic uncertainties are taken to be correlated between the SR
and CRs and fit simultaneously in these regions, with the
theoretical uncertainties of the ZZ, WZ-QCD and WZ-EWK
backgrounds being the only exceptions.

Two fit configurations are used, referred to as the Drell—
Yan and VBF configurations. The Drell-Yan fits include
the Drell-Yan SR, WZ-QCD CR and ZZ-CR. In the VBF
configuration, fits include the VBF-SR, WZjj-QCD CR and
ZZjj-CR. Separate fits are performed for the different mod-
els tested and for different resonance mass hypotheses. The
Drell-Yan configuration is used to search for a W’ boson pre-
dicted by the HVT benchmark. Two VBF fits are performed
using the VBF configuration: one for the search for a VBF-
produced W’ predicted by the HVT model, and the other for
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Table3 Expected and observed yields in the Drell-Yan and VBF signal
regions. The yields and uncertainties are presented after the background-
only fit to the data in the Drell-Yan or VBF signal regions. The uncer-
tainty in the total background estimate is smaller than the sum in quadra-
ture of the individual background contributions due to anti-correlations
between the estimated backgrounds from different sources

Drell-Yan signal region VBEF signal region

WZ-QCD 1734 £ 77 29+4
WZ-EWK 89+ 10 26£3
VVV 41tV 148 £ 27 09+0.2
77 95+£5 5+1
Fakes/non- 88 £49 03+0.8

prompt

leptons
Total background 2155+ 71 616
Observed 2155 66

the search for a charged Higgs boson, H. =, as predicted by
the GM model.

8.2 Data and background comparisons

To test the compatibility of the data and the background
expectations, the data are first fit to the background-only
hypothesis, separately in the Drell-Yan and VBF configu-
rations.

The post-fit background yields are summarized in Table 3
for the Drell-Yan and VBF signal regions. In both cases the
fit is able to adjust the SM ZZ and WZ-QCD background
normalizations using the data in signal and control regions.
In the Drell-Yan fit, the ZZ background normalization is
increased by around 10% while the WZ-QCD background
is decreased by 10% relative to the pre-fit predictions. Some
mild pulls in the modelling uncertainties by less than one
standard deviation from their pre-fit values are visible in the
Drell-Yan fit. In the VBF fits, the normalization of the ZZ
background is consistent with the pre-fit value while the WZ-
QCD background is reduced by around 30%. Apart from the
mild pulls in the Drell-Yan signal region, none of the other
nuisance parameters are significantly pulled or constrained
relative to their pre-fit values in any of the background-only
fits.

The post-fit m(WZ) distributions in the signal regions and
their respective WZ-QCD and ZZ control regions are shown
in Fig.5 for the Drell-Yan selection and in Fig.6 for the
VBEF selection. The bottom panels show that the observed
mass distributions are in good agreement with the estimated
post-fit background contributions in all signal and control
regions.

The largest observed excess is in the VBF category at
m(WZ) around 375 GeV, as shown in Fig. 6¢. The local signif-

icances for VBF produced signals of a charged Higgs boson
H5i or an HVT W’ boson are 2.8 and 2.5 standard devia-
tions, respectively. The respective global significances cal-
culated using the look-elsewhere effect as in Ref. [104], and
evaluated up to a mass of 1.2 TeV, are 1.6 and 1.7 standard
deviations. In the Drell-Yan signal region the largest differ-
ence between the data and the SM background prediction is
located around a mass of 1.1 TeV with a local significance
of 1.2 standard deviations.

