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Search for heavy resonances in final states with 4ℓ2

and missing transverse energy or jets in 𝒑 𝒑3

collisions at
√
𝒔 = 13 TeV with the ATLAS detector4

The ATLAS Collaboration5

A search for a new heavy boson produced via gluon-fusion in the four-lepton channel with
missing transverse energy or jets is performed. The search uses proton-proton collision data
equivalent to an integrated luminosity of 139 fb−1 at a centre-of-mass energy of 13 TeV
collected by the ATLAS detector between 2015 and 2018 at the Large Hadron Collider. The
heavy boson, 𝑅 or 𝐴, decays to an 𝑆 or 𝑍 boson and to another heavy Higgs-like boson, 𝐻,
which decays into two 𝑍 bosons. The 𝑆 boson is assumed to decay to dark matter, and the
associated 𝑍 boson decays either to two leptons or inclusively. The mass range of the heavy
boson studied is 390–1300 (320–1300) GeV for the 𝑅 (𝐴) boson and 220–1000 GeV for the
𝐻 boson. The mass of the 𝑆 boson is fixed at 160 GeV. No significant deviation from the
Standard Model backgrounds is observed. The results are interpreted as upper limits at a
95% confidence level on the 𝜎(𝑔𝑔 → 𝑅) × B(𝑅 → 𝑆𝐻) × B(𝐻 → 𝑍𝑍) × B(𝑍𝑍 → 4ℓ)
and 𝜎(𝑔𝑔 → 𝐴) × B(𝐴 → 𝑍𝐻) × B(𝐻 → 𝑍𝑍) × B(𝑍𝑍𝑍 → 4ℓ). The observed (expected)
upper limits are in the range of 0.031–0.539 (0.034–0.343) fb for the 𝑅 → 𝑆𝐻 → 4ℓ + 𝐸miss

T
signal and 0.027–0.419 (0.035–0.335) for the 𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 signal.
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1 Introduction42

In 2012, the ATLAS and CMS experiments independently discovered a new particle [1, 2]. The new43

particle’s properties are consistent with the Higgs boson proposed by the Standard Model (SM) [3–6].44

However, the SM still has several open questions, including dark matter, neutrino masses and mixing,45

the hierarchy problem, and the strong CP problem [7–9]. It is still debated whether the Higgs boson is a46

standalone particle or part of the Higgs sector suggested by the two-Higgs-doublet model (2HDM) [10, 11].47

The 2HDM predicts the existence of five Higgs bosons, including a CP-even particle like the SM Higgs48

boson (ℎ), a heavier Higgs boson (𝐻), a CP-odd particle (𝐴), and a charged Higgs scalar (𝐻±). Another49

extension to the SM is the 2HDM+S model, which introduces a scalar boson (𝑆) assumed to be a dark50

matter portal and a possible source of missing transverse energy [12, 13].51

This paper aims to search for heavy resonances that decay to 4ℓ and missing transverse energy or jets,52

focusing on the high-mass region of the heavy bosons where the four-lepton invariant mass is above 20053

GeV. This study uses proton-proton collision data at a centre-of-mass energy of 13 TeV and integrated54
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Figure 1: Feynman diagrams represent the production of heavy bosons via gluon-fusion at leading-order for the (a)
𝑅 → 𝑆𝐻 → 4ℓ+𝐸miss

T signal, (b) 𝐴 → 𝑍 (→ 2ℓ)𝐻 (→ 2ℓ+ 𝑗 𝑗/𝜈𝜈) signal, and (c) 𝐴 → 𝑍 (→ 𝑗 𝑗/ℓ+ℓ+/𝜈𝜈)𝐻 (→ 4ℓ)
signal, where ℓ could either be an electron or a muon, 𝑗 represents a jet and 𝜈 denotes the SM neutrino.

luminosity of 139 fb−1 collected by the ATLAS detector in the 2015–2018 period at the Large Hadron55

Collider (LHC). Two different scenarios are considered for the signal model. First, the 2HDM+S model56

only includes a heavy resonance 𝐻 and Higgs-like scalar boson 𝑆. The model is extended to cover more57

general situations for various missing energy magnitudes by adding one heavy scalar 𝑅, where 𝑅 decays to58

𝐻 and 𝑆 bosons with 𝑚𝑅 > 𝑚𝐻 + 𝑚𝑆 . The 𝑆 boson decays into dark matter particles (𝑆 → 𝜈𝜈), and the 𝐻59

decays to 4ℓ through the decay of two 𝑍 bosons (𝐻 → 𝑍𝑍 → 4ℓ). The masses of the 𝑅 and 𝐻 bosons60

are varied to control the missing transverse energy, and the 𝑆 mass is fixed to 160 GeV. The assumption61

of the 𝑆 mass is motivated by the phenomenology study presented in Ref. [14]. However, we studied62

the effect of this choice and found that the 𝑆 mass only affects the distribution of the missing transverse63

energy if its mass is above 200 GeV. Therefore, fixing the 𝑆 mass reduces the free parameters on the fit64

and simplifies the analysis. The phenomenology of the new 𝑅 → 𝑆𝐻 topology can easily embed into the65

2HDM+S model using a similar approach as in Ref. [12]. Second, a 2HDM-based baryogenesis scenario66

is considered, which generates matter and antimatter asymmetry. This model is motivated by the equal67

amount of matter and antimatter supposedly generated in the early universe [15]. Searches for baryogenesis68

were conducted at the LHC with several channels, such as 𝐻 → ℎℎ [16, 17], 𝐻 → 𝑊𝑊/𝑍𝑍 [18–23] and69

𝐴 → 𝑍ℎ [24, 25]. In addition, searches in the 𝐴 → 𝑍𝐻 → 2ℓ2𝑏/2ℓ2𝜏 [26–29] channels were also carried70

out in the LHC. In the latter case, for a strong first-order phase transition to occur in the early universe, the71

𝑚𝐴 > 𝑚𝐻 is preferred. Therefore, the 𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 model is added to this study to explore regions72

with jet activities where 𝑋 could be two leptons, two jets or a pair of SM neutrinos. In this signal, 𝐴 is a73

CP-odd scalar which decays to a CP-even scalar 𝐻 and 𝑍 boson. Two decay possibilities are considered for74

the associated 𝑍 and 𝐻 bosons: 𝐴 → 𝑍 (→ ℓ+ℓ−/ 𝑗 𝑗/𝜈𝜈)𝐻 (→ 4ℓ) and 𝐴 → 𝑍 (→ 2ℓ)𝐻 (→ 2ℓ + 𝑗 𝑗/𝜈𝜈),75

which are combined in one signal called 𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 signal. In this analysis, only gluon–gluon76

fusion production mode is considered for both 𝑅 → 𝑆𝐻 → 4ℓ + 𝐸miss
T and 𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 signals, as77

illustrated by Feynman diagrams in Figure. 1.78

This paper is organised as follows. The ATLAS experiment is shortly described in Section 2. Section 379

describes the data and Monte Carlo samples, followed by the object reconstruction in Section 4. Section80

5 describes the analysis strategy, and the signal and background modelling are discussed in Section 6.81

Section 7 demonstrates the experimental and theoretical systematic uncertainties. The results are discussed82

in Section 9, and the conclusion is given in Section 10.83
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2 ATLAS detector84

The ATLAS detector is a multipurpose particle physics detector at the LHC with cylindrical geometry1 and85

forward-backwards symmetry [30]. It contains an inner tracker detector (ID) covered by a superconducting86

solenoid feeding a 2 T magnetic field, electromagnetic (EM) and hadronic calorimeters, and a muon87

spectrometer with superconducting magnets. The ID has a silicon pixel, a silicon microstrip tracker, a88

transition radiation tracker, and an insertable B-layer [31] covering the region |𝜂 | < 2.5. The calorimeter89

design includes lead/liquid-argon, steel/scintillator-tile, copper/liquid-argon, or tungsten/liquid-argon as90

the absorber fabric. It provides a pseudorapidity coverage of |𝜂 | < 4.9. The muon spectrometer (MS)91

incorporates superconducting toroidal air-core magnets around the calorimeters, which supply muon92

identification and momentum measurement for |𝜂 | < 2.7. A trigger system is employed at two stages to93

select events with an average rate of about 1 kHz for offline analysis [32].94

3 Data and simulated event samples95

The data used in this analysis consists of proton-proton collisions at a centre-of-mass energy of 13 GeV96

recorded by the ATLAS detector at the LHC from 2015 to 2018. Events are required to satisfy the data97

quality requirements to ensure the quality of the collected data [33–35]. After applying the event cleaning98

criteria, the total integrated luminosity of the entire data reached 139 fb−1.99

Simulated events are employed to evaluate the acceptance of the signal and certain background contributions.100

