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1 Introduction

The search for heavy spin-1 resonances is an important part of the physics programme at
the Large Hadron Collider (LHC) and has been the focus of an intense effort to uncover
physics beyond the Standard Model (SM) in a broad range of final states. In the case
where new heavy gauge bosons would result from an extension of the SM gauge group, it
is possible to systematically classify them according to their quantum numbers under the
SM gauge group and to parameterize them in terms of their masses and their couplings
to SM fermions and bosons [1].

One interesting possibility in this classification is the case of an iso-triplet W of colourless
vector bosons with zero hypercharge, which gives rise to the Heavy Vector Triplet (HVT)
framework [2, 3]. This leads to a set of nearly degenerate charged, W'¥, and neutral, Z’,
states collectively denoted by V’. The charged states are denoted by W’ in the remainder
of this article. The HVT framework allows the exploration of different coupling strengths



of those states to quarks, leptons, vector bosons, and Higgs bosons with the following
interaction Lagrangian:

Ly = —quﬁﬁk’Y“%Qk - ngﬁEk’Y“%ﬁk — 9H (WﬁHTU;iD“H + h-C-> ;

where g and ¢ represent the left-handed quark and lepton doublets for fermion generation k
(k=1,2,3); H represents the Higgs doublet; o, (a = 1,2, 3) are the Pauli matrices; and g4, g¢,
and gy correspond to the coupling strengths between the triplet field W and the quark, lepton,
and Higgs fields, respectively.! Right-handed fermions do not participate in these interactions.
In this article, g, denotes the generation-universal quark coupling, and similarly g, denotes the
generation-universal lepton coupling. The triplet field interacts with the Higgs field and thus
with the longitudinally polarized W and Z bosons by virtue of the equivalence theorem [4-6].
In this framework, the branching fractions for the decays W/ — WZ, W' — WH, Z' — WW,
and Z' — ZH, are equal for V' masses above 1.5 TeV, and other neutral diboson final states
are either suppressed or forbidden. The W’ and Z’ masses are taken to be degenerate, which
is a very good approximation in the region of parameter space studied.

Although no significant excess of events has been observed to date, strong constraints have
been placed on the production of such new heavy particles. Individual analyses only constrain
a subset of the coupling parameters or have limited sensitivity to them, but a combination
of searches leads to stronger simultaneous constraints, exploiting their complementarity.
Combinations of previous searches for the production of heavy resonances were performed
using proton-proton (pp) collisions at a centre-of-mass energy /s = 13 TeV corresponding to an
integrated luminosity of 36 fb~!, and published by the ATLAS [7] and CMS [8] Collaborations.
The searches in those combinations included a heavy resonance decaying into V'V or V H (with
V =W or Z, and H representing the SM Higgs boson) and their subsequent final states, as
well as direct decays into £¢ and fv, where the charged leptons £ are either electrons or muons.

The ATLAS combination presented in this article is updated to include the full Run 2
dataset from the LHC, constituting a sample with an integrated luminosity of 139 fb~1.
The specific searches combined in this article are those performed in the V'V channels:
WZ — qqqq 9], qquv [10], Lvqq [10], qqll [10], fvel [11], WW — qqqq [9], ¢vqq [10]; the
V H channels: WH — qqbb [12], fvbb [13], and ZH — qqbb [12], vvbb [13], £¢bb [13]; and the
lepton-antilepton channels: ¢¢ [14], fv [15]. New channels added to this combination are
Tv [16], 77 [17], and the diquark channels: ¢q [18] (written as ‘qq’), bb [18] (written as ‘bb’), tt
— qqqqbb (fully hadronic), named ‘ttOL’ [19], tb — ¢gbb (fully hadronic), named ‘tb0L’ [20],
and tb — (vbb (semi-leptonic), named ‘tb1L’ [20]. The CMS Collaboration has also performed
dedicated searches in many of these final states with the full Run 2 dataset [21-35]. In this
article, the V'V and V H decay channels are collectively called ‘bosonic’, the lepton-antilepton
decay channels are collectively called ‘leptonic’, and the diquark channels are collectively
called ‘quarkonic’ The analyses generally search for narrow resonances in the final-state mass
distribution, with the signal’s shape extracted from Monte Carlo (MC) simulation of specific

!The coupling constants gz, gfs 9q, and g¢ are used in this article. They are related to those in ref. [3] as
follows: the Higgs coupling gz = gvcm and the universal fermion coupling gy = g%cr/gv, where g is the SM
SU(2)1 gauge coupling, while the ¢ parameters and the coupling gy are defined in ref. [3]. Couplings specific
to quarks and leptons are given by g, = gZCq/gv and g, = gzce/gVA



models. The background’s shape and normalization are extracted from a combination of
MC simulation and functional fits to the data, often relying on dedicated control regions
to extract the various background contributions. The mass distributions and associated
systematic uncertainties from the various channels are combined using a likelihood method
which takes correlations into account.

2 Signal benchmark scenarios

2.1 Benchmark points: HVT model A, B and C

Among the variety of generic models that can be constrained in the HVT framework, three
explicit scenarios are used as benchmarks for interpretation of the results. The first two
benchmarks correspond to quark-antiquark annihilation (¢g) production processes, while the
third benchmark is designed to focus solely on the rare vector-boson fusion (VBF) process.