8.3 Impact of systematic uncertainties

The effects of systematic uncertainties on the search are stud-
ied for hypothesized signals using a signal-strength parame-
ter w, which is the ratio of the extracted cross-section to the
injected hypothesized signal cross-section. For this study,
the signal production cross-section is set to be equal to the
expected median upper limits (Sect. 8.4). The expected rela-
tive uncertainties in the best-fit i value after the maximum-
likelihood fit are shown in Table 4 for two reference models
and mass points: Drell-Yan production of a W’ boson in the
HVT model with mass m(W’) = 1100 GeV, and VBF produc-
tion of an H5jE in the GM model with mass m (Hsi) =375GeV.
The individual sources of systematic uncertainty are com-
bined into fewer background modelling and experimental
categories. For signals with higher mass, the data statistical
uncertainty is dominant. The uncertainties with the largest
impact on the sensitivity of the searches are from the nor-
malization of the irreducible backgrounds WZ-QCD and ZZ,
from the theory modelling of the WZ background (in the
table this includes QCD and EWK components), from the
reducible background shape and normalization, and from the
sizes of the MC samples. Uncertainties related to luminos-
ity and pile-upalso play a relevant role in both signal regions.
The jet uncertainties, such as those in the jet energy scale and
resolution, naturally have a large impact in the VBF search.

8.4 Limits on the production of heavy resonances

Constraints on the production of heavy resonances are
derived by repeating the test of the signal-plus-background
hypothesis for different signal models. Upper limits on cross-
sections times branching fraction to WZ are calculated using
the asymptotic approximation [102].

For the HVT model search, Fig.7 presents the observed
and expected limits on 6 x B(W — WZ) at 95% CL as a
function of the W’ mass for the HVT model in the Drell-Yan
signal region. Masses below 2.4 TeV can be excluded for
Model A and 2.5 TeV for Model B. For resonance masses
above 2 TeV the exclusion limits become weaker due to the
poorer acceptance at high mass (see Fig.2). Regarding the
VBF production mode, 95% CL limitsono x B(W' — W Z)
are shown in Fig.8 for the benchmark model with cp = 0
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Fig. 5 Comparisons of the data and the expected background distri-
butions of the WZ invariant mass in the a WZ-QCD, b the ZZ con-
trol regions and ¢ the Drell-Yan signal region. The background pre-
dictions are obtained from a background-only simultaneous fit to the
Drell-Yan signal region and its control regions. For illustration, the
expected distributions from HVT W' resonances (model A) with masses

@ Springer

of 800 GeV and 1.4 TeV, with the latter normalized to four times its pre-
dicted cross-section, are shown in the signal region. The bottom panels
show the ratios of the data to the post-fit background predictions. The
uncertainty in the total background prediction, shown as a hashed area,
combines statistical and systematic contributions
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Fig. 6 Comparisons of the data and the expected background distribu-
tions of the WZ invariant mass in a the WZ-QCD VBF control region,
b the ZZ VBF control region and ¢ the VBF signal region. The back-
ground predictions are obtained from a background-only simultane-
ous fit to the VBF signal region and its two control regions. For illus-
tration, the expected distributions from an H5i GM model resonance

(sin @y = 0.5) with amass of 375 GeV and from an HVT W’ (model A)
of mass 600 GeV are shown in the signal region, with the predicted cross
sections scaled by 0.5 and 4, respectively. The bottom panels show the
ratios of the data to the post-fit background predictions. The uncertainty
in the total background prediction, shown as a hashed area, combines
statistical and systematic contributions
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Table 4 Dominant relative
uncertainties in the best-fit
signal-strength parameter (1)
for a hypothetical HVT signal of
mass m(W’) = 1100 GeV in the

Source of uncertainty

Ap/p %]

Drell-Yan signal region
m(W’) = 1100 GeV

VBF signal region
m(HE) =375 GeV

Drell-Yan signal region and a WZ-QCD + ZZ normalization 2 11
GM signal of mass WZ background: parton shower 6 1
”?(Hs ) =.375 GeV n the VBF WZ background: scale, PDF 5 8
signal region. For this study, the
production cross-sections of the Fake/non-prompt background 3 1
signals are set to the expected ZZ background: scale, PDF 0.2 < 0.1
median upper limits a}t these t.wo VVV + tfV modelling 3 1
mass values. Uncertainties with
smaller contributions are not Electron identification 6 3
included Muon identification 1 4
Jet uncertainty 0.8 16
Flavour tagging 0
Missing transverse momentum 0.2 0.5
MC statistical uncertainty 10 5
Luminosity 2 8
Pile-up 0.1 8
Total systematic uncertainty 16 22
Data statistical uncertainty 54 55
Total 56 59
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Fig. 7 Observed and expected 95% CL exclusion upper limits on o x
B(W’ — W Z) for the Drell-Yan production of a W’ boson in the HVT
model as a function of its mass. The LO theory predictions for HVT
Model A with gy = 1 and Model B with gy = 3 are also shown