Each Monte Carlo (MC) event generator produced events that underwent ATLAS detector simulation [36]101

within the Geant44 framework [37]. Moreover, the simulated signal and background events received102

additional inelastic proton-proton interactions. For generating pile-up, Pythia8.186 [38] with the A2 set103

of tuned parameters [39] and the MSTW2008LO [40] parton distribution function (PDF) set was employed104

as the MC event generator. The simulated events are adjusted through pile-up re-weighting to match the105

mean number of interactions per bunch crossing observed in the data.106

According to ATLAS detector configurations, background and signal events were simulated using MC107

generators. These events were used for signal optimisation, background parametrisation, and estimation of108

systematic uncertainties. The 𝑞𝑞 → 𝑍𝑍 background was generated using Sherpa v2.2.2 [41] with NNPDF109

30 NNLO PDF set [42]. The generation was achieved with next-to-leading order (NLO) in the matrix110

element calculation for 0- and 1-jet final states and leading order (LO) for 2- and 3-jet final states. The111

accuracy was calculated with the Comix [43] and OpenLoops [44–46]. The Sherpa parton shower [47] for112

the merging was performed by MePs@NLO prescription [48]. Electroweak (EW) correction at NLO as a113

function of the 𝑍𝑍 invariant mass was applied [49, 50]. Similarly, the 𝑔𝑔 → 𝑍𝑍 process was simulated114

by Sherpa v2.2.2 and OpenLoops generators. Matrix elements for 0- and 1-jet at LO were calculated115

and merged with the Sherpa parton shower. The PDF set NNPDF 30 NNLO was used in the generation.116

The 𝑉𝑉𝑉 background events, including processes such as 𝑍𝑍𝑍 , 𝑍𝑍𝑊 , and 𝑊𝑊𝑊𝑍 with at least four117

prompt charged leptons, were simulated using Sherpa v2.2.2 with NNPDF 30 NNLO PDF set. The118

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the 𝑧-axis along the beam pipe. The 𝑥-axis points from the IP to the centre of the LHC ring, and the 𝑦-axis points upwards.
Cylindrical coordinates (𝑟, 𝜙) are used in the transverse plane, 𝜙 being the azimuthal angle around the 𝑧-axis. The rapidity is
defined as 𝑦 = (1/2) ln[(𝐸 + 𝑝𝑧)/(𝐸 − 𝑝𝑧)], where 𝐸 is the energy and 𝑝𝑧 is the longitudinal component of the momentum
along the beam pipe. The polar angle 𝜃 as 𝜂 = − ln tan(𝜃/2) defines the pseudorapidity. Angular distance is measured in units
of Δ𝑅 ≡

√︁
(Δ𝜂)2 + (Δ𝜙)2.

7th August 2023 – 06:04 4
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Process Generator and Parton shower QCD accuracy Tune and PDF

𝑅 → 𝑆𝐻 → 4ℓ + 𝐸miss
T Pythia8 [52] LO A14 NNPDF 23 LO [54, 55]

𝐴 → 𝑍 (→ 𝑋)𝐻 (→ 4ℓ) MadGraph5+Pythia8 [51, 52] LO A14 NNPDF 23 LO [54, 55]
𝐴 → 𝑍 (→ 2ℓ)𝐻 (→ 2ℓ + 𝑋) MadGraph5+Pythia8 [51, 52] LO A14 NNPDF 23 LO [54, 55]
𝑞𝑞 → 𝑍𝑍 Sherpa+MePs [43, 48, 57, 58] NLO (0- and 1-jet), LO (2- and 3-jet) NNPDF 30 NNLO [42]
𝑔𝑔 → 𝑍𝑍 Sherpa+OpenLoops [46, 57, 59, 60] LO (0- and 1-jet) NNPDF 30 NNLO [42]
𝑞𝑞 → 𝑍𝑍 (EW) Sherpa [43, 57, 58] LO NNPDF 30 NNLO [42]
𝑍𝑍𝑍 (4ℓ2𝜈, 6ℓ0𝜈) Sherpa [43, 57, 58] NNLO NNPDF 30 NNLO [42]
𝑊𝑍𝑍 (5ℓ1𝜈) Sherpa [43, 57, 58] NNLO NNPDF 30 NNLO [42]
𝑊𝑊𝑍 (4ℓ2𝜈) Sherpa [43, 57, 58] NNLO NNPDF 30 NNLO [42]
𝑡𝑡𝑉 (𝑉 = 𝑊/𝑍) MadGraph5+Pythia8 [51, 52] LO A14 NNPDF 23 LO [54, 55]
𝑡𝑡 Powheg-Box+Pythia8 [52, 53] NNLO+NNLO A14 NNPDF 23 LO [54, 55]
𝑊𝑍 → 3ℓ1𝜈 Powheg-Box+Pythia8 [52, 53] NNLO CT10NLO, AZNLOCTEQ6L1 [42]
𝑍+jets Sherpa+Comix+OpenLoops+MePs [43, 57, 58] NLO (0- and 2-jet), LO (3- and 4-jet) NNPDF 30 NNLO [42]

Table 1: Table summarising the event generators utilized for the simulated signal and background samples, including
each process’s matrix element and parton distribution function (PDF). Additionally, the table lists the set of tuned
parameters used.

𝑞𝑞 → 𝑍𝑍 (EW) events, consisting of leptons and two jets, were simulated using Sherpa v2.2.2 with119

NNPDF 30 NNLO PDF set. Events containing four prompt charged leptons coming from 𝑡𝑡𝑉 backgrounds120

(𝑉 = 𝑍 or𝑊±) were modelled by MadGraph5 aMC@NLO [51] interfaced with Pythia8 [52] for the121

hadronisation. The 𝑡𝑡 events were generated using Powheg-Box v2 [53] with NNPDF 30 NNLO PDF set.122

Pythia8 was used as an interface for the showering and hadronisation with the A14 NNPDF23LO tune123

[54, 55], and EvtGen was used to simulate 𝐵-hadron decays. Powheg-Box v2 and Pythia8 were used124

for the generation and hadronisation of the 𝑊𝑍 process, respectively. The 𝑍+jets events were modelled125

using Sherpa v2.2.0 generator. Matrix elements for 0- and 2-jet at NLO and 3- and 4-jet at LO were126

calculated with Comix and OpenLoops. The Sherpa parton shower MePs@NLO prescription was used127

for the merging.128

The 𝑅 → 𝑆𝐻 → 4ℓ+𝐸miss
T signal was simulated using Pythia8 with the A14 tune and NNPDF 23 LO PDF129

set. For the 𝐴 → 𝑍 (→ 𝑋)𝐻 (→ 4ℓ) and 𝐴 → 𝑍 (→ 2ℓ)𝐻 (→ 2ℓ + 𝑋) signals, MadGraph5 aMC@NLO130

was used with the A14 tune and NNPDF 23 LO PDF set. For the 𝐴 → 𝑍 (→ 𝑋)𝐻 (→ 4ℓ) signal, 𝑋 is131

considered to be everything ( 𝑗 𝑗/ℓℓ/𝜈𝜈̄), while 𝑋 is everything except the 2ℓ in the 𝐴 → 𝑍 (→ 2ℓ)𝐻 (→132

2ℓ + 𝑋) signal. The considered 𝑅 mass is in the range of 390–1300 GeV, with the 𝑆 mass fixed at 160 GeV,133

and the 𝐴 mass is in the range of 320–1300 GeV. The 𝐻 mass for both signal models is in the range of134

220–1000 GeV. Signals were generated using the narrow-width approximation (NWA) [56] in 𝑅 and 𝐻135

widths for the 𝑅 → 𝑆𝐻 → 4ℓ + 𝐸miss
T signal and in 𝐴 and 𝐻 widths for the 𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 signal. In136

the NWA, the 𝐴 and 𝐻 bosons are assumed to have negligible natural widths. Several signal mass points137

were generated using the Large-width approximation (LWA) to test the case where the natural widths are138

not negligible. Table 1 summarise the generators, parton shower, matrix element, tune, and PDF sets used139

in signal and background simulation.140

4 Object and event selection141

4.1 Object reconstruction142

The event selection relies on reconstructing and identifying electrons, muons, and jets. The electron143

energy measurement is improved using a dynamic, topological calorimeter-cell clustering-based method.144

7th August 2023 – 06:04 5
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This method is particularly effective in cases where an electron radiates a bremsstrahlung photon. More145

information about this technique can be found in Ref. [61]. Electron candidates are identified as clusters of146

energy depositions in the calorimeter associated with ID tracks. The final track-cluster matching uses a147