For the gq processes, the two scenarios emphasize the relative strengths of the gy and
gy couplings. The first scenario, referred to as model A, reproduces the phenomenology of
weakly coupled models based on an extended gauge symmetry [36]. In this case, the couplings
are gy = —0.56 and gy = —0.55, with the universal fermion coupling g5 = g, = g¢. The
second ¢q scenario, referred to as model B, implements a strongly coupled scenario as in
composite Higgs models [37] with gy = —2.9 and g = 0.14.? In model B, the V' resonances
are broader than in the weakly coupled scenario, model A, but remain narrow relative to
the experimental resolution. The relative width of the V' resonances, I'/m, is below 5%
over much of the parameter space explored.

The VV and V H analyses are designed to optimize the signal selection efficiency in their
respective final states. However, signal decays into both V'V and V H are included in each
diboson analysis to capture the full acceptance of the signals. The acceptance in individual
channels is the same for models A and B. The relative branching fractions are set to the
appropriate contributions for each. For masses below 800 GeV, model B is not compatible
with SM precision measurements, due to larger mixing between the SM gauge bosons and
the heavy vector resonance. Therefore, this region is not considered in the combination.

For the gq process with decay of the V’ into fermion-antifermion final states, branching
fractions are larger in model A: the branching fraction for decay into the lepton-antilepton
final state is approximately 4% for each generation, whereas it is only about 0.2% in model
B. In contrast, the branching fractions for decays into V'V or VH are about 2% each in
model A, whereas they are close to 50% each in model B.

The VBF production scenario is referred to as model C. In this case, the V' resonance’s
couplings are set to gy = 1 and gy = 0. Therefore, Model C is in a phase-space domain
separate from that of model A or B, and assumes no ¢¢ production.

2.2 Benchmark HVT coupling planes

The interpretations can be extended beyond the benchmark points described above by consid-
ering the two-dimensional coupling-parameter space. The different production mechanisms

2In terms of the coupling constants in the notation of ref. [3], the choices for models A and B correspond
to gv = 1 and gy = 3, respectively.



and decay modes provide sensitivity to different regions of the parameter space, with pro-
duction via gg and quarkonic final states providing sensitivity to g,, while VBF production
provides sensitivity to g, = 0. Likewise, decays into leptonic final states provide sensitivity
to g¢, and decays into bosonic final states provide sensitivity to gz. Five coupling planes
are used, and are described below.

Previous combinations [7, 8] focused on coupling planes such as {gm,gr} (assuming
fermion universality) and {gq, g¢} with gg = —0.56. The former coupling plane includes
HVT model A and B benchmark points, while the latter is based on the HVT model A
benchmark point, due to the gy coupling requirement.

The inclusion of channels with third-generation fermions allows constraints to be placed
on previously unexplored parameters such as a specific third-generation quark coupling (g43)
or third-generation lepton coupling (gg3). Such results are particularly interesting because
of recent measurements that hint at a possible violation of lepton-flavour universality in
rare B-meson semi-tauonic decays [38-47].

Two new coupling planes are constructed to test the HVT model A benchmark point:

o the {gn, g3} coupling plane has the additional requirement gy = gq12 = —0.55, where
gq12 is the coupling to first- and second-generation quarks;

o the {g43, gr3} coupling plane has the additional requirements gs12 = gq12 = —0.55 and
g = —0.56, where gy12 is the coupling to first- and second-generation leptons.

The {gn, gq3} coupling plane probes a specific region of the model’s phase space where the
bosonic coupling is strong, as well as the third-generation quark coupling. The {gy3, gr3}
coupling plane explores the scenario where the third-generation quark and lepton couplings
vary relative to each other and can be dominant or suppressed in comparison with the
other couplings.

A third new coupling plane, {gq12, 743}, focuses on the couplings to quarks only and sets
all other couplings to zero, i.e. gp = 0 and gy = 0. This plane probes boson-phobic and lepto-
phobic new phenomena, but with non-universal couplings between the first/second-generation
quarks and third-generation quarks.

3 Combination strategy

The strategy is to consider orthogonal ATLAS analyses which were used to search inde-
pendently for new phenomena in specific final states, and combine them to obtain more
stringent constraints on the relevant parameters of the models described above. After a
search phase in which local p-values are extracted, the results are presented in two formats:
one-dimensional (1D) and two-dimensional (2D) exclusion limits. The 1D format provides
limits on the cross-section times branching fraction (o x B) of the signal process versus
the resonance pole mass. The 2D limits display constraints on various pairs of coupling
parameters, expressed as exclusion contours for a subset of resonance masses. These exclusion
contours provide a more model-independent interpretation.

To avoid using the same data for different final states, the analyses optimized for the best
sensitivity as stand-alone searches are each evaluated for orthogonality. If overlap between



analyses is found, minimal additional requirements are applied to achieve orthogonality.
In general, this involves requiring the exclusivity of final states as described in table 1 of
section 6. If overlaps remain, complementary kinematic cuts are applied to variables used by
the overlapping analyses (such as the jet mass) to orthogonalize them. These requirements are
chosen to maximize the sensitivity of the combined result. In cases where achieving complete
orthogonality is not feasible, the level of overlap is assessed to determine whether it has a
negligible impact (below 5%) on the cross-section limits. If this is the case, then the overlap is
ignored; however, if the overlap has a non-negligible impact on the result, then it is accounted
for. In this scenario, an analysis priority order is established to preferentially remove, on an
event-by-event basis, the overlapping data events from the discriminating variable distribution
of the lower-priority analysis while keeping them in the higher-priority analysis. Which
analysis has higher or lower priority depends on the region of phase space being explored and
whether the removal of the events would invalidate the signal or background estimation in
either analysis. For example, it is checked that the removal of the overlapping events does
not modify the validity of the fit to data. This is achieved by performing the same fit before
and after overlap removal and checking that the behaviour of the fit result is the same. In all
cases the change to the fit was negligible as a function of the discriminating variable (within
5%). The new fits are then used for completeness and no further systematic uncertainty is
applied. Furthermore, overlap removal is only applied to the signal regions such that each
individual analysis considers its own control and validation regions, and their normalization

is not correlated across analyses involved in the combination.?