and different values of gy cpy. Thus, they close a gap left by
the limits obtained by searches in the Drell-Yan process as
cF approaches zero.

Because of large mass mixing, which depends on the cou-
pling gy cy, between the SM gauge bosons and V', the the-
ory curves start at different values of V' mass, close to the
limit of validity of the HVT model. Masses below 340 GeV,
700 GeV, 945 GeV and 1145 GeV can be excluded for the
HVT VBF model withcrp = 0and gycy = 1.0, 2.0,3.0 and
4.0, respectively.

@ Springer

For the H5i GM search, observed and expected exclusion
limits at 95% CL on o x B(HSjE — WZ) and on the mixing
parameter sin 6y are shown in Fig.9. The latter are about
35% stronger than in the previous publication [24]. They are
comparable to the CMS results [36], based on the combi-
nation of searches for singly and doubly charged members
of the Hs fiveplet. The shaded regions show the parameter
space for which the H5i width exceeds 5% and 10% of m HE
The intrinsic width of the scalar resonance is narrower than
the detector resolution in the mass region explored.

As a test of the asymptotic approximation used in the sta-
tistical analysis, limits are also computed with ensembles of
pseudo-experiments in all signal and control regions. The
cross-section upper limits obtained in that case agree in all
cases for masses below 500 GeV. At higher masses, where
event yields become smaller, the discrepancy between the
two methods become larger, but they remain within 6-10%.

9 Conclusions

A search was performed for resonant W Z production in fully
leptonic final states (electrons and muons) using 139 fb~! of
/s = 13 TeV pp collision data collected by the ATLAS
experiment at the LHC. Two different production processes
are considered, Drell-Yan and vector-boson fusion.

The data in the Drell-Yan selection are found to be con-
sistent with Standard Model predictions. The results are used
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Fig. 9 Observed and expected 95% CL upper limits a on o x B(H5jc —
W Z) and b on the parameter sinfy of the GM model as a function of
My The shaded region shows where the theoretical intrinsic width of

the resonance would be larger than 5% or 10% of the mass

to derive upper limits at 95% confidence level on the cross-
section times branching ratio for heavy vector triplet produc-
tion in benchmark Model A (Model B) with coupling con-
stant gy = 1 (gy = 3) as a function of the resonance mass,
with no evidence of heavy vector resonance production for
masses below 2.4 (2.5) TeV.

In the case of the VBF production process, limits on the
production cross-section times branching ratio to WZ of a
hypothetical resonance are obtained as a function of the mass
for a heavy vector triplet or for a charged member of the
fiveplet scalar in the Georgi—-Machacek model. Values of the
parameter sinfy > 0.3 are excluded for masses between
200 GeV and 1 TeV. The results show a local excess of events
over the Standard Model expectations at a resonance mass
of around 375 GeV. The local significances for signals of a
heavy vector W’ boson or a H5i are 2.5 and 2.8 standard devi-
ations respectively. The respective global significances cal-
culated considering the look-elsewhere effect are 1.7 and 1.6
standard deviations respectively. With no evidence of heavy
W’ vector-resonance production, limits on the production
times branching ratio for the heavy vector triplet VBF pro-
duction process have been obtained as a function of mass.