Gaussian-sum filter (GSF) [62], accounting for bremsstrahlung energy losses. The electron’s transverse148

momentum is calculated from the cluster energy and the track direction at the interaction point. The149

rejection of background noise depends on the longitudinal and transverse shapes of the electromagnetic150

showers in the calorimeters, track-cluster matching, and properties of tracks in the ID. All this information,151

except for that related to track hits, is used to create a likelihood discriminant. The selection criteria152

combine the likelihood with the number of track hits and define several working points (WP). Electrons153

with 𝑝T > 4.5 GeV and |𝜂 | < 2.47 are selected. A “loose” WP with a 90% efficiency for electrons with154

𝑝T > 30 GeV is also employed [63].155

Muon reconstruction involves matching the track in the MS to the ID [64]. If a complete track is present in156

both detectors, a global fit is used to perform the matching. Suppose hit information is only available from157

one of the detectors. In that case, the momentum is determined from the detector with hit information and158

the track segment from the other detector is used for identification. This method, known as segment-tagged159

muon, is used only in the central region of the barrel ( |𝜂 | < 0.1), where the MS geometrical coverage160

is reduced. For an ID track with 𝑝T > 15 GeV, energy deposition in the calorimeter consistent with a161

minimum-ionizing particle is used to identify it as a muon (calorimeter-tagged muon). However, it is162

limited or no ID coverage in the forward region (2.5 < |𝜂 | < 2.7), and the MS track can be used for163

stand-alone muon identification or in combination with silicon hits if present in the forward ID (combined164

muon). To achieve good track reconstruction, ID tracks associated with muons must have a minimum165

number of associated hits in each ID sub-detector. Muons must have a minimum 𝑝T of 5 GeV and a166

maximum 𝜂 of 2.7. Stand-alone muon candidates which traverse the MS must have hits in all three MS.167

This analysis uses a “loose” muon identification WP that uses all muon types with an efficiency of 98.5%168

[64].169

The reconstruction of jets applies a particle-flow algorithm [65], which combines measurements from the170

tracker and the calorimeter. The first step in jet reconstruction is to remove the energy deposited in the171

calorimeter by all charged particles. Then, the remaining calorimeter energy and tracks matched to the172

hard interaction are used to create particle-flow objects for the jet reconstruction. The charged-hadron173

measurement accuracy is enhanced while preserving the calorimeter measurements of neutral-particle174

energies, leading to an overall improvement. When compared to the usage of the topological clusters175

algorithm [66], the transverse momentum resolution of jets reconstructed using the particle-flow algorithm176

at a 𝑝T of approximately 30 GeV is about 10% better. The two algorithms exhibit comparable resolutions177

for 𝑝T values above 100 GeV. The anti-𝑘𝑡 algorithm uses a radius parameter Δ𝑅 = 0.4 to reconstruct178

particle-flow jets [67]. After the jets are reconstructed, the jet four-momentum is recalibrated to the EM179

scale to remove the pile-up effect [68]. To further reduce the impact of pile-up jets, the jet-vertex-tagger180

(JVT) is used to select jets with 20 < 𝑝T < 60 GeV and |𝜂 | < 2.4. JVT uses a discriminant based on the181

projection of the missing transverse momentum from pile-up jets in the central region onto the forward jet182

[69, 70]. Selected events must have at least one vertex with two associated tracks with 𝑝T > 500 MeV, and183

the primary vertex is chosen to be the vertex with the largest
∑

𝑝2
T. The used jets must be in the detector’s184

central region within |𝜂 | < 2.5 with 𝑝T > 30 GeV.185

Events containing b-hadrons (𝑏-jets) are identified using a multivariate tagging algorithm (b-tagging)[71,186

72]. This algorithm utilizes track impact parameters and reconstructed secondary vertices to determine the187

likelihood that a jet originates from b-quark hadronisation. For jets with |𝜂 | < 2.5, the b-tagging algorithm188

output is used to select jets that meet the criterion for being b-jets. This criterion has an average efficiency189

7th August 2023 – 06:04 6
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of 77% for jets from b-quarks in simulated 𝑡𝑡-events with a rejection factor for light-flavour jets of around190

30 [71].191

After object reconstruction, an overlap-removal procedure is applied to all selected objects to remove192

ambiguities resulting from objects being reconstructed by several algorithms. The overlapping of objects is193

resolved by following the recommendations in Ref. [73]. As the same detector information can be used to194

reconstruct lepton and jet candidates, a procedure is applied to resolve the overlap ambiguities. The muon195

is selected when an electron and a muon share the same ID track. Unless the muon is calorimeter-tagged196

and is missing an MS track, the electron is selected. Reconstructed jets which overlap with electrons197

(muons) in a cone of size Δ𝑅 =
√︁
(Δ𝜂)2 + (Δ𝜙)2 = 0.2 (0.1) are removed.198

The magnitude of the missing transverse momentum is denoted by 𝐸miss
T and is calculated as the negative199

sum of the transverse momenta of calibrated leptons and jets. Also, a soft term is included in the calculation,200

which is constructed from all tracks originating from the primary vertex but not associated with any201

identified lepton or jet [74, 75].202

4.2 Event selection203

This analysis classifies events into three channels based on the flavours of the selected four leptons: 4𝜇,204

4𝑒, and 2𝜇2𝑒. These channels are assigned based on the triggers activated in the event, which include205

single-lepton, dilepton, and trilepton triggers, with electron(s)-muon(s) triggers included in the latter206

two. The 𝑝T thresholds of the triggers increase slightly during the data-taking period due to the rising207

luminosity [76, 77]. The 𝑝T threshold increased from 20 to 26 GeV and 24 to 26 GeV for single-muon and208

single-electron triggers, respectively. Although the trigger thresholds varied between 2015 and 2017, their209

overall efficiency was roughly 98%.210

The possible quadruplets in each channel of an event are created by up two lepton pairs with opposite211

signs and the same flavour (SFOS). The 𝑝T for each of the three leading leptons in the quadruplet should212

be greater than the subsequent ones as 20 GeV, 15 GeV and 10 GeV. The leading and the sub-leading213

lepton pairs in the quadruplet should have an invariant mass closest and second closest to the 𝑍 boson214

mass. The invariant mass of the leading and sub-leading lepton pairs are 𝑚𝑍1 and 𝑚𝑍2 , respectively. In215

the selected quadruplet, 𝑚𝑍1 must be within the 50 GeV < 𝑚𝑍1 < 106 GeV range, while 𝑚𝑍2 must be216

within the 50 GeV < 𝑚𝑍2 < 115 GeV. The selected quadruplets must have their leptons pairs isolated217

from each other by Δ𝑅 > 0.1. If any two SFOS leptons are detected with 𝑚ℓℓ below 5 GeV for 4𝜇 and 4𝑒218

quadruplets, the quadruplet is excluded to suppress the contamination from 𝐽/𝜓 mesons. In this analysis,219

the 𝑍 + Υ background contribution is negligible. If, at this point, several quadruplets of different channels220

are selected, only the quadruplet of the channel with the highest expected signal rate is retained in the order:221

4𝜇, 2𝑒2𝜇, 4𝑒.222

SM Backgrounds, such as the 𝑍+jets and 𝑡𝑡 processes, are suppressed using impact-parameter and track-223

and calorimeter-based isolation requirements. The transverse impact-parameter significance is the impact224

parameter calculated with respect to the measured beamline position in the transverse plane divided by225

its uncertainty, |𝑑0 |/𝜎𝑑0. This significance is required to be less than 3 for muons and 5 for electrons.226

Additionally, all leptons are required to be associated with the same originating vertex. These requirements227

help to ensure that leptons originate in hard interaction from a single object. Leptons must be isolated using228

both track-based and calorimeter-based discriminant. The track-based discriminant takes into account the229

scalar 𝑝T sum of all tracks in the width cone Δ𝑅 = 0.3 for muons and 0.2 for electrons (excluding the lepton230

itself). The ratio of this sum to the lepton 𝑝T is expected to be less than 0.15. The pile-up contributions are231
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suppressed by requiring the cone tracks to originate from the primary vertex. To retain efficiency at higher232

𝑝T, the size of the track-isolation cone is reduced to 10 GeV/𝑝T for 𝑝T above 33 GeV for muons and 50233

GeV for electrons.234

Since the leptons must originate from a common vertex, the vertexing algorithm [78] is used to fit the ID235

tracks of the 4l candidates under the assumption that they emanate from a common vertex. The resulting fit236

quality, represented by the 𝜒2/ndof value, provides good discrimination between signal and background.237

