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1 Introduction

In 2012, the ATLAS and CMS collaborations independently discovered a new particle [1, 2]
with properties that are consistent with the Higgs boson proposed by the Standard Model
(SM) [3-6]. It is still debated whether the Higgs boson is a standalone particle or part of an
extended Higgs sector suggested by, e.g., the two-Higgs-doublet model (2HDM) [7, 8]. The
2HDM predicts the existence of five Higgs bosons, including a CP-even particle similar to
the SM Higgs boson (h), a heavier CP-even Higgs boson (H), a CP-odd particle (A), and
charged Higgs bosons (H¥). Another extension of the SM is the 2HDM+S model [9, 10],
which introduces a scalar boson (S) in addition to the 2HDM particles. The S boson is
assumed to be a dark matter portal and a potential source of missing transverse momentum,
achieved through its decay to a pair of dark matter candidates (xX) [9].

This paper presents searches for bosonic resonances that decay to four charged leptons
(4¢, where / is either an electron or a muon), along with missing transverse momentum
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Figure 1. Feynman diagrams representing the production of heavy bosons via gluon-fusion at
leading-order for the (a) R — SH — 40 + EX signal, (b) A — Z(— 20)H(— 2¢ + jj/invisible)
signal, and (¢) A — Z(— jj/¢T ¢~ /invisible) H (— 4/) signal, where £ could either be an electron or a
muon, j represents a jet and inv denotes an invisible particle.

(EXIss) or two jets (jj). The study focuses on the mass range of heavy bosons, where the
invariant mass of the four leptons (myy) is above 200 GeV. This study uses proton-proton
collision data at a centre-of-mass energy of 13 TeV and with an integrated luminosity of
139fb~! collected by the ATLAS detector in 2015-2018 at the Large Hadron Collider (LHC).
Two different scenarios are considered for the signal model. First, the 2HDM+S model is
extended to cover more general situations for various missing energy magnitudes by adding
a heavy scalar R, where R decays to H and S bosons with mr > mpg + mg. The S
boson decays into dark matter particles (S — invisible), and the H decays to 4¢ through
the decay of two Z bosons (H — ZZ — 4f). The phenomenology of the new R — SH
topology can easily embed into the 2HDM+S model using an approach similar to that of
ref. [9]. The masses of the R and H bosons are varied to control the missing transverse
momentum, and the S mass is fixed to 160 GeV, see section 3. Second, a 2HDM-based
baryogenesis scenario is considered, which generates matter and antimatter asymmetry.
Searches for models consistent with baryogenesis were conducted at the LHC in several
channels, such as H — hh [11, 12|, H - WW/ZZ [13-18] and A — Zh [19, 20]. Searches
in the A — ZH — (Y07bb/0 ¢ 777~ [21-24] and A — ZH — (T4 tt/vibb [25] final
states were also carried out at the LHC. In these searches, for a strong first-order phase
transition to occur in the early universe, the hypothesis m 4 > my is preferred. Therefore,
the A - ZH — 4¢ 4+ X channel is added to this study to explore regions with four leptons
and jet activities. X could represent two leptons, two jets, or a pair of invisible particles,
with the assumption that H decays into two Z bosons. In this signal, A is a CP-odd scalar
which decays to a CP-even scalar H and a Z boson. Two decay scenarios are considered
for the associated production of Z and H bosons: A — Z(— £t~ /jj/invisible) H (— 4¢)
and A — Z(— 20)H(— 2¢ + jj/invisible), which are combined into one signal referred to as
the A — ZH — 4¢ + X signal. In this analysis, only the gluon-fusion production mode is
considered for both the R — SH — 40+ EX and A — ZH — 4( + X signals, as illustrated
by the Feynman diagrams of figure 1.

This paper is organised as follows. The ATLAS detector is described in section 2.
Section 3 presents the data and Monte Carlo samples, followed by the object reconstruction in
section 4. Section 5 describes the analysis strategy, and the signal and background modelling



are discussed in section 6. Section 7 lists the experimental and theoretical systematic
uncertainties. Section 8 explains the statistical model used in the analysis and the results
are discussed in section 9. The conclusion is given in section 10.

2 The ATLAS detector

The ATLAS detector [26] at the LHC covers nearly the entire solid angle around the collision
point.! It consists of an inner tracking detector surrounded by a thin superconducting
solenoid, electromagnetic and hadron calorimeters, and a muon spectrometer incorporating
three large superconducting air-core toroidal magnets.

The inner-detector system (ID) is immersed in a 2T axial magnetic field and provides
charged-particle tracking in the range |n| < 2.5. The high-granularity silicon pixel detector
covers the vertex region and typically provides four measurements per track, the first hit
normally being in the insertable B-layer (IBL) installed before Run 2 [27]. It is followed
by the silicon microstrip tracker (SCT), which usually provides eight measurements per
track. These silicon detectors are complemented by the transition radiation tracker (TRT),
which enables radially extended track reconstruction up to |n| = 2.0. The TRT also provides
electron identification information based on the fraction of hits (typically 30 in total) above a
higher energy-deposit threshold corresponding to transition radiation.

The calorimeter system covers the pseudorapidity range |n| < 4.9. Within the region
In| < 3.2, electromagnetic calorimetry is provided by barrel and endcap high-granularity
lead/liquid-argon (LAr) calorimeters, with an additional thin LAr presampler covering
In] < 1.8 to correct for energy loss in material upstream of the calorimeters. Hadron
calorimetry is provided by the steel/scintillator-tile calorimeter, segmented into three barrel
structures within |n| < 1.7, and two copper/LAr hadron endcap calorimeters. The solid
angle coverage is completed with forward copper/LAr and tungsten/LAr calorimeter modules
optimised for electromagnetic and hadronic energy measurements respectively.

The muon spectrometer (MS) comprises separate trigger and high-precision tracking
chambers measuring the deflection of muons in a magnetic field generated by the
superconducting air-core toroidal magnets. The field integral of the toroids ranges between 2.0
and 6.0 Tm across most of the detector. Three layers of precision chambers, each consisting
of layers of monitored drift tubes, cover the region || < 2.7, complemented by cathode-
strip chambers in the forward region, where the background is highest. The muon trigger
system covers the range |n| < 2.4 with resistive-plate chambers in the barrel, and thin-gap
chambers in the endcap regions. Interesting events are selected by the first-level trigger system
implemented in custom hardware, followed by selections made by algorithms implemented in
software in the high-level trigger [28]. The first-level trigger accepts events from the 40 MHz
bunch crossings at a rate below 100kHz, which the high-level trigger further reduces in
order to record events to disk at about 1kHz. An extensive software suite [29] is used in

LATLAS 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(8/2). Angular distance is measured in units of AR = \/(An)? + (Ag)2.



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.