Acknowledgements We thank CERN for the very successful oper-
ation of the LHC, as well as the support staff from our institutions
without whom ATLAS could not be operated efficiently. We acknowl-
edge the support of ANPCyT, Argentina; YerPhl, Armenia; ARC, Aus-
tralia;, BMWFW and FWF, Austria; ANAS, Azerbaijan; CNPq and
FAPESP, Brazil; NSERC, NRC and CFI, Canada; CERN; ANID, Chile;
CAS, MOST and NSFC, China; Minciencias, Colombia; MEYS CR,
Czech Republic; DNRF and DNSRC, Denmark; IN2P3-CNRS and
CEA-DRF/IRFU, France; SRNSFG, Georgia; BMBF, HGF and MPG,
Germany; GSRI, Greece; RGC and Hong Kong SAR, China; ISF and
Benoziyo Center, Israel; INFN, Italy; MEXT and JSPS, Japan; CNRST,
Morocco; NWO, Netherlands; RCN, Norway; MEiN, Poland; FCT, Por-
tugal; MNE/IFA, Romania; MESTD, Serbia; MSSR, Slovakia; ARRS
and MIZ§, Slovenia; DSI/NRF, South Africa; MICINN, Spain; SRC
and Wallenberg Foundation, Sweden; SERI, SNSF and Cantons of
Bern and Geneva, Switzerland; MOST, Taiwan; TENMAK, Tiirkiye;
STFC, United Kingdom; DOE and NSF, United States of America. In
addition, individual groups and members have received support from
BCKDF, CANARIE, Compute Canada and CRC, Canada; PRIMUS
21/SC1/017 and UNCE SCI/013, Czech Republic; COST, ERC, ERDF,
Horizon 2020 and Marie Sktodowska-Curie Actions, European Union;
Investissements d’Avenir Labex, Investissements d’Avenir Idex and
ANR, France; DFG and AvH Foundation, Germany; Herakleitos, Thales
and Aristeia programmes co-financed by EU-ESF and the Greek NSRF,
Greece; BSF-NSF and MINERVA, Israel; Norwegian Financial Mech-
anism 2014-2021, Norway; NCN and NAWA, Poland; La Caixa Bank-
ing Foundation, CERCA Programme Generalitat de Catalunya and
PROMETEO and GenT Programmes Generalitat Valenciana, Spain;
Goran Gustafssons Stiftelse, Sweden; The Royal Society and Lever-
hulme Trust, United Kingdom. The crucial computing support from
all WLCG partners is acknowledged gratefully, in particular from
CERN, the ATLAS Tier-1 facilities at TRIUMF (Canada), NDGF (Den-
mark, Norway, Sweden), CC-IN2P3 (France), KIT/GridKA (Germany),
INFN-CNAF (Italy), NL-T1 (Netherlands), PIC (Spain), ASGC (Tai-
wan), RAL (UK) and BNL (USA), the Tier-2 facilities worldwide and
large non-WLCG resource providers. Major contributors of computing
resources are listed in Ref. [105].

@ Springer



633 Page 16 of 34

Data availability statement This manuscript has no associated data
or the data will not be deposited. [Authors’ comment: All ATLAS sci-
entific output is published in journals, and preliminary results are made
available in Conference Notes. All are openly available, without restric-
tion on use by external parties beyond copyright law and the standard
conditions agreed by CERN. Data associated with journal publications
are also made available: tables and data from plots (e.g. cross section
values, likelihood profiles, selection efficiencies, cross section limits,
...) are stored in appropriate repositories such as HEPDATA (http://
hepdata.cedar.ac.uk/). ATLAS also strives to make additional material
related to the paper available that allows a reinterpretation of the data
in the context of new theoretical models. For example, an extended
encapsulation of the analysis is often provided for measurements in
the framework of RIVET (http://rivet.hepforge.org/).” This informa-
tion is taken from the ATLAS Data Access Policy, which is a public
document that can be downloaded from http://opendata.cern.ch/record/
413[opendata.cern.ch].]

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

Funded by SCOAP3. SCOAP? supports the goals of the International
Year of Basic Sciences for Sustainable Development.