For the 4𝜇 channel, a cut of 𝜒2/ndof < 9 is applied, while a loose cut of 𝜒2/ndof < 6 is used for the other238

channels. This maintains a signal efficiency greater than 99% for all channels.239

The resolution of the four leptons invariant mass system can be improved using a technique to recover the240

radiative photon production in the 𝑍 boson decay (final-state-radiation (FSR)) and a technique to apply241

constraints on the 𝑍 boson mass. In this analysis, the same methodology presented in Ref [79–81] for the242

𝐻 → 𝑍𝑍 analysis was used to account for FSR photons in the reconstruction of 𝑍 bosons, and applying243

constraints on the 𝑍 boson mass. The 𝑍-mass constraint is applied to both 𝑍 candidates and improves244

the resolution of 𝑚4ℓ by around 15%. This analysis employs the combined 4𝜇, 4𝑒, and 2𝜇2𝑒 channels,245

collectively called 4ℓ, to account for the limited statistics.246

5 Analysis strategy247

Section 4.2 covers the selection procedures for the four-lepton quadruplets. In this section, we focus on248

developing signal regions where the invariant mass of the four leptons is above 200 GeV. The main source249

of background in this kinematic region is the leptonic decay of the 𝑍 boson. Among the various background250

processes, quark-antiquark annihilation (𝑞𝑞 → 𝑍𝑍) is the most significant, contributing to 84.6% of the251

expected background, while gluon-initiated production (𝑔𝑔 → 𝑍𝑍) accounts for approximately 11.7%.252

Other SM backgrounds, such as 𝑡𝑡𝑉 , 𝑍+jets, 𝑡𝑡, 𝑊𝑍 , and 𝑉𝑉𝑉 , account for about 2.6% of the total253

background events. These numbers were estimated from MC simulation. However, this study modelled the254

SM backgrounds using an analytical function, illustrated in Section 6, after the signal regions discussed255

below.256

A cut-based optimisation was used to increase the sensitivity of the 𝑅 → 𝑆𝐻 → 4ℓ + 𝐸miss
T and257

𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 signals. This involves setting thresholds on various kinematic and topological258

variables, such as the number of jets (𝑛jets) and 𝑏-jets (𝑛𝑏-jets), the invariant mass of the two leading jets259

(𝑚 𝑗 𝑗), the momentum of the four-lepton system (𝑝4ℓ
T ), and the 𝐸miss

T significance
(
𝐸miss

T /
√︁∑

𝐸T

)
. The aim260

is to separate signal events from background events and maximize the expected significance of the signals.261

To suppress top-related backgrounds such as 𝑡𝑡 and 𝑡𝑡𝑉 , events containing 𝑏-jets are vetoed. The remaining262

events are divided into two groups based on the number of jets: those with no jets (𝑛jets = 0) and those263

with at least one jet (𝑛jets ≥ 1). A two-dimensional scan is applied twice to each group using the 𝑝4ℓ
T and264

𝐸miss
T significance. The first scan determines the optimal threshold for the variables, and the second scan265

finds other optimal thresholds below the first ones. This process results in specific requirements on the266

variables that define the signal regions (SRs). The SR requirements depend on the number of jets and267

𝑏-jets in the event. For events with no jets and no 𝑏-jets, 𝑝4ℓ
T must be greater than 20 GeV, and the 𝐸miss

T268

significance must be greater than 2. For events with at least one jet but no 𝑏-jets, 𝑝4ℓ
T must be greater than269

10 GeV, and the 𝐸miss
T significance must be greater than 3.5. For events with at least one 𝑏-jet but no other270

jets for the scan below the previous thresholds, the 𝐸miss
T significance must be greater than 2.5. Therefore,271

events in the SR are required to satisfy the following requirements:272
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Signal region name 𝑅 → 𝑆𝐻 → 4ℓ + 𝐸miss
T 𝐴 → 𝑍𝐻 → 4ℓ + 𝑋

SR1 𝑛𝑏-jets = 0, 𝑛jets = 0, 𝑝4ℓ
T > 20 GeV, 𝐸miss

T significance > 2.0

SR2 𝑛𝑏-jets = 0, 𝑛jets ≥ 1, 𝑝4ℓ
T > 10 GeV, 𝐸miss

T significance > 3.5

SR3 𝑛𝑏-jets = 0, 𝑛jets ≥ 1, 𝑝4ℓ
T > 0 GeV, 𝐸miss

T significance > 2.5

SR4 – 𝑛𝑏-jets ≥ 1

SR5 – 𝑛𝑏-jets = 0, 𝑛jets ≥ 2, |𝑚 𝑗 𝑗 − 𝑚𝑍 | < 20 GeV

SR6 – 𝑛𝑏-jets = 0, 𝑛jets ≥ 2, |𝑚 𝑗 𝑗 − 𝑚𝑍 | > 20 GeV

SR7 – 𝑛𝑏-jets = 0, 𝑛jets = 1

Table 2: Table summarising the requirements of the signal regions (SRs) selection for the 𝑅 → 𝑆𝐻 → 4ℓ + 𝐸miss
T and

𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 signals for 𝑚4ℓ > 200 GeV.

• 𝑛𝑏-jets = 0 and 𝑛jets = 0 with 𝑝4ℓ
T > 20 GeV and 𝐸miss

T significance > 2.0 (SR1)273

• 𝑛𝑏-jets = 0 and 𝑛jets ≥ 1 with 𝑝4ℓ
T > 10 GeV and 𝐸miss

T significance > 3.5 (SR2)274

• 𝑛𝑏-jets = 0 and 𝑛jets ≥ 1 with 𝑝4ℓ
T > 0 GeV and 𝐸miss

T significance > 2.5 (SR3)275

The SRs mentioned earlier are used for both 𝑅 → 𝑆𝐻 → 4ℓ + 𝐸miss
T and 𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 models.276

However, since the 𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 signal involves more jet activities, additional four-jet categories277

are defined as follows:278

• Since we selected events with no 𝑏-jets on the previous categorisations, we require events with at279

least one b-jets (𝑛𝑏-jets ≥ 1) to account for the events containing 𝑏-jets (SR4).280

• There are events not selected with SR2 and SR3. Therefore, signal region five (SR5) requires events281

with no 𝑏-jets, and at least two jets with 𝑛jets ≥ 2 and |𝑚 𝑗 𝑗 − 𝑚𝑍 | < 20 GeV.282

• Events with no 𝑏-jets and at least two jets which fall within |𝑚 𝑗 𝑗 −𝑚𝑍 | > 20 GeV are put into signal283

region six (SR6).284

• Signal region seven (SR7) contains events with no 𝑏-jets and exactly one jet.285

A few events with no 𝑏-jets and jets left out of SR1 are not considered. Three SRs were defined for286

the 𝑅 → 𝑆𝐻 → 4ℓ + 𝐸miss
T signal, while seven SRs were defined for the 𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 signal as287

summarised in Table 2. Figure 7 in Appendix A shows a flowchart of SRs.288

6 Signal and background modelling289

MC simulation is used to parameterise the constructed four leptons invariant mass (𝑚4ℓ) distribution for290

the SM backgrounds. Meanwhile, the signal shape is taken directly from the MC simulation, as illustrated291

below.292
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6.1 Signal model293

A few mass points are generated for 𝑅 → 𝑆𝐻 → 4ℓ+𝐸miss
T and 𝐴 → 𝑍𝐻 → 4ℓ+𝑋 signals, as demonstrated294

in Section 3. To cover a broader mass spectrum, a linear interpolation method described in Ref. [82] is295

used to get signal shapes between the generated masses in either of the (𝑚𝑅, 𝑚𝐻) or (𝑚𝐴, 𝑚𝐻) planes.296

Because the signal depends on the 𝐴 and 𝐻 masses, interpolating the signal must be done in two steps.297

The first step is to fix the 𝐻 mass and interpolate the 𝑚𝐴 − 𝑚𝐻 or the 𝐴 mass. The interpolated signals298

along the 𝐴 mass are input for a second interpolation step where the 𝐴 mass is fixed, and 10 GeV varies the299

𝐻 mass. The same interpolating procedures are used for the 𝑅 → 𝑆𝐻 → 4ℓ + 𝐸miss
T signal to get the mass300

points between the generated samples.301

To ensure that the interpolation works well, a known histogram from the MC simulation is used as302

a benchmark for the comparison. For instance, parameter-ordered histograms such as (𝑚𝐴, 𝑚𝐻) =303