4 ATLAS detector

The ATLAS experiment [48] at the LHC is a multipurpose particle detector with a forward-
backward symmetric cylindrical geometry and a near 47 coverage in solid angle.? It consists
of an inner tracking detector surrounded by a thin superconducting solenoid providing a 2T
axial magnetic field, electromagnetic and hadronic calorimeters, and a muon spectrometer.
The inner tracking detector covers the pseudorapidity range |n| < 2.5. It consists of silicon
pixel, silicon microstrip, and transition radiation tracking detectors. Lead/liquid-argon
(LAr) sampling calorimeters provide electromagnetic (EM) energy measurements with high
granularity within the region || < 3.2. A steel/scintillator-tile hadronic calorimeter covers the
central pseudorapidity range (|n| < 1.7). The endcap and forward regions are instrumented
with LAr calorimeters for EM and hadronic energy measurements up to |n| = 4.9. The muon
spectrometer surrounds the calorimeters and is based on three large superconducting air-core
toroidal magnets with eight coils each. The field integral of the toroids ranges between
2.0 and 6.0 T m across most of the detector. The muon spectrometer includes a system of
precision tracking chambers up to |n| = 2.7 and fast detectors for triggering up to |n| = 2.4.

3No significant pulls in normalizations appeared when performing the full combination.

4ATLAS 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. Polar 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 0 as

n = —Intan(§/2). Angular distance is measured in units of AR = \/(An)? + (A¢)2.



The luminosity is measured mainly by the LUCID-2 [49] detector, which is located close to
the beampipe. A two-level trigger system is used to select events [50]. The first-level trigger
is implemented in hardware and uses a subset of the detector information to accept events at
a rate below 100 kHz. This is followed by a software-based trigger that reduces the accepted
event rate to 1kHz on average depending on the data-taking conditions. A software suite [51]
is used in data simulation, in the reconstruction and analysis of real and simulated data, in
detector operations, and in the trigger and data acquisition systems of the experiment.

5 Data and Monte Carlo simulation

The data sample was collected by the ATLAS detector during the pp collision running of the
LHC at /s = 13 TeV from 2015 to 2018. Events were selected for the different channels with
various triggers, as described in their respective publications. Channels featuring charged or
neutral leptons were selected with single or multiple electron and muon triggers with various pr
thresholds and isolation requirements, or with missing transverse momentum (Effmss) triggers
with thresholds that were raised once the LHC’s peak luminosity had increased significantly. A
high-pr jet trigger was used in the fully hadronic channels. More details of the event selection
for each analysis are provided in section 6. Only events taken during stable beam conditions
and satisfying detector- and data-quality requirements [52], which include the calorimeters,
muon system and inner tracking detectors being in normal operation, are considered. After
all of these quality criteria, the total integrated luminosity amounts to 139 fb—!.

The interpretation in this combination relies on MC simulation to model the shape and
normalization of the signals described in section 2. Signal events for the HVT (Z', W) for
all three models were generated with MADGRAPHS__ AMC@NLO 2.6.5 [53] at leading order
(LO) using the NNPDF2.3L0 parton distribution function (PDF) set [54]. The generated
events were interfaced to PYTHIA 8.240 [55] for parton showering, hadronization, and the
underlying event. PYTHIA used the A14 set of tuned parameters [56] for events generated
at LO with MADGRAPH5__AMCQ@NLO. Interference between the signal events and SM
processes was not taken into account because this combination assumes that the narrow-width
approximation is valid. The range of cross-sections and branching ratios used for the various
channels in the combination at different points in the HVT parameter space are calculated
at LO using the HVT calculator tool [3, 57].

Simulated background event samples are used to estimate the main backgrounds, or to
extrapolate backgrounds from control regions in the case of analyses in the fv, fvél, tbOL,
tb1L, 7v, and 77 channels. In other channels, namely £¢, gqqq, qqbb, qq, bb, and ttOL, the
data are used to determine the normalization and/or shape of the background distributions.
Although the production of background MC samples varies somewhat depending on the
specific analysis, most MC samples were produced as follows. Diboson (WW, WZ, ZZ)
events were generated with SHERPA [58] or POWHEG BoX [59-61]; W+jets and Z+jets
events were generated with SHERPA for up to two partons at NLO, and up to four partons
at LO, using the OPENLOOPS [62] and Comix [63] programs, respectively. The production
of top-quark pairs and single top quarks was performed at NLO with POwWHEG Box. For
the fv channel, the dominant Drell-Yan background was modelled using POWHEG Box
with mass-dependent corrections up to next-to-next-to-leading order in QCD and NLO in



Analysis Leptons — Emiss Jets b-tags Top-tags VBF Discr. Ref.