3 Data and simulated event samples

The data used in this analysis were produced through proton-proton (pp) collisions at a
centre-of-mass energy of 13 TeV recorded by the ATLAS detector at the LHC from 2015 to
2018. Events are required to satisfy data-quality requirements, and after applying the event
cleaning criteria, the total integrated luminosity of the entire data set is 139 fb=! [30]. The
data events in the four-lepton final state were recorded using a combination of single-lepton,
dilepton, and trilepton triggers [31, 32]. The single-lepton triggers for isolated muons featured
pr thresholds ranging from 20 to 60 GeV and 50 GeV for muons without isolation requirement.
In contrast, dilepton triggers had thresholds from 8 to 22 GeV, and trilepton triggers employed
thresholds between 4 and 20 GeV. For electrons, the single-lepton triggers encompassed pr
thresholds ranging from 24 to 300 GeV, with dilepton triggers varying from 12 to 24 GeV and
trilepton triggers featuring thresholds between 9 and 24 GeV. Additionally, when a dilepton
trigger encountered an event with an electron and a muon, the pr thresholds for electrons
ranged from 7 to 26 GeV. For muons, the thresholds varied from 8 to 24 GeV. These pr
thresholds exhibited variations across the data-taking period from 2015 to 2018 due to rising
luminosity [33, 34], but the overall trigger efficiency was about 98%.

Signal and background events were generated according to ATLAS detector configurations
and utilised for signal optimisation, background parametrisation, and systematic uncertainty
estimation. Each Monte Carlo (MC) generator produced events that underwent ATLAS
detector simulation [35] within the GEANT4 framework [36]. 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 [37] at
leading-order (LO) using the NNPDF2.3 LO set of parton distribution functions (PDFs) [3§]
and the A3 set of tuned parameters (tune) [39].

The qg — ZZ background process was simulated with SHERPA 2.2.2 [40] using matrix
elements at next-to-leading-order (NLO) accuracy in QCD for up to one additional parton
and at LO accuracy for up to three additional parton emission. The virtual QCD corrections
were provided by the OPENLOOPS library [41-43]. The gg — ZZ background process was
generated by SHERPA 2.2.2, including off-shell effects and Higgs boson contributions, using
LO-accurate matrix elements for up to one additional parton emission. The electroweak
qq — ZZ (EW) events, consisting of four leptons and two jets, were simulated using SHERPA
2.2.2. In addition, the VVV background events, including processes such as ZZZ, ZZW
and WW Z with at least four prompt charged leptons, were simulated using SHERPA 2.2.2.
The matrix element calculations for these processes were matched and merged with the
SHERPA parton shower based on Catani-Seymour dipole factorisation [44, 45] using the
MEPS@NLO prescription [46-48]. The production of Z+jets was simulated with the
SHERPA 2.2.1 generator using NLO matrix elements for up to two partons, and LO matrix
elements for up to four partons calculated with the Comix [44] and OPENLOOPS libraries. All
backgrounds simulated with SHERPA use NNPDF3.0 based on next-to-next-to-leading-order



(NNLO) set of PDFs [49], along with the dedicated set of tuned parton shower parameters
developed by the SHERPA authors.

Events containing charged leptons coming from the ttV background process (V =
Z or W*) were modelled using the MADGRAPH5__AMC@NLO 2.3.3 [50] generator at NLO
with the NNPDF3.0 NLO PDF. The events were interfaced to PYTHIA 8.210 using the
A14 tune [51] and the NNPDF2.3 LO PDF set. The ¢t background was generated using
PowHEG-Box v2 [52, 52-54] at NLO with the NNPDF3.0 NLO PDF set. The events
were interfaced to PYTHIA 8.230 to model the parton shower, hadronisation, and underlying
event, with parameters set according to the A14 tune and using the NNPDF2.3 LO set
of PDFs. The POWHEG-BOX V2 generator was used to simulate the WZ [55] production
process at NLO accuracy in QCD. Events were interfaced to PyTHIiA 8.230 for the modelling
of the parton shower, hadronisation, and underlying event, with parameters set according to
the AZNLO tune [56]. The CT10 PDF set [57] was used for the hard-scattering processes,
whereas the CTEQG6L1 PDF set [58] was used for the parton shower. The decays of the
bottom and charm hadrons for the top-quark processes were simulated using version 1.2 of
the EVTGEN program [59], except for using version 1.6 for ¢t production.

The R — SH — 40+ EEFiSS signal was simulated using PYTHIA 8.244 with the A14 tune
and NNPDF2.3 LO PDF set. The A — Z(— jj/¢*¢~ /invisible)H(— 4¢) and A — Z(—
20)H (— 2{¢ + jj/invisible) signals were generated by MADGRAPH5 _AMC@NLO 2.7.2 at
LO accuracy with the NNPDF2.3 LO PDF set, which is interfaced to PyTHIA 8.244 for
parton showering and hadronisation with the A14 tune. The R mass is considered in the
range of 390-1300 GeV, with the .S mass fixed to 160 GeV, while the A mass is in the range of
320-1300 GeV. The H mass value for all signal processes is in the range of 220-1000 GeV. The
assumption of the S mass is motivated by the phenomenology study presented in ref. [60].
However, the effect of this choice on the distribution of the missing transverse momentum
was studied and it was found that the S mass only affects the distribution if its mass is
above 200 GeV. Therefore, fixing the S mass reduces the free parameters and simplifies the
analysis. Signals were generated using the narrow width approximation (NWA) [61] for both
R and H in the R — SH — 4 + E¥ signal, with the width of R and H set to 10 MeV.
Similarly, for the A — ZH — 4¢ 4+ X signal, the narrow width approximation was employed
with widths of 1 MeV for both A and H. Two mass points, (m4, mg) = (320,220) GeV
and (ma, mpg) = (1190, 600) GeV, were also generated using the large width approximation
(LWA) to evaluate the impact of non-negligible natural widths. Table 1 summarises the
generators, shower model, matrix element accuracy, tune, and PDF sets used in signal and
background simulation.

4 Object and event selection

4.1 Object reconstruction

The event selection relies on reconstructing and identifying electrons, muons, jets and missing
transverse momentum. The electron energy measurement is improved using a dynamic,
topological calorimeter-cell clustering-based method. This method is particularly effective
in cases where an electron radiates a bremsstrahlung photon. More information about this



Process Generator and Parton shower QCD accuracy Tune and PDF

R — SH — 40+ Ef™ PyTHIA 8.244 [62] LO Al4 and NNPDF2.3 LO [51, 63]

A — Z(— jj/t* 0~ /invisible) H (— 4¢) MADGRAPH5_AMC@NLO 2.7.2 + PyTHIA 8.244 [50, 62] LO Al4 and NNPDF2.3 LO [51, 63

A = Z(— 20)H(— 2€ + jj/invisible) ~ MADGRAPH5_AMC@NLO 2.7.2 + PyTHIA 8.244 [50, 62 LO Al4 and NNPDF2.3 LO [51, 63

1V (V. =W/2) MADGRAPHS_AMC@NLO 2.3.3 + PyTHIA 8.210 [50, 62 NLO+LO Al4 and NNPDF3.0 NLO & NNPDF2.3 LO [49, 51, 63]
qq— ZZ SHERPA 2.2.2 + MEPS@NLO [46-48] NLO (0- and 1-jet), LO (2- and 3-jet) SHERPA and NNPDF3.0 NNLO [49]