(510, 220) GeV, (𝑚𝐴, 𝑚𝐻) = (540, 250) GeV, and (𝑚𝐴, 𝑚𝐻) = (590, 300) GeV, one can compare the304

interpolation between (𝑚𝐴, 𝑚𝐻) = (510, 220) GeV and (𝑚𝐴, 𝑚𝐻) = (590, 300) GeV at the parameter305

value corresponding to (𝑚𝐴, 𝑚𝐻) = (540, 250) GeV. This helps to verify the accuracy of the interpolation,306

as shown in Figure 2(a) for 𝐴 → 𝑍 (→ 𝑗 𝑗/ℓ+ℓ−/𝜈𝜈)𝐻 (→ 4ℓ) signal, and Figure 2(b) for the 𝐴 → 𝑍 (→307

ℓ+ℓ−)𝐻 (→ 2ℓ + 𝑗 𝑗/𝜈𝜈) signal. Notice that the 𝑚𝐴 − 𝑚𝐻 , in this case, is equal for all the mass points308

used in the interpolations. Similarly, Figure 2(c) shows the interpolating (𝑚𝑅, 𝑚𝐻) = (420, 250) GeV309

mass point from (𝑚𝑅, 𝑚𝐻) = (390, 220) GeV and (𝑚𝑅, 𝑚𝐻) = (470, 300) GeV mass points. Several310

samples were compared, and the systematic uncertainty, taken as the difference between the interpolated311

and simulated signal distributions, was found to have a negligible impact on the limit and was therefore312

omitted.313

6.2 Background model314

The 𝑚4ℓ shape of the backgrounds is obtained from MC simulation using a parameterised empirical315

function to decrease statistical uncertainties originating from the limited number of simulated events. Four316

background templates are used: 𝑞𝑞 → 𝑍𝑍 , 𝑔𝑔 → 𝑍𝑍 , 𝑉𝑉𝑉 , and others. The 𝑉𝑉𝑉 has a different shape317

from the rest of the backgrounds, so it is kept on a different template. Backgrounds such as 𝑞𝑞 → 𝑍𝑍318

(EW), 𝑡𝑡𝑉 , 𝑡𝑡, 𝑍+jets and 𝑊𝑍 are combined in a template called others. Each of the background templates319

is fitted with an analytical function for 𝑚4ℓ between 200–1200 GeV, as follows:320

𝑓 (𝑚4ℓ) = 𝐻 (𝑚0 − 𝑚4ℓ) 𝑓1(𝑚4ℓ) 𝐶1 + 𝐻 (𝑚4ℓ − 𝑚0) 𝑓2(𝑚4ℓ) 𝐶2, (1)

where:321

𝑓1(𝑚4ℓ) =
𝑎1 · 𝑚4ℓ + 𝑎2 · 𝑚2

4ℓ

1 + exp
(
𝑚4ℓ−𝑎1

𝑎3

) (2)

𝑓2(𝑚4ℓ) =

(
1 − 𝑚4ℓ

𝑛𝐶

)𝑏1

·
(
𝑚4ℓ
𝑛𝐶

) (
𝑏2+𝑏3 ·ln(

𝑚4ℓ
𝑛𝐶

)
)

(3)
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Figure 2: The 𝑚4ℓ distributions of the interpolated (blue) and MC simulated (black-filled data point) signals for (a)
𝐴 → 𝑍 (→ 𝑗 𝑗/ℓ+ℓ−/𝜈𝜈)𝐻 (→ 4ℓ) and (b) 𝐴 → 𝑍 (→ ℓ+ℓ−)𝐻 (→ 2ℓ + 𝑗 𝑗/𝜈𝜈) signals with (𝑚𝐴, 𝑚𝐻 ) = (540, 250)
GeV mass point and (c) the 𝑅 → 𝑆𝐻 → 4ℓ + 𝐸miss

T signal with (𝑚𝑅, 𝑚𝐻 ) = (420, 250) GeV and 𝑚𝑆 = 160 GeV
mass point. The lower panel represents the ratio between the interpolated and MC-simulated histograms.
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𝐶1 =
1

𝑓1(𝑚0)
, 𝐶2 =

1
𝑓2(𝑚0)

𝑓1 models the 𝑍𝑍 threshold around 2 · 𝑚𝑍 , and 𝑓2 describes the high mass tail. The transition between 𝑓1322

and 𝑓2 functions is performed by the Heaviside step function 𝐻 (𝑥) around 𝑚0, where 𝑚0 is fixed to 260,323

240, 250 and 230 for the 𝑞𝑞 → 𝑍𝑍 , 𝑔𝑔 → 𝑍𝑍 , 𝑉𝑉𝑉 , and others backgrounds, respectively. The transition324

point is determined by optimising the function’s smoothness. A constant 𝑛𝐶 = 13 TeV scales the 𝑚4ℓ in325

the high mass region. 𝐶1 and 𝐶2 ensure the continuity of the function around the 𝑚0 corresponding to 𝑓1326

and 𝑓2. Overall, a good fit quality was acquired with the empirical function in all SRs. The integral error327

calculated from the fit function is considered a source of systematic uncertainty and is treated as a nuisance328

parameter during the final fit.329

7 Systematic uncertainties330

This section discusses the sources of systematic uncertainties considered in this analysis, including331

experimental and theoretical uncertainties for the signal and background processes. Statistical uncertainties332

arising from the MC event generation limitations are also considered. Additionally, uncertainties introduced333

by the background parameterisation are considered a source of uncertainty and propagated to the final fit.334

Each systematic component is treated as a nuisance parameter and profiled into the fit results. The systematic335

uncertainties are evaluated using the invariant mass of the four leptons system as a discriminant.336

7.1 Experimental uncertainties337

Experimental uncertainties, such as object reconstruction and identification, trigger efficiencies, energy338

scale, and resolution, are calculated for signal and background processes. The systematic experimental339

uncertainties are evaluated by computing the ratio between the integral of the 𝑚4ℓ distribution with the340

interested nuisance parameter weight modified by one standard deviation and the integral of the 𝑚4ℓ341

distribution using the nominal weight. The results are expressed as percentages for nuisance parameters342

with upward and downward variations corresponding to ±1𝜎. Signal samples were divided into three343

categories depending on the quantity of the energy gap (𝑚𝐴 − 𝑚𝐻 or 𝑚𝑅 − 𝑚𝐻) to simplify estimating344

the experimental systematic uncertainties for the signals. The gaps include samples with low ( < 500345

GeV), medium (500 > and < 700 GeV) and high (> 1300 GeV) energy gaps. These ranges are for the346

𝑅 → 𝑆𝐻 → 4ℓ + 𝐸miss
T process, and these ranges are slightly different for the 𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 process.347

The systematic uncertainties are evaluated for three signal mass points from each energy gap for both348

signals. Each result is combined by calculating the mean of the three samples per energy gap.349

The uncertainty on the total integrated luminosity of the data recorded between 2015 and 2018 is±1.7% [83].350

In addition, systematic uncertainty introduced by re-scaling the simulated pile-up to the data is considered.351

The data scale factor is calculated using data to MC comparisons which comes with uncertainty. The current352

MC’s nominal value is 1.0/1.03, scaled upward by 1.0/0.99 and downward by 1.0/1.07 to account for the353

pile-up re-weighting uncertainty [84]. It is estimated to be up to 2.5% for the 𝑅 → 𝑆𝐻 → 4ℓ + 𝐸miss
T signal,354

less than 1.0% for the 𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 signal and about 3% for the 𝑉𝑉𝑉 and other backgrounds.355

The lepton identification, isolation and reconstruction efficiency, energy/momentum scale, and resolution356

are derived from data using 𝐽/𝜓 → ℓℓ and 𝑍 → ℓℓ decay events. The uncertainties in the lepton efficiency357
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are calculated following the method presented in Refs. [63, 64] for muons and electrons. Generally, their358

effect on the signal yields is less than 1% for the 𝑅 → 𝑆𝐻 → 4ℓ + 𝐸miss
T signal and up to 4% for the359

𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 signal. These uncertainties are about 1.5% for the 𝑉𝑉𝑉 background and roughly360

1.7% for the other background. The uncertainties in the jet energy scale and resolution come from sources361

such as uncertainties in the absolute and relative “in situ” calibration and the correction for pile-up [68].362

In total, uncertainties due to the jet energy scale and energy resolution are estimated to be 4.3% for the363

𝑅 → 𝑆𝐻 → 4ℓ + 𝐸miss
T signal, 4.7% for the 𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 signal, approximately 7% for the 𝑉𝑉𝑉364

background and 10.4% for the other backgrounds. In addition, flavour tagging and jet-vertex-tagger (JVT)365

uncertainties due to the disagreement in selecting the jet flavour are calculated by altering the uncertainty of366

the tagged jet flavour efficiency by ±1𝜎. The total estimated flavour tagging uncertainties are 4.3% for the367