WW //WZ — qqqq 0 Veto >2] - - - myy (9]
WW /W Z — lvqq le, 1u Yes >2j,>1J 0,1,2 - Yes myy  [10]
WZ — qquv 0 Yes >1J 0 - Yes  myy  [10]
WZ — qqlt 2e, 24 - >2j, >1J 0 - Yes  myy  [10]
WZ — tvil 3C (e, u) Yes - 0 - Yes myy  [11]
WH/ZH — qqbb 0 Veto >2] 1,2 - - myg [12]
ZH — vubb 0 Yes  >2j, >1J 1,2 - - mypg (13
WH — (ubb le, 1p Yes >2j, >1J 1,2 - - myg [13]
ZH — (b 2e,2u  Veto >2j,>1J 1,2 - - myg [13]

Ly le, 1u Yes - - - - mr [15]

TV 17 Yes - - - - mr  [16]

o >%, >2u - - - - - me [14]

T 0,1e, 1 Yes - 0, >1 - - M [17]

tt0L 0 - 2J 1,2 2 - my  [19]

tbOL 0 - >(1j+1) >l 1 - my  [20]

tb1L le, 1p Yes 2j, 3] 1,2 - - my 20

qq 0 - 2j 0 - - my; (18]

bb 0 : 2j 1,2 - - my,  [18]

Table 1. Summary of event selection for the signal regions of the analyses used in the combination.

9

The entries which are separated by commas denote an ‘OR’ of different signal regions. For jets, ‘]
indicates a small-R jet, while ‘J’ denotes a large-R jet. The symbol C denotes any combination of at
least one of the objects inside the bracket up to the number shown. Entries denoted by a ‘-’ indicate
no requirement for that object. The VBF column indicates whether the analysis has an additional
category for VBF events. The abbreviation ‘Discr.” stands for the discriminating variable used in a
given search.

electroweak interactions. More specific details can be found in the publication for each
analysis (see table 1 for references).

For the VV and V H decay channels involving leptonic decays of vector bosons, 7-leptons
are included in the simulation of the signals, and the contamination from reconstructed
T-lepton final states involving only electrons and muons is negligible. The impact of 7-leptons
contaminating other channels is very small and thus neglected.

For all MC samples, except those produced with SHERPA, b-hadron and c-hadron decays
were performed with EVTGEN 1.6.0 [64]. The simulated event samples include the effect of
multiple pp interactions per bunch crossing, as well as the effect on the detector response due
to interactions from bunch crossings before or after the one containing the hard interaction.
These effects are collectively referred to as ‘pile-up’. The simulation of pile-up collisions was
performed with PYTHIA 8 and tuned to reproduce the average number of pile-up interactions
per bunch crossing observed in a given data-taking period. Most of the MC samples were
processed through a detailed simulation of the detector response with GEANT4 [65, 66]. A
small subset of the MC samples were processed with a fast parameterization of the calorimeter
response [67], while GEANT4 was used for the response of the other detector components. In
all cases, events were reconstructed with the same software [51] as was used for the data.



6 Event selection

The event selection for the different analyses is summarized in table 1 along with their
experimental signatures. A full description is available in refs. [9-15, 17-20, 68]. Special
attention was given to the event selection to achieve orthogonality between the different
channels, as described in section 3. The channels are broadly separated into four categories,
depending on the targeted decay state of the intermediate resonance: a vector-boson pair
(VV), a W or Z boson with an associated Higgs boson (V H), a pair of leptons, and a pair of
quarks. For the V'V category, in the semi-leptonic and fully leptonic channels, the searches
are further split into optimized selections for VBF production.

7 Systematic uncertainties

The experimental and theoretical systematic uncertainties considered across the range of
analyses included in the combination are discussed qualitatively in this section, leaving the
details to the original publication for each analysis. The uncertainties are assessed as a
function of the discriminating variable in each channel in the combination. These uncertainties
apply to both the signal and (simulation-based) background distributions, and are treated
as either correlated or uncorrelated between the signal and background in each channel, as
appropriate. These systematic uncertainties weaken the upper limit on the cross-section by
as much as 20%, compared to applying only the statistical uncertainties.

Lepton systematic uncertainties refer specifically to electrons and muons, and comprise
energy/momentum scale and resolution uncertainties, as well as those arising from lepton
identification, reconstruction, isolation, and trigger efficiencies. These uncertainties are
treated as being correlated between the signal and the background estimates, and across the
analysis channels where the same lepton selection criteria were used.

The 7-lepton-related uncertainties, which are considered in the 7v and 77 analyses, are
related to the determination of the 7-lepton identification efficiency, reconstruction efficiency,
and energy scale [69]. The overlap removal procedure, particularly when using the number of
charged particles in the final state to distinguish between 7-lepton decay modes, can also
lead to non-negligible uncertainties. Inaccuracies in simulating particle transport through
the detector material can lead to further reconstruction efficiency uncertainties, which are
also considered in the 7 and 77 analyses.

Systematic uncertainties in the missing transverse momentum arise mainly from the ‘soft
term’ resolution and scale, as well as the trigger used by some analyses. In all cases, these
uncertainties are applied to both the signal and background distributions, and are treated
as being correlated across the analysis channels.