99— 27 SHERPA 2.2.2 + MEPS@NLO [46-48] LO (0- and 1-jet) SuERPA and NNPDF3.0 NNLO [49]

qq — ZZ (EW) SHERPA 2.2.2 + MEPS@NLO [46-48] LO SuERPA and NNPDF3.0 NNLO [49]
ZZZ(402v,6(0v) SHERPA 2.2.2 + MEPS@GNLO [46-48] NLO SHERPA and NNPDF3.0 NNLO [49]
WZZ(501v) SHERPA 2.2.2 + MEPS@NLO [46-48] NLO SHERPA and NNPDF3.0 NNLO [49]
WWZ(402v) SHERPA 2.2.2 + MEPS@NLO [46-48] NLO SHERPA and NNPDF3.0 NNLO [49]

Z+jets SHERPA 2.2.1 + MEPS@NLO [46-48] NLO (0- and 2-jet), LO (3- and 4-jet) SHERPA and NNPDF3.0 NNLO [49]

tt POWHEG-BOX V2 + PyTHIA 8.230 [52, 52-54, 62] NLO+LO Al4 and (NNPDF3.0 NLO & NNPDF2.3 LO) [51, 59, 63]
WZ — 3ty POWHEG-BOX V2 + PYTHIA 8.230 [52, 52-54, 62] NLO AZNLO and (CT10NLO & CTEQS6L1) [56-58]

Table 1. Summary of the event generators used for the simulated signal and background samples,
including the accuracy of the matrix element and parton distribution functions (PDFs). Additionally,
the table lists the set of tuned parameters used.

technique can be found in ref. [64]. Electron candidates are identified as clusters of energy
deposits in the calorimeter associated with ID tracks. The final track-cluster matching
uses a Gaussian-sum filter (GSF) [65], accounting for bremsstrahlung energy losses. The
electron transverse momentum (pr) is calculated from the cluster energy and the track
direction at the interaction point. The rejection of background noises, which consist of
hadrons, non-prompt electrons mainly originating from photon conversions, and heavy flavour
hadron decay, depends on the longitudinal and transverse shapes of the electromagnetic
showers in the calorimeters, track-cluster matching, and properties of tracks in the ID. All
this information, except for hits associated with the track, is used to create a likelihood
discriminant. The selection criteria combine the likelihood with the number of track hits
and define several working points (WP). Electrons with py > 4.5 GeV and pseudorapidity
range |n| < 2.47 are selected. The analysis uses a “loose” WP, with an efficiency of at least
90% for electrons with py > 30 GeV [66].

Muon reconstruction is performed within || < 2.7 [67], covering the entire detector. In
the ID coverage range, muon reconstruction primarily applies a global fit of fully reconstructed
tracks in the ID and the MS, resulting in combined muons. However, in the central region
(Inl < 0.1), where the MS coverage is limited, alternative methods are employed for muon
identification. Muons in this region can be identified either by matching a fully reconstructed
ID track to an MS track segment (segment-tagged muons) or by associating with a calorimetric
energy deposit consistent with that of a minimum-ionising particle (calorimeter-tagged muons).
In these cases, the muon momentum is determined by the ID track alone. In the forward MS
region (2.5 < |n| < 2.7) outside the ID coverage, standalone muons are accepted if they have
hits in all three MS layers. Additionally, if forward ID tracks are available, they are combined
with standalone MS tracks to form silicon-associated forward muons. Calorimeter-tagged
muons are required to have pr > 15GeV, while all other muon candidates must have a
minimum transverse momentum of 5 GeV. This analysis uses a “loose” muon identification
WP that uses all muon types and has an efficiency of 98.5% [67].

Fake leptons from processes such as WZ and Z+jets are suppressed using impact-
parameter and track- and calorimeter-based isolation requirements [66, 67]. The transverse
impact-parameter significance is the impact parameter calculated with respect to the measured
beamline position in the transverse plane divided by its uncertainty, |do|/oq,. This significance



is required to be less than 3 for muons and less than 5 for electrons. Leptons must be isolated
using both track- and calorimeter-based information. The track-based discriminants take
into account the scalar pr sum of all tracks in a cone of width AR = 0.3 for muons and
0.2 for electrons (excluding the lepton itself). The ratio of this sum to the lepton pr is
required to be less than 0.15. The pile-up contributions are suppressed by requiring the cone
tracks to originate from the primary vertex. To retain efficiency at higher pr, the size of the
track-isolation cone is reduced to 10 GeV /pr for pr above 33 GeV for muons and 50 GeV for
electrons. A vertexing algorithm is used to fit the ID tracks of the 4¢ candidates under the
assumption that they emanate from a common vertex. The resulting fit quality, represented
by the x?/ndof value, provides good discrimination between signal and background. For the
4y channel, a cut of x?/ndof < 9 is applied, while a cut of x?/ndof < 6 is used for the other
channels. This maintains a signal efficiency greater than 99% for all channels.

The reconstruction of jets applies a particle-flow algorithm [68], which combines
measurements from the tracker and the calorimeter. The first step is to remove those
calorimeter hits that are associated with reconstructed charged particles. Then, the remaining
calorimeter energy and tracks matched to the hard interaction are used to create particle-flow
objects for the jet reconstruction. The anti-k; algorithm with a radius parameter of R = 0.4
is used to reconstruct particle-flow jets [69]. After the jets are reconstructed, pile-up is
subtracted independently of the calibration [70]. Jets are required to have pp > 30 GeV
and |n| < 2.5. A multivariate jet-vertex-tagger algorithm (JVT) is employed to reject low-
momentum jets originating from pile-up events. The JVT considers the reconstructed tracks’
properties in the event and applies to jets with pr < 60 GeV and |n| < 2.4 [71, 72].

Events containing b-hadrons (b-jets) are identified using a multivariate tagging algorithm
(b-tagging) [73, 74]. This algorithm assesses the likelihood that a jet originates from b-quark
hadronisation by analysing track impact parameters and reconstructed secondary vertices. In
simulated tt events, the jet identification algorithm exhibits an average efficiency of 77% for
identifying jets from b-quarks. Additionally, it achieves a rejection factor of approximately
30 for light-flavour quarks (u-, d-, and s-quarks), while the rejection factor for c-quarks and
gluons is smaller, as reported in ref. [73].

After object reconstruction, an overlap removal procedure is applied to all selected objects
to remove ambiguities resulting from objects being reconstructed by several algorithms. The
electron with the highest pr is kept when two electrons have overlapping energy deposits.
If a reconstructed electron and muon share the same ID track, the electron is selected if
the muon is calorimeter-tagged; otherwise, the muon is selected. Reconstructed jets which
overlap with electrons (muons) in a cone of size AR = 0.2 (0.1) are removed.

The magnitude of the missing transverse momentum is denoted by E¥' and is calculated

as the magnitude of the negative vectorial sum of the transverse momenta of calibrated
leptons and jets. Also, a soft term is included in the calculation, which is constructed from
all tracks originating from the primary vertex but not associated with any identified lepton
or jet [75]. Selected events must have at least one vertex with two associated tracks with
pr > 500 MeV, and the primary vertex is chosen to be the vertex with the largest 3" p.