𝑅 → 𝑆𝐻 → 4ℓ + 𝐸miss
T and 𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 signals, 8.9% for the 𝑉𝑉𝑉 background and 8.5% for the368

other backgrounds. The 𝐸miss
T is reconstructed using a signal associated with hard objects—namely muons,369

electrons, photons, hadronically decaying taus and jets. Objects not related to the hard ones are referred to370

as soft objects. The 𝐸miss
T uncertainty measurement is considered on the soft track term described in Ref.371

[85]. Two components were considered—the 𝐸miss
T parallel and perpendicular to hard objects momenta.372

The overall 𝐸miss
T uncertainty for the 𝑅 → 𝑆𝐻 → 4ℓ + 𝐸miss

T signal and 𝑉𝑉𝑉 background is less than 1%,373

about 6% for the 𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 signal and 12.6% and 7.8% for the other backgrounds.374

7.2 Theoretical uncertainties375

This analysis considers the effects of the parton distribution functions (PDFs), high-order QCD correction,376

initial- and final-state radiation (ISR/FSR), and parton showering (PS) and hadronisation uncertainties.377

The theoretical scale uncertainties on the signal samples are assessed by varying the factorisation.378

Renormalisation scales up and down from their nominal values by a factor of two in each category. The379

scale uncertainty is the largest deviation in each category divided by the inclusive selections.380

The PDF uncertainty is estimated using the SysCalc [86] package in conjunction with Madgraph. The381

uncertainty is determined by considering the envelope of variations among alternative PDFs differ from382

the internal PDF error sets (NNPDF 3.0 PDF). The calculation follows the PDF4LHC recommendations383

provided in Ref. [87]. The ISR/FSR, PS and hadronisation uncertainties are evaluated by varying the signal384

eigen-variables in Pythia and comparing Herwig v7.1.3 [88] with Pythia for the signal samples. The385

overall theoretical uncertainty for the signal processes is about 1%. The theoretical systematic uncertainties386

on the SM backgrounds are included as a shape systematic and summarised below.387

7.3 Systematic uncertainties on signal and backgrounds shapes388

The interpolation procedures introduce uncertainties in the signal shape, which are accounted for using389

the variation in the signal scale and resolution. These uncertainties are extracted by modifying some390

double-sided Crystal Ball function parameters as discussed in Section 6.1.391

To account for any possible biases introduced by the analytical function discussed in Section 6.2, uncertainties392

stemming from the background parameterisation are considered. These uncertainties are calculated by393

evaluating the error in the integral of the fitted function while also taking into account the errors in the394

parameters resulting from the fit. The errors are estimated using the correlation values obtained from the395

fit. The effect of uncertainty on the background shape is divided into two regions: 200 GeV ≤ 𝑚4ℓ ≤ 700396

GeV and 700 GeV < 𝑚4ℓ ≤ 1200 GeV.397
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PDF and QCD scale uncertainties influence the shape of the 𝑚4ℓ distribution for 𝑞𝑞 → 𝑍𝑍 and 𝑔𝑔 → 𝑍𝑍398

processes are included. The QCD uncertainty is estimated to be up to 10% for 𝑞𝑞 → 𝑍𝑍 and 𝑔𝑔 → 𝑍𝑍399

backgrounds. The PDF uncertainty is less the 25% for 𝑞𝑞 → 𝑍𝑍 and about 30% for the 𝑔𝑔 → 𝑍𝑍400

background. A high-order electro-weak correction (HOEW) uncertainty on the 𝑚4ℓ shape is considered for401

𝑞𝑞 → 𝑍𝑍 background, which is estimated to be less than 10%. A few nuisance parameters which affect402

the shape of the 𝑚4ℓ distribution of the 𝑞𝑞 → 𝑍𝑍 and 𝑔𝑔 → 𝑍𝑍 background are accounted for in this403

analysis. The parton-shower uncertainty is evaluated by varying parameters in the parton-shower tunes,404

such as CKKW and QSF settings, and by different showering options.405

8 Statistical procedures406

The invariant mass of the four leptons (𝑚4ℓ) is utilised as a discriminant to examine the null and alternative407

hypotheses using the profile likelihood ratio technique [89]. The null hypothesis results in smoothed408

backgrounds that fall from the low mass range to the higher mass range of the 𝑚4ℓ distribution. In contrast,409

the alternative hypothesis constructs a signal structure around the 𝐻 mass. The signal and background410

contributions in the 𝑚4ℓ distribution are extracted via binned maximum-likelihood fit by the signal-plus411

background hypotheses to extract any indications for new physics. The profile likelihood function is defined412

by the probability of observing 𝑛 events times the product sum of the weighted signal and background413

events, as shown below:414

L(𝑚𝑛
4ℓ |𝜎(𝑔𝑔 → 𝐴/𝑅), ®𝜃) =

𝑛𝑟∏
𝑟=SRs

𝑛𝑏∏
𝑏=bin

Poisson

(
𝑛𝑟 ,𝑏 | 𝑆𝑟 ,𝑏 +

∑︁
𝐵

𝐵𝑟 ,𝑏 ( ®𝜃)
)
×

∏
𝑖

𝐺𝑖 (0| ®𝜃, 1), (4)

where 𝜎(𝑔𝑔 → 𝐴/𝑅) denotes the signal strength (parameter of interest) for the 𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 or415

𝑅 → 𝑆𝐻 → 4ℓ + 𝐸miss
T signal, the expected signal and background yields in each 𝑚4ℓ distribution bin are416

represented by the 𝑆 and 𝐵, respectively. The expected signal yields 𝑆 is calculated by:417

𝑆 = 𝜎(𝑔𝑔 → 𝐴/𝑅) × B(𝐴/𝑅 → 𝑍𝐻/𝑆𝐻) × B(𝐻 → 𝑍𝑍) × B(𝑍𝑍𝑍/𝑍𝑍 → 4ℓ) × 𝐴 ×
∫

𝐿 d𝑡, (5)

where 𝐴 is the acceptance times the efficiency, and
∫
𝐿 d𝑡 = 139 fb−1 is the integrated luminosity of the418

data. A collection of nuisance parameters is introduced to describe how systematic uncertainties influence419

the predicted number of signal and background events and the shape of the PDFs. These parameters are420

constrained to their nominal values within the calculated uncertainties using Gaussian constraints by 𝐺 ( ®𝜃),421

in which ®𝜃 is a vector containing the nuisance parameters. The dependency of the analysis on SRs for422

each event is indicated in the product by the index “𝑟”. In each SR, the normalisation for 𝑞𝑞 → 𝑍𝑍 and423

𝑔𝑔 → 𝑍𝑍 processes (ZZ background) are calculated by a likelihood fit to the data. The 𝑍𝑍 background424

normalisation is denoted by the 𝜇𝑍𝑍
norm parameter. The benefit of taking the 𝑍𝑍 background normalisation425

from the data is to reduce the background dependency on the theoretical systematic uncertainties.426
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SR1 SR2 SR3 SR4 SR5 SR6 SR7

𝑞𝑞 → 𝑍𝑍 132.2 ± 12 17.1 ± 6 42 ± 6.8 39.8 ± 6.5 156.2 ± 12.7 86.3 ± 11.6 549 ± 69.4
𝑔𝑔 → 𝑍𝑍 31.9 ± 5.9 3.2 ± 3.1 8.3 ± 3.1 6.6 ± 2.5 22.1 ± 3.5 9.4 ± 4.5 102.1 ± 71.5
𝑉𝑉𝑉 7.5 ± 0.4 4.8 ± 0.3 1.5 ± 0.2 0.2 ± 0 1.1 ± 0.1 0.5 ± 0.1 1.6 ± 0.1
others 5.5 ± 0.9 7.1 ± 0.8 3.6 ± 0.9 2.5 ± 0.3 17.5 ± 0.9 37.6 ± 2.4 11.3 ± 0.8

𝜇𝑍𝑍
norm 1.1 ± 0.1 1.3 ± 0.6 1 ± 0.2 0.9 ± 0.2 0.8 ± 0.1 1.4 ± 0.3 1 ± 0.1

Total background 177.1 ± 13.3 32.2 ± 5.6 55.3 ± 7.4 49 ± 7 196.9 ± 14 133.8 ± 11.6 664 ± 26.3

Observed 177 32 55 49 197 135 664

Table 3: Observed and expected post-fit event yields for 𝑚4ℓ > 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 (SRs) discussed in Section 5. The 𝜇𝑍𝑍

norm is the normalisation factor for 𝑞𝑞 → 𝑍𝑍 and 𝑔𝑔 → 𝑍𝑍

backgrounds which is considered during the fit. The others background include 𝑞𝑞 → 𝑍𝑍 (EW), 𝑡𝑡𝑉 , 𝑡𝑡, 𝑍+jets and
𝑊𝑍 processes.