For the analyses that select small-R jets, which are reconstructed using the anti-k;
algorithm [70] with a radius parameter of R = 0.4, the largest uncertainties are often from
the jet energy scale and resolution, followed by uncertainties related to jet flavour, pile-
up effects, punch-through, and the jet-vertex tagger [71]. As with the other experimental
uncertainties discussed so far, the small-R jet uncertainties are considered for both the
signal and background distributions, and treated as being correlated across the analysis
channels. For large-R jets, reconstructed using the same anti-k; algorithm but with a radius



of R = 1.0, the jet energy/mass scale and resolution uncertainties are important, and so are
the experimental uncertainties related to jet substructure variables, such as uncertainties in
the Dy scale [72] and resolution. These systematic uncertainty sources are broken up into a
number of orthogonal subcomponents and treated as separate nuisance parameters, so the
overall uncertainty category is summarized here. This class of uncertainties is considered for
both the signal and background distributions, and is correlated across the analysis channels
where the same jet collections were used.

The flavour-tagging uncertainties are evaluated from the measured tagging efficiencies
and mistag rates in various kinematic regions. The broad categories of flavour-tagging
uncertainties [73, 74] considered are b-tagging, c-tagging, light-jet tagging, and tagging
extrapolation for high-prregions.

For small- R-jet, large- R-jet, and b-tagging systematic uncertainties, the respective sources
are treated as correlated only between the analyses that use the same collections and definitions.
The uncertainty in the integrated luminosity is determined to be 1.7%, using the LUCID-2
detector for the primary luminosity measurements [49, 75].

Dominant backgrounds differ between the various analyses, and therefore different
theoretical uncertainties are often prioritized or studied in more detail for each search. For the
top-quark and diboson backgrounds, which are relatively small in leptonic analysis channels,
only the theory cross-section uncertainties are considered, whereas the V'V and V H analyses
also take into account the modelling uncertainties for these backgrounds. In some cases,
analyses also add an uncertainty to cover extrapolations from low to high masses for certain
background processes with large statistical uncertainties in the simulated samples. Because
the probed phase space differs between the many analyses, and some normalizations are left
to float freely in the fit performed in their respective analysis, these uncertainties are treated
as uncorrelated across the channels to allow better background modelling.

For the multi-jet background, most analyses use a data-driven approach and consider
uncertainties in both the method and modelling of any extrapolation. For the leptonic
channels, the W+jets background uncertainty is also included in this category. These
uncertainties are treated as uncorrelated across the analysis channels.

Most of the V'V and V H analyses, as well as the v analysis, consider cross-section and
modelling uncertainties affecting the Z+jets and W+jets background processes. For the
WW — fvqq analysis, in which W+jets is a particularly important background, the PDF
eigenvector uncertainty and the renormalization/factorization scale and strong interaction
coupling strength (ay) uncertainties are also included. For the leptonic analysis channels, the
Drell-Yan background is by far the largest, and thus its theoretical uncertainties are studied in
great detail. As such, these analyses consider the uncertainties related to the choice of g value
and PDF, as well as those related to electroweak corrections and photon-induced background
contributions. These Drell-Yan uncertainties were specifically studied and arranged such that
they are consistent and can be correlated across the different leptonic analysis channels. The
systematic uncertainties in the background modelling for the fully hadronic analysis, qqqq,
are embedded in the fit function used to model the background.



8 Statistical treatment

The combination of the individual channels proceeds with a simultaneous analysis of the signal
discriminants across all of the channels. For each signal model being tested, only the channels
sensitive to the signal hypothesis are included in the combination. The statistical treatment of
the data is based on the RooF'it [76], RooStats [77], and HistFactory [78] data modelling and
handling toolkits. Results are calculated in two different signal parameterization paradigms,
corresponding to the 1D upper limits on the cross-section times branching fraction (o x B)
and 2D limits on coupling strengths. The statistical treatment of each case is described below.

8.1 1D upper limits

In the case of 1D upper limits on o x B, the overall signal strength, u, is the parameter of
interest and is defined as a scale factor multiplying the cross-section times branching fraction
predicted by the signal hypothesis. The combined analysis follows the frequentist approach
with a test statistic based on the profile-likelihood ratio [79]. This test statistic (7") is defined
as twice the negative logarithm of the ratio of the conditional (fixed-y) maximum likelihood
to the unconditional maximum likelihood, each obtained from a fit to the data:

T(u) = —21H{W}, (8.1)

where [i and 0 are the maximulAn—likelihood estimators of the signal strength and the nuisance
parameters, respectively, and 6 maximizes the likelihood for the given value of pu. The best
fitted signal strength, [, is bounded from below at zero.

The joint likelihood, L, over all analysis channels and histogram bins is given by:

L(,0) = [T T Pois (neh* | n¥(u, 8) + nfr(@) ) TT £x(0) .
c g k

where the index ¢ represents the analysis channel, ¢ represents the bin in the signal discriminant

distribution, n°® is the observed number of events, n®# is the expected number of signal events,
nPke is the expected number of background events, 6 denotes the vector of nuisance parameters,
and Pois(z|y) is the Poisson probability to observe = events when y events are predicted.

The effect of a systematic uncertainty with index k& on the binned likelihood is modelled
with an associated nuisance parameter, 6, constrained with a corresponding probability
density function f(6x). In this manner, correlated effects across the different channels are
modelled by the use of a common nuisance parameter and its corresponding probability
density function. The fi(0;) terms are Poisson-distributed for bin-by-bin MC statistical
uncertainties, and Gaussian-distributed for all other terms.