4.2 Event selection

This analysis classifies events into three channels based on the flavours of the selected four
leptons: 4u, 4e, and 2u2e. These channels are assigned based on the triggers activated in the
event, which include single-lepton, dilepton, and trilepton triggers. The possible quadruplets
in each channel of an event are created from two same flavour and opposite sign lepton
pairs (SFOS). The pr thresholds of the three leading leptons in the quadruplet follow this
order: 20GeV, 15GeV, and 10 GeV. The leading and the sub-leading lepton pairs in the
quadruplet are defined to have an invariant mass closest and second closest to the Z boson
mass. The invariant mass of the leading and sub-leading lepton pairs are denoted myz, and
mz,, respectively. In the selected quadruplet, mz, must be within 50 GeV < mz, < 106 GeV,
while mz, must be within 50 GeV < mz, < 115 GeV. The selected quadruplets must have their
lepton pairs separated from each other by AR > 0.1. If any two SFOS leptons are detected
with my, below 5 GeV for 4u and 4e quadruplets, the quadruplet is excluded to reduce the
contamination from J/¢ mesons. In this analysis, the Z + T background contribution is
negligible. If, at this point, several quadruplets of different channels are selected, only the
quadruplet with the highest expected signal rate is retained, in the order: 4u, 2e2u, 4e.

The resolution of the four lepton invariant mass system can be improved by recovering
the radiative photon production in the Z boson decay (final-state-radiation (FSR)) and by
applying constraints on the Z boson mass. In this analysis, the methodology presented
in refs. [76-78] for the h — ZZ analysis was used to account for FSR photons in the
reconstruction of Z bosons, and for applying constraints on the Z boson mass. The Z-mass
constraint is applied to both Z candidates and improves the resolution of my4y by around
15%. This analysis employs the combined 4u, 4e, and 2u2e channels, collectively called 4/,
to account for the limited statistics.

5 Analysis strategy

This analysis searches for heavy resonances that decay to four leptons and missing transverse
momentum or jets, where the four-lepton invariant mass is above 200 GeV. The main source of
background in this kinematic region involves the leptonic decay of two Z bosons. Among the
various background processes, quark-antiquark annihilation (¢g — ZZ) is the most significant,
contributing 84.6% of the expected background, while gluon-initiated production (g9 — ZZ2)
accounts for approximately 11.7%. Other SM backgrounds, such as qg — ZZ (EW), ttV,
Z+jets, tt, WZ, and VVV, account for about 3.7% of the total background events. These
numbers are estimated from simulation after the four-lepton quadruplet selection discussed
in section 4.2. In the following, this study models the SM backgrounds using an analytical
function, illustrated in section 6, where the normalisation is taken from the data.

A cut-based optimisation was used to increase the sensitivity of the R — SH — 40+ ERiss
and A —» ZH — 4 + X signals. This involves setting thresholds on various kinematic and
topological variables, such as the number of jets (njets) and b-jets (npjets), the transverse
momentum of the four-lepton system (pd), and the EXS significance (ERSS/\/STET).
The term > Et represents the scalar sum of the transverse energies of all reconstructed
objects in the ATLAS detector. These variables exhibit kinematic differences between



Signal region R— SH — 40+ E™ and A - ZH — 40 + X

SR1 Njets = 0 p%? > 20 GeV Effniss significance >2.0

SR2 Npjets = 0 .- p‘% > 10 GeV EMiss gignificance > 3.5
Niets > -

SR3 Jets pit < 10GeV | 2.5 < ERsS significance < 3.5

A—Z7ZH -4+ X

SR4 |mjj — mZ| < 20GeV
Njets >2

SR5 Np-jets = 0 \mjj — mz| > 20 GeV

SR6 njets =1

SR7 Np-jets >1

Table 2. Summary of the requirements for the signal regions (SR) defined in the search for the
R— SH — 4/ + E%“SS and A - ZH — 40 + X signals for my4, > 200 GeV.

R — SH — 4 + E® and A — ZH — 4¢ + X signals and the background processes.
The background composition varies depending on the njets and npjets. For the p%z, most
background processes peak around 20 GeV, with a tail stretch toward higher values. In
contrast, the signal distribution peaks around 40 GeV. This difference in peak positions
reflects the characteristic energy distribution of the signal compared to the background
processes. Similarly, the E%ﬁss significance distribution also demonstrates distinguishable
signal and background patterns. Background events peak at a E%‘iss significance of around
1, indicating a relatively low significance of missing transverse energy. In contrast, the
signal distribution peaks at a higher EX'* significance of around 3, suggesting a stronger
presence of genuine missing transverse energy associated with the signal process. Therefore,
events with no b-jets are divided into two categories based on the njes: those with no jets
(njets = 0) and those with at least one jet (njets > 1). A two-dimensional scan is applied
twice to each group using p%fz and EXs significance to find the optimal cut between signal
and background processes. The first scan determines the optimal threshold values for these
variables corresponding to the highest value of the ratio of signal yields to the square root of
background yields. After finding the optimal points, the events above these optimal thresholds
are removed, and then a second scan is performed on the remaining events. This process
results in specific requirements on the variables that define the signal regions (SR). Therefore,

events in the SR are required to satisfy the following requirements:
o Npjets = 0 and njers = 0 with pat > 20 GeV and EMSS significance > 2.0 (SR1)
o Npjets = 0 and njers > 1 with p4T€ > 10GeV and ERS significance > 3.5 (SR2)
o Npjets = 0 and njets > 1 with p3¥ < 10GeV and 2.5 < ERS significance < 3.5 (SR3)

The SRs mentioned above are used for both the R — SH — 4¢ + EX and the A —
ZH — 40 + X models.

Jets in the A - ZH — 4/ + X signal can arise from initial state radiation and the
decay of the Z boson. Therefore, it is crucial to accommodate scenarios with varying



jet multiplicities and recover the b-jet events left from the abovementioned categorisation.
Additionally, the invariant mass of the two leading jets (m;;) shows a significant difference
between the A — ZH — 4/ 4 X signal and backgrounds at m;; > 300 GeV. Given these
differences, more categorisations were designed for the A — ZH — 4¢ + X signal. This
expanded categorisation comprises four additional SRs to capture distinct jet-related features:

o Npjets = 0, Njets > 2, |mj; —mz| < 20GeV (SR4)

Np-jets = 0, Njets > 2, ]mjj — mz‘ > 20 GeV (SR5)

® TNpjets = 07 Njets = 1 (SR6)

Np-jets >1 (SR7>

These SRs are only considered if the events are not yet classified in SR1-3. SR6 is motivated
by the need to capture signal events in which only one jet is detected. A single jet event
occurs if the produced jet has very low momentum and falls outside the detector acceptance.
SR7 is designed to include events with at least one b-jet, primarily due to the significant
branching ratio of the Z boson into b quarks. Table 2 provides a summary of these seven
SRs used in the analysis.

6 Signal and background modelling

Simulation is used to model and then parameterise the constructed my, distribution for
the SM backgrounds. Meanwhile, the signal shape is taken directly from the simulation,
as illustrated below.

6.1 Signal model

Section 3 discussed the generation of signal mass points for R — SH — 4¢ + ER and
A — ZH — 40+ X signals. Seventy-seven mass points were produced for the R — SH — 4(+
Emiss gignal, while seventy-two were generated for the A — ZH — 4 + X signal. To cover a
broader mass range, a linear interpolation method described in ref. [79] is used to obtain signal
shapes between the generated mass planes in either of the (mg, mpg) or (ma4, my) masses.
Interpolating the signal involves a two-step process due to its dependence on either (mp, my)
or (my4, my) masses. In the first step, the H mass remains constant while interpolating the
(mp —mpy) or (m4 — my) mass parameters or interpolating the R or A mass. Subsequently,
the interpolated signals obtained in the previous step serve as input for a second interpolation.
In this stage, the R or A mass is fixed, while the H mass varies in steps of 10 GeV.