Appendix

For the vector-boson fusion analysis a cut-based selection
was also developed, to facilitate reinterpretations of our
results outside the ATLAS Collaboration and to serve in par-
allel to confirm the stability of the results obtained with the
ANN.

The VBF cut-based signal region selection is built on
top of the baseline WZ selection described in Sect.5.1 by
requiring events to have at least two VBF jets with mj; >
500 GeV and rapidity separation |Ayj;;| > 3.5. The combined
detector acceptance and signal selection efficiency A x € of
the cut-based VBF selection as a function of the mass of the
VBF HSjE and of the HVT W’ boson, relative to the generated
signal events, is shown in Fig. 10.

Following the same strategy as the nominal analysis, two
control regions are defined so as to constrain the WZ-QCD
and ZZ background. The WZ-QCD VBEF cut-based control
region is defined by inverting the | Ayj;| requirement, and the
nominal ZZ VBF control region is used. Figure 11 shows
comparisons of the data and the expected background dis-
tributions. The background predictions are obtained from a
background-only simultaneous fit to the VBF cut-based sig-
nal region and the WZ-QCD and ZZ VBF control regions.
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Fig. 10 The acceptance times efficiency of VBF H5i and
HVT W’ selection using a cut-based VBF selection is
shown at different mass points for the individual channels
utu—pE ptp—et ete ut, ete et and the sum of all chan-
nels. The error includes statistical and experimental systematic
uncertainties

Constraints on the production of heavy resonances are
derived by repeating the fit to the signal-plus-background
hypothesis for different signal models using the cut-based
analysis. For the HVT model search, Fig.12 presents the
observed and expected limits on o x B(W' — WZ) at
95% CL as a function of the W’ mass. Masses below
370 GeV, 590 GeV, 895 GeV and 1100 GeV for HVT VBF
production can be excluded for the HVT VBF model with
cr =0and gycy = 1.0, 2.0, 3.0 and 4.0, respectively. The
sensitivity of the ANN-based analysis is better than that of the
cut-based analysis thanks to the utilization of the neural net-
work that better exploits the difference between signals and
backgrounds. In the cut-based analysis the relative contri-
bution of background is more important in the signal region,
leading to overall higher expected and observed limits. In the
region around 375 GeV in particular due to statistics fluctu-
ations in the data both methods of analysis yield consistent
observed limits.
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Fig. 11 Comparisons of the observed data and the expected back-
ground distributions of the W Z invariant mass using the cut based VBF
selection are shown for a WZ-QCD VBF control region, b ZZ VBF
control region and ¢ the VBF signal region. The background predic-
tions are obtained from a background-only simultaneous fit to the VBF
cut-based signal region and the WZ-QCD and ZZ VBF control regions.
For illustration, the expected distributions from an H5:E GM model res-

onance (sinfy = 0.5) with mass of 375 GeV and from an HVT W’
(model A) of mass 600 GeV are shown in the signal region, with the
latter predicted cross sections scaled by 10. The bottom panel show the
ratio of the observed data to the background predictions. The uncertainty
in the total background prediction, shown as a hashed area, combines
statistical and systematic contributions
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Fig. 13 Using the cut-based VBF selection, the observed and expected
95% CL upper limits on a the o x B(H5i — WZ) and b the parameter
sinfy of the GM Model as a function of m y+. The shaded regions
show where the theoretical intrinsic width of the resonance would be
larger than 5% and 10% of the mass
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For the H; * GM search, observed and expected exclu-
sion limits at 95% CL on o x B(HjE — WZ) and on the
mixing parameter sin 0y are shown in Fig. 13. The intrinsic
width of the scalar resonance, for sin8g= 0.5, is narrower
than the detector resolution in the mass region explored. The
shaded regions show the parameter space where the Hg -
width exceeds 5% and 10% of m HE- The expected 11m1ts
extracted using the cut-based analys1s are, for both models,
between 30 and 50% less stringent than the ones extracted
using the ANN signal region selection.
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