Given the large number of search channels included in the likelihood, the sampling
distribution of the profile-likelihood test statistic is assumed to follow the chi-squared (x?)
distribution, and thus asymptotic formulae are used for the evolution of the likelihood as a
function of p [79]. In certain instances, such as low-yield, high-mass tails of resonant mass
distributions, the asymptotic approximation is expected to be less reliable. In these cases, MC
pseudo-experiments are used to assess its accuracy. The asymptotic approximation is found
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to lead to o x B limits that are up to 20% stronger than those obtained with MC pseudo-
experiments. Specifically, this discrepancy was prominent for the leptonic subcombination at
the highest signal pole mass. However, the limits for the rest of the leptonic subcombination
range, as well as for the bosonic, quarkonic, and full combination, were found to be in very
good agreement (less than 5% difference). The corresponding change in the mass limits
is negligible (within rounding).

When evaluating limits in the HVT model with mass-degenerate W’ and Z’ bosons,
each of the contributing signal processes is normalized to the ¢ x B value predicted by
the HV'T model couplings at the point of interest, thereby fixing the cross-section ratios
o(pp — W')/o(pp — Z') and the relative branching fractions of all decays. The HVT model
benchmarks make a model-dependent assumption about these cross-section ratios, so the
resulting upper limits cannot be directly interpreted as general limits on o x B.

Upper limits on p for the signal models being tested at the simulated resonance masses
are evaluated at the 95% confidence level (CL) following the CLg prescription [80]. Lower
limits on the mass of new resonances in these models are obtained by finding the maximum
resonance mass where the 95% CL upper limit on g is less than or equal to unity. This
mass is found by interpolating between the limits on p at the simulated signal masses. The
interpolation assumes monotonic and smooth behaviour of the efficiencies for the signal
and background processes, and that the impact of the variation of the shape of signal mass
distributions between adjacent test masses is negligible.

8.2 2D limits

When calculating 1D upper limits on o x B, each of the signal rate predictions from W’
and Z' production is fixed to the ratio predicted by the benchmark models. To evaluate 2D
constraints on coupling strengths, the signal yields are parameterized with a set of coupling
parameters (g) which allow the relative contributions of each signal to vary independently.
Thus, in the 2D limit calculation, eq. (8.1) is modified to allow the set of coupling parameters
to be considered independently:

T = —2In L(g,6(9))
{L( (

Multiple 2D coupling spaces are considered as discussed in section 2.2.

The 95% CL upper limit contours in each coupling space are determined from 7' by
normalizing signal rates to the o x B predictions of the HVT model for the specified values
of ¢ at a given point in the coupling space and calculating the value of CLg for that point.
Upper limits on coupling parameters are thus defined by contours of constant CLg = 0.05
in each coupling space considered.

9 Results

9.1 Search phase

One of the advantages of combining individual search channels is that small local excesses
might reinforce each other, or larger excesses might not be corroborated. An HVT signal
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Figure 1. p-value scan over HVT pole masses for the subcombinations and full combination. Scans
are shown for (a) the HVT model A and HVT model B, in which the scan for the full combination is
slightly coarser than the individual searches due to alignment of the tested pole masses, and (b) the
HVT model C.

scan is performed over the range of pole masses to assess the local p-value for the individual
channels, subcombinations, and subsequent full combination, presented in figure 1. This
stepped approach is designed to allow comparisons within the various subcombinations before
the full combination, in case the new phenomena are phobic to a particular type of coupling.
While a number of 1o and 20 fluctuations are observed in the individual search channels,
the subcombination and full combination scans generally show fewer excesses because most
of the individual excesses do not reinforce each other. For the VBF channels, which test
the HVT model C, a modest increase in significance is observed for the combination at a
pole mass of 1.5 TeV with a local significance of 2.60, driven by the gquv, fvqq, and qqll
channels. A small excess was also observed in the previous ATLAS result [7] at a pole mass
of 1.6 TeV with a local significance of 2.9¢.

9.2 1D exclusion limits

As no significant excess is observed, exclusion limits are set on the signal cross-section times
branching ratio for the constituent analyses of the combination. Figure 2 shows the results
for the qq production mode, assuming the weakly coupled HVT model A or strongly coupled
HVT model B. These limits are within the region of I'/m < 5% and thus the narrow width
approximation applies well everywhere. As expected, the purely leptonic channels dominate
for the HVT model A benchmark point, while the bosonic channels dominate for the HVT
model B. The resulting mass exclusion limits are presented in table 2. The observed (expected)
95% CL lower limit on the mass of V' resonances in the HVT model A is 5.8 (5.6) TeV and
the corresponding limit in the HVT model B is 4.4 (4.4) TeV.

Figure 3 presents the 1D exclusion limits for the VBF production mode. The HVT model
C benchmark point is assumed by default, because there only bosonic channels contribute to
the production and decay. As well as HVT model C (gg = 1), two other points are shown to
explore the bosonic coupling strength with g = 3 and g = 6. The valid range of theory
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Figure 2. Observed and expected 95% CL upper limits on the V' cross-section versus pole mass for
the subcombinations and full combination, assuming the (a) HVT model A, or (b) HVT model B
benchmark points, and ¢q production mode.