The interpolation was validated by comparing simulated and interpolated signal
distributions at a few mass points, as shown in figure 2 for the A - ZH — 40 4+ X
R — SH — 40 + EXss signals. Some disagreement at the tails of the signals is observed and
considered as potential systematic uncertainty. This systematic uncertainty was shown to
have a negligible impact on the results and was omitted.
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Figure 2. The my, distributions of the interpolated (blue) and simulated (black-filled point) signals
for the (a) A — Z(— jj/¢T¢~ /invisible)H(— 4¢) and (b) A — Z(— £T4~)H(— 2{ + jj/invisible)
signals with the (ma, mpy) = (540,250) GeV mass point and the (¢) R — SH — 4¢ + EIs signal

with (mg,mg) = (420, 250) GeV and mg = 160 GeV. The lower panels show the ratio between the
interpolated and simulated histograms. The plots are only shown in SR1 for illustrative purposes.

6.2 Background model

The myy shape of the backgrounds is obtained from simulation using a parameterised empirical
function to decrease statistical uncertainties originating from the limited number of simulated
events. Four background templates are used: qqg — 27, g9 — ZZ, VVV, and other
background processes. The other backgrounds contain processes such as qqg — ZZ (EW),
ttV, tt, Z+jets and WZ. Each of the background templates is fitted with an analytical
function for my, between 200-1200 GeV, as follows:

f(mae) = H(mo — mug) fr(mag) C1 + H(mae — mo) f2(mae) Ca, (6.1)
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Figure 3. The my, distributions of the analytical function fit (blue) to the simulated ¢qg — ZZ
background (black-filled point) in signal regions (a) SR1 and (b) SR2. The lower panels show the
relative difference between the fitted function and simulated histograms. The overlaid light blue band
indicates the statistical uncertainty of the fit function.

where:

2
ay - Mye + az - my,

f1 (m4g) = — N (62)
1+ exp (%3“1)
fa(myy) = <1 — %)bl . (7;5406) (b2+b3'1n(Tg)) , (6.3)
1 1
=R T Ralmo)

The functional form f; models the ZZ threshold around 2 - myz, and fo describes the high
mass tail. The transition between the fi and fo functions is performed by the Heaviside step
function H(z) around mg, where my is fixed to 260 GeV, 240 GeV, 250 GeV and 230 GeV for
the qg — 727, g9 — ZZ, VVV, and other backgrounds, respectively. The transition point
is determined by the smoothness of the functional form. A constant no = 13 TeV scales
myy in the high mass region. €} and Cs ensure the continuity of the function around the
point mg, where f; and fo are joined together. The parameters a; and b; are determined by
fitting the myy distribution in simulation for each specific SR. Overall, all regions achieved a
good fit quality with the empirical function, assessed by the chi-squared values, which are
approximately equal to unity for all signal regions. As an example, figure 3 demonstrates the
fit of the analytical function given by Equation 6.1 to the dominant qG — ZZ background
process in SR1 and SR2. The integral error calculated from the fit function is considered
a source of systematic uncertainty. It is treated as a nuisance parameter and propagated
as a shape systematic uncertainty to the final fit.
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7 Systematic uncertainties

This section discusses the sources of systematic uncertainty considered in this analysis,
including experimental and theoretical uncertainties for the signal and background processes.
Statistical uncertainties arising from the MC event generation are also considered. Additionally,
uncertainties introduced by the background parameterisation are considered and propagated
to the final fit. The systematic uncertainties are evaluated using the invariant mass of the
four lepton system as a discriminant. Each systematic uncertainty component is treated as
a nuisance parameter and profiled in the final statistical analysis.

7.1 Experimental uncertainties

Experimental uncertainties, such as object reconstruction and identification, trigger efficiencies,
energy scale and resolution, are calculated for signal and background processes. The systematic
experimental uncertainties are evaluated by computing the ratio between the integral of
the myy distribution with the relevant nuisance parameter weight modified by one standard
deviation and the integral of the my, distribution using the nominal weight. Signal samples
were divided into three categories depending on the size of the energy gap (m4 — my or
mpr —mpy) to simplify estimating the experimental systematic uncertainties for the signals.
The gaps include samples with low (< 500 GeV), medium (> 500 GeV and < 700 GeV) and
high (> 1300 GeV) energy gaps. These ranges are for the R — SH — 4¢ + EX process, and
they are slightly different for the A — ZH — 4¢ + X process. The systematic uncertainties
are evaluated for three signal mass points from each energy gap for both signals. Each result
is combined by calculating the mean of the three samples per energy gap. Only the effect
on the absolute normalisation was found to be relevant for the signal. For the VVV and
other backgrounds, the absolute normalisation and the shape variation were included in
the fit. In contrast, only the shape variation for the ¢q¢ — ZZ and g9 — ZZ was included
as systematic uncertainty in the fit.

The lepton identification, isolation and reconstruction efficiency, energy /momentum scale,
and resolution are derived from data using J/¢ — ¢¢ and Z — ¢¢ events. The uncertainties
in the lepton efficiency are calculated following the method presented in refs. [66, 80] for
muons and electrons. Generally, their effect on the signal yields is less than 1% for the
R — SH — 40 + EsS signal, and up to 3.6% for the A — ZH — 4¢ + X signal. These
uncertainties are no more than 1.5% for the VV'V background yields and at most 1.7% for
the other background processes. The uncertainties in the jet energy scale and resolution
come from sources such as uncertainties in the absolute and relative “in situ” calibration and
the correction for pile-up [70]. In total, uncertainties due to the jet energy scale and energy
resolution are estimated to a maximum of 4.3% for the R — SH — 4( + EXS signal, 4.7%
for the A — ZH — 4¢ + X signal, 7.0% for the VV'V background and 10.4% for the other
background processes. In addition, flavour tagging uncertainties are calculated by altering the
uncertainty of the tagged jet flavour efficiency by £1o. The total estimated flavour tagging
uncertainties are as high as 4.3% for the R — SH — 4 + E and A — ZH — 4 + X
signals, 8.9% for the VVV background and 8.5% for the other background processes. The
uncertainty in the E2 is influenced by uncertainties in the energy scales of both leptons and
jets [81]. Furthermore, there are contributions to the ERS uncertainty from the momentum
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scale and resolution of tracks that are not associated with any identified lepton or jet. The
overall uncertainty in E¥ due to scale and resolution for the R — SH — 4f 4 Emiss
signal and VVV background is less than 1%. For the A — ZH — 4/ + X signal, these
uncertainties are up to 4.7% and 6.2% for the scale and resolution, respectively, while for
the other background processes, it is at most 6.1% due to the momentum scale and 9.7%
due to the resolution. These experimental systematic uncertainties have a negligible impact
on the shape, so only normalisation uncertainties are considered.