9 Results427

Table 3 displays the yields in each of the seven SRs described in Section 5. The observed and expected428

numbers of events in each SR were obtained using a simulated binned maximum-likelihood fit, assuming429

the background-only hypothesis. We performed signal-plus-background binned maximum-likelihood fits430

on the 𝑚4ℓ distribution to search for potential excesses beyond the expected SM backgrounds. This fit model431

is based on the statistical framework discussed in Section 8. We scanned the 𝑚𝑅 (𝑚𝐴) range 390–1300432

(320–1300) GeV and the 𝑚𝐻 range 220–1000 GeV for the 𝑅 → 𝑆𝐻 → 4ℓ + 𝐸miss
T (𝐴 → 𝑍𝐻 → 4ℓ + 𝑋)433

signal. The fit was performed in steps of 10 GeV, in which 4187 (𝑚𝑅, 𝑚𝐻 ) and 4740 (𝑚𝐴, 𝑚𝐻 ) mass points434

in NWA for each SR were tested for the 𝑅 → 𝑆𝐻 → 4ℓ + 𝐸miss
T and 𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 , respectively. The435

resulting test statistics were used to construct 𝑝-values and significance estimates, which were then used436

to evaluate the compatibility of the data with the background-only hypothesis and the presence of new437

physics in the data.438

The four leptons invariant mass distribution for the 𝑅 → 𝑆𝐻 → 4ℓ + 𝐸miss
T signal with (𝑚𝑅, 𝑚𝐻) =439

(500, 300) GeV mass point in all three SRs are shown in Figure 3. Figures 4 and 5 show the 𝑚4ℓ distribution440

in the seven SRs defined for the 𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 signal with (𝑚𝐴, 𝑚𝐻) = (510, 380) GeV mass point.441

No significant deviation from the SM backgrounds is observed in the data. The 𝑝 values as a function442

of the 𝑚𝑅/𝑚𝐴 and 𝑚𝐻 are shown in Appendix B. Excesses, around 2.0 standard deviations, for a few443

mass points are shown in Figure 8(a) for the 𝑅 → 𝑆𝐻 → 4ℓ + 𝐸miss
T signal, and in Figure 8(b) for the444

𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 signal. The most significant excess comes from the 𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 signal445

at (𝑚𝐴, 𝑚𝐻) = (510, 380) GeV mass point with a local significance of 2.5 standard deviations. As no446

significant excess was observed in comparison to the background predictions, the results were translated447

into upper limits on the production cross-section of the 𝑅 → 𝑆𝐻 → 4ℓ + 𝐸miss
T and 𝐴 → 𝑍𝐻 → 4ℓ + 𝑋448

signals times the branching fractions. The branching fractions considered are B(𝑅 → 𝑆𝐻), B(𝐻 → 𝑍𝑍)449

and B(𝑍𝑍 → 4ℓ) for the 𝑅 → 𝑆𝐻 → 4ℓ + 𝐸miss
T process. For the 𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 process, the450

branching fractions are B(𝐴 → 𝑍𝐻), B(𝐻 → 𝑍𝑍) and B(𝑍𝑍𝑍 → 4ℓ).451

The CL𝑠 approach in the asymptotic approximation [89, 91] calculates the upper limit at 95% confidence452

level (CL) on the explored phase space. The upper limit, either on 𝜎(𝑔𝑔 → 𝑅) × B(𝑅 → 𝑆𝐻) × B(𝐻 →453
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Figure 3: The observed and expected invariant mass of the four leptons system distributions of the 𝑅 → 𝑆𝐻 →
4ℓ + 𝐸miss

T signal with (𝑚𝑅, 𝑚𝐻 ) = (500, 300) GeV and 𝑚𝑆 = 160 GeV for the (a) SR1, (b) SR2 and (c) SR3 under
background-only fit to data. The total background (blue) includes 𝑞𝑞 → 𝑍𝑍 , 𝑔𝑔 → 𝑍𝑍 , 𝑞𝑞 → 𝑍𝑍 (EW), 𝑡𝑡𝑉 , 𝑡𝑡,
𝑍+jets and 𝑊𝑍 processes. The distribution of the (𝑚𝐴, 𝑚𝐻 ) = (510, 380) GeV signal (green) is normalised to 50
times the observed upper limit (5.7 fb) discussed in Section 9. The hatched lines show the systematic uncertainty
of the Monte Carlo prediction, while the error bar on the data denotes 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 recommended significance formula in Ref.
[90] is used in the calculation.
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Figure 4: The observed and expected invariant mass of the four leptons system distributions of the 𝐴 → 𝑍𝐻 → 4ℓ+𝑋
signal with (𝑚𝐴, 𝑚𝐻 ) = (510, 380) GeV for the (a) SR1, (b) SR2, (c) SR3 and (d) SR4 under background-only fit to
data. The total background (blue) includes 𝑞𝑞 → 𝑍𝑍 , 𝑔𝑔 → 𝑍𝑍 , 𝑞𝑞 → 𝑍𝑍 (EW), 𝑡𝑡𝑉 , 𝑡𝑡, 𝑍+jets and 𝑊𝑍 processes.
The distribution of the (𝑚𝐴, 𝑚𝐻 ) = (510, 380) GeV signal (green) is normalised to 50 times the observed upper limit
(18 fb) discussed in Section 9. The hatched lines show the systematic uncertainty of the Monte Carlo prediction,
while the error bar on the data denotes 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 recommended significance formula in Ref. [90] is used in the calculation.
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Figure 5: The observed and expected invariant mass of the four leptons system distributions of the 𝐴 → 𝑍𝐻 → 4ℓ+𝑋
signal with (𝑚𝐴, 𝑚𝐻 ) = (510, 380) GeV for the (a) SR5, (b) SR6 and (c) SR7 under background-only fit to data. The
total background (blue) includes 𝑞𝑞 → 𝑍𝑍 , 𝑔𝑔 → 𝑍𝑍 , 𝑞𝑞 → 𝑍𝑍 (EW), 𝑡𝑡𝑉 , 𝑡𝑡, 𝑍+jets and 𝑊𝑍 processes. The
distribution of the (𝑚𝐴, 𝑚𝐻 ) = (510, 380) GeV signal (green) is normalised to 50 times the observed upper limit
(18 fb) discussed in Section 9. The hatched lines show the systematic uncertainty of the Monte Carlo prediction,
while the error bar on the data denotes 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 recommended significance formula in Ref. [90] is used in the calculation.
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Width assumptions Mass points [GeV] Upper limits in the 𝜎(𝑔𝑔 → 𝐴) [fb] Fractions
Observed Expected

Narrow width (𝑚𝐴, 𝑚𝐻) = (320, 220) 0.224 0.280 –

(𝑚𝐴, 𝑚𝐻) = (1190, 600) 0.061 0.045 –

(Γ𝐴/𝑚𝐴, Γ𝐻/𝑚𝐻) = (15, 5) (𝑚𝐴, 𝑚𝐻) = (320, 220) 0.411 0.463 1.7

(𝑚𝐴, 𝑚𝐻) = (1190, 600) 0.106 0.077 1.7

(Γ𝐴/𝑚𝐴, Γ𝐻/𝑚𝐻) = (30, 10) (𝑚𝐴, 𝑚𝐻) = (320, 220) 0.510 0.563 2.0

(𝑚𝐴, 𝑚𝐻) = (1190, 600) 0.118 0.085 1.8

Table 4: Observed and expected upper limits at 95% confidence level (CL) on the 𝜎(𝑔𝑔 → 𝐴) × B(𝐴 →
𝑍𝐻) × B(𝐻 → 𝑍𝑍) × B(𝑍𝑍𝑍 → 4ℓ) of different large-width approximation (LWA) signals to compare to the
narrow-width approximation (NWA) signal. The fraction is the ratio between the expected LWA’s upper limit and the
expected NWA’s upper limit. The Γ𝐴 and Γ𝐻 denote the width of the 𝐴 and 𝐻 boson, respectively.