Channel HVT model A exclusion limit HVT model B exclusion limit
Observed [TeV] Expected [TeV] Observed [TeV] Expected [TeV]
Vv 4.1 4.0 4.3 4.2
VH 3.6 3.5 3.9 3.9
Bosonic 4.3 4.1 4.4 4.4
Leptonic 5.8 5.6 3.2 2.7
Quarkonic 4.1 3.8 - -

Full combination 5.8 5.6 4.4 4.4

Table 2. Observed and expected 95% CL lower limits on the V'’ mass at the HVT model A and HVT
model B benchmark points for the ¢q production mode. Limits are quoted to the nearest 100 GeV.
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Figure 3. Observed and expected 95% CL upper limits on the V' cross-section times branching
fraction in the VBF production mode for the HVT model C benchmark point.
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Figure 4. 95% CL observed and expected upper limit contours for the bosonic subcombination in the
2D coupling plane for (a) {gw,gr}, (b) {gq,9¢} and (c) {gm, 943} at a signal pole mass of 3 TeV for
the qq production mode. Bosonic here refers to the combination of V'V 4+ V H channels. The dashed
grey lines show the region where the resonance natural width is either 5% or 10% of the pole mass.
Note that in (b) the 10% width line is outside of the shown range.

cross-sections is displayed; the model starts to break down for low masses at gy = 1 and
g = 6. In cases where the observed limits do not quite cross the theory cross-section curve,
the mass limit is extrapolated. The observed and expected 95% CL lower limits on the mass
of V' resonances in the HVT model C are 0.4 TeV and 0.5 TeV, respectively. For gy = 3
the observed and expected 95% CL lower limits are 1.0 TeV and 1.1 TeV, respectively, while
for gy = 6 they are 1.5 TeV and 1.8 TeV, respectively.

9.3 2D exclusion limits

Exclusion limits are also presented in various 2D coupling planes for a representative signal
pole mass of 3 TeV for the different subcombinations of channels; for the full combination,
they are presented for masses ranging between 2 TeV and 5 TeV, depending on the sensitivity.

9.3.1 Bosonic subcombination

The exclusion limits from the V'V channels are generally stronger than those from the VH
channels, but the latter lead to improvements in sensitivity when combined, as presented
in figure 4 for the {gm,gr}, {94, 9¢} and {gy3,9¢} coupling planes. This improvement grows
with increasing signal pole mass.
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Figure 5. 95% CL observed and expected upper limit contours for the leptonic subcombination in
the 2D coupling plane for (a) {gw, g5}, (b) {gq,9¢} and (c) {gq3, ge3} at a signal pole mass of 3 TeV
for the g production mode. Leptonic here refers to the combination of ¢/ + fv + 77 + Tv channels.
The dashed grey lines show the region where the resonance natural width is either 5% or 10% of the
pole mass. Note that in (b) the 10% width line is outside of the shown range. In (c) the limit contours
from 7v and the 7v + 77 combination overlap exactly, making the former not visible.

9.3.2 Leptonic subcombination

The leptonic subcombination is presented in figure 5 for the {9, g7}, {94, 9¢} and {g43, ge3}
coupling planes. The newly included 7v and 77 channels are weaker than other channels in
the coupling planes that consider all fermions, but become prominent in the third-generation-
specific coupling planes. The overall subcombination is dominated by the charged-current
channels because of the higher expected W’ production cross-sections. The addition of
the neutral-current channels leads to improvements of up to 15%-20% in the constraints,
depending on the coupling plane. For most pole masses tested in this paper, the leptonic
channels exhibit a slight deficit, which causes the observed limits to be stronger than expected.

9.3.3 Quarkonic subcombination

The quarkonic subcombination is performed for the first time in this paper. It is generally
dominated by the tb channels, especially at higher masses, mainly due to W’ production
having a higher cross-section than Z’ production. However, the other quarkonic channels
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Figure 6. 95% CL observed and expected upper limit contours for the quarkonic subcombination in

the 2D coupling plane for (a) {gvaf}’ (b) {gq7g€}7 (c) {gH,qu} (d) {qu;gZB} and (e) {gq12agq3} at
a signal pole mass of 3 TeV for the ¢q production mode. Quarkonic here refers to the combination of
qq + bb + tt + tb channels. The dashed grey lines show the region where the resonance natural width
is either 5% or 10% of the pole mass.

provide complementary sensitivity, leading to improved constraints from the combination
of all channels. Figure 6 presents the results in the five coupling planes considered in this

publication. The constraints on the {gm,gr}, {94,9¢}, {98,943} and {g43,g9e3} couplings
planes complement those obtained in the bosonic and leptonic channel subcombinations. The
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Figure 7. 95% CL observed and expected upper limit contours for the full combination in the 2D
coupling plane for {gm,gr} at a signal pole mass of (a) 3TeV, (b) 4TeV, and (c) 5 TeV, for the ¢g
production mode. Full combination here refers to the combination of leptonic, bosonic, and quarkonic
channels. The dashed grey lines show the region where the resonance natural width is either 5% or
10% of the pole mass.

exclusion limit contours in the fifth coupling plane, {gq12, 943}, are constrained by quarkonic
channels only. This coupling plane is particularly interesting because the ¢g channel is the
only one sensitive in the region where the third-generation coupling vanishes, while the
third-generation channels naturally provide a tighter constraint in the region where g43 is
not small. The subcombination of all quarkonic channels thus results in a narrow vertical
exclusion band in figure 6, highlighting the excellent complementarity and providing a large
increase in sensitivity in comparison with the separate channels.