The uncertainty in the combined 2015-2018 integrated luminosity is 1.7% [82], obtained
using the LUCID-2 detector [83] for the primary luminosity measurements. In addition, a
systematic uncertainty from re-scaling the simulated pile-up to the data is considered. It
is estimated to be up to 2.5% for the R — SH — 4¢ + ER signal, less than 1% for the
A — ZH — 40 + X signal, and about 3.0% for the VVV and other background processes.

In section 8, a common normalisation factor is introduced to scale the event yields for
both ¢q¢ — ZZ and g9 — ZZ backgrounds while keeping the V'V V and other backgrounds
fixed to their SM predictions. Subsequently, the relative acceptance difference is calculated
between the q¢g — ZZ and g9 — ZZ backgrounds for each source of the experimental
systematic uncertainties. These experimental systematic uncertainties are then propagated
to the gg — ZZ background. Experimental systematic uncertainties, which affect the shape
of the myy distribution of the q¢ — ZZ and g9 — ZZ backgrounds, are considered in the
analysis as shape systematic uncertainties.

7.2 Theoretical uncertainties

This analysis considers the uncertainties of the PDF, missing high-order QCD correction,
initial- and final-state radiation (ISR/FSR), and parton showering (PS) and hadronisation.
The theoretical scale uncertainties on the signal samples are assessed by varying the
factorisation and renormalisation scales up and down from their nominal values by a factor
of two in each SR. The largest effect of the scale uncertainties is taken as the systematic
uncertainty. The PDF uncertainty is estimated using the SYSCALC [84] package in conjunction
with MADGRAPHS__ AMCQ@NLO 2.9.5. The uncertainty is determined by considering how
the envelope of variations among alternative PDFs differs from the internal PDF error sets
(NNPDF2.3 PDF). The calculation follows the PDFALHC recommendations provided in
ref. [85]. Uncertainties related to the ISR/FSR, PS and hadronisation are evaluated by
employing variations in tune eigenvectors in PYTHIA and comparing HERWIG 7.1.3 [86] with
PyTHIA 8.230 for the signal samples. The impact of the theoretical uncertainties on the signal
acceptance is about 1%. The theoretical systematic uncertainties on the SM backgrounds are
included as a shape systematic on the my, distribution and summarised below.

7.3 Systematic uncertainties on background shapes

To account for any possible biases introduced by the analytical function discussed in
section 6.2, uncertainties stemming from the background parameterisation are considered.
These uncertainties are calculated by evaluating the error in the fit parameters while also
taking into account the errors in the parameters resulting from the fit. The errors are
estimated using the correlation values obtained from the fit.
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Incorporating PDF and QCD scale uncertainties into the analysis is motivated by their
impact on the shape of the my, distributions for the q¢ — ZZ and g9 — ZZ processes.
The QCD scale uncertainty is estimated to be up to 10% for the ¢qqg — ZZ and g9 — ZZ
backgrounds. The PDF uncertainty is less than 5% (1%) in the low mass region and about
25% (30%) in the high mass region for the qq — ZZ (99 — ZZ) background. A missing
higher-order QCD correction uncertainty on the my, shape is considered for the qg — Z7
background, which is estimated to be less than 10%. The parton shower uncertainty is
evaluated by varying parameters in the parton shower tunes, such as the CKKW and QSF
settings, and by using different showering options.

8 Statistical procedures

The invariant mass of the four leptons is used as a discriminant to examine the null and
alternative hypotheses using the profile likelihood ratio technique [87]. The null hypothesis
corresponds to smoothed backgrounds that fall from the low mass range to the higher mass
range of the myy distribution. In contrast, the alternative hypothesis incorporates a signal
structure around the H mass. The signal and background contributions in the myy distribution
are extracted via a binned maximum-likelihood fit of the signal-plus background hypotheses
to extract any indication for new physics. The profile likelihood function is defined as the
probability of observing n events. It is calculated as the product of the sum of weighted
signal and background events, as shown below:

Ny g

L(my,lo(gg — A/R),0) = H H Poisson (nm\ Sri + Zbr,i(9)> X HGi(O\G, 1), (8.1)
r=SRs i=bin b 7

where o(gg — A/R) is the parameter of interest for the A - ZH — 4(+ X or R — SH —

40 + EX signal. The expected signal and background yields in each my, distribution bin

are represented by s and b, respectively. The expected signal yield s is calculated by:

s=o(gg — A/R) x BIA/R — ZH/SH) x B(H — ZZ) x AC x /L dt,  (82)

where AC is the acceptance times efficiency, and [ L dt = 139fb~! is the integrated luminosity
of the data. A collection of nuisance parameters is introduced to describe how systematic
uncertainties influence the predicted number of signal and background events and the shape
of the PDFs. These parameters are constrained to their nominal values within the calculated
uncertainties using Gaussian constraints by G (5), in which 6 is a vector containing the nuisance
parameters. In the likelihood fit function, SRs are indicated in the product by the index “r”.
In each SR, the normalisation for the ¢q¢ — ZZ and gg — ZZ processes (ZZ background) are
calculated by a likelihood fit to the data. The ZZ background normalisation is denoted by
the pZZ  parameter. The benefit of taking the ZZ background normalisation from the data

is the reduction of the background dependence on the theoretical systematic uncertainties.

9 Results

Table 3 displays the yields in each of the seven SRs described in section 5. The observed
and expected numbers of events in each SR were obtained using a simultaneous binned
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SR1 SR2 SR3 SR4 SR5 SR6 SR7

qq— Z7Z 132 +£ 12 17+ 6 42 £ 7 40 £7 156 &+ 13 549 £ 70 86 £ 11
99 =~ 27 32+6 3.2+31 8.3+ 3.1 6.6 2.8 22.1 £ 3.7 102 £ 70 9.4 +42
vvv 75£04 477+034 149+£0.19 0.19+£0.04 1.08+0.11 1.59 £0.13 0.50 + 0.07

Other backgrounds 5.5 &+ 0.9 71+£11 3.6+07 247030 17508 11.3£08 37.6+23

Total background 177 + 13 3246 55+ 7 49 £ 7 197 + 14 664 +26 134 + 12
Observed 177 32 55 49 197 664 135
uZz 1154015 13+0.6 096+ 022 090 +0.17 0.80+0.08 1.02+013 14+0.3

Table 3. Observed and expected post-fit event yields for my4, > 200 GeV with their uncertainties.
The expected yields and their uncertainties are obtained from a simultaneous fit to data under the
background-only hypothesis on all seven signal regions discussed in section 5. The pZZ  is the

norm

normalisation factor for the ¢q¢g — ZZ and g9 — ZZ backgrounds. The other backgrounds include
qq — ZZ (EW), ttV, tt, Z+jets and WZ processes. These backgrounds and the VVV background
process were fixed to their SM prediction.