𝑍𝑍) × B(𝑍𝑍 → 4ℓ) or on 𝜎(𝑔𝑔 → 𝐴) × B(𝐴 → 𝑍𝐻) × B(𝐻 → 𝑍𝑍) × B(𝑍𝑍𝑍 → 4ℓ), for a specific454

mass hypothesis is obtained by fixing the 𝐻 mass parameter to a constant value and optimising the455

probability function for nuisance parameters. The observed and expected upper limit of NWA 𝑅 and 𝐻456

bosons for the 𝑅 → 𝑆𝐻 → 4ℓ + 𝐸miss
T signal are shown in Figures 6(a) and 6(b) in the (𝑚𝐻 , 𝑚𝑅) plane457

where the 𝑧-axis displays the 𝜎(𝑔𝑔 → 𝑅) × B(𝑅 → 𝑆𝐻) × B(𝐻 → 𝑍𝑍) × B(𝑍𝑍 → 4ℓ) in the unit of fb.458

The upper limits for 𝑅 → 𝑆𝐻 → 4ℓ +𝐸miss
T signal range from 0.031 fb for (𝑚𝑅, 𝑚𝐻) = (1300, 980) GeV to459

0.539 fb for (𝑚𝑅, 𝑚𝐻) = (410, 240) GeV. In contrast, the expected upper limits vary from 0.035 fb to 0.318460

fb for the same mass points. Similarly, Figures 6(c) and 6(d) show the observed and expected upper limits461

for the 𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 signal in the (𝑚𝐻 , 𝑚𝐴) plane, in which the 𝑧-axis represents the upper limits on462

the 𝜎(𝑔𝑔 → 𝐴) × B(𝐴 → 𝑍𝐻) × B(𝐻 → 𝑍𝑍) × B(𝑍𝑍𝑍 → 4ℓ). For the 𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 signal, the463

upper limits run from 0.027 fb for (𝑚𝐴, 𝑚𝐻) = (1300, 760) GeV to 0.419 fb for (𝑚𝐴, 𝑚𝐻) = (430, 240)464

GeV, whereas the corresponding expected upper limits range from 0.038 fb to 0.244 fb. The upper limits465

are also calculated using the toy MCs method to check the asymptotic approach’s validity at high 𝐻 boson466

mass where the statistic is limited for a few mass points. The observed (expected) upper limits using the467

asymptotic approach were underestimated by 10% (1%) for the 𝑅 → 𝑆𝐻 → 4ℓ + 𝐸miss
T signal and by 15%468

(3%) for the 𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 signal.469

The analysis focused on studying heavy resonances with NWA 𝐴 or 𝑅 and 𝐻 bosons produced via470

gluon-gluon fusion for 𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 and 𝑅 → 𝑆𝐻 → 4ℓ + 𝐸miss
T processes. However, it would471

be interesting to study the effect of the large-width approximation (LWA) in a similar scenario. Two472

low and high mass points, (𝑚𝐴, 𝑚𝐻) = (320, 220) GeV and (𝑚𝐴, 𝑚𝐻) = (1190, 600) GeV, for the473

𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 signal were generated using similar configurations as the NWA signal, to give a474

perspicuity into this. Upper limits are computed for signal assumptions in which the 𝐴 and 𝐻 bosons475

favour a non-negligible natural widths correspondence with the experimental mass resolution. The upper476

limit decreases as the natural width of the A and 𝐻 bosons increases, for example, in the case where an477

𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 signal that produces 𝐴 and 𝐻 bosons with natural widths of 15% and 5%, respectively,478

of their experimental mass resolution, the upper limit declined by a factor of 1.7 correspond to the NWA479

upper limit for both low and high mass points. In the (Γ𝐴/𝑚𝐴, Γ𝐻/𝑚𝐻) = (30%, 10%) case, the upper480

limit is reduced by a factor of 2 for the low mass point and by a factor of 1.8 for the high mass point481

comparing to the NWA scenario. Table 4 summarises widths assumptions, mass points and upper limits482
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Figure 6: The observed (left) and expected (right) upper limits at 95% confidence level in (a), (b) the 𝜎(𝑔𝑔 → 𝑅) ×
B(𝑅 → 𝑆𝐻) ×B(𝐻 → 𝑍𝑍) ×B(𝑍𝑍 → 4ℓ) on (𝑚𝐻 , 𝑚𝑅) plane with 𝑚𝑆 = 160 GeV for the 𝑅 → 𝑆𝐻 → 4ℓ+𝐸miss

T
signal, and in (c), (d) the 𝜎(𝑔𝑔 → 𝐴) × B(𝐴 → 𝑍𝐻) × B(𝐻 → 𝑍𝑍) × B(𝑍𝑍𝑍 → 4ℓ) on (𝑚𝐻 , 𝑚𝐴) plane for the
𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 signal.

for LWA and NWA.483

10 Conclusion484

A search is performed for new heavy resonances in a final state with four leptons and missing transverse485

energy or jets. The search uses proton-proton collision data at a centre-of-mass energy of 13 TeV collected486

by the ATLAS detector from 2015 to 2018 at the Large Hadron Collider with a total integrated luminosity487

of 139 fb−1. The search focused on two signal processes: 𝑅 → 𝑆𝐻 → 4ℓ + 𝐸miss
T and 𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 .488

For the 𝑅 → 𝑆𝐻 → 4ℓ + 𝐸miss
T signal, the 𝑅 boson decays to 𝑆 and 𝐻 bosons, where 𝑆 → 𝜈𝜈 and489

𝐻 → 𝑍𝑍 → 4ℓ. In the 𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 signal, the 𝐴 boson decays to 𝑍 and 𝐻 bosons, with two490

possible decay modes considered for the associated 𝑍 and 𝐻 bosons: 𝐴 → 𝑍 (→ ℓ+ℓ−/ 𝑗 𝑗/𝜈𝜈)𝐻 (→ 4ℓ)491
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and 𝐴 → 𝑍 (→ 2ℓ)𝐻 (→ 2ℓ + 𝑗 𝑗/𝜈𝜈). For both the 𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 and 𝑅 → 𝑆𝐻 → 4ℓ + 𝐸miss
T492

processes, the heavy boson 𝐻 mass is between 220 GeV to 1000 GeV. The mass range considered for the493

hypothetical resonance is between 320–1300 GeV for the 𝐴 boson and 390–1300 GeV for the 𝑅 boson,494

while the 𝑆 boson mass is fixed to 160 GeV.495

No significant deviation above the SM backgrounds is observed. The highest excess observed in the496

data is at (𝑚𝐴, 𝑚𝐻) = (510, 380) GeV mass point with 2.5𝜎 for the 𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 . A few497

accesses at several (𝑚𝑅, 𝑚𝐻) and (𝑚𝐴, 𝑚𝐻) mass hypotheses are reported for the 𝑅 → 𝑆𝐻 → 4ℓ + 𝐸miss
T498

and 𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 signals with significance around 2𝜎. The results were translated into upper499

limits on the 𝜎(𝑔𝑔 → 𝑅) × B(𝑅 → 𝑆𝐻 × B(𝐻 → 𝑍𝑍) × B(𝑍𝑍 → 4ℓ) and 𝜎(𝑔𝑔 → 𝐴) × B(𝐴 →500

𝑍𝐻) × B(𝐻 → 𝑍𝑍) × B(𝑍𝑍𝑍 → 4ℓ) at 95% confidence. For the 𝑅 → 𝑆𝐻 → 4ℓ + 𝐸miss
T signal, the501

observed (expected) upper limits range from 0.031–0.539 (0.034–0.343) fb for (𝑚𝑅, 𝑚𝐻) = (390, 220) GeV502

to (𝑚𝑅, 𝑚𝐻) = (1300, 1000) GeV. For the 𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 signal, the observed (expected) upper limits503

range from 0.027–0.419 (0.035–0.335) fb for (𝑚𝐴, 𝑚𝐻) = (320, 220) GeV to (𝑚𝐴, 𝑚𝐻) = (1300, 1000)504

GeV.505
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A Signal region optimisation531

The signal regions were defined depending on the number of jets, 𝑏-jets, the 𝑝4ℓ
T and the 𝐸miss

T significance.532

Figure 7 shows a flowchart for the signal regions’ development.533
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Figure 7: A flowchart diagram illustrates the signal regions for the 𝑅 → 𝑆𝐻 → 4ℓ + 𝐸miss
T and 𝐴 → 𝑍𝐻 → 4ℓ + 𝑋

signals’ optimisation. Three signal regions were developed for the 𝑅 → 𝑆𝐻 → 4ℓ + 𝐸miss
T signal, and seven signal

regions for the 𝐴 → 𝑍𝐻 → 4ℓ + 𝑋 signal.

B Local 𝒑0 values534
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Figure 8: The local 𝑝0 values on the two-dimensional contour of (𝑚𝐻 , 𝑚𝐴) plane for (b) the 𝐴 → 𝑍𝐻 → 4ℓ + 𝑋

process, and on the (𝑚𝐻 , 𝑚𝑅) plane for (a) the 𝑅 → 𝑆𝐻 → 4ℓ + 𝐸miss
T process. The 𝑧-axis displays the local 𝑝0

values
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