9.3.4 Full combination

The full combination of bosonic, leptonic and quarkonic searches is presented for the first
time in this paper. The complementarity of various channels in the combination is described
below for the following four coupling planes: {gu, g}, {94, 9¢}, {9m, 943}, and {gg3, ge3}-
Figure 7 shows the full combination results for the {gy, gs} plane for pole masses of
3TeV, 4TeV, and 5TeV. These results highlight the complementarity of the bosonic channels
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Figure 8. 95% CL observed and expected upper limit contours for the full combination in the 2D
coupling plane for {gq, g¢} at a signal pole mass of (a) 3 TeV, and (b) 4 TeV, for the gq production
mode. Full combination here refers to the combination of leptonic, bosonic, and quarkonic channels.
The dashed grey line shows the region where the resonance natural width is 5% of the pole mass.

and the other channels, as the bosonic channels can constrain the couplings more tightly
in the region where gy tends to zero, while the leptonic and quarkonic channels remain
sensitive when gy vanishes. The resulting combination of all channels leads to only very
narrow horizontal bands which cannot be excluded given that setting gy = 0 would also
extinguish the ¢¢ production mechanism. Only VBF channels can contribute in the low
gy region, but their sensitivity is currently too small to appear in the coupling-parameter
space shown in these plots. For a signal pole mass of 3 TeV, the constraints are so tight
that the combination does not give much improvement on the individual channels. At high
masses, such as 5TeV, the combination can improve the limit by up to 40%. This result
significantly improves on the earlier V'V + V H + ¢ + {v combination [7], which used 36 fb~!
of \/s = 13TeV data. For signal pole masses of 3 TeV and 4 TeV, the expected limit on g¢
is improved by 10%-50% depending on the value of gy, while for a pole mass of 5 TeV the
limit is improved by 40%—60%. The main increase in sensitivity comes from the fermionic
channels, which have now reached a level of sensitivity such that they effectively ‘pinch in’ the
limit contours near g = 0. While there are modest increases in sensitivity for intermediate
pole masses, which is understandable given that the limits are already very stringent in this
region, the biggest improvement is obtained at high mass, where the combination of channels
improves the sensitivity in the regions where no individual channel is dominant.

Figure 8 shows the full combination results for the {g,, g¢} plane for pole masses of 3 TeV
and 4 TeV. The 2 TeV pole mass is fully excluded for this point in parameter space, while only
the leptonic channels enter in the 5 TeV plane, which renders the combination unnecessary.
The mass points shown highlight the complementarity of the channels in the full combination:
the bosonic and quarkonic channels set strong constraints in the limit where g, tends to
zero, while the leptonic channels remain dominant for smaller values of g,, provided gy is
not small. The bosonic limits are observed to sweep outwards in g, with increasing pole
mass, as the cross-section in these regions falls rapidly.
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Figure 9. 95% CL observed and expected upper limit contours for the full combination in the 2D
coupling plane for {gm, g3} at a signal pole mass of (a) 2TeV, (b) 3TeV, and (c) 4 TeV for the ¢g
production mode. Bosonic here refers to the combination of V'V 4+ V H channels. The dashed grey
lines show the region where the resonance natural width is either 5% or 10% of the pole mass.

The {gH, gq, } plane, shown in figure 9, is a particularly nice example of how the separate
channels reinforce each other in the full combination. The bosonic channels constrain all but
a vertical strip where gy tends to zero, while the third-generation quark channels constrain
all but a horizontal strip where g,, tends to zero. These subcombinations provide unrivalled
sensitivity in their respective regions of phase space, and it is only when both gg and g,
become smaller that the limits overlap with similar strength. In this crucial region for both
subcombinations, the full combination then improves the sensitivity by up to 50% at 4 TeV.

The conclusions are very similar for the {g4,, ge, } plane, shown in figure 10. The third-
generation quark and lepton channels dominate their own regions of phase space, but the
full combination brings large improvements, especially at high mass. While a small excess in
data is observed for the third-generation quark channels at 2 TeV, and a deficit at 3 TeV, no
such equivalent excess or deficit is observed in the third-generation lepton channels.
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10 Conclusion

A combination of results from searches for heavy-resonance production in various bosonic,
quarkonic, and leptonic final states is presented. The data were collected with the ATLAS
detector at the LHC in ppcollisions at /s = 13 TeV and correspond to an integrated luminosity
of 139fb~!. While previous combination efforts included only the decays of heavy resonances
into bosonic, and some leptonic, final states, the combination presented here also includes
decays into quarkonic final states, as well as third-generation fermion final states for the first
time. Compared to the individual analyses, the combined results strengthen the constraints
on physics beyond the Standard Model and allow the constraints to be expressed in terms
of the couplings to quarks, leptons, or bosons. The sensitivities of the different production
mechanisms are compared, such as quark-antiquark annihilation versus vector-boson fusion.

The combined results are interpreted in the context of models with a heavy vector-boson
triplet. As no signficant excess of events is observed in the data, exclusion limits are set in
these models. The observed (expected) 95% CL lower limit on the mass of V' resonances
in the weakly coupled HVT model A is 5.8 (5.6) TeV, and the corresponding limit in the
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strongly coupled HVT model B is 4.4 (4.4) TeV. For the VBF production mode (HVT model C
benchmark point) the corresponding limit is 0.4 (0.5) TeV, while for the cases where g = 3 or
gr = 6, the observed (expected) limits are 1.0 (1.1) TeV and 1.5 (1.8) TeV, respectively. The
combined results are used to place stringent constraints on couplings of heavy vector bosons to
quarks, leptons, and bosons. These constraints improve upon previous limits in the coupling
space by up to 60% depending on the resonance mass and the specific coupling parameters.
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