maximume-likelihood fit, assuming the background-only hypothesis. Signal+background
binned maximum-likelihood fits were also performed on the myy distribution to search for
potential excesses beyond the expected SM backgrounds. This fit model is based on the
statistical framework discussed in section 8. The mp (m4) range 390-1300 (320-1300) GeV
and the my range 220-1000 GeV were scanned for the R — SH — 40 + ER (A — ZH —
40 + X)) search. The fit was performed in steps of 10 GeV, in which 4187 (mp, my) and 4740
(ma, mp) mass points in NWA for each SR were tested for the R — SH — 4/ + ER and
A — ZH — 40+ X processes, respectively. The resulting test statistics were used to construct
p-values and significance estimates, which were then used to evaluate the compatibility of the
data with the background-only hypothesis and the presence of new physics in the data.
The four lepton invariant mass distributions for the R — SH — 4/ + E%liss search with
the (mp,my) = (500, 300) GeV mass point in all three SRs are shown in figure 4. Figures 5
and 6 show the my, distribution in the seven SRs defined for the A — ZH — 4¢ 4+ X search
with the (ma, mpy) = (510, 380) GeV mass point. These plots are shown for a background-only
fit to data, and signals are overlaid after being scaled to the observed upper limit on the
cross-section. In the presented figures, statistical fluctuations are dominant, particularly
in the high mass region of the myy. The binning was determined by considering the width
and the stability of the upper limit on the cross-section of the R — SH — 4¢ + EX and
A — ZH — 40+ X signals. The upper limit calculations were performed in bins with a fixed
width of 5 GeV. However, for better visualisation, the plots are presented with variable binning.
No significant deviation from the SM backgrounds is observed in the data. Local excesses
around two standard deviations for a few mass points are shown in figure 7(a) for the
R — SH — 40 + ER signal and in figure 7(b) for the A — ZH — 4+ X signal. The most
significant excess comes from the A — ZH — 40+ X signal at the (m4, my) = (510, 380) GeV
mass point with a local significance of 2.5 standard deviations. The impact of systematic
uncertainties on the analysis is investigated based on their impact on the parameter of
interest (best-fit cross-section) for the R — SH — 40 + EWsS and A — ZH — 40+ X
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Figure 4. Observed and expected distributions of the invariant mass of the four-lepton system in
the R — SH — 40 + Emss search for (a) SR1, (b) SR2 and (c¢) SR3 under a background-only fit to
data. The total background (blue) includes the ¢qq — ZZ, g9 — ZZ, qqg — ZZ (EW), VVV, itV
tt, Z+jets and WZ processes. The overlaid distribution of the (mg,my) = (500,300) GeV signal
(red) is normalised to the observed upper limit on the cross-section (25.0fb) discussed in section 9.
The hatched lines show the systematic uncertainty of the background prediction, while the error bar
on the data denote the statistical uncertainty. The lower panel displays the significance of each bin,
which is determined by the residual of the data corresponding to the fitted background taking the
statistical uncertainty of the data into account. The fit is performed in bins of 5 GeV width, while the
plots are re-binned using variable binning for presentation purposes.
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Figure 5. Observed and expected distributions of the invariant mass of the four-lepton system in the
A — ZH — 40+ X search for (a) SR1, (b) SR2 and (c) SR3 under a background-only fit to data. The
total background (blue) includes the ¢¢ — ZZ, g9 = ZZ, q§ — ZZ (EW), VVV 1tV tt, Z+jets and
W Z processes. The overlaid distribution of the (m4, mpg) = (510,380) GeV signal (red) is normalised
to the observed upper limit on the cross-section (29.9 fb) discussed in section 9. The hatched lines
show the systematic uncertainty of the background prediction, while the error bar on the data denote
the statistical uncertainty. The lower panel displays the significance of each bin, which is determined
by the residual of the data corresponding to the fitted background taking the statistical uncertainty of
the data into account. The fit is performed in bins of 5 GeV width, while the plots are re-binned using

variable binning for presentation purposes.
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Figure 6. Observed and expected distributions of the invariant mass of the four-lepton system in the
A — ZH — 40 + X search for (a) SR4, (b) SR5, (¢) SR6 and (d) SR7 under a background-only fit
to data. The total background (blue) includes the g — ZZ, g9 — ZZ, qq — ZZ (EW), VVV, ttV,
tt, Z+jets and WZ processes. The overlaid distribution of the (ma,my) = (510,380) GeV signal
(red) is normalised to the observed upper limit on the cross-section (29.9fb) discussed in section 9.
The hatched lines show the systematic uncertainty of the background prediction, while the error bar
on the data denote the statistical uncertainty. The lower panel displays the significance of each bin,
which is determined by the residual of the data corresponding to the fitted background taking the
statistical uncertainty of the data into account. The fit is performed in bins of 5 GeV width, while the
plots are re-binned using variable binning for presentation purposes.
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Figure 7. Local po-values in the (mpy, mg) plane for (a) the R — SH — 4¢ + EX' search with
mg = 160 GeV, and in the (mpg,m4) plane for (b) the A - ZH — 44 + X search.

signals. The uncertainties that have the most significant impact vary depending on the
choice of the (mpg, mg) or (ma, mg) mass points. Table 4 shows the first five leading sources
of uncertainties in the best-fit ¢ value for three different mass points for each signal. The
effect of the uncertainties is estimated using Asimov data produced with the signal cross-
section set to the expected limits for the particular (mg, mpg) or (ma, mg) mass points,
assuming narrow width R or A and H bosons. In the R — SH — 4¢ + E¥ search,
systematic uncertainties related to jet characteristics, such as jet flavour composition, played
a significant role and ranked first and second at mass points (mpg, my) = (390, 220) GeV and
(mp, mp) = (1300, 1000) GeV, respectively. It is noteworthy that the uncertainties associated
with jet characteristics remained significant and played a pivotal role in the overall uncertainty
assessment for both the R — SH — 40 + EXS and A — ZH — 40 + X searches.

As no significant excess was observed in comparison to the background predictions, the
results were translated into upper limits on the production cross-section of the R — SH —
40 + EmsS and A — ZH — 40 + X signals times the branching fractions. The branching
fractions considered are B(R — SH) and B(H — ZZ) for the R — SH — 4¢ + ES process.
For the A — ZH — 40+ X process, the branching fractions are B(A — ZH) and B(H — ZZ).
The CL; approach in the asymptotic approximation [87, 88] was used to calculate upper
limits at 95% confidence level (CL) across the explored phase space. The upper limit, either
ono(g9g - R)xB(R— SH)xB(H — ZZ) oron 0(99 -+ A) x B(A - ZH) x B(H — ZZ),
for a specific mass hypothesis, is obtained by fixing the H mass parameter to a constant
value and optimising the probability function for nuisance parameters. The observed and
expected upper limits of NWA R and H bosons for the R — SH — 4/ + E%‘iss search are
shown in figures 8(a) and 8(b) in the (mg, mg) plane where the z-axis displays the upper
limits on 0(g9 — R) x B(R — SH) x B(H — ZZ) in fb. The observed upper limits for the
R — SH — 40+ ER search range from 6.8 fb for (mg, my) = (1300, 980) GeV to 119.2 fb for
(mp,mpg) = (410, 240) GeV. In contrast, the expected upper limits vary from 7.7fb to 70.3 fb
for the same mass points. Similarly, figures 8(c) and 8(d) show the observed and expected
upper limits for the A — ZH — 4¢ + X search in the (mg, m4) plane, in which the z-axis
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R — SH — 40 + Eiss A—ZH -4+ X

(mp,mpg) [GeV]  Uncertainty source Ac/o [%] (ma,mp) [GeV] Uncertainty source Ao /o (%)
Jet flavour composition 6.2 Other backgrounds parameterisation SR7 5.0
Jet flavour response 4.8 qq — ZZ parameterisation SR7 3.9
(390, 220) Jet energy scale 4.2 (320, 220) Jet flavour composition 3.9
Pile-up reweighting 4.0 Luminosity 3.7
CKKW parton showering (g9 — ZZ) SR2 3.8 99 — ZZ parameterisation SR6 3.6
CKKW parton showering (g9 — ZZ) SR2 3.1 Luminosity 24
QSF parton showering (g9 — ZZ) SR2 3.0 Jet flavour composition 24
(500, 300) qq — Z 7 parameterisation SR2 2.0 (510, 380) Jet energy scale 1.7
Pile-up reweighting 1.9 Jet energy resolution 1.5
VVV parameterisation SR2 1.9 Signal PDF 1.4
qq — ZZ parameterisation SR2 9.3 CKKW parton showering (g9 — ZZ) SR2 3.3
Jet flavour composition 7.3 QSF parton showering (99 — ZZ) SR2 3.3
(1300, 1000) Jet flavour response 3.5 (1300, 1000) Other backgrounds parameterisation SR2 2.6
Pile-up reweighting 2.9 qq — ZZ parameterisation SR5 2.1
CKKW parton showering (g9 — ZZ) SR2 2.9 VVV parameterisation SR2 2.1

Table 4. The impact of the most important sources of uncertainty on the best-fit value of the signal
cross-section for three mass points for each R — SH — 40 + E¥' and A — ZH — 4( + X signals
after the fit. Sum in quadrature of the upward and downward effects (Ac) is divided by the best fit
value of the signal cross-section (o) for each signal. Shape uncertainties are uncorrelated and hence
affect each region separately.

represents the upper limits on o(g9 — A) x B(A — ZH)xB(H — ZZ). For the A - ZH —
40+ X search, the observed upper limits range from 2.1fb for (m4, my) = (1300, 760) GeV to
32.31b for (m4, mpy) = (430, 240) GeV, whereas the corresponding expected upper limits range
from 2.9fb to 18.8 fb. Pseudo-experiments were used to calculate upper limits for various
mass points, but the results did not significantly deviate from the asymptotic upper limits.

The analysis focuses on studying heavy resonances with NWA A or R and H bosons
produced via gluon-fusion for the A — ZH — 4¢ + X and R — SH — 4¢ + EX'S processes.
However, the effect of the LWA in a similar scenario was also checked. For this purpose,
two low and high mass points, (ma,mg) = (320,220) GeV and (m4, mg) = (1190, 600) GeV,
for the A - ZH — 4¢ + X signal were generated using similar configurations as for the
NWA signal. Upper limits were computed for signal assumptions in which the A and H
bosons have a significant natural width relative to the true mass. They were found to
increase as the natural width of the A and H bosons increases. For example, in the case
of an A —» ZH — 4¢ + X signal that produces A and H bosons with natural widths of
15% and 5%, respectively, of their true mass, the upper limit worsened by a factor of 1.4
for the low mass point and 1.7 for the high mass point compared to the NWA upper limit.
In the (Ta/ma,T'y/mg) = (30%, 10%) case, the upper limit is worsened by a factor of 1.7
for the low mass point and by a factor of 1.9 for the high mass point when compared to
the NWA scenario. Table 5 summarises width assumptions, mass points and upper limits
for LWA and NWA signals.
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Figure 8. The observed (left) and expected (right) upper limits at 95% confidence level on (a)—(b)
(99 — R) x B(R — SH) x B(H — ZZ) across the (mg, mp) plane with mg = 160 GeV for the
R — SH — 40 + ERss search, and on (¢)—(d) (99 — A) x B(A — ZH) x B(H — ZZ) across the
(mp, ma) plane for the A - ZH — 4¢ + X search.

Upper limits in the o(gg — A) [fb] Ratio w.r.t

Width assumptions Mass points [GeV] )
Observed Expected Narrow width
R = (320,220 19.6 25.1 1.0
Narrow width (ma, mar) = ( )
(ma,mp) = (1190, 600) 48 35 1.0
ma,mp) = (320,220 31.5 36.2 1.4
(Cafma. Dy fmag) = (15%0,50) 7o) = (020,220
(ma, my) = (1190, 600) 8.3 6.0 1.7
ma,mpy) = (320,220 38.9 42.5 1.7
(Cfma. T jmar) = (305, 10 ("4-n) = (320,220
(ma,mzr) = (1190, 600) 8.9 6.6 1.9

Table 5. Observed and expected upper limits at 95% confidence level (CL) on the o(gg — A) X
B(A— ZH) x B(H — ZZ) for different large width approximation signals for comparison with the
narrow width approximation. The fraction in the rightmost column corresponds to the ratio between
the expected upper limits with large- or narrow width signals. The 'y and I'y denote the widths of
the A and H bosons, respectively.
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10 Conclusion

A search for new heavy resonances is performed in a final state with four leptons and
missing transverse energy or jets. The search uses proton-proton collision data at a centre-
of-mass energy of 13 TeV collected by the ATLAS detector from 2015 to 2018 at the Large
Hadron Collider corresponding to a total integrated luminosity of 139fb~!. The search
focuses on two signal processes: R — SH — 4 + EX and A — ZH — 40 + X. For the
R — SH — 40 + EXss search, the R boson decays to S and H bosons, where S — invisible
and H - ZZ — 4¢. In the A — ZH — 4{ + X search, the A boson decays to Z and H
bosons, with two possible decay modes considered for the associated production of Z and
H bosons: A — Z(— jj/1¢~ /invisible)H(— 4¢) and A — Z(— 2¢)H(— 2{ + jj/invisible).
For both the A - ZH — 4¢ + X and R — SH — 4{ + EI processes, the heavy boson
H mass is between 220 GeV and 1000 GeV. The mass range considered for the hypothetical
resonance is in the range of 320-1300 GeV for the A boson and 390-1300 GeV for the R boson,
while the S boson mass is fixed at 160 GeV, without any significant impact on the results.

No significant deviation above the SM backgrounds is observed. The results are translated
into upper limits on 0(99 - R)xB(R — SH)xB(H — ZZ) and 0(g9 - A)xB(A — ZH) x
B(H — ZZ) at 95% confidence level. For the R — SH — 4¢ + EXS search, the observed
(expected) upper limits range from 6.8-119.2 (7.6-75.8) fb for (mpg, mg) = (390,220) GeV to
(mp,mpg) = (1300,1000) GeV. For the A — ZH — 4¢ + X search, the observed (expected)
upper limits range from 2.1-32.3 (2.7-25.8) fb for (ma, mg) = (320,220) GeV to (ma, mpg) =
(1300,1000) GeV. This complements previous A — ZH searches in various channels (as
discussed in section 1) and contributes to a more comprehensive understanding of the
behaviour of A and H bosons. Furthermore, the R — SH — 4/ + EEFiSS search extends
the gluon-fusion production of the H — ZZ — 4{ inclusive analysis, incorporating the
possibility of missing transverse energy in the four-lepton final states and extending the

phase-space of the search